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ABSTRACT 

 

 

Eukaryotic cells must overcome two major biological problems associated with 

linear chromosomes: the end protection and the end replication problems.  The end 

protection problem occurs when the natural ends of linear chromosomes are 

misrecognized as DNA breaks within the genome, eliciting a DNA damage response.  

To counteract this, chromosome ends are capped with of a repetitive DNA sequence 

called telomeric DNA.  Telomeric DNA is coated by the protein complex shelterin, 

thereby sequestering it from DNA damage response and repair machinery.  The end 

replication problem occurs because replicative DNA polymerases are unable to catalyze 

the synthesis of DNA at the extreme ends of chromosomes, leading to the gradual loss 

of DNA during every replication cycle.  The ribonucleoprotein complex telomerase helps 

compensate for this end attrition by catalyzing the addition of telomeric repeats to 

chromosome ends, enabling somatic and germ stem cells to replicate throughout the 

lifetime of a species.  Together, shelterin and telomerase solve both problems 

associated with linear chromosomes.  

 TPP1 is the only shelterin protein known to play a dual role at chromosome ends.  

Not only does it help protect telomeres from erroneous DNA damage response and 

repair machinery, but it also recruits and facilitates processivity of telomerase.  My 

doctoral studies have focused on how TPP1 interacts with telomerase and other 



 xxi 

shelterin components to mediate its vital functions in somatic and germ cells.  I 

demonstrate the importance of five residues at the N-terminus of the 

oligosaccharide/oligonucleotide binding (OB) domain (NOB) of TPP1 in telomerase 

recruitment to the telomere, telomerase stimulation by TPP1, and telomere lengthening 

in cells.  Together with the previously discovered TEL patch, we have now defined an 

elaborate surface on TPP1 that we predict binds telomerase.  Additionally, I describe 

the expression and separation-of-function of two isoforms of human TPP1.  One, 

described here as TPP1-L, is annotated as a 544 amino acid protein initiating at 

methionine one.  The other, referred to here as TPP1-S, is related to the rodent TPP1 

and initiates at methionine 87.  While both TPP1-S and TPP1-L recruit telomerase to 

the telomere, only TPP1-S activates telomerase for efficient telomere elongation.  

TPP1-S is the predominant isoform in somatic cells, but TPP1-L is the major isoform in 

differentiated male germ cells.  I found that telomerase expression persists in germ 

cells, suggesting that TPP1-L may function to restrain telomerase in this context.   

TPP1 is not only important in end replication, but it also plays an essential role in 

end protection by interacting with its shelterin partners POT1 and TIN2.  To understand 

how each of these interactions contributes to end protection, I conducted a homology 

assisted site-directed mutagenesis screen to map the POT1 and TIN2 interaction 

surfaces on TPP1.  I find that the TPP1-TIN2 surface is larger than previously 

appreciated and is important for TIN2 mediated cooperativity of TPP1 and TRF2.  

Together these studies serve to better define how TPP1 functions in human cells to 

protect the integrity of chromosome ends.  
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CHAPTER I  

Introduction 

 

1.1 Introduction  

 In 1911 Thomas Hunt Morgan hypothesized that genes were arranged in a 

particular order, with a beginning and an end, like ‘beads on a string’ (Morgan, 1911).  

Years later, Hermann Muller, one of Morgan’s students, recognized that these natural 

ends behaved differently than the X-ray induced broken ends of linear chromosomes 

(H.J., 1938).  Not to be confused with the broken ends, Muller coined these natural ends 

‘telomeres’ using the Greek words for ‘end’ (telos) and ‘part’ (meros).  Although Muller 

did not know it at the time, he had started a century long field of study aimed at 

understanding the ‘end-part’ of linear chromosomes. 

 Since the time of Thomas Hunt Morgan and Hermann Muller, hundreