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Abstract
	Telomeres are the ends of linear chromosomes which are protected by a multi-protein complex called shelterin. The proper maintenance of telomeres involves strict control over the length of the TTAGGG telomeric repeat sequences. In part, this is achieved through the action of the shelterin complex component TRF1. TRF1 binds to duplex telomere DNA and acts as a suppressor of telomerase-dependent telomere elongation, however the exact mechanism by which it achieves this is currently unknown. Recent observations with a phospho-specific TRF1 antibody indicate that phosphorylated (pT371)TRF1 localizes at Cajal bodies. Cajal bodies are subnuclear organelles with myriad functions, one of which is to recruit the subunits of the telomerase holoenzyme for assembly and the subsequent targeting of the enzyme to telomeres for elongation. The results presented here demonstrate that this association of phosphorylated (pT371)TRF1 to Cajal bodies is highly specific, requiring its DNA binding capability, and occurring only in Cajal bodies which are not actively involved with telomere extension. While the function of this association has not been elucidated, the data are suggestive of a telomerase-related role being played by phosphorylated (pT371)TRF1 at Cajal bodies, possibly related to its function in suppressing telomere elongation.
	CSB is a multifunction protein which is implicated in transcription-coupled repair (TCR), base excision repair (BER), and control of transcription. Certain mutations and truncations of CSB are known to cause Cockayne syndrome (CS) in humans, an autosomal recessive progeria with devastating consequences. Unlike other progeria, CS patients do not display increased cancer incidence. Despite this fact, CSB is upregulated and in many cancers.  In these cells, removal of CSB leads to apoptosis and increased sensitivity to chemotherapeutic drugs which suggests a dependency on CSB. The CSB of some non-CS cancer patients has also been found to be mutated at several recurring SNPs through the CSB gene. Preliminary examination of some of these SNPs suggests that they may invoke a change in the efficiency of TCR repair of UV-induced DNA damage. The results presented here demonstrate that, for the SNPs examined, there is no significant change in the repair of UV damage as assessed by colony survival assays post UV-treatment. While this may rule out an effect on TCR by these cancer-associated SNPs, it is possible that they may have an effect on CSB’s involvement in other vital cellular processes.
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CHAPTER 1	Introduction
1.1 	Telomeres, TRF1, and Cajal Bodies
1.1.1	Telomeres and the End Replication Problem
	Telomeres are nucleoprotein structures which prevent the ends of linear chromosomes from being recognized as DNA double-strand breaks (DSBs) (Denchi & de Lange, 2007; Karlseder et al., 1999; van Steensel et al., 1998; Takai et al., 2003) and are essential for the maintenance of genomic integrity (de Lange 2002). Linear chromosome ends undergo erosion with the completion of each round of mitosis due to the limitations of conventional DNA replication machinery, which cannot completely synthesize the lagging strand – a phenomenon which has been coined the ‘end replication problem’ (Olovnikov, 1973). DNA polymerase requires an RNA primer from which to initiate downstream replication, and that primer is removed after replication (Olovnikov, 1973; Watson, 1972). On the lagging strand, the removal of the final RNA primer leaves a gap on the template strand which cannot be replicated by DNA polymerase since there is no upstream position for additional RNA primers to attach. Linear chromosomes therefore become shortened each time the cell replicates (Harley et al., 1990; Olovnikov 1973). 
The progressive shortening of the telomere is thought to act as a tumor suppressor mechanism by imposing a limit on the number of cellular replications which can occur in a given telomerase-negative cell. (Palm & de Lange, 2008). When telomeres shorten past a critical length, the cell enters into a state of replicative senescence (Blackburn et al., 1989; Greider & Blackburn, 1987; Greider & Blackburn, 1989). There is a trade-off, however; induced cellular senescence due to shortening of telomeres in human somatic cells has been implicated as a major cause of aging (Harley et al., 1990; Wright & Shay, 2002). Most cancer cells overcome this barrier to replication by reactivation of the telomerase enzyme, the expression of which is undetectable in most somatic tissues, thereby managing to permanently extend their telomeres and making them effectively immortal (Broccoli et al., 1995; Kim et al., 1994; Meyerson et al., 1997).
Telomerase is the ribonucleoprotein complex responsible for lengthening the telomere in direct counteraction to the loss of DNA during end replication, and is comprised of a template RNA and a reverse transciptase (Greider & Blackburn, 1985). In humans, the reverse transcriptase (hTERT) elongates telomeres from the template RNA (hTR) through the addition of TTAGGG repeats at the distal ends of the chromosomes (Feng et al., 1995; Meyerson et al., 1997). In humans, telomerase is normally only active in stem cells and germ line cells which must undergo many replications during a human lifetime (Broccoli et al., 1995; Kim et al., 1994).
1.1.2	Telomere Structure and the Shelterin Complex
In mammalian cells, telomeric DNA is comprised of 10-15 kb of tandem TTAGGG repeats and a G-rich 3’ single stranded overhang of 50-150 nucleotides in length (Makarov et al., 1997; McElligott & Wellinger, 1997; Wright et al., 1997). This 3’ overhang acts as a substrate for telomerase, a ribonucleoprotein enzyme which maintains the length of the telomere through the addition of TTAGGG repeats (Greider & Blackburn, 1985). The 3’ overhang is also essential in the formation of the higher order telomere structure; it is able to bend back upstream, invading the duplex telomere DNA and pairing with the complimentary C rich region to create a structure called the t-loop (Griffith et al., 1999; Stansel et al., 2001). This loop configuration is thought to be important for end-protection of the chromosome, protecting the end of the chromosome from being recognized as a site of damaged DNA (Griffith et al., 1999; Palm & de Lange, 2008). 
The formation and maintenance of the t-loop are mediated by a group of telomere associated proteins known as the shelterin complex, which in humans is composed of TRF1, TRF2, TIN2, TPP1, POT1, and Rap1 (Figure 1.1.2)(Amiard et al., 2007; Palm & de Lange, 2008; Stansel et al., 2001). Only three of these proteins directly interact with telomeric DNA; TRF1 and TRF2 bind directly to duplex telomeric repeats as homodimers and POT1 binds to the single stranded repeats of the 3’ overhang (Baumann & Cech, 2001; Bianchi et al., 1997; Bilaud et al., 1997; Broccoli et al., 1997; Loayza et al., 2004, Shen et al., 1997; van Steensel & de Lange, 1997). 
TRF1 was the first telomere protein to be discovered in mammals, initially by in vitro binding assays using a substrate of TTAGGG repeats (Chong et al., 1995; Zhong et al., 1992). TRF2 was subsequently identified by a database screen for proteins with sequence similarity to TRF1 (Bilaud et al., 1997; Broccoli et al., 1997). Both contain a TRF-specific dimerization domain, a flexible linker region, and a C-terminal Myb-like DNA binding domain (Bianchi et al., 1999; Bilaud et al., 1997; Chong et al., 1995; Broccoli et al., 1997; Fairall et al., 2001). While TRF1’s N-terminal domain is acidic, TRF2 has an N-terminal basic domain, also called the GAR domain due to its richness in (G)lycine and (AR)ginine residues (Mitchell et al., 2009; Smogorzewska et al., 2000; Smogorzewska & de Lange, 2004). While both TRF1 and TRF2 bind to telomeric DNA as homodimers through their highly similar TRFH domains, they have never been observed to heterodimerize (Broccoli et al., 1997; Fairall et al., 2001).
TIN2 is the lynchpin of the shelterin complex, binding directly to TRF1 and TRF2 and indirectly to POT1 through binding to TPP1, while Rap1 binds directly to TRF2 (Houghtaling et al., 2004; Kim et al., 1999; Kim et al., 2004; Li & de Lange, 2003; O’Connor et al., 2004; Ye et al., 2004). TIN2 was initially discovered via yeast two-hybrid analysis as a TRF1-interacting protein (Kim et al., 1999). TIN2 interacts with TRF1 directly through its C-terminal domain, whereas it interacts with both TRF2 and TPP1 through its N-terminal domain (Chen et al., 2008; Kim et al., 2004).
TPP1 was first identified by virtue of its interaction with TIN2 (Houghtaling et al., 2004). TPP1 plays an indirect role in controlling the access of telomerase to the telomere through direct recruitment of POT1 to the single stranded overhang via its POT1 interaction domain (O’Connor et al., 2006; Ye et al., 2004). TPP1 contains an N-terminal OB-fold domain which has been shown to interact with the telomerase enzyme, suggesting it plays a role in the recruitment or stimulation of telomerase activity at the telomere (Xin et al, 2007). The interaction between TIN2, the protein which recruits TPP1 to the shelterin complex, and TPP1 has been shown to be important for the subsequent recruitment of the telomerase enzyme to the telomere (Abreu et al., 2010).
