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Abstract 

TRF2 is an essential telomeric protein involved in preventing the telomere ends 

from being recognized as DNA breaks. I have shown that TRF2 does not appear to play 

a major role in the UV -induced DNA damage response in IMR90, Cockayne syndrome or 

XPC deficient cells. TRF2 binds telomeric DNA via its Myb domain and also contains an 

N-terminal basic domain. Expression of TRF2MMM causes telomere fusions, whereas 

TRF2~8 causes rapid deletion oftelomeric DNA, as both phenotypes result in senescence. 

These phenotypes are dependant upon recombination events. Thus, the basic domain of 

TRF2 may be essential to suppress recombination events at telomeres. However, it is not 

fully understood what amino acid residues in the basic domain of TRF2 are indispensable 

to maintain its function. By creating mutations in the arginine residues in the basic 

domain of TRF2, I have shown that the positive charge of the basic domain alone is not 

sufficient to maintain its protective function. By expressing these TRF2 mutants in the 

presence or absence of the Myb domain in HT1080 and BJ/hTERT cells, I have been able 

to recapitulate the TRF2~8 and TRF2~B~M decreased proliferation and senescence 

phenotypes. Furthermore, by analyzing anaphase and metaphase chromosomes and 

performing Southern blotting, I have shed light on the molecular mechanisms responsible 

for the deleterious phenotypes observed in the TRF2 mutants. Amino acid changes from 

arginines to lysines introduced into the basic domain of TRF2 results in a significant 

increase in telomere doublets. However, when these TRF2 mutants are expressed in the 

absence of the Myb domain, a significant increase in telomere fusions events occur. 

Collectively, my results indicate that more than one arginine residue in the basic domain 
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is essential to maintain the protective function of TRF2, as these arginine residues may 

act as substrates for protein arginine methyltransferases. 
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Chapter 1 - Introduction 

1.1 Telomeres 

1.1.1 Telomere Structure, Length and Function 

Telomeres are protein-DNA complexes found at the ends of linear eukaryotic 

chromosomes. Telomeres in humans consist of simple G-rich tandem 2-20 kb TTAGGG 

repeats, ending in a single-stranded 3' G overhang of 100 - 280 nt in length (Blackburn, 

2001, Crabbe & Karlseder, 2005, Hahn, 2005, Huffman et al, 2000, Makarov et al, 1997, 

McElligott & Wellinger, 1997, Wright et al, 1997). The length of the telomeric repeats 

are variable depending on the organism, as the length of mouse telomeres are much 

longer than humans, reaching up to 150 kb in length (de Lange et al, 1990, Kipling & 

Cooke, 1990, Lejnine et al, 1995, Moyzis et al, 1988). Telomeres play an essential role in 

cell viability and the maintenance of genomic integrity (de Lange, 2002). Within cells, 

telomeres have two equally important functions, maintaining the length of telomeric 

DNA and protecting the IJNA ends from being inappropriately processed by DNA repair 

proteins (Baird & Farr, 2006, de Lange, 2005). 

A relationship exists between telomere integrity and cell survival. Cells 

expressing critically short telomeres enter senescence or apoptosis depending on the cell 

type (Crabbe & Karlseder, 2005, Hezel et al, 2005, Karlseder et al, 1999). One essential 

role of telomeres is to maintain the length of chromosomes, as with each cell division 

there is a continuous loss of~ 70 - 200 bp of DNA from chromosome ends (Harley et al, 

1990, Olovnikov, 1973, Watson, 1972). The loss of chromosome length occurs during 

lagging strand replication when the most distal RNA primer is removed. This 
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phenomenon is often referred to as the end replication problem (Crabbe & Karlseder, 

2005, Makarov et al, 1997, McElligott & Wellinger, 1997, Olovnikov, 1973, Olovnikov, 

1996, Watson, 1972, Wright et al, 1997). To help balance the progressive telomere loss, a 

reverse transcriptase ribonucleoprotein complex called telomerase recognizes an 

accessible 3' overhang and extends the telomeric repeats de novo to maintain telomeric 

DNA (Blackburn et al, 1989, Greider & Blackburn, 1985, Nugent & Lundblad, 1998). 

Telomerase is comprised of a catalytic subunit referred to as TERT and an RNA 

component referred to as TERC. Telomere shortening occurs in most human somatic 

tissues that do not have detectable telomerase activity. On the other hand, human germ 

line cells and some transformed human cancer cells express telomerase (Greider & 

Blackburn, 1985, Lingner et al, 1997, Nugent & Lundblad, 1998, Opitz, 2005). Human 

somatic cells proliferate for a predetermined number of population doublings (PDs), until 

the cells enter a state of permanent growth arrest, referred to as senescence (Hayflick & 

Moorehead, 1961 ). Immortalization can occur in cells by constitutive expression of the 

catalytic subunit of telomerase, hTERT (Counter et al, 1998, Shay & Bacchetti, 1997, 

Vaziri & Benchimol, 1998). 

An additional function of telomeres is to protect the ends of chromosomes, a 

process which involves a complex of telomere specific binding proteins termed shelterin 

(de Lange, 2005). These shelterin proteins bind to telomeric DNA forming a telomeric 

protein cap that prevents the natural chromosome ends from being recognized as double­

stranded breaks (DSBs) (Baird & Farr, 2006, de Lange, 2002, Palm & de Lange, 2008). 
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Thus, the shelterin complex is fundamentally essential to maintaining genomic stability 

and replicative lifespan in mammalian cells. 

1.1.2 The Shelterin Complex 

The shelterin complex is composed of six telomere-specific proteins, TRF 1, 

TRF2, TPP1, TIN2, hRap1 and POT1 (Figure 1.1) (Bi1aud et al, 1997, Broccoli et al, 

1997, de Lange, 2005, Houghtaling et al, 2004, Kim et al, 1999, Li et al, 2000, Liu et al, 

2004, Loayza & De Lange, 2003, Ye & de Lange, 2004, Zhong et al, 1992). The shelterin 

complex is associated with human telomeres throughout the entire cell cycle, as they 

function and accumulate at chromosome ends (de Lange, 2005). The proteins TRFl and 

TRF2 are the only two components of the shelterin complex that bind directly to the 

double-stranded region of telomeric DNA as homodimers, anchoring the shelterin 

complex to mammalian telomeres (Bilaud et al, 1997, Broccoli et al, 1997, Chong et al, 

1995). Human Rap 1 acts as a negative regulator of telomerase and associates with 

telomeres through a direct protein-prot~in interaction with TRF2 (Li et al, 2000). POT1 

and TPP 1 are both positive and negative regulators of telomere length maintenance by 

regulating the access oftelomerase to telomeric DNA (Xin et al, 2007). POTl is the only 

shelterin protein that binds to the single-stranded 3' overhang via its DNA-binding OB 

fold (Baumann & Cech, 2001, de Lange, 2005, Loayza & De Lange, 2003). The shelterin 

complex is held together by TIN2, acting as a bridge between TPPl/POTl to TRFl and 

TRF2/Rap 1 (de Lange, 2005). 

Telomere length is suggested to be dependent on a homeostasis between proteins 

associated with telomeres and telomerase. Both TRF1 and TRF2 may regulate the 
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transition between an open and closed telomere state (Smogorzewska et al, 2000). 

Telomere shortening may occur in the protective closed state, in contrast to the open 

telomeric state, which would allow telomerase to access the telomeric ends resulting in 

telomere lengthening. TRF 1 was the first shelterin protein to be identified due to its 

affinity for the telomeric repeats in vitro, as TRF2 was identified a few years later in 1997 

based on a similar sequence homology to TRF1 (Bilaud et al, 1997, Broccoli et al, 1997, 

Chong et al, 1995, Zhong et al, 1992). TRF1 and TRF2 each contain a C-terminal Myb­

like DNA-binding domain; a central domain, responsible for the formation of 

homodimers; and aN-terminal acidic domain in TRF1 or a basic domain in TRF2 (Bilaud 

et al, 1996, Bilaud et al, 1997, Broccoli et al, 1997, Chong et al, 1995, Zhong et al, 1992). 

Overexpression of either TRF1 or TRF2 in vivo leads to progressive telomere shortening 

over many PDs (Smogorzewska et al, 2000, van Steensel & de Lange, 1997). TRF2 and 

TRF 1 cannot heterodimerize with each other and only interact through their common 

binding partner TIN2 (Broccoli et al, 1997, Kim et al, 1999). TRF1 is a negative regulator 

of telomere length (van Steensel & de Lange, 1997) and it has been suggested that TIN2 

may act as a negative regulator as well, through a complex with TRF1 (Ye & de Lange, 

2004, Ye et al, 2004). Overall, the shelterin complex plays an important role in the 

maintenance and protection of telomeres. 

1.1.3 DNA Damage Response and Telomeres 

Telomeres are associated with a number of DNA damage repair proteins such as 

Ku70/80, XPF/ERCC1, Apollo, RAD51D, PARP1, PARP2 and signalling proteins 

including ATM, Mrell complex and 9-1-1 complex (de Laat et al, 1998, de Lange, 
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2005, Francia et al, 2006, Hoeijmakers, 2001, Hsu et al, 1999, Hsu et al, 2000, Karlseder 

et al, 2002, Karlseder et al, 2004, Lenain et al, 2006, Li et al, 2000, Machwe et al, 2004, 

Opresko et al, 2002, Opresko et al, 2003, Song et al, 2000, Stansel et al, 2001, 

Stavropoulos et al, 2002, Tarsounas et al, 2004, van Overbeek & de Lange, 2006, 

Winkler et al, 2001, Zhu et al, 2000, Zhu et al, 2003). Telomeres activate the DNA 

damage checkpoint pathway if the cell experiences critically shortened telomeres or 

unprotected telomeres via the p53 and ATM-dependent DNA damage response pathway 

resulting in G 1/S cell cycle arrest (Figure 1.2A and B) (Celli & de Lange, 2005, Hezel et 

al, 2005, Karlseder et al, 1999). In the G2 phase of the cell cycle, activated NBS1, Mre11 

and ATM are recruited to telomeres in telomerase-negative cells after replication, 

possibly to aid in the formation of the telomere end protection complex (Verdun et al, 

2005) . Uncapped chromosomes form telomere dysfunctional-induced foci (TIFs), that 

contain multiple DNA damage response proteins accumulating at the telomeres including 

yH2AX, 53BP1, ATM or MRE11 (Crabbe & Karlseder .. 2005, Takai et al, 2003). 

DNA damage in mammals is detected by sensor proteins such as the MRN 

complex (MRE11/RAD50/NBS1), RAD17 and 911 complex (RAD9/RAD1/HUS1) 

(Figure 1.2A) (Lee & Paull, 2005, Lindsey-Boltz et al, 2001, Longhese et al, 1998, Melo 

& Toczyski, 2002, Paull & Lee, 2005, Paulovich et al, 1998, Zhou & Bartek, 2004). 

Initiation of the DNA damage response pathway leads to the activation of the two major 

transducer proteins ATR and ATM, which are members of the phosphatidylinositol 3-

kinase-related protein (PB-kinase) family (Abraham, 2001, Bakkenist & Kastan, 2003, 

Bao et al, 2001, Cimprich et al, 1996, Houtgraaf et al, 2006, Lee & Paull, 2005, Paull & 
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Lee, 2005). The DNA damage signal is amplified by ATM and ATR by phosphorylating 

their downstream effectors proteins such as CHK1, CHK2, p53 and CDC25 (Bartek & 

Lukas, 2001, Hirao et al, 2000, Matsuoka et al, 2000, McGowan, 2002, Rhind & Russell, 

2000, Zhao & Piwnica-Worms, 2001). ATM becomes activated in response to DNA 

DSBs and associates with the MRN complex. ATR is activated by DNA damage such as 

bulky lesions or stalled DNA replication forks caused by ultraviolet (UV) light. 

Additionally, the p53 protein is activated in mammalian cells in response to cellular 

stresses and can initiate cell cycle arrest in G 1 and G2, DNA repair or apoptosis (Prives 

& Hall, 1999, Vousden & Lu, 2002). p53 is an important tumor suppressor protein, as the 

p53 gene is mutated in more than fifty-percent of all human cancers (Hainaut & 

Hollstein, 2000, Hollstein et al, 1991 ). Both ATM and ATR phosphorylate p53 on serine 

15 in response to DNA damage (Banin et al, 1998, Canman et al, 1998, Lakin et al, 

1999). The activated p53 protein regulates the transcription of p21, which is an inhibitor 

of several CDKs resulting in cell cycle arrest (el-Deiry et al,)993). In mammals, DNA 

damage is repaired by one of four mechanisms; double-stranded break repair (DSBR), 

base excision repair (BER), mismatch repair (MMR) or nucleotide excision repair (NER), 

depending on the nature of the DNA damage (Hoeijmakers, 2001 ). 

UV-induced DNA damage is repaired in mammalian cells by NER (Figure 1.2C) 

(Berdal et al, 1998, de Laat et al, 1999, Petit & Sancar, 1999, Saldivar et al, 2007, Wood, 

1997). UVC radiation has a wavelength of 190-280 nm and is the highest energy 

component of UV light (Tyrrell, 1994). The short wavelengths of UVC are readily 

absorbed by the aromatic ring structures of the DNA bases, resulting in DNA damage (de 
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Gruijl et al, 2001, Ravanat et al, 2001). The proteins which are involved inNER are 

named after a photosensitive disorder deficient in NER called xeroderma pigmentosum 

(XP), and are referred to as XP A to XPG (Evans et al, 1997, Hanawalt, 2002, Mu et al, 

1995, Mu et al, 1996). Two types of NER occur in cells, transcription coupled repair 

(TCR) and global genome repair (GGR) (Bohr et al, 1985, Hanawalt, 2002, Sugasawa et 

al, 1998). TCR occurs first in the cell and repairs the template strand of DNA in actively 

transcribing regions, where as GGR occurs later and repairs the non-transcribed regions. 

TCR also requires two other proteins, CS-A and CS-B, which are absent in the UV­

induced hypersensitivity disorder Cockayne syndrome (CS) (Friedberg, 1996, Hanawalt, 

2002, Venema et al, 1990). With the exception of the first initial recognition steps in 

NER, both GGR and TCR will utilize the same repair process. Cells deficient in the XPC 

protein are also deficient in GGR whereas CS cells are deficient in TCR, thus these cells 

provide a good model to study the effects ofTRF2 in each pathway (Hwang et al, 1999, 

Venema et al, 1991). To date, research suggests that a relationship e£(ists between DNA 

damage repair proteins and telomeres. However, the specific role of the shelterin proteins 

underlying the regulation of the DNA damage response are still being elucidated. At the 

time of my initial study, it was not known whether TRF2 played a role in the UV-induced 

DNA damage response. 

