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Abstract 

	

Telomeres, crucial for genome stability, form a protective T-loop structure. However, 

during prolonged mitotic arrest, the T-loop can dissolve, leading to mitotic telomere 

deprotection and cell death. This process mediated by Aurora B kinase serves as an anti-

tumor mechanism, eliminating precancerous cells. However, the underlying Aurora B-

dependent mechanism of mitotic telomere deprotection remains elusive. Here, an 

overexpression screening of the RecQ helicase family identified WRN and BLM as 

suppressor and driver of mitotic telomere deprotection, respectively. WRN was found to 

suppress mitotic telomere deprotection independently of its enzymatic activities. A specific 

region within WRN N-terminus, encompassing amino acids 168-333 with a coiled-coil motif, 

was sufficient for this suppression. The suppressive effect relied on protein levels of TRF2, 

a T-loop stabilizing protein, indicating mutual dependence between these proteins. 

Putative Aurora B phosphorylation sites, particularly S282, regulate suppressive activity in 

WRN. Concurrently, BLM in collaboration with Top3A-RMI1/2 (BTR complex) promotes 

telomere deprotection during mitotic arrest through interaction with TRF1. Aurora B was 

found to phosphorylate TRF1 at the T358 site, promoting the recruitment of the 

components of the Chromosomal Passenger Complex (CPC). These interactions 

supported mitotic telomere deprotection, especially when TRF1 delocalized from 

telomeres, potentially transporting complexes along the chromosome axis. In addition, an 

in vitro assay revealed that Aurora B phosphorylates TRF2 at S65 within the basic domain, 

facilitating the linearization of mitotic chromosome ends through the BTR complex. The 

roles of WRN and BLM in suppressing and promoting T-loop dissolution, respectively, 

shed light on the complex interplay between various proteins and phosphorylation events 

involved in this process. This study represents an important step towards unraveling the 

intricate mechanisms governing mitotic telomere deprotection. 
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1.1 Telomere function 

Telomeres are double stranded DNA repeats in tandem located at the chromosome 

termini. These sequences are found as 5'-TTAGGG-3' repeats in humans (Moyzis et al., 

1988), and play a crucial role in protecting the end of linear chromosomes from genomic 

instability by preventing the recognition of the end on linear chromosomes as sites of DNA 

damage. Telomeres are highly conserved across eukaryotic species with differences in 

sequence and length. For instance, the telomeres of Tetrahymena and S. cerevisae are 

typically 250-350 base pairs long (Blackburn and Chiou, 1981), while human telomeres 

can reach up to 15 kb in length (Ozturk et al., 2014). Despite their non-coding nature, the 

evolutionary conservation of telomeric sequences across living organisms highlights their 

crucial role in maintaining chromosome stability.  

Telomeres function as protective caps, preventing degradation, abnormal recombination, 

and fusion of chromosomes. They also serve as a molecular clock, determining the 

lifespan of cells and directing them towards replicative senescence or apoptosis (Rodier et 

al., 2005; Pearce et al., 2022). The gradual shortening of telomeres can contribute to 

genomic instability and, when coupled with other oncogenic alterations, may potentially 

trigger the initiation of cancer. 

 

1.2 Telomere structure and shortening  

Telomere length and maintenance are gradually affected in each round of cell division. 

During DNA replication, RNA primers align to the TTAGGG (G-rich) strand and DNA 

polymerase synthesizes the new strand in fragments whereas primers are removed. 

However, removal of the last primer at the telomeric 3' end leaves a gap failing to be filled 

with nucleotides. This results in an incomplete synthesis and produces a G-rich single-

stranded DNA overhang. This event is known as the end-replication problem (Watson, 

1972; Olovnikov, 1973), which results in a G-rich single stranded DNA (ssDNA) known as 

G-tail or G-overhang (Makarov et al, 1997).  Meanwhile, the CCCTAA (C-rich) strand is 

continuously replicated but further processed by nucleases resulting in a longer G-

overhang (Sampathi and Chai, 2011). This G-overhang produces an invasion into adjacent 

telomeric double-stranded DNA (dsDNA) repeats creating a displacement loop (D-loop), 

which forms the telomere loop (T-loop) structure (de Lange, 2004; Griffith et al., 1999) 

(Figure 1.1A).  
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Figure 1.1 Schematic model of telomere structure and shelterin complex. 

A) Telomeres are located at the end of the chromosomes serving as capping of repetitive 

DNA sequences (TTAGGG)n. Telomeres fold back its double stranded DNA by the 

invasion of the free 3' single-stranded DNA (G-overhang) producing a Displacing loon (D-

loop) which is required for completing the formation of the telomere loop (T-loop). B) The 

shelterin complex, conformed by six specific proteins, assembles along the telomere 

region. Each protein has a characteristic role for telomere maintenance, stabilization and 

protection (Figure modified from Xu et al., 2013). 

	

Critically shortened telomeres lack of T-loop structure exposing the telomeric DNA as sites 

of double strand breaks, which results in the activation of the DNA damage response 

(DDR) factors, such as ataxia telangiectasia mutated protein (ATM) (Reaper et al., 2004). 

DDR triggers cell cycle arrest allowing time for DNA repair in a p53-dependent manner. 

Upon DDR activation, DNA repair factors from the Nonhomologous End Joining (NHEJ) 

repair pathway promote the ligation of lineal telomeres (Doksani and de Lange, 2014). As 
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a consequence, the fused chromosomes become a challenge for the proper chromosome 

segregation leading to future genomic aberrations. In the evolutionarily view, T-loop 

structure is the result of a strategy of the primitive lineal DNA to avoid recircularization of 

the genome promoted by ligation (Tomaska et al., 2019). Therefore, the T-loop structure is 

indispensable for the proper functioning of telomeres, as it plays a crucial role in 

preventing genomic instability and inhibiting unnecessary activation of the DDR pathway. 

 

1.3 Shelterin complex 

Telomeres and the protective T-loop caps are stabilized by a complex of six telomere-

associated proteins known as the "shelterin complex", consisting of telomeric repeat-

binding factor 1 (TRF1), telomeric repeat-binding factor 2 (TRF2), repressor and activator 

protein 1 (RAP1), TRF1- interacting nuclear protein 2 (TIN2), POT1-and TIN2-interacting 

protein (TPP1) and protection of telomeres 1 (POT1) (Palm and de Lange, 2008) (Figure 

1.1B).  

The proteins comprising the shelterin complex exhibit direct or indirect biding to telomeres. 

Specifically, TRF1 and TRF2 directly bind to the double-stranded telomeric repeats, both 

contributing to telomere protection and regulation. POT1 binds to the single-stranded G-

overhang and prevents it from being recognized as DNA damage. Although these proteins 

are not likely to interact directly, TIN2 acts a bridging protein, linking TRF1 and TRF2, and 

facilitating the recruitment of TPP1 and POT1, thus stabilizing the complex (Xu et al., 

2013). Additionally, RAP1 is recruited to telomeres through direct binding to TRF2, and its 

function is found to regulate telomere length (Li et al., 2000). Dysfunction in any of the 

shelterin complex members can lead to several outcomes, such as progressive telomere 

shortening or failure to maintain T-loop structure (Liu et al., 2019; Bahr et al., 2021). 

Super-resolution microscopy has revealed that T-loop formation requires TRF2 to 

stimulate the 3' telomeric end invasion to the duplex, and stabilize the resulting D-loop 

structure through its N-terminal basic domain (Doksani et al., 2013; Necasová et al., 2017). 

Therefore, TRF2 subunit is considered a repressor of the DDR activation by avoiding the 

exposure of telomere strands (Karlseder et al., 1999). It is estimated that TRF2 can wrap 

approximately 90 bp of telomeric DNA around its TRF homology (TRFH) domain, which 

main function is TRF2 dimerization (Benarroch-Popivker et al., 2016). Furthermore, TRFH 

domain enables TRF2 binding to Holliday Junction (HJs) substrates. This interaction 
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promotes the condensation of these DNA substrates and effectively protects them from 

enzymatic cleavage (Nora et al., 2010; Schmutz et al., 2017). The unique property of the 

TRF2 basic domain, which modifies DNA topology through the aforementioned reactions, 

could potentially explain its role in stimulating telomere DNA folding. Although both TRF1 

and TRF2 share a TRFH domain with similar homology, TRF1 demonstrates less efficient 

invasion of the telomeric end due to the acidic nature of its N-terminus (Poulet et al., 2012). 

However, the TRFH domain in TRF1 is essential for regulating protein-protein interactions 

with the shelterin complex, ensuring proper maintenance of telomeres (Okamoto et al., 

2009).  

The essential functions of TRF1 and TRF2 in telomeres rely on their MYB domain, which 

is responsible for recognizing and binding to the double-stranded DNA of telomeric repeats 

(Broccoli et al., 1997). Deletion of the MYB domain in TRF1 leads to the development of 

fragile telomeres due to replication problems, whereas absence of MYB domain in TRF2 

results in a failure to repress DNA repair pathways, such as NHEJ and Homologous 

Recombination (HR) (Mao et al., 2007; Yang et al., 2022). These features highlight the 

crucial role of TRF1 and TRF2 proteins as key components in the maintenance and 

functionality of telomeres. 

 

1.4 Telomere capping and activation of the DNA damage response 

As previously mentioned, the shelterin complex is essential for telomere capping to avoid 

the activation of the DDR and the subsequent occurrence of detrimental events that can 

compromise genomic stability. The formation of T-loop, facilitated by the activity of TRF2, 

leads to a "closed state" of the telomere able to suppress undesired DDR activation and 

DSB repair (Doksani and de Lange, 2014). However, the loss of T-loop can occur due to 

various factors, such as a partial depletion of TRF2, which produces an "intermediate-

state" (Figure 1.2). In this state, telomeres become deprotected and cells become 

susceptible to DDR activation during G1/S phase. Nevertheless, the activation of DNA 

damage repair pathways (e.g. NHEJ), is inhibited if cells retain sufficient levels of TRF2 

bound to the telomeres (Cesare et al., 2013). Complete removal of TRF2 from telomeres 

results in the "uncapped-state" of telomeres, causing chromosome end-to-end fusions 

(Cesare and Karlseder, 2012). Additionally, excessive telomere shortening caused by the 

end replication problem can further contribute to the uncapped state of telomeres (Figure 
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1.2). Short telomeres retain insufficient levels of TRF2 resulting in chromosome fusion 

(Bailey and Murnane, 2006). The fused chromosomes subsequently form anaphase 

bridges of chromatin that are to breakage, resulting in large-scale genomic 

rearrangements. 

Upon telomere deprotection, the activation of the Ataxia Telangiectasia Mutated kinase 

(ATM), a DDR factor, initiates a series of phosphorylation events and translocation of DNA 

damage substrates near the exposed telomeric strands (Takai et al., 2003). These 

dynamic processes occurring at the chromosome termini offer a cytological mean to 

visualize and detect the loss of T-loops. Specifically, the presence of colocalizations 

between telomeric DNA or protein DDR factors, such as phosphorylated histone H2AX (γ-

H2AX) and p53-Binding Protein 1 (53BP1), serves as a distinct marker (Takai et al., 2003). 

These regions are referred to as telomere dysfunction-induced foci (TIF) and are highly 

associated with replicative senescence, which imposes a limit on the number of cell 

divisions (Takai et al., 2003; Fagagna et al., 2003). TIFs that originate in interphase are 

unable to recover the capping state and persist into mitosis. The signal from interphase 

TIFs becomes prominently visible on prometaphase and/or metaphase chromosomes, 

referred as meta-TIFs. The quantification of these telomeric foci is assessed through a 

meta-TIF analysis, which also helps to determine the specific position of TIFs on individual 

chromosome (Cesare et al., 2009).  
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Figure 1.2 Graphical representation of the three-state of the telomere model. 

A) The closed-state telomere consists of T-loop which suppresses the activation of DDR 

factors. Failure to maintain T-loop structure produce an Intermediate-state telomere due to 

telomere shortening that activates ATM. Presence of sufficient levels of TRF2 at short and 

long telomeres prevents chromosome fusions caused by an active c-NHEJ pathway. 

Uncapped-state telomeres result from either excessive telomere shortening lacking of 
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binding sites for TRF2, or from absolute depletion of TRF2. Maintenance of T-loop and 

TRF2 levels is essential for telomere protection (Figure modified from Cesare and 

Karlseder, 2012). 

 

1.5 Spontaneous telomere deprotection drives replicative senescence 

The protective T-loop structure is gradually lost as telomeres undergo erosion due to the 

end-replication problem, a consequence of repeated cell divisions in human somatic cells. 