POT1 itself is only connected to the rest of the shelterin complex via its interaction with TPP1 (Liu et al., 2004; Ye et al., 2004). Binding of POT1 to the single stranded overhang of the telomere is accomplished by its two N-terminal OB folds, shown both in vivo and in vitro (Baumann & Cech, 2001; Kelleher et al, 2005; Loayaza et al., 2004). The presence of POT1 on the 3’ overhang also serves to prevent it from being recognized as a site of DNA damage through the ATR pathway, and its interaction with TPP1 is required for this function (Denchi & de Lange, 2007; Hockemeyer et al., 2007). POT1 has also been shown to interact with TRF1 and it has been suggested that this interaction may aid TRF1-dependent telomere length maintenance (Loayza & de Lange, 2003)
The presence of bound TRF2 prevents telomeres from being recognized as sites of DNA damage by the ATM pathway (Denchi & de Lange, 2007; Karlseder et al., 2004). Rap1 helps TRF2 regulate telomere length and it may also play a role in NHEJ inhibition (Bae & Baumann, 2007; Li & de Lange, 2003).
[image: ]
Figure 1.1.2 The Shelterin Complex. Diagram of the orientation and relative locations of the six protein subunits of the shelterin complex, from de Lange 2005.

1.1.3 	TRF1 Structure and Function
	TRF1 contains four characterized domains: it is comprised of an N-terminal acidic domain, a central TRFH domain, a linker region, and a C-terminal Myb-like DNA binding domain (Broccoli et al., 2007; Fairall et al., 2001) (Fig 1.1.3). TRF1 binds to telomeric DNA as a homodimer which forms through interactions at the TRFH domain, an area of the protein that acts as a docking site for TRF1-interacting proteins (Bianchi et al., 1997; Chen et al., 2008). The Myb-like DNA binding domain is directly responsible for TRF1 binding at telomeres as it specifically recognizes the tandem repeats found there (Bianchi et al., 1997). The linker region is a highly flexible stretch of amino acids situated between the TRFH and Myb-like DNA binding domains (Bianchi et all., 1999; Shen et al., 1997).
	TRF1 is best known for its role as a negative regulator of telomere length via disruption of telomerase-dependent telomere lengthening (van Steensel & de Lange, 1997). In telomerase positive cells, the introduction of a dominant negative TRF1 mutation leads to the extension of telomeres, while overexpression of functional TRF1 drives a reduction in telomere length (Ancelin et al., 2002; van Steensel & de Lange, 1997). It has been suggested that TRF1 achieves this negative regulation of telomere elongation by blocking telomerase access to the telomere in cis (van Steensel & de Lange, 1997).
	TRF1 also plays a role in the proper progression of replication forks during telomeric replication (Martínez et al., 2009; Sfeir et al., 2009). Conditional knockout of TRF1 in mice results in the formation of fragile telomeres, a phenotype caused by stalled replication forks at the telomere (Sfeir et al., 2009). Knockouts of the DNA helicases RTEL1 and BLM produce the same telomere fragility seen with TRF1 knockout, suggesting that TRF1 may recruit these proteins to the telomere to ensure proper resolution during DNA replication (Sfeir et al., 2009).
	TRF1 is subject to a plethora of post-translational modifications. TRF1 can undergo poly(ADP-ribosyl)ation via tankyrase 1, a modification which reduces TRF1’s binding affinity for telomeres (Smith et al., 1998; Ye & de Lange, 2004).  When unbound from the telomere, TRF1 is ubiquitinated and subsequently degraded in a manner that is mediated by Fbx4, an Fbox protein which targets its substrates for E3 ubiquitin ligases (Lee et al., 2006). Highly rich in threonine and serine residues, TRF1 holds great potential as a target for multiple kinases. ATM phosphorylates TRF1 at S219 following the occurrence of double strand breaks (Kishi et al., 2001). In undamaged cells, ATM has been shown to phosphorylate TRF1 at S367 (Wu et al., 2007; McKerlie et al., 2012) and may also phosphorylate it at S274 (Wu et al., 2007). CK2 phosphorylation of T122 is required for the efficient binding of TRF1 to telomeres (Kim et al., 2008). PLK1 phosphorylates TRF1 at S435 leading to stronger binding to the telomere, while CDK1 phosphorylates T344 and T371 thereby priming TRF1 for PLK1 interaction (Wu et al., 2008). CDK1 phosphorylation at T371 acts on an unbound fraction of TRF1 and has been shown to remove TRF1 from telomeres during mitosis to allow for resolution of sister telomeres (McKerlie & Zhu, 2011). It has also been shown that TRF1 phosphorylated at T371 is required for efficient end-resection and repair of ionizing radiation (IR) and drug-induced DNA double-strand breaks through homologous recombination (McKerlie et al., 2013).
	Recently we have observed through immunofluorescence that a subset of TRF1 phosphorylated at T371 colocalizes with the Cajal body marker protein, coilin, in interphase HeLaII cells. This suggests a link between TRF1 and some as-yet undetermined activity taking place at the Cajal body.
[image: ]
Figure 1.1.3 Domain map of TRF1. Diagram of the relative positions of the various domains of TRF1 protein. The T371 site is indicated in red. Not to scale.

1.1.4 	Cajal Bodies and Telomerase Control
	Cajal bodies (CBs) are subnuclear domains which are found only in transcriptionally active cells – cells that are either proliferative or highly metabolically active (Ferreira et al., 1994). Cajal bodies are highly dynamic; their components exhibit a quick rate of turnover and the structures themselves are capable of movement through the nucleoplasm at velocities approaching 1µm/min (Dundr et al., 2004; Platani et al., 2000). They are cell cycle regulated, existing only during G1-G2 phase and are dismantled for the duration of mitosis (though the levels of their main protein marker, p80/coilin, are not reduced) (Andrade et al., 1993). They are involved in the processing of small nuclear ribonucleoprotein (snRNP) and small nucleolar RNP (snoRNP), and in the processing of RNA (Sleeman & Lamond, 1999). 
Cajal bodies are intimately linked to telomerase-based telomere extension. Human telomerase RNA (hTR) and human telomerase reverse transcriptase (hTERT) are both found to localize to Cajal bodies, and during S phase they then relocalize to telomeres (Tomlinson et al., 2005b; Zhu et al., 2004). Localization of hTR to Cajal bodies is dependent upon its CAB box domain, and hTR CAB mutants, while still able to form catalytically active telomerase, are not efficiently targeted to telomeres (Cristofari et al., 2007). The localization of hTERT to Cajal bodies has also been demonstrated to be necessary for hTR recruitment; in ALT cells (lacking hTERT) and cell lines depleted of hTERT, hTR does not localize to Cajal bodies (Tomlinson & Abreu et al., 2005; Zhu et al., 2004). The localization of both hTR and hTERT to telomeres is abrogated by the disruption of the Cajal body scaffold protein coilin (Stern et al., 2012; Zhong et al., 2012). The protein TCAB1, which associates with Cajal bodies as well as telomerase holoenzyme and its separate component proteins, has been shown to be required for telomerase synthesis and disruption of the protein results in a failure of hTR to localize to Cajal bodies and the subsequent abrogation of telomerase-based telomere extension (Venteichner et al., 2009). In so-called supertelomerase (ST) cells which express exogenous hTERT and hTR and show accelerated telomerase-dependent telomere lengthening, it was demonstrated that de novo Cajal bodies form around telomeres along with all major components of the telomerase holoenzyme (Zhong et al., 2012). Furthermore it was shown that the OB-fold domain of TPP1, a protein which is recruited to telomeres by TRF1 indirectly via its binding to TIN2, is both necessary and sufficient for the transfer of telomerase from Cajal bodies to telomeres, and that the OB-Fold alone (which cannot bind at telomeres) localizes to Cajal bodies and sequesters telomerase there, preventing it from moving to telomeres (Zhong et al., 2012). The telomerase-interacting region of TPP1 was further narrowed down to the so-called TEL sequence which was shown to also promote high-processivity DNA synthesis in addition to telomerase recruitment and the protein has been demonstrated to undergo a necessary phosphorylation of S111 during the S/G2/M phases when telomerase extension occurs (Nandakumar et al., 2012; Zhang et al., 2013). 
Considering that protein localization at the Cajal body is so interlinked with the regulation of telomerase-dependent telomere extension, and that TRF1 is known to also play a role in preventing such extension by currently incompletely understood mechanisms, the observation of a subpopulation of TRF1 at Cajal bodies could conceivably be related to its role in suppressing telomerase-dependent telomere extension. The aim of this thesis is to confirm the presence of phosphorylated (pT371)TRF1 at Cajal bodies, and to characterize the relationship between its localization at Cajal bodies and telomerase expression.