1.2 TRF2 

1.2.1 The Human TRF2 Protein 

TRF2 is a small ubiquitously expressed protein that plays a large role in telomere 

end protection. TRF2 has an abundance of at least 100 copies per chromosome end (de 
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Lange, 2002). The human TRF2 protein has a high homology (82%) in comparison to the 

mouse TRF2 protein (Broccoli et al, 1997). TheN-terminal basic domain ofTRF2 spans 

amino acids 1 - 45, the central dimerization domain is located at positions 46 - 245 and 

the C-terminal Myb DNA binding domain at residues 446 - 500 (Figure 1.3A) (Bilaud et 

al, 1996, Bilaud et al, 1997, Broccoli et al, 1997, Chong et al, 1995, Court et al, 2005, de 

Lange, 2005, Fairall et al, 2001, Hanaoka et al, 2005, Nishikawa et al, 1998). The Myb 

domain consists of three alpha helices; as the second and third alpha helices form a helix­

turn-helix motif. An unstructured long flexible linker region joins the dimerization 

domain and the Myb domain (Bianchi et al, 1999). TRF2 binds telomeric DNA 

preferentially at the junction between the double stranded and single stranded overhang in 

vitro (Bilaud et al, 1997, Stansel et al, 2001). The basic domain of TRF2 has a strong 

positive charge due to the presence of nine arginine (R) residues (Figure 1.3B). 

Additionally, the basic domain contains fourteen glycine (G) resides. The basic domain is 

very flexible and its structure has not yet been resolved. The function of the b,asic domain 

of TRF2 is still unclear, however it is thought to protect telomeres by suppressing 

recombination events at DNA ends (Bae & Baumann, 2007, Bailey et al, 2001, 

Smogorzewska et al, 2002, van Steensel et al, 1998, Wang et al, 2004). 

1.2.2 The Role of TRF2 in Telomere Maintenance and Protection 

Currently, it is thought TRF2 protects human chromosome ends by promoting the 

formation of a higher order structure at the ends of the telomeres, referred to as a 

telomeric loop (t-loop) structure (Griffith et al, 1999, Stansel et al, 2001). In vitro, it has 

been shown that TRF2 plays a role in remodeling artificial telomeric DNA into a t-loop 
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structure (Griffith et al, 1999, Stansel et al, 2001). The single-stranded 3' telomeric 

overhang invades the double-stranded telomeric tract, forming a large duplex loop 

structure at the ends of the chromosomes (Griffith et al, 1999, Hahn, 2005). Evidence to 

support the role of TRF2 in protecting the telomeric structure comes from overexpression 

studies performed in telomerase-negative primary lung fibroblast cells (Karlseder et al, 

2002). Their studies reveal that the critical telomere length needed to induce senescence 

in the cells is decreased from 7 kb to 4 kb in length, when TRF2 is overexpressed. These 

data suggest that it may be the loss of the telomere state and not necessarily the loss of 

the telomere length that activates the DNA damage response in cells expressing critically 

shortened telomeres, leading to senescence (Crabbe & Karlseder, 2005, Karlseder et al, 

2002). TRF2 may facilitate the t-loop structure in cells with critically shortened telomeric 

DNA or may recruit additional proteins essential for telomere end protection, thus 

delaying the entry into senescence (Crabbe & Karlseder, 2005, Karlseder et al, 2002, 

Stansel et al, 2001). When the Hoop structure becomes opened or the telomeres lose ~heir 

G strand overhangs, the telomere ends are exposed, which can trigger the DNA damage 

checkpoint activation pathway. 

Expression of a dominant negative TRF2ABAM allele which lacks the basic and 

Myb domains in cells, results in the formation of an inactive heterodimer with 

endogenous wild type TRF2. TRF2ABAM is unable to bind to DNA because the 

heterodimer contains only one functional Myb DNA binding domain, as opposed to two 

Myb domains in the wild type TRF2 homodimer (Smogorzewska et al, 2002, van 

Steensel et al, 1998). As a consequence of the TRF2ABAM allele expressed in cells, TRF2 
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and its interacting partners such as hRap 1 do not accumulate at telomere ends (Li et al, 

2000, Zhu et al, 2000). The stripping of TRF2 from the ends of chromosomes causes 

telomeric deprotection which results in catastrophic covalent end-to-end chromosome 

fusions (Smogorzewska et al, 2002, van Steensel et al, 1998). These fusion events occur 

between the G-stand of one telomere to the C-strand of another telomere, usually from 

two different chromosomes. Thus, these fusion events form a problematic DNA bridge 

during anaphase if the two centromeres are attached to opposite poles during segregation 

(Smogorzewska et al, 2002). In order for cell division to continue, the anaphase bridges 

must be broken or the microtubules must be disrupted. Subsequent progression of the 

broken fusion chromosomes through mitosis will lead to genomic instability (Verdun et 

al, 2005). These fusion events are thought to occur due to the inappropriate exposure of 

the telomere ends to the non-homologous end joining (NHEJ) DNA repair pathway 

(Figure 1.4A) (van Steensel et al, 1998). The formation of the dicentric chromosome 

fusions in TRF2MJAM cells require NHEJ factors such as DNA ligase IV and Ku70 (Celli 

& de Lange, 2005, Smogorzewska et al, 2002). In mouse embryonic fibroblasts 

expressing the TRF2&3LW allele, telomere fusions do not occur in the absence of DNA 

ligase IV (Smogorzewska et al, 2002). Additionally, removal ofthe 3' G-strand overhang 

by ERCC1/XPF endonuclease is a requirement for the fusion events (Zhu et al, 2003). 

The processing of dysfunctional telomeres by NHEJ may occur primarily in the G 1 phase 

of the cell cycle, while the reestablishment of the protective telomeric state may occur 

throughout interphase (Konishi & de Lange, 2008). Dysfunctional telomeres refer to the 

telomeres which cannot maintain a protective telomeric state due to the loss of the G-
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strand overhang. Furthermore, expression of a conditional knockout of TRF2 in mouse 

embryonic fibroblasts results in almost all of the telomeres engaged in end-to-end fusions 

(Celli & de Lange, 2005). An in vitro study suggests that it is a RAP11TRF2 ·complex 

which is involved in capping short telomeric ends and preventing NHEJ mediated end-to­

end fusions (Bae & Baumann, 2007). In contrast to the TRF2L1BLW allele, expression of 

another TRF2 deletion mutant, TRF2M, in vivo induces telomere shortening without 

telomere fusions (van Steensel et al, 1998, Wang et al, 2004). 

Expression of TRF2M containing anN-terminal basic domain deletion does not 

affect the binding or localization of TRF2 to telomeres in vivo and does not inhibit the 

ability to form t-loops in vitro (Wang et al, 2004). Additionally, expression of TRF2M in 

vivo still has the ability to bind to Rap 1 and does not diminish the presence of other 

telomeric proteins or interacting proteins at telomeres. Overexpression of TRF2M has 

been shown to lead to the generation oft-loop-sized telomeric circles. The formation of 

the telomeric circles is dependent on the homologous recombination (HR) proteins Nbs 1 

and XRCC3 (Figure 1.4B) (Wang et al, 2004). The t-loop structure resembles a Holliday 

junction (HJ) intermediate near the base of the t-loop. If this HJ is resolved, the loop 

segment could be deleted resulting in dramatically shorter telomeres and the formation of 

telomeric circles in TRF21lli cells (de Lange & Petrini, 2000, Griffith et al, 1999). 

Furthermore, it has been demonstrated that the TRF2~8 telomere shortening and 

senescence phenotype also requires the helicase and exonuclease domain of WRN (Li et 

al, 2008). The amino terminus of TRF2 is found to interact with WRN. WRN is a 

member of the RecQ helicase family and is mutated in Werner syndrome (WS), a 
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premature ageing disease (Opresko et al, 2003, Yu et al, 1996). WRN plays a role in 

DNA recombination, replication and repair (Opresko et al, 2003, Suzuki et al, 1997, Watt 

et al, 1996). A number of findings link the genomic instability in WS cells to telomere 

dysfunction (Chang et al, 2004, Crabbe et al, 2004, Crabbe et al, 2007, Ouellette et al, 

2000, Wyllie et al, 2000). 

Interestingly, some of the phenotypes observed in TRF2&3 and TRF2&3LlM cells are 

analogous (Figure 1.5A). Overexpression of TRF2&3 and TRF2&3LlM in cells both leads to 

the formation of TIFs, growth arrest and characteristics of a senescence phenotype (van 

Steensel et a1, 1998, Wang et al, 2004). Additionally, TRF2 plays a role in protecting the 

3' G-rich tail, as expression of TRF2&3LlM promotes the loss of 50% of the G-strand 

overhangs by the endonuclease ERCCl/XPF (van Steensel et al, 1998, Zhu et al, 2003). It 

is not clear which pathway HR versus NHEJ will be activated but it may depend on 

whether the 3' overhang is maintained as a result of the type of cellular stress experienced 

(Longhese, 2008). The 3' overhang is essential to strand invasion during HR, as the 3' 

overhang is maintained in the TRF2~8 cells (Wang et al, 2004). In TRF2~BM1 cells, the 3' 

overhangs are degraded, leading to telomere end-end fusions that are dependant on NHEJ 

(van Steensel et al, 1998). One current model suggests that TRF2 interacts with proteins 

involved in NHEJ and HR pathways to help aid in the formation and resolving of the t­

loop structure during telomere replication (van Steensel et al, 1998, Verdun et al, 2005, 

Verdun & Karlseder, 2006, Wang et al, 2004). Overall, there is much evidence to suggest 

that TRF2 plays a large role in telomere maintenance and protects functional telomeres 
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from HR and NHEJ pathways. The mechanisms by which TRF2 controls HR or NHEJ at 

telomeres is not fully understood. 

1.2.3 The Role of TRF2 in the DNA Damage Response 

It has been demonstrated that TRF2 has the ability to remodel telomeric DNA into 

t-loops in vitro, as it is suggested TRF2 may require the interaction with other DNA 

repair proteins to form the t-loop structure and protect the chromosome ends (de Lange, 

2002, Griffith et al, 1999, Stansel et al, 2001). Previous studies have identified that TRF2 

has interactions with proteins and enzymes involved in DNA repair, and may play a role 

in the DNA damage response. In particular, TRF2 has been shown to interact with DNA 

repair proteins Mre11, Rad50, NBS1, Ku70 and ATM and DNA processing enzymes 

WRN helicase, BLM helicase, ERCC 1/XPF endonuclease and Apollo exonuclease (de 

Laat et al, 1998, Hoeijmak:ers, 2001, Karlseder et al, 2002, Karlseder et al, 2004, Lenain 

et al, 2006, Mach we et al, 2004, Opresko et al, 2002, Song et al, 2000, Stansel et al, 2001, 

Stavropoulos et al, 2002, van Overbeek & de Lange, 2006, Winkler et al, 2001, Zhu et al, 

2000). Overexpression of TRF2 m human pnmary cells inhibited the 

autophosphorylation of ATM, and the phosphorylation of its downstream targets Nbs 1 

and p53. These results suggest TRF2 may block the DNA damage response at telomeres 

by inhibiting the autophosphorylation of ATM in response to ionizing irradiation (IR) 

(Karlseder et al, 2004). Additionally, it was observed that TRF2 associates with photo­

induced DSBs in non-telomeric DNA in human fibroblast cells within 2 sec after 

irradiation (Bradshaw et al, 2005). It has been suggested that TRF2 may act as an early 

sensor ofDSBs that occurs before ATM. Recently, it has been suggested TRF2 may play 
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a role in human disease and tumorigenesis. When TRF2 was overexpressed in mouse 

keratinocytes, the mice displayed severe phenotypes in the skin in response to UV light. 

These phenotypes include susceptibility to skin cancer, skin discolouration and 

hyperpigmentation; symptoms which are closely related to the human disease XP (Munoz 

et al, 2005). The skin cells of the mice had shortened telomeres, loss of G-overhangs and 

increased chromosome instability. In Addition, an increase in the levels of TRF2 in 

human skin carcinomas has also been reported (Munoz et al, 2005). TRF2 overexpression 

has also been observed in human cancers of the breast, lung, gastric system and 

lymphomas (Klapper et al, 2003, Miyachi et al, 2002, Nakanishi et al, 2003, Nijjar et al, 

2005). TRF2 overexpression has also been shown to promote carcinogenesis in the 

absence of telomerase by inducing telomere dysfunction and chromatin instability 

(Blanco et al, 2007). Taken together, these findings suggest that TRF2 might play a 

negative role in the DNA damage response pathway. The objective of part one of my 

thesis was to determine whether TRF2 may play a role in modulating the ability of cells 

to sense and repair UV-induced DNA damage mediated through ATR. 

1.3 TRF2 Mutants Utilized in Part Two of this Study 

Although the phenotypes of TRF2 deletion mutant proteins TRF2~B and 

TRF2~.ru have been previously characterized (van Steensel et al, 1998, Wang et al, 

2004), the important residues in the basic domain of TRF2 have not been entirely 

elucidated. Preliminary mass spectrometric analysis of immuno-purified TRF2 revealed 

several methylated arginine residues in the basic domain of TRF2, including arginines at 

positions 13, 17 and 18 (Figure 1.3B) (T. Mitchell and X.-D. Zhu unpublished data). To 
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determine the critical amino acids that are indispensable to the function of TRF2 in 

protecting human telomeres, several mutations were introduced in the basic domain of 