Telomere shortening is a problem that can be countered by the expression of the 

telomerase telomerase ribonucleoprotein. The telomerase reverse transcriptase (TERT, or 

hTERT in humans) is the catalytic subunit of the telomerase enzyme that promotes the 

elongation of telomeres by adding TTAGGG sequences to the 3' end of the chromosome 

termini (Greider and Blackburn, 1975; Weinrich et al., 1997). While telomerase activity is 

typically suppressed in most somatic cells, it is active in cells with a high proliferation rate, 

such as stem cells and cancer cells (Daniel et al., 2012). However, mutations in the TERT 

promoter, which is responsible for regulating the expression of the telomerase gene, can 

lead to an increase in telomerase expression. This abnormal upregulation of telomerase 

enables cells with accumulated mutations to maintain unlimited viability, contributing to the 

development of tumorigenesis (Liu et al., 2016). 

Before healthy cells acquire malignant features such as telomere elongation, cells undergo 

a long process involving several round of divisions that gradually affects the length and 

configuration of telomeres. The erosion of telomeres with each cell division sets a limit on 

the number of times that cells divide during their lifespan. Researchers Hayflick and 

Moorhead discovered that cells in culture undergo 40 to 60 population doublings before 

entering a state of cell growth arrest known as replicative senescence but referred as 

mortality stage 1 (M1) (Hayflick and Moorhead, 1961; Hayflick, 1965). This process also 

known as the "Hayflick effect", which is considered a major contributor to replicative aging, 

with telomere length playing a critical role in limiting cell division (Wright and Shay, 1992). 

Cells with critical short telomeres undergo the activation of the tumor suppressor proteins 

p53 transcription factor and retinoblastoma protein (Rb) that induces cell cycle arrest or 

apoptosis (Sherr and McCormick, 2002). This state of irreversible growth arrest is referred 

as "senescence" characterized of impaired cell functions that promote age-related 

pathologies and the progressive decline of tissue and organ function. Senescent cells 
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remain viable and metabolically active, but with impaired tissue repair and regeneration 

capabilities (van Deursen, 2014; Kwon et al., 2019). However, a fraction of senescent cells 

bypass the cell cycle arrest and resume proliferation (Figure 1.3). 

 

 

 

 

 

 

 

 

Figure 1.3 Association of telomere length in carcinogenesis.  

A) Telomere shortening leads to two main barriers that control proliferation of cells 

harboring genomic instability to become precancerous. Replicative senescence results 

from short telomeres that promote irreversible cell growth arrest. Cells bypass senescence 

in the absence of cell cycle checkpoints (p53 or Rb), and continue proliferating until crisis. 

Chromosomes with short telomeres in crisis, caused by progressive telomere erosion, 

experience catastrophic events (e.g. chromosome end fusions), but also mitotic arrest and 

a consequent massive cell death. However, cell survivors to crisis are immortalized by 

reactivation of telomerase enzyme which ensures telomere length upon accelerated 

proliferationion (Wright and Shay, 1992). 

 

Continued cell division results in a progressive erosion of telomeres reaching a length of 2-

3 kb long (Capper et al., 2007). At this stage, telomeres become too short to retain 

shelterin proteins, resulting in structural problems and catastrophic events, including 

chromosome fusions and extensive cell death. This stage of reduced cell proliferation is 

known as crisis (M2) (Shay et al., 1991). The mechanism of cell death in crisis is not fully 

A 



	 25 

understood, but recent studies observed that crisis cells undergo an arrest in mitosis, 

resulting in telomere deprotection and subsequent cell death (Hayashi et al., 2012; 

Hayashi et al., 2015) (Figure 1.3). Another study suggests that autophagy, mediated by 

the cGAS-STING pathway, plays a role in the cell death of crisis cells in response to 

uncapped telomeres (Nassour et al., 2019; Nassour et al., 2023). The death observed 

during crisis acts as a tumor-suppressive barrier, facilitating the elimination of a significant 

population of dysfunctional senescent cells that have accumulated gross chromosomal 

aberrations by this point. Eventually, rare cells manage to escape from DNA instability and 

death during crisis, leading to the emergence of immortalized cells that acquire the ability 

to reactivate telomerase for telomere length maintenance, a characteristic from cancer 

cells. Growing evidence has led to the identification of senescence and crisis processes to 

be associated with different degrees of telomere deprotection that contributes to the 

elimination of precancerous cells within the population (Hayashi et al., 2015; Masamsetti et 

al., 2019; Nassour et al., 2019). However, more studies are needed to elucidate the 

molecular mechanisms underlying these processes and gain a deeper understanding of 

carcinogenesis. 

 

1.6 Mitotic telomere deprotection 

Telomere deprotection is a process that not only occurs in interphase, but also manifests 

when cells are unable to progress from metaphase to the next stage of cell division. This 

mitotic arrest, when prolonged, results in the dissolution of the T-loop structure giving 

origin to a phenomenon known as mitotic telomere deprotection. Mitotic arrest provides a 

cascade of events in the cell affecting mitochondria, chromosomal integrity, centrosome, 

microtubules and telomeres (Lai et al., 2011; Orth et al., 2012; Hayashi et al., 2012; 

Traversi et al., 2019).  Several common factors, such as chromosome segregation errors 

or DNA replication stress, can induce mitotic arrest in the cells. However, telomere 

problems are also able to promote an arrest in mitosis. As previously mentioned, crisis 

cells harboring short telomeres experience chromosome fusions that triggers a DNA 

damage response, causing cell cycle arrest in mitosis and the loss of telomere caps 

through an unknown mechanism (Hayashi et al., 2012). Moreover, mitotic arrest can be 

induced in cell culture by microtubule inhibitors (e.g. colcemid, taxol or nocodazole) which 

maintains cells in metaphase by preventing spindle formation (Jha et., 1994; ref.). Under 

this condition, mitotically arrested cells also display the accumulation of deprotected 



	 26 

telomeres despite containing sufficient levels of TRF2 protein (Hayashi et al., 2012).  

Since a variety of enzymes are active during mitotic arrest, a screening has been 

performed by using inhibitors targeting kinases highly required to sustain an arrest in 

mitosis, such as Aurora A, Aurora B and MPS1. Interestingly, suppression of Aurora B 

resulted in the absence of meta-TIFs in cells that could be arrested in mitosis by inhibiting 

the degradation of the anaphase-promoting complex (APC), a process required for mitotic 

exit (Peters, 2006; Hayashi et al., 2012). This observation suggests that mitotic telomere 

deprotection requires Aurora B activity in addition to the protective role of TRF2 in T-loops. 

From this finding, the definition of TIFs has expanded to encompass new concepts 

distinguishing types of deprotected telomeres: "Interphase-TIFs" for telomeres that lose 

caps in interphase, likely due to extensive telomere erosion, and mitotic arrest-dependent 

TIFs or "MAD-TIFs" referring to deprotected telomeres arising exclusively from a 

prolonged mitotic arrest  (Romero-Zamora et al. 2023). Both interphase and MAD-TIFs 

can be visualized in metaphase spreads and are generally referred to as "meta-TIF" in 

technical analyses. 

 

1.7 Mitotic checkpoint and its implications 

Organisms require cell division to produce genetically identical daughter cells, achieved 

through genome replication and segregation. Accurate distribution of the replicated 

genome in mitosis is crucial for generating genetically identical cells, as errors can cause 

genomic instability and cancer-related abnormalities. Chromosome segregation depends 

on dynamic connections between chromosomes and spindle microtubules, facilitated by 

kinetochores, which are large multiprotein complexes assembled on centromeric DNA. To 

ensure proper chromosome-microtubule attachments, cells employ the Spindle Assembly 

Checkpoint (SAC) machinery (Lara-Gonzalez et al., 2021). The SAC functions by 

detecting tension or lack of tension on the kinetochores and subsequently delays the 

progression from metaphase to anaphase until all kinetochores are correctly attached to 

the mitotic spindles. In addition to attachment errors, mitotic arrest can also be induced by 

replication stress occurring in S-phase and persisting until mitotic entry (Masamsetti, et al., 

2019). Cell death is the common outcome after a prolonged mitotic arrest enhanced by 

stressors that arise in perturbed mitosis, such as the accumulation of reactive oxygen 

species (ROS) and massive mitotic telomere deprotection (Hayashi et al., 2012; Patterson 
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et al., 2020). Activation of pro-apoptotic signals drives cell death in mitotic arrest, which 

also occurs in p53-compromised cells (Fragkos and Beard, 2011). In the presence of a 

weakened mitotic checkpoint, arrested cells commonly undergo mitotic slippage, wherein 

cells exit mitosis without completing cytokinesis (Brito and Reider; 2006). Consequently, 

these cells enter interphase with double DNA content and exhibit aberrations. Hence, the 

spindle checkpoint acts as a surveillance system during mitosis, ensuring the accurate 

segregation of chromosomes and maintaining genomic integrity. 

 

1.8 CPC complex 

The full activation of the SAC triggers a mitotic arrest, providing time for error corrections 

facilitated by chromosomal passenger complex (CPC), consisting in Aurora B kinase 

(AURKB), inner centromere protein (INCENP), Survivin (BIRC5) and Borealin (CDCA8) 

(Carmena et al., 2012).  During prometaphase, the CPC concentrates at the inner 

centromere and ensures proper chromosome alignment by correcting erroneous 

kinetochore-microtubule attachments. Once mitotic defects are corrected, the CPC 

promotes the onset of anaphase by inhibiting the activity of SAC responsible for sustaining 

the mitotic arrest. Phosphorylations on the CPC at centromeres are important as they play 

a crucial role in regulating its function and activity for correcting mitotic defects (Wang et al, 

2011; Tan and Kapoor, 2011). The activation of Aurora B requires direct interaction with 

the C-terminal region of INCENP, known as the IN-box domain leading to the activation of 

its kinase activity at low levels. This initial activation enables Aurora B to phosphorylate a 

Thr-Ser-Ser (TSS) motif located at the C-terminal region of INCENP, as well as Thr232 

located in the activation loop of its own kinase domain (Yasui et al., 2004). These 

phosphorylation events are critical for achieving full activation of Aurora B, which in turn 

promotes SAC signaling and the production of the mitotic checkpoint complex. In addition, 

Survivin and Borealin are required to maintain this high kinase activity by binding to the 

CEN-box of INCENP C-terminus, where both associate with each other through a three-

helix bundle (Chen et al. 2003, Jelluma et al., 2018). This bundle is necessary for the CPC 

to localize correctly at the inner centromere and other regions on the chromosome.  

While the CPC is known to localize at inner centromeres, Aurora B is distributed at various 

locations during distinct mitotic stages. In early prophase, the CPC localizes at 

chromosomal arms to facilitate sister chromatid resolution (Dai et al., 2006). At anaphase 
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onset, the CPC translocates to the spindle midzone to regulate the cleavage furrow 

(Carmena, 2008). Isolation of telomere chromatin from murine erythroleukemia (MEL) cells 

has identified INCENP, Borealin and Aurora B to associate with the chromosome termini, 

suggesting their potential regulatory involvement (Ide et al., 2021). Mitotic telomere 

deprotection is an Aurora B- dependent event that can be inhibited in human cells treated 

with hesperadin, an ATP-competitive small molecule inhibitor of Aurora B kinase (Hauf S. 

et al., 2003; Hayashi et al., 2012). Although the functions of Aurora B and the other CPC 

components in distinct cell compartments have been widely studied, it remains unclear the 

specific role of Aurora B at telomeres. 
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2.1 Cell culture 

The IMR-90 E6E7 hTERT cell line was produced by infecting normal diploid human 

fibroblast cells (IMR-90) with a retrovirus carrying HPV16 E6 and E7 oncoproteins 

(pLXSN3-16E6E7) (Le Poole et al., 1997). These cells were then immortalized by 

introducing human telomerase (hTERT) expression using a retrovirus carrying wild-type 

hTert (pWZL-hTERT). The cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) (S1810-500, biowest), 200 mM 

L-glutamine, 5% NaHCO3, 100 U/mL penicillin, streptomycin, and 5 µg/mL Plasmocin 

(InvivoGen). Cells were maintained at a temperature of 37°C in 5% CO2 and 3% O2. 

HT1080 cells were culture under same DMEM-FBS media at 37°C in 5% CO2 and 5% O2. 

 

2.2 Plasmid construction 

Truncation and mutants used in this study were generated by site-directed mutagenesis 

involving HiFi DNA Assembly (NEB) or DNA synthesis (Integrated NDA Technologies). All 

cDNAs were cloned in-frame and downstream of puromycin or blasticidin S-resistance 

gene followed by self-cleaving P2A sequences in a 3rd generation lentiviral plasmid vector. 

