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Abstract 

Telomeres are DNA-protein structures that protect eukaryotic chromosome ends 

from illegitimate recombination and degradation. Telomeres become shortened with 

each cell division unless telomerase, a reverse transcriptase, is activated. In addition to 

playing a protective role at chromosome ends, telomeres and telomere binding proteins 

are also essential for regulating telomere length and telomerase access. The mammalian 

protein POT1 binds to telomeric single-stranded DNA (ssDNA), protecting chromosome 

ends from being detected as sites of DNA damage and negatively regulating telomere 

length. POT1 is composed of an N-terminal ssDNA-binding domain and a C-terminal 

protein-interaction domain. With regard to the latter, POT1 heterodimerizes with the 

protein TPP1 to foster binding to telomeric ssDNA in vitro and binds the telomeric 

double-stranded DNA (dsDNA) binding protein TRF2. I sought to determine which of 

these functions—ssDNA, TPP1, or TRF2 binding—was required for POT1-mediated 

telomere localization, protection, and length regulation. Using separation-of-function 

POT1 mutants deficient in one of POT1’s three functions, I found that binding to TRF2 

fosters robust loading of POT1 onto telomeric chromatin and regulates telomere length, 

but is dispensable in the protection of telomeres. Although it remains unclear what role 

TPP1 binding plays in telomere length regulation, I found that the telomeric ssDNA-

binding activity and binding to TPP1 are required in cis for POT1-mediated protection of 

telomeres, possibly by excluding RPA from telomeres.  
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1. Introduction 

1.1 Overview 

 In the process of becoming tumorigenic, cells acquire multiple mutations, often 

as a result of genomic instability. The maintenance of telomere integrity at chromosome 

ends is essential for protection against genomic instability. Telomeres can become 

deprotected by telomere shortening to a critical length or destabilization of telomeric 

protein complexes. Such deprotected telomeres are detected as DNA double-strand 

breaks by the cell (Takai et al. 2003; Denchi and de Lange 2007; Guo et al. 2007), which 

can result in further telomeric and genomic instability (Counter et al. 1992; de Lange 

2002). Moreover, telomere length determines the replicative lifespan of cells. As such, 

the acquisition of limitless replication potential is one of the six hallmarks of cancer 

(Hanahan and Weinberg 2000). Cancer cells usually overcome this proliferative barrier 

by the activation of telomerase, the reverse transcriptase that elongates telomeres 

(Greider and Blackburn 1985; Counter et al. 1992; Counter et al. 1994; Kim et al. 1994; 

Shay and Wright 2005; Bailey and Murnane 2006). Thus, it is notable that telomere 

structure is extremely important for both telomere protection against genomic instability 

and telomere length regulation via control of telomerase accessibility.  

Telomeres are stabilized by a core protein complex involving double-stranded 

DNA (dsDNA) binding proteins (Chong et al. 1995; Broccoli et al. 1997), single-stranded 

DNA (ssDNA) binding proteins (Baumann and Cech 2001), and connecting proteins 
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(Kim et al. 1999; Li et al. 2000; Liu et al. 2004a). POT1, the only telomeric ssDNA binding 

protein in the core protein complex, has known functions in both telomere protection 

and length regulation (Colgin et al. 2003; Armbruster et al. 2004; Veldman et al. 2004; 

Hockemeyer et al. 2005). However, it is relatively unclear how POT1 functions in these 

important roles. This thesis focuses on the specific requirements of POT1 at telomeres 

for normal telomere functionality and provides insight into the mechanisms involved in 

telomere protection and length regulation.   

1.2 The Telomere 

1.2.1 Telomere Structure and Function 

 Telomeres are nucleoprotein structures found at the ends of linear chromosomes. 

The DNA portion of telomeres is comprised of tandemly repeated GC-rich DNA in 

which the G-rich strand runs in the 5’ to 3’ direction toward the chromosome ends 

(Klobutcher et al. 1981; Henderson and Blackburn 1989; Verdun and Karlseder 2007). 

The length and specific sequence of telomeres varies among species. In humans, 

telomeres can range from 5-20 kilobases (kb) (de Lange et al. 1990) and consist of 

TTAGGG nucleotide repeats (Moyzis et al. 1988). At the extreme ends of telomeres, the 

G-rich strand extends past the C-rich strand, forming a single-strand (ss)DNA overhang 

(McElligott and Wellinger 1997). The length of the ssDNA overhang varies in species, 

but ranges from 50-100 nucleotides in humans (Makarov et al. 1997; McElligott and 

Wellinger 1997; Wright et al. 1997; Wei and Price 2003; Verdun and Karlseder 2007). 
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 Electron microscopy work revealed that telomeres form variable sized telomere 

loop (t-loop) structures in which the 3’ overhang loops around and invades the internal 

telomeric duplex DNA on the same chromosome end (Griffith et al. 1999). The invaded 

DNA is thought to form an additional structure similar to a Holliday junction, termed 

the displacement loop (D-loop)(Griffith et al. 1999). Such loops have been described at 

telomeres in multiple species such as human (Griffith et al. 1999), murine (Griffith et al. 

1999), chicken (Nikitina and Woodcock 2004), plant (Cesare et al. 2003), ciliate (Murti 

and Prescott 1999), and yeast (Cesare et al. 2008).  T-loop stability and formation are 

thought to be extremely important in the biological functioning of the telomere such as 

protection, length regulation, and replication. Figure 1 represents the telomere in the t-

loop and D-loop formation with the addition of telomere-associated proteins. 
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Figure 1. The human telomere 

Model representing the distal ends of the chromosome and associated proteins. The 

leading and lagging DNA strands are represented in green and red, respectively.  

Represented telomere associated proteins consist of ssDNA binding protein POT1, 

dsDNA binding proteins TRF1 and TRF2, and bridging proteins TIN2 and TPP1. These 

proteins help stabilize the t-loop and D-loop, which may have implications in telomere 

protection and length regulation. Adapted from (de Lange 2005). 

 

1.2.2 The Core Telomere Associated Proteins 

Many proteins localize to telomeres; however, there are a few telomeric proteins 

that are essential for the maintenance of telomeric structural integrity, and thus are 

considered part of the core telomere protein complex. These proteins can be grouped 

into three separate classes: ssDNA binding proteins, dsDNA binding proteins, and 

bridging proteins. POT1, which will be discussed in detail in the following section, is the 
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only protein known thus far to specifically bind telomeric ssDNA (Baumann and Cech 

2001; Baumann et al. 2002).  

In humans, two proteins bind telomeric dsDNA directly – TRF1 and TRF2. Each 

of these proteins contain a dimerization domain and a single C-terminal Myb DNA 

binding domain, which foster homodimerization and telomeric dsDNA binding, 

respectively (Chong et al. 1995; Bianchi et al. 1997; Broccoli et al. 1997). For both 

proteins, homodimerization is required to  bind telomeric dsDNA, presumably to bring 

the Myb domains together from the two TRF proteins, as most other Myb-containing 

proteins require at least two Myb repeats to bind DNA (Chong et al. 1995; Bianchi et al. 

1997). TRF1 contains an N-terminal acidic domain (Chong et al. 1995; Bianchi et al. 1997), 

and TRF2 contains an N-terminal basic domain (Broccoli et al. 1997). TRF1 and TRF2 are 

unable to heterodimerize (Broccoli et al. 1997), but are bridged together in a dsDNA 

complex by the telomeric protein TIN2 (Kim et al. 2004; Ye et al. 2004a).   

Like the majority of the core telomeric proteins, TRF1 is an essential gene, as 

targeted deletion of TRF1 in mice is embryonic lethal (Karlseder et al. 2003). Cultured 

embryonic stem cells from conditional null mice have growth defects and exhibit 

genomic instability such as chromosome abnormalities and fusions, indicating a role for 

TRF1 in the maintenance of genomic stability (Iwano et al. 2004). Additionally, TRF1 

negatively regulates telomere length in human cells as overexpression of TRF1 in 

HT1080 cells results in gradual and progressive telomere shortening (van Steensel and 
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de Lange 1997). This function of TRF1 appears to be conserved in lower eukaryotes 

including S. cerevisiae (Conrad et al. 1990; Lustig et al. 1990) and S. pombe (Cooper et al. 

1997). TRF1 binding to telomeres can be regulated by the telomeric protein, Tankyrase 1, 

a poly(ADP-ribose) polymerase (PARP) protein (Smith et al. 1998). Tankyrase 1 can bind 

to the acidic domain of TRF1 and catalyze the addition of poly(ADP-ribose) chains, 

resulting in the removal of TRF1 from the telomere and subsequent ubiquitination and 

degradation by the proteosome (Smith et al. 1998; Chang et al. 2003).  

TRF2, the second telomeric dsDNA binding protein, directly interacts with 

telomeric proteins RAP1 (Li et al. 2000) and POT1 (Yang et al. 2005) in addition to TIN2 

(Kim et al. 2004). Importantly, TRF2 is thought to be involved in the formation and 

stabilization of t-loop structures, as in vitro electron microscopy studies demonstrates 

that TRF2 can form t-loops and localize to telomeric loop-tail junctions (Griffith et al. 

1999; Stansel et al. 2001).  As such, it is not surprising that TRF2 is also an essential gene, 

as targeted deletion of the TRF2 gene in mice is embryonic lethal (Celli and de Lange 

2005). 

Many of the studies on TRF2 have focused on its role in the maintenance of 

genomic stability and chromosomal integrity. TRF2 loss-of-function in IMR-90 or BJ 

primary fibroblast cells causes an ATM-mediated DNA damage response at telomeres, 

as evidenced by an increase in the co-localization of an early DNA damage response 

protein with a marker of telomeres by immunofluorescence, termed telomere-



 

7 

dysfunction induced foci (TIFs) (Takai et al. 2003). Additionally, TRF2 loss-of-function in 

HT1080 or HeLa cells results in massive telomere end-to-end fusions (van Steensel et al. 

1998).  Expression of a TRF2 mutant lacking the basic and Myb domains (TRF2ΔBΔM) also 

causes TIFs in BJ or IMR-90 fibroblasts (Takai et al. 2003) or chromosome end-to-end 

fusions in HT1080 cells (van Steensel et al. 1998; Karlseder et al. 1999; Bailey et al. 2001; 

Smogorzewska et al. 2002). Such fusions were found to be a result of non-homologous 

end joining (NHEJ) as loss of either DNA ligase IV or XPF, proteins required for NHEJ, 

rescues the accumulation of telomeric end-to-end fusions caused by TRF2 inhibition 

(Smogorzewska et al. 2002; Zhu et al. 2003). Similarly to TRF1, TRF2 has been described 

to negatively regulate telomere length as overexpression leads to telomere shortening in 

human cells in a telomerase-dependent manner (Smogorzewska et al. 2000). Moreover, 

TRF2 directly interacts with the telomeric protein RAP1, an additional negative 

regulator of telomere length, and helps localize RAP1 to telomeres (Li et al. 2000; 

O'Connor et al. 2004). 

TIN2, one of the two telomeric bridging proteins in humans, does not have DNA 

binding ability, but appears to serve as a scaffolding protein to foster assembly of 

telomeric protein complexes. The domain structure of TIN2 consists of two N-terminal 

basic domains, an acidic domain, and a central TRF1 interaction domain (Kim et al. 

1999). TIN2 directly interacts with telomeric proteins TRF1 (Kim et al. 1999), TRF2 (Kim 

et al. 2004), and TPP1 (Houghtaling et al. 2004; Liu et al. 2004b; Ye et al. 2004b). The N-



 

8 

terminus of TIN2 is required for direct interactions with TRF2 and TPP1 (Kim et al. 2004; 

Ye et al. 2004b). Importantly, TIN2 has been described to be essential for higher-order 

assembly of the six-protein complex (Ye et al. 2004a; O'Connor et al. 2006) and for 

stabilization of TRF1 and TRF2 complexes (Kim et al. 2004; Ye et al. 2004a). Additionally, 

TIN2 has been shown to promote the nuclear localization of telomeric proteins, 

specifically POT1 (Chen et al. 2007).  

Targeted deletion of TIN2 in mice results in embryonic lethality (Chiang et al. 

2004). Expression of TIN2 mutants deficient in binding either TRF1 or TRF2 results in 

DNA damage responses at the telomere as evidenced by the presence of TIFs (Kim et al. 

2004).  TIN2 also plays a role in telomere length regulation. Expression of a TIN2 mutant 

containing the TRF1 interaction domain, but lacking the basic and acidic domains (TIN2-

13) results in gradual elongation of telomere length over time (Kim et al. 1999). Although 

overexpression of TIN2 has little effect on telomere length (Kim et al. 1999), inhibition of 

TIN2 with shRNA results in telomere length elongation over time (Ye and de Lange 

2004). Thus TIN2 also negatively regulates telomere length.  

Like TIN2, the second telomeric bridging protein in humans, TPP1, is unable to 

bind DNA at the telomere, but is involved in many protein interactions. TPP1 directly 

interacts with telomeric proteins POT1 and TIN2 (Houghtaling et al. 2004; Liu et al. 

2004b; Ye et al. 2004b). TPP1 domain structure consists of a single N-terminal OB fold, a 
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POT1 interaction domain, and a C-terminal TIN2 interaction domain (Liu et al. 2004b; 

Wang et al. 2007; Xin et al. 2007). 

In human cells, TPP1 forms a heterodimer with POT1 similar to the TEBP-α and 

TEBP-β heterodimer described in ciliates (Wang et al. 2007; Xin et al. 2007). Several 

important functions of the TPP1-POT1 heterodimer have been described, such as 

efficient loading of POT1 onto telomeric ssDNA by TPP1 in vitro (Xin et al. 2007), and 

protection of telomere ends from being detected as DNA damage (Hockemeyer et al. 

2007; Barrientos et al. 2008), which will be discussed in more detail in this thesis. 

Additionally, the TPP1-POT1 heterodimer is believed to be important in telomere length 

regulation, serving as both a negative length regulator by inhibiting telomerase binding 

onto telomere ends, and a positive length regulator by increasing the activity and 

processivity of telomerase (Wang et al. 2007; Xin et al. 2007). Moreover, the OB fold of 

TPP1 has been shown to interact with hTERT, the catalytic subunit of telomerase, thus 

providing a direct link between telomerase and the core telomeric protein complex (Xin 

et al. 2007). Knockdown of TPP1 in mouse embryonic fibroblasts (MEFs) by shRNA 

causes a DNA damage response at telomeres, as evidenced by an increase in TIFs 

(Hockemeyer et al. 2007). Additionally, overexpression of TPP1 in HT1080 cells results 

in telomere shortening (Houghtaling et al. 2004), and knockdown of TPP1 in HT1080 

cells results in a slight telomerase-dependent telomere elongation over time (Ye et al. 

2004b), implicating TPP1 as a negative regulator of telomere length.  
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1.2.3 POT1, the Telomeric ssDNA Binding Protein 

Of the core telomeric associated proteins, POT1 is the sole protein that binds to 

telomeric ssDNA. Human POT1 contains two strongly conserved N-terminal 

oligonucleotide/oligosaccharide binding (OB) folds that are essential and specific for 

binding telomeric ssDNA (Baumann and Cech 2001; Baumann et al. 2002; Lei et al. 2004).  

The C-terminal half of POT1 is known to be essential for protein-protein interactions 

with heterodimer TPP1 (Houghtaling et al. 2004; Liu et al. 2004b; Ye et al. 2004b) and 

dsDNA binding protein TRF2 (Yang et al. 2005; Barrientos et al. 2008). As discussed 

earlier, the POT1-TPP1 heterodimer is essential for telomere protection (Hockemeyer et 

al. 2007; Barrientos et al. 2008) and telomere length control (Wang et al. 2007; Xin et al. 

2007). Additionally, TPP1 is thought to play a role in the localization of POT1 and 

loading of POT1 onto telomeric ssDNA  (Hockemeyer et al. 2007; Xin et al. 2007). The 

interaction of POT1 with TRF2 has also been shown to be important in telomere 

protection, as overexpression of POT1 can help overcome genomic instability caused by 

the expression of dominant negative TRF2 (TRF2ΔBΔM) (Yang et al. 2005). The biological 

significance of POT1 binding to direct interacting proteins TPP1 and TRF2 will be 

further explored in this thesis. 

Inhibition of POT1 in human cells by shRNA affects many areas of telomere 

biology. Transient expression of POT1 shRNA causes either cellular senescence or 

apoptosis depending on whether the cells contained an intact DNA damage pathway 
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(Veldman et al. 2004; Yang et al. 2005; Yang et al. 2007). Furthermore, stable knockdown 

of POT1 in human cancer cell lines leads to the accumulation of TIFs, telomere fusions, 

anaphase bridges, interphase bridges, and micronuclei formation, many of which are 

hallmarks of genomic instability (Veldman et al. 2004; Bunch et al. 2005; Hockemeyer et 

al. 2005; Yang et al. 2005; Churikov et al. 2006). The DNA damage response caused by 

POT1 RNAi is believed to be largely ATR-mediated, as TIFs seen in POT1 deficient cells 

are reduced by the RNAi mediated knockdown of ATR (Denchi and de Lange 2007; Guo 

et al. 2007).  

Human POT1 has also been described as a mediator of telomere length. Along 

with capping the 3’ end of the telomeres, POT1 is thought to possibly inhibit access of 

telomerase to its ssDNA substrate (Lei et al. 2003; Loayza et al. 2004; Kelleher et al. 2005). 

Additionally, POT1 may be able to control telomerase access to telomere ends by 

determining the sequence of the 5’ end of telomeres (Hockemeyer et al. 2005), and 

protecting the 3’ ssDNA overhang. Both overexpression and knockdown of POT1 in 

human cells causes a slight telomerase-mediated telomere elongation over time (Colgin 

et al. 2003; Armbruster et al. 2004; Veldman et al. 2004; Hockemeyer et al. 2005). 

Moreover, expression of an N-terminally truncated POT1 unable to bind ssDNA (termed 

POT1ΔOB) results in  more pronounced, rapid telomerase-mediated telomere shortening 

(Loayza and De Lange 2003; Armbruster et al. 2004).  
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Many POT1 proteins are structurally and functionally conserved among lower 

eukaryotes. The budding yeast protein, Cdc13, was the first of the POT1 members to be 

discovered, and the most well understood (Nugent et al. 1996). Like human POT1, 

Cdc13 has been shown to be essential in the protection of telomeres (Pennock et al. 

2001). For this protection, Cdc13 functions in a complex with Stn1 (Pennock et al. 2001; 

Puglisi et al. 2008) and Ten1 (Grandin et al. 2001), neither of which have identified 

functional homologs in humans. However, unlike POT1, Cdc13 is known to regulate 

telomere length both positively and negatively. As a positive regulator, Cdc13 recruits 

Est2, the catalytic subunit of telomerase in S. cerevisiae, via a direct interaction with Est1, 

a telomerase accessory factor (Nugent et al. 1996; Evans and Lundblad 1999; Qi and 

Zakian 2000; Pennock et al. 2001). Conversely, Cdc13 acts as a negative regulator by 

virtue of a direct interaction with the yeast telomeric protein Stn1 (Grandin et al. 1997; 

Grandin et al. 2000; Chandra et al. 2001; Puglisi et al. 2008).  As such, Cdc13 is thought to 

successively bind Est1, promoting telomere elongation, and Stn1, preventing or 

inhibiting further elongation (Chandra et al. 2001). In support of this model, the binding 

sites of Est1 and Stn1 overlap on the Cdc13 protein, suggesting a competition for 

binding sites may occur (Chandra et al. 2001).  

In the mouse, two POT1 proteins have been discovered, termed Pot1a and Pot1b 

(Hockemeyer et al. 2006). Knockout of Pot1a is embryonic lethal, but Pot1b knockout 

mice appear healthy and fertile (Hockemeyer et al. 2006; Wu et al. 2006). Although 
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proper maintenance of chromosomal stability requires expression of both Pot1 proteins 

in mice (He et al. 2006; Hockemeyer et al. 2006), distinct roles of each Pot1 protein have 

been described. Pot1a is essential for the prevention of a DNA damage response at 

telomeres, whereas Pot1b regulates the amount of ssDNA at the telomere terminus and 

prevents telomere fusions and aberrant homologous recombination (He et al. 2006; 

Hockemeyer et al. 2006; Wu et al. 2006). Furthermore, mouse embryonic fibroblasts 

containing knockouts of Pot1a, Pot1b, and p53 displayed hallmarks of transformed cells 

and formed tumors within four weeks after injection into SCID mice (Wu et al. 2006).  

In addition to the telomeric ssDNA binding protein, POT1, dsDNA binding 

proteins, TRF1 and TRF2, and bridging proteins, TIN2 and TPP1, there are many 

additional proteins that have been described to localize to telomeres. These proteins 

vary in function, such as proteins believed to play a role in telomere length regulation, 

RAP1 (Li et al. 2000; Li and de Lange 2003; O'Connor et al. 2004) and PinX1 (Zhou and 

Lu 2001; Banik and Counter 2004), and proteins involved in DNA damage and repair, 

which will be reviewed in detail in the next section. 

1.3 DNA Damage Responses at Telomeres 

1.3.1 DNA Damage and Repair Proteins Found at Telomeres  

 Many proteins involved in DNA damage and repair play duel roles at the 

telomeres – serving to both provide telomere stability and signal DNA damage at 

deprotected telomere ends. Both ATM and the MRE11/RAD50/NBS1 (MRN) complex 
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have well described roles in cellular DNA damage protection and signaling (Reviewed 

in (Lavin 2007)). However, these proteins have also been shown to be recruited to 

telomeres in a cell-cycle dependent manner by TRF2 (Zhu et al. 2000; Karlseder et al. 

2004; Verdun et al. 2005). Additionally, patients with ataxia telangiectasia or Nijmegen 

breakage syndrome, who lack functional ATM or NBS1, respectively, have elevated 

levels of aberrant chromosomes and shortened telomeres (Metcalfe et al. 1996; 

Ranganathan et al. 2001), thus showing an important role for these proteins in telomere 

protection and length regulation. In agreement, deletion of either ATM or ATR in S. 

cerevisiae (Tel1p or Mec1p, respectively) or mutations of any of the proteins in the yeast 

Mre11p/Rad50p/Xrs2p (MRX) complex leads to telomere shortening in a telomerase-

dependent manner, possibly by limiting access of telomerase to its substrate (Greenwell 

et al. 1995; Morrow et al. 1995; Kironmai and Muniyappa 1997; Boulton and Jackson 

1998; Ritchie et al. 1999; Ritchie and Petes 2000). In humans, ATM can also co-

immunoprecipitate with and phosphorylate both TRF1 and TRF2, suggesting these 

proteins may have a role in the cellular response to double-strand breaks (Kishi et al. 

2001; Tanaka et al. 2005). Accordingly, TRF2 has been found to localize to even non-

telomeric DNA double-strand breaks as early as two seconds after damage (Bradshaw et 

al. 2005). Although it is unclear what exact function the MRN complex plays at human 

telomeres, the MRX complex in yeast is thought to be essential for telomere maintenance 
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and de novo telomere formation, with yeast Mre11 playing a role in telomeric 3’ overhang 

formation (Ritchie and Petes 2000; Diede and Gottschling 2001). 

  Proteins involved in DNA repair and NHEJ, such as the Ku family of proteins 

and DNA-PK, have also been shown to have distinct roles in telomere protection (Gravel 

et al. 1998; Bailey et al. 1999; Hsu et al. 2000; Bailey et al. 2004).  Specifically, loss of 

function of any of the mammalian Ku proteins or the catalytic subunit of DNA-PK, 

DNA-PKcs, results in an increase of end-to-end chromosome fusions (Bailey et al. 1999; 

Samper et al. 2000; Goytisolo et al. 2001; Bailey et al. 2004; Ruis et al. 2008). In humans, 

although the Ku proteins cannot directly bind DNA, Ku70 can interact with TRF2 (Song 

et al. 2000) and TRF1 has been shown to exist in a complex with Ku70/80 (Hsu et al. 

2000). Interestingly, the Ku proteins in yeast have been described as being involved in 

telomere length maintenance and transcriptional silencing in addition to protecting 

telomeres (Boulton and Jackson 1996; Boulton and Jackson 1998; Polotnianka et al. 1998; 

Baumann and Cech 2000). 

 ERCC1/XPF, a protein involved in NHEJ as well as nuclear excision repair, has 

also been demonstrated to participate in a TRF2 complex at telomeres (Zhu et al. 2003). 

As mentioned, disruption of the NHEJ pathway, either by inhibition of ERCC1/XPF or 

DNA ligase IV, can rescue the telomere fusions and DNA damage caused by 

knockdown of TRF2 or expression of dominant-negative TRF2ΔBΔM (Zhu et al. 2003; Celli 

and de Lange 2005). Additionally, ERCC1/XPF null cells have an increased number of 
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telomeric DNA-containing double minute chromosomes, suggesting ERCC1/XPF may 

play a role in the maintenance of telomere integrity (Zhu et al. 2003). Recent evidence 

also suggests that ERCC1/XPF regulates telomere length and mediates TRF2 function at 

telomeres (Munoz et al. 2005; Wu et al. 2007; Wu et al. 2008). 

 DNA helicases present a final example of DNA damage and repair proteins 

playing functional roles at telomeres. The helicases WRN and BLM are well known to 

function in both DNA damage and homologous repair pathways (Reviewed in (Ouyang 

et al. 2008)). Both the telomeric core proteins POT1 and TRF2 have been shown to 

interact with WRN and BLM, stimulating their helicase activity (Opresko et al. 2002; 

Machwe et al. 2004; Opresko et al. 2005). In addition to interactions with POT1 and 

TRF2, BLM has also been reported to interact with TRF1 (Lillard-Wetherell et al. 2004). 

In regard to telomeric roles for these proteins, WRN has been shown to localize to 

telomeres during S phase, and in vitro data supports a model in which WRN can help 

resolve telomeric t-loops and D-loops during replication (Opresko et al. 2002; Opresko et 

al. 2004; Opresko et al. 2005). Furthermore, BLM has been found to be important in the 

telomere length regulation of cells which use the ALT (Alternative Lengthening of 

Telomeres) pathway to maintain telomere length (Bryan et al. 1995; Lundblad 2002; 

Stavropoulos et al. 2002; Reddel 2003). 

 Taken together, many DNA damage and repair proteins localize at telomeres 

and appear to be essential in telomere stability. An important observation that may 
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partially explain the constant presence of these proteins at telomeres is the fact that 

telomeres are seen as DNA double strand breaks during G2 phase of every cell cycle 

(Verdun et al. 2005). Furthermore, MRE11, NBS1, and ATM, are recruited to telomeres 

every G2 phase of the cell cycle, which also correlates to a loss of POT1 on telomeres and 

telomere deprotection (Verdun et al. 2005). It has thus been proposed that the DNA 

damage response during G2 phase serves as a mechanism to recruit factors involved in 

telomere end protection (Verdun et al. 2005). Certainly, there are other times when the 

telomere may become deprotected in a regulated fashion such as during replication and 

telomerase-mediated lengthening in which a similar model may also act.   

1.3.2 ATM- and ATR-mediated DNA Damage Signaling at the Telomere 

 Although DNA damage proteins often contribute to the maintenance of telomere 

stability, when telomeres become deprotected, these same proteins can promote a robust 

DNA damage response at telomeres. Specifically, disruption of telomeres results in the 

co-localization of a DNA damage response protein, such as 53BP1 or γ-H2AX at 

telomeres, with telomere-binding proteins such as TRF1 or TRF2, termed telomere-

dysfunction induced foci or TIF (Takai et al. 2003). TIFs can be counted and graphed to 

determine the amount of DNA damage at telomeres. 

 H2AX, a member of the H2A histone family, is relatively rare in distribution 

across the mammalian chromatin (Kinner et al. 2008). In the case of a DNA double-

strand break, protruding tails of H2AX are rapidly phosphorylated at serine-139 by a 



 

18 

phosphoinositide-3 kinase such as ATM, ATR, or DNA-PKcs (Rogakou et al. 1998; Stiff 

et al. 2004). H2AX is one of the earliest phosphorylated substrates after a DNA double 

strand break, as γ-H2AX  foci are detectable as early as one minute after genomic insult 

(Rogakou et al. 1999).   

 After a DNA double-strand break occurs, 53BP1 becomes hyperphosphorylated 

by ATM or ATR (Jowsey et al. 2007), and accumulates in detectable, distinct foci along 

with DNA damage response proteins γ-H2AX, MDC1, and ATM, among others (Xu and 

Stern 2003; Bekker-Jensen et al. 2006). 53BP1 is able to bind DNA via two tandem Tudor 

DNA-binding domains (Charier et al. 2004); however, the prolonged binding of 53BP1 

seems to rely on the presence of γ-H2AX (Celeste et al. 2002).  

 Understanding of the exact DNA damage pathways that are activated after 

telomere dysfunction is incomplete. There seem to be at least two distinct signaling 

pathways for DNA damage at telomeres, dependent on which telomeric protein is 

disturbed, as detailed below. These pathways may also reflect exposure of telomeric 

double-stranded DNA or single-stranded DNA. 

 Inhibition of TRF2 expression by RNAi or expression of a dominant negative 

form of TRF2 (TRF2ΔBΔM) results in the activation of a predominantly ATM-mediated 

DNA damage signaling pathway (Takai et al. 2003). Specifically, TIFs resulting from 

TRF2 inhibition are significantly reduced in ATM-deficient A-T cells, although not 

completely, suggesting a possible ATM-independent signaling pathway may also occur 
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(Takai et al. 2003). Additionally, TRF2 inhibition or expression of a dominant negative 

TRF2ΔBΔM induces apoptosis in many cell lines in an ATM-dependent manner (Karlseder 

et al. 1999). As stated earlier, TRF2 can interact with ATM, and is also thought to inhibit 

ATM functioning at telomeres, as overexpression of TRF2 inhibits ATM 

autophosphorylation and activation of downstream targets (Karlseder et al. 2004).  

Conversely, ATM can also phosphorylate TRF2 in response to DNA damage, which 

releases TRF2 from the telomere and allows it to rapidly localize to damage sites 

(Bradshaw et al. 2005; Tanaka et al. 2005).  

 Inhibition of POT1 has been found to signal an entirely different pathway 

compared to inhibition of TRF2, and instead involves ATR-mediated DNA damage 

signaling (Denchi and de Lange 2007; Guo et al. 2007; Churikov and Price 2008). 

Specifically, TIFs are prevented in POT1a null mouse embryonic fibroblasts by the 

knockdown of ATR, but not ATM (Denchi and de Lange 2007; Guo et al. 2007). It 

remains unknown how the ATM pathway is activated in response to TRF2 disruption, 

but one of the focuses of this thesis is the mechanism of the POT1-mediated inhibition of 

ATR, potentially through the outcompetition of RPA at telomeres (Barrientos et al. 2008). 

 RPA, or replication protein A, is made up of an evolutionary conserved complex 

of three subunits – RPA70, RPA32, and RPA14, each containing at least one OB-fold 

ssDNA binding domain (Wold and Kelly 1988; Bochkarev et al. 1999). RPA localizes at 

replication foci during S-phase, and is essential for the initiation and elongation of DNA 
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replication (Reviewed in (Wold 1997; Iftode et al. 1999)). Moreover, RPA has been shown 

to localize to sites of DNA damage (Golub et al. 1998), and is required for multiple DNA 

repair pathways such as base excision repair, nucleotide excision repair, DNA mismatch 

repair, homologous recombination, and NHEJ (Iftode et al. 1999; Krokan et al. 2000; 

Perrault et al. 2001; Ramilo et al. 2002; Riedl et al. 2003). Importantly, RPA-bound 

ssDNA functions as a signaling intermediate for ATR activation in response to DNA 

double strand breaks (Zou and Elledge 2003; Zou et al. 2006). The ATR interacting 

protein, ATRIP, is thought to bind RPA on ssDNA and recruit ATR (Zou and Elledge 

2003).  

1.4 Telomere Length Regulation 

1.4.1 The End Replication Problem and Telomerase 

During linear DNA replication, the lagging strand of chromosomes cannot be 

completely copied due to spatial requirements of the priming of DNA polymerases. This 

issue causes a loss of DNA material every replication cycle, and is commonly termed the 

“end replication problem” (Levy et al. 1992). Telomeres at chromosome ends serve as a 

buffer in which coding DNA is protected. The lifespan of most human somatic cells is 

determined by telomere length, and when a critical telomere length is reached, the cell 

will exit the cell cycle and senesce (Hayflick 1965; Harley et al. 1990; Hastie et al. 1990; 

Vaziri et al. 1994; Vaziri and Benchimol 1998). In humans, most somatic cells do not have 

the ability to maintain telomere length, and thus have limited replication potential 
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(Hastie et al. 1990; Vaziri et al. 1994; Wright et al. 1996). However, cells can become 

immortalized by expressing the enzyme telomerase, a reverse transcriptase that 

transcribes additional telomeric repeats onto chromosome ends (Greider and Blackburn 

1985; Nakamura and Cech 1998). 

Telomerase consists of two core components: an RNA subunit (hTR in humans, 

TLC1 in yeast) (Singer and Gottschling 1994; Feng et al. 1995), and a catalytic protein 

subunit (hTERT in humans, Est2 in yeast) (Lendvay et al. 1996; Counter et al. 1997; 

Lingner et al. 1997; Meyerson et al. 1997; Counter et al. 1998). Telomerase functions by 

extending the 3’ end of the DNA, using the chromosome terminus as a primer 

(Reviewed in (Nakamura and Cech 1998). The structure of the catalytic component of 

telomerase has been solved in Tribolium castaneum, with TERT organizing in a ring-like 

structure similar to HIV reverse transcriptases (Gillis et al. 2008). Telomerase elongates 

telomeres during S-phase of the cell cycle (Marcand et al. 2000; Taggart et al. 2002; Smith 

et al. 2003). After elongation of the 3’ end, presumably C-strand synthesis would be 

required to create telomeric dsDNA, but this process is not well understood in humans. 

It is important to also note that telomerase-independent lengthening can be 

accomplished by a recombination-based mechanism, termed ALT (Alternative 

Lengthening of Telomeres) (Bryan et al. 1995; Lundblad 2002; Reddel 2003).   
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1.4.2 Telomere Length Regulation in Yeast 

Telomere length regulation, in both yeast and mammals, is thought to act in cis at 

each individual chromosome end (Shampay et al. 1984; Shampay and Blackburn 1988; 

Marcand et al. 1999) with telomerase preferentially elongating the shortest telomeres 

(Hemann et al. 2001; Teixeira et al. 2004; Chang et al. 2007). Thus, the length of each 

telomere must be monitored and regulated independently.  

The mechanism of telomere length regulation in yeast is better understood 

compared to mammals. For the recruitment of telomerase in S. cerevisiae, Cdc13, the 

ssDNA binding ortholog of human POT1, interacts with Est1, a telomerase accessory 

factor (Pennock et al. 2001), which itself associates with TLC1, the RNA subunit of yeast 

telomerase (Lin and Zakian 1995). TLC1 then interacts with the catalytic subunit of yeast 

telomerase, Est2 (Lingner et al. 1997), completing the recruitment pathway. The 

interaction of Cdc13 with Est1 is essential only to bridge the connection to telomerase, as 

fusion of the Cdc13 DNA binding domain to Est2 functions normally in length 

regulation (Evans and Lundblad 1999). Interestingly, Tel1 and Mec1 (orthologs of 

mammalian ATM and ATR, respectively) have been shown to phosphorylate Cdc13 

(Tseng et al. 2006), and this phosphorylation is essential for both the interaction between 

Cdc13 and Est1, and telomerase recruitment (Pennock et al. 2001; Bianchi et al. 2004). As 

telomere length is more strongly affected in Tel1 deficient strains than Mec1 deficient 

strains (Ritchie et al. 1999), and the association of Est1 and Est2 with telomeres is Tel1-
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dependent and Mec1-independent (Goudsouzian et al. 2006), it appears that Tel1, the 

human ATM homolog, plays a more prominent role in yeast telomerase recruitment.  

Interestingly, both Est1 and Tel1 have been found to be enriched at short 

telomeres, potentially helping recruit telomerase to preferentially elongate the shortest 

telomeres (Bianchi and Shore 2007; Hector et al. 2007; Sabourin et al. 2007). On the other 

hand, negative feedback control of telomere length in yeast involves Rap1 (Shore and 

Nasmyth 1987). Yeast Rap1, evolutionary different than human RAP1 and more similar 

to human TRF1, contains a central Myb-type DNA-binding domain, allowing telomeric 

dsDNA binding (Konig et al. 1996). The C-terminus of Rap1 contains protein interaction 

domains, allowing Rapl to recruit the telomerase inhibitors Rif1 and Rif2 (Hardy et al. 

1992; Wotton and Shore 1997). The length of telomeres can be sensed through the 

number of Rap1 molecules bound to individual chromosome ends. Thus Rap1 

complexes function as a counting mechanism for cells, serving to inhibit telomerase at 

the longest telomeres (Marcand et al. 1997; Marcand et al. 1999; Ray and Runge 1999; 

Grossi et al. 2001). Rap1 complexes on the telomere are thought to also inhibit the 

binding of yeast MRX complex and Tel1 to telomeres (Ritchie and Petes 2000; Sabourin 

et al. 2007). Thus, when there are fewer Rap1 complexes on telomeres, the MRX complex 

can be efficiently loaded onto telomeres and recruit Tel1, which then can phosphorylate 

Cdc13, allowing recruitment of telomerase to the shortest telomeres via Est1 (Bianchi 

and Shore 2008). 
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1.4.3 Telomere Length Regulation in Mammals 

 Although there are some similarities in telomere length control between yeast 

and mammals, there also seem to be many divergences. Similar to yeast, mammalian 

telomere length control is also proposed to function in cis, with telomerase preferentially 

elongating the shortest telomeres (Teixeira et al. 2004). There also appears to be a 

mammalian variation of the protein counting mechanism described in yeast (Loayza and 

De Lange 2003). However, the mechanisms and telomeric proteins involved in telomere 

length regulation of mammals are not fully elucidated.  

POT1, the mammalian ortholog of yeast Cdc13 (Baumann and Cech 2001), is also 

thought to function as a terminal transducer of telomere length regulation from the 

dsDNA binding proteins TRF1 and TRF2 (Loayza and De Lange 2003)). Although Cdc13 

and POT1 share the ability to bind telomeric ssDNA, POT1, unlike Cdc13, has not been 

implicated in the recruitment of telomerase to telomeres. Nonetheless, POT1 plays a 

direct role in the accessibility of telomerase to telomeres. In vitro, POT1 can unfold G-

quartet structures allowing telomerase extension, but also can block telomerase when 

bound near the 3’ end of telomeres (Kelleher et al. 2005; Lei et al. 2005). Additionally, 

when POT1 is bound to internal telomeric repeats, the telomeric 3’ end is available for 

telomerase extension, increasing both the activity and processivity of telomerase (Lei et 

al. 2005). Moreover, when POT1 heterodimerizes with TPP1, telomerase is even further 

stimulated (Wang et al. 2007). The OB fold of TPP1 can interact with telomerase (Xin et 
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al. 2007); however it is not known if this interaction is required for telomerase 

recruitment to mammalian telomeres. 

In addition to regulating telomere length by binding to telomeric ssDNA, the 

protein interactions of POT1 are also thought to play a role in telomeric length control. 

In this regard, expression of an N-terminally truncated version of POT1 lacking DNA 

binding domains, POT1ΔOB, causes rapid and extensive telomere elongation (Loayza and 

De Lange 2003; Armbruster et al. 2004). Furthermore, inhibition of either TRF1 or TRF2 

reduces POT1 from telomeres (Loayza and De Lange 2003), and in the case of TRF2 

inhibition, the loss of POT1 at telomeres also causes a degradation of the telomeric 

overhang (Loayza and De Lange 2003). The roles of protein-protein interactions in the 

ability of POT1 to regulate telomere length will be further examined in detail in this 

thesis.  

In humans, all six core telomere proteins (TRF1,TRF2, RAP1, TIN2, TPP1, POT1) 

negatively regulate telomerase (Li et al. 2000; Smogorzewska et al. 2000; Li and de Lange 

2003; Loayza and De Lange 2003; Houghtaling et al. 2004; Liu et al. 2004b; O'Connor et 

al. 2004; Veldman et al. 2004; Ye and de Lange 2004; Ye et al. 2004b). In agreement with 

the yeast protein counting model, long human telomeres bind more TRF1, TRF2, TIN2, 

RAP1, and POT1 (Smogorzewska et al. 2000; Loayza and De Lange 2003). Current 

models for human telomere length regulation suggest that the telomeric dsDNA binding 

proteins TRF1 and TRF2 mediate regulation in part by other telomere binding proteins. 
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As an example, PinX1, a TRF1 binding protein, has been shown to inhibit telomerase 

activity in vitro (Zhou and Lu 2001). Additionally,  the binding of TRF1 to telomeres is 

negatively regulated by Tankyrase 1 (Smith et al. 1998) as the overexpression of 

Tankyrase 1 leads to telomere elongation (Smith and de Lange 2000), matching the 

phenotype of TRF1 inhibition (van Steensel and de Lange 1997). Interestingly, TIN2, a 

protein interaction partner of both TRF1 and TRF2, has been shown to protect TRF1 

from tankyrase 1-mediated modification, thus also playing a role of the regulation of 

TRF1 on telomeres (Ye and de Lange 2004). Moreover, TIN2 has also been shown to 

stimulate TRF1-promoted pairing of telomeric tracts in vitro (Kim et al. 2003), which may 

assist TRF2 in the formation of t-loops (Stansel et al. 2001). It has been hypothesized that 

the t-loop may represent a closed chromatin structure in which telomerase is unable to 

access to elongate telomeres (Greider 1999). The precise roles of each of the mammalian 

telomere interaction proteins remain to be elucidated along with the mechanisms of 

mammalian telomere length regulation, and more studies need to be done in this regard. 

1.5 Protein Complexes at the Telomere 

Gel filtration experiments show that POT1 exists in at least two complexes at the 

telomere (O'Connor et al. 2006). One complex consists of the telomeric core proteins 

POT1, TRF1, TRF2, TPP1, TIN2, and RAP1; while the other complex consists of just 

POT1, RAP1, TRF2, and TIN2 (O'Connor et al. 2006). These complexes appear very 

fragile as perturbing any of the telomeric core protein members leads to similar 
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phenotypes, possibly caused by dissolution of the telomeric complexes. For example, 

DNA damage responses at the telomere (as measured by TIF formation) are induced by 

knockdown of TRF2 (Takai et al. 2003), POT1 (Hockemeyer et al. 2005), TPP1 

(Hockemeyer et al. 2007), or expression of dominant negative mutant TIN2 (Kim et al. 

2004). Moreover, knockdown of POT1 (Veldman et al. 2004), TIN2 (Ye and de Lange 

2004) , RAP1 (Li et al. 2000), TPP1 (Ye et al. 2004b), and expression of dominant negative 

forms of TRF1 (van Steensel and de Lange 1997) and TRF2 (Smogorzewska et al. 2000) 

all lead to telomere lengthening phenotypes, presumably by the disruption of protein 

complexes at the telomere, which may affect the conformation of t-loops. 

Due to the fragility of the telomeric complexes, previous loss-of-function studies 

have not been successful in elucidating the biological functions of specific protein 

interactions at the telomere. However, in Saccharomyces cerevisiae, separation-of-function 

mutants have been used successfully to dissect the different functions of the POT1 

ortholog, Cdc13 (Garvik et al. 1995; Nugent et al. 1996). Using this proven approach, I 

explore the biological functions of mammalian POT1 interactions at the telomere in this 

thesis. Specifically, POT1 separation-of-function proteins were generated to determine 

the functions of POT1 interactions with direct binding proteins, TPP1 and TIN2 in 

mammalian telomere protection and length regulation.  
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1.6 Goals of My Project 

 In this thesis, I investigate the biological functions of POT1 complexes at 

telomeres. Specifically, I elucidate the protein interactions of POT1 required for telomere 

protection and length regulation. In Chapter 3, I determine that both the DNA binding 

and protein interaction activities of POT1 are required in cis for telomere protection and 

prevention of TIFs. Furthermore, I describe four novel POT1 separation-of-function 

mutants that are defective in binding TPP1, TRF2, or both TPP1 and TRF2. Using these 

mutants, I show that the POT1-TRF2 interaction is required for telomeric localization of 

POT1 while the POT1-TPP1 interaction is essential for telomere protection. Moreover, I 

describe a potential mechanism of POT1-TPP1 heterodimer-mediated telomere 

protection involving the out-competition of RPA binding at telomere ends. I worked on 

this project with Megan Kendellen, Brian Freibaum, Blaine Armbruster, and Katherine 

Etheridge. Megan Kendellen performed the co-immunoprecipitation experiments of the 

POT1 mutants, and assisted with the immunofluorescence work. Specifically, Megan 

performed experiments shown in Figs. 8, 9, 10, 11D-F, and 13C-E and assisted with 

experiments shown in Figs. 4C-D, 5, 6, 13F-G, 14, 15, and 16 as denoted in figure 

legends. Brian Freibaum performed chromatin immunoprecipitation analysis and 

contributed intellectual input. Brian assisted with the experiments shown in Fig. 2F as 

denoted in figure legends. Blaine Armbruster performed the NAAIRS mutagenesis on 
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POT1, and sub-cloned 49 POT1 mutants into pBABE plasmids. Katherine Etheridge 

began the initial characterization of these mutants.  

 In Chapter 4, I further parse out the biological functions of POT1 protein 

interactions, this time focusing on telomere length regulation. In this chapter I describe a 

novel mechanism of the telomere elongation induced by expression of dominant 

negative N-terminally truncated POT1 mutant, POT1ΔOB. Using N-terminally truncated 

POT1 separation-of-function mutants, I found that the POT1-TRF2 interaction is 

involved in telomere length maintenance. Furthermore, I determine that the POT1ΔOB 

functions by strongly binding to TRF2 and disrupting the interactions of TRF2 direct 

binding partners at the telomere. Finally, I show that for proper telomere length 

maintenance, TRF2 must interact with a POT1 protein able to bind ssDNA, as both 

disruption of the POT1-TRF2 interaction or replacement of a POT1 mutant unable to 

bind ssDNA lead to telomere elongation. I worked on this project with Megan Kendellen 

who performed the co-immunoprecipitation experiments, and assisted with Southern 

assays. Specifically, Megan Kendellen performed experiments shown in Figs. 19A and 

20, and assisted in experiments shown in Figs. 19B as denoted in figure legends.  
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2. Materials and Methods 

2.1 Functions of POT1 in the Protection of Telomeres 

2.1.1 Plasmids 

N-terminally FLAG epitope-tagged human POT1 (F-POT1) cDNA (Armbruster 

et al. 2004) was used as a template for PCRs to generate N-terminally FLAG-tagged 

POT1 fragments spanning amino acids 2 to 350 (F-POT12OB) and 127 to 634 (F-POT1ΔOB). 

NAAIRS substitution mutants of F-POT1 were generated as previously described 

(Armbruster et al. 2001), using site-directed mutagenesis (QuikChange; Stratagene), to 

create a panel of 49 individual tandem NAAIRS substitution mutants of every six amino 

acids spanning amino acids 311 to 629 (with the exception of amino acids 419, 431, 443, 

497, and 503), with the first amino acid of POT1 replaced by the NAAIRS sequence used 

to identify each mutant. RNA interference (RNAi)-resistant versions of F-POT1, F-

POT1ΔOB, F-POT1ΔTPP1, F-POT1ΔTRF2-1, F-POT1ΔTRF2-2, and F-POT1ΔTPP1ΔTRF2-2 (including 

NAAIRS substitutions 317, 545, 599, and 317 plus 599) were generated by site-directed 

mutagenesis to introduce the silent mutations A4033C�CT, A40363�G, A40393�G, C40423�G, 

and C40483�G. All cDNAs were confirmed by direct sequencing and sub-cloned into 

pBABE-neo, pBABE-puro (Morgenstern and Land 1990), pCI-neo (Invitrogen), and 

pEYFP-C1 (Clontech). Myc-tagged TIN2 cDNA (a kind gift from Judith Campisi) was 

sub-cloned into pCI-neo, Myc-TPP1 cDNA generated by reverse transcription-PCR (RT-

PCR) from HeLa cell total RNA with a primer encoding the c-Myc epitope was sub-
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cloned into pEYFP-C1, and Myc-TRF2 (Armbruster et al. 2003) was sub-cloned into 

pDsRed2-C1 (Clontech). The irrelevant FLAG epitope-tagged Ras17N protein was 

expressed from a pcDNA3 plasmid. A POT1 short hairpin RNA (shRNA) expressed 

from the plasmid pSUPER-Retro-puro (Veldman et al. 2004) was sub-cloned into 

pSUPER-Retro-neo. The sequence for TRF2 shRNA (Xu and Blackburn 2004) was sub-

cloned into pSUPER-Retro-puro. 

2.1.2 Cell Lines 

Human embryonic kidney 293T cells were stably infected with retroviruses 

derived from pBABE-puro carrying no transgene (vector) or encoding F-POT1, F-POT1 

NAAIRS mutants, or F-POT1 truncation mutants, as previously described (O'Hayer and 

Counter 2006), and polyclonal populations were selected with puromycin (Sigma). In 

one case, IMR-90 human skin fibroblasts (ATCC) were similarly infected with 

retroviruses derived from pBABE-neo carrying no transgene (vector) or encoding RNAi-

resistant forms of F-POT1, F-POT1ΔOB, F-POT12OB, or F-POT12OB+ΔOB; polyclonal 

populations were selected with Geneticin (Gibco), after which the cells were again stably 

infected with retroviruses derived from pSUPER-Retro-puro carrying no transgene 

(vector) or POT1 shRNA (Veldman et al. 2004); and again polyclonal populations were 

selected with puromycin (Sigma). In a second case, IMR-90 cells were stably infected 

with retroviruses derived from pBABE-puro carrying no transgene (vector) or encoding 

RNAi-resistant forms of F-POT1ΔTPP1, F-POT1ΔTRF2-1, F-POT1ΔTRF2-2, or F-POT1ΔTPP1ΔTRF2-2, 
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selected with puromycin, and then again stably infected with retroviruses derived from 

pSUPER-Retro-neo carrying no sequence (vector) or POT1 shRNA (Veldman et al. 2004), 

and again polyclonal populations were selected with Geneticin (Gibco). 

2.1.3 G-strand Binding Assay 

35S-labeled proteins were synthesized in vitro by use of a T7 quick-coupled TNT 

system (Promega), using the plasmids pCI-neo-F-POT1, -F-POT12OB, -F-POT1ΔOB, -F-

POT1ΔTPP1, -F-POT1ΔTRF2-1, and –F-POT1ΔTRF2-2 following the manufacturer’s instructions. 

One-fifth of the reaction mixture was used as an input control, and the remaining 

reaction mixture was diluted in 1X phosphate-buffered saline (PBS) supplemented with 

0.1 mM phenylmethylsulfonyl fluoride and incubated with anti-FLAG M2 agarose 

affinity resin (Sigma) for 1 h at room temperature. The resin was washed three times 

with 1X PBS for 5 min, and one-third of the immunoprecipitate was incubated for 30 min 

in binding buffer (50 mM NaCl, 25 mM HEPES, pH 7.4, 1 mM EDTA, pH 8.0, 100 ng/ml 

bovine serum albumin) containing 2.5 mM of the pBoli109 primer (5’ 

CCGTAAGCATTTCATTATTGGAATTCGAGCTCGTTTTCGA) (Baumann and Cech 

2001) and 10nM of the G-strand oligonucleotide [(T2AG3)5] 32P end labeled with T4 

polynucleotide kinase (Invitrogen) and purified with G-25 gel filtration mini spin 

columns (Promega) according to the manufacturer’s protocol. Unbound G-strand 

oligonucleotide was removed by washing of the anti-FLAG M2 resin three times in 1X 

PBS for 5 min and then resolved by sodium dodecylsulfate-polyacrylamide gel 
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electrophoresis (SDS-PAGE), after which the gel was fixed in 40% methanol–7% acetic 

acid–10% glycerol and dried. Products were visualized by exposure to a 

phosphorimager screen. 

2.1.4 Immunofluorescence 

To determine if F-POT1 or mutants thereof co-localized with TRF1, 293T cells 

seeded on coverslips were transiently co-transfected with 0.2μg of pEYFP, encoding 

yellow fluorescent protein (YFP) fused in frame with F-POT1 or mutants thereof, and 

0.2μg of pDsRed2-CI-TRF2, using FuGENE 6 (Roche) per the manufacturer’s protocol. 

Forty-eight hours later, cells were fixed, permeabilized, and blocked as previously 

described (Armbruster et al. 2003), mounted in Faramount aqueous mounting medium 

(DakoCytomation), and examined at a magnification of 1,000X on an Olympus IX70 

confocal fluorescence microscope.  

To assess whether F-POT1 and mutants thereof rescued the induction of TIFs by 

POT1 shRNA, the above-described IMR-90 cells stably expressing F-POT1 or mutants 

thereof were seeded on coverslips and, 48 h later, were fixed, permeabilized, and 

blocked as previously described (Armbruster et al. 2003). Endogenous γ-H2AX was 

detected with anti-γ-H2AX mouse monoclonal antibody (clone JBW301; Upstate) at a 

1:300 dilution, and endogenous TRF1 was detected with an anti-TRF1 rabbit polyclonal 

antibody (a kind gift from Dominique Broccoli) at a 1:200 dilution in phosphate-buffered 

gelatin (PBG) for 1 h. Following three 5-min washes, the cells were incubated for 1 h 
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with donkey anti-mouse antibody conjugated with rhodamine RedX (Jackson Immuno-

Research) and donkey anti-rabbit antibody conjugated with fluorescein isothiocyanate 

(FITC; Jackson ImmunoResearch), both diluted 1:200 in PBG. Following three 5-min 

washes with PBG and two 5-min washes with 1X PBS, coverslips were mounted in 

Faramount aqueous mounting medium (DakoCytomation), and cells were examined as 

described above. 

To assess the localization of RPA in cells expressing vector or a retrovirus 

encoding POT1 shRNA, the above-described IMR-90 cells stably expressing F-POT1 or 

mutants thereof were seeded on coverslips and, 48 h later, were fixed, permeabilized, 

and blocked as previously described (Armbruster et al. 2003). Endogenous RPA was 

detected with anti-RPA p34 mouse monoclonal antibody (NeoMarkers/Lab Vision 

Corporation) at a 1:200 dilution, and endogenous TRF1 was detected as described above. 

Following three 5-min washes in PBG, the cells were incubated for 1 h with donkey anti-

rabbit antibody conjugated with rhodamine RedX (Jackson ImmunoResearch) and 

donkey anti-mouse antibody conjugated with FITC (Jackson ImmunoResearch), both 

diluted 1:200 in PBG. Following three 5-min washes in PBG, the cells were incubated for 

45 min with goat anti-FITC–Alexa 488 antibody diluted 1:200 in PBG. Cells were then 

washed, mounted, and examined as described above. 

Each experiment was repeated at least twice by observing at least 150 cells in 

each trial for the TIF assay and at least 125 cells in each trial for the assay of co-staining 
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of telomeres and RPA (STAR). The percentages of TIF- and STAR-positive cells and 

standard errors were then calculated and graphed. 

2.1.5 Chromatin Immunoprecipitation (ChIP) 

ChIP assays were performed as described previously (Cheung et al. 2000), with 

the following modifications. A Branson sonifier microtip (Branson Ultrasonics) was used 

for sonification (output 3; duty cycle, 30%; five 10-s bursts), insoluble material was then 

pelleted by microcentrifugation (13,000 xg for 5 min at 4°C), and the remaining lysate 

was diluted in lysis buffer (1:2) precleared by the addition of 30μl of a 50% slurry of 

GammaBind G-Sepharose (Amersham Biosciences), incubated at 4°C for 1 h, transferred 

to new tubes, and incubated overnight with anti-FLAG M2 agarose affinity gel (Sigma) 

at 4°C. Dot blots were performed with a 32P-labeled oligonucleotide telomeric probe 

[(T2AG3)4] or, as a control, an ALU repeat probe, as previously described (Chai et al. 

2005). Hybridization of the probes was confirmed with 10μg of total genomic DNA 

blotted on each membrane. 

2.1.6 Crystal Violet Staining 

The first confluent plates of the above-described IMR-90 cells stably expressing 

pBABE-neo carrying no transgene (vector) or encoding F-POT1, F-POT12OB, or F-POTΔOB 

and pSUPER-Retro-puro carrying no sequence or the sequence for POT1 shRNA were 

plated at 100,000 cells per 6-cm plate. The first confluent plate was arbitrarily assigned to 

be population doubling (pd) 0. Cells were passaged continually, and when the greatest 
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difference in growth was observed (pd 8), they were split 1:8 and plated onto a well of a 

six-well plate. One week later, cells were fixed and stained with crystal violet, as 

previously described (Veldman et al. 2004), to monitor plating efficiency. 

2.1.7 Immunoprecipitation and Immunoblotting 

293T cells stably expressing F-POT1 or mutants thereof were transiently 

transfected with 8μg of pCI-neo-Myc-TIN2 (Myc-TIN2) or pEYFP-C1-TPP1 (GFP-TPP1), 

using FuGENE 6 (Roche) following the manufacturer’s protocol. Forty-eight hours later, 

cells were lysed as previously described (Armbruster et al. 2001). One-tenth of the lysate 

was immunoblotted to assess protein input levels, using mouse monoclonal anti-green 

fluorescent protein (anti-GFP; 1:1,000) (Roche), mouse monoclonal anti-Myc (1:3,000) 

(Invitrogen), or mouse monoclonal anti-FLAG M2 (1:1,200) (Sigma) antibody. The 

remaining lysate was incubated with 4μg mouse monoclonal anti-GFP (Roche) or mouse 

monoclonal anti-Myc (Invitrogen) antibody for 1 h at 4°C and then incubated with 60μl 

of 50% G-Sepharose beads (Amersham Biosciences) for 3 h at 4°C. Samples were washed 

twice for 10 min each in lysis buffer with rocking at 4°C, resolved by SDS-PAGE, 

immunoblotted with primary mouse monoclonal anti-FLAG M2 antibody (Sigma) and 

either anti-GFP mouse monoclonal (Roche) or anti-Myc mouse monoclonal (Invitrogen) 

antibody followed by secondary antibodies as previously described (Armbruster et al. 

2001). To assay for co-immunoprecipitation of F-POT1 and NAAIRS mutants thereof 

with endogenous TRF2, lysates were similarly prepared from 293T cells stably 
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expressing F-POT1 or mutants thereof, and F-POT1 proteins were immunoprecipitated 

with 25μl of a 50% slurry of anti-FLAG M2 agarose affinity resin (Sigma) at 4°C for 2 h 

and eluted with 2.4μg FLAG peptide (Sigma). The resultant eluate was resolved by SDS-

PAGE and immunoblotted with primary anti-FLAG M2 antibody (1:1,200) (Sigma) and 

anti-human TRF2 monoclonal antibody (1:250) (Imgenex) and with secondary antibodies 

as described above. Lastly, F-POT1, F-POT12OB, F-POT1ΔOB, or F-POT12OB+ΔOB stably 

expressed in IMR-90 cells was detected by similarly immunoprecipitating the protein 

with anti-FLAG M2 agarose affinity resin (Sigma), followed by immunoblotting with 

either primary anti-FLAG M2 (1:1,200) (Sigma) or endogenous rabbit polyclonal anti-

POT1 982 (1:3,000) (Veldman et al. 2004) antibody and with secondary antibodies as 

described above. In the figures, vertical dotted lines indicate samples run in the same 

gel, separated by irrelevant samples that have been excluded. 

2.1.8 RT-PCR 

 Total RNA was reverse transcribed and PCR amplified (RT-PCR) with primers 

5’-AGCCTGTGAAAGCGAACAAT-3’ (targeted to the 5’ untranslated region not found 

in the plasmid encoding POT1) and 5’-CAGCTGTTTTGCAGATTGGA-3’ or 5’-

GAAGGTGAAGGTCGGAGACAA-3’ and 5’-GCAGAGGGGGCAGAGATGAT-3’ to 

detect endogenous POT1 or, as a control, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), respectively, as previously described (Hamad et al. 2002). The PCR cycle 

number varied between 25 and 33 cycles, depending on cell type and transcript. 
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2.2 Roles of POT1 in Telomere Length Regulation 

2.2.1 Plasmids 

 N-terminally FLAG-tagged POT1 and POT1ΔOB have been previously described 

(Barrientos et al. 2008). NAAIRS substitution mutants of F-POT1 were generated as 

previously described (Armbruster et al. 2001; Barrientos et al. 2008) by site directed 

mutagenesis (QuikChange, Stratagene). RNAi resistant versions of F-POT1, F-POT1ΔOB, 

F-POT1ΔTPP1, and F-POT1ΔTRF2 (NAAIRS substitution 317 and 599 respectively) were 

generated by site directed mutagenesis to introduce silent mutations as previously 

described (Barrientos et al. 2008). All cDNAs were confirmed by direct sequencing and 

sub-cloned into pBABE-hygro (Morgenstern and Land 1990). Additional POT1 NAAIRS 

mutants were made using F-POT1ΔOB as a template, thus creating F-POT1ΔOBΔTPP1 or F-

POT1ΔOBΔTRF2. These mutants were confirmed by direct sequencing and sub-cloned into 

pBABE-puro (Morgenstern and Land 1990). Myc-tagged TIN2 cDNA (a kind gift from 

Judith Campisi) was sub-cloned into pCI-neo. Myc-TPP1 cDNA generated by RT-PCR 

from HeLa total RNA with a primer encoding the cMyc epitope was sub-cloned into 

pEYFP-C1 (Clontech). FLAG-tagged RAP1 (a kind gift from Zhou Songyang) was sub-

cloned into pEYFP-C1 (Clontech), and Myc-TRF2 (Armbruster et al. 2003) was sub-

cloned into pcDNA3 (Invitrogen). A POT1 short hairpin RNA (shRNA) expressed from 

the plasmid pSUPER-Retro-puro-POT1 shRNA is previously described (Veldman et al. 

2004). 
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2.2.2 Cell lines 

HA1 cells are SV40 transformed HEK cells cultured through crisis to become 

immortal and telomerase positive (Counter et al. 1992). HA1 cells were stably infected 

with retroviruses derived from pBABE-hygro as previously described (O'Hayer and 

Counter 2006) encoding no transgene (vector), F-POT1, F-POT1ΔOB, F-POT1ΔTPP1, or F-

POT1ΔTRF2, or retroviruses derived from pBABE-puro encoding no transgene (vector), F-

POT1, F-POT1ΔOB, F-POT1ΔOBΔTPP1, or F-POT1ΔOBΔTRF2  with polyclonal populations selected 

in hygromycin B (Invitrogen) or puromycin (Sigma), respectively. For POT1 

knockdown, HA1 cells were similarly infected with retroviruses derived from pSUPER-

Retro-puro encoding no transgene (vector) or POT1 shRNA (Veldman et al. 2004), and 

polyclonal populations were selected in puromycin (Sigma). 

2.2.3 Telomere Length Analysis  

HA1 cells expressing the indicated transgenes were lysed and proteins were 

digested in 10mM Tris-HCl (pH 8.0), 100 mM NaCl, 25 mM EDTA, and 0.5% SDS 

supplemented with 0.1 mg/mL proteinase K, and incubated overnight at 48°C.  

Telomere-containing terminal restriction fragments were visualized by resolving 10 μg 

of genomic DNA digested with HinfI and RsaI on 0.5% agarose gels. This was followed 

by hybridization with a 32P-labeled (CCCTAA)3 telomere probe, three washes with 15x 

SSC, and exposure to a Phosphorimager screen to visualize telomere-containing 

fragments as previously described (Armbruster et al. 2004).     
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2.2.4 Immunoprecipitation and Immunoblotting 

To verify ectopic expression of F-POT1 constructs (wild-type, truncation, and 

NAAIRS mutants), HA1 cells stably expressing empty pBABE vector, F-POT1, F-

POT1ΔTPP1, F-POT1ΔTRF2, F-POT1ΔOB, F-POT1ΔOBΔTPP1, or F-POT1ΔOBΔTRF2 were lysed as 

previously described (Armbruster et al. 2001; Barrientos et al. 2008). The resultant 

lysates were immunoprecipitated with 35 μL 50% slurry of anti-FLAG M2 agarose 

affinity resin (Sigma) at 4°C for 2 hours, followed by two washes for 10 minutes each in 

lysis buffer with rocking at 4°C. FLAG-tagged proteins were eluted from the resin by 

incubation of the dried beads with 2.4 μg FLAG-peptide (Sigma) in 40 μL lysis buffer 

with rocking for 30 minutes at room temperature. Resultant samples were resolved by 

SDS-PAGE and immunoblotted using mouse monoclonal anti-FLAG M2 (Sigma, 1:1,200) 

and goat anti-mouse secondary antibodies as previously described (Armbruster et al. 

2001; Barrientos et al. 2008).  

To determine whether overexpression of F-POT1ΔOB modulates the ability of 

endogenous TRF2 to associate with exogenous telomere proteins, we performed co-

immunoprecipitation analysis on these proteins in the absence and presence of F-

POT1ΔOB. Specifically, 293T cells were transiently transfected using FuGENE 6 (Roche) 

according to manufacturer’s protocols with 4 μg empty pBABE vector, pCI-neo-Myc-

TIN2 (Myc-TIN2), pEYFP-C1-FLAG-RAP1 (YFP-F-RAP1), or pEYFP-C1-FLAG-POT1 

(YFP-F-POT1) with and without co-transfection of 4 μg pCI-neo-FLAG-POT1ΔOB (F-
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POT1ΔOB). Cells were lysed 48 hours after transfection as previously described 

(Armbruster et al. 2001; Barrientos et al. 2008). One tenth of the lysate was reserved for 

SDS-PAGE resolution and immunoblotting with anti-TRF2 (Imgenex, 1:250) antibody to 

determine the level of expression of endogenous TRF2 in each sample. Exogenous 

proteins in the remaining lysates were immunoprecipitated by incubation for 1 hour at 

4°C with either 5 μg of anti-Myc (Invitrogen) or anti-GFP (Roche) antibody as 

appropriate, followed by incubation for 3 hours at 4°C with 70 μL of 50% G-sepharose 

beads (Amersham Biosciences) washed with 1X PBS. Samples were then washed twice 

for 10 minutes each in lysis buffer with rocking at 4°C, and resolved by SDS-PAGE. This 

was followed by immunoblotting with anti-TRF2 (Imgenex, 1:250) and goat anti-mouse 

secondary antibodies as previously described (Armbruster et al. 2001; Barrientos et al. 

2008).  Subsequently, samples were stripped and immunoblotted with mouse anti-Myc 

(Invitrogen, 1:3000) or anti-GFP (Roche, 1:1000) and goat anti-mouse secondary 

antibodies as previously described (Armbruster et al. 2001; Barrientos et al. 2008) to 

determine whether exogenous proteins were immunoprecipitated with equal efficiency. 

2.2.5 RT-PCR 

To detect endogenous POT1 mRNA, total RNA was reverse-transcribed (RT) and 

PCR amplified with primers 5’-AGCCTGTGAAAGCGAACAAT-3’ (targeted to the 5’ 

UTR not found in plasmid encoding POT1) and 5’-CAGCTGTTTTGCAGATTGGA-3’ or 

5’-GAAGGTGAAGGTCGGAGACAA-3’ and 5’-GCAGAGGGGGCAGAGATGAT-3’ to 
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detect endogenous POT1 or as a control GAPDH, respectively, as previously described 

(Hamad et al. 2002). PCR cycle number varied between 25 and 30 cycles, depending on 

cell type and transcript. 
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3. Distinct Functions of POT1 in the Protection of 
Telomeres 

3.1 Introduction 

Telomeres are DNA-protein complexes that protect the ends of linear eukaryotic 

chromosomes from illegitimate recombination, degradation, and recognition as DNA 

double-strand breaks (de Lange 2002). The DNA portion of human telomeres is 

composed of tandem arrays of the short G-rich repetitive sequence TTAGGG in which 

the G-rich strand extends beyond the C-rich strand, forming a 3’ single-stranded DNA 

(ssDNA) overhang (Verdun and Karlseder 2007). Electron microscopic analysis suggests 

that the 3’ overhang can loop back and invade telomeric double-stranded DNA 

(dsDNA) to form a large lariat structure, effectively hiding the end of the telomere 

(Griffith et al. 1999). The protein portion of telomeres is composed of two telomeric 

dsDNA-binding proteins, TRF1 and TRF2 (Broccoli et al. 1997; van Steensel and de 

Lange 1997; van Steensel et al. 1998; Karlseder et al. 1999; Smogorzewska et al. 2000), 

and one telomeric ssDNA-binding protein, POT1 (Baumann and Cech 2001; Baumann et 

al. 2002), which form a large complex, mediated by proteins such as TIN2 and TPP1 

(Kim et al. 1999; Houghtaling et al. 2004; Kim et al. 2004; Liu et al. 2004a; Liu et al. 2004b; 

Ye et al. 2004a; Ye et al. 2004b; O'Connor et al. 2006), that maintains chromosome end 

stability (Takai et al. 2003; Veldman et al. 2004; Hockemeyer et al. 2005; Hockemeyer et 

al. 2007). 
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POT1 is a 634-amino-acid protein comprised of an N-terminal evolutionarily 

conserved pair of oligonucleotide/oligosaccharide (OB) folds responsible for telomeric 

ssDNA binding (Baumann and Cech 2001; Baumann et al. 2002; Loayza and De Lange 

2003), with the remaining C terminus serving to bind TPP1 (Liu et al. 2004b; Ye et al. 

2004b) and TRF2 (Yang et al. 2005). With regard to TPP1, both recombinant (Wang et al. 

2007) and purified (Xin et al. 2007) human TPP1 protein forms a heterodimer with POT1 

in vitro, which enhances the association of POT1 with a G-strand telomere 

oligonucleotide. Moreover, in the lower eukaryote Oxytricha nova, the POT1 and TPP1 

homologues TEBPα (Baumann and Cech 2000; Baumann and Cech 2001) and TEBPβ 

(Wang et al. 2007; Xin et al. 2007) form a ternary complex with ssDNA (Fang and Cech 

1993; Horvath et al. 1998) that protects chromosome ends (Gray et al. 1991). 

Heterodimerization of POT1 with TPP1 thus appears to enhance POT1 function at 

telomeric ssDNA. With regard to TRF2, POT1 co-immunoprecipitates with TRF2 (Yang 

et al. 2005) and has been isolated by gel filtration in several protein sub-complexes 

containing TRF2 (Liu et al. 2004a; O'Connor et al. 2006; Kim et al. 2008). POT1 thus 

interacts directly with telomeric ssDNA, in association with TPP1, and potentially also 

indirectly with telomeric dsDNA, through binding of TRF2. 

Knockdown of human POT1 expression in a variety of human cells (Veldman et 

al. 2004; Hockemeyer et al. 2005; Yang et al. 2005) or genetic ablation or conditional 

knockout of the POT1a gene in mouse fibroblasts (Hockemeyer et al. 2006; Wu et al. 
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2006) or the cPot1 gene in chicken cells (Churikov et al. 2006) results in the co-

localization of the early DNA damage response protein γ-H2AX (or 53BP1) with TRF1. 

Such foci are termed telomere dysfunction-induced foci (TIFs) and are indicative of the 

telomere being recognized as a site of DNA damage (Takai et al. 2003). Moreover, loss of 

POT1 proteins in all three organisms leads to an accumulation of cytogenetic 

abnormalities and a decrease in cell proliferation, by either increased senescence or 

increased apoptosis (Veldman et al. 2004; Yang et al. 2005; Churikov et al. 2006; He et al. 

2006; Hockemeyer et al. 2006; Wu et al. 2006). Thus, POT1 protects the ends of 

eukaryotic chromosomes from being recognized as DNA damage and from genetic 

instability. 

The understanding of how POT1 protects chromosome ends is incomplete. 

Specifically, it remains to be determined which of the three known activities of POT1—

telomeric ssDNA binding, heterodimerization with TPP1, or interaction with TRF2—are 

required for protecting chromosome ends. Deciphering which of these three activities 

are required to protect telomeres has been hampered by the fact that disrupting 

telomeric proteins often unravels the telomeric protein complex and leads to a DNA 

damage response. Specifically, knockdown of POT1, TPP1, or TRF2 elicits TIF formation 

(Takai et al. 2003; Kim et al. 2004; Hockemeyer et al. 2005; Guo et al. 2007; Hockemeyer 

et al. 2007; Xin et al. 2007). Additionally, reduction of either TIN2 or TPP1 disrupts 

assembly of the telomeric protein complex (O'Connor et al. 2006). However, in 
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Saccharomyces cerevisiae, separation-of-function mutants have been used successfully to 

dissect the different functions of the POT1 ortholog Cdc13 (Garvik et al. 1995; Nugent et 

al. 1996). Capitalizing on this approach, we generated separation-of-function mutants of 

POT1 defective in one or more of these three activities and tested them for the ability to 

overcome a DNA damage response at telomeres, as measured by TIF formation induced 

by the knockdown of endogenous POT1, as well as the ability to localize to telomeres, as 

measured by immunofluorescence and chromatin immunoprecipitation (ChIP). We 

found that binding to TRF2 was dispensable for protecting telomeres from a DNA 

damage response but did foster robust loading of POT1 onto telomeric chromatin. 

Conversely, the telomeric ssDNA and TPP1-binding activities were both required in cis 

for POT1 to protect telomeres from a DNA damage response. Lastly, knockdown of 

POT1 increased both a DNA damage response at telomeres and telomere association of 

the ssDNA-binding complex RPA, which can serve as a sensor of DNA damage. Both 

phenotypes were rescued by expression of wild-type POT1 but not a TPP1-binding 

mutant of POT1. Collectively, we thus speculate that POT1 is loaded onto telomeres via 

association with TRF2 and once bound to telomeric ssDNA as a heterodimer with TPP1, 

may prevent binding of RPA and possibly even a DNA damage response. 
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3.2 Results 

3.2.1 Truncation Mutants Encoding ssDNA-binding or Protein 
Interaction Activity of POT1 

As a first step to identify the functions of POT1 required to protect telomere ends 

from being detected as DNA damage, we tested whether telomeric ssDNA-binding 

activity, protein interaction activity, or both activities of POT1 could suppress TIFs 

induced by knockdown of endogenous POT1 in human cells. To this end, FLAG-tagged 

truncation mutants of human POT1 were generated, consisting of either the minimal 

telomeric ssDNA-binding region of POT1 (amino acids 0 to 350) (Trujillo et al. 2005), 

termed F-POT12OB, or the C-terminal protein interaction domain (amino acids 127 to 634) 

(Loayza and De Lange 2003; Armbruster et al. 2004), termed F-POT1ΔOB (Fig. 2A). F-

POT12OB encompasses the known telomeric ssDNA-binding region of POT1, as detailed 

by crystallography (Lei et al. 2004). Binding to a model telomeric ssDNA substrate was 

assessed in vitro for each F-POT1 mutant. Specifically, recombinant 35S-labeled FLAG-

tagged wild-type POT1 (F-POT1), F-POT12OB, and F-POT1ΔOB were incubated with 32P-

labeled oligonucleotide model telomeric G-strand substrate (T2AG3)3, 

immunoprecipitated by virtue of the FLAG epitope tag, and resolved by SDS-PAGE. 

Consistent with the mapping of the ssDNA-binding activity of POT1 to its N-terminal 

OB folds (Loayza et al. 2004), F-POT1 and F-POT12OB co-immunoprecipitated with 

telomeric ssDNA, whereas F-POT1ΔOB did not (Fig. 2B). Thus, F-POT12OB encompasses 
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the in vitro telomeric ssDNA-binding activity of POT1, whereas F-POT1ΔOB, which 

retains only the C-terminal protein interaction domain, lacks this activity. 

To confirm that the C-terminal fragment of POT1 encodes the region critical for 

protein interaction, 293T cells stably expressing vector as a negative control, F-POT1 as a 

positive control, F-POT12OB, or F-POT1ΔOB were transiently transfected with GFP-tagged 

TPP1 (GFP-TPP1), which associates directly with POT1 (Liu et al. 2004b), or Myc-tagged 

TIN2 (Myc-TIN2), which is thought to associate with POT1 as part of a larger protein 

complex (Liu et al. 2004a; O'Connor et al. 2006). Ectopic GFP-TPP1 or Myc-TIN2 was 

immunoprecipitated using an anti-GFP or anti-Myc antibody, respectively, and 

immunoblotted with an anti-FLAG antibody to detect whether the ectopic F-POT1 

proteins co-immunoprecipitated with GFP-TPP1 or Myc-TIN2. Consistent with the 

mapping of the protein interaction activity of POT1 to the C terminus (Liu et al. 2004b), 

both F-POT1 and F-POT1ΔOB co-immunoprecipitated with ectopic GFP-TPP1 and Myc-

TIN2, whereas F-POT12OB, which includes only the telomeric ssDNA-binding domain, 

did not (Figs. 2C and D). Thus, F-POT1ΔOB retains the functional protein-interaction 

activity of POT1, whereas F-POT12OB lacks this activity. 
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Figure 2. POT1 truncation mutants  
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Figure 2. POT1 truncation mutants  

(A) Diagram of the indicated POT1 proteins. OB1, OB2: OB DNA-binding domains, 

FLAG: flag-epitope tag, numbers: amino acids. (B) In vitro immunoprecipitation of the 

indicated 35S-labeled FLAG-tagged POT1 (F-POT1) proteins with a 32P-labeled telomeric 

ssDNA oligonucleotide. (C, D) Immunoprecipitation (IP) of GFP-tagged TPP1 (GFP-

TPP1) (C) or Myc-tagged TIN2 (Myc-TIN2) (D) followed by immunoblot (IB) to detect 

whether the indicated FLAG-tagged POT1 (F-POT1) proteins co-immunoprecipitated 

with GFP-TPP1 (C) or Myc-TIN2 (D) in 293T cells. Inputs are one-tenth of total 

immunoprecipitation lysate. (E) Visualization by direct fluorescence of the indicated 

YFP-FLAG-tagged-POT1 (YFP-F-POT1) proteins (green channel) and RFP-TRF2 (red 

channel) proteins in 293T cells. (F) ChIP analysis of the indicated proteins expressed in 

293T cells immunoprecipitated with an α-FLAG antibody and Southern hybridized with 

the indicated probes in the absence or presence of crosslinking. Total genomic DNA 

served as a loading control. All images are representative of duplicate experiments 

except (C) and (D), which are representative of triplicate experiments. Brian Freibaum 

assisted in experiments shown in (F). 
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 To explore which domain of POT1 facilitates association with telomeric 

chromatin in vivo, F-POT1, F-POT12OB, and F-POT1ΔOB fused in frame with YFP, or the 

YFP vector alone as a negative control, were transiently co-expressed in 293T cells with 

TRF2 in frame with red fluorescent protein (RFP-TRF2) as a marker of telomeres. YFP 

alone showed pan-nuclear staining. As previously reported (Baumann et al. 2002; 

Loayza and De Lange 2003; Liu et al. 2004b), direct fluorescence revealed a nuclear 

punctate pattern of YFP-F-POT1 that co-localized with RFP-TRF2, indicating that YFP-F-

POT1 localized to telomeres (Fig. 2E). Similar punctuate staining and co-localization 

with RFP-TRF2 were also observed for YFP-F-POT1ΔOB, indicating that the protein 

interaction region of POT1 is sufficient to localize POT1 to telomeres in vivo, as 

previously described (Liu et al. 2004b). YFP-F-POT12OB did not display punctate nuclear 

staining or co-localization with RFP-TRF2 (Fig. 2E). Because F-POT12OB binds telomeric 

ssDNA in vitro and ssDNA comprises a minuscule portion of telomeres, we suggest that 

F-POT12OB may yet bind telomeric ssDNA but that this association is beyond the level of 

detection of direct fluorescence. 

The observed sub-cellular localization patterns were independently validated 

using ChIP, which measures the amount and type of genomic DNA associated with 

proteins. Specifically, 293T cells were transiently transfected with F-POT1 as a positive 

control, an irrelevant FLAG-tagged protein (F-Ras17N) as a negative control, F-POT1ΔOB, 

or F-POT12OB. The ectopic proteins were immunoprecipitated by virtue of the FLAG 
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epitope tag, and associated telomeric DNA was detected by Southern hybridization with 

a telomere-specific probe. Consistent with the fluorescence data, F-POT12OB co-

immunoprecipitated with telomeric DNA slightly more than the irrelevant protein 

Ras17N did, but clearly less than wild-type F-POT1. Telomeric DNA was co-

immunoprecipitated with both F-POT1 and F-POT1ΔOB (Figs. 2F and 3). This association 

was specific for telomeric DNA, as neither F-POT1 protein associated with other 

repetitive DNA (ALU probe), nor did these proteins immunoprecipitate with telomeric 

DNA in the absence of cross-linking (Figs. 2F and 3). Taken together, these data suggest 

that F-POT1ΔOB is abundantly loaded onto telomeric chromatin via association with 

telomeric proteins in cells, but does not associate directly with telomeric ssDNA, at least 

as assayed in vitro. Conversely, F-POT12OB does not associate with known POT1-binding 

proteins but does bind telomeric ssDNA in vitro, although this association was difficult 

to capture in vivo. We thus generated mutants of POT1 that separate the telomeric 

ssDNA-binding and protein interaction activities. 
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Figure 3. Quantification of chromatin immunoprecipitation of POT1 truncation 

mutants 

Quantification of POT1 association with telomeric chromatin (top) or Alu chromatin 

(bottom) as demonstrated in Figure 2F. White bars indicate crosslinked samples, and 

blue bars indicate uncrosslinked samples. 
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3.2.2 Both ssDNA-binding and Protein Interaction Activities of POT1 
are Required for Telomere Protection 

We next tested which of the generated POT1 truncation mutants could protect 

telomeres from being detected as DNA damage when cells were treated with POT1 

shRNA. This shRNA was previously validated to reduce both mRNA and protein levels 

of POT1 (Veldman et al. 2004). A DNA damage response at telomeres was measured by 

co-localization of TRF1 with γ-H2AX, in foci termed TIFs (Takai et al. 2003). First, F-

POT1 and F-POT1ΔOB were made RNAi resistant by the introduction of silent mutations 

in the bases targeted by shRNA. F-POT12OB does not include the targeted bases, and thus 

no mutations were necessary for RNAi resistance. Next, normal human IMR-90 skin 

fibroblasts were engineered to stably express vector as a negative control, RNAi-

resistant F-POT1 as a positive control, F-POT12OB, RNAi-resistant F-POT1ΔOB, or both of 

the truncation mutants (termed F-POT12OB+ΔOB) in trans. The expression of these 

constructs was confirmed by immunoprecipitation and immunoblotting with an anti-

FLAG antibody (Fig. 4A). The five cell lines were then stably infected with a retrovirus 

carrying vector or POT1 shRNA to assess whether any of the proteins could substitute 

for endogenous POT1 in protecting telomere ends. Appropriate knockdown of 

endogenous POT1 mRNA was validated by RT-PCR (Figs. 4B and 5). 

 At least 150 cells from each of the 10 cell lines were assayed by indirect 

immunofluorescence for the formation of TIFs as a measurement of telomere 

dysfunction. Cells displaying more than 10 co-localizations between endogenous TRF1 
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and γ-H2AX were counted as TIF positive, and the percentage of TIF-positive cells was 

calculated and graphed (Figs. 4C and D). In the absence of POT1 shRNA, cells 

expressing F-POT1, F-POT1ΔOB, F-POT12OB, or F-POT12OB+ΔOB exhibited TIFs at a similar 

level to the vector background, indicating that expression of these proteins alone did not 

induce a DNA damage response. As expected and previously shown (Hockemeyer et al. 

2005), knockdown of endogenous POT1 induced TIFs in vector control cells. This effect 

was suppressed in cells expressing RNAi-resistant F-POT1 (Figs. 4C-D, 6). Importantly, 

none of the F-POT1 truncation mutants, alone or in combination, suppressed TIFs 

induced upon knockdown of endogenous POT1 (Figs. 4C-D, 6). We thus concluded that 

the telomeric ssDNA-binding and protein interaction domains of POT1 are both 

required in cis to protect telomere ends. 
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Figure 4. ssDNA-binding and protein-interaction activities of POT1 are required to 

protect telomere ends 
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Figure 4. ssDNA-binding and protein-interaction activities of POT1 are required to 

protect telomere ends  

 

(A) Detection of the indicated FLAG-tagged POT1 (F-POT1) proteins expressed in IMR-

90 cells by immunoprecipitation (IP) followed by immunoblot (IB) with an α-FLAG 

antibody. (B) Detection of endogenous POT1, or GAPDH as a loading control, mRNA by 

RT-PCR in the indicated IMR-90 cells. (C, D) Detection of endogenous TRF1 (green 

channel) and γ-H2AX (red channel) by indirect immunofluorescence, whereby co-

localization indicates TIFs, quantitated from >150 cells (C) or as representative images 

(D) in the indicated IMR-90 cells. Error bars represent standard error. (E) Crystal violet 

stained IMR-90 cells expressing the indicated transgenes one week after seeding at low 

density. Megan Kendellen assisted with experiments shown in (C-D). 
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We validated these results in a more biological assay of telomere damage. In 

addition to the formation of TIFs, disruption of POT1 in normal cells induces growth 

arrest (Veldman et al. 2004; Hockemeyer et al. 2005; Yang et al. 2005). Therefore, IMR-90 

cells expressing vector, F-POT1, F-POT1ΔOB, or F-POT12OB in the presence of an empty 

vector or POT1 shRNA were seeded at a low density at regular intervals and, 1 week 

later, were stained with crystal violet to detect adherent cells. By pd 8, vector cells 

treated with POT1 shRNA were less confluent than vector control cells with normal 

levels of endogenous POT1. This growth defect was abrogated by expression of RNAi-

resistant F-POT1 (Figs. 4E and 7). Consistent with TIF analysis (Figs. 4C and D), cells 

expressing RNAi-resistant F-POT1ΔOB or F-POT12OB failed to rescue this phenotype, 

despite the fact that cells expressing these proteins had normal cell growth in the 

presence of endogenous POT1 (Figs. 4E and 7). Thus, we concluded that both the 

telomeric ssDNA-binding and protein interaction activities of POT1 are required in cis to 

protect telomeres from being detected as DNA damage and cells from undergoing 

growth arrest. 
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Figure 5. Semi-quantitative RT-PCR of POT1 protein-expressing IMR-90 cells 

Detection of endogenous POT1, or GAPDH as a loading control, mRNA by RT-PCR in 

the indicated IMR-90 cells expressing POT1 truncation proteins over multiple 

amplification cycles. There was insufficient cDNA available for 30 cycles for F-POT12OB 

analysis. Megan Kendellen assisted with this experiment. 
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Figure 6. Enlarged images of TIF co-localizations 

Enlarged images of TIF analysis of FLAG-tagged POT1 truncation proteins from Figure 

4D. Arrows indicate co-localization of endogenous TRF1 and γ-H2AX, (TIF). Megan 

Kendellen assisted in experiments for this figure. 
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Figure 7. ssDNA-binding and protein-interaction activities of POT1 are required to 

prevent growth inhibition 

Growth curve demonstrating growth inhibition of IMR-90 cells upon overexpression of 

the indicated POT1 proteins in the absence of endogenous POT1 corresponding to 

Figure 4E. pd = population doubling. Dark blue diamonds represent vector/vector cells, 

pink squares represent vector/POT1 RNAi cells, light blue x’s represent F-POT1/POT1 

RNAi cells, maroon circles indicate F-POT12OB/POT1 RNAi cells, and blue rectangles 

indicate F-POT1ΔOB/POT1 RNAi cells. 
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3.2.3 POT1 Separation-of-function Mutants 

 Since telomeric ssDNA binding alone was insufficient for POT1 to protect 

telomeres, we sought to identify the proteins that, in conjunction with telomeric ssDNA 

binding, are needed for POT1 to protect telomeres from being detected as DNA damage. 

As discussed previously, POT1 binds TPP1 and TRF2 (Liu et al. 2004b; Yang et al. 2005). 

Knockdown of both TPP1 and TRF2 induces TIFs, suggesting that either or both may 

potentially mediate telomere protection through POT1 (Takai et al. 2003; Liu et al. 2004b; 

Hockemeyer et al. 2005; Guo et al. 2007; Hockemeyer et al. 2007). However, inhibition of 

a single telomere-binding protein can disrupt the entire telomeric protein complex 

(O'Connor et al. 2006), which complicates the interpretation of these results. Thus, to 

determine which proteins mediate the capping function of POT1, we sought to create 

POT1 separation-of-function mutants that disrupted the binding of POT1 with either 

TPP1 or TRF2 while retaining telomeric ssDNA-binding activity. 

 To identify POT1 separation-of-function mutants, a panel of 49 substitution 

mutants was generated, spanning the C terminus of POT1, which contains all known 

protein interaction domains (Liu et al. 2004b). Specifically, nearly every six amino acids 

in this region were tandemly substituted with the NAAIRS sequence. Because this 

sequence can adopt multiple secondary conformations (Wilson et al. 1985) and protein 

size is not altered by substitution mutagenesis, NAAIRS substitutions have been used to 

disrupt protein interactions while minimizing gross alterations to protein structure  
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(Sellers et al. 1998; Armbruster et al. 2001; Banik et al. 2002; Mosher et al. 2006). Using 

this approach, we identified two classes of POT1 separation-of-function mutants. 

 First, we identified one mutant, termed F-POT1ΔTPP1, containing a NAAIRS 

substitution beginning at amino acid 317, which retained the ability to associate with 

TRF2 but lost the ability to interact with TPP1. Specifically, 293T cells stably expressing 

F-POT1 as a positive control, F-POT12OB as a negative control, or F-POT1ΔTPP1 were 

transiently transfected with GFP-TPP1. Subsequently, GFP-TPP1 was 

immunoprecipitated using an anti-GFP antibody, and associated F-POT1 proteins were 

identified by immunoblotting with an anti-FLAG antibody. As expected, the F-POT1 

positive control, but not the F-POT12OB negative control, co-immunoprecipitated with 

GFP-TPP1. Like F-POT12OB, F-POT1ΔTPP1 did not co-immunoprecipitate with GFP-TPP1 

(Fig. 8A). To ascertain whether this mutant retained the ability to bind TRF2, stably 

expressed F-POT1, F-POT12OB, or F-POT1ΔTPP1 were immunoprecipitated from 293T cells 

by use of anti-FLAG antibody and immunoblotted to detect endogenous TRF2. The F-

POT12OB negative control did not co-immunoprecipitate with TRF2, whereas both F-

POT1ΔTPP1 and the F-POT1 positive control associated with relatively equal levels of 

TRF2 (Fig. 8B). Thus, F-POT1ΔTPP1 lost the ability to bind TPP1 but retained the ability to 

associate with TRF2. 
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Figure 8. Separation-of-function mutants of POT1 

 (A) Immunoprecipitation (IP) of GFP-tagged TPP1 (GFP-TPP1) followed by 

immunoblot (IB) to detect whether the indicated FLAG-tagged POT1 (F-POT1) proteins 

co-immunoprecipitated with GFP-TPP1 in 293T cells. (B) Immunoprecipitation (IP) of 

the indicated FLAG-tagged POT1 (F-POT1) proteins followed by immunoblot (IB) to 

detect whether endogenous TRF2 co-immunoprecipitated with indicated F-POT1 

proteins in 293T cells. Inputs are one-tenth of total immunoprecipitation lysate. Images 

are representative of triplicate experiments. Megan Kendellen performed experiments 

shown in (A) and (B). 
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Second, we identified two mutants, termed F-POT1ΔTRF2-1 and F-POT1ΔTRF2-2 with 

NAAIRS substitutions beginning at amino acids 545 and 599, respectively, which 

retained the ability to associate with TPP1 but lost the ability to interact with TRF2. 

Specifically, F-POT1ΔTRF2-1 and F-POT1ΔTRF2-2 stably expressed in 293T cells co-

immunoprecipitated with transiently expressed GFP-TPP1, similar to the F-POT1 

positive control (Fig. 8A). These mutants failed to co-immunoprecipitate endogenous 

TRF2, despite the fact that the F-POT1 positive control associated with TRF2 (Fig. 8B). 

Thus, F-POT1ΔTRF1-1 and F-POT1ΔTRF1-2 lost the ability to bind TRF2 but retained the ability 

to associate with TPP1. Immunoprecipitation followed by immunoblotting with an anti-

FLAG antibody demonstrated relatively similar protein expression levels of these F-

POT1 NAAIRS mutants (Fig. 8A and 9). Interestingly, F-POT1ΔTRF2-2 overlaps with a 

mutant previously demonstrated to reduce TPP1 binding to a truncated glutathione S-

transferase–POT1 fusion construct in vitro (Liu et al. 2004b). However, when the 

mutation was introduced into full-length POT1 that was expressed in cells, this mutation 

only modestly reduced binding to GFP-TPP1, while F-POT1ΔTRF2-2 was confirmed to 

robustly interact with GFP-TPP1 (Fig. 10) but not with TRF2 (Fig. 9B). 
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Figure 9. Expression of F-POT1 mutants 

Immunoprecipitation (IP) of FLAG-tagged POT1 (F-POT1) proteins followed by 

immunoblot (IB) with an α-FLAG antibody to demonstrate exogenous expression level. 

Image is representative of duplicate experiments. Megan Kendellen performed these 

experiments. 
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Figure 10. Comparison of POT1 mutant protein interaction characteristics 

Immunoprecipitation (IP) of GFP-tagged TPP1 (GFP-TPP1) followed by immunoblot (IB) 

to detect whether the indicated FLAG-tagged POT1 (F-POT1) proteins co-

immunoprecipitated with GFP-TPP1. Images are representative of duplicate 

experiments. Megan Kendellen performed these experiments. 
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3.2.4 POT1 Association with TRF2 Facilitates Telomere Localization 
of POT1 

We next assessed the telomeric localization of the F-POT1 NAAIRS mutants in 

cells. 293T cells were transiently co-transfected with RFP-TRF2 to demark telomeres and 

with YFP-F-POT1ΔTPP1, YFP-F-POT1ΔTRF2-1, or YFP-FPOT1ΔTRF2-2, and co-localization was 

assessed by direct fluorescence. While YFP-F-POT1ΔTPP1 exhibited a punctate nuclear 

pattern that co-localized with RFP-TRF2, indicative of association with telomeres, 

neither YFP-F-POT1ΔTRF2-1 nor YFP-F-POT1ΔTRF2-2 appeared to localize robustly to 

telomeres (Fig. 11A). These results were confirmed by ChIP. F-POT1 and F POT1ΔTPP1, 

but not F-POT1ΔTRF2-1 and F-POT1ΔTRF2-2, stably expressed in 293T cells readily 

immunoprecipitated with telomeric chromatin by ChIP in a manner specific for 

telomeric DNA and dependent upon cross-linking (Fig. 11B and 12). These data suggest 

that TRF2 promotes POT1 binding to telomeric chromatin. In agreement, knockdown of 

TRF2 reduces localization of POT1 on telomeres (Yang et al. 2005), with the caveat that 

knockdown of TRF2 could disrupt the telomeric protein complex (O'Connor et al. 2006). 

Loss of TPP1 binding did not overtly reduce POT1 association with telomeres, although 

knockdown of TPP1 has been shown to reduce POT1 binding on telomeres (Liu et al. 

2004b). This discrepancy could reflect either a disruption of a higher-order telomeric 

protein complex assembly (O'Connor et al. 2006) upon knockdown of TPP1 or that a 

reduction in telomeric ssDNA binding in cells is not detected with overexpressed F-

POT1ΔTPP1 protein. 
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Figure 11. The TRF2-POT1 interaction promotes telomeric localization of POT1 
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Figure 11: The TRF2-POT1 interaction promotes telomeric localization of POT1 

(A) Visualization by direct fluorescence of the indicated YFP-FLAG-tagged-POT1 (YFP-

F-POT1) (green channel) and RFP-TRF2 (red channel) proteins in 293T cells. (B) ChIP 

analysis of the indicated FLAG-tagged POT1 (F-POT1) proteins expressed in 293T cells 

immunoprecipitated with an α-FLAG antibody and Southern hybridized with the 

indicated probes in the absence or presence of crosslinking. Total genomic DNA serves 

as a loading control. (C) In vitro immunoprecipitation of the indicated 35S-labled FLAG-

tagged POT1 (F-POT1) proteins with a 32P-labeled telomeric ssDNA oligonucleotide. (D, 

E) Immunoprecipitation (IP) of Myc-tagged TIN2 (Myc-TIN2) followed by immunoblot 

(IB) to detect whether the indicated F-POT1 proteins co-immunoprecipitated with Myc-

TIN2 in 293T cells with normal levels of endogenous TRF2 (D) or in 293T cells 

expressing TRF2 RNAi (E). (F) Immunoblot (IB) of endogenous TRF2 levels in 293T 

parental cells and in 293T cells transiently transfected with TRF2 RNAi. In (D) and (E) 

inputs are one-tenth of total immunoprecipitation lysate. All images are representative 

of duplicate experiments except (D) which is representative of triplicate experiments. 

Megan Kendellen performed experiments in (D), (E), and (F).  
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Figure 12. Quantification of chromatin immunoprecipitation of POT1 NAAIRS 

mutants 

Quantification of Chromatin immunoprecipitation (ChIP) experiments shown in Figure 

11B. Quantification of the POT1 NAAIRS mutants immunoprecipitation of telomeric 

DNA is shown on the top and Alu repeat DNA on the bottom. White bars indicate 

crosslinked samples, and blue bars indicate non-crosslinked samples.  
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To further explore the role of TRF2 in mediating POT1 association with telomeric 

chromatin, we tested whether a loss of TRF2 binding disrupts the intrinsic telomeric 

ssDNA-binding activity of POT1 in vitro, thereby reducing POT1 association with 

telomeres. As previously shown (Fig. 2B), in vitro generated F-POT1 and the ssDNA-

binding fragment F-POT12OB co-immunoprecipitated with 32P-labeled telomere 

oligonucleotide, whereas the negative control protein interaction fragment F-POT1ΔOB 

did not (Fig 11C). Similarly, F-POT1ΔTRF2-1, F-POT1ΔTRF2-2, and F-POT1ΔTPP1 all co-

immunoprecipitated with the telomeric oligonucleotide (Fig. 11C). Thus, a loss of TRF2 

binding did not reduce the intrinsic telomeric ssDNA-binding activity of POT1 in vitro. 

 TRF2 promotes the localization of POT1 to telomeres in cells (Figs. 11A and B). 

Additionally, TRF2 directly interacts with TIN2 (Kim et al. 2004; Ye et al. 2004a), and 

TIN2 was recently shown to enhance POT1 nuclear localization (Chen et al. 2007), 

although TIN2 does not bind POT1 directly (Ye et al. 2004b). We thus speculated that 

TRF2 promotes the binding of POT1 to telomeric chromatin through association with 

TIN2. To test this hypothesis, we first analyzed whether TIN2 binding to POT1 mutants 

correlated with TRF2 binding. Specifically, 293T cells stably expressing F-POT1 as a 

positive control, F-POT12OB as a negative control, F-POT1ΔTPP1, F-POT1ΔTRF2-1, or F-

POT1ΔTRF2-2 were transiently transfected with Myc-TIN2. Subsequently, Myc-TIN2 was 

immunoprecipitated using an anti-Myc antibody, and associated F-POT1 proteins were 

identified by immunoblotting with an anti-FLAG antibody. While F-POT1ΔTPP1 and the F-
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POT1 positive control both co-immunoprecipitated with Myc-TIN2, this interaction was 

not detected with F-POT1ΔTRF2-1, F-POT1ΔTRF2-2, or the F-POT12OB negative control (Fig. 

11D). Thus, the ability of POT1 to robustly associate with telomeric chromatin (Figs. 11A 

and B) was lost upon disruption of TRF2 and TIN2 association. We next investigated 

whether the association of TIN2 with POT1 depended upon TRF2. Specifically, 293T 

cells stably expressing F-POT1 or F-POT12OB, as a negative control (Fig. 11E), were 

transiently co-transfected with Myc-TIN2 and TRF2 shRNA, which reduced endogenous 

TRF2 levels ~80%, as assessed by immunoblotting (Fig. 11F). Myc-TIN2 was then 

immunoprecipitated using an anti-Myc antibody, and association with F-POT1 proteins 

was assessed by immunoblotting with an anti-FLAG antibody. While Myc-TIN2 co-

immunoprecipitated with F-POT1 in vector control cells, this association was reduced to 

almost the level of the F-POT12OB negative control in cells transfected with TRF2 shRNA 

(Fig. 11E). This suggests either that POT1 associates with TIN2 through TRF2 or that the 

loss of TRF2 reduces POT1 at telomeres (Yang et al. 2005) and consequently reduces the 

association with TIN2. In sum, we speculate that the association of POT1 with TRF2 and 

TIN2 facilitates robust loading of POT1 onto telomeric chromatin, perhaps reflecting the 

abundance of TRF2 on telomeric dsDNA. 



 

74 

 

3.2.5 TPP1-POT1 Interaction is Required to Prevent DNA Damage 
Responses at the Telomere 

As mentioned previously, telomeric ssDNA binding alone was insufficient for 

POT1 to protect telomeres (Fig. 4), and hence, separation-of-function mutants were 

created that retained ssDNA-binding activity but were defective in binding to either 

TPP1 (F-POT1ΔTPP1) or TRF2 (F-POT1ΔTRF2-1 or F-POT1ΔTRF2-2) (Fig. 8). To determine which 

protein interaction was required with telomeric ssDNA binding to protect telomeres, we 

tested whether expression of either of these types of mutants could inhibit TIF formation 

induced upon knockdown of endogenous POT1. IMR-90 normal human skin fibroblasts 

were first stably infected with a retrovirus encoding vector as a negative control, RNAi-

resistant wild-type F-POT1 as a positive control, RNAi-resistant F-POT1ΔTPP1, F-

POT1ΔTRF2-1, or F-POT1ΔTRF2-2. Appropriate expression of F-POT1 or derived NAAIRS 

mutants was demonstrated by immunoprecipitation with an anti-FLAG antibody 

followed by immunoblotting with an anti-POT1 antibody (Fig. 13A). As an additional 

negative control, IMR-90 cells were also stably infected with a retrovirus encoding F-

POT1ΔTPP1ΔTRF2-2, in which the NAAIRS substitution mutations of F-POT1ΔTPP1 and F-

POT1ΔTRF2-2 were both introduced into RNAi-resistant F-POT1. As expected, F-

POT1ΔTPP1ΔTRF2-2 stably expressed in 293T cells did not co-immunoprecipitate with GFP-

TPP1, endogenous TRF2, or Myc-TIN2, despite the positive control F-POT1 co-

immunoprecipitating with these proteins (Fig. 13C to E). Expression of F-POT1ΔTPP1ΔTRF1-2 
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in IMR-90 cells was also confirmed (Fig. 13A). These lines were then stably infected with 

a retrovirus carrying either shRNA directed against POT1 or vector as a negative 

control. Appropriate knockdown of endogenous POT1 was verified by RT-PCR for the 

resultant 12 cell lines (Fig. 4B, 13B, and 14). 
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Figure 13. The TPP1-POT1 interaction protects telomeres from being protected as 

DNA damage 
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Figure 13. The TPP1-POT1 interaction protects telomeres from being protected as 

DNA damage  

 

(A) Detection of the indicated FLAG-tagged POT1 (F-POT1) proteins by 

immunoprecipitation followed by immunoblot in IMR-90 cells. (B) Detection of 

endogenous POT1, or as a loading control GAPDH, mRNA by RT-PCR in the indicated 

IMR-90 cells. (C, D) Immunoprecipitation (IP) of GFP-tagged TPP1 (C) or Myc-tagged 

TIN2 (D) followed by immunoblot (IB) to detect whether the indicated F-POT1 proteins 

co-immunoprecipitated with GFP-TPP1 or Myc-TIN2 in 293T cells. (E) 

Immunoprecipitation of the indicated F-POT1 proteins followed by immunoblot to 

detect whether endogenous TRF2 proteins co-immunoprecipitate with the indicated F-

POT1 proteins in 293T cells. (F, G) Detection of endogenous TRF1 (green channel) and γ-

H2AX (red channel) by indirect immunofluorescence, whereby co-localization indicates 

TIFs, quantitated from >150 cells (F) or as representative images (G) in the indicated 

IMR-90 cells. Error bars represent standard error. In (C-E) inputs are one-tenth of total 

immunoprecipitation lysate. Images in (C-G) are representative of duplicate 

experiments. Megan Kendellen performed experiments shown in (C-E) and assisted 

with experiments shown in (F-G). 
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Indirect immunofluorescence was performed on all 12 cell lines to assess TIF 

formation by the co-localization of endogenous TRF1 and γ-H2AX in at least 150 cells of 

each line. As previously described (Fig. 4C and D)(Hockemeyer et al. 2005), TIFs were 

induced in vector cells expressing POT1 shRNA (Fig. 13F and G). Moreover, this effect 

was rescued by expressing an RNAi-resistant F-POT1 protein (Fig. 13F and G). 

Consistent with the observation that F-POT12OB did not reduce TIFs upon knockdown of 

POT1 (Fig. 4C and D), cells expressing F-POT1ΔTPP1ΔTRF2-2 exhibited a similar percentage 

of TIF-positive cells to that for vector cells expressing POT1 shRNA (Fig. 13F and G). F-

POT1ΔTRF2-1 and F-POT1ΔTRF2-2 did not induce TIFs in IMR-90 cells in the absence of POT1 

shRNA (Fig. 13F and G). Like F-POT1, F-POT1ΔTRF2-1 or F-POT1ΔTRF2-2 suppressed the 

formation of TIFs when endogenous POT1 was knocked down (Fig. 13F and G). 

Although it was difficult to capture the binding of F-POT1ΔTRF2 mutants to telomeres in 

cells, the abilities of these mutants to bind telomeric DNA in vitro and to suppress TIFs 

induced by POT1 shRNA suggest that they retain the ability to bind telomeric ssDNA. 

On the other hand, losing binding to TPP1 actually induced TIFs, even in the absence of 

POT1 shRNA. Specifically, IMR-90 cells expressing F-POT1ΔTPP1 exhibited more TIFs 

than did POT1 shRNA-treated cells (Fig. 13F and G) and growth arrested, precluding 

the testing of TIFs in the presence of POT1 shRNA. We speculate that F-POT1ΔTPP1 may 

be bound preferentially to dsDNA of telomeres, perhaps acting in a dominant-negative 

fashion to titrate proteins away from the endogenous POT1 bound to the single-
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stranded portion of telomeres. It is notable that expression of TPP1 containing a 92-

amino-acid deletion that disrupts POT1 binding also induces TIFs (Guo et al. 2007). We 

thus concluded that the telomeric ssDNA and TPP1 binding activities of POT1, but not 

TRF2 binding, are required to prevent telomeres from being detected as DNA damage. 

 

 

Figure 14. Semi-quantitative RT-PCR of POT1 protein-expressing IMR-90 cells 

Detection of endogenous POT1, or GAPDH as a loading control, mRNA by RTPCR in 

the indicated IMR-90 cells expressing POT1 separation-of-function mutants over 

multiple amplification cycles. There was insufficient cDNA available for 30 cycles for F-

POT1ΔTRF2-2 analysis. Megan Kendellen assisted with this experiment. 
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3.2.6 POT1 Inhibits RPA Localization to Telomeres 

Both the ssDNA-binding domain of POT1 and the association with TPP1, which 

enhances POT1 binding to ssDNA (Wang et al. 2007; Xin et al. 2007), are required to 

protect telomeres from being detected as DNA damage. Conversely, the association of 

POT1 with TRF2 is dispensable for this protection. This suggests that binding of 

telomeric ssDNA by POT1 may prevent a DNA damage response at telomeres. As such, 

we speculated that POT1 inhibits the binding of a protein involved in a DNA damage 

response that recognizes ssDNA. In this regard, it was noted that (i) loss of POT1 

proteins activates ATR (Denchi and de Lange 2007; Guo et al. 2007) and ATR activation 

requires RPA, which binds ssDNA (Zou and Elledge 2003); (ii) the second OB fold of the 

p70 subunit of human RPA has significant homology to the OB folds of POT1 (Theobald 

et al. 2003; Martin et al. 2007); and (iii) two subunits of RPA in S. cerevisiae bind weakly 

to telomeric DNA (Gao et al. 2007). As such, POT1 may prevent a DNA damage 

response by blocking RPA binding to telomeres. 

 To determine if POT1 competes with RPA for telomere binding, the localization 

of RPA at telomeres was examined by immunofluorescence in the absence or presence of 

POT1 shRNA. Specifically, the amount of co-localization of endogenous RPA, detected 

with two different antibodies, and endogenous TRF1 or TRF2, to demark telomeres, was 

assessed in at least 125 IMR-90 cells expressing POT1 shRNA or vector as a negative 

control. The co-localization of RPA and TRF1 or TRF2 in this assay was termed co-
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Staining of Telomeres And RPA (STAR), and cells displaying more than 15 STARs were 

counted as STAR positive. Vector control cell populations had very few STAR-positive 

cells (4%, on average). Knockdown of POT1 in IMR-90 cells induced an approximately 

fivefold increase in the number of STAR-positive cells (Figs. 15A-B and 16). 

Furthermore, expression of RNAi-resistant F-POT1 in POT1 knockdown cells 

suppressed the formation of STARs (Fig. 15A-B and 16). Thus, RPA is localized to 

telomeres in the absence of POT1. Because knockdown of POT1 does not induce an S 

phase arrest (Hockemeyer et al. 2005) (Fig. 17), we favor the idea that it is the exposure 

of telomeric ssDNA, rather than stalled replication forks, that accounts for the increase 

of RPA at telomeres upon knockdown of POT1. As in the case of a DNA damage 

response at telomeres, binding of POT1 to TPP1 was also required to inhibit the 

localization of RPA to telomeres. Specifically, expression of F-POT1ΔTRF2-2 repressed the 

accumulation of STARs in the presence of POT1 shRNA, whereas F-POT1ΔTPP1 induced 

an approximately nine-fold increase in the number of STAR-positive cells in the absence 

of POT1 shRNA (Fig. 15A and B). Collectively, we speculate that the POT1-TPP1 

heterodimer may protect telomere ends from being detected as DNA damage by 

excluding RPA from binding telomeric ssDNA. 
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Figure 15. POT1 inhibits RPA association with telomeres 

Visualization by indirect immunofluorescence of endogenous TRF1 (red channel) and 

RPA (green channel) in IMR-90 cells expressing the indicated FLAG-tagged-POT1 (F-

POT1) proteins or POT1 shRNA, as representative images (A) and quantitated from two 

experiments of >75 cells each (B). Error bars represent standard error. Megan Kendellen 

assisted with experiments shown in (A) and (B). 
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Figure 16. Verification that POT1 inhibits RPA association with telomeres 

Visualization by indirect immunofluorescence of endogenous TRF2 (green channel) and 

RPA (red channel) in IMR-90 cells expressing the indicated FLAG-tagged-POT1 (F-

POT1) proteins or POT1 shRNA, as representative images (A) and quantitated from one 

experiment of >50 cells (B). The antibodies used in this experiment are distinct from 

those used in Figure 15A. Megan Kendellen assisted with experiments shown in (A) and 

(B).  

 

Figure 17. POT1 RNAi increases cells in G1 phase of the cell cycle 

Propidium iodide staining of IMR-90 cells expressing vector (A) or POT1 RNAi (B). The 

increased peak in (B) represents more cells in G1 phase of the cell cycle. 
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3.3 Discussion 

POT1 has three known activities, namely, telomeric ssDNA binding (Baumann 

and Cech 2001; Loayza et al. 2004; Hockemeyer et al. 2005), TPP1 binding (Houghtaling 

et al. 2004; Liu et al. 2004b; Ye et al. 2004b) and TRF2 binding (Yang et al. 2005). Using 

POT1 truncation mutants that retain only telomeric ssDNA-binding or protein 

interaction activity, we found that both these activities are required in cis to prevent 

telomeres from being detected as DNA damage and to prevent growth arrest following 

knockdown of endogenous POT1. Furthermore, using separation-of-function POT1 

mutants that retain telomeric ssDNA-binding activity but that differentially bind TPP1 

or TRF2, we demonstrated that F-POT1ΔTRF2 mutants defective in TRF2 binding but not 

TPP1 binding exhibit a reduction of telomere localization. This argues that the 

interaction with the abundant telomeric dsDNA via TRF2 promotes robust localization 

of POT1 to telomeric chromatin, as modeled in Fig. 18A and C. F-POT1ΔTRF2 mutants 

could still associate indirectly with telomeric dsDNA through TPP1 (Houghtaling et al. 

2004; Liu et al. 2004b; Ye et al. 2004b), and given that the F-POT1ΔTPP1 mutant prevented a 

DNA damage response, there may be an important connection, admittedly indirect, to 

proteins that bind telomeric dsDNA through TPP1 (Fig. 18C). Binding to TRF2 also 

correlated with binding to TIN2. TIN2 has been shown to promote the nuclear 

localization of POT1 or to prevent its nuclear export (Chen et al. 2007), suggesting 
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further tiers of regulation of POT1 telomeric localization. Taken together, we 

hypothesize that POT1 binding to TRF2 may be required to recruit POT1 to telomeric 

chromatin and, furthermore, that binding to TRF2 may link POT1 to TIN2, potentially 

promoting the retention of POT1 in the nucleus and/or on telomeric chromatin (Fig. 18A 

and C). Since TPP1 was previously suggested to mediate POT1 localization to telomeres 

(Liu et al. 2004b), we further speculate that this interaction may be important for POT1 

association with telomeric ssDNA in cells. 

On the other hand, the interaction between POT1 and TPP1 is important in 

protecting telomeres from being recognized as DNA damage, as F-POT1ΔTRF2 mutants 

rescued TIFs induced by POT1 knockdown, whereas the F-POT1ΔTPP1 mutant actually 

induced TIFs in the presence of endogenous POT1. In agreement, TIFs are reduced in 

murine fibroblasts in which both POT1 genes are disrupted upon expression of human 

POT1 and TPP1 (Hockemeyer et al. 2007), overexpression of a truncated TPP1 protein 

defective in POT1 binding (TPP1ΔRD) can induce TIFs (Guo et al. 2007), and lastly, 

knockdown of the v5 splice version of POT1 that does not interact with TPP1 induced 

fewer DNA damage foci than did knockdown of the predominant splice form that binds 

TPP1 (Yang et al. 2007). Mechanistically, we show that knockdown of POT1 results in an 

accumulation of RPA at telomeres, as evidenced by an increased number of STAR-

positive cells. Moreover, while the F-POT1ΔTRF2 mutants rescued STARs in the absence of 

endogenous POT1, overexpression of the F-POT1ΔTPP1 mutant induced an even greater 
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percentage of STAR-positive cells, indicating that more RPA is localized to telomeres 

when the POT1-TPP1 heterodimer is disrupted. Since TPP1 enhances binding of POT1 to 

telomeric ssDNA, at least in vitro (Wang et al. 2007; Xin et al. 2007), and F-POT1ΔTRF2 

mutants that retain both TPP1 and telomeric ssDNA binding rescue TIFs and STARs, we 

hypothesize that POT1 acts in a heterodimer with TPP1 to exclude RPA from telomeric 

ssDNA (Fig. 18B). Since knockdown of POT1 activates ATR (Denchi and de Lange 2007; 

Guo et al. 2007), results in an accumulation of RPA at telomeres, and induces TIFs and 

since RPA is known to act upstream of ATR (Zou and Elledge 2003), it is tempting to 

speculate that the binding of RPA to telomeres in the absence of POT1 promotes a DNA 

damage response at telomeres. 

In conclusion, using separation-of-function mutagenesis, we defined specific 

activities of POT1 mediated by interactions with telomeric ssDNA and dsDNA protein 

sub-complexes, with dsDNA sub-complexes fostering loading of POT1 onto telomeric 

chromatin and ssDNA sub-complexes serving to protect telomeres from being detected 

as DNA damage. 
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Figure 18. Model of distinct functions of POT1 separation-of-function mutants at 

telomeres 

 (A) Wild-type POT1 functions in a telomeric dsDNA sub-complex via direct interaction 

with TRF2 which enhances localization to telomeric chromatin and in a telomeric ssDNA 

sub-complex via direct interaction with TPP1 that protects telomere ends from detection 

as DNA damage by excluding RPA, which can act as a DNA damage sensor, from 

telomeric ssDNA. (B) POT1ΔTPP1 can still localize to telomeric chromatin via direct 

interaction with TRF2 but allows RPA access to telomeric ssDNA and thus fails to 

protect chromosome ends from being detected as DNA damage. (C) POT1ΔTRF2 fails to 

robustly localize to telomeric chromatin, but excludes RPA from telomeric ssDNA and 

thus protects telomeres from being detected as DNA damage. 
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4. Distinct Functions of POT1 in Telomere Length 
Regulation 

4.1 Introduction 

Telomeres are DNA-protein complexes that protect the ends of linear eukaryotic 

chromosomes from degradation, recombination, and detection as DNA double-strand 

breaks (de Lange 2002). The DNA portion of human telomeres is composed of tandem 

arrays of double-stranded (ds)DNA of the repetitive sequence TTAGGG in which the G-

rich strand extends beyond the C-rich strand, forming a 3’ single-stranded (ss)DNA 

overhang (Verdun and Karlseder 2007). Electron microscopy demonstrates that 

telomeres form variably-sized “t-loop” structures, in which the 3’ ssDNA overhang 

invades the duplex telomeric DNA, displacing a smaller loop of ssDNA termed the “D-

loop” (Griffith et al. 1999).  Maintaining structural integrity of both the t-loop and D-

loop is thought to be essential for proper telomere function.     

The protein portion of telomeres is composed of the core double-stranded 

binding proteins TRF1 and TRF2 (Broccoli et al. 1997; van Steensel and de Lange 1997; 

van Steensel et al. 1998; Karlseder et al. 1999; Smogorzewska et al. 2000) and the single-

stranded binding protein POT1 (Baumann and Cech 2001; Baumann et al. 2002).  These 

proteins participate in a large telomere binding complex (de Lange 2002; Liu et al. 2004a; 

O'Connor et al. 2006), the assembly of which is mediated by the telomeric proteins TIN2 

and TPP1 (Kim et al. 1999; Houghtaling et al. 2004; Kim et al. 2004; Liu et al. 2004a; Liu et 

al. 2004b; Ye et al. 2004a; Ye et al. 2004b; O'Connor et al. 2006).  This complex serves as a 
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scaffold for many additional proteins involved in the both the regulation of telomere 

length, such as RAP1 (Li et al. 2000; Li and de Lange 2003) and PinX1  (Zhou and Lu 

2001; Banik and Counter 2004), and proteins involved in telomere protection, such as the 

MRN complex (Zhu et al. 2000; Ranganathan et al. 2001), ATM (Metcalfe et al. 1996; 

Karlseder et al. 2004), and many other proteins involved in DNA damage responses and 

repair (Reviewed in Chapter 1, section 3). 

With each round of semi-conservative DNA replication, some DNA is lost, thus 

termed the end replication problem (Levy et al. 1992). Telomeres serve as buffers at the 

ends of chromosomes, preventing the loss of coding DNA. The enzyme telomerase, a 

reverse transcriptase, de novo extends the 3’ overhang of telomeres (Greider and 

Blackburn 1985), functioning in the maintenance telomere length. Telomerase is not 

active in human somatic cells (Counter et al. 1992; Kim et al. 1994; Nakamura and Cech 

1998), thus when telomeres shorten to a critical length, cells will exit the cell cycle and 

senesce (Hayflick 1965; Harley et al. 1990; Hastie et al. 1990). Cells can acquire the ability 

to overcome senescence by the activation of telomerase (Bodnar et al. 1998; Counter et al. 

1998; Nakamura and Cech 1998; Vaziri and Benchimol 1998) or a recombination-based 

mechanism, termed alternative lengthening of telomeres, ALT, (Bryan et al. 1995; 

Lundblad 2002; Reddel 2003), thus gaining the ability to maintain or increase telomere 

length. The length of duplex telomeric DNA is regulated by protein complexes at the 

telomere (van Steensel and de Lange 1997; Kim et al. 1999; Smogorzewska et al. 2000; Li 
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and de Lange 2003; O'Connor et al. 2004; Veldman et al. 2004; Hockemeyer et al. 2005). 

Inhibition of any of the core telomeric proteins TRF1, TRF2, POT1, TPP1, TIN2, or RAP1 

induces telomere elongation (van Steensel and de Lange 1997; Herbert et al. 1999; Kim et 

al. 1999; Smogorzewska et al. 2000; Li and de Lange 2003; Loayza and De Lange 2003; 

Veldman et al. 2004; Bunch et al. 2005; Hockemeyer et al. 2005), possibly due to a general 

dissolution of the complex. Consequently, it remains unclear which specific protein 

interactions or complexes at the telomere are critical for length regulation.       

The telomeric ssDNA-binding protein POT1 is able to directly bind telomeric 

ssDNA via an N-terminal pair of oligosaccharide/oligonucleotide (OB-fold) domains  

(Baumann and Cech 2001; Baumann et al. 2002; Lei et al. 2003) and interacts directly 

with telomeric proteins TPP1  (Houghtaling et al. 2004; Liu et al. 2004b; Ye et al. 2004b; 

Barrientos et al. 2008) and TRF2 (Yang et al. 2005; Barrientos et al. 2008) via its  C-

terminus. POT1 forms a heterodimer with the protein TPP1 increasing the affinity of 

POT1 to telomeric ssDNA, at least in vitro (Wang et al. 2007; Xin et al. 2007). The 

interaction of POT1 with TPP1 is also essential for the protection of telomere ends (Guo 

et al. 2007; Hockemeyer et al. 2007; Barrientos et al. 2008). Conversely, the interaction of 

POT1 with TRF2 promotes robust loading of POT1 onto telomeric chromatin (Barrientos 

et al. 2008). In addition to participation in a large six-member protein complex consisting 

of the telomeric proteins POT1, TRF1, TRF2, TIN2, TPP1, and RAP1; POT1 has also been 

isolated in several telomeric sub-complexes by gel filtration (Liu et al. 2004a; O'Connor 
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et al. 2006; Kim et al. 2008).  Specifically, POT1 co-purifies with TRF2, TIN2, and RAP1 in 

a sub-complex that lacks the other telomeric dsDNA-binding protein, TRF1, and POT1 

forms a heterodimer with TPP1 (Wang et al. 2007; Xin et al. 2007). It is possible that these 

complexes may reflect the association of POT1 in a telomeric protein complex associated 

with either dsDNA (via TRF2) or ssDNA (via TPP1).   

POT1 plays an important role in protecting telomeres from being detected as 

DNA damage (Veldman et al. 2004; Hockemeyer et al. 2005; Churikov et al. 2006; 

Hockemeyer et al. 2006; Wu et al. 2006; Yang et al. 2007; Barrientos et al. 2008). 

Additionally, POT1 has also been implicated in telomere length homeostasis (Loayza 

and De Lange 2003; Armbruster et al. 2004; Veldman et al. 2004). Specifically, 

overexpression or knockdown of POT1 in human cells both induce a slight telomerase-

dependent increase in telomere length (Colgin et al. 2003; Armbruster et al. 2004; 

Veldman et al. 2004). However, overexpression of an N-terminal truncation mutant of 

POT1 (POT1ΔOB) causes extreme telomerase-mediated telomere elongation in both S. 

pombe (Bunch et al. 2005) and human  (Loayza and De Lange 2003; Armbruster et al. 

2004) cells.  

The very fact that POT1ΔOB induced such a dramatic and rapid elongation of 

telomeres indicates that this mutant must disrupt some key regulation of telomere 

length. We thus sought to determine the mechanism by which POT1ΔOB greatly alters 

telomere length regulation. Clearly this mutant no longer binds ssDNA (Loayza and De 
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Lange 2003), suggesting that its interaction with telomere proteins in the absence of 

binding DNA directly underlies its dominant effect on telomere length. We thus tested 

whether binding to TRF2 or TPP1 was required for telomere elongation induced by 

POT1ΔOB. 

To test if specific POT1 protein interactions play a part in the activity of POT1ΔOB, 

we employed previously characterized POT1 NAAIRS separation-of-function mutants 

(Barrientos et al. 2008) that specifically disrupt the direct interactions of POT1 with 

binding partners TPP1 (Houghtaling et al. 2004; Liu et al. 2004b; Ye et al. 2004b; 

Barrientos et al. 2008) or TRF2 (Yang et al. 2005; Barrientos et al. 2008). We found that 

disrupting the ability of POTΔOB to interact with TRF2 prevented telomere lengthening 

suggesting that the POT1-TRF2 interaction may play an important role in the telomere 

length regulation. In support of this finding, we also found that expression of POT1ΔOB 

disrupts the interaction of endogenous TRF2 with known direct interaction partners, 

POT1 (Yang et al. 2005), TIN2 (Kim et al. 1999; Houghtaling et al. 2004; Ye et al. 2004a), 

and RAP1 (Li et al. 2000).  Moreover, in two out of three cell lines, disruption of full-

length F-POT1 binding to TRF2 in the absence of endogenous POT1 induced a large 

telomere lengthening effect. Collectively, we speculate that POT1ΔOB floods TRF2 

interaction sites, thus disrupting TRF2 interactions at the telomere, and breaking the 

protein bridge connecting telomeric double-strand (ds) and single-strand DNA (ssDNA) 
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by replacing POT1 with a POT1 mutant unable to bind ssDNA, perhaps allowing easier 

access of telomerase to its substrate.  

4.2 Results 

4.2.1 Disruption of TRF2-binding Prevents the Dominant Negative 
Activity of POT1∆OB 

The retention of the C-terminal protein binding domain of the mutant POT1ΔOB in 

the absence of its N-terminal telomeric ssDNA binding activity induces massive 

telomere elongation. This suggests a key role for specific POT1 telomere binding 

proteins in regulating telomere length. POT1 binds to two telomeric proteins, TPP1 and 

TRF2, through its C-terminus (Houghtaling et al. 2004; Liu et al. 2004b; Ye et al. 2004b; 

Yang et al. 2005; Barrientos et al. 2008). We thus tested whether loss of TPP1 or TRF2 

binding abolished the ability of POT1ΔOB to induce telomere elongation. Specifically, we 

introduced separation-of-function mutations (Barrientos et al. 2008) into a FLAG-tagged 

N-terminal truncation mutant of POT1 (F-POT1ΔOB) that disrupt the ability of POT1ΔOB to 

interact with either TPP1 (termed POT1ΔOBΔTPP1) or TRF2 (termed POT1ΔOBΔTRF2). The 

resultant mutants, POT1ΔOBΔTPP1 and POT1ΔOBΔTRF2, in addition to empty vector as a 

negative control and F-POT1ΔOB as a positive control, were stably expressed in 

telomerase-positive HA1 cells (Counter et al. 1992). Appropriate expression was 

confirmed by immunoprecipitation and immunoblot with an anti-FLAG antibody (Fig. 

19A). 
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Figure 19. Disruption of TRF2 binding prevents POT1ΔOB-mediated telomere 

lengthening 

(A) Detection of the indicated FLAG-tagged POT1 (F-POT1) proteins by 

immunoprecipitation (IP) followed by immunoblot (IB) in HA1 cells. (B) Genomic DNA 

isolated at 0, 20, and 40 population doublings (PD) from HA1 cells expressing the 

indicated vector or the indicated F-POT1 constructs were assayed for telomere length by 

Southern blotting using a telomeric probe. Quantitated average telomere lengths in 

kilobases (kb) are shown below the Southern gel. Experiments shown in (A) and (B) 

were performed in triplicate. Megan Kendellen performed experiments shown in (A) 

and assisted in experiments shown in (B).  
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The first confluent plate after selection was arbitrarily assigned as population 

doubling (pd) 0. Genomic DNA was isolated from these cells and from subsequently 

cultured cells at pd 20 and 40, digested with restriction enzymes to liberate the repetitive 

telomeric DNA, which was detected by Southern hybridization with a telomeric probe. 

As expected (Loayza and De Lange 2003; Armbruster et al. 2004), negative control vector 

cells maintained a telomere length of 4 kilobases (kb) over the period of 40 pd of culture, 

whereas positive control F-POT1ΔOB-expressing cells exhibited elongated telomeres, 

reaching 6kb by pd 40, an increase in 2kb over vector control cells (Fig 19B). F-

POT1ΔOBΔTPP1, which disrupts the interaction with TPP1, exhibited an increase in telomere 

length similar to positive control cells expressing F- POT1ΔOB (Fig 19B). Conversely, F- 

POT1ΔOBΔTRF2, which does not bind TRF2, maintained a telomere length of 4kb, similar to 

negative control vector cells (Fig 19B). These results were confirmed in two additional 

independently made cells lines for each of the POT1 separation-of-function mutants and 

controls. Thus, TRF2 binding, but not TPP1 binding, is essential for telomere elongation 

induced by POT1ΔOB. 

4.2.2 POT1∆OB Disrupts TRF2 Direct Interactions 

Since telomere elongation induced by F-POT1ΔOB was not observed in cells 

expressing F-POT1ΔOBΔTRF2 (Fig. 19B), we hypothesize that binding to TRF2 underlies the 

ability of POT1ΔOB to promote telomere elongation. We thus measured the binding of 

POT1ΔOB to TRF2. Specifically, an empty vector or a FLAG-tagged truncation mutant of 
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POT1 that only encodes the telomeric ssDNA-binding activity of POT1 (F-POT12OB) 

(Barrientos et al. 2008) as negative controls, full-length F-POT1 as a positive control, and 

F-POT1ΔOB were transiently expressed in 293T cells. The F-POT1 constructs were then 

immunoprecipitated using an anti-FLAG resin and immunoblotted for endogenous 

TRF2. While the negative controls empty vector and F-POT12OB failed to co-

immunoprecipitate endogenous TRF2, both F-POT1 and F-POT1ΔOB co-

immunoprecipitated with TRF2 (Fig 20A). Moreover, F-POT1ΔOB co-immunoprecipitated 

more robustly with TRF2 than F-POT1 (Fig 20A).  Thus, POT1ΔOB strongly binds TRF2, in 

fact more than full-length POT1, and mutating the TRF2 binding domain abolishes the 

ability of POT1ΔOB to induce telomere elongation. 
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Figure 20. Expression of POT1ΔOB disrupts TRF2 interactions at the telomere 
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Figure 20. Expression of POT1ΔOB disrupts TRF2 interactions at the telomere 

(A) Immunoprecipitation (IP) of stably expressed FLAG-tagged POT1 (F-POT1) proteins 

followed by immunoblot (IB) to detect whether the indicated F-POT1 proteins co-

immunoprecipitated with endogenous TRF2 in 293T cells. (B-E) Immunoprecipitation 

(IP) of vector (B), Myc-TIN2 (C), YFP-POT1 (D), or YFP-RAP1 (E) followed by 

immunoblot (IB) to detect whether the indicated proteins co-immunoprecipitated with 

endogenous TRF2 in 293T cells in the presence and absence of F-POT1ΔOB. F-POT1ΔOB is 

stably expressed in (B-E) as shown in (A). All experiments were performed in triplicate. 

Megan Kendellen performed experiments shown in (A-E).   
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Since POT1ΔOB interacts more strongly with TRF2 than full-length POT1 (Fig 

20A), TRF2 negatively regulates telomere length (Smogorzewska et al. 2000), and 

telomere elongation induced by POT1ΔOB is abolished in the POT1ΔOBΔTRF2 mutant (Fig 

19B), we speculated that POT1ΔOB may saturate protein binding sites on TRF2, thereby 

promoting telomere elongation. The most likely candidates from this effect are the TRF2 

direct  binding partners, TIN2 (Ye et al. 2004a), RAP1 (Li et al. 2000), and POT1 itself 

(Yang et al. 2005; Barrientos et al. 2008). Each of these proteins has been shown to 

negatively regulate telomere length as knockdown of TIN2 (Ye and de Lange 2004), 

RAP1 (Li et al. 2000; O'Connor et al. 2004), or POT1 (Veldman et al. 2004) causes 

telomere elongation. Thus, disruption of their interaction with TRF2 may contribute to 

the telomere elongation phenotype induced by F-POT1ΔOB expression. 

To test whether the overexpression of F-POT1ΔOB disrupts the interaction of TRF2 

with TIN2, RAP1, or POT1, we first tagged these proteins with either Myc- or YFP-

epitope tags to differentiate the TRF2 interacting proteins from the FLAG-tagged F-

POT1ΔOB protein. Empty vector as a negative control, Myc-tagged TIN2 (Myc-TIN2), 

YFP- and FLAG-tagged RAP1 (YFP-F-RAP1), or YFP- and FLAG-tagged POT1 (YFP-F-

POT1) were transiently expressed in 293T cells in the absence and presence of stably 

expressed F-POT1ΔOB. TIN2 was immunoprecipitated using an anti-Myc antibody, and 

RAP1 and POT1 were immunoprecipitated using an anti-GFP antibody. The 

immunoprecipitations were immunoblotted with an anti-TRF2 antibody.  
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As expected, endogenous TRF2 was not co-immunoprecipitated in negative 

control vector cells, whereas Myc-TIN2, YFP-F-RAP1, and YFP-F-POT1 all co-

immunoprecipitated with endogenous TRF2 in the absence of F-POT1ΔOB (Fig. 20B-E). 

However, the amount of endogenous TRF2 co-immunoprecipitating with Myc-TIN2, 

YFP-F-RAP1, and YFP-F-POT1 was visibly decreased in the presence of overexpressed 

F-POT1ΔOB (Fig. 20B-E). Since expression of F-POT1ΔOB reduced the amount of Myc-

TIN2, YFP-F-RAP1, and YFP-F-POT1 co-immunoprecipitating with endogenous TRF2, 

F-POT1ΔOB may promote a general dissolution of the telomere protein complex by 

disrupting TRF2 protein interactions. Thus, we speculate that POT1ΔOB promotes 

telomere elongation by binding to TRF2, thereby displacing the normal interacting 

proteins TIN2, RAP1, and POT1, replacing them with a POT1 protein defective in 

binding ssDNA. 

4.2.2 The Interaction of POT1 with TRF2 is Essential for Telomere 
Length Regulation 

POT1ΔOB not only disrupts interactions of TRF2 with telomere-binding proteins in 

general, but replaces endogenous POT1 on TRF2 with a mutant that can not bind 

telomeric ssDNA. Moreover, overexpression of full-length POT1, which similarly could 

saturate protein binding sites on TRF2, but retains ssDNA binding does not induce 

massive telomere elongation. These data suggested to us that POT1ΔOB promotes 

telomere elongation by disrupting a bridge between TRF2 bound to telomeric dsDNA 

and endogenous POT1 bound to telomeric ssDNA. If true, we reasoned that disrupting 
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this interaction by replacing POT1 with a mutant that can not bind TRF2 should 

similarly induce telomere elongation. To test this, vector and full-length F-POT1 as 

negative controls, F-POT1ΔOB as a positive control, or F-POT1 engineered to contain 

mutations disrupting TRF2 binding (termed F-POT1ΔTRF2) or TPP1 binding (termed F-

POT1ΔTPP1) were stably expressed in HA1 cells, as assessed by immunoblot (Fig 21A). 

The resultant five cell lines were then stably infected with retroviruses encoding either 

vector as a control or POT1 shRNA to knock down endogenous POT1 expression. 

Endogenous POT1 knockdown was confirmed by RT-PCR (Fig 21B). 
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Figure 21. The POT-TRF2 interaction is essential for telomere length regulation 

 (A) Detection of the indicated FLAG-tagged POT1 (F-POT1) proteins by 

immunoprecipitation (IP) followed by immunoblot (IB) in HA1 cells. (B) Detection of 

endogenous POT1, or as a loading control GAPDH, mRNA by RT-PCR in the indicated 

HA1 cells. (C) Genomic DNA isolated at 0, 20, and 40 population doublings (PD) from 

HA1 cells expressing the indicated vector or the indicated F-POT1 constructs were 

assayed for telomere length by Southern blotting using a telomeric probe. Experiments 

shown in (A-C) were performed in triplicate. 
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Genomic DNA was isolated from the resultant cultured cells at pd 0 (as assigned 

by the first confluent plate after selection), 20 and 40, digested with restriction enzymes 

to liberate the repetitive telomeric DNA, and detected by Southern hybridization with a 

telomeric probe. Three independently made cell lines of all POT1 proteins and controls 

were tested to verify the results. As previously reported (Loayza and De Lange 2003; 

Armbruster et al. 2004), ectopic expression of POT1 induced slight telomere elongation 

(~500bp over 40pd), whereas cells expressing POT1ΔOB had longer, more rapid elongation 

by pd 40 (~2kb elongation over 40pd). POT1ΔTPP1 and POT1ΔTRF2 had little, if any effect on 

telomere length in the presence of endogenous POT1 (Fig 21C).  

In terms of assessing whether POT1 requires both the ability to bind to ssDNA 

and interact with TRF2 to maintain telomere length, we found that replacing 

endogenous POT1 (reduced by shRNA) with a mutant defective in binding TRF2 

(POT1ΔTRF2) caused massive telomere elongation in two of three independently made cell 

lines (~5kb elongation over 40pd). On the other hand, POT1ΔTPP1 only resulted in 

telomere elongation in one of the three lines. Lastly, we found expression of POT1ΔOB in 

the absence of endogenous POT1 induced massive telomere elongation (~6kb over 

40pd), in fact far more than expression of POT1ΔOB alone in all three cell lines. This 

suggests that residual POT1 on ssDNA after POT1ΔOB expression appears to play a role 

in telomere length regulation.  
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 In sum, we hypothesize that telomere length is regulated by TRF2 bound to 

dsDNA interacting with POT1 bound to ssDNA. Breaking this complex by mutating 

either the ssDNA or TRF2 binding domain of POT1 promotes telomere elongation (Fig. 

19B and 21C). In agreement, fusing POT1 to TRF1, in essence cementing this interaction, 

overcame the elongation of telomeres induced by expressing these proteins in trans 

(Etheridge et al. 2008). 

4.3 Discussion 

POT1 is known to bind telomeric ssDNA (Baumann and Cech 2001; Baumann et 

al. 2002; Lei et al. 2004; Loayza et al. 2004) and directly interact with the telomeric 

proteins TPP1 (Houghtaling et al. 2004; Liu et al. 2004b; Ye et al. 2004b), and TRF2 (Yang 

et al. 2005). The ability of POT1 to bind telomeric ssDNA has previously been 

demonstrated to be essential for telomere length homeostasis, as expression of N-

terminally truncated POT1 (POT1ΔOB) dominantly increases telomere length (Loayza and 

De Lange 2003). To examine if protein interactions that either enhance the ability of 

POT1 to bind ssDNA (TPP1) or mediate interaction with telomeric dsDNA (TRF2) play a 

role in this phenotype, we examined the effect of mutating the interaction sites of TPP1 

or TRF2 on both full-length POT1 and N-terminally truncated POT1ΔOB. Specifically, we 

found that disrupting the ability of F-POT1ΔOB to bind TRF2, not TPP1, abrogated F-

POT1ΔOB-mediated telomere elongation (Fig 19B). Moreover, F-POT1ΔOB co-

immunoprecipitated more robustly with endogenous TRF2 than full-length F-POT1 (Fig 
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20A), and reduced the interactions of TRF2 with direct protein binding partners POT1, 

TIN2, and RAP1 (Fig. 20B).  The importance of the specific interaction of POT1 with 

TRF2 was further verified as expression of a full-length F-POT1 mutant unable to 

interact with TRF2 caused telomere lengthening in the absence of endogenous POT1 

(Fig. 21C). As a result of these studies, we describe a novel function of the POT1-TRF2 

interaction in the regulation of telomere length. As both the abilities of POT1 to bind 

ssDNA and interact with TRF2 are required for telomere maintenance (Figs.19B and 

21C), we hypothesized that POT1ΔOB-mediated telomere lengthening is due to disruption 

of the connection between telomeric dsDNA and ssDNA by the replacement of TRF2 

direct interactions at the telomere with a POT1 mutant unable to bind ssDNA.     

Previous research suggested that the TRF1 complex was primarily responsible 

for recruiting POT1 to telomere ends for length regulation (Loayza and De Lange 2003), 

thus functioning to regulate telomerase in cis at individual telomeres, preferentially 

elongating the shortest telomeres (Hemann et al. 2001). Such studies also suggest that 

the amount of TRF1 on telomeres serves as a protein counting mechanism for telomerase 

to act on the shortest telomeres; thus, more TRF1 would translate to more POT1 on 

telomere ends to potentially inhibit telomerase access (Marcand et al. 1997; Loayza and 

De Lange 2003). Our current findings suggest telomeric double-strand complexes in 

general may function as barometers of the length of telomeric duplex DNA, eventually 

transmitting that information to telomeric ssDNA via POT1. In support of this model, 
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the POT1-TRF2 interaction has recently been demonstrated to be important for robust 

loading of POT1 onto telomeric chromatin (Barrientos et al. 2008). This suggests a 

potential mechanism of how an increase in proteins binding duplex DNA could also 

increase the localization and binding of the terminal transducer, POT1, thus relaying a 

signal of telomere length to telomere ends and telomerase. Additionally, the fusion of 

POT1 to TRF1, which interacts with TRF2 through the bridging protein TIN2, overcomes 

telomere elongation seen upon expression of the POT1 and TRF1 in trans, resulting in 

mild telomere shortening and the formation of t-loops in vitro (Etheridge et al. 2008). 

Thus, a protein bridge between the dsDNA and ssDNA may inhibit telomerase access to 

telomeres.     

In conclusion, we find that TRF2 interactions play a large role in POT1ΔOB–

mediated telomere length elongation. Moreover, the mechanism of telomere elongation 

caused by POT1ΔOB expression not only involves the disruption of POT1 binding to 

ssDNA, but also the disruption of TRF2 interactions with direct telomeric interaction 

partners. These data suggest that the POT1-TRF2 interaction plays a key role in telomere 

length regulation.  
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5. Discussion and Future Directions 

5.1 Summary 

Protein interactions at the telomere are important for the stabilization of telomere 

structure as well as the regulation of many activities in telomere biology. My thesis work 

has focused on the functions of specific protein interactions of the human ssDNA 

binding telomeric protein POT1 in telomere protection and length regulation. In 

Chapter 3, I first examined the role of POT1 in the protection of telomeres by performing 

structure/function studies of POT1 truncation proteins that lacked either DNA binding 

(POT1ΔOB) or protein interaction activities (POT12OB). From these studies, I found that 

POT1 requires both DNA binding and protein interaction activities to function in cis to 

prevent telomeres from being detected as DNA damage.  

To further examine the protein interactions required for this protection, 49 POT1 

NAAIRS substitution mutants were screened for separation-of-function mutants that 

specifically bound one, but not the other, of known direct POT11 interaction partners: 

TPP1 or TRF2.  From this screen, three POT1 separation-of-function mutants were 

identified: POT1ΔTPP1, which specifically bound TRF2 but not TPP1, and POT1ΔTRF2-1 and 

POT1ΔTRF2-2, which specifically bound TPP1 but not TRF2. The characterization of these 

mutants provided the tools to ascertain which interactions of POT1 were essential in 

telomere protection and length regulation. From these studies, I found that the POT1-

TRF2 interaction is required for robust telomere localization, and the POT1-TPP1 
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interaction was essential for telomere protection. Furthermore, I found that the DNA 

damage response caused by POT1 loss-of-function coincided with an increase of RPA at 

telomeres, thus providing evidence that the POT1-TPP1 heterodimer normally functions 

in the outcompetition of RPA from telomere ends. 

In Chapter 4, I examined the role of POT1 interactions in telomere length 

regulation. Specifically, I sought to determine the mechanism by which cells expressing 

N-terminally truncated POT1ΔOB result in massive telomere elongation. Again, the POT1 

NAAIRS separation-of-function mutants were employed to disrupt TRF2 or TPP1 

interactions in the mutant POT1ΔOB. From these studies, it was determined that the 

interaction of POT1ΔOB with TRF2 was essential for telomere lengthening, as disruption 

of this interaction negated the telomere elongation phenotype of POTΔOB. Moreover, 

POTΔOB was found to robustly bind TRF2, displacing the direct interaction partners 

TIN2, POT1, and RAP1. The interaction of TRF2 to POT1 was found to be of particular 

importance as expression of full-length POT1ΔTRF2 elongated telomeres over 40pd in two 

out of three independently made cell lines. Thus, we suggest that TRF2 must bind to 

POT1 proteins proficient in binding ssDNA, forming a bridge connecting telomeric 

dsDNA to ssDNA, for proper telomere length regulation. 

My findings lead to a larger model of telomeric protein-mediated control of 

telomere protection and elongation. This model implicates POT1 being recruited to 

telomeres by the double-stranded telomeric protein complex largely mediated by the 
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dsDNA binding protein, TRF2 (Figs. 11 and 12). Once localized to the telomere, POT1 

can be efficiently loaded onto telomeric ssDNA by TPP1 (Wang et al. 2007; Xin et al. 

2007). The heterodimer complex of POT-TPP1 then coats the telomeric single-strand, 

protecting the telomere end from being detected as a DNA double-strand break by the 

cell (Fig. 13)(Hockemeyer et al. 2007). Moreover, as this heterodimer is specific to 

telomeric ssDNA (Baumann and Cech 2001; Lei et al. 2004), it outcompetes the binding 

of the more ubiquitous ssDNA binding protein, RPA, possibly preventing ATR-

mediated DNA damage signaling (Figs. 15 and 16).  

Furthermore, the TRF2-mediated POT1 recruitment to telomeres has an 

implication in telomere length control. As telomere length is regulated in cis, with the 

shortest telomeres preferentially elongated, it has been proposed that the telomeric 

dsDNA binding proteins must relay the length of the duplex telomeric DNA to the 3’ 

end telomerase substrate (Loayza and De Lange 2003). Previously, TRF1 was implicated 

in the crosstalk of double-strand telomere length information to POT1 (Loayza and De 

Lange 2003), but my research also indicates a role for TRF2 in this process. Specifically, 

the interaction between POT1 and TRF2 is important for both POT1 recruitment to 

telomeres (Figs. 11 and 12) and telomere lengthening (Fig. 19 and 21). Thus, TRF2 

complexes, along with TRF1, may function in telomere length control by recruiting 

proportionate amounts of POT1 complexes to telomere ends. This would allow control 

of telomere length in cis as longer telomeres would lead to more TRF2 complexes and 
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more POT1 localized to telomere ends. Moreover, as the interaction between TRF2 and 

POT1 causes effects on telomere length (Fig. 19 and 21), this complex may potentially 

alter telomere structure for easier accessibility to telomerase. Importantly, POT1 must 

have the abilities to both bind ssDNA and interact with TRF2, as disruption of either of 

these abilities lead to telomere lengthening (Figs. 19 and 21). TPP1 may also be involved 

in this model as (i) the TPP1-POT1 heterodimer increases the affinity of POT1 to 

telomeric ssDNA (Xin et al. 2007); (ii) the OB fold of TPP1 can interact with hTERT, the 

catalytic subunit of telomerase (Xin et al. 2007); and (iii) the POT1-TPP1 heterodimer 

increases telomerase processivity (Wang et al. 2007; Xin et al. 2007). 

5.2 Future Directions: POT1 and DNA damage 

5.2.1 Expanded Model of Telomere Protection 

In Chapter 3, the use of POT1 NAAIRS separation-of-function mutants proved 

very effective in parsing out which interactions of POT1 are required for telomere 

protection. However, there were a few findings that suggest a slightly more complicated 

model for telomere protection. First, POT1ΔTPP1 expression, not POT1ΔTPP1ΔTRF2 expression, 

induced a DNA damage response at telomeres (Figs. 13F and G). Additionally, in the 

absence of endogenous POT1, POT1 mutants deficient in TRF2 binding (POT1ΔTRF2) did 

not completely rescue TIFs (Figs. 13F and G). We thus suggest that TRF2 may yet play a 

role in the protection of telomeres. As TRF2 increases POT1 localization at telomeres 

(Figs. 11 and 12), and TRF2 knockdown reduces POT1 on telomeres (Yang et al. 2005), 
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one hypothesis is that TRF2 is necessary to localize enough POT1 to telomeres to 

completely rescue TIFs, and TPP1 is then essential at telomere ends for the loading of 

POT1 onto ssDNA to prevent TIFs and RPA binding. Testing this hypothesis may prove 

difficult, as knockdown of TRF2 and TPP1 cause TIF formation (Takai et al. 2003; 

Hockemeyer et al. 2007). Additionally, although overexpression of a TPP1ΔRD mutant 

deficient in POT1 binding causes TIFs similar to expression of POT1ΔTPP1 (Xin et al. 2007; 

Barrientos et al. 2008), a reciprocal TRF2ΔPOT1 mutant has not been described. A possible 

solution would be to perform NAAIRS mutagenesis on TRF2 to generate a mutant 

deficient in POT1 binding. If found, this mutant could be then used to determine the 

extent of a DNA damage response at telomeres upon overexpression in primary cells in 

both the presence and absence of endogenous TRF2.  

 Another seemingly conflicting result in Chapter 3 is that both POT1ΔTPP1 and 

POT1ΔOB are defective in binding telomeric DNA (Loayza and De Lange 2003; Wang et 

al. 2007; Xin et al. 2007; Barrientos et al. 2008), yet only the former causes TIFs (Figs. 4C-

D, 6, and 13F-G). As POT1ΔTPP1 can still bind ssDNA in vitro (Fig 11C), TIFs may become 

induced only when POT1 binds ssDNA, but cannot interact with TPP1. A direct test of 

this model would be to examine whether a POT1 mutant unable to bind ssDNA or TPP1 

(POT1ΔOBΔTPP1) fails to induce TIFs.  
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5.2.2 Understanding ATM/ATR Signaling Pathways at the Telomere 

 Previous studies have shown that TRF2 dysfunction at telomeres causes an 

ATM-mediated DNA damage response (Takai et al. 2003) whereas POT1 dysfunction 

leads to an ATR-mediated DNA damage response (Denchi and de Lange 2007; Guo et al. 

2007; Churikov and Price 2008). In Chapter 3 of this thesis, I have demonstrated that 

POT1 loss-of-function also correlated with RPA co-localization at telomeres (Figs. 15 and 

16). As RPA has been demonstrated to work upstream of ATR signaling as a sensor of 

DNA damage (Golub et al. 1998; Zou and Elledge 2003), and TRF2 dysfunction at 

telomeres causes ATM-mediated DNA damage signaling (Takai et al. 2003), it is 

unknown if RPA also plays a part in DNA damage signaling at the telomere resulting 

from TRF2 dysfunction.  

 This could be tested by either knocking down TRF2 or expressing dominant 

negative TRF2 (TRF2ΔBΔM) in primary IMR-90 or BJ cells and examining if there is an 

induction of co-staining of RPA at telomeres (STARs) by immunofluorescence. If an 

increase in STAR-positive cells is also present after TRF2 disruption, then the two DNA 

damage response pathways of telomere dysfunction may not be very different, with 

possibly ATM/ATR working in concert. However, if STAR-positive cells are not 

increased after TRF2 disruption, this would lead to a stronger case of two distinct DNA 

damage signaling pathways at telomeres dependent on whether a dsDNA or ssDNA 
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binding protein is disrupted. In this case, further studies would be required to more 

fully understand the mechanism of ATM-mediated DNA damage signaling at telomeres. 

5.4.1 Mechanism of POT1 in Genomic Instability 

 POT1 loss-of-function causes many pronounced phenotypes in cells. In this 

thesis, I explore the requirements and mechanism of one of the earliest phenotypes after 

POT1 knockdown – DNA damage responses at the telomere. However, POT1 

knockdown also induces a variety of genomic instability phenotypes in cells, the most 

robust of which are the formation of interphase bridges (Veldman et al. 2004). This 

phenotype resembles the cell untimely torn (cut) phenotype described in fission yeast 

involving cellular cytokinesis without the complete separation of sister chromatids in 

anaphase (Yanagida 1998).  

Neither the requirements of POT1 protection against interphase bridges nor the 

mechanism of how they form in cells is known. To study which of the three known 

functions of POT1 – ssDNA binding, interaction with TPP1, or interaction with TRF2, 

are required for protection against interphase bridge formation, POT1 truncation and 

separation-of-function mutants described in this thesis could again be employed. For 

these experiments, the POT1 mutants could be expressed in human cancer lines in the 

presence and absence of endogenous POT1, and interphase bridges examined by DAPI 

staining. This study would help determine if the same requirements of POT1 to protect 
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cells against inappropriate DNA damage signaling at the telomere are subsequently also 

required for the maintenance of genomic stability. 

The mechanism of interphase bridge formation in the absence of POT1 is also 

unknown as there are at least two potential possibilities. One possible idea is that loss of 

POT1 causes a similar cellular response to TRF2 loss of function, which causes massive 

NHEJ-mediated telomere end-to-end fusions (van Steensel et al. 1998), in which 

telomere ends are covalently fused together by DNA ligase IV (Smogorzewska et al. 

2002; Zhu et al. 2003).  To test if POT1 loss-of-function also results in NHEJ of telomere 

ends, POT1 could be knocked down in cells deficient in NHEJ (such as XPF null cells or 

DNA Ligase IV knockdown cells), and the presence of interphase bridges examined by 

DAPI staining. Alternatively, the interphase fusions caused by POT1 loss-of-function 

could possibly be mediated by protein-protein interactions. Indeed, there has been 

precedent for these type of fusions as loss-of-function of the telomeric protein Tankyrase 

1 causes mitotic arrest due to sister chromatids remaining associated by proteinaceous 

bridges (Dynek and Smith 2004). To test if the interphase bridges caused by POT1 

knockdown are also caused by proteinaceous bridges, live cell imaging experiments 

could be performed in POT1 knockdown cells to visualize if interphase bridges form 

during anaphase and possibly arise from problems with sister chromatid resolution. 

Finally, as POT1 has been shown to protect cells against genomic instability 

(Veldman et al. 2004; Bunch et al. 2005; Hockemeyer et al. 2005; Yang et al. 2005; 
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Churikov et al. 2006), and POT1/p53 double knockout mouse embryonic fibroblasts 

show increased tumorigenesis in SCID mice (Wu et al. 2006), it would be an interesting 

follow-up of the work shown in this thesis to test which POT1 protein interactions are 

essential in the prevention of tumorigenesis. For this study, the separation-of-function 

POT1 mutants could be utilized in a p53 null background to test tumor growth in a 

xenograph mouse model system. This study would determine if either POT1-mediated 

protection of telomere ends from DNA damage responses or POT1-mediated telomere 

length control translate into a more clinically relevant tumor model. 

5.3 Future Directions: POT1 and Telomere Length Regulation 

5.3.1 Expansion of the Role of POT1 in Telomere Length Regulation 

In Chapter 4, I found that the mechanism of POT1ΔOB-induced telomere 

elongation was due to a disruption of TRF2-containing complexes at the telomere using 

NAAIRS separation-of-function mutants. Furthermore, I used three independent cell 

lines to elucidate the importance of the POT1-TRF2 interaction on telomere length 

regulation in both a POT1ΔOB background and full-length POT1 background. In the 

POT1ΔOB background I found that in all three experiments, POT1ΔOBΔTRF2 prevented 

telomere elongation (Fig 19B). However, in the full-length background in the absence of 

endogenous POT1, two out of the three independently derived cell lines displayed 

telomere elongation after expression of POT1ΔTRF2, with one cell line displaying telomere 

elongation after expression of POT1ΔTPP1 (Fig 21C).   
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As such, more HA1 cell lines need to be created and tested to identify patterns of 

behavior of these full-length POT1 separation-of-function mutants in telomere length 

regulation. If indeed, data from additional cell lines support a telomere elongation 

phenotype resulting from the disruption of the POT1-TRF2 interaction in the absence of 

endogenous POT1; this would argue that the POT1-TRF2 interaction is the essential 

interaction being perturbed upon expression of POT1ΔOB. Conversely, if the disruption of 

the POT1-TPP1 interaction consistently displays telomere elongation in the absence of 

endogenous POT1, a modified model would be supported in which POT1-mediated 

telomere length regulation may be multi-faceted, with both TRF2 and TPP1 playing 

roles. 

5.3.2 Expansion of POT1∆OB-mediated Telomere Elongation Model 

 In Chapter 4, I found that expression of POT1ΔOB disrupts TRF2 interactions at 

the telomere. Specifically, interactions of TRF2 with direct binding partners TIN2, POT1, 

and RAP1 were found to be reduced upon expression of POT1ΔOB (Fig. 20B-E). Our 

genetic data suggested that the telomere length elongation induced by POT1ΔOB binding 

TRF2 was a result of displacing endogenous POT1 (Fig 20C). However, we did not test 

whether displacement from TRF2 of the other direct binding partners by POT1 ΔOB also 

had a role in telomere elongation. 

 To test such a possibility I propose to measure telomere length in HA1 cells 

stably co-expressing tagged versions of each of the TRF2 direct binding partners (Myc-
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TIN2, YFP-POT1, and YFP-RAP1) with either F-POT1ΔOB or as a control, vector alone. 

Such an experiment would test whether overexpression of TIN2, POT1, or RAP1 could 

compete with POT1ΔOB for TRF2 binding, thus restoring telomere length regulation. Of 

course, a caveat to such an experiment is that overexpression of many of these proteins 

have been shown to have telomere length phenotypes (Kim et al. 1999; Armbruster et al. 

2004; O'Connor et al. 2004). As such, control lines expressing the TRF2 interaction 

proteins along with empty vector should be carefully compared to lines expressing the 

telomere proteins along with POT1ΔOB. 

There are many ways disruption of TRF2 protein interactions by POT1ΔOB can 

cause telomere length deregulation. Firstly, disruption of TRF2 protein interactions may 

potentially dissolve the entire six-protein complex. Perturbation of the TRF2-TIN2 

interaction would be especially problematic as TIN2 has been shown to promote 

assembly of the entire telomere protein complex (Ye et al. 2004a; O'Connor et al. 2006). 

Complex dissolution may then potentially inhibit the regulation and/or accessibility of 

telomerase to ssDNA at the 3’end (Lei et al. 2004; Kelleher et al. 2005).  Secondly, as 

RAP1 regulates telomere length and heterogeneity (Li et al. 2000; Li and de Lange 2003), 

and RAP1 is reliant on TRF2 interactions to localize to the telomere (Li et al. 2000), 

disruption of the RAP1-TRF2 interaction may result in the deregulation of telomere 

length control. Finally, disruption of the TRF2-POT1 interaction may potentially 

interfere with the ability of telomerase to preferentially elongate short telomeres, as the 
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signal indicating the length of the telomeric dsDNA (TRF2) may no longer reach the 

ssDNA transducer (POT1). Thus, telomerase may not be efficiently recruited to short 

telomeres.  

Another important function of TRF2 is the formation of t-loops, as demonstrated 

in vitro (Griffith et al. 1999); however, it remains unknown whether other TRF2 protein 

interactions are required for this structure to form in vivo. This question is notable as 

telomere length inhibition is thought to potentially involve the telomere being in a 

closed conformation in which telomerase would not have access to its substrate (Loayza 

et al. 2004). Thus, we also speculate that disruption of TRF2 interactions by F-POT1ΔOB 

could potentially result in a more open t-loop conformation, thus promoting telomerase 

access and elongation. 
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