TRF2 (Figure 1.5B). Arginine residues 13, 17, 18, 21, 25, 27, 28 and 30 in the basic 

domain of TRF2 were mutated to alanine (A) or lysine (K). These mutations were 

introduced into the full length wild type TRF2 or TRF2 lacking the Myb domain 

expressed in a retroviral pLPC vector. Analysis of these mutants constitutes the second 

part of my thesis. The objectives of my second research project are to identify the key 

arginine residues which are essential to the function of the basic domain of TRF2 and to 

determine the molecular mechanisms responsible for the observed detrimental 

phenotypes in TRF2 mutant cells. 
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Figure 1.1. Components of the shelterin complex. TRFl and TRF2/Rapl bind to the 
double-stranded telomeric DNA, which are joined by TIN2. TPP 1 links the single­
stranded telomeric binding protein POT1 to the rest of the shelterin complex. Illustration 
obtained from de Lange (2005). 
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Figure 1.2. DNA damage response in mammalian cells. A) The DNA damage response 
pathway is activated in response to different types of cellular stresses. ATM responds 
primarily to DNA DSBs throughout the cell cycle. ATR responds to disruptions in DNA 
replication induced by agents such as ultraviolet light or hydroxyurea. Activation of ATM 
or A TR results in an integrated signaling cascade as a result of the activation of effector 
proteins. Activation of the DNA damage response leads to apoptosis, DNA repair, cell­
cycle arrest and chromatin remodeling. B) Deletion or inhibition of TRF2 leads to the 
activation of the DNA damage response mediated via ATM. The activation of the DNA 
damage signal leads to senescence or apoptosis via the p53/p21 pathway depending on 
the cell type. Deletion of POTl leads to the activation of the DNA damage response via 
A TR. Illustrations in A and B were obtained from Palm and de Lange (2008). C) 
Illustration of nucleotide excision repair in mammals. The DNA damage recognition 
proteins are different in global genome repair and transcription coupled repair but the 
subsequent steps of repair are identical. The damaged DNA will be unwound, excised and 
a new DNA strand will be synthesized and ligated. lllustration obtained Saldivar et a!. 
(2007). 
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Figure 1.3. The human TRF2 protein. A) Illustration of the full-length human TRF2 and 
the deletion mutants used in this study TRF2~8, TRF2LW and TRF2~B~M. B) Illustration 
of the amino acids in the basic domain of human TRF2. Underlined residues are the 
arginine residues which are mutated in this study. Bold residues are the amino acids 
which were identified by mass spectrometry to be possibly modified by methylation. 
Modified from van Steensel et al. (1998). 
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Figure 1.4. Model of telomere deprotection induced by TRF2LillLW and TRF2Lill. A) 
Expression of TRF2~8~M results in the inability to reform the t-loop structure after DNA 
replication. The exposed telomere ends activate the DNA damage response, resulting in 
the loss of the 3' overhang. The blunt-ended telomere may be processed by NHEJ 
resulting in a dicentric telomere fusion. The fusion events may be observed as anaphase 
bridges in anaphase cells or as chromosome, chromatid or sister telomere fusions in 
metaphase cells. B) Expression of TRF2~8 leads to an unprotected telomere. Branch 
migration of the C strand at the telomere loop resembles a Holliday junction. If the HJ is 
cleaved by XRCC3 (solid arrows) and nicked by a nuclease (open arrow) telomere 
shortening and telomere circles are formed. Modified from de Lange (2002), 
Smogorzewska et al. (2002) and Wang et al. (1998). 
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Figure 1.5. TRF2 mutations. A) Description of the TRF2~8 and TRF2~8M1 dominant 
negative deletion mutant observed Rhenotypes. B) Abbreviation and description of the 
deletion mutations TRF2~, TRF2~ and TRF2~M1 and arginine mutations TRF2-RA, 
TRF2-RK, TRF2RK-1-4 and TRF2RK-5-8 used in this study. 
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A 

TRF2~8 TRF2~8~M 

Able to bind telomeric DNA Unable to bind telomeric DNA 

Slow growth Slow growth 

Senescence characteristics Senescence characteristics 

Formation of TIFs Formation of TIFs 

Generation of t-looped sized No telomeric circles 
telomeric circles 

Telomere shortening No telomere shortening 

No anaphase bridges Anaphase bridges 

No telomere end-end fusions Telomere end-end fusions 

No loss of G-strand overhang Loss of G-strand overhang 

B 

Abbreviation Description of Mutation 

TRF2t.e Deletion of the basic domain of TRF2 

TRF2llM Deletion of the Myb domain of TRF2 

TRF2t.el).M Deletion of both the basic and Myb domains of TRF2 

TRF2-RA Mutation of arginines (R) 13, 17, 18, 21, 25, 27, 28 and 
30 in the basic domain of TRF2 to alanines (A) 

TRF2-RK Mutation ofarginines (R) 13, 17, 18, 21, 25, 27,28 and 
30 in the basic domain of TRF2 to lysines (K) 

TRF2-RK1-4 Mutation of arginines (R) 13, 17, 18 and 21 in the basic 
domain of TRF2 to lysines (K) 

TRF2-RK5-8 Mutation of arginines (R) 25, 27, 28 and 30 in the basic 
domain of TRF2 to lysines (K) 
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Chapter 2 - Materials and Methods 

2.1 Cloning of TRF2 Mutants 

2.1.1 Cloning ofpLPC-TRF2-RK1-4 and pLPC-TRF2.w-RK1-4 

pLPC-TRF2-RK (plasmid #2018) was used as a template for PCR using the 

forward primer 5'GCGCAAGCTTCCAAGAGTAGCGGGCGGGCCCGGCGGGGGCG 

CCACGAGCCGGGGCTGGGGGGCCCG3' for both constructs, 5'GCGCCTCGAGT 

CAGTTCATGCCAAGTCTTTTC3' as reverse primer for TRF2-RK.l-4 and 5'AGTCCT 

CGAGTCATTCTACAGTCCACTTCTGCTT3' as reverse primer for TRF2~M-RK.l-4. 

The PCR products were digested with Hindiii and XhoL followed by GFX column 

purification. The purified DNA was ligated to digested Hindiii and Xhol pKS plasmid 

(plasmid #2014). The resulting constructs numbered 2045 and 2046 were digested with 

BamH 1 and Xho 1. The final linearized constructs were ligated into the pLPC vector 

(plasmid #2025) cut with BamH1 and Xho1. Positive constructs pLPC-TRF2-RK.l-4 

(plasmid #2043) and pLPC-TRF2~-RK.l-4 (plasmid #2035) were verified for the correct 

mutations by sequencing analysis. All enzymes were purchased from New England 

BioLabs Inc. 

2.1.2 Cloning ofpLPC-Bg-TRF2-RK5-8 

pLPC-TRF2 (plasmid #2033) was used as a template for PCR amplification using 

the forward primer 5'GCGCGGATCCAGCGGGAAGGCCAAGAAGGGGAAGCAC 

GAGCCGGGGCTGGGGGGCC3 'and reverse primer 5'GCGCCTCGAGTCAGTTCAT 

GCCAAGTCTTTTC3'. The PCR product was digested with BamHI and XhoL followed 

by GFX column purification. The purified DNA fragment was ligated into the pLPC-Bg 
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vector (plasmid #1001) cut with BamHI and Xhol. The resulting construct number 2050 

was cut with BamHI and EcoRI and ligated with annealed oligos #125/126. The positive 

construct pLPC-Bg-TRF2-RK.5-8 (plasmid #2044) was verified for the correct mutations 

by sequence analysis. 

The retroviral constructs expressing TRFl, TRF2, TIN2, POT1, hRap1, TRF2AB, 

TRF2M1 and TRF2~BM1 were generously provided by Titia de Lange. pLPC-TRF2-RA 

(#2024), TRF2-RK. (#2018), TRF2~M-RA (#2027), TRF2M1-RK (#2028) and TRF2~M_ 

RK.5-8 (#2043) were constructed by Taylor Mitchell in the lab. 

2.1.3 GFX™ Gel Band Purification 

The correct size linearized DNA fragments were excised from a 1% agarose gel, 

mixed with the correct volume of capture buffer (containing acetate and chao trope) and 

incubated at 60°C for 15 min. After the agarose was completely dissolved, the samples 

were incubated for 1 min in a MicroSpin™ column containing a glass fiber matrix and 

spun at 13,000 RPM for, 1 min. A total of 500 Ill of wash buffer (1 OmM Tris-HCL [pH 

8.0], 1mM EDTA) was added to each column and spun at 13,000 RPM for 1 min. The 

DNA was eluted from the column using 50 !ll of TE buffer (I 00 mM Tris, 10 mM EDTA 

[pH 8.0]). The GFX DNA Purification Kit was purchased from GE Healthcare. 

2.1.4 Transformation 

Plasmid DNA was incubated with Top10 competent E. coli cells on ice for 30 min. 

The samples were heat shocked at 42°C for 45 sec and placed back on ice for 2 min. The 

cells were incubated at 37°C shaking for 1 hr in 900 Ill of LB media (1% Bacto™ 

tryptone (w/v), 0.5% Bacto™ yeast extract (w/v), 17.1 mM NaCl, 2.8 mM NaOH, 0.1 
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mg/ml ampicillin). The cells were spread on LB agar plates containing 0.1 mg/ml 

ampicillin (I% Bacto™ tryptone (w/v), 0.5% Bacto™ yeast extract (w/v), 17.1 mM 

NaCl, 2.8 mM NaOH, 1.5% agar (w/v)) and incubate for 12- 16 hr at 37°C. 

2.1.5 Alkaline Lysis Minipreparation of DNA 

A single transformed bacterial colony was inoculated into 2 ml of LB media 

containing 100 Jlg/ml ampicillin and incubated with shaking for 12- 16 hr at 37°C. The 

next day, 1.5 ml of the bacterial cultures were transferred to a microcentrifuge tube and 

spun at 13,000 RPM for 1 min at 4°C. The bacterial pellets were resuspended in 100 Jll of 

ice-cold alkaline solution I (50 mM glucose, 25 mM Tris-HCL [pH 8.0], 10 mM EDTA 

[pH 8.0]) and vortexed vigorously. The bacteria cells were lysed in 200 Jll of freshly 

made alkaline solution II (0.2 M NaOH, 1% SDS (v/v)), mixed rapidly and incubated at 

room temperature for 5 min. One-hundred and fifty microlitres of alkaline solution Ill (5 

M potassium acetate, 11.5% glacial acetic acid (v/v)) was added to the samples, inverted 

to mix and incubated on ice for,S min. The bacteriallysates were centrifuged for 5 min, 

13,000 RPM at 4°C and the supernatants were transferred to a new tube. Equal volumes 

of phenol: chloroform were added to the supernatants and mixed by vortexing followed by 

centrifugation for 2 min 13,000 RPM at 4°C. The upper aqueous layers were carefully 

transferred to fresh tubes. The nucleic acids were precipitated by the addition of twice the 

volume of ice-cold 95% ethanol and spun at max speed for 5 min at 4°C. The DNA 

pellets were air-dryed and dissolved in TE buffer [pH 8.0] containing 20 Jlg/ml RNase A. 
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2.1.6 QIAGEN® Plasmid Purification Maxipreparation Kit 

A single transformed bacterial colony was used to inoculate a starter culture of 3 

ml of LB media containing 100 J..Lg/ml ampicillin. The culture was incubated with shaking 

for 8 hrs at 3 7°C. The starter culture was then diluted 1 : 1000 in 200 ml of LB media 

containing 100 J..Lg/ml ampicillin and incubated for 12 - 16 hrs, 225 RPM at 3 7°C. The 

next morning, the bacterial pellets were harvested by centrifugation at 4000 RPM, for 15 

min at 4°C. The pellets were resuspended in buffer P1 containing 50 mM Tris-HCL [pH 

8.0], 10 mM EDTA, and 100 J..Lg/ml RNase A. The bacterial cells were lysed by the 

addition of 10 ml of buffer P2 (200 mM NaOH, 1% SDS (w/v)), mixed by inverting and 

incubated at room temperature. Following the 5 min incubation, 10 ml of ice-cold 

neutralization buffer P3 (3.0 M potassium acetate [pH 5.0]) was added to the samples, 

mixed quickly and incubated on ice for 20 min. The cell debris was separated from the 

supernatant by spinning at 12,500 RPM for 30 min and then 15 min at 4°C. The 

supernatant was loaded into a QIAGE!j column equilibrated with buffer QBT (750 mM 

NaCl, 50 mM MOPS [pH 7.0], 15% isopropanol (v/v), 0.15% Triton® X-100 (v/v)) and 

allowed to drain by gravity. The columns were washed twice with 30 ml of buffer QC 

(1.0 M NaCl, 50 mM MOPS [pH 7.0], 15% isopropanol (v/v)) and the DNA was eluted 

into a glass pyrex tube with 15 ml buffer QF (1.25 M NaCl, 50 mM Tris-HCL [pH 8.5], 

15% isopropanol (v/v)). The plasmid DNA was precipitated with 10.5 ml isopropanol and 

centrifuged for 30 min, 12,500 RPM at 4°C. The DNA pellet was washed with 7 ml of 

70% ethanol and spun again for 10 min, 12,500 RPM at 4°C. The DNA pellets were air­

dried and resuspended in TE [pH 8.0]. 
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2.2 Cell Culture 

2.2.1 Cell Lines 

IMR90, Cockayne syndrome GM739, XPC deficient GM677 and BJ-hTERT cells 

were grown in DMEM media with 15% FBS (v/v), HT1080 cells were grown in 10% 

BCS (v/v) and Phoenix cells were grown in media containing 10% FBS (v/v), 

supplemented with 1% non-essential amino acids (v/v), L-glutamine, penicillin (100 

U/ml) and streptomycin (0.1mg/ml). All cell lines stably expressing pLPC or pLPC-Bg 

were grown in the presence of 2f.lg/ml puromycin at 3 7°C with 5% C02 and 100% 

humidity. Cockayne syndrome GM739 and XPC deficient cells GM677 lines were 

obtained from Dr. Andrew Rainbow. 

2.2.2 Retroviral Transfection and Infection 

Phoenix amphotropic retroviral packing cells were transfected with the vector 

control alone or the vector containing the gene inserts. For each cell line, 3.5 x 106 

Phoenix cells were seeded 24 hr prior to transf~ction onto 10 em culture plates. A total of 

30 f.lg of DNA was ethanol-precipitated for each plate to be transfected. The plasmid 

DNA was mixed with 438 f.ll sterilized ddH20 and 62 f.ll of 2 M CaCh. While bubbling 

the mix, 500 f.ll of 2 X HBS [pH 7.05] (50 mM HEPES, 10 mM KCL, 12 mM dextrose, 

280 mM NaCl, 1.5 mM Na2P04) was added slowly, drop by drop. A total of 1 ml of mix 

was carefully dropped onto the plate of Phoenix cells. The media was changed with 9 ml 

of fresh media 12 hr post-transfection and again changed with 4 ml of media 24 hr post­

transfection. The virus-containing media was collected 8- 12 hr later. The media was 

mixed with 100 J.lg/ml polybrene, 4 ml of FBS and filtered through a 0.45 J.lm filter. The 

32 



MSc. Thesis - K. Glenfield- McMaster University- Biology 

recipient cells were infected with the virus-containing media seven times over a period of 

72 hr post-transfection. HT 1080 cells were seeded at a density of 2.5 x 105 cells, while all 

other cells lines were seeded 1.0 x 106 cells, 24 hr prior to the first infection. The 

recipient cells received 9 ml of fresh media 12 hr after the last infection. The cells were 

selected in 9 ml of 2J..Lg/ml puromycin containing media 24 hr after the last infection. 

2.2.3 UV Irradiation 

IMR90, Cockayne syndrome GM739 and XPC-A deficient GM677 cells were 

exposed to 15 J/m2 or 30 J/m2 UVC radiation in IX PBS using an UV Stratalinker® 1800. 

The cells were incubated in 15% FBS and were harvested at 0, 6, 12, 24 and 48 hrs post­

UVC treatment. 