The NLS, FLAG and Myc sequences were inserted between the P2A and peptide 

sequences by PCR. Complementary DNAs encoding human functional short isoform of 

TRF2 (XP_005256180.1; missing the first 42 amino acids) (Timashev and de Lange, 2020) 

and WRN (NP_000544.2) were generously provided by Dr. Jan Karlseder. 

 

Short hairpin RNA against WRN and TRF2 were cloned into pLKO.1 vector by 

conventional restriction enzyme cloning of annealed oligo nucleotides. The shRNA target 

sequences were as follows:  

Scramble 5’-CCTAAGGTTAAGTCGCCCTCGCTC-3',  

WRN 5′-CCTGTTTATGTAGGCAAGATT-3′ (TRCN0000004902) 

TRF2 5’-GCGCATGACAATAAGCAGATT-3’ (Cesare et al., 2013) 

 

shRNA-resistant silent mutations were as follows (lower cases are silent mutations):  

WRN: 5'-CCa GTa TAc GTt GGg AAa ATc-3' 
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BLM 5’-c GCt AAc GAt CAa GCc ATt-3’ 

 

2.3 Lentivirus production 

Lentivirus was produced by following the same protocol for all the constructs in this study. 

Fresh cultured human embryonic kidney cells (HEK293 FT) were maintained in fully 

supplemented DMEM medium at 37°C and 5% CO2. A day before transfection, 

approximately 500,000 cells were plated in a 10 cm Petri dish. Following 24 hours of 

incubation, a plasmid mix was prepared by adding 2.6 µg packaging plasmid PCMV, 2.6 

µg envelope plasmid PCAG and 4.5 µg target plasmid, and OPTIMEM (Gibco) to complete 

400 µl of total volume.  After the addition of 1 mg/mL polyethylenimine Max (PEI), the mix 

was homogenized and and incubated for 30 minutes at room temperature while protecting 

from light. Afterwards, HEK293 FT cells were transfected by directly adding the mix into 

the plate and incubated for 24 hours. After the incubation time, the medium was discarded 

and replaced with fresh DMEM medium. Infectious lentiviral particles were harvested from 

cell culture 48 and 72 hours post-transfection. For each time point, the virus supernatant 

was carefully collected and filtered through 0.45 µm filter unit into 10 mL tubes containing 

polybrane (final 4 µg/mL). The collected lentivirus was aliquoted and stored at -80oC. 

 

2.4 Lentiviral transduction 

For the stably expression of target proteins, cells were plated in a 3.5 cm dish and infected 

with virus supernatant complemented with 8 µg/mL polybrane. After 48 hours of exposure, 

medium containing virus was discarded and replaced with fresh DMEM containing 10 

µg/mL Blasticidin S (Funakoshi) for at least five days. Complete selected cells were either 

stored at -80oC or kept in culture for downstream experiments. For protein knockdown, 

cells were infected by following the same method and time points described above 

However, selection was carried out by using 1 µg/mL puromycin (ChemCruz) for a course 

of three days before the experimental procedure. 

 

2.5 Cell growth assay 

Vector and WT-WRN cells were transduced with an shControl or shWRN by lentiviral 

infection for 24 hours and subjected to selection with1 µg/mL puromycin for three days. 
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After the selection period, cells were collected by tripsinization, and 20,000 cells were re-

plated in each well of a 24-well plate with 500 µl of fresh medium. Cell viability was 

measured at day 2 and 4 in culture by counting cells using an automated cell counter 

(DeNovix CellDrop BF). 

 

2.6 Live-cell imaging 

Cells were plated in a 48-well plate 24 hours prior to the initiation of imaging. One hour 

before imaging, cells were treated with 100 ng/mL colcemid, 500 nM taxol, and 40 nM 

hesperadin. Time-lapse imaging was conducted using a specialized microscope incubator 

system (Tokai Hit), which ensured precise control of environmental conditions, including 

maintenance of cells at a temperature of 37°C and a CO2 concentration of 5%, over a 

duration of 60 to 72 hours. The BZ-X710 microscope equipped with a 10 × objective lens 

(Plan Apo 0.45 NA) was employed for observations, with z-stack sections capturing optical 

sections approximately 0.7 µm in thickness. The determination of mitotic duration and cell 

fate was performed manually based on cellular morphologies observed from the first frame 

of mitotic entry (i.e., a sign of nuclear envelope breakdown or cell rounding) until the end of 

the phase (i.e., a sign of cytokinesis, nuclear blebbing, or cell flattening). The software 

tools ImageJ and QuickTime Player were utilized for the analysis of movie files. 

 

2.7 Immunofluorescence and telomere FISH on metaphase spreads 

IMR-90 E6E7 hTERT cells were cultured into fresh medium and incubated at 37 °C for 24 

hours. Then, the cells were exposed to 100 ng/mL colcemid for either 2 or 24 hours to 

accumulate mitotic cells. For the experiments involving DNA damage induction, 0.2 µg/mL 

bleomycin was added 2 hours before the completion of the 24-hour colcemid treatment. 

The cells were treated with a hypotonic solution (0.2% KCl, 0.2% Tri-sodium citrate) at 

room temperature for 10 minutes after collection and centrifuged at 12,000 rpm for 3 

minutes. The solution was discarded and metaphase chromosome spreads were fixated 

with 4% formaldehyde solution at room temperature for 10 minutes and rinsed the slides 

with ddH2O for 5 times. Next, samples were permeabilized with KCM buffer (120 mM KCl, 

20 mM NaCl, 10 mM Tris pH 7.5, 0.1% Triton-100X) at room temperature for 10 minutes, 

and blocked in ABDIL buffer (150 mM NaCl, 20 mM Tris pH 7.4, 0.1% Triton X-100, 2% 

BSA, 0.2% Fish Gelatin) with 100 µg/mL RNase A at 37 °C for 15 minutes in a wet 
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chamber. After incubation, primary antibody mouse anti-γ-H2AX p-Ser139 (613,402 Clone 

2F3, Biolegend) was added at a dilution of 1:200 in ABDIL buffer and incubation was 

carried out at room temperature for 1 hour. Slides were washed 3 times for 5 minutes each 

and then incubated with the secondary antibody Alexa-568-conjugated anti-mouse 

(A11031, Invitrogen) at a dilution of 1:1,000 in ABDIL at room temperature for 30 minutes. 

Slides were washed 3 times for 5 minutes each and fixed in 4% formaldehyde at room 

temperature for 10 minutes. Slides were washed 3 times for 5 minutes and dehydrated 

with a graded ethanol series [70%, 95%, 100% (vol/vol)]. After air drying the slides, 

telomere staining was performed by denaturing the slides for 8 minutes at 80°C using the 

Tel-C FAM-OO-(CCCTTAA)3 PNA probe (Panagene). Following denaturation, 

hybridization was continued overnight at room temperature in a wet chamber. The slides 

were washed and dehydrated by the ethanol series [70%, 95%, 100% (vol/vol)] and briefly 

air-dried before DNA counterstaining and mounting with Vectashield PLUS Antifade 

medium containing DAPI (H-2000, Vector Laboratories). The images of metaphase 

spreads were captured using a 100X objective lens (PlanApo/1.45-NA oil) on a BZ-X710 

fluorescence microscope (KEYENCE) and analyzed through automated counting using the 

Hybrid Cell Count and Macro Cell Count software modules (KEYENCE). Outliers in the 

data sets were excluded from the analysis. 

 

2.8 Cell cycle synchronization 

Cell synchronization of cells in mitosis was performed by double-thymidine block. The cells 

were exposed to a concentration of 2mM thymidine for a duration of 14 hours. Following 

this incubation period, the cells were subjected to three washes with 1xPBS solution and 

subsequently cultured in fresh media for an additional 10 hours in fresh media. 

Subsequently, the cells were treated with a second round of 2 mM thymidine treatment for 

another 14 hours. After three additional washes with 1xPBS, the cells were released into 

fresh media, marking the beginning of the experimental timeline (0 hours post-release). 

After 6 hours of post-release, cells were arrested in mitosis by adding 100 ng/mL colcemid 

to the culture medium. Mitotic cells were collected by shake-off at 8 and 24 hours post-

release (2 and 18 hours colcemid treatment), and used for downstream analysis. 
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2.9 Western Blot 

Cell pellets were washed twice in phosphate buffered saline  (PBS), and then incubated in 

lysis buffer for 1 hour. Lysis buffer consisted of 20 mM Tris-HCl adjusted to pH 8.0, 2.5 

mM MgCl2, 150 mM KCl, 0.5% NP40, 1 mM DTT and 0.2 mM PMSF, 1X protease inhibitor 

(ROCHE) and 1X phosphatase inhibitor (ROCHE). Centrifugation was performed for 10 

minutes at 12,000 rpm, and debris was removed. Following isolation of protein, the total 

protein concentration was measured by spectrometry using a Bio-Rad Protein Assay Dye 

Reagent (5000006JA, Bio-Rad Laboratories). Approximately 50 µg of cell lysate was 

loaded into 4–20% Mini-PROTEAN TGX precast gels (Bio-Rad) in Tris-Glycine running 

buffer followed by electrophoretic separation for 80 minutes hours at 100V. After 

electrophoresis, proteins were transferred onto a polyvinylidene fluoride (PVDF) 

membrane (Millipore) with 1x Transfer Buffer (17004274, Bio-Rad), using a Trans-Blot 

Turbo Transfer System (BioRad). For CBB staining, the gel was incubated for 1 h with 

CBB Stain One (Nacalai), followed by washes with deionized water. Next, membranes 

were blocked for 20 minutes at room temperature with Blocking Buffer (Nacalai) with 

gentle shaking. Membranes were cut to adequate size and primary antibody diluted in the 

blocking solution was added according to the specified concentrations. Incubation with 

primary antibody was carried overnight at 4oC with gentle shaking. Membranes were 

washed 3 times in 1xTris-NaCl-Tween20 (1X TNT) buffer of 5 minutes each with shaking. 

Secondary antibody was diluted in 1X TNT and incubated the membranes for 1 hour at 

room temperature according to the indicated dilution. Next, membranes were washed 3 

times in 1X TN of 5 minutes each. Antibodies on the membrane were detected by ECL 

reaction and imaged by LAS-3000 (Fuji). Exposure time and signal intensity were adjusted 

during image acquisition. 

 

2.10 Antibodies and Concentration for Immunoblotting 

Primary antibodies for immunoblotting: rabbit anti-WRN (ab124673, Abcam; 1:500 dilution), 

mouse anti-FLAG (F1804, Sigma; 1:1000 dilution), mouse anti-GAPDH (MAB374, 

Millipore; 1:5,000 dilution), RecQ1 (A300-450A-M, Bethyl; 1:1,000 dilution), rabbit anti-

RecQ4 (17008-1-AP, ProteinTech; 1:1,000 dilution), mouse anti-RecQ5 (sc-515050, Santa 

Cruz; 1:1,000 dilution), and rabbit anti-TRF2 (NB110-57130SS, Novus Biologicals; 1:1000 

dilution). HRP labeled secondary antibodies: anti-mouse (NA931, GE Healthcare; 1:10,000 

dilution) and anti-rabbit (2074, Cell Signaling; 1:10,000 dilution).  
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2.11 Protein structure prediction and sequence alignment 

The protein structure prediction for the WRN168-333 fragment was generated by using the 

ColabFold interface to the AlphaFold 2 pipeline on the Colab platform (AlphaFold2.ipynb) 

(Jumper et al., 2021; Mirdita et al., 2022). For protein sequence alignment, protein 

sequences obtained from BLAST were aligned using multiple sequence comparisons by 

log expectation (MUSCLE) and color-coded using Clustal X in SnapGene software (GSL 

Biotech) (Myler et al., 2021). 

 

2.12 Statistical analysis 

All statistical analyses and graphs were performed using GraphPad Prism software 

(version 9.0). We did not assume Gaussian distribution and performed two-tailed unpaired 

non-parametric tests for all quantitative data in this study. Mann–Whitney test was used to 

compare two samples, while Kruskal–Wallis followed by Dunn’s test was used to compare 

multiple samples. This test was chosen as it assumes equal variances between the two 

groups. For all the data analyses, a p-value less than 0.05 was considered statistically 

significant and represented in asterisks (ns: not significant; * p<0.05; ** p<0.01; *** 

p<0.001; **** p<0.0001). The numbers of biological replicates are indicated in the figure 

legends. 
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Chapter 3 

Screening and identification of RecQ 
helicases involved in mitotic telomere 

deprotection. 
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3.1 Introduction 

	

3.1.1 RecQ helicases: structure and function 

RecQ DNA helicases are a conserved protein family that plays a vital role in various DNA 

processes, such as replication, recombination, and repair. In humans, RecQ family 

consists of five helicases: RecQ1, BLM, WRN, RecQ4, and RecQ5 (isoforms RecQ5α, 

RECQ5β) (Figure 3.1.1A). This group of helicases is crucial for maintaining genome 

integrity and stability, considering them to be the "guardians of the genome" (Larsen and 

Hickson, 2013). Mutations in the genes encoding these enzymes have been linked to 

several human diseases, including cancer, premature aging syndromes, and chromosomal 

instability disorders. Therefore, the proper functioning of the RecQ helicases is necessary 

for removing DNA structures that represent a challenge for the replication of the genome 

and telomeres. 