1.2	Cockayne Syndrome and Cancer-Associated CSB SNPs
1.2.1	Cockayne Syndrome group B protein (CSB)
	Cockayne syndrome group B protein (CSB) is a large protein, being 1493 amino acids in length and having a molecular weight of about ~168kDa. It is encoded by the ERCC6 gene which contains 21 exons (Troelstra et al., 1992; Troelstra et al., 1993). Intron 5 of the ERCC6 gene contains a conserved transposable element, PiggyBac Derived 3 (PGBD3). The presence of this transposable element leads to an alternatively spliced form, the fusion protein CSB-PGBD3, which is present at twice the level of abundance as full length CSB protein (Newman et al., 2008; Gray et al., 2012).
CSB has four characterized domains, including a central SWI-SNF2-like ATPase domain, which marks it as a member of that family of chromatin remodeling ATPases (Figure 1.2.1) (Eisen et al., 1995; Pazin & Kadonaga, 1997). The ATPase domain is flanked on each side by a nuclear localization signal (NLS) (Troelstra et al., 1992). CSB also sports an N-terminal acidic domain, downstream of which is a glycine rich region, and a nucleotide binding domain (NTB) towards the C-terminal end of the sequence (Eisen et al., 1995; Troelstra et al., 1992). CSB also has a more recently characterized C-terminal ubiquitin-binding domain (UBD) (Anindya et al., 2010).
CSB is unlike other members of the SWI/SNF2 family in that its seven conserved helicase motifs have not been observed to play a role in DNA unwinding (Newman et al., 2008). Instead, these motifs contain amino acid residues which have been implicated in the binding and hydrolysis of ATP (Lake & Fan, 2013). Indeed, studies have shown that through DNA-dependent ATPase activity, CSB is able to associate with and remodel chromatin (Citterio et al., 1998; Citterio et al., 2000; Lake et al., 2010; Selby & Sancar, 1997a). CSB also acts as a transcriptional regulator through interactions with its ATPase domain, binding to DNA as a dimer and altering DNA topology in an ATP-dependent manner (Beerens et al., 2005; Lake & Fan, 2013). It has been observed to play a role in RNA pol I- and RNA pol II-mediated transcription, and the speed of transcription in the cells of Cockayne syndrome sufferers is compromised (Balajee et al., 1997; Bradsher et al., 2002; Kyng et al., 1997; Selby & Sancar, 1997a). Rather than having a global effect on transcription, CSB exerts its regulation on a very specific set of gene families which include apoptotic pathways, inflammatory pathways, and growth suppression (Newman et al., 2006; Newman et al., 2008). Despite its truncation compared to full length CSB, the PiggyBac fusion protein is also capable of acting as a transcriptional regulator (Gray et al., 2012).
	CSB has a well characterized role in transcription coupled repair (TCR), a subpathway of nucleotide excision repair (NER) (Citterio et al., 2000; Hanawalt & Spivak, 2008; Lake & Fan, 2013). The TCR pathway activates when DNA lesions result in RNA polymerase stalling in actively transcribed regions of the genome (Bohr et al., 1985; Hanawalt & Spivak, 2008; Lake & Fan, 2013; Mellon et al., 1986). UV radiation can induce such lesions by forming cyclobutane-pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) (Sinha & Häder, 2002). Under damage conditions which induce RNA polymerase stalling, CSB-RNAPolII interaction is enhanced and promotes the recruitment of NER machinery and chromatin remodeling factors (D’Errico et al., 2013; Fousteri et al., 2006; Lainé & Egly, 2006; Tantin & Carey, 1997; van den Boom et al., 2004). The function of CSB in TCR requires CSB to have an intact ATPase domain (Brosh et al., 1999; Sunesen et al., 2000).
	CSB has been observed to play a role in another form of DNA damage repair, the base excision repair (BER) pathway (D’Errico et al., 2013; Flohr et al., 2003; Stevnsner et al., 2008; Thorslund et al., 2005; Trapp et al., 2007;  Wong et al., 2007). The BER pathway activates in response to damage caused by reactive oxygen species (ROS), including DNA lesions such as 8-oxo-2’deoxyguanosine (8-oxoG) (Cooke et al., 2003). In the early stages of the BER response, the N-terminus of CSB interacts physically with glycosylase Nei-like Protein 1 (NEIL1), and increases its DNA binding activity and its function in base excision of oxidized pyrimidines. CSB also interacts with the protein AP Endonucleas (APE1) and enhances its DNA backbone incision activity at the site where NEIL1 excises the offending oxidized base (Muftuoglu et al., 2009; Selby & Sancar, 1997b; Wong et al., 2007). After APE1 incising BER can proceed through either a short or long patch repair path. The ATPase domain has been demonstrated to be dispensable for its role in BER, meaning that CSB functions separately in two different repair pathways through the action of two disparate domains (Allinson et al., 2003).
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Figure 1.2.1 Domain map of CSB. Diagram of the relative positions of the various domains of CSB protein. Not to scale. Image from Batenburg et al., 2012.


1.2.2 Cockayne Syndrome and CSB Mutations
Cockayne syndrome (CS) is a rare and devastating autosomal recessive disease in humans, linked to mutation of either CSB or the related CSA gene ERCC8 (Nance & Berry, 1992; Özdirim et al., 1996; Troelstra et al., 1992). At the time of writing there have been no reported cases of CS patients having mutations in both ERCC6 and ERCC8 (Laugel et al., 2010). CS manifests as a segmental progeria which is characterized by slowed mental and physical development, neurological dysfunctions, cataracts, loss of subcutaneous fat, hearing loss, skeletal abnormalities, increased sensitivity to ultraviolet radiation and UV-induced DNA damage, and early mortality with a mean age of death of 12 years (Nance & Berry, 1992; Özdirim et al., 1996).
Most cases of CS are due to the introduction of a premature stop codon in ERCC6 in either the C-terminal or ATPase domain, but some CS patients have been found to instead harbor multiple missense mutations peppered through the gene. CS cases are classified as CSI-CSIII based on severity and time of onset. CS type I is characterized by normal fetal development followed by symptom onset and subsequent degeneration of patient health until death. CS type II has much earlier onset and sufferers tend to die by about age 7. Finally, CS type III describes a later onset and milder form of CS which is comparatively rare (Laugel et al., 2010). Certain positions of nonsense and frameshift mutations which have been found in some CS patients may allow for the expression of truncated CSB proteins, while some other patients have nonsense mutations in the N-terminal region and are incapable of expressing the fusion protein but may be able to express a truncated N-terminus (Anczuków et al., 2008; Laugel et al., 2008; Troelstra et al., 1992). It is possible that the range of mutations and truncations on one or both alleles may play a role in the variability of the severity and onset times of CS, however there have been no such conclusive or consistent links discovered at the time of writing.
1.2.3 CSB Upregulation in Cancer Cells
CSB and its alternative splicing variant CSB-PGBD3 fusion protein have been observed at levels 3 to 5 times above normal in a number of cancer cell lines, including bladder, breast, cervix, kidney, lung, ovary, and prostate cancer lines (Caputo et al., 2013). Caputo et al. show that depletion of CSB in cancer cells which overexpress it results in massive apoptotic induction, significant reduction in proliferation, and sensitizes the cells to a variety of common chemotherapeutic drugs including oxaliplatin, 5-fluorouracil, and mytomicin-C. Depletion of CSB in non-cancer cells and in cancer cells which did not have overexpressed CSB failed to induce such changes, suggesting that while some cancer cell lines may come to rely on increased levels of CSB (or may require overexpression to achieve immortality in the first place), it is not necessary for all cancers. 
	CSB is known to physically interact with the tumor suppressor protein p53. Studies in mice indicate that CSB may be a suppressor of p53 and thus expression of CSB may be beneficial for cancer/pre-cancer cells, however the exact nature of the CSB-p53 interaction in the context of cancer remains in the realm of speculation (Lu et al., 2001). Frontini & Proietti-De-Santis (2012) argue that in the absence of CSB, cells with damaged DNA would be shunted into the apoptotic pathway rather than remaining alive while an attempt is made to repair the genetic damage, allowing for further chances to gain mutations or simply survive with the ones it has.
Recently it was also demonstrated that CSB physically interacts with TRF2 and is required for the proper maintenance of telomere length and stability, and that CS patient cells are defective in telomerase-dependent telomere elongation in a manner which can be rescued by the introduction of wildtype CSB (Batenburg et al., 2012). Whether this interaction is related to the positive influence CSB has on cancer cells has not yet been fully explored, however failure to properly maintain telomeres is associated with cancer and the ability to lengthen telomeres via telomerase is a requirement for most types of cancer, suggesting CSB expression is important for tumorigenesis.
1.2.4 Cancer-Associated CSB SNPs
One particularly interesting characteristic of Cockayne syndrome patients which has been noted is that although other DNA repair disorders and progeria tend to cause an increase in cancer incidence in their hosts, CS patients remain inexplicably free of such complications (Nance et al., 1992). In spite of this, several recurring single nucleotide polymorphisms (SNPs) have been cataloged in the ERCC6 genes of non-Cockayne syndrome cancer patients across a variety of different tumor types. These SNPs were located through several genetic screens of tumor cells taken from cancer patients and include, among many, K416>N and R557>G (associated with ovarian cancer), R1038>T and E1119>L (associated with breast cancer), and D1028>N and R1318S (associated with lung cancer) (Figure 1.2.4) (Negrini et al., 2010; Wood et al., 2007). Considering that CSB upregulation has been shown to correlate with increased cancer incidence, it is interesting that single SNPs (including many which are not in any known active domain of CSB or are even located in introns) might confer some benefit to tumor cells. Initial observations from our lab suggest that these six SNPs may have an effect on survival after treatment with UV. While most of these SNPs are not located within a known domain of CSB, R557>G is a particularly good candidate for UV sensitivity due to its location within the ATPase domain, and R1038>T is located at the beginning of the second NLS and could conceivably be involved in localizing CSB to sites of damage. A second goal of this thesis, therefore, is to examine whether these cancer-associated SNPs of CSB alter the protein’s effectiveness as a component of transcription-coupled repair of DNA damage as a possible explanation for the prevalence of these recurring SNPs.
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Figure 1.2.4 Mutation map of CSB. Diagram of the positions of mutants of interest relative to one another and to the domains of CSB. Red: Ovarian cancer-associated SNPs. Orange: lung cancer-associated SNPs. Blue: breast cancer-associated SNPs. Not to scale. Image modified from Batenburg et al., 2012.


 CHAPTER 2	Materials and Methods
2.1 	Cell Culture
2.1.1 	Cell Lines
	All cell lines were incubated in DMEM with 10% FBS supplemented with 1% non-essential amino acids, L-glutamine, streptomycin (0.1 mg/ml) and penicillin (100 µg/ml) at 37⁰C in 100% humidity and 5% CO2. Cell lines stably expressing pLPC and pRS based constructs were grown in puromycin (2 µg/ml), and cells stably expressing pWZL constructs were grown in hygromycin (45 µg/ml). Cells expressing both a pRS construct and a pWZL construct were alternated between puromycin and hygromycin at two week intervals during long term growth.
2.1.2 	Retroviral Transfection-Infection
	Phoenix-A retroviral packing cells were transfected with either vector constructs or constructs containing genes of interest. Transfections were performed using the Lipofectamine 2000 kit (Invitrogen) according to manufacturer instructions. In short, 7.5 x 105 Phoenix cells were seeded onto 6 cm plates 24 hrs prior to transfection. 8 µg of ethanol-precipitated DNA were used per plate of Phoenix cells during transfection. The plasmid DNA was mixed with 20 µl of Lipofectamine 2000 in 0.5-1 ml of OptiMEM and allowed to incubate for 5 minutes before being carefully added dropwise to the target Phoenix cells. The Phoenix cell media was changed 12 hrs post-transfection with 4 ml fresh media. Virus-containing media (4 mL) was collected from Phoenix plates at 24, 36, 48, 60, and 72 hrs post-transfection. The virus-containing media was filtered with a 0.45 µm filter and mixed with 4 µg polybrene and 400 µl FBS. Recipient HeLaII cells were seeded onto 10 cm plates to a density of 5.0 x 105 cells 24 hrs prior to the first infection. An infection was carried out for each time point where virus was collected. Media was changed on the recipient cells to 9 ml of fresh virus-free media 12 hrs after the final infection. After an additional 12 hrs the recipient cells were switched into selection media containing the appropriate antibiotic and allowed to select for 3 days before use in any experiments.
2.1.3	UV Colony Survival Assays
	Cells were trypsinized and counted, then transferred to 6 well plates at an initial concentration of 300 cells per well in a volume of 2mL of media and allowed to attach for 4 hours. Treatment with UV was performed by first aspirating all media from the wells, then replacing it with 0.5mL 1X PBS and placing the plates in a UV chamber for the exposures, after which the PBS was removed and the media was quickly replenished and the cells immediately returned to the incubator. 10 days post-treatment with UV, the media was aspirated and the cells were fixed and stained by soaking in a solution of methanol/dye twice for 5 minute periods. Colonies were counted via microscopy; a colony was considered to have survived the UV treatment if it comprised of 16 or more cells (indicative of at least 4 rounds of successful cell division post-treatment).
2.2 	Protein Analysis
2.2.1 	Buffer C Extracted Cellular Lysate
	Cells were trypsinized and counted. Cells were then pelleted via centrifugation at [1000 RPM] for 5 minutes at 4⁰C. Pellets were washed twice with 1 X PBS [pH 7.5] and spun down at [3000 RPM] for 2 minutes at 4⁰C. Pellets were then resuspended in enough Buffer C (20 mM Hepes-KOH [pH 7.9], 0.42 M KCl, 5 mM MgCl2, 25% glycerol v/v, 0.2% NP40, 1 mM DTT, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 1 µg/ml aprotinin, 0.5 mM PMSF, 1 mM NaVO4, 20 mM Na-β-glcyerophosphate, and 10 mM NaF) to bring them to a concentration of 20,000 cells/µl. The samples were then incubated on ice for 30 minutes before being spun down again at [13,000 RPM] for 10 minutes at 4⁰C. The supernatant was then transferred to fresh tubes and an equal volume of 2 X Laemmli buffer (100 mM Tris-HCl [ph 6.8], 20% glycerol v/v, 2% SDS, 0.02% bromophenol blue, and 0.04% beta-mercaptoethanol) was added, bringing the final concentration to 10,000 cells/µl. Protein lysates were stored at -20⁰C.
2.2.2 	Whole Cell Extract
	For whole cell extract, cells were harvested and washed as for Buffer C extraction (2.2.1) however rather than Buffer C, the pellets were resuspended directly into a volume of 2 X Laemmli buffer sufficient to bring the concentration of cells to 10,000 cells/µl. Lysates were then subjected to sonication and stored at -20⁰C.
2.2.3 	Western Blotting
	Protein lysates were loaded onto 8% SDS-PAGE gels after being heated for 5 minutes at 90⁰C. The gels were suspended in PAGE buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) for 1.5 hrs at 100 V. Protein was then transferred from the gels to nitrocellulose membranes for 1hr at 90 V in transfer buffer (25 mM Tris, 125 mM glycine, 0.02% SDS, 20% methanol). The membranes were incubated in blocking buffer (10% non-fat milk w/v, 0.5% Tween-20 in 1 X PBS) for 30 minutes at room temperature. The membranes were incubated with primary antibody in wash buffer (0.1% non-fat milk, 0.1% Tween-20 in 1 X PBS) for 2 hr at room temperature or overnight at 4⁰C. Membranes were then washed 4 times with wash buffer for 5 minutes. Each membrane was then incubated with secondary antibody (anti-mouse or anti-rabbit) at a concentration of 1:20,000 for 1 hr at room temperature. The membranes were then treated with ECL reagent (GE) and exposed. Membranes were then stripped in 2 M glycine [pH 2.2] for 30 minutes followed by 4 washes in 1 X PBS for 5 minutes in preparation for alternate primary antibody incubations for loading controls.
2.3 	Analysis of Genomic DNA
2.3.1 	Isolation of Genomic DNA
	HeLaII cells expressing constructs of interest were harvested by trypsinization and washed as for Buffer C extraction (2.2.1). After washing in PBS the cells were left pelleted and stored at -80⁰C. To begin isolation of the DNA, the pellets were each thawed and immediately resuspended in 1ml of TNE (10 mM Tris-HCL [pH 7.4], 10 mM EDTA, and 100 mM NaCl). The samples were transferred to 15 ml phase-lock tubes with 1ml of freshly made TENS buffer (1X TNE, 1% SDS, and 100ug/ml proteinase K). The phase-lock tubes were inverted to gently mix the samples and then incubated overnight at 37⁰C. Next, 2 ml of phenol chloroform was added to each phase-lock tube and the contents were fully mixed by inversion before being centrifuged (10 minutes, 4⁰C, [3000 RPM]). The liquid aqueous layer of each tube was transferred to a fresh phase-lock tube with an additional 2 ml of phenol chloroform. The tubes were mixed by inversion until the contents completely emulsified, then were centrifuged again as before (10 minutes, 4⁰C, [3000 RPM]). Afterwards, the liquid layer was transferred to a 15ml falcon tube containing 2ml isopropanol and 220 µl of 2 M NaAc [pH 5.5]. The tubes were inverted gently to facilitate precipitation of the DNA. DNA precipitate was transferred to an eppendorf tube containing 300 µl of TNE and 100 µg/ml RNAse A. The DNA was subjected to a 30 minute incubation at 37⁰C, then was gently re-mixed by pipetting and allowed a further 2hr incubation at 37⁰C. After the 2 hr incubation, 300 µl of TENS buffer with 100 µg/ml proteinase K was mixed into the DNA, followed by a further 1hr incubation at 37⁰C. The DNA was then mixed with 600 µl of phenol chloroform and inverted to mix. Once emulsified, the DNA was centrifuged for 10 minutes at 4⁰C and [13,000 RPM]. The aqueous phase was then transferred to a fresh eppenodorf tube containing 600 µl isopropanol and 66 µl of 2 M NaAc [pH 5.5] to facilitate DNA precipitation. DNA was then removed manually and resuspended in a fresh eppendorf in 50-150 µl of T10E0.1 (10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA) buffer depending on size. The DNA was then incubated at 37⁰C until fully dissolved and stored at -20⁰C.
2.3.2 	Digestion of Genomic DNA for Southern Blots
	For each sample, 30 µl of genomic DNA were mixed with 2.5 µl HinfI and 2.5 µl RsaI, 10 µl of 10 X NEB Buffer 2, 0.02 µl RNAse A (10 mg/ml), and brought to a volume of 100 µl with ddH2O. DNA samples were digested overnight at 37⁰C and concentrations were determined through fluorimetry using Hoescht dye with calf thymus DNA as a standard.
2.3.3 	Southern Blotting
	For each sample, 5 µl of digested genomic DNA was mixed with 25 µl ddH2O to produce 30 µl samples for gel loading. DNA was loaded onto a 0.7% agarose gel immersed in 0.5 X TBE buffer and the gel was run at 45 V until the 1 kb marker had run off of the end of the gel. The gels were then dried using an automatic gel dryer (BIORAD #583) at 50⁰C for 2 hrs. The gels were then incubated in denaturing solution (1.5 M NaCl and 0.5 M NaOH) for 30 minutes while shaking. Next the gels were neutralized using neutralizing solution (3 M NaCl and 0.5 M Tris-HCl [pH 7.0]) twice in succession for 15 minutes while shaking each time, then rinsed with ddH2O. The gels were then prehybridized for 1hr at 55⁰C in 20 ml of Church mix (0.5 M NaPi [pH 7.2], 1 mM EDTA [pH 8.0], 7% SDS, and 1% BSA) while shaking. Gels were subsequently hybridized using a radioactively labeled γ-32P telomere probe, TelC, in 20 ml of Church mix before being incubated overnight at 55⁰C with shaking. The following morning, the gels were subjected to three 20 minute washes in 4 X SSC (0.6 M NaCl and 60 mM sodium citrate) at room temperature while shaking. The gels were then washed twice for 30 minutes each with 4 X SSC with 0.1% SDS at 55⁰C while shaking. Finally, gels were sealed into plastic bags and used to expose PhosphoImage screens (Amersham Biosceinces) before being scanned mechanically on a Storm 820 PhosphoImager (Amersham Biosciences). Average telomere lengths were quantified and analyzed using ImageQuant software, version 5.2.
2.4 	Fluroescent Microscopic Analysis
2.4.1 	Growth of Cells on Cover Slips
	HeLaII cells with or without transgenic constructs were seeded onto cover slips in 6cm plates at 500,000 cells per plate 24 hrs prior to fixing. The following day, media was aspirated from the plates followed by two gentle 5 minute washes with 1 X PBS. The cover slips were then immersed in 2 ml of a fixing solution of 3% paraformaldehyde and 300 mM sucrose in 1 X PBS for 10 minutes, followed by an additional two 5 minute washes with 1 X PBS. The cover slips were permeablized in 3 ml of Triton X-100 buffer for an additional 10 minutes, followed by two more 5 minute washes in 1 X PBS. Cover slips were then submerged in 1 X PBS with 0.02% sodium azide and stored at 4⁰C.

2.4.2 	Indirect Fluorescent Immunostaining
	Cover slips were first blocked for 30 minutes in 1 X PBG blocking solution (0.2% cold water fish gelatin, 0.5% BSA in 1 X PBS) at room temperature. The PBG was then aspirated and the cover slips were incubated for 2 hours in primary antibody suspended in 1 X PBG at the appropriate concentration. Three 5 minute washes in 1 X PBG followed. Cover slips were then incubated in secondary antibody (either TRIT-C or FITC at 1:500) in 1 X PBG for 45 minutes in darkness, and the cover slips were kept in darkness from this stage forward. Following secondary incubation the cover slips were washed again three times for 5 minutes each in 1 X PBG. The third PBG was contained DAPI at a final concentration of 100 ng/ml. Cover slips were then subjected to two final washes in 1 X PBS before being embedded and sealed to microscope slides in a drop of embedding media (20 mg p-phenylene diamine, 18 ml glycerol, 2 ml 10 X PBS).
2.4.3 	IF-FISH
	HeLaII cells were grown to subconfluence (~90%) on cover slips in 6cm plates. Media was aspirated followed by two gentle 5 minute washes with 1 X PBS. Cells were fixed in 2% paraformaldehyde for 10 minutes at room temperature followed by two more 5 minute washes in 1 X PBS. Cover slips were then incubated in IF-FISH blocking solution (1 mg/ml BSA, 3% goat serum, 0.1% Triton X-100, 1 mM EDTA [ph 8.0] in 1 X PBS) for 30 minutes at room temperature. Following blocking, cover slips were incubated for 1 hour with the primary antibody phosphorylated (pT371)TRF1 (5505) at 1:250 in IF-FISH blocking solution. Cover slips were washed three times for 5 minutes in 1 X PBS. In darkness, the cover slips were then incubated in secondary antibody (rhodamine rabbit 1:500) in blocking solution for 30 minutes. Cover slips were again washed three times for 5 minutes in 1 X PBS. Cells were then re-fixed on the cover slips for 5 minutes in 2% paraformaldehyde, and again washed twice for 5 minutes in 1 X PBS. The cells were then dehydrated using successively higher concentrations of ethanol for 5 minutes each: 70%, 95%, and finally 100% ethanol. The ethanol was then aspirated and the cover slips allowed to air-dry for several minutes. A drop of hybridizing solution (70% formamide, 0.5% blocking reagent [100 mM maliec acid, 150 mM NaCl, pH 7.5], 10 mM Tris-HCl [pH 7.2], FITC-TelC at 1:500) was added to the cover slips. Cells were then denatured in the hybridizing solution for 5-10 minutes on a heat block at 70⁰C. The cover slips were then incubated in the hybridizing solution for 2 hours at room temperature or overnight at 4⁰C. Following the incubation the cover slips were washed two times for 15 minutes each in washing solution (70% formamide, 10 mM Tris-HCl [pH 7.2]), then washed three times for 5 minutes in 1 X PBS with DAPI added to the second wash at 100 ng/ml. Cover slips were then air-dried for 10 minutes, and finally embedded and sealed on slides as in section 2.4.2.


CHAPTER 3	Results & Discussion: Characterization of the Immunofluorescence Staining Pattern of the Phosphorylated (pT371)TRF1 Antibody
3.1	The Phosphorylated (pT371)TRF1 Antibody Forms Cajal Body Colocalizing Foci Only in Telomerase Positive Cells
Immunofluorescence with the phosphorylated (pT371)TRF1 antibody produces three distinct types of staining in HeLaII cells (Figure 3.1 A). The pan-nuclear type is a diffuse staining which is localized within the nucleus and is present in all cell types examined. Pan-nuclear staining becomes much more intense during mitosis as TRF1 T371 phosphorylation increases. The phosphorylated (pT371)TRF1 antibody also produces a telomere-type staining, a set of numerous small punctate foci scattered throughout the nucleus which colocalize with telomeres. The third type of staining is defined by small circular foci which are noticeably larger and more intense than telomere-type foci. These foci are seen to localize at Cajal bodies through co-staining of phosphorylated (pT371)TRF1 with the Cajal body marker, coilin, and are present in 15-25% of interphase cells (Figure 3.1 B). The cell in the top left of the image in which the large Cajal-type anti-pT371 foci overlap with the anti-coilin foci is a good example of a cell which would be scored positive for such colocalizations; the cell in the bottom of the field serves as an example of a cell which would be scored as negative. These Cajal body colocalizing foci are of particular interest because they suggest the presence of TRF1 at Cajal bodies in some cells. This type of localization has not previously been described in the literature and may point to an as yet unknown function of TRF1. 
Previous work in the Zhu lab suggests that the colocalization of phosphorylated (pT371)TRF1 with coilin is cell cycle dependent with the greatest level of colocalization occurring during S phase of the cell cycle (McKerlie & Zhu, unpublished). This phase coincides with the part of the cell cycle during which telomerase is activated and targeted to the ends of chromosomes for telomere elongation (Zhu et al., 1996). TRF1 has been shown to regulate telomerase-dependent telomere elongation by preventing telomerase from accessing the telomere (van Steensel & de Lange, 1997). To determine if there might be a link between phosphorylated (pT371)TRF1 localization to Cajal bodies and  telomerase activity, colocalization of these factors was examined in telomerase positive HeLaII cells, and three ALT cell lines: GM847, U2OS, and WI38VA13. ALT cell lines are characterized by a lack of active telomerase (Bryan et al., 1997). In ALT lines such as GM847 which still express the hTR subunit of telomerase, hTR fails to be targeted to Cajal bodies (Zhu et al., 2004). Immunofluorescence in all three ALT cell lines with phosphorylated (pT371)TRF1 and coilin antibodies shows that pT371 completely fails to localize to Cajal bodies, while in HeLaII this colocalization occurs in 20% of cells (Fig 3.1 C & D). These results suggest that the localization of pT371 to Cajal bodies may indeed be linked to the active status of telomerase within the cell.