2.3 Protein Analysis 

2.3.1 Whole Cell Extract 

Cells grown on 6 or 10 em plates were harvested by trypsinization and washed 

with the appropriate medium. The cells were collect~d by centrifugation at 1000 RPM, 

for 5 min at 4°C. The cell pellets were washed twice with ice-cold 1 X PBS [pH 7.4], 

spun at 3000 RPM for 2 min at 4°C. The final cell pellets were resuspended in the correct 

volume of buffer C (20 mM Hepes-KOH [pH 7.9], 0.42 M KCl, 25% glycerol, 0.1 mM 

EDTA, 5 mM MgCh, 0.2% NP40, 1 mM DTT, 0.5 mM PMSF, 1 J..lg/mlleupeptin, 1 

J..lg/ml aprotinin, 1 J..Lg/ml pepstatin, 10 mM NaF, lmM NaV04, 20 mM Na-P-glycerol 

phosphate), to obtain a total cell concentration of 2.0 x 104 or 4.0 x 104 cells/J..LL The 

samples were incubated on ice for 30 min. The cells were spun at 13,000 RPM for 10 min 

at 4°C and the supernatant was transferred to a new tube. The supernatants were mixed 
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with equal volumes of 2X laemmli buffer (100 mM Tris-HCL [pH 6.8], 20% glycerol 

(v/v), 2% SDS (v/v), 0.02% bromophenol blue (w/v), 0.04% beta-ME) and stored at -

20°C. 

2.3.2 Western Immunoblotting 

Supernatant protein samples were heated for 5 min at 85°C and loaded onto a 8% 

or 15% SDS polyacrylamide gel. The SDS-PAGE gels were run in running buffer (25 

mM Tris, I92 mM glycine, O.I% SDS (w/v)) for 1.5-2 hr at IOO V. The proteins were 

electrophoretically transferred to a nitrocellulose membrane at 90 V for I - 1.5 hrs in 

blotting buffer (25 mM Tris, 125 mM glycine, 20% methanol, 0.02% SDS). The 

membranes were blocked in IO% non-fat milk, 0.5% Tween-20 in IX PBS or IX TBS 

for 1 hr at room temperature with shaking. Subsequently, the membranes were washed in 

IX PBS or IX TBS plus O.I% milk and O.I% Tween-20 three times for 5 min. The 

membranes were incubated with TRF2, p53, phospho-serinel5 p53, p2I or y-tubulin 

antibody for 2 hr at room temperature or over night at 4°C. Tpe primary antibodies were 

washed as above. Each membrane was incubated in the appropriate HRP-conjugated 

secondary anti-mouse or anti-rabbit antibodies diluted I :20,000 for Ihr shaking at room 

temperature and washed as above. The membranes were exposed using ECL reagent (GE 

Healthcare). Indicated membranes were stripped in 2 M Glycine [pH 2.2] for 1 hr. To 

quantify the band intensities, an Alphalmager-2200 was used with spot densitometry 

software version 5.5. 
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2.3.3 Antibodies 

Primary antibody TRF2 (#647) is a polyclonal rabbit antibody and was a generous 

gift from Titia de Lange. Affinity purified TRF2 was used at a dilution of 1:500 in 

incubation buffer (lX PBS, 0.1% non-fat milk, 0.1% Tween-20). Phospho-p53 (Ser 15) 

polyclonal rabbit antibody (Cell Signaling #9284) was used at a concentration of 1:150 

diluted in incubation buffer (lX TBS, 0.1% non-fat milk, 0.1% Tween-20). Mouse 

monoclonal p53 (diluted 1:250) and p21 (diluted 1:500) primary antibodies were 

purchased from Santa Cruz Biotechnology. Mouse monoclonal anti-y-tubulin antibody 

(Sigma #T 6557) was used as a loading control at a concentration of 1:10,000. Both anti­

mouse and anti-rabbit lgG peroxidase-linked secondary antibodies were purchased from 

Amersham Biosciences. 

2.4 Proliferation Analysis 

2.4.1 Proliferation Assay 

HT1080 cells were seeded 250,000 in duplicate on day 3 of ~election into 10 em 

plates. Every two days the HT1080 cells were counted using a Beckman Z1 Coulter® 

Particle Counter, split appropriately and reseeded onto 10 em plates. BJ/hTERT cells 

were seeded 20,000 cells per well into a 12-well plate in duplicate on day 3 of selection. 

The cells were counted on subsequent days and fresh media was replaced every four 

days. 

2.4.2 Senescence Associated f3-Galactosidase Staining Assay 

HT1080 and BJ/hTERT cells were seeded into 3.5 em plates at least one day prior 

to the experiment. The cells were washed with 2 m1 of IX PBS and fixed in 1 ml of 
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fixing solution (2% formaldehyde, 0.2% glutaraldehyde, lX PBS) for 15 min. The fixing 

solution was washed twice with 2 ml of IX PBS. The cells were incubated for 8- I2 hr 

at 37°C, with low C02 in I ml of staining solution (1 mg/ml X-gal diluted in DMF, 40 

mM NaHP04 [pH 6.0], I50 mM NaCl, 2 mM MgCh, 5 mM K3Fe(CN)6, 5 mM 

~Fe(CN)6). After the incubation, the cells were washed twice with ddH20, dried and 

stored at room temperature. Images of the stained cells were obtained from a phase 

contrast microscope (Nikon Eclipse TE2000-S) and a Nikon digital camera 

(DXMI200F). The senescent B-galactosidase staining kit was purchased from Cell 

Signaling Technology #9860. 

2.5 Chromosome Analysis 

2.5.1 Chromosome Analysis in Anaphase Cells 

HTI080 cells were seeded and grown on coverslips in 6 em plates. The cells were 

rinsed with 4 ml of IX PBS and fixed in 2 ml of3% paraformaldehyde and 2% sucrose in 

IX PBS for IO min. Subsequently, the cells were washed twice in 4 ml of IX PBS, 5 min 

each. The fixed cells were permeabilized in 2 ml of0.5% Triton-X 100 in IX PBS for IO 

min and washed twice in IX PBS for 5 min each. The cells were stained with DAPI 

diluted in IX PBS for IO min and washed as above. The coverslips were mounted onto 

microscope slides in embedding media containing p-phenylene diamine and glycerol in 

PBS. The coverslips were sealed to the slides with nail polish. Fixed cells were stored in 

IX PBS containing 0.02% sodium azide at 4°C and hybridized slides were stored at-

20°C. DAPI staining was analyzed using a Zeiss Axioplan 2 microscope with Openlab 

software (lmprovision) connected to a Hamamatsu C4742-95 camera. 
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2.5.2 Telomere FISH Analysis of Metaphase Chromosomes 

BJ!hTERT cells were incubated in 0.1 mg/ml colcemid in I5% PBS for 4 hr in 6 

em plates. The cells were harvested by trypsinization, collected in I5 ml Falcon tubes and 

spun for 5 min at 1000 RPM. The cell pellets were resuspended in 5 ml of prewarmed 

0.075 M KCL and incubated at 37°C for 7 min. After incubation, the cells were 

centrifuged for 5 min at 1000 RPM and the supernatant was decanted. The cell pellet was 

resuspended by tapping. Drop by drop, 1 ml of fixing solution (3:1 methanol:glacial 

acetic acid) was added with tapping between each drop and then brought to a final 

volume of 10 mi. The fixed cells were stored at 4°C for at least one night. Prior to 

spreading the cells, the cells were spun at I 000 RPM for 3 min. The cells were 

resuspended in an appropriate amount of fixing solution, depending on the pellet size. 

Twenty microliters of cells were dropped onto water-wetted microscope slides, rinsed 

with fixing solution and incubated on a 70°C heating block for I min. The slides were 

dried in a fume hood over night. The next day, the slides were rehydrated in IX PBS {pH 

7.4] for 5 min. The cells were fixed in 4% formaldehyde in IX PBS for 2 min and 

washed 3 x 5 min in 1X PBS. The slides were incubated in I mg/ml prewarmed pepsin in 

acidified ddH20 [pH 2.0] for 10 min at 37°C. The treated slides were washed in 1X PBS 

2 x 2 min each, fixed again in 4% formaldehyde for 2 min with subsequent washes 3 x 5 

min each in IX PBS. The slides were dehydrated in 70%, 95%, and 100% ethanol for 5 

min each and air-dried. Each metaphase spread was incubated with 20 f.!l of hybridization 

mix (10 mM Tris-HCL [pH 7.4], 70% formamide, 0.5% blocking solution, 0.2 f.!g/ml 

FITC C3TAA PNA probe) for 2 hr and denatured at 80°C for 3 min prior to hybridization. 
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The cells were washed twice for 15 min each in 70% formamide, 10 mM Tris-HCL [pH 

7.4] and 0.1% BSA diluted in ddH20. Next, the cells were washed in 0.1 M Tris-HCL 

[pH 7.4], 0.15 M NaCl and 0.08% Tween-20 three times, 5 min each. To the second 

wash, DAPI (diluted 1: 1 000) was added and incubated was extended 10 min. The cells 

were dehydrated as above in ethanol and air-dried. Coverslips were mounted onto the 

slides with embedding media and sealed with nail polish. Slides were stored at -20°C. 

2.6 Genomic DNA Analysis 

2.6.1 Isolation of Genomic DNA 

Genomic DNA was isolated from BJ/hTERT cells by trypsinization, washed with 

IX PBS and stored at -80°C. The genomic DNA pellets were quickly thawed at room 

temperature and resuspended in 1 ml of 1X TNE (10 mM Tris-HCL [pH 7.4], 100 mM 

NaCl, 10 mM EDTA). The DNA was squirted into a 15 m1 phase lock tube containing 1 

ml of fresh TENS buffer ( 1X TNE, 1% SDS, 100 f!g/ml proteinase K) . The tubes were 

mixed gently and incubated overnight at 37°C. The next day, 2 ml of phenol:chloroform ~ 

was added to the tubes, inverted until the phases are completely mixed and centrifuged 

for 10 min, 3000 RPM at 4°C. The top layer was transferred to a new phase lock tube 

containing 2 ml of phenol:chloroform. The tubes were mixed until one phase and spun at 

3000 RPM, 10 min at 4°C. After spinning, the top layer was transferred to a 15 ml falcon 

tube containing 2 ml of iso-propanol and 220 fll of 2M NaAc [pH 5.5]. The tubes were 

inverted until the DNA precipitates and the DNA was transferred to an eppendorf tube 

containing 300 fll ofTNE plus 100 flg/ml RNase A. The DNA was incubated for 30 min 

at 37°C, resuspended and incubated for another 2 hr. Three-hundred microliters of TENS 
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plus 100 f..Lg/ml proteinase K was added, mixed and incubated for 1 hr at 37°C. The DNA 

was then mixed with 600 fll of phenol:chloroform until one phase and spun for 10 min, 

4°C at 13,000 RPM. The upper phase was transferred to a new eppendorftube containing 

600 fll of iso-propanol plus 66 fll of 2M NaAc [pH 5.5]. The DNA was fished out and 

resuspended in 100 fll of T10E0.r (10 mM Tris-HCL [pH 8.0], 0.1 mM EDTA). The 

genomic DNA was incubated at 37°C until the DNA was dissolved and stored at -20°C. 

2.6.2 Digestion of Genomic DNA for Telomere Blots 

A total of 30 fll of genomic DNA was mixed with either 2.5 fll Hinjl and 2.5 fll 

Rsal or 2 fll of Alul and 4 fll Mbol, 10 fll of lOX NEB buffer 2, ddH20 and 0.02 fll RNase 

A (1 0 mg/ml). The samples were incubated over night at 3 7°C. The DNA concentrations 

were determined by fluorimetry using a calf thymus DNA standard in Hoechst dye. 

2.6.3 Southern Blotting 

A total of 3 or 4 flg of digested genomic DNA was loaded onto a 0. 7% agarose 

gel in 0.5 X TBE and ran until at least the 1 kb marker was at the bottom of the gel. The 

gels were dried using a gel dryer (BIO RAD model #583) for 2 hr at 50°C. The gels were 

denatured when indicated for 30 min in 1.5 M NaCl and 0.5 M NaOH with shaking. The 

gels were neutralized in 3M NaCl and 0.5 M Tris-HCL [pH 7.0] two times for 15 min 

each with shaking and rinsed with ddH20. The gels were subsequently prehybridized 

with 20 ml of churchmix (0.5 M NaPi [pH 7.2], 1 mM EDTA [pH 8.0], 7% SDS (w/v), 

1% BSA (w/v)) for 1 hr at 55°C. Each gel was then hybridized with a radioactive y-32P 

telomere probe (Tel C) in 20 ml of churchmix and incubated over night at 55°C. The 

next day, the gels were washed three times, 20 min each in 4X SSC (0.6 M NaCl, 60 mM 
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sodium citrate) with shaking at room temperature. Then the gels were washed in pre­

warmed 4X SSC plus 0.1% SDS, twice for 30 min each at 55°C with shaking. Each gel 

was exposed using a Phospholmage screen (Amersham Biosciences) and scanned using a 

Phospholmager (Storm 820, Amersham Pharmacia Biotech). Quantification of the 

telomere blots was performed by using ImageQuant software version 5.2. 
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Chapter 3 - Results and Discussion 

Characterization of TRF2 in the UV -Induced DNA Damage Response 

TRF2 interacts with DNA repair proteins and DNA processing enzymes (de Laat 

et al, 1998, Hoeijmakers, 2001, Karlseder et al, 2002, Karlseder et al, 2004, Lenain et al, 

2006, Machwe et al, 2004, Opresko et al, 2002, Song et al, 2000, Stansel et al, 2001, 

Stavropoulos et al, 2002, van Overbeek & de Lange, 2006, Winkler et al, 2001, Zhu et al, 

2000). TRF2 may protect telomeres by preventing the chromosome ends from being 

recognized as DNA breaks (Baird & Farr, 2006, de Lange, 2002, Palm & de Lange, 

2008). The precise mechanisms underlying the function of TRF2 in the regulation of the 

UV-induced DNA damage response was not fully elucidated at the time of this study. 

Past findings suggest that TRF2 may play a role in the UV -induced DNA damage 

response. In particular, one study reported an increase in the levels of TRF2 in human 

skin carcinomas (Munoz et al, 2005). Additionally, mouse Keratinocytes which 

overexpress TRF2 are hypersensitive to UV irradiation (Munoz et al, 2005). Furthermore, 

TRF2 has been shown to play a role in the DNA DSB repair pathway. Overexpression of 

TRF2 in human primary cells inhibits the autophosphorylation ATM after ionizing 

irradiation (Karlseder et al, 2004). As well, it was suggested TRF2 may act as an early 

DNA DSB sensor, as TRF2 was observed to associate with non-telomeric DNA before 

ATM association in response to photo-induced DSBs (Bradshaw et al, 2005). In general, 

these fmdings help support the hypothesis that TRF2 may negatively regulate the UV­

induced DNA damage response. 
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3.1 Overexpression of TRF2 Does Not Appear to Have Any Significant Impact on 

the UV-Induced DNA Damage Response in IMR90 Cells 

In order to determine whether TRF2 influences the UV -induced DNA damage 

response pathway, I examined p53 induction in response to UVC treatment in IMR90 

cells. IMR90 cells were retrovirally infected with the vector alone or the vector 

containing the wild type TRF2 construct. IMR90 cells were treated with 15 J/m2 or 30 

J/m2 UVC. Protein extracts were harvested at 6, 12, 24 and 48 hr post-UVC treatment in 

the presence or absence of phosphatase inhibitors. lmmunoblotting for p53 and p53 

phosphorylated on serine 15 was performed for five independent experiments. Figure 

3.1A is a representative blot demonstrating no attenuation of the p53 protein in TRF2 

overexpression cells in response to UVC treatment as compared to the vector control. 