 

 

 

 

 

 

 

Figure 3.1 Schematic of the RecQ helicase family members. 

A) The RecQ helicase family is a group of DNA helicases that play crucial roles in DNA 

replication, recombination, and repair. This figure illustrates the unique features of each 

RecQ helicase member: the helicase domain, 3'-5' exonuclease (Exo) domain, 

multimerization domain (coiled-coil domain), Sld2-like domain, RecQ C-terminal (RQC) 

domain, and helicase and RNase D C-terminal (HRDC) domain. These domains contribute 

to the diverse functions of the RecQ helicases, including DNA unwinding, DNA strand 

annealing, DNA binding, and interactions with other repair proteins. 

	

 

A 
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Most members of the RecQ helicases use energy from ATP hydrolysis to unwind dsDNA 

in a 3' to 5' directionality (Wu Y., 2012). These helicases share highly conserved domains 

that enable them to perform enzymatic activities on DNA substrates. The helicase domain 

is the most conserved elements among all helicase members, whereas the presence of a 

RecQ C-terminal (RQC) and Helicase and RNase D-like C-terminal (HRDC) domains 

varies among the helicases (Figure 3.1.1A). Additionally, specialized elements, such as 

the Exonuclease domain in WRN helicase have evolved to confer additional functions for 

processing specific DNA substrates (Mushegian et al., 1997; Kusano et al., 1999). The 

helicase domain acts as a DNA translocation module, supporting the primary ATPase 

activities promoted by the RQC domain, which is responsible for dsDNA binding and 

unwinding activity (Kitano et al, 2010; Swan et al., 2014). The function of the HRDC 

domain has been a subject of debate among studies (Newman et al., 2015; Teng et al., 

2020). However, crystal structure analyses have identified the HRDC domain in close 

proximity to the helicase core, suggesting its involvement in ATPase and/or helicase 

activities (Newman et al., 2015). Furthermore, the HRDC domain exhibits an evolutionary 

divergence in function among RecQ helicases due to the difference in the surface charges 

of the protein structure (Kim et al., 2010; Bernstein et al., 2015). In BLM, the HRDC 

domain plays a critical role in directing DNA strand annealing and the dissolution of double 

Holliday junctions (dHJ), an activity that cannot be replaced by the HRDC domain of the 

WRN protein (Wu et al., 2005; Kim et al., 2010). The distinct domain structures and 

functions of each helicase contribute to their efficiency in unwinding various DNA 

structures throughout the genome, with a particular emphasis on telomeres. These 

structures include forked DNA duplexes, D-loops, and G-quadruplexes (Vindigni et al., 

2009; Croteau et al., 2014). Cells lacking any of these RecQ proteins display telomere 

breakage and loss, highlighting their importance in telomere maintenance (Croteau et al., 

2014). The interaction of the RecQ helicases with shelterin proteins facilitate their 

translocation to telomeres and stimulate their helicase activity, leading to an enhanced 

efficiency to unwind telomere substrates (Opresko et al., 2002; Lillard-Wetherell et al., 

2004; Machewe et al., 2004; Ghosh et al., 2012). Moreover, the activity of RecQ helicases 

is influenced by various factors, including protein-protein interactions, post-translational 

modifications and oligomeric status (Karmakar et al., 2002; Tripathi et al., 2008; Lu et al., 

2017; Croteau et al., 2014). BLM and WRN have been found to form higher order 

oligomeric states, such as hexamers and tetramers, whereas RecQ1 can be found as 
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dimers or tetramers (Karow et al., 1999; Lucic et al., 2011). Although oligomerization 

includes a change of efficiency in DNA-unwinding activities, the monomeric state is 

sufficient to efficiently unwind DNA, as reported in in vitro studies (Muzzolini et al., 2007; 

Xu et al., 2012).   

 

The key roles of the RecQ helicase members in genome maintenance can confer benefits 

to cancer cells under conditions of replication stress or DNA damage, promoting the 

survival and growth of malignant cells. Furthermore, WRN and BLM have shown to be 

implicated in the alternative lengthening of telomeres (ALT) pathway, which is a 

telomerase-independent mechanism frequently activated in cancer to facilitate telomere 

elongation and immortalization (Mendez-Bermudez et al., 2012). Alterations in the 

expression of the RecQ helicases, particularly overexpression, are found to be associated 

with increased resistance to anti-cancer drugs, enabling cancer cells to evade cell cycle 

arrest and apoptosis. Targeting this group of helicases presents an innovative alternative 

to combat cancer through the development of inhibitors able to efficiently impair helicase 

activity, reducing cell viability in combination with DNA damage inducers.  

 

Elucidating the diverse roles of RecQ helicases in different stages of carcinogenesis would 

provide valuable insights for the development of more effective therapeutic strategies. 

Since telomere maintenance and elongation are crucial events in the promotion of 

malignant cells, the interaction between RecQ helicases and telomeres in mitotic problems 

represents a novel context to study that would increase the knowledge into the telomere 

and cancer fields. Therefore, in this work I aimed to investigate the possible effects of the 

RecQ proteins in the maintenance o the T-loop structure during a prolonged mitotic arrest. 
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3.2 Results 

	

3.2.1 A RecQ helicase screening reveals BLM and WRN regulating MAD-TIF 

formation. 

RecQ helicases unwind specific DNA substrates, such as D-loops and HJs in telomeres 

during replication to facilitate replication fork progression and thus, ensure genomic 

integrity. To investigate whether proteins with catalytic activities in telomeres participate in 

the dissolution of T-loops during prolonged mitotic arrest, a screening involving the 

overexpression of the five RecQ helicases was conducted in search of a phenotype 

exhibiting reduced or enhanced deprotected telomeres. The experimental study was 

carried out in a IMR90 E6E7 hTERT cell line, consisting of lung fibroblasts expressing 

Human Papilloma viral E6 and E7 proteins (IMR90 E6E7), which inhibit p53 and Rb 

function, respectively. Suppression of both oncoviral proteins provides transformed cells 

for indefinite divisions without activation of cell cycle checkpoints promoting arrest 

(Watanabe et al., 1989; Shay et al., 1993). The effects of mitotic arrest in telomeres have 

been deeply studied and validated in the IMR90 E6E7 cell line (Hayashi et al., 2012), 

making it an ideal model for exploring the mechanism of telomere deprotection. Cells were 

subsequently immortalized by expression of human telomerase (hTERT) order to prevent 

telomere erosion and cell death after prolonged culture (Bodnar et al., 1998). The 

generated IMR90 E6E7 hTERT cells were then infected with lentivirus carrying constructs 

for the expression of each RecQ helicase individually, or an empty Vector serving as a 

control. Following selection with blasticidin marker, after 9 days post-infection, the 

efficiently transduced cells were collected to determine protein levels (Figure 3.1A) and 

exposed with colcemid, a microtubule inhibitor, for 24 hours to induce a prolonged mitotic 

arrest. Previous studies have shown that this duration of colcemid treatment in IMR90 

E6E7 hTERT is sufficient to promote a significant number of deprotected telomeres 

(Hayashi et al., 2012). Additionally, a short treatment of 2 hours colcemid was included to 

arrest cells without inducing telomere deprotection. Deprotected telomeres that arise in 

interphase (interphase-TIFs) can be passed into mitosis. Therefore, the 2 hours treatment 

is a helpful control to distinguish deprotected telomeres generated in interphase from the 

mitotic arrest-dependent TIFs (MAD-TIFs) under experimental conditions. To analyze 

mitotic telomere deprotection, meta-TIF assay was performed consisting in the collection 

and cytocentrifuge of treated cells for further immunostaining with γ-H2AX antibody and 

telomeric DNA probe (Cesare et al., 2015) (Figure 3.1B).  
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Figure 3.2 - BLM and WRN helicases are involved in the regulation of mitotic 

telomere deprotection. 

A) Immunoblot analysis of the RecQ helicase family members overexpressed in IMR-90 

E6E7 hTERT cells. Transduction was performed by lentiviral infection followed by 

selection with blasticidin for 7 days. Samples were collected at day 12 post-infection for 

immunoblotting. Protein levels are compared with control cells transduced with an empty 

Vector construct. Black arrowheads indicate expected protein size: RecQ1 (70 kDa), BLM 
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(170 kDa), WRN (180 kDa), RecQ4 (150 kDa), RecQ5α (45 kDa). GAPDH serves as a 

loading control. B)  Representative images of meta-TIFs (telomeric signals  colocalized 

with γ-H2AX foci) on chromosome spreads from cells treated with 100 ng/ml colcemid for 2 

or  24 hours. Scale bar, 10 µm. C) Quantification of meta-TIFs  per cell upon 100 ng/ml 

colcemid for the indicated time. Violin plots represent the distribution of all data and 

averages from three independent experiments (15 metaphases per experiment for 2 hours 

colcemid; 30 metaphases per experiment for 24 hours colcemid; mean ± s.e.m.; Mann-

Whitney test). 

 

Quantification of the total number of γ-H2AX signal colocalizing with the telomeric signal 

per prometaphase/metaphase spread (metaphase-TIF or meta-TIF) was analyzed and 

represented in a graph, showing the average meta-TIF count per each replicate of three 

independent experiments for each experimental group (Figure 3.1C). In the analysis, 

Vector cells treated for 24 hours colcemid exhibited a significant number of deprotected 

telomeres (~10 in average) induced by an extended time in mitotic arrest, referred to as 

MAD-TIFs. Interestingly, overexpression of RecQ1, BLM helicases resulted in a significant 

increase of MAD-TIFs, during a prolonged mitotic arrest without affecting telomeres 

structure in interphase as observed in 2 hours treatment (Figure 2.1C).  

 

However, the most pronounced phenotype between both helicases was observed upon 

BLM overexpression. In contrast, ectopic expression of WRN led to a suppressed 

phenotype in mitotic arrested cells. These results from the helicase screening suggest that 

BLM and WRN are highly involved in the regulation of mitotic telomere deprotection. 

However, the opposing phenotypes from BLM and WRN overexpression suggest that both 

helicases engage to T-loop maintenance in a different manner.  

 

According to the obtained data, WRN helicase is a crucial protein that plays a significant 

role in preventing the formation of MAD-TIFs. While WRN is primarily recognized for its 

ability to catalyze D-Loops, the findings from this screening suggest the presence of an 

intriguing yet unknown activity in WRN. This unidentified function appears to confer a 

protective effect on telomeres instead of promoting their dissolution. Therefore, I consider 
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essential to investigate the involvement of this helicase in the mechanism of mitotic 

telomere deprotection. 
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Chapter 4 

A non-catalytic N-terminus domain of 
WRN prevents mitotic telomere 

deprotection. 
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4.1 Introduction 
 
4.1.1 WRN helicase: structure and function. 

WRN helicase is the largest member of the RecQ helicase family consisting of 1,432 

amino acids and containing multiple functional domains: exonuclease, helicase, RQC and 

HRDC domains. These domains enable WRN to be involved in DNA repair pathways, 

particularly in the repair of DSBs (Chen et al., 2003; Lan et al., 2005). 

 

The N-terminal 3'-5' exonuclease domain allows WRN to process a variety of DNA 

substrates during DNA repair, such as fork-shaped duplexes, dsDNA, D-loops, bubble-

structured duplexes, Holliday junctions, and G-quadruplexes (Croteau et al., 2014; Oshima 

et al., 2017). The conserved RQC domain plays a critical role in WRN by facilitating 

substrate-specific DNA binding, which initiates the unwinding process. This domain is also 

involved in the ability of WRN to localize at telomere regions, particularly after oxidative 

stress (Sun et al., 2017). The HRDC domain of WRN contributes to DNA binding and it is 

essential for the recruitment of WRN to DSBs (Samanta et al., 2012). Additionally, a small 

region between the RQC and HRDC domains promotes ssDNA annealing activity and 

oligomerization (Muftuoglu et al., 2008). 

 

Mutations in the WRN gene lead to Werner syndrome (WS), which is characterized by 

premature aging symptoms and increased susceptibility to certain cancer types. WS cells 

exhibit slow replication, an elevated mutation rate, and genomic instability (Fujiwara et al., 

1997; Oshima et al., 2017). Unlike Bloom syndrome, WS cells display defects in the HR 

pathway rather than increased sister chromatid exchanges (SCEs) or excessive 

homologous recombination (HR). WS patients are predisposed to specific cancer types, 

including soft-tissue carcinoma, osteosarcoma, and thyroid cancer. WRN expression is 

regulated in cancer cells, and both silencing and overexpression of WRN can affect 

genomic stability and cancer cell sensitivity to DNA-damaging agents (Blander et al.,1999; 

Futami et al., 2007). 

 

The helicase activity of WRN is stimulated by several proteins, including the replication 

protein A (RPA), the Ku heterodimer, the Mre11-Rad50-Nbs1 (MRN) complex, and TRF2 
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(Machwe et al., 2004; Lu and Davis, 2012). Notably, binding to multiple RPAs significantly 

enhances the unwinding activity of WRN, allowing it to unwind duplexes larger than 1 kb in 

a unidirectional manner (Sommers et al., 2005; Lee et al., 2018). The oligomeric state of 

WRN also influences its binding preference for specific DNA structures, with WRN dimers 

binding to fork DNA and tetramers binding to replication forks (Shin et al., 2023). Electron 

microscopy studies have revealed that oligomerization of WRN results in a strong affinity 

for the binding to HJs (Compton et al., 2008). Additionally, a small fragment from the WRN 

N-terminus, encompassing the amino acids 70-240, has shown to form hexamers in the 

presence of DNA and able to exert exonuclease activities (Xue et al., 2002). However, it 

remains to be determined whether these oligomeric states affect the efficiency of 

exonuclease and helicase activities. 

 

4.1.2 WRN in telomere maintenance. 

Regarding telomere maintenance, WRN is a critical protein involved in telomere replication 

and its recruitment to telomeres is enabled by the interaction with shelterin proteins TRF1, 

TRF2 and POT1. The presence of WRN at telomeres is observed specifically during the S-

phase of the cell cycle, as demonstrated by live cell imaging and direct chromatin 

immunoprecipitation studies (Opresko et al., 2004). WRN interaction with shelterin proteins 

served multiple purposes, including the resolution of G-quadruplex structures, facilitation of 

efficient telomere replication, and regulation of the recombinatory ALT pathway 

(Mohaghegh et al., 2001; Laud et al., 2005; Sidorova et al., 2008; Mukherjee et al., 2018).  

 

Apart from its main role in G-quadruplex dissolution in replication, WRN has not yet been 

confirmed to be required for T-loop dissolution during telomeric replication. However, WRN 

has been identified as capable of dissociating telomeric D-loops in in vitro studies (Orren 

et al., 2002; Opresko et al., 2004). Additionally, TRF1 and TRF2 have been found to 

regulate WRN activities at telomeres (Opresko et al., 2002; Opresko et al., 2004) While 

these telomere-binding proteins can restrict WRN exonuclease activity on the D-loop, they 

do not inhibit its helicase activity. This implies that TRF1 and TRF2 play a role in limiting 

inappropriate processing of telomeric DNA once DNA replication is completed.  
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4.1.3 WRN activities in mitosis. 

Since WRN activities are performed in DNA replication and repair, events that 

predominantly occur in S-phase, its function during mitosis remains less understood. 

Depletion of WRN in cancer cells has been associated with certain mitotic defects, such as 

chromosome bridges and lagging chromosomes (Lieb et al., 2019). However, these signs 

of genomic instability are a consequence of underlying problems that manifest in cell 

division. Additionally, limited evidence has suggested that WRN is implicated in mitotic 

recombination, a process that consists of genetic exchange between homologous 

chromosomes or sister chromatids during mitosis (Prince et al., 2001). Nevertheless, the 

direct impact of WRN on the resolution of DNA structures at chromatin or telomeres during 

mitosis remains unknown, primarily due to the scarcity of studies focused in studying 

RecQ helicases in distinct cellular contexts.  Further research is needed to elucidate the 

precise functions of WRN during mitotic events and its potential contributions to the 

maintenance of genome integrity. 

 

4.2 Results 
 
4.2.1 WRN suppresses mitotic telomere deprotection independently of its catalytic 

activity. 

To further understand the role of WRN helicase in mitotic telomere deprotection, the effect 

of WRN knockdown was examined in IMR90 E6E7 hTERT cells by lentiviral shRNA 

transduction (Figure 4.1A). After 4 days in culture with selection marker, the efficiently 

transduced cells were treated with colcemid for 2 hours (control) and 24 hours in prior to 

immunostaining. The decrease in WRN protein levels (Figure 4.1A) did not show meta-

TIFs after 2 hours of colcemid, but led to an increase in the meta-TIF number in cells 

treated with colcemid for 24 hours compared to shControl (Figure 4.1B and C).  
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Figure 4.1  WRN depletion exacerbates MAD-TIFs. 

A) Immunoblot of IMR-90 E6E7 hTERT cells transduced with shWRN or a non-targeting 

control short hairpin RNA (shControl) for 5 days. GAPDH serves as a loading control. B) 

Representative images of meta-TIF analysis on mitotic chromosome spreads from WRN 

knockdown cells after treatment with 100 ng/mL colcemid. Scale bar, 10 µm. C) 

Quantification of telomeric signals colocalized with γ-H2AX foci (metaphase-TIFs or meta-

TIFs) per cell in indicated conditions. Violin plots represent the distribution of all data and 

averages from three independent experiments (15 metaphases per experiment for 2 hrs 

colcemid; 30 metaphases per experiment for 24 hrs colcemid; mean ± s.e.m.; Kruskal–

Wallis followed by Dunn’s test). 

 

The exacerbated number of meta-TIF caused by WRN depletion could be rescued by the 

overexpression of a full-length WRN carrying silent mutations at the shRNA-target 

sequence (Figure 4.2A).  
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Figure 4.2 Reconstitution of WRN expression rescues cells from excessive telomere 

deprotection. 

A) Immunoblot of  IMR-90 E6E7 hTERT cells expressing shRNA-resistant WT-WRN or 

Vector following transduction with shControl or shWRN for 5 days before analysis. GAPDH 

serves as a loading control. B) Quantification of telomeric signals colocalized with γ-H2AX 

foci (metaphase-TIF or meta-TIF) from cells treated with 100 ng/mL colcemid at the 

indicated time points. Violin plots represent the distribution of all data and averages from 

three independent experiments (15 metaphases per experiment for 2 hrs colcemid; 30 

metaphases per experiment for 24 hrs colcemid; mean ± s.e.m.; Kruskal–Wallis followed 

by Dunn’s test). C) Growth curve of IMR90 hTERT E6E7 of cells expressing either an 

empty Vector or WT-WRN, followed by transduction with either shControl or shWRN. After 

selection, an equal number of cells were seeded in a 24-well plate on day 4 post-infection 

of shControl and shWRN, and the cell count was assessed on days 2 and 4 after plating to 

obtain the final cumulative cell number. One data set is represented in the graph. 
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Interestingly, WT-WRN in an shControl background could suppress completely meta-TIF 

formation in 24 hours colcemid treatment (Figure 4.2B). Moreover, the introduction of 

exogenous WT-WRN could restore cell growth, which is compromised due to WRN 

depletion (Figure 4.2C). These results demonstrate that the reduction in MAD-TIFs 

observed in Figure 4.2B can be attributed to the expression of a functional WT-WRN 

protein. Suppression of MAD-TIFs by the overexpression of WT-WRN is not mediated 

through the regulation of the protein levels of TRF2, a key T-loop protective protein, as I 

confirmed by an immunoblot showing unchanged TRF2 protein levels in mitotically 

arrested cells (Figure 4.3A). Altogether, these findings suggest that WRN plays a crucial 

suppressive role in the process of telomere deprotection during mitotic arrest. 

 

Previously, mitotic telomere deprotection has shown to be a time-dependent process that 

accumulates during mitotic arrest (Hayashi et al., 2012). IMR90 E6E7 cells require to be 

arrested for a sufficient time for undergoing telomere deprotection, which is achieved by a 

colcemid treatment longer than 2 hours. Therefore, I aimed to confirm whether depletion or 

overexpression of WRN affects mitotic duration upon exposure to colcemid. For this 

purpose, live-cell imaging was performed in cells treated with colcemid for 72 hours. After 

data collection, the mitotic duration was tracked for all experimental groups (Figure 4.3B). 

Notably, untreated cells exhibited a mitotic duration of less than 2 hours, whereas WRN-

depleted cells displayed an extended duration of 3.5 hours (Figure 4.3C). Colcemid 

treatment resulted in a considerable prolongation of mitotic arrest, averaging around 20 

hours in both shControl and empty vector cells. WRN-depleted cells exhibited a shorter 

mitotic duration of 15 hours, whereas WRN-overexpressing cells displayed a mitotic 

duration similar to that of the vector control. These results suggest that suppression of 

MAD-TIF formation in cells expressing WT-WRN is not caused by a reduction in the 

duration of mitotic arrest. Instead, it suggests that the presence of abundant protein levels 

of WRN impedes mitotic telomere deprotection, thereby exerting its inhibitory effect.  
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Figure 4.3  TRF2 protein levels and mitotic checkpoint are unaltered upon WRN  

overexpression. 

 
A) Immunoblot of TRF2 in cells expressing exogenous WT-WRN after 24 hrs exposure to 

100 ng/mL colcemid or DMSO for control. Interphase and mitotic cells were collected 

together. Phospho-CENP-A (Ser7) and GAPDH serves as a mitotic marker and a loading 

control, respectively. B) Schematic of the live-cell imaging. Same number of cells were 

plated 24 hours before colcemid treatment. After the addition of 100 ng/mL colcemid, 

imaging of the cell fate was recorded for three days.  C) Live-cell imaging analysis 

displaying the distribution of mitotic duration in cells expressing shWRN and ectopic WT-

WRN (Median, 25th and 75th percentile; Mann-Whitney test). Cells were either mock-

treated or exposed to 100 ng/mL colcemid for mitotic arrest induction. Duration of the 

mitotic arrest was determined by tracking the morphology of the cells from mitotic entry 

(from an interphase-flat to a round shape) until the end of mitosis (disappearance of the 

mitotic round shape). 

 

Since exogenous WRN expression results in suppressed telomere deprotection, I 

investigated whether this suppression is reliant on the enzymatic activities of WRN. To 

examine this, WRN defective mutants were used and which contained point mutations at 

the core domains responsible for unwinding double-stranded DNA substrates (Figure 
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4.4A). One of these mutants carries a Glutamic acid-to-Alanine mutation at the E84 

residue located in the exonuclease domain (WRN-E84A) that alters ATPase and 3'-5' 

exonuclease activities while preserving helicase activity (Huang et al. 1998; Perry et al. 

2006). A second mutant with a Lysine-to-Alanine mutation at K577 residue in the helicase 

domain (WRN-K577M) results in a defective WRN protein with compromised DNA 

resolution activity (Gray et al., 1997). Both mutants were efficiently expressed and 

demonstrated the ability to suppress telomere deprotection in mitotically arrested cells, 

similar to WT-WRN (Figure 4.4B and C). The data suggest that suppression of mitotic 

telomere deprotection by WRN is not dependent on its enzymatic activities. 

 

 

 

 

 

 

 

 

Figure 4.4 WRN suppresses MAD-TIF formation independently from its catalytic 

activities. 

A) Schematic of full-length WRN with location of the point mutations inserted in the 

Exonuclease and Helicase domains. Coiled, coiled-coil motif; Helicase, helicase domain; 

RQC, RecQ C-terminal DNA-binding domain; HRDC, helicase and RNaseD C-terminal 

domain. B) Immunoblot of WRN in cells expressing exogenous WT-WRN and two WRN 

mutants (E84A and K557M) with depleted catalytic activities. Transduced cells were 

harvested on day 10 post-infection. GAPDH serves as a loading control. C) Quantification 

of meta-TIFs (telomeric signals colocalized with γ-H2AX foci) in cells treated with 100 

ng/mL colcemid for 24 hours.  Data is collected from three independent experiments (30 

metaphases per experiment; mean ± s.e.m.; Kruskal–Wallis followed by Dunn's test). 
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4.2.2 WRN suppressive activity is regulated through the N-terminus 168-333 aa. 

To identify the regions of WRN responsible for the suppression of mitotic telomere 

deprotection, three distinct truncated fragments: WRN2-499, WRN500-946, and WRN947-1452 

were generated. The N-terminus of these fragments was tagged with 4xFlag and NLS 

peptide to direct their transport into the cell nucleus and localization within the same 

compartment as an intact full-length WRN protein. The fragments were overexpressed in 

IMR-90 E6E7 hTERT cells followed by colcemid-induced mitotic arrest (Figure 4.5A). All 

fragments were found to appear with additional bands without affecting the protein levels 

of endogenous WRN (Figure 4.5B). This suggests that each fragment may undergo post-

translational modifications (PTMs) of an unknown nature, leading to multimerization of the 

N-terminus. The meta-TIF analysis revealed that the expression of WRN2-499 fragment 

significantly suppressed mitotic telomere deprotection compared to the vector control and 

other fragments, WRN500-946 and WRN947-1452 (Figure 4.5C). This result suggests that the 

suppressive function against mitotic telomere deprotection resides within the N-terminus 

sequence of WRN.  

 

 

 

 

 

 

Figure 4.5  N-terminus of WRN is involved in MAD-TIF suppression. 

A) Schematic representation of NLS and 4xFLAG tagged WRN fragments derived from 

full-length WRN. Numbers indicate WRN amino acid coordinate. Exo, exonuclease 

domain; Coiled, coiled-coil motif; Helicase, helicase domain; RQC, RecQ C-terminal DNA-

binding domain; HRDC, helicase and RNaseD C-terminal domain. B) Immunoblot of 

endogenous WRN and WRN fragments in IMR-90 E6E7 hTERT cells expressing indicated 
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WRN fragments. Transduced cells were analyzed on day 10 post-infection when cells 

were subjected to experimentation for the meta-TIF assay. Black arrowhead indicates 

bands of the expected size of 60–70 kDa. GAPDH serves as a loading control. C) 

Quantification of meta-TIFs (telomeric signals colocalized with γ-H2AX foci) in cells treated 

with 100 ng/mL colcemid for 24 hours.  Data is collected from three independent 

experiments (30 metaphases per experiment; mean ± s.e.m.; Kruskal–Wallis followed by 

Dunn's test). 

 

Highly stable multimers of WRN have shown to be resistant to SDS denaturation resulting 

in multiple bands of distinct sizes in a blot (Perry et al., 2010). In order to validate whether 

the observed modification on WRN2-499  in Figure 4.5B specifically occurs during mitotic 

arrest, cells were synchronized by using a double treatment with thymidine followed by the 

addition of colcemid after 6 hours post-release (Figure 4.6A). Arrested cells in mitosis 

were harvested by shake-off at different time points, showing an accumulation of the 

higher molecular band in the N-terminal WRN compared to interphase cells (Figure 4.6B). 

As a result, protein levels of endogenous WRN increased in mitosis, but remained 

unchanged throughout the prolonged mitotic arrest (Figure 4.6B). These results suggest 

that the N-terminus is susceptible to potential PTMs during mitotic arrest. 

 

Next I asked whether the expression of truncated fragments affected the duration of 

mitosis, since mitotic arrest (>2h) is not sufficient to induce MAD-TIFs. For this purpose, a 

live cell analysis was performed (Figure 4.6C) and the analysis revealed no significant 

difference in the duration of mitosis among all samples arrested upon colcemid treatment. 

This observation confirms that the suppressive effect of WRN2-499 is not caused by a 

shortened mitotic arrest. 
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Figure 4.6  WRN N-terminus undergoes modifications upon colcemid  

treatment without affecting mitotic checkpoint. 

A) Timeline for synchronizing cells by double-thymidine block. Samples for Western 

blotting were collected at 0, 8, and 24 hours after the second release. Mitotic cells were 

collected by shake-off at 8 and 24 hours.B) Immunoblot of endogenous WRN and the 

4xFLAG-tagged WRN2-499 fragment. The expected band size is indicated by a black 

arrowhead, and potential complex formation or protein modifications are indicated by a 

white arrowhead. Asterisk denotes unspecific bands. GAPDH serves as a loading control. 

C) Live-cell imaging analysis displaying the distribution of mitotic duration in cells 

expressing the indicated WRN fragments (median, 25th, and 75th percentile; Kruskal-

Wallis followed by Dunn's test). Cells were exposed to 100 ng/mL colcemid during the 

three days of data acquisition. 

 

To further identify the specific region of the WRN N-terminus responsible for suppressing 

MAD-TIF formation, the WRN2-499 fragment was separated into three fragments: WRN2-167, 

WRN168-333, WRN334-499 (Figure 4.7A). These fragments were expressed in IMR-90 E6E7 

hTERT cells and immunoblot revealed the appearance of additional bands, different from 

the expected protein sizes, possibly due to PTMs, cleavage, protein complex formation, or 
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multimerization (Perry et al., 2010) (Figure 4.7B and Table 1). Meta-TIF analysis of 

colcemid-treated cells for 24 hours revealed that only the WRN168-333 fragment effectively 

abolished mitotic telomere deprotection (Figure 4.7C and D). Similar suppression of the 

WRN168-333 fragment was observed in cells with depleted endogenous WRN, indicating its 

high suppressive function to impair MAD-TIF formation compared to full-length WRN 

(Figure 4.7E). 

 

 

Figure 4.7  WRN N-terminus encompassing 168-333 aa suppresses MAD-TIFs. 

A) Schematic representation of WRN sub-fragments derieved from the N-terminus. 

Numbers indicate WRN amino acid coordinate. B) Representative images of the meta-TIF 

assay from cells expressing indicated WRN fragments after treatment with 100 ng/mL 

colcemid for 24 hours. Scale bar, 10 µm. C) Immunoblot of 4xFLAG tagged WRN 

fragments expressed in IMR-90 E6E7 hTERT cells. Transduced cells were harvested on 
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day 12 post-infection for immunoblot and meta-TIF assay, shown in D. A black arrowhead 

indicates the expected fragment size (~ 27 kDa). Potential truncation, complex formation, 

and post-translational modifications are indictaed with white arrowheads. Asterisks 

represent unspecific bands from empty Vector. GAPDH serves as a loading control. D) 

Quantification of meta-TIFs (telomeric signals colocalized with γ-H2AX foci) per cell in 

indicated conditions. Violin plots represent the distribution of all data and averages from 

three independent experiments (15 metaphases per experiment for 2 hrs colcemid; 30 

metaphases per experiment for 24 hrs colcemid; mean ± s.e.m.; Kruskal–Wallis followed 

by Dunn’s test). E) Quantification of meta-TIFs (telomeric signals colocalized with γ-H2AX 

foci) from cells expressing empty Vector or WRN168-333 fragment, followed by transduction 

with shControl or shWRN and treated with 100 ng/mL colcemid for 24 hours. Violin plots 

represent the distribution of all data and averages from three independent experiments 

(n=30 per experiment; mean ± s.e.m.; Kruskal-Wallis followed by Dunn's test).   

 

Subsequent cleavage of the WRN168-333 produced two fragments: WRN168-205 and WRN251-

333 (Figure 4.8A). Among these fragments, WRN251-333 appeared as an upper shifted band 

on SDS-PAGE (Table 4.1), and its expression demonstrated a partial ability to suppress 

mitotic telomere deprotection compared to the complete WRN168-333 fragment (Figure 4.8B 

and D). However, the expression of WRN168-250 could not be detected by immunoblotting, 

despite the successful protein separation for this sample, as it was detected by CBB 

staining of the transferred gel (Figure 4.8C). This suggests that this fragment might be 

prone to protein degradation and, consequently, the average number of meta-TIFs 

observed was similar to that of the control. Hence, it was not possible to definitively 

conclude whether WRN168-250 also exhibits suppressive effects (Figure 4.8D).  

 

Notably, the negative effect WRN168-333 expression on MAD-TIFs was further verified in 

HT1080, a colorectal carcinoma cell line (Figure 4.9A). Overexpression of the WRN168-333 

suppressed MAD-TIFs in mitotic-arrested HT1080 cells, suggesting that WRN is required 

to impair MAD-TIF formation in cancer-derived cell lines (Figure 4.9B and C). Taken 

together, this data indicates that both WRN2-499 and WRN168-333 fragments possess a 

conserved suppressive effect on telomeres during prolonged mitotic arrest (Table 1), 

possibly by inhibiting factors involved in T-loop unwinding. 
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Figure 4.8 WRN coiled-coil domain is sufficient to suppress mitotic telomere 

deprotection. 

A) Schematic representation of WRN fragments derived from WRN 168-333 truncated 

peptide. B) Immunoblot of 4xFLAG-WRN fragments in IMR-90 E6E7 hTERT cells 

harvested on day 12 post-infection. Magenta and blue arrowheads indicate the expected 

size for the WRN168-333 (~ 27 kDa) and the WRN251-333 (~ 17 kDa) fragments, 

respectively. White arrowheads with colored lines indicate possible post-translational 

modifications. C) Representative SDS-PAGE gel stained with Coomassie Brilliant Blue 

(CBB) that corresponds to the blot in B. Stained gel confirms successful protein integrity 

and separation in all lanes. Magenta and Black arrowheads indicate the expected size for 

the respective fragment. D) Quantification of meta-TIFs (telomeric signals colocalized with 

γ-H2AX foci) in cells treated with 100 ng/mL colcemid for 24 hours.  Data is collected from 

three independent experiments (30 metaphases per experiment; mean ± s.e.m.; Kruskal–

Wallis followed by Dunn's test). 
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Figure 4.9    WRN (168 - 333 aa) suppresses MAD-TIFs in HT1080 cancer cells. 

A) Immunoblot of 4xFLAG-WRN168-333 expressed in HT1080 cells. Black and white 

arrowheads indicate expected size and potentially modified fragment, respectively. 

GAPDH serves as a loading control. B) Representative images of the meta-TIF assay in 

HT1080 cells expressing WRN168-333 fragment after treatment with 100 ng/mL colcemid for 

24 hrs. Scale bar, 10 µm. C) Quantification of meta-TIFs (telomeric signals colocalized 

with γ-H2AX foci) in HT1080 cells expressing Vector or WRN168-333 fragment and treated 

with 100 ng/mL colcemid for 24 hours. Data is collected from three independent 

experiments (30 metaphases per experiment; mean ± s.e.m.; Mann-Whitney test). 

 

4.2.3 WRN overexpression does not affect ATM and Aurora B activities.  

In a previous study, Aurora B kinase activity was demonstrated to be required for mitotic 

telomere deprotection, and its inhibition suppresses this process (Hayashi et al., 2012; 

Van Ly et al., 2018). Based on this knowledge, I asked whether WRN impairs Aurora B 

activity, which could explain the absence of MAD-TIF formation observed thus far. To 

verify this scenario, I exploited a study reporting that Aurora B activity is required for the 

activation of the SAC machinery in response to microtubule stabilizer taxol, which can 
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treated with taxol and hesperadin, an Aurora B inhibitor. It is important to note that the 40 

nM hesperadin concentration used in this study is low for fully inhibiting Aurora B activity, 

but it is sufficient to impair MAD-TIF formation and reduce the duration of mitotic arrest 

(Hayashi et al., 2012). Therefore, live-cell imaging observations revealed a shortened 

duration of taxol-induced mitotic arrest in vector control cells co-treated with hesperadin 

(Figure 4.10A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10   WRN N-terminus does not perturb Aurora b kinase activity in mitosis. 

A) Timeline of the live-cell imaging. Cells expressing WRN fragments were exposed to 500 

nM taxol, a microtubule-stabilizing agent, for three days until the end of data acquisition. 

Vector cells were co-treated with 40 nM hesperadin, serving as a positive control for 

inhibition of Aurora B activity, which correlates to a short mitotic duration. B) Live-cell 

imaging analysis displaying the distribution of mitotic duration in cells expressing indicated 

WRN fragments (Median, 25th, and 75th percentile; Kruskal–Wallis followed by Dunn's 

test). C) The ratio of different cell fates (slippage or cell death) following mitosis was 

analyzed in the specified cells upon the indicated conditions. The results were categorized 
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based on the duration of mitotic arrest. Mitosis lasting longer than 2 hours was considered 

as mitotic arrest. 

 

In contrast, cells expressing different WRN fragments exhibited robust mitotic arrest in 

response to taxol, similar as vector control cells without hesperadin treatment. Tracking of 

cell fate after mitotic arrest showed rapid slippage within 2 hours in vector control cells, 

which is a consequence of Aurora B inhibition (Hauf et al., 2003) (Figure 4.10B). However, 

no significant changes in cell outcome were observed in cells expressing any WRN 

fragment, which behaved similarly as the untreated vector control cells. These results 

show that Aurora B activity is maintained in cells expressing WRN2-499, and therefore, the 

absence of MAD-TIFs cannot be attributed to the inhibition of Aurora B activity or its 

alterations in mitotic response. 

 

Additionally, ATM kinase is activated in the presence of exposed telomeres recognized as 

DBSs and depletion of ATM reduces the number of detected TIFs in metaphases (Hayashi 

et al., 2012). Furthermore, ATM activation has been shown to be regulated by WRN upon 

DSBs in cells challenged by replication fork collapse during S-phase (Cheng et al., 2008). 

Considering that ATM is required for the formation of telomeric γ-H2AX foci during mitotic 

arrest, I questioned whether the absence of MAD-TIF is a result of ATM inhibition by the 

WRN N-terminal fragment in mitosis. To address this question, cells expressing the WRN2-

499 fragment were arrested in mitosis with colcemid for 22 hours, followed by a 2 hrs 

treatment with with 0.2ug/ml bleomycin, a DNA damage inducer, to generate DNA double-

strand breaks in mitotic chromosomes (Figure 4.11A).  
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Figure 4.11  Mitotic ATM activity remains intact upon overexpression of WRN N-

terminus. 

A) Timeline for DNA damage induction on mitotic chromosomes. IMR-90 E6E7 hTERT 

cells expressing WRN2-499 fragment were treated with 100 ng/mL colcemid for 24 hours in 

which 0.2 µg/ml bleomycin was added two hours before the end of colcemid treatment. 

Subsequently, cells were harvested and subjected to cytospin for following staining. B) 

Representative images of γ-H2AX foci on mitotic chromosomes in cells treated with 

colcemid and bleomycin or DMSO, in case of the control. C) Quantification of total γ-H2AX 

foci on mitotic chromosomes from cells expressing Vector or WRN2-499 fragment. Violin 

plots illustrate the distribution of all data and averages from three independent 

experiments (30 metaphases per experiment; mean ± s.e.m.; Kruskal–Wallis followed by 

Dunn's test).  
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Representative images of metaphases showed the distribution of γ-H2AX foci in telomeres 

and along chromosome arms after bleomycin treatment (Figure 4.11B). Quantification of 

total γ-H2AX foci per metaphase spread indicated that the WRN2-499 fragment suppressed 

the formation of γ-H2AX foci in response to colcemid (Figure 4.11C). However, a marked 

increase in the number of γ-H2AX foci was detected following exposure to bleomycin, 

comparable to control cells. These results suggest that ATM remains active during mitotic 

arrest in cells expressing the WRN2-499 fragment and effectively responds to the presence 

of DSBs. Therefore, I can conclude that the N-terminus of WRN suppresses mitotic 

telomere deprotection in a context where both Aurora B and DDR activities are maintained.  

 

4.2.4  WRN supports the protective function of TRF2 in mitotic telomeres.   

TRF2 plays a central role in safeguarding T-loops by tightly binding to the D-loop junction, 

which maintains the T-loop configuration (Necásova et al., 2017; Timashev and Lange, 

2020). WRN possess a strong affinity for Holliday Junctions (HJ), which are structurally 

similar to the D-loop, in its tetrameric form and participates in the resolution of these 

structures (Compton et al., 2008). Therefore, I investigated whether WRN can protect 

telomeres independently of TRF2. For this purpose, cells expressing either the 

suppressive full-length WT-WRN or distinct suppressive WRN fragments (Table 1) were 

transduced with an shRNA sequence targeting TRF2, which results in TIF formation 

without leading to end-to-end telomere fusion (Cesare et al., 2013). Knockdown of TRF2 

did not alter the protein expression of endogenous and exogenous WRN, as for the N-

terminal fragments (Figure 4.12A).  
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Figure 4.12  WRN requires sufficient TRF2 protein levels to suppress MAD-TIFs. 

A) Immunoblot endogenous WRN, 4xFLAG-tagged WRN fragments and TRF2. IMR-90 

E6E7 hTERT cells expressing WRN fragments were transduced with an shTRF2 target 

sequence by lentiviral infection. Cells were collected and lysed at day 7 post-infection. 

Blue-colored arrowhead indicates the expected size for WRN168-333 (~ 27 kDa). White 

arrowheads (magenta line border for WRN2-499 fragment and blue border for WRN168-333) 

indicate possible post-translational modifications or complex formation. GAPDH serves as 

a loading control. B) Representative images of the meta-TIF assay from TRF2 knockdown 

cells expressing indicated WRN fragments, following treatment with 100 ng/mL colcemid. 
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Scale bar, 10 µm. C) Quantification of meta-TIFs (telomeric signals colocalized with γ-

H2AX foci) in cells expressing WRN fragments upon TRF2 knockdown and colcemid 

treatments.  Dashed lines discriminate between the average number of TIFs generated in 

the interphase (interphase-TIFs) due to shTRF2 (2 hours colcemid) and MAD-TIFs caused 

by mitotic arrest (24 hours colcemid) (15 metaphases per experiment for 2 hours colcemid; 

30 metaphases per experiment for 24 hours colcemid; mean ± s.e.m.; Mann–Whitney test). 

 

However, insufficient levels of TRF2 resulted in a significant arise in the number of TIFs, 

which originated in interphase but persisted into mitosis, as observed in metaphases from 

Vector-shTRF2 cells treated with colcemid for 2 hrs (Figure 4.12B). Prolonged colcemid 

treatment for 24 hrs further amplified the number of meta-TIFs in vector cells, indicating 

the formation of MAD-TIFs that accumulated on metaphase chromosomes, alongside the 

interphase TIFs generated as a result of TRF2 depletion (Cesare et al., 2013; Hayashi et 

al., 2015) (Figure 4.12C). Both full-length WRN and its N-terminal fragments showed no 

suppression of the number of meta-TIFs in response to TRF2 knockdown, irrespective of 

colcemid treatment duration (2 hours or 24 hours) (Figure 4.12C). These observations 

suggest two important points. First, WRN does not play a role in protecting telomeres 

during interphase when TRF2 levels are depleted. Second, the suppressive function of 

WRN in mitosis is compromised in the absence of TRF2, despite the high expression of 

WRN peptides.  

 

Next, I proceeded to test whether TRF2 alone is capable to suppress MAD-TIFs 

independently of WRN. To examine this, cells were subjected to TRF2 overexpression, 

which effectively reduced the number of MAD-TIFs in arrested cells transduced with 

shControl (Figure 4.13A to C). However, WRN depletion resulted in a significant number 

of MAD-TIFs comparable to Vector-shControl cells despite the overexpression of TRF2 

(Figure 4.13B and C). These findings suggest that WRN supports TRF2 function to 

maintain the T-loop structure during prolonged mitotic arrest. 
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Figure 4.13  WRN supports TRF2 protective function in mitotic telomeres. 

A) Immunoblot of endogenous WRN and TRF2. IMR-90 E6E7 hTERT cells expressing 

exogenous TRF2 were transduced with shWRN by lentiviral infection and analyzed on day 

5 post-infection. GAPDH serves as a loading control. B) Representative images of meta-

TIF assay in indicated cells upon treatment with 100 ng/mL colcemid for 24 hours. C) 

Quantification of meta-TIFs (telomeric signals colocalized with γ-H2AX foci) in cells treated 

with 100 ng/mL colcemid for 24 hours.  Data is collected from three independent 

experiments (30 metaphases per experiment; mean ± s.e.m.; Kruskal–Wallis followed by 

Dunn's test). 

 

4.2.5 The suppressive effect of WRN is regulated through Aurora B putative 

phosphosites. 

Post-translational modifications of WRN have been demonstrated to regulate its activity, 

protein-protein interaction, stability, and subcellular localization (Kusumoto et al., 2007). 

These observations of the WRN168-333 fragment showed the presence of multiple bands 
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exhibiting different sizes (Figure 4.7B). This intriguing finding raises the possibility of 

kinase-mediated regulation in specific regions of WRN to undergo PTMS particularly in the 

absence of the remaining domains of WRN, which might hinder the accumulation of such 

modifications.  

 

By analyzing the sequence of the WRN168-333 fragment, a coiled-coil domain was identified 

comprising amino acid 228-333, which has been previously reported to mediate WRN 

multimerization (Perry et al., 2010). An in silico analysis of the WRN168-333 fragment by 

using the GPS 5.0 software revealed the prediction of an Aurora B consensus 

phosphorylation site ([R/K]X[S/T][φ], where φ is hydrophobic residues) (Hengeveld el al., 

2012) at position S282 within the coiled-coil domain, as it was determined by Alphafold2 

prediction tool  (Figure 4.14A). Additionally, weak Aurora B putative sites ([R/K]X[S/T]) 

were predicted at T172, S198, and S312 sites. The observation of a conserved S282 site 

(RX[ST][ϕ]) across vertebrate species, suggests the relevance of this site to be susceptible 

to phosphorylation events that likely might regulate specific WRN activities (Figure 4.14B). 

Since Aurora B is required for mitotic telomere deprotection (Hayashi et al., 2012), I aimed 

to elucidate whether the identified phosphorylation sites are involved in the regulation of 

the suppressive activity of the N-terminus of WRN. To this end, mutants derived from the 

WRN168-333 fragment were generated in which amino acid substitutions to alanine 

(phospho-null mutants) or aspartic acid or glutamic acid (phosphomimetic mutants) were 

introduced at single or multiple Aurora B predicted sites (Figure 4.14C and Figure 4.15A). 

Immunoblot analysis showed a comparable band pattern between the alanine mutants and 

the original WRN168-333 fragment, whereas all phosphomimetic mutants did not show the 

highest mobility band (Figure 4.15B). Importantly, the alanine-mutated fragments could 

suppress MAD-TIF formation (Figure 4.15C and D), whereas the phosphomimetic 

mutants, failed to suppress MAD-TIFs even in mutants carrying a single modification on 

S282 (Figure 4.14C and Figure 4.15D). Collectively, these findings imply that the 

protective function of the WRN N-terminus is negatively regulated by phosphorylation at 

S282. 

 

 

 



	 68 

	

 

 

 

 
	

	

	

	

	

	

	

	

	

	

	

	

	

	 	

Figure 4.14  The conserved S282 resides in the alpha-helix of the coiled-coil domain. 
A) A representative 3D structure of the WRN168-333  fragment with a color-coded confidence 
per-residue (pLDDT) predicted by the AlphaFold2 pipeline. Dashed magenta circles 
indicate potential Aurora B target sites. B) Sequence alignments of human WRN 168-333 
aa region with WRN homologs in vertebrate species. Alpha-helices are represented in "α" 
boxes and positions of the predicted Aurora B sites are shown with arrows. Reported 
coiled-coil domain is indicated at the bottom (Perry et al., 2010). C) Predicted 3D structure 
of WRN phosphomimetic mutants obtained by AlphaFold2.  
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Figure 4.15  Phosphomimetic mutations at S282 in theWRN N-terminus disrupts its 

suppressive function. 

A) Schematic representation of four potential Aurora B sites in the WRN N-terminus (168-

333 aa) displaying the sequences of the predicted motif. Aurora B target residues are 

indicated in bold and red color (Serine (S) or Threonine (T)). Sites of alanine and 

phosphomimetic mutations on WRN168-333 are illustrated. All mutants are tagged with N-

terminal NLS and 4xFLAG. B) Immunoblot of 4xFLAG-WRN fragments in indicated cells. 

Transduced cells were harvested on day 12 post-infection. A black arrowhead indicates 

the expected band size for all the mutants (~ 27 kDa), and white arrowheads indicate 

additional bands. GAPDH serves as a loading control. C) Representative images of meta-

TIF assay in cells expressing the mutants indicated in (A). Cells were exposed to 100 

ng/mL colcemid for 24 hours prior staining. Scale bar, 10 µm. D) Quantification of meta-
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TIFs (telomeric signals colocalized with γ-H2AX foci) in cells treated with 100 ng/mL 

colcemid for 24 hours.  Data is collected from three independent experiments (30 

metaphases per experiment; mean ± s.e.m.; Kruskal–Wallis followed by Dunn's test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1  Summary of WRN fragments size and phenotypes. 

 

 

 

WRN2-499 ~48, ~80~69 YES

~62 ~62,~70WRN500-946 NO

~27,~63,~74~67WRN947-1432 NO

~23,~27~27WRN2-167 NO

~23,~26,~38~27WRN168-333 YES

~23,~62~27WRN334-499 NO

~33~17WRN251-333 YES (partial)

~17WRN168-250 Not expressed NO

WT-WRN ~180~180 YES

~23,~26,~38~27-4AWRN168-333 YES

NO~26,~38~27-1DWRN168-333

NO~26,~38~27-4DWRN168-333

NO~26,~38~27-1EWRN168-333

~23,~26,~38~27-1AWRN168-333 YES

MAD-TIF
suppression

Expected
size including
NLS-4FL (kD)

Observed
band size (kD)Name
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4.3 Discussion  

	

The T-loop capping structure serves to inhibit ATM kinase signaling at the natural ends of 

chromosomes (Van Ly et al., 2018). One key regulator of T-loop maintenance during the 

cell cycle is the telomere-binding protein TRF2 (Timashev et al., 2020). Emerging 

evidence suggests that non-telomeric proteins also play essential roles in T-loop 

maintenance, particularly in the S-phase (Sarek et al., 2019; Verdun et al., 2006). However, 

the loss of T-loop in cells undergoing mitotic arrest indicates that the activity of such 

essential proteins for telomere maintenance is impaired or non-telomeric proteins are able 

to disrupt the T-loop configuration during various cell cycle stages and cellular conditions. 

 

In this study, the role of WRN helicase in regulating mitotic telomere deprotection was 

investigated in immortalized fibroblasts and a fibrosarcoma cell line. In a rescue 

experiment, the findings demonstrated that the number MAD-TIFs is inversely correlated 

with WRN protein levels (Figure 4.2A and B). These observations suggest that variations 

in WRN protein levels significantly affect the state of the T-loop, and that its depletion 

might enhance the targeting or activity of enzymes that process T-loops on telomeres. 

Therefore, WRN can be considered as a critical factor that promotes telomere 

maintenance by limiting excessive T-loop unwinding. Interestingly, this WRN suppressive 

function in telomeres is independent of its exonuclease and helicase activities, as 

observed in cells expressing catalytically inactive mutants that could still suppress MAD-

TIFs (Figure 4.4C). 

 

Through truncation of WRN, I was able to identify that N-terminal amino acids 168–333 

possess a fully repressive effect, but its further truncation into a fragment containing amino 

acids 251-333 could partially suppress MAD-TIFs (Figure 4.7D). An interesting feature 

that shared all the suppressive N-terminal fragments is the coiled-coil domain (Table 1), 

located within amino acids 228-333, which is required for the multimerization of WRN 

(Perry et. al., 2010). The N-terminal WRN fragments containing this domain exhibited a 

higher band shift on SDS-PAGE (Table 1). This band shift could be attributed to resistance 

against SDS-induced denaturation, as previously reported in WRN fragments containing 
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this coiled-coil domain (Perry et. al., 2010). However, the additional band size does not 

correspond to the size of multimers, which would be expected to display an apparent 

molecular weight larger than its monomeric form (Perry et. al., 2010). The presence of 

PTMs in the oligomers or their cleavage might alter the expected protein size. 

 

The multimerization domain of WRN is known to be involved in the processivity of 

exonuclease and efficient strand exchange activities (Perry et. al., 2010; Chen et al., 2014). 

However, the results from this study strongly suggest that the catalytic activity of WRN is 

not essential for its suppressive function during mitotic arrest. The interaction between 

multimerized WRN and DNA-dependent protein kinase (DNA-PK) has been found to 

influence nuclease activity (Perry et. al., 2010). However, it is worth noting that this 

interaction may not occur or may not be required to activate WRN catalytic activities during 

mitotic arrest. Although WRN is primarily involved in DNA catalytic activities, it has been 

reported to possess nonenzymatic functions, such as protecting nascent strands after 

replication stress without relying on the multimerization domain (Su et al., 2014). Therefore, 

the findings in this work reveal a novel nonenzymatic function that resides in the 

multimerization domain of WRN that contributes to the maintenance of mitotic telomere 

caps. 

 

I found the observation regarding the lack of enzymatic activity of WRN at telomeres 

during mitosis, particularly in cells overexpressing WT-WRN, to be interesting. Numerous 

studies have demonstrated the efficacy of WRN in targeting and resolving various DNA 

substrates present on telomeres, including G-quadruplex and D-loops (Kar et al., 2016; 

Tomaska et al., 2019). However, the present findings in this studyindicate that WRN is 

unable to resolve D-loop junction during mitotic arrest, which is proposed to be a structure 

formed at the T-loop base. This observation suggests that WRN may be enzymatically 

inactive during mitosis. Alternatively, WRN could still be active, but the T-loop might lack a 

suitable substrate for WRN. Griffith's group has proposed a hypothesis that challenges the 

conventional understanding of T-loop remodeling. According to their proposal, T-loops can 

be formed through telomere transcription, which involves the invasion of blunt-ended 

telomeric DNA into the transcription bubble (Kar et al., 2016). As a result, the formation of 

stable junctions, replication forks, or HJs could be generated within the T-loop. The 
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complexity of these junctions can represent a challenge for WRN activities, except for HJs, 

which are efficiently processed (Constantinou et al., 2000; Mohaghegh et al., 2001; Nora 

et al., 2010). Electron microscopy has visualized aggregations of WRN with DNA 

molecules containing HJs (Compton et al., 2008). However, since the WRN168–333 fragment 

lacks a DNA-binding RQC motif, it is unlikely that the protective function of WRN relies on 

direct DNA binding activity.  

 

Suppression of MAD-TIFs upon overexpression of WT-WRN or its derived fragments could 

potentially result from the indirect attenuation of Aurora B or ATM kinase activities during 

mitotic arrest. Aurora B activity is required to induce mitotic telomere deprotection, while 

ATM senses exposed telomeric ends and promotes the phosphorylation of histone H2AX 

(Burma et al., 2001; Guo et al., 2007; Hayashi et al., 2012). Observations from live cell 

imaging in cells that could sustain mitotic arrest indicated that overexpresion of the 

WRN168-333  fragment containing the multimerization domain did not affect Aurora B (Figure 

4.10B). Furthermore, the high expression of WRN168-333 did not hinder the detection of DNA 

damages on mitotic chromosomes (Figure 4.11C). However, this observation does not 

definitely confirm that ATM remained active, since other kinases might be responsible for 

histone H2AX. Nevertheless, the obtained results suggest that multimerization domain of 

WRN directly influences the state of the T-loop, rather than inhibiting the mitotic 

checkpoints or DDR upstream signaling. This indicates that the primary function of WRN is 

focused on protecting chromosome ends during mitotic arrest, possibly by counteracting 

the activity of enzymes able to disrupt T-loop structure or stabilizing the D-loop junction. 

 

I found that the protective function of the WRN coiled-coil domain is dependent on TRF2 at 

mitotic telomeres (Figure 4.12C). TRF2 has been suggested to be essential for T-loop 

formation by wrapping approximately 90 bp of DNA, a function that resides in its TRFH 

domain (Doksani et al., 2013; Benarroch-Popivker et al., 2016). Additionally, TRF2 plays a 

crucial role in promoting the strand invasion of the telomeric 3' overhang, thus serving as a 

pivotal protein in the formation and maintenance of the T-loop structure (Timashev et al., 

2020). However, the observations on the excessive telomere deprotection observed in 

WRN knockdown cells (Figure 4.1C) suggest that TRF2 alone is not sufficient to provide 

complete protection to T-loops under specific cellular conditions, such as mitotic arrest. To 
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stabilize its interaction with telomeric DNA, TRF2 needs to engage with specific protein 

partners by diffusing along telomeric regions (Lin, et al., 2014). Therefore, I can infer that 

WRN may enhance the interaction strength between TRF2 with the T-loop base (Figure 

4.3.1A). Nevertheless, this study uncovers the involvement of WRN, a non-telomeric 

protein, in supporting the ability of TRF2 to protect the T-loop in mitotically arrested cells.  

 

Next, I speculated that the WRN suppressive region could be regulated during mitotic 

arrest. Sequence analysis of the WRN168–333 fragment, which contains the coiled-coil 

domain, revealed the presence of four Aurora B consensus sequences (Figure 4.15A). 

This prompted me to investigate whether Aurora B regulates the suppressive effect of the 

coiled-coil region of WRN through phosphorylations. Amino acid substitutions were 

inserted at the identified sites and examined the impact on the suppressive activity of the 

N-terminal fragment of WRN. As a result, phosphomimicking mutants showing loss of 

suppressive function (Figure 4.15D) indicated that phosphorylation might disrupt the ability 

of WRN to protect the T-loops. However, confirmation of in-vivo phosphorylations in WRN 

during mitotic arrest is needed. Previous studies conducting a phosphoproteomic analysis 

identified phosphorylation at S282 in cycling cells (Shiromizu et al., 2013; Giansanti et al., 

2013), which, in conjunction with this study, suggests that the repressive effect of WRN 

might be regulated by upstream kinases, such as Aurora B kinase.  

 

The importance of the putative sites of Aurora B might have an impact on the structure and 

function of the N-terminus of WRN. Phosphorylations have been shown to impact the 

ability of proteins to form oligomers (Hashimoto et al., 2010). Coiled-coil motifs, which fold 

into α-helical structures with hydrophobic side chains that facilitate aggregation, can be 

disrupted by the insertion of negatively charged amino acids or phosphate groups, leading 

to impaired protein multimerization, aggregation, and localization (Szilák et al., 1997; 

Groover et al., 2020). Furthermore, phosphorylation of α-helices has been found to 

strongly inhibit protein aggregate and fibril formation by disrupting the nucleation process 

(Mishra et al., 2012; Groover et al., 2020). In some proteins, a single phosphorylation 

event can modify the α-helical conformation (Dorovkov et al., 2011). Therefore, the 

nonphosphorylatable mutants used in this study might suppress MAD-TIF formation by 

facilitating multimerization, which subsequently leads to the formation of aggregates 
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capable of sequestering distinct proteins, including those involved in T-loop unwinding. 

Disruption of WRN multimerization might be promoted upon Aurora B activity. 

Phosphorylations by Aurora B might alter the structure of the coiled-coil domain, keeping 

WRN in a monomeric state unable to inhibit mitotic telomere deprotection (Figure 4.3.1A). 

This model might explain the absence of mitotic telomere deprotection observed upon 

Aurora B inhibition by hesperadin treatment (Hayashi et al., 2012). Interestingly, the 

expression of the WRN168–333 fragment exhibited a more pronounced suppressive effect 

compared to the full-length WT-WRN in WRN-depleted cells (Figure 4.2B and Figure 

4.7E). This suggests that other domains of WRN may influence the coiled-coil property or 

its PTMs. Although a protein folding prediction tool revealed an unaltered α-helical 

structure in phosphomimetic mutants (Figure 4.14C), the actual structural integrity of all 

the expressed phospho-mutants utilized in this study remains uncertain. It is crucial to 

highlight that all the phosphomimetic fragments in this study contain a mutation at S282 

within the coiled-coil domain. However, it remains uncertain whether mutations in other 

serine or threonine residues within the α-helix would yield similar outcomes in terms of the 

failed suppression of MAD-TIFs.	 Further studies are needed to determine the specific 

effects of mutations at different positions within the coiled-coil domain and their impact on 

the ability to suppress MAD-TIF formation. Nevertheless, at this point the collective 

findings suggest that the α-helical structure of the WRN N-terminus and its PTMs, 

especially at S282, likely play a role in safeguarding mitotic telomeres. 

 

As conclusion, a novel function of WRN has been identified involving the multimerization 

domain that supports TRF2 in maintaining T-loops during prolonged mitotic arrest, an 

event that occurs in telomere crisis and mitotic drug treatment that can lead to cell death 

(Hayashi 2012; Hayashi 2015; Masamsetti et al., 2019). The development of inhibitors 

against WRN helicase activity for clinical purposes has proven valuable in understanding 

the role of WRN in cells resistant to drug-induced DNA lesions (Aggarwal et al., 2013; 

Moles et al., 2016; Morales-Juarez and Jackson, 2022). By uncovering WRN function in 

mitosis, the present study provides new insights into the broader functions of RecQ 

helicases beyond their well-studied roles in DNA repair and telomere maintenance during 

the S-phase of the cell cycle that can have an impact in cancer evolution. Therefore, I 

consider that this study offers valuable perspectives in considering mitotic arrest as a 

potential alternative to sensitize malignant cells to cell death via regulation of proteins 
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responsible in telomere maintenance. Importantly, the obtained results also raise the 

possibility that other enzymes are involved in mitotic telomere deprotection. In Chapter 5 

the involvement of additional factors in the T-loop unwinding pathway will be reviewed, 

providing a comprehensive understanding of the intricate mechanisms underlying telomere 

dynamics. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16  Hypothetical model of WRN function in mitotic telomere deprotection. 

A) The study also identifies specific regions within the N-terminal fragment of WRN, 

particularly the coiled-coil domain, that contribute to the suppression of mitotic telomere 

deprotection. The multimerization domain of WRN is implicated in protecting telomeres by 

counteracting the activity of enzymes that disrupt the T-loop structure. The study suggests 

that WRN interacts with telomere-binding protein TRF2 to maintain T-loop integrity during 

mitotic arrest. Furthermore, the suppressive effect of WRN might be regulated by 

phosphorylation events mediated by Aurora B kinase, causing the disruption of WRN to 

multimerize and halts TRF2 protective activity. 
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