3.2 Phosphorylated (pT371)TRF1-Containing Cajal Bodies Do Not Localize to Telomeres
In order to further examine a potential link between phosphorylated (pT371)TRF1 Cajal body colocalizing foci and telomerase regulation, IF-FISH was performed using pT371 antibody and a telomere probe. The distinctive Cajal body colocalizing type foci were clearly visible and did not themselves colocalize with telomeres (Fig 3.2). These results suggest that phosphorylated (pT371)TRF1-containing Cajal bodies are not associated with telomeric DNA.

Figure 3.1.  The phosphorylated (pT371)TRF1 antibody produces three distinct staining patterns in untreated interphase human cells, including one variety which colocalizes with Cajal bodies but only in cells with active telomerase. 
A) HeLaII cells were fixed on cover slips and stained with DAPI (blue) and the anti-pT371 antibody (green). Scale bar equals 100 pixels at 100x magnification.
B) HeLaII cells stained with anti-pT371 and anti-coilin antibodies. DAPI (blue), anti-pT371 (green), anti-coilin (red). Scale bar equals 100 pixels at 100x magnification.
C) Cajal-type staining was observed through immunofluorescence via anti-pT371/anti-coilin double staining in four human immortalized cell lines: HeLaII (a telomerase positive line), and U2OS, GM847, and WI38VA13 (telomerase negative ALT lines). DAPI is blue, anti-pT371 is green, and anti-coilin is red. Scale bar equals 100 pixels at 100x magnification.
D) The percentage of cells (from C) which had at least one anti-pT371 Cajal-type focus was determined by counting via immunofluorescence. For this graph and all following graphs showing the results of scoring immunofluorescence experiments, greater than 1500 cells were scored across three independent experiments.
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Figure 3.2.  HeLaII cells visualized through IF-FISH using the phosphorylated (pT371)TRF1  antibody and TelC telomere probe demonstrate the phosphorylated (pT371)TRF1-containing Cajal Bodies do not localize to telomeres. Cajal-type anti-pT371 foci are in red, telomere signals are in green, and DAPI is blue. Scale bar equals 100 pixels at 100x magnification.
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CHAPTER 4	RESULTS AND DISCUSSION: Characterization of the Effect of TRF1 Mutations on the Formation of Cajal Body Colocalizing Phosphorylated (pT371)TRF1 Signal
4.1 Knockdown of TRF1 Causes a Reduction in Phosphorylated (pT371)TRF1-Cajal Body Colocalization
In order to verify that the phosphorylated (pT371)TRF1 Cajal body colocalizing foci are indeed TRF1 foci, immunofluorescence was performed using HeLaII cells stably expressing an shRNA construct against TRF1 (HeLaII shTRF1). The shTRF1 construct was able to reduce the number of cells which had pT371 Cajal body colocalizing foci by about 50% - similar to the level of protein knockdown observed by Western blot analysis (Fig 4.1 A). Subsequent rescue of the knockdown in these cells using an RNAi-resistant TRF1 showed that the introduction of the exogenous protein competently rescues the loss of foci (Fig 4.1 B). These results suggest that the phosphorylated (pT371)TRF1 foci which colocalize with coilin are in fact representative of a fraction of TRF1. 

4.2 TRF1 Is Responsible for the Appearance of Phosphorylated (pT371)TRF1 Foci at Cajal Bodies Detected by pT371 Antibody Staining
The phosphorylated (pT371)TRF1 antibody specifically recognizes TRF1 phosphorylated at T371. In order to examine the role of T371 phosphorylation on the formation of pT371 Cajal body colocalizing foci, a number of exogenous mutant Myc-tagged TRF1 constructs were stably expressed via transfection in HeLaII shTRF1 cells to examine their ability to rescue the loss of pT371 Cajal body localizing foci. TRF1 mutated at threonine 371 (T371) to either a non-phosphorylatable alanine (T371A) or a phosphomimic aspartic acid (T371D) residue was unable to rescue the occurrence of phosphorylated (pT371)TRF1 Cajal body localizing foci back to wildtype levels (Fig 4.2 A). This result is expected since the pT371 antibody is highly specific to TRF1 which is phosphorylated at T371 and should be incapable of recognizing TRF1 which has been mutated at that site. These results suggest that phosphorylated (pT371)TRF1-containing Cajal body foci indeed represent a fraction of TRF1 as they are sensitive to TRF1 knockdown and rescue with the wildtype protein. 
To further test the dependence of phosphorylated (pT371)TRF1-containing Cajal body foci on the TRF1 protein, TRF1 as well as TRF1 T371A and T371D were stably ovexpressed in otherwise untreated HeLaII cells and examined by immunofluorescence with the pT371 antibody (Fig 4.2 B). Ovexpression of the wildtype TRF1 protein resulted in an increase in the percentage of cells in which pT371 signal colocalized with Cajal body foci, indicating a relationship between this colocalization and TRF1 level within the cells. TRF1 T371A and T371D failed to induce a change in the prevalence of these colocalizations, an expected result since the highly specific phosphorylated (pT371)TRF1 antibody fails to recognize TRF1 when mutated at T371. 

4.3 Expression of TRF1 Mutated at Other Non-T371 CDK Phosphorylation Sites Fully Rescues TRF1 Knockdown-Induced Loss of Phosphorylated (pT371)TRF1 at Cajal Bodies.
TRF1 T371 is phosphorylated by CDK in vivo (McKerlie & Zhu 2011). TRF1 contains several additional CDK sites including S11 and T344 and therefore the role of these other CDK phosphorylation sites in (pT371)TRF1 was also investigated. Immunofluorescence of HeLaII cells knocked down for TRF1 and subsequently complemented with TRF1 mutated at S11 or T344 to non-phosphorylatable alanine or phosphomimic aspartic acid residues was performed. All four mutations were capable of rescuing colocalization comparable to wildtype TRF1 (Fig 4.3). These results further support the notion that TRF1 localization to Cajal bodies is dependent upon T371.

4.4 Deletion of the Myb-like Domain or Mutation of R425 of TRF1 Is Sufficient to Prevent Phosphorylated (pT371)TRF1 Association with Cajal Bodies.
TRF1 is known primarily for its ability to bind to telomeric DNA and the roles it plays at telomeres, but the Cajal body associates with telomeres only transiently. The effect of TRF1’s ability to bind to telomeres was therefore analyzed with regard to the formation of phosphorylated (pT371)TRF1 Cajal body colocalizing foci. TRF1 mutated at arginine 425 to valine (R425V) is known to be incapable of telomere binding (Fairall et al., 2001, McKerlie & Zhu, 2011). HeLaII cell lines were created which stably expressed Myc-tagged RNAi-resistant TRF1 R425V in the TRF1 knockdown background. Immunofluorescence revealed that the mutant was unable to rescue the loss of phosphorylated (pT371)TRF1 Cajal body localizing foci resulting from the TRF1 knockdown, suggesting that TRF1’s ability to bind to telomere DNA may be crucial in its targeting to Cajal bodies (Fig 4.4 A).
In order to determine whether the inability of R425V TRF1 to associate with Cajal bodies is due to the nature of this mutation in preventing TRF1 binding to telomeres, a Myc-tagged truncated form of TRF1 lacking the C-terminal Myb-like telomere binding domain (TRF1ΔMyb) was expressed in HeLaII cells within the shTRF1 background. Similar to the R425V mutation, TRF1ΔMyb was also unable to undo the decrease in phosphorylated (pT371)TRF1-Cajal body colocalizing foci caused by TRF1 knockdown (Fig 4.4 B). This suggests that an intact Myb-like domain is somehow required in order for TRF1 to be recruited to Cajal bodies. 


Figure 4.1.  Phosphorylated (pT371)TRF1 Cajal-type foci are reduced in prevalence in cells expressing shRNA against TRF1, an effect which can be rescued by the introduction of RNAi-insensitive TRF1. 
A) HeLaII cells stably expressing shRNA against TRF1 (shTRF1 construct) were observed through immunofluorescence with the anti-pT371 antibody. DAPI is blue, anti-pT371 is green. Scale bar equals 100 pixels at 100x magnification.
B) Graph showing quantification of the percentage of cells with 1 or more anti-pT371 Cajal-type foci for each cell type. For this graph and all following graphs, the error bars represent standard deviations and the p-values were determined using Student’s two-tailed t-test.