Figures 3.1 B and C are quantification results obtained from using spot-densitometry to 

evaluate the levels of p53 and phosphorylated-p53 from four independent experiments. 

The quantified values were determined based on the quantity of protein loaded and 

normalized to the untreated vector control. Results of the quantification for all four 

experiments demonstrate a high variability between each experiment. The p53 and 

phosphorylated-p53 values quantified show no significant difference between the vector 

and TRF2 at 12, 24 and 48 hrs. Based on my fmdings under these experimental 

conditions, TRF2 does not appear to play a major role in negatively regulating the DNA 

damage signaling pathway in response to UVC treatment in IMR90 cells. 

The results of my experiments are not consistent with the publication of TRF2 

levels being correlated with hypersensitivity to UV irradiation in a transgenic mouse line 
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or the increase of TRF2 expression being associated with human skin carcinogenesis 

(Munoz et al, 2005). However, one cannot rule out the possibility that TRF2 may still 

have a role in the UV-induced DNA damage response pathway in an alternate cell line or 

under different experimental conditions. My experiments were performed in a human 

primary lung fibroblast cell line. The hypothesis of TRF2 negatively regulating the DNA 

damage response pathway may still hold true for another human skin cell line but further 

investigation will be needed. Additionally, the results of my TRF2 overexpression 

experiments were observed only over a short period of time. It is possible TRF2 may only 

have a negative impact on the long-term survival of the cells. On the other hand, my 

results are consistent with a report which demonstrates that inhibition of the ATR 

pathway is mediated by POTl and not TRF2 (Denchi & de Lange, 2007). ATR is the 

main transducer protein which is activated in response to stalled DNA replication forks or 

bulky lesions caused by UV irradiation (Palm & de Lange, 2008). In conclusion, there is 

not enough positive evidence based on my results to conclude that TRF2 plays a major 

inhibitory role in the UV -induced DNA damage response in IMR90 cells. 

3.2 Overexpression of TRF2 Does Not Appear to Have Any Significant Affect on the 

Repair Ability of Cockayne Syndrome or XPC Deficient Cells 

Overexpression of TRF2 in IMR90 cells failed to demonstrate a major role of 

TRF2 in the UV-induced DNA damage response. However, it may be possible that 

IMR90 cells may be masking the effect of TRF2 on the nucleotide excision repair 

pathway as both transcription coupled repair and global genome repair pathways are 

functional in this cell line. In order to determine if TRF2 overexpression had an impact 
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on either TCR or GGR, Cockayne syndrome GM739 and XPC-A deficient GM677 cell 

lines were utilized. Cells deficient in XPC are deficient in GGR, which allows one to 

compare the effect of TRF2 on the TCR pathway, whereas CS cells are deficient in TCR, 

which allows one to study the effect of TRF2 on the GGR pathway (Hwang et al, 1999, 

Venema et al, 1991 ). It has been suggested that p53 plays a role in the direct 

transcription ofNER genes, specifically the proteins involved in GGR but not TCR (Bohr 

et al, 1985, Ford & Hanawalt, 1997, Mellon et al, 1987). In order to establish whether 

GGR or TCR was affected by TRF2 overexpression in response to UVC treatment, CS 

and XPC deficient cell lines were retrovirally infected with the vector alone or the vector 

containing wild type TRF2. The two deficient cell lines were treated with or without 30 

J/m2 UVC radiation and harvested at 6, 12, 24 and 48 hrs post-UVC treatment. The 

protein samples were immunoblotted for p53 and phosphorylated-p53 at position serine 

15. Figure 3.2A represents the results ofimmunoblotting ofp53 and phosphorylated-p53 

in Cockayne syndrome cells. The p53 protein level in both the control and TRF2 

overexpression cells shows a gradual induction of p53. Additionally, there is no large 

difference observed in the control versus TRF2 overexpression cells in the immunoblot 

for phosphorylated-p53. Figure 3.2B represents the results ofimmunoblotting ofp53 and 

phosphorylated-p53 in XPC deficient cells. The levels of p53 in the vector peaks at 24 

and 48 hr as compared to TRF2 overexpression cells which peak at 12 and 24 hrs. The 

levels of phosphorylated-p53 were low for both the vector and TRF2 overexpression 

cells. In general, based on my observations, overexpression of TRF2 does not appear to 

have a substantial impact on the global genome repair or transcription coupled repair of 

44 



MSc. Thesis - K. Glenfield- McMaster University -Biology 

Cockayne syndrome or XPC deficient cells respectively in response to UVC treatment. 

Taken together, overexpression of TRF2 does not appear to have a significant impact on 

the UV-induced DNA damage response in IMR90 cells, Cockayne syndrome cells and 

XPC deficient cells. However further investigation is needed to determine whether this 

conclusion is exclusive to these cell lines and experimental conditions. 

45 



MSc. Thesis - K. Glenfield- McMaster University -Biology 

Figure 3.1. Overexpression of TRF2 does not appear to attenuate the p53 DNA damage 
response after UVC treatment. IMR90 cells were retrovirally infected with the pLPC 
vector alone or the vector containing the TRF2 gene insert and selected in puromycin 
containing medium for eight days. IMR90 cells were treated with or without UVC 
radiation in 1 X PBS using a Stratagene UV cross-linker and incubated in 15% FBS. A) 
Representative blot of IMR90 cells PD-34 were harvested at 0, 6, 12, 24 and 48 hrs post­
UVC treatment by scraping the cells in cold 1 X PBS and a buffer-C whole cell extract 
protocol was performed. The supernatant fractions were collected and stored in 4 X 
laernrnli buffer. Protein samples were loaded on to a 15% SDS polyacrylamide gel at a 
concentration of 25 Jlg/Jll. The nitrocellulose membrane was irnrnunoblotted with p53 
primary antibody, subsequently stripped andre-incubated with y-tubulin antibody. The 
proteins were visualized on hyperfilrn using enhanced chemiluminescence. B) 
Quantification of p53 using spot densitometry normalized to_ the untreated vector control. 
C) Quantification ofphosphorylated-p53 serine 15 using spot densitometry normalized to 
the untreated vector control. Quantifications were performed on four independent 
experiments. Error bars represent the standard deviation of the mean. 
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Figure 3.2. Overexpression of TRF2 does not have a substantial impact on nucleotide 
excision repair in response to UVC treatment. A) Cockayne syndrome cells were treated 
with or without 30 J/m2 UVC radiation. Protein samples were harvested at 6, 12, 24 and 
48 hrs post-UVC treatment. Protein samples were immunoblotted for p53, 
phosphorylated-p53 serine 15 and y-tubulin. Blots were stripped between primary 
antibody incubations. B) XPC deficient cells treated with or without 30 J/m2 UVC 
radiation. Protein samples were harvested at 6, 12, 24 and 48 hrs post-UVC treatment. 
Protein samples were immunoblotted for p53, phosphorylated-p53 serine 15, and y­
tubulin. Blots were stripped between primary antibody incubations. 
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Chapter 4 - Results 

Characterization of TRF2 in Telomere Maintenance 

TRF2 protects the telomeres from being illegitimately processed by the DNA 

DSB repair pathways, as it is thought to facilitate the formation of the t-loop structure 

(Griffith et al, 1999, Stansel et al, 2001). The t-loop model hides the ends of the 

chromosomes and protects the telomeres from the homologous recombination and non­

homologous end joining pathways. The t-loop structure resembles a HJ intermediate and 

is processed by homologous recombination when the basic domain of TRF2 is deleted 

(Wang et al, 2004). Additionally, in the absence of the basic and Myb domains ofTRF2, 

TRF2 cannot bind to the telomeric repeats and thus the chromosome ends are processed 

by the non-homologous end joining pathway (van Steensel et al, 1998). However, it is not 

fully understood what amino acid residues in the basic domain of TRF2 are indispensable 

to suppress these recombination events. 

4.1 Analysis ofTRF2 Mutants in HT1080 Cells 

4.1.1 Overexpression of TRF2 Carrying Amino Acid Changes from Arginines to 

Alanines in the Basic Domain Induces Decreased Proliferation and Senescence in 

HT1080 Cells 

Lack of the basic domain of TRF2 causes a decreased proliferation rate and 

senescence (Wang et al, 2004). To determine whether the charge alone in the basic 

domain of TRF2 is sufficient for its protective function, eight positively charged arginine 

residues were mutated to eight neutral alanine residues. To study the effects of the alanine 

mutant on the function of the basic domain of TRF2, proliferation assays and a 
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senescence assay was completed to observe whether this TRF2 mutant will show a 

similar phenotype to the lack of the basic domain of TRF2. The proliferation assay 

performed in HT1080 cells expressing the TRF2 mutant containing the amino acid 

changes from arginines to alanines in the basic domain demonstrated to have a decreased 

proliferation phenotype as compared to the vector control (Figure 4.1A). Overexpression 

of the vector and wild type TRF2 in HT1080 cells does not result in reduced 

proliferation, as at day 13 both cell lines had the same cumulative cell number. At day 13 

TRF2-RA had a significantly decreased proliferation rate as compared to the controls. 

TRF2-RA had a proliferation rate of almost a four fold decrease as compared to the 

vector and TRF2 at day 13. To confirm that overexpression of the TRF2 mutants were 

maintained throughout the experiment, western blotting was performed (Figure 4.1B). 

Western blotting indicates that all of the TRF2 mutant overexpression constructs in 

HT180 cells were being expressed at similar levels to the wild type TRF2 at day 3 and 

day 15. 

Expression of TRF2 lacking both the basic and Myb domains leads to a decreased 

proliferation rate and senescence (van Steensel et al, 1998). To further investigate 

whether the charge of the basic domain is essential to the function of the domain, I 

additionally examined a TRF2 mutant carrying amino acid substitutions from arginines to 

alanines in the basic domain in combination with the absence of the Myb domain. A 

second proliferation assay was constructed in HT1080 cells which expressed this TRF2 

mutant (Figure 4.2A). Both the vector control and TRF2 proliferated at a similar rate 

however, TRF2~M-RA had about a 3.5 fold decreased proliferation rate at day 15 as 
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compared to the controls. Immunoblotting revealed overexpression of the TRF2 mutant 

constructs were maintained at similar levels to TRF2 at days 3, 12 and 15 (Figure 4.2B). 

To test if the decreased replicative potential phenotype in TRF2..w-RA expressing 

HT1080 cells leads to permanent growth arrest, as observed in TRF2~MM cells (van 

Steensel et al, 1998), a senescence assay was performed. The marker used for senescence 

is the expression of senescence-associated p-galactosidase in the cells, as represented by 

the blue coloured staining (Dimri et al, 1995). In addition to the expression of P­

galactosidase, most of the HT1080 cells were flat, enlarged and were multi-nucleated 

(Figure 4.3A). The number of senescence cells was scored by counting at least 500 total 

cells per cell line. The number of senescence cells in the vector and TRF2 cell lines had a 

scoring of 4%. Analysis of TRF2~M-RA in HT1080 cells revealed an increase in the 

number of senescence cells totalling about 50% (Figure 4.3B). Overall, these results 

suggest that arginines in the basic domain are essential for TRF2 function. 

4.1.2 Overexpression of TRF2 Carrying Amino Acid Changes from Arginines to 

Lysines in the Basic Domain Induces Decreased Proliferation and Senescence in 

HT1080 Cells 

Formally, it is possible that the positive charges of arginines instead of the 

arginines themselves are important for TRF2 function. To test this hypothesis, eight 

arginine residues in the basic domain of TRF2 were mutated to positively charged lysine 

residues. However, one may argue that mutating eight arginine residues in the basic 

domain may disrupt the protein folding even if the positive charge is maintained. In order 

to address this concern, two sets of four TRF2 mutants containing amino acid changes 
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from arginines to lysines in the basic domain were constructed and referred to as TRF2-

RK1-4 and TRF2-RK5-8. Additionally, by creating these two mutants which contain only 

four changed residues as opposed to eight mutated residues may help identify whether 

one arginine residue is more essential to the function of the basic domain. However, it 

may be unlikely that one arginine in the basic domain of TRF2 is indispensable but a 

stretch of arginine residues may be necessary to maintain the function of the domain. 

To investigate whether the arginine residues in the basic domain are essential to 

the function of the domain, proliferation assays and a senescence assay was performed. 

HT1 080 cells were retrovirally infected with the vector alone, or the vector containing 

TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, TRF28
M or TRF288

• Overexpression of 

TRF2-RK had a 4 fold decreased in proliferation rate as compared to the vector control 

and wild type TRF2 at day 15 (Figure 4.1A). Expression of TRF2-RK5-8 and TRF2-

RK1-4 similarly had about a 4 fold decreased in proliferation rates as compared to the 

vector. Additionally, all the TRF2 mutants had a proliferation rate similar to TRF288 at 

day 13. 

To gain further evidence that the arginine residues are essential to the function of 

the basic domain, arginine to lysine mutations were introduced into the basic domain of 

TRF2 in the absence of the Myb domain. A similar pattern of a decreased proliferation 

rate was also observed in TRF28M-RK HT1080 cells as compared to the vector control 

(Figure 4.2A). The vector had a cum~lative cell number of about 6.5 x 108 cells as 

compared to TRF28M -RK which had a cumulative cell number of about 1.5 x 108 cells at 

day 15. Wild type TRF2 overexpression showed a similar proliferation rate to the vector 
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control. Both TRF2~M-RK1-4 and TRF2~-RK5-8 had the same proliferation rate of 

about 2.5 x 108 cells at day 15. TRF2~B~M demonstrated to have the slowest replicative 

potential. 

Microscopic analysis of HT1080 cells overexpressing TRF2 mutants carrying 

amino acid changes from arginines to lysines in the basic domain and in the absence of 

the Myb domain at day 7 revealed a senescence like phenotype (Figure 4.3A). This 

phenotype was further confirmed by senescence associated J3-galactosidase staining. The 

total numbers of senescence cells observed in the various TRF2 mutants were scored by 

counting over 500 cells per cell line (Figure 4.3B). The vector and TRF2 had a total 

scoring of 4% senescence cells as compared to TRF2~M-RK which had a total of 53% 

senescence cells. Additionally, TRF2~M-RK1-4 and TRF2~M-RK5-8 had a similar 

number of senescence cells 48.1% and 48.5% respectively. Overexpression ofTRF2~~M 

lead to the induction of senescence in over 60% of cells, consistent with previous findings 

(~an Steensel et al, 1998). Taken together, these results suggest that the arginine residues 

play a large role in maintaining the protective function of TRF2. Similarly, the positive 

charge alone in the basic domain is insufficient for maintaining TRF2 function. 

4.1.3 Amino Acid Changes from Arginines to Lysines Introduced in the Basic 

Domain of TRF2 in Combination with the Deletion of the Myb Domain Induces the 

Formation of Anaphase Bridges in HT1080 Cells 

To further compare whether the TRF2~B~M chromosome end-end fusion 

phenotype can be recapitulated when arginine to lysine mutations are introduced into the 

basic domain of TRF2 in combination with the deletion of the Myb domain, the ability of 
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these mutations to cause anaphase bridges were analyzed. An increase of chromosome 

fusions during anaphase were observed in HT1080 cells as compared to the vector control 

when these TRF2 mutants were overexpressed at day 6 of selection (Figure 4.4A). The 

cells were grown on cover slips, fixed, stained with DAPI and analyzed using a 

fluorescent microscope. A total of over 200 anaphase cells were counted per cell line for 

each time point and the number of anaphase bridges and lagging chromosomes were 

scored in day 6 and day 7 HT1080 cells (Figure 4.4B). At day 6, TRF2~M-RK had 60% 

anaphase bridges, similar to TRF2~8~ which had 65% anaphase bridges, both of which 

were dramatically different from the vector control (5%). Overexpression of TRF2~M_ 

RK5-8, TRF2~M-RK1-4 and TRF2~M-RA also revealed a 10 fold increase in anaphase 

bridges at day 6 as compared to the vector and wild type TRF2. In day 7 cells, the 

number of anaphase bridges dropped slightly to 61% in the TRF2~8~M construct and the 

number 'Of anaphase bridges in TRF2~M-RK5-8 increased to 75% as compared to day 6 

counts o( 65%. The mutant constructs TRF2~-RA, TRF2~M-RK and TRF2~M-RK1-4 

had similar scoring in their number of anaphase bridges of 68%, 66% and 64% 

respectively at day 7. The number of lagging chromosomes in all of the TRF2 constructs 

showed slight variation among day 6 and day 7 counts. Overall, there was a significant 

increase in the number of anaphase bridges observed in HT1080 cells overexpressing 

TRF2 mutants containing arginine to lysine substitutions in the basic domain and in the 

absence of the Myb domain, which is consistent with the phenotype of TRF2~~ (van 

Steensel et al, 1998). These results further suggest the importance of these arginine 

residues in maintaining the function ofTRF2. 
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4.1.4 Amino Acid Changes from Arginines to Lysines Introduced into the Basic 

Domain of TRF2 and in the Presence of the Myb Domain Does Not Induce 

Anaphase Bridges in HTl 080 Cells 

On the contrary, when TRF2 mutants containing arginine to lysine amino acid 

changes in the basic domain and in the presence of the Myb domain are expressed in 

HT1080 cells at day 9, no significant increase in chromosome fusions were observed 

(Figure 4.4C). Over 300 anaphase cells were counted per cell line and the number of 

lagging chromosomes and anaphase bridges were scored. Expression of TRF2-RK, 

TRF2-RK1-4 and TRF2-RK5-8 had less than 10% anaphase bridges which were similar 

to the vector which had about 4% anaphase bridges and wild type TRF2 scored about 8% 

anaphase bridges. TRF2MJ and TRF2~M had an anaphase bridge scoring of 18.5% and 

26.1% respectively. The number of lagging chromosomes was similar between all cell 

lines ranging from 9% to 13%. Thus, these data suggests that the arginine to lysine amino 

acid changes in the basic domain of TRF2 in the presence of the Myb domain have a 

similar low fusion phenotype to TRF2~8. In general, analysis of the anaphase bridge 

results also reiterates the importance of the arginine residues in the basic domain of 

TRF2. 

4.2 Analysis of the Overexpression of TRF2 Mutants in BJ/hTERT Cells Carrying 

Amino Acid Substitutions from Arginines to Lysines in the Basic Domain 

4.2.1 Overexpression of TRF2 Mutants Carrying Amino Acid Changes from 

Arginines to Lysines in the Basic Domain Induces Decreased Proliferation and 

Senescence in BJ/hTERT Cells 
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To establish that the decreased proliferation potential and senescence phenotype 

was reproducible and not limited to a transformed cell line, similar proliferation assays 

and ~-galactosidase expression experiments were performed in a human primary 

immortalized cell line BJ/hTERT. Additionally, BJ/hTERT cells have long telomeres 

about 15 kb in length, which allows one to study telomere abnormalities through 

fluorescence in situ hybridization (FISH) analysis. Compared to the vector alone, 

overexpression of TRF2-RK, TRF2-RK1-4 and TRF2-RK5-8 resulted in a significant 

reduction in the rate of proliferation in BJhTERT cells (Figure 4.5A). No significant 

decrease in the proliferation rate was observed for cells expressing TRF2. However, 

overexpression of wild type TRF2 grew slightly slower than the vector control at later 

time points, consistent with previous fmdings (Li et al, 2008, Smogorzewska & de Lange, 

2002, Wang et al, 2004). TRF2-RK5-8 repeatedly had grown twice as fast as TRF2-RK1-

4 by day 15 but overall the arginine mutants still had a decreased replicative potential as 

compared to the vector and wild type TRF2. Interestingly, TRF2-RK grew almost at the 

same rate as TRF2dB throughout the entire proliferation assay. Western blot analysis 

indicated that all TRF2 mutant constructs were expressed at a comparable level to wild 

type TRF2 at day 15, for three independent experiments (Figure 4.5B). 

Furthermore, senescence was induced in the mutant TRF2 BJ/hTERT cells 

containing amino acid substitutions from arginines to lysines in the basic domain (Figure 

4.6A). Staining of ~-galactosidase was also observed in BJ/hTERT cells, as well as the 

phenotypic characteristics associated with senescence in human cells. Quantification of 

the average number of senescence cells obtained from counting over a total of 1500 cells 
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per cell line at day 13 was performed for three independent experiments (Figure 4.6B). 

The vector control ( 5.5%) and full length TRF2 (11.1%) had a low number of senescence 

cells. TRF2-RK had 76.8% senescence cells as compared to 70% in TRF2-RK1-4, 67.8% 

in TRF2-RK5-8 and TRF2~8 had 84.1% senescence cells. Results of the proliferation 

assay and senescence assay demonstrate the ability of the arginine to lysine mutations 

introduced into the basic domain of TRF2 to mimic the decreased proliferation and 

senescence phenotype similar to TRF2~8 (Wang et al, 2004). 

4.2.2 Increase in Telomere Doublets and No Significant Telomere Loss Observed in 

BJ/hTERT Cells Expressing TRF2 Mutants Carrying Amino Acid Changes from 

Arginines to Lysines in the Basic Domain 

To determine whether the molecular mechanisms responsible for the known 

TRF2~8 telomere loss phenotype are the same mechanism utilized by the TRF2 mutants 

containing amino acid substitutions from arginines to lysines in the basic domain, 

telop1ere FISH was performed. FISH was carried out using a telomere specific probe on 

metaphase spreads in BJ/hTERT cells expressing the vector, TRF2, TRF2-RK, TRF2-

RK1-4, TRF2-RK5-8 and TRF2~8 (Figure 4.7A). Telomere dysfunction phenotypes were 

quantified including calculating the average of2:2 telomere signals at each chromatid end, 

the average sister telomere loss per chromatid end and the average of terminal deletions 

per chromosome (Figure 4. 7B). The average number of 2:2 telomere signals (telomere 

doublets) at each chromatid end in TRF2-RK (7.05%), TRF2-RK1-4 (5.69%) and TRF2-

RK5-8 (6.13%) were significantly different from the vector (1.76%), TRF2 (2.91 %) and 

TRF2~ (2.40%) (Figure 4.7C). Interestingly, the TRF2 mutants TRF2-RK, TRF2-RK1-4 
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and TRF2-RK5-8 showed no significant difference from the vector in comparison of the 

amount of sister telomere loss and terminal deletions (Figure 4.7 D and E). However, the 

amount of sister telomere loss and terminal deletions in TRF2~B cells was significantly 

different from the vector and the TRF2 mutants. Altogether, the TRF2 mutants TRF2-

RK, TRF2-RKI-4 and TRF2-RK5-8 do not display a similar telomere loss phenotype as 

compared to the previously published phenotype of TRF2~B (Wang et al, 2004). 

However, the TRF2 mutants display a significant increase in telomere doublets, which is 

not observed in TRF2~B. 

4.2.3 Overexpression of TRF2 Mutants Carrying Amino Acid Changes from 

Arginines to Lysines in the Basic Domain Do Not Appear to Lead to Telomere 

Shortening 

Analysis of a denaturing telomere blot was performed to further characterize the 

mechanisms involved in the formation of the phenotypes observed in the TRF2 mutants 

containing ,amino acid substitutions from arginines to lysines in the basic domain. 

Analysis of the telomere restriction fragments indicates no substantial telomere 

shortening in the TRF2 mutants obtained from BJ/hTERT genomic DNA at day 9, as 

compared to the vector (Figure 4.8). Quantification of the relative telomere signal in the 

vector was normalized to 1.0, where as wildtype TRF2, TRF2-RK, TRF2-RKI-4 and 

TRF2-RK5-8 show slight telomere degradation with telomere signals of 0.90, 0.83, 0.85 

and 0.82 respectively. Relative telomere signals were calculated by quantifying the total 

telomere restriction fragments in each lane and standardized to the quantification of the 

intrachromsomal telomeric repeats to account for differences in the loading of the 
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genomic DNA. Although the relative telomere signal in TRF2~8 could not be accurately 

quantified, it has been previously observed that TRF2~8 induces rapid telomere deletion 

of the duplex telomeric DNA (Wang et al, 2004). Analysis of the telomere blot shows 

evidence of telomere deletion as represented by the smear of telomeric DNA at the lower 

molecular weight markers, as compared to the vector. These finding reveal different 

telomere aberrations may be responsible for the decreased proliferation rate and 

senescence observed in the TRF2 mutants. Overall, expression ofTRF2-RK, TRF2-RK1-

4 and TRF2-RK5-8 results in the increase of telomere doublets with no significant loss of 

telomere DNA, whereas TRF2~8 shows no evidence of an increase in telomere doublets 

but a significant increase in telomere loss. 

4.3 Analysis of the Overexpression of TRF2 Mutants Carrying Amino Acid 

Substitutions from Arginines to Lysines in the Basic Domain in Combination with 

the Deletion of the Myb Domain in BJ/hTERT Cells 

4.3.1 Overexpres~ion of TRF2 Mutants Carrying Amino Acid Changes from 

Arginines to Lysines in the Basic Domain in Combination with the Deletion of the 

Myb Domain Induces Decreased Proliferation and Senescence in BJ/hTERT Cells 

In agreement with the previous results, a decreased proliferation phenotype was 

observed in BJ/hTERT cells expressing TRF2 mutants containing amino acid 

substitutions from arginines to lysines in the basic domain in combination with the 

deletion of the Myb domain (Figure 4.9A). The vector control had about a 10 fold 

increase in replicative potential as compared to TRF2,w-RK and about a 9 fold increase 

in replicative potential as compared to TRF2~M-RK1-4 at day 15. TRF2~M-RK grew very 
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similar to the control TRF2~8~M at day 15. The deletion mutant TRF2~M had the most 

replicative potential next to the vector and wild type TRF2 cells. Immunoblotting was 

performed on day 15 BJ/hTERT cells, demonstrating an increase of expression levels of 

TRF2 TRF2~M-RK TRF2~M-RK1-4 TRF2~M-RK5-8 TRF2~M and TRF2~MM as 
' ' ' ' 

compared to the vector (Figure 4.9B). These data demonstrate that the arginine residues 

are important to maintain the function of the basic domain of TRF2, as the mutated 

arginine to lysine residues caused a decreased replicative potential in both HT1080 and 

BJ/hTERT cells. 

Consistent with the previous experiments, expression of the TRF2 mutants in 

BJ/hTERT cells carrying amino acid changes from arginines to lysines in the basic 

domain and in the absence of the Myb domain also results in a senescence phenotype 

(Figure 4.1 OA). The average number of senescence cells was plotted from counting over 

1500 cells per cell line at day 13 for three independent experiments (Figure 4.10B). Both 

the vector and TRF2 control cell lines had the least amount of senescence cells of 5.5% 

and 11.1% respectively. TRF2~M-RK had 83.4% senescence cells followed by 81.8% in 

TRF2~MM. Expression of TRF2~M-RK1-4 had a senescence scoring of roughly 10% 

more senescence cells than TRF2~-RK5-8 (66.5%), followed by 30% senescence cells 

in TRF2~M. Collectively, the senescence assay results performed both in HT1080 and 

BJ/hTERT cells demonstrate that the arginine residues are important to maintain the 

protective telomeric function of the basic domain ofTRF2. 
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4.3.2 Overexpression of TRF2 Mutants Containing Amino Acid Substitutions from 

Arginines to Lysines in the Basic Domain in Combination with the Deletion of the 

Myb Domain Causes Telomere Fusions in BJ/hTERT Metaphase Cells 

FISH was performed to determine whether the molecular mechanisms involved in 

the formation of the TRF2~MM fusion phenotype is the same mechanisms utilized by the 

TRF2 mutants lacking the Myb domain and containing amino acid substitutions from 

arginines to lysines in the basic domain. A telomere specific probe was used on 

metaphase spreads in BJ/hTERT cells expressing the vector, TRF2, TRF2~M-RK, 

TRF2~M-RK1-4, TRF2~-RK5-8, TRF2~M, TRF2~8 or TRF2~~ (Figure 4.11A). The 

metaphase spreads were quantified and the number of telomere doublets, sister telomere 

loss, number of fusion events and fraction of fusion events were scored for three 

independent experiments in a blinded fashion (Figure 4.11B). The total number of fusion 

events in each cell line was counted, which includes telomere end-end fusions, chromatid 

fusions and sister chromatid fusjons. Overexpression of the vector, wild type TRF2, 

TRF2~M and TRF2~8~ had a comparable phenotype to TRF2~M-RK, TRF2~M-RK1-4 

and TRF2~M -RK5-8 when the average number of chromatid ends with telomere doublets 

and sister telomere loss was calculated. However, the TRF2~M-RK, TRF2~M-RK1-4 and 

TRF2~M -RK5-8 had a distinct telomere fusion phenotype as compared to the vector and 

wild type TRF2 (Figure 4.11 C and D). The average number of fusion events in the vector 

(0.04) and TRF2 (0.04) were low as compared to the TRF2 mutants. The average fusion 

events per metaphase cell was 1.78 for TRF2~-RK, 1.20 for TRF2~M-RK1-4 and 1.87 

TRF2~M -RK5-8, which were comparable values to TRF2~8~ of 1.82. The average fusion 
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events per cell in the cell lines TRF2dM_RK, TRF2dM_RKl-4 and TRF2dM_RK5-8 were 

found to be significantly different from both the vector and TRF2dM. Additionally, the 

fraction of metaphase cells with fusion events in the vector (4.4%) and TRF2 (4.4%) was 

low as compared to the TRF2 mutants. The fraction of metaphase cells with 2:1 fusion 

event on average was 84.2% for TRF2dM_RK, 70.5% for TRF2dM_RKl-4 and 70.9% for 

TRF2dM-RK5-8. Again, these values were similar to TRF2dBdM that had 72.2% fraction 

of metaphase cells with fusions. The cell lines TRF2dM_RK, TRF2dM_RKl-4 and 

TRF2dM_RK5-8 were also found to be significantly different from the vector and TRF2dM 

when comparing the fraction of cells with 2:1 fusion event. Overall, TRF2dM -RK, 

TRF2dM_RKl-4 and TRF2dM_RK5-8 do not show a significant amount of telomere loss 

but do have significant increase in telomere fusions, which is similar to the published 

phenotype ofTRF2dBdM (van Steensel et al, 1998). 

To further examine whether NHEJ was occurring at telomeres in the various 

TRF2 mutants, telomeric DNA was analyzed for the loss of the 3'G-rich overhangs and 

the formation of telomere fusions. Genomic DNA was isolated from day 10 BJ!hTERT 

cells expressing the vector, wildtype TRF2, TRF2dM_RK, TRF2dM_RKl-4, TRF2dM_ 

RK5-8, TRF2dM and TRF2dBdM and the telomere restriction fragments were analyzed on 

the same native and then subsequently denatured telomere blot (Figure 4.12). A native 

telomere blot allows for the analysis of the loss of the 3 'G-rich overhangs, which occurs 

as a result of the inability of TRF2 to protect the telomere ends. Quantification of the 

overhang signal in the native gel reveals a loss of overhangs as compared to the vector 

(1.0) in the various TRF2 mutants TRF2dM (0.86), TRF2dM-RK (0.88), TRF2dM_RKl-4 
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(0.80), TRF2~M-RK5-8 (0.72), and TRF2~MM (0.65) (Figure 4.12A). The overhang 

signal was obtained by the quantification of the telomere restriction fragments in the 

native gel normalized to the total telomeric DNA signal obtained after the same gel was 

denatured. Additionally, analysis of the denatured telomere blot reveals the appearance 

of high-molecular weight telomere-fusion fragments predominantly in the BJ/hTERT 

cells expressing TRF2~8~M and TRF2~M-RK (Figure 4.12B). Unfortunately, the precise 

amount of telomere fusions in the denatured gel cannot be quantified as there are no 

intrachromosomal telomeric repeats to account for differences in the amount of DNA 

loaded per lane. Overall, results of the native and denatured telomere blots suggest that 

the TRF2 mutants lacking the Myb domain and containing arginine to lysine changes in 

the basic domain lose their 3'G-rich overhangs and are processed by NHEJ resulting in 

telomere fusions. 
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Figure 4.1. Growth arrest induced in HT1080 cells overexpressing TRF2 mutants 
containing amino acid substitutions in the basic domain. A) Proliferation assay of 
HTI 080 cells retrovirally infected with the pLPC vector alone or the vector expressing 
TRF2, TRF2-RA, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, TRF2LW or TRF2~8. The cells 
were seeded 250,000 in 10 em plates after three days of selection and counted every two 
days performed in duplicate. The cells were split appropriately when required. B) 
HT1080 cells from panel A were harvested at day 3 and day 15 of selection. The whole 
cell pellets were resuspended in buffer-C to obtain a total cell number of 2.0 x 104 

cells/IlL The supernatant fractions were collected and stored in 2 X laemmli buffer. A 
total of 10 111 of protein samples were loaded on to a 8% SDS polyacrylamide gel. The 
nitrocellulose membranes were immunoblotted with TRF2 primary antibody and exposed 
on hyperfilm using ECL. The membranes were subsequently stripped andre-incubated 
with y-tubulin antibody as a loading control. 
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Figure 4.2. Growth arrest induced in HT1 080 overexpressing TRF2 mutants containing 
amino acid changes in the basic domain in combination with the deletion of the Myb 
domain. A) Proliferation assay of HT1080 cells retrovirally infected with the pLPC 
vector alone or the vector exNessing TRF2, TRF2~M-RA, TRF2~-RK, TRF2~-RK1-4, 
TRF2~M-RK5-8 or TRF2~8~ . The cells were seeded 250,000 into 10 em plates after 
three days of selection and counted every two days performed in duplicate. The cells 
were split appropriately when required. B) HT1080 cells from panel A were harvested at 
day 3, 12 and 15 of selection. The whole cell pellets were resuspended in buffer-C to 
obtain a total cell number of 2.0 x 104 cells/f..ll. The supernatant fractions were collected 
and stored in 2 X laemmli buffer. A total of 1 0 f..ll of protein samples were loaded on to a 
8% SDS polyacrylamide gel. The nitrocellulose membranes were immunoblotted with 
TRF2 primary antibody and exposed on hyperfilm using ECL. The membranes were 
subsequently stripped andre-incubated with y-tubulin antibody as a loaging control. 
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Figure 4.3. Senescence induced in HT1080 cells overexpressing TRF2 mutants carrying 
amino acid substitutions in the basic domain in combination with the deletion of the Myb 
domain. A) HT1080 cells were retrovirally infected with the vector pLPC alone or the 
vector containing TRF2, TRF2,w-RA, TRF2,w-RK, TRF21lM_RK1-4, TRF2,w-RK5-8 or 
TRF2ilBilM. The cells were fixed at day seven of selection and incubated in staining 
solution containing X-gal at pH 6.0. The cells were visualized using a microscope for the 
senescence associated marker ~-galactosidase. B) Quantification of the total number of 
positively stained ~-galactosidase HT1080 cells among at least 500 cells were counted. 
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Figure 4.4. A combination of the deletion of the Myb domain and amino acid changes 
from arginines to lysines in the basic domain of TRF2 induce anaphase bridges in 
HT1080 cells. A) HT1080 anaphase cells expressinfu the vector alone or TRF2, TRF2-
RAMI, TRF2-RKMI, TRF2-RK1-4~M, TRF2-RK5-8 or TRF2~MM after six days of 
selection. Cells were fixed on cover slips and stained with DAPI. B) Quantification of 
the total number anaphase bridges and lagging chromosomes scored in at least 200 
anaphase HT 1080 cells from panel A, at days six and seven of selection. Quantification 
of day seven was performed in a blinded fashion. C) Quantification of the total number 
anaphase bridges and lagging chromosomes scored in at least 300 anaphase HT1080 cells 
expressing TRF2, TRF2-RA, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, TRF2AB and 
TRF2~M at day nine of selection, performed in a blinded fashion. 
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Figure 4.5. Growth arrest induced in BJ/hTERT cells overexpressing TRF2 mutants 
containing amino acid changes from arginines to lysines in the basic domain. A) 
Proliferation assay of BJ/hTERT cells retrovirally infected with the pLPC vector alone or 
TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8 or TRF2~8• The cells were seeded 20,000 
in duplicate into 12-well plates after three days of selection and counted every two days. 
Error bars represent the standard deviation of the mean for three independent 
experiments. B) BJ/hTERT cells from panel A were harvested at day 15 of selection. The 
whole cell extracts were made in buffer-C to obtain a total cell number of 2.0 x 104 

cells/fll. The supernatant fractions were collected and stored in 2 X laemmli buffer. A 
total of 10 J.Ll of protein samples were loaded on to a 8% SDS polyacrylamide gel. The 
nitrocellulose membranes were immunoblotted with TRF2 primary antibody and exposed 
on hyperfilm using ECL. The membranes were subsequently stripped and re-incubated 
with y-tubulin antibody as a loading control. 
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Figure 4.6. Senescence induced in BJ!hTERT cells overexpressing TRF2 mutants 
containing amino acid substitutions from arginines to lysines in the basic domain. A) 
BJ/hTERT cells were retrovirally infected with the vector pLPC alone or the vector 
containing TRF2, TRF2-RK, TRF2-RK.l-4, TRF2-RK5-8 or TRF2~8 . The cells were 
fixed at day thirteen of selection and incubated in staining solution containing X-gal at 
pH 6.0. The cells were visualized using a microscope for the senescence associated 
marker J3-galactosidase. B) Quantification of the total number of positively stained J3-
galactosidase BJ!hTERT cells among at least 1500 cells were counted. The error bars 
represent the standard deviation of the mean for thee independent experiments. 
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Figure 4.7. Telomere doublets and little telomere loss observed in BJ/hTERT metaphase 
cells expressing TRF2 mutants carrying amino acid changes from arginines to lysines in 
the basic domain. A) BJ/hTERT metaphase cells expressing the vector alone or TRF2, 
TRF2-RK, TRF2-RK1-4, TRF2-RK5-8 or TRF28

B at day nine of selection. Cells were 
arrested with colcemid for 4 hr, incubated with a G-strand specific fluorescent PNA 
telomeric probe and stained with DAPI. Arrows indicate telomere doublets. Asterisk 
indicates telomere loss. B) Quantification of metaphase telomere dysfunction in 
BJ/hTERT cells analyzed by telomeric FISH at day nine of selection. Quantification was 
performed for three independent experiments in a blinded fashion. Values in brackets 
represent the P-value determined by a two-tailed Student's t-test as compared to the 
vector control. C) Quantification of the percentage of chromatid ends with ~2 telomere 
signals. D) Percentage of chromatid ends with sister telomere loss. E) percentage of 
terminal deletions per chromosome. Error bars represent the standard deviation of the 
mean, from three independent experiments. 
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Figure 4.8. No substantial telomere loss observed on a genomic blot in BJ!hTERT cells 
expressing TRF2 mutants carrying amino acid substitutions from arginines to lysines in 
the basic domain. Telomere genomic blot of BJ!hTERT cells expressing the vector alone 
or TRF2, TRF2-RK, TRF2-RK1-4, TRF2-RK5-8, or TRF2~B after nine days of selection. 
The genomic DNA was phenol-chloroform extracted and digested with Hinft and Rsal. 
A total of 3 J..lg of DNA was loaded onto a 0. 7% agarose gel, run until the 1 kb molecular 
marker was at the bottom of the gel and dried. The gel was denatured and hybridized with 
a radioactive telomere O-strand probe. The telomere blot was exposed on a 
Phospholmager screen overnight and scanned with a Phospholmager. The relative 
telomere signal was determined by quantifying the total telomere restriction fragments in 
each lane and standardized to the intrachromosomal telomeric signal. The standard 
deviation of the relative telomere signal was obtained from one experiment performed in 
triplicate. 
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Figure 4.9. Growth arrest induced in BJ/hTERT cells overexpressing TRF2 mutants 
carrying a deletion of the Myb domain and amino acid changes from arginine to lysine in 
the basic domain. A) Proliferation assay ofBJ/hTERT cells retrovirally infected with the 
pLPC vector alone or TRF2, TRF2~M-RK, TRF2~-RK1-4, TRF2~M-RK5-8, TRF2~M or 
TRF2~8~M. The cells were seeded 20,000 in duplicate into 12-well plates after three days 
of selection and counted every two days. Error bars represent the standard deviation of 
the mean for three independent experiments. B) BJ/hTERT cells from panel A were 
harvested at day 15 of selection. The whole cell extracts were made in buffer-C to obtain 
a total cell number of 2.0 x 104 cells/J..ll. The supernatant fractions were collected and 
stored in 2 X laemmli buffer. A total of 10 J..ll of protein samples were loaded on to a 8% 
SDS polyacrylamide gel. The nitrocellulose membranes were immunoblotted with TRF2 
primary antibody and exposed on hyperfilm using ECL. The membranes were 
subsequently stripped and re-incubated with y-tubulin antibody as a loading control. 
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Figure 4.10. Senescence induced in BJ/hTERT cells overexpressing TRF2 mutants 
containing amino acid changes from arginines to lysines in the basic domain of TRF2 in 
combination with the deletion of the Myb domain. A) BJ!hTERT cells were retrovirally 
infected with the vector R.f-PC alone or the vector containing TRF2, TRF2-~M, TRF2-
RK1-4""M, TRF2-RK5-8 , TRF2t..M or TRF2Lillt..M. The cells were fixed at day thirteen of 
selection and incubated in staining solution containing X-gal at pH 6.0. The cells were 
visualized using a microscope for the senescence associated marker f3-galactosidase. B) 
Quantification of the total number of positively stained f3-galactosidase BJ/hTERT cells 
among at least 1500 cells were counted. The error bars represent the standard deviation of 
the mean for three independent experiments. 
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Figure 4.11. Telomere fusions observed at a high rate in BJ/hTERT metaphase cells 
expressing TRF2 mutants carrying a combination of the deletion of the Myb domain and 
amino acid substitutions from arginine to lysine in the basic domain. A) BJ/hTERT 
metaphase cells expressing the vector alone or TRF2, TRF2~M-RK, TRF2~M-RK1-4, 
TRF2~M -RK5-8, TRF2~M or TRF2~8~M at day ten of selection. Cells were arrested with 
colcemid for 4 hr, incubated with a G-strand specific fluorescent PNA telomeric probe 
and stained with DAPI. Arrows indicate telomere fusion events. B) Quantification of 
metaphase telomere dysfunction in BJ/hTERT cells analyzed by telomeric FISH at day 
ten of selection. Quantification was performed for three independent experiments in a 
blinded fashion. Values in brackets represent the standard deviation of the mean or the P­
value where indicated. P-value was determined by a two-tailed Student's t-test as 
compared to the vector control. C) Quantification of the number of telomere fusion 
events per metapqase cell. D) The fraction of metaphase cells with fusions. Error bars 
represent the standard deviation of the mean for three independent experiments. 
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Figure 4.12. Loss of G-strand overhang and telomere fusions observed on genomic blots 
in BJ/hTERT cells expressing TRF2 mutants containing arginine to lysine amino acid 
substitutions in the basic domain. Telomere genomic blots of BJ/hTERT cells expressing 
the vector alone or TRF2, TRF2~M-RK, TRF2~-RK1-4, TRF2~M-RK5-8, TRF2~ or 
TRF2MMM after ten days of selection. A) Native telomere blot demonstrating the loss of 
overhang signal. B) Denatured telomere blot representing larger molecular weight 
telomere fusions. The genomic DNA was phenol-chloroform extracted and digested with 
A lui and Mho!. A total of 4f!g of DNA was loaded onto a 0. 7% agarose gel, run until the 
1.3 kb molecular marker was at the bottom of the gel and dried. The native gel was 
hybridized with a radioactive telomere G-strand probe and exposed on a Phospholmager 
screen overnight. The same gel was subsequently denatured in NaOH. The denatured gel 
was hybridized with a radioactive telomere G-strand probe and exposed on a 
Phospholmager screen overnight. The oyerhang signal was determined by quantifying the 
total telomere restriction fragments in the native gel normalized to the total telomeric 
signal obtained from the denatured gel. 
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Chapter 5 - Discussion 

Characterization of TRF2 in Telomere Maintenance 

I have demonstrated that the charge in the basic domain alone is not sufficient to 

maintain the protective function ofTRF2. My results suggest that more than one arginine 

residue is essential to maintain the protective telomeric function of the basic domain of 

TRF2. Overexpression of TRF2-RK and TRF2LW-RK mutants in both HT1080 and 

BJ/hTERT cells have shown to virtually recapitulate the TRF2~8 and TRF2~MM 

decreased proliferation and senescence phenotypes respectively. My results also indicate 

the possible molecular mechanisms responsible for the decreased proliferation rate and 

senescence phenotypes observed in the TRF2 mutants. Overexpression of TRF2-RK, 

TRF2-RK.l-4 and TRF2-RK5-8 causes an increase in telomere doublets, this increase 

may be the trigger leading to cellular senescence. However, the telomere doublet 

phenotype is not observed in TRF2~8 cells (Wang et al, 2004). Overexpression of 

TRF2~M-RK, TRF2LW-RK.l-4 and TRF2~M-RK5-8 mutants may be processed by NHEJ 

resulting in detrimental telomere fusions. This fusion phenotype leads to the induction of 

cellular senescence, which is consistent with the phenotype of TRF2~8~M (van Steensel et 

al, 1998). My results also demonstrate that it is the loss of the Myb domain which acts as 

the driving force for the formation of telomere fusions. In conclusion, I have shown that 

more than one arginine residues in the basic domain of TRF2 is likely required for proper 

functioning of the human TRF2 protein in vivo. Perhaps these arginine residues in the 

basic domain are modified by methylation and regulate the protein-protein interactions of 

TRF2. 
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5.1 Arginines in the Basic Domain of TRF2 are Essential for Maintaining Telomere 

Integrity 

To study the arginine residues in the basic domain of TRF2, eight out of the nine 

arginine residues were mutated. Overexpression of TRF2 carrying eight arginine 

mutations in the basic domain and in the presence or absence of the Myb domain leads to 

detrimental phenotypes in both HT1080 and BJ/hTERT cells. These phenotypes observed 

based on proliferation assays, anaphase bridge counting, metaphase spreads, senescence 

assays and telomere blotting supports the hypothesis that the positive charge in the basic 

domain of TRF2 alone is not sufficient to maintain its function. Thus, the phenotypes 

observed in this study are due to the loss of arginine residues and not due to the loss of 

the positive charge of the basic domain. 

TRF2 mutants containing four amino acid substitutions from arginines to lysines 

in the basic domain were also examined. Although mutating four arginine residues did 

not always show as severe phenotype as mutating eight argipine residues in the basic 

domain of TRF2, these mutants still support the hypothesis that possibly all eight 

arginines or a stretch of arginine residues are necessary to maintain the protective 

function of TRF2. The TRF2 mutants were analyzed in both a tumor cell line and an 

immortalized human primary cell line to demonstrate that the phenotypes are 

reproducible and are not cell line-specific. However, the BJ/hTERT cell line proved to be 

a more sensitive functional assay system to investigate the differences between the vector 

control and the RK, RK.l-4 and RK5-8 mutants. 
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Overexpression of TRF2 mutants carrying amino acid changes from arginines to 

lysines in the basic domain and in the presence or absence of the Myb domain in HT1080 

and BJ/hTERT cells leads to decreased proliferation as compared to the vector. In both 

HT1080 and BJ/hTERT cells, TRF2-RK proliferated similarly to TRF21ill and TRF2~M_ 

RK had a proliferation rate that resembled TRF2~8~M in BJ/hTERT cells. These results 

corroborate the ability of the TRF2-RK and TRF2~M -RK mutants to recapitulate the 

TRF21ill and TRF21ill~ decreased proliferation phenotypes. Additionally although the 

proliferation rates ofTRF2-RK1-4 and TRF2-RK5-8 were not as low compared to TRF2-

RK, a significant decrease in the proliferation potential was observed as compared to the 

vector in HT1080 and BJ/hTERT cells. These results reiterate the importance of the 

arginine residues in the basic domain of TRF2. 

I further observed a senescence phenotype in both HT1080 and BJ/hTERT cells 

when the various TRF2 mutants were overexpressed. In both HT1080 and BJ/hTERT 

cells, all of the TRF2 mutants showed a similar number of senesc;ent cells. A large 

amount of senescent cells were observed in TRF2-RK and TRF2~M-RK, which was close 

to the number of senescent cells in TRF2~8 and TRF2~8~ respectively. Taken together, 

my results indicate that the arginine residues in the basic domain of TRF2 are essential to 

maintain telomere integrity. 

Furthermore, the results from my experiments may suggest that one or more 

arginines in the basic domain ofTRF2 may act as a possible methylation sites. Currently, 

it is not known whether the function of the basic domain of TRF2 is regulated by post­

translational modifications. The basic domain of TRF2 has many glycines and arginines, 
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and reflects a semi-conserved glycine and arginine rich (GAR) domain (Palm & de 

Lange, 2008). This GAR domain acts as a preferred substrate for protein arginine 

methyltransferases (PRMTs), which methylate arginine residues (McBride & Silver, 

2001 ). TRF2 may be a substrate of PRMTs and its function and its interactions with DNA 

damage sensing and DNA repair enzymes may be regulated via methylation. 

5.2 Overexpression of TRF2 Mutants Carrying Amino Acid Substitutions from 

Arginines to Lysines in the Basic Domain Results in Telomere Doublets 

It has been shown that overexpression of TRF268 leads to rapid telomere deletion 

(Wang et al, 2004). Consistent with the previous fmdings, I have shown that TRF268 

overexpression results in an increase in sister telomere loss and terminal deletions in 

BJ!hTERT metaphase cells. However, such an increase in sister telomere loss and 

terminal deletions are not observed in BJ!hTERT metaphase cells overexpressing TRF2-

RK, TRF2-RK1-4 and TRF2RK-5-8. Instead, I detect an elevation in the formation of 

telomere doublets. Altbough telomere doublets have been reported previously, it is 

unclear how telomere doublets are generated but it may involve a recombination based 

mechanism (Ariyoshi et al, 2007, Michishita et al, 2008, Pennarun et al, 2008, Philippe et 

al, 1999, Undarmaa et al, 2004, van Overbeek & de Lange, 2006). 

Telomere doublets has been observed in WS cells and Apollo knockdown cells 

(Ariyoshi et al, 2007, van Overbeek & de Lange, 2006). As mentioned earlier, WRN is 

mutated in WS and interacts with TRF2 through its basic domain (Li et al, 2008, Machwe 

et al, 2004, Opresko et al, 2002). It has been suggested that WRN is required for efficient 

replication of the G-rich telomeric DNA and helps in resolving the D-loop telomere 
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structure in vitro (Crabbe et al, 2004, Mohaghegh et al, 2001, Opresko et al, 2003, 

Opresko et al, 2004). WS cells have been observed to contain extra telomere signals also 

known as telomere doublets (Ariyoshi et al, 2007). Cells lacking WRN also have an 

increase in sister telomere loss and it is thought that this excessive telomere loss leads to 

the activation of DNA damage signalling (Chin et al, 1999, Crabbe et al, 2004, d'Adda di 

Fagagna et al, 2003, Herbig et al, 2004). Apollo is a 3' exonuclease and interacts with 

TRF2 through its homodimerization domain (Lenain et al, 2006, van Overbeek & de 

Lange, 2006). It is suggested that Apollo interacts with TRF2 to protect telomeric DNA 

during or after DNA replication (van Overbeek & de Lange, 2006). Apollo may 

additionally play a role in the resection of the 5 'C-rich strand of telomeric DNA during 

replication (Lenain et al, 2006, van Overbeek & de Lange, 2006). Knockdown of Apollo 

in cells results in an increase of telomere doublets but no other telomere aberrations (van 

Overbeek & de Lange, 2006). This phenotype is consistent with the phenotype I observed 

when TRF2 mutants containing amino acid changes from arginines to lysines in the basic 

domain were expressed in BJ/hTERT cells. Although it is not known what mechanisms 

are responsible for the formation of the telomere doublets, it would be informative to 

investigate whether TRF2 containing the amino acid changes from arginines to lysines in 

the basic domain are still able to maintain protein-protein interactions with WRN and 

Apollo. The differences in the telomere loss phenotype observed in TRF2~8 as compared 

the TRF2 mutants may be explained by the inability of TRF2~8 to maintain 

communication and interactions with other proteins. However, the TRF2 mutants only 
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containing amino acid substitutions in the basic domain may still have the ability to 

communicate and interact with other TRF2 interacting proteins. 

As well, the results from Southern blotting analysis were consistent with the data 

obtained from FISH performed on the TRF2 mutants. Analysis of the telomere blot 

indicates that there is no significant increase in telomere degradation in the TRF2-RK, 

TRF2-RK1-4 or TRF2-RK5-8 samples in BJ/hTERT cells. The telomere length in these 

TRF2 mutants closely resembles wild type TRF2 as opposed to TRF2~8, which shows 

strong evidence of telomere deletion. These data suggests that a different mechanism 

other than telomere deletion may be involved in the decreased proliferation and 

senescence phenotypes observed in the TRF2-RK, TRF2-RK1-4 and TRF2-RK5-8 

BJ/hTERT cell lines. The senescence phenotype observed when these TRF2 mutants are 

overexpressed in BJ/hTERT cells may be due to the formation of telomere doublets. 

Furthermore, these results suggest that the amino acid substitutions introduced into the 

basic domain of TRF2 are not compl~tely disrupting the protein folding of the protein. 

When the basic domain contained only the amino acid changes from arginines to lysines 

telomere doublets occurred but in the complete loss of the basic domain telomere loss 

was observed. 

5.3 Amino Acid Changes from Arginines to Lysines in the Basic Domain of TRF2 in 

Combination with the Deletion of the Myb Domain Leads to Telomere Fusions 

In HT1080 cells, expression of TRF2~M-RK, TRF2~M-RA, TRF2~M-RK1-4 and 

TRF2~M -RK5-8 all result in a high number of anaphase bridges as compared the vector, 

consistent with the previously published phenotype of TRF2~MM (van Steensel et al, 
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1998). Overexpression of TRF2-RK, TRF2-RA, TRF2-RK1-4 and TRF2-RK5-8 in 

HT1080 cells did not induce a significant amount of anaphase bridges as compared to 

vector, in agreement with the published phenotype of TRF2~8 (Wang et al, 2004). 

Lagging chromosomes were additionally scored in HT1080 cells. The number oflagging 

chromosomes remained relatively unchanged, which further suggests that the fusion 

events are due to the amino acid changes from arginines to lysines in the basic domain of 

TRF2 in combination with the deletion of the Myb domain. 

Furthermore, chromosome fusions were scored in BJ/hTERT metaphase cells 

overexpressing TRF2 mutants containing amino acid substitutions from arginines to 

lysines in the basic domain in combination with the deletion of the Myb domain. The 

metaphase FISH results indicate a significant increase in telomere fusion events in 

TRF2~M-RK, TRF2~M-RK.l-4 and TRF2~-RK5-8 mutants as compared to the vector and 

wild type TRF2. In addition, the percentage of metaphase cells containing more than one 

fusion event in the cell lines TRF2~M-RK, TRf2~M-RK.l-4 and TRF2~-RK5-8 were also 

significantly different from the vector. Although TRF2~M did contain a number of fusion 

events, the number of fusions per chromatid end and the fraction of metaphase cells with 

more than one fusion event was lower and significantly different from TRF2~-RK, 

TRF2~M-RK.l-4 and TRF2~M-RK5-8. These results suggest that the fusion events 

observed were occurring due to both the loss of the Myb domain and a compromised 

basic domain. 

Furthermore, expression of TRF2 mutants lacking the Myb domain and carrying 

arginine to lysine amino acid changes in the basic domain show evidence of the loss of 
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the 3' overhangs and the presence of high molecular weight telomere fusions on native 

and denatured telomere blots respectively. My results obtained from analysis of 

chromosomes in anaphase and metaphase as well as performing telomere blots suggest 

that the decreased proliferation rate and senescence phenotypes observed in TRF2.iM_RK, 

TRF2.iM_RKl-4 and TRF2.iM-RK5-8 cells is due to the formation of telomere fusions. 

Interestingly, when TRF2 lacking the Myb domain is expressed in cells, TRF2 cannot 

bind and protect the telomeres. This telomere deprotection results in the loss of the 3 'G­

rich overhangs, leading to the formation of fusion events. 

Additionally, although TRF2.iM was used as a control for these experiments, my 

overall results provide an analysis of the TRF2.iM deletion mutant as well. Currently there 

has only been one recent publication on the phenotype of TRF2.iM expression in vivo 

(Konishi & de Lange, 2008). Expression of TRF2.iM in BJ/hTERT cells did not 

demonstrate to have as severe detrimental phenotype as compared to the TRF2 mutants 

TRF2.iM_RK, TRF2.iM_RK1-4 and TRF2.iM_RK5-8 ugon examination of the proliferation 

assay, senescence assay, telomere blotting and analysis of anaphase and metaphase 

chromosomes. 

5.4 Perspectives 

For the future, one may investigate further into the mechanisms responsible for 

the formation of telomere doublets. Specifically, it will be informative to determine 

whether the telomere doublet phenotype is an intermediate recombination event acting 

through the same pathway as the telomere loss phenotype, as observed in TRF2.i8
. Based 

on my results, it is likely that the function of the basic domain of TRF2 is to prevent the 
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formation of telomere doublets and telomere loss by suppressing recombination events at 

telomeres. However, further investigation will be needed to investigate the DNA 

recombination and repair proteins required for the formation of telomere doublets. Also, 

as mentioned above one can examine whether the various TRF2 mutants maintain 

protein-protein interactions with WRN and Apollo. Overall, results from these 

experiments will allow researchers to gain a better understanding of the protective 

function of the basic domain of TRF2 and recombination events at telomeres. 

Furthermore, one area of future research would be to determine if one arginine 

residue is more crucial than another arginine residue in the basic domain of TRF2. Point 

mutations can be introduced into each one of the arginine residues in the basic domain to 

reveal whether one arginine residue is indispensable to the function of TRF2. In general, 

it will be very informative to link the key arginine residues in the basic domain of TRF2 

to a protein arginine methyltransferase. Ultimately, the results of my project combined 

with others will hopefully shed new light on the overall regulation of the protective 

function of TRF2. 
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