C) Western blot showing expression levels of endogenous and exogenous TRF1. Primary antibodies: anti-TRF1 and anti-γ-tubulin.
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Figure 4.2.  Mutations to two TRF1 sites at positions 371 and 425 abolish its ability to rescue the loss of pT371 Cajal-type foci caused by TRF1 knockdown. HeLaII cells stably expressing an shTRF1 construct plus indicated exogenous TRF1 mutants. 
A) Exogenous RNAi-insensitive TRF1 mutated at T371 to either an alanine or aspartic acid residue (T371A and T371D) was expressed in TRF1 knockdown HeLaII cells. A-a shows images taken from immunofluorescent analysis of these cells; anti-pT371 is green, DAPI is blue. Scale bar equals 100 pixels at 100x magnification. A-b shows a Western blot of protein lysates obtained from these cells. TRF1 blotting shows exogenous protein expression levels and endogenous protein levels. The γ-tubulin blot was used as a loading control. A-c shows quantification of the percentage of cells with 1 or more anti-pT371 Cajal-type foci for each cell type.
B) Exogenous TRF1 and TRF1 mutated to either T371A or T371D were expressed in HeLaII cells. B-a shows images taken from immunofluorescent analysis. Anti-coilin is red, anti-pT371 is green, and DAPI is blue. Scale bar equals 100 pixels at 100x magnification. B-b shows a Western blot of Myc for protein expression. B-c is a graph showing quantification of the percentage of cells with 1 or more anti-pT371 Cajal-type foci for each cell type.
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Figure 4.3.  TRF1 mutated at S11 and T344 to alanine or aspartic acid residues (S11A/S11D and T344A/T344D) were able to rescue the loss of phosphorylated (pT371)TRF1 Cajal-type foci caused by knockdown of endogenous TRF1 similarly to exogenous wildtype TRF1. 
A) Images taken from immunofluorescent analysis of these cells; anti-pT371 is green, DAPI is blue. Scale bar equals 100 pixels at 100x magnification.
B) Graph showing quantification of the percentage of cells with 1 or more anti-pT371 Cajal-type foci for each cell type.
C) Western blot analysis. The top portion shows a Myc blot for comparative expression levels with γ-tubulin loading control below.
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Figure 4.4.  Deletion of the TRF1 Myb-like domain or mutation of the R425 site abolishes TRF1’s ability to rescue loss of phosphorylated (pT371)TRF1-containing Cajal body foci resulting from TRF1 knockdown. 
A) TRF1 mutated at R425 to R425V was exogenously expressed in TRF1 knockdown cells and examined by immunofluorescence. A-a Images taken from immunofluorescent analysis of these cells; anti-pT371 is green, DAPI is blue. Scale bar equals 100 pixels at 100x magnification. A-b Graph showing quantification of the percentage of cells with 1 or more anti-pT371 Cajal-type foci for each cell type.
B) Myc-tagged domain deletion mutant of TRF1 (TRF1ΔMyb lacking the C-terminal Myb domain) was exogenously expressed in TRF1 knockdown HeLaII. B-a Images taken from immunofluorescent analysis of these cells; anti-pT371 is green, DAPI is blue. Scale bar equals 100 pixels at 100x magnification. B-b Graph showing quantification of the percentage of cells with 1 or more anti-pT371 Cajal-type foci for each cell type. B-c Western blot analysis showing expression levels. The top portion shows a Myc blot for comparative expression levels with γ-tubulin loading control below.
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CHAPTER 5	RESULTS AND DISCUSSION: Characterization of the Effect of Telomerase Overexpression on Phosphorylated (pT371)TRF1-Cajal Body Colocalization
5.1	de novo Cajal Bodies Formed by Simultaneous Overexpression of hTERT and hTR Do Not Colocalize with Phosphorylated (pT371)TRF1.
TRF1 is well known for its role in the inhibition of telomerase-dependent telomere elongation (van Steensel & de Lange, 1997) whereas telomerase trafficking through Cajal bodies is essential for its role in telomere addition. Therefore we decided to ask whether phosphorylated (pT371)TRF1 may be found in telomerase-containing Cajal bodies. To address this question, HeLaII cells were transiently transfected with either hTR, hTERT, or hTR and hTERT in combination (so-called supertelomerase), then examined by immunofluorescence for pT371 Cajal body colocalizing foci (Fig 5). 
Expression of supertelomerase resulted in the formation of multiple small, distinct de novo Cajal bodies (Fig 5), in agreement with previous findings (Zhong et al., 2012). These de novo Cajal bodies have been demonstrated to associate with telomeres and promote telomerase-dependent telomere elongation (Zhong et al., 2012). When observed through immunofluorescence in a co-staining with an anti-TRF1 pT371 antibody and anti-coilin antibody, phosphorylated (pT371)TRF1 was never found to localize in these de novo Cajal bodies whereas (pT371)TRF1 was found in the “normal” large regular Cajal bodies. The number of large Cajal bodies present was not changed compared to control. As de novo Cajal bodies were shown to be the sites of increased telomere elongation in supertelomerase cells, and the Cajal bodies which (pT371)TRF1 colocalizes with were not seen to colocalize with telomeres, suggesting that phosphorylated (pT371)TRF1-containing Cajal bodies are distinct in nature from those containing telomerase and telomeres.


Figure 5.  Phosphorylated (pT371)TRF1 does not localize with de novo Cajal bodies. HeLaII cells were transiently transfected with hTR, hTERT, or hTR and hTERT in combination and then examined via immunofluorescence for changes to the number of cells presenting anti-pT371 Cajal-type foci.
A) Images taken from immunofluorescent analysis of these cells; anti-pT371 is green, DAPI is blue.  Scale bar equals 100 pixels at 100x magnification.
B) Blown up images of cells with “normal” large Cajal bodies vs supertelomerase cells which are peppered throughout with the smaller, dimmer de novo Cajal bodies in addition to a number of “normal” Cajal bodies. Cells were stained with anti-coilin.
C) Graph showing quantification of the percentage of cells with 1 or more de novo Cajal bodies compared to the number of cells in which anti-pT371 colocalizes with de novo Cajal bodies in supertelomerase HeLaII cells.
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CHAPTER 6	RESULTS AND DISCUSSION: Cancer-Associated CSB SNPs
6.1	CSB SNPs Associated with Ovarian, Lung, and Breast Cancer Do Not Exhibit Significantly Altered UV Sensitivity Compared to Wildtype CSB.
While most other DNA repair disorders like Cockayne syndrome have a tendency to cause cancer in their hosts, CS patients do not appear to be at an increased risk of cancer. In spite of this, analysis of non-CS suffering cancer patients has revealed that some SNPs in CSB appear to be associated with different forms of cancer. To examine the possibility that certain non-CS causing CSB SNPs may be important to cancer cells, six cancer-associated CSB mutants were stably introduced into CSB-deficient GM16095 cells by means of retroviral transfection-infection, and the mutants subsequently assayed for colony survival after treatment with varying doses of UV radiation. Mutants involved in the study included two ovarian cancer-associated SNPs, CSB K416N and R557G; two lung cancer-associated SNPs, CSB D1028N and R1318S; and two breast cancer-associated SNPs, CSB R1038T and E1119L. Only one of the SNPs, R557G, was located within the ATPase domain which is responsible for CSB’s role in TCR, the pathway through which it aids in UV damage repair. R1038T resides within the NLS domain of CSB, and the other four SNPs are not associated with any characterized domain.
The mutants were each exposed to UV radiation equal to 0J/m2, 0.5J/m2, 1J/m2, 2J/m2, and 4J/m2. By 4J/m2 there was a very obvious benefit to survival for cells which expressed exogenous wildtype CSB compared to cells which lacked CSB entirely. For all six mutants of CSB tested, there were none which exhibited significantly higher or lower survival after UV treatment compared to wildtype CSB except for K416N which shows a slight defect compared to wildtype, but only at the 4J/m2 exposure (Fig 6). While this study does not rule out the possibility that cancer cells derive some sort of benefit from having CSB mutated at any of these sites, it demonstrates clearly that these SNPs do not affect CSB’s efficiency in repairing UV-induced DNA lesions.


Figure 6. Lung, ovarian, and breast cancer-associated SNPs of CSB do not impact CSB’s ability to repair UV damage. Cells were GM16095 CS patient cell lines stably complemented with either vector (BG), wildtype CSB, or CSB mutated at one of six amino acids: K416N and R557G (ovarian cancer-associated), D1028N and R1318S (lung cancer-associated), and R1038T and E1119L (breast cancer-associated). Cells were subjected to UV treatment 4 hours after seeding and were fixed and stained after allowing 10 days of post-treatment growth. Colonies were counted by hand under a light microscope and were considered positive if they contained 16 or more cells. 
A) Western blots detailing the expression levels of the various CSB mutants used. Primary antibody: anti-CSB.
B) Graphs representing the relative survival of cell colonies compared to untreated cells after treatment with varying levels of UV radiation. Graphs represent the average of 4 independent experiments. B-a) shows data for the two ovarian cancer-associated CSB mutants. B-b) shows data for the two lung cancer-associated CSB mutants. B-c) shows data for the two breast cancer-associated CSB mutants.
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CHAPTER 7 	 Discussion & Future Directions
7.1	TRF1-Cajal Body Localization
7.1.1 Localization of Phosphorylated (pT371)TRF1 at Cajal Bodies.
The fact that phosphorylated (pT371)TRF1 only appears to localize at Cajal bodies in cells which have active telomerase enzyme, components of which are known to traffic to Cajal bodies for their functional assembly, is very suggestive of a link between (pT371)TRF1 and the activity of telomerase. The interaction between (pT371)TRF1 and Cajal bodies is a completely novel discovery and raises questions about the meaning of such an interaction. Cajal bodies are multipurpose suborganelles, however one of their most important functions is as a site for the telomerase enzyme to be assembled for use in the elongation of telomeres (Tomlinson et al., 2005b; Zhu et al., 2004). TRF1 on the other hand is best known for its well characterized role in directly opposing the telomerase-dependent elongation of telomeres (van Steensel & de Lange, 1997). Although it has been demonstrated in yeast that Rap1p (a TRF1 homolog) blocks telomerase function based on the number of Rap1p molecules present at the telomere (Marcand et al., 1997), and that TRF1 suppresses telomere elongation in proportion to its level of expression (van Steensel & de Lange, 1997), the exact mechanism by which it accomplishes elongation-prevention is currently unknown. Overexpression of TRF1 has been demonstrated to have no effect on the expression of telomerase, so TRF1 is currently believed to interact with telomerase through a negative feedback loop (van Steensel & de Lange, 1997). The presence of an unbound fraction of TRF1 at Cajal bodies which are not localized to telomeres would still be consistent with the current model if TRF1 plays a suppressive role at Cajal bodies, sequestering telomerase or preventing its subsequent localization to telomeres for elongation but not destroying it or preventing its assembly.
While the bulk of TRF1’s known functions occur at the telomere, recent studies have shown that it plays roles away from the telomere as well. The TRF1 T371 phosphorylation site in particular has been demonstrated to be important for non-telomeric roles in the past; phosphorylation of this site is required for TRF1’s role in the repair of DNA double strand breaks after ionizing radiation as well as for its role in assuring the appropriate separation of sister chromatids during mitosis. Both of these duties require that TRF1 is free of the telomere and able to localize elsewhere around the cell (McKerlie & Zhu, 2012; McKerlie et al., 2013). Previous studies therefore have set the precedent for the TRF1 T371 site specifically to play multiple roles, and it is perhaps not unlikely to find a third role for the site. One potential explanation for this would be that the phosphorylation of T371 is not actually directly involved, but is instead a required prerequisite for further undiscovered modifications. 
Phosphorylated (pT371)TRF1 is known to be among the unbound fraction of TRF1 and it may be that removal from the telomere is required before further more directly relevant modifications can be made. This idea seems at first to be at odds with the observation that TRF1 fails to localize to Cajal bodies when mutated at R425 or when truncated before the Myb-like DNA binding domain, two pieces of data which suggest that the ability of TRF1 to bind to telomeres is actually required for this localization. It is possible that in order to accomplish this, TRF1 must be present at the telomere (similar to yeast Rap1p) when an attempt to extend it begins, and then subsequently a fraction of TRF1 is targeted for phosphorylation at T371 and recruitment to the Cajal body where it could carry out a suppressive function. This event could even be targeted to specific offending Cajal bodies since the data show that de novo Cajal bodies (where elongation is actively occurring) remain untouched by TRF1. Human cells are known to preferentially elongate their shortest telomeres, and the shortest telomeres by definition will have the lowest number of TRF1 molecules present (Britt-Compton et al., 2009). 
While it is clear that a highly specific subset of TRF1 phosphorylated at T371 is localizing to non-telomeric Cajal bodies, nothing definitive can currently be concluded about TRF1’s function at Cajal bodies. However these data are suggestive of a telomerase-related role for this localization. Additional research into the details of this role is therefore an attractive prospect and could very well shed much needed light on the mechanism by which TRF1 represses telomere elongation.


7.1.2 Future Directions for TRF1-Cajal Body Interaction
	Future research efforts should be directed towards discerning whether the presence of phosphorylated (pT371)TRF1 at Cajal bodies is important for its ability to negatively regulate telomere extension, and how it achieves this. As TPP1 is known to attract telomerase to telomeres and promote extension (Abreu et al., 2010; Nandakumar et al., 2012), and TRF1 binds TPP1 through TIN2 (Ye et al., 2004), it would be interesting to see if TPP1 was also present at Cajal bodies which are (pT371)TRF1-positive. The OB-fold domain of TPP1, which cannot bind at telomeres, is known to relocalize instead to Cajal bodies where it sequesters telomerase and prevents extension (Zhong et al., 2012). Phosphorylated (pT371)TRF1 could conceivably be responsible for drawing TPP1 to Cajal bodies via TIN2 intermediary binding in order to suppress telomere growth by indirect telomerase sequestration through the TPP1 OB-fold.
	Southern blot analysis of long term growths of cells expressing TRF1 mutated at T371 could prove invaluable in directly determining whether the site is required for TRF1’s function in preventing telomerase-dependent telomere lengthening, though since the T371 site is known to play other vital roles in the cell there may be an issue of interference, specifically with respect to (pT371)TRF1’s involvement in the proper resolution of sister chromatids during mitosis.
	A further interesting route to pursue would be additional work with ALT cell lines or other telomerase-negative lines, specifically to determine if the addition of hTERT and/or hTR is capable of causing phosphorylated (pT371)TRF1 to localize at Cajal bodies as it does in telomerase positive cells. It has been demonstrated that the addition of hTERT to GM847 ALT cells results in the coexistence of both ALT and traditional telomerase-based telomere extension (Perrem et al., 2001), therefore it would be of interest to see how phosphorylated (pT371)TRF1 localizes in this setting.
7.2	Cancer-Associated SNPs of CSB
	The data definitively demonstrate that the six examined SNPs, K416N, R557G, D1028N, R1318S, R1038T, and E1119L, do not result in a significant impact on CSB’s ability to promote TCR of UV-induced DNA damage. Of the six SNPs, R557G and R1038T seemed most likely to have an effect since they are located within the ATPase domain and NLS respectively. The ATPase domain is absolutely required for the TCR activity of CSB and the NLS is important for recruiting CSB to DNA (Brosh et al., 1999; Sunesen et al., 2000), however there seems to be no detectable effect on the function of these domains by the SNPs within them. Curiously the one SNP which arguably shows a slight defect in UV repair compared to wildtype is K416N, which resides near the acidic domain but not within it. Previous studies have shown that the acidic domain is completely dispensable for CSB activity in the TCR pathway (Brosh et al., 1999; Sunesen et al., 2000). However, the N-terminus of CSB is known to have an enhanced interaction with RNAPolII when RNAPolII stalls at sites of damage, and CSB subsequently recruits members of the NER complex to the site (D’Errico et al., 2013; Fousteri et al., 2006; Lainé  & Egly, 2006; Tantin et al., 2007). K416N could conceivably be reducing CSB’s affinity for RNAPolII, and subsequently preventing or slowing the NER machinery from accomplishing the repair of UV-induced lesions. In any case, the effect observed is quite mild; it does not appear until an exposure of 4J/m2 and even then the survival more closely resembles wildtype than the control. It is possible that a larger difference might be observed at higher UV exposures.
The fact remains that these SNPs are recurring in cancer patients despite that the majority of them do not directly alter any known CSB domain. CSB has roles across multiple integral cellular functions besides TCR and it may be the case that these SNPs alter or disrupt one or more of these other functions. For instance, CSB is thought to regulate the tumor repressor protein p53 (Lu et al., 2001). It is conceivable that some of these cancer-associated CSB SNPs may instead modify CSB to more powerfully repress p53, thereby keeping the apoptotic pathway from triggering in cancerous cells. It has also been argued that CSB may be beneficial for cancer cells due to its ability to repair ongoing damage to the cells via TCR and BER (Frontini & Proietti-De-Santis, 2012). While the six mutants observed did not appear to have any influence on UV-induced damage repair, the BER pathway was not tested in these cells and remains a plausible candidate for future studies.
Whether these mutants affect CSB’s control over transcriptional speed presents another obvious candidate for such studies. CSB affects the transcription of a very specific types of genes including those that control pathways for apoptosis, cell growth suppression, and inflammation (Newman et al., 2006; Newman et al., 2008). Each of these pathways is heavily implicated in tumorigenesis and cellular upkeep for cancerous cells (Hanahan & Weinberg, 2011). Additional research would be required to determine if any of these recurring SNPs bestow a benefit of some kind to cancerous or pre-cancerous cells.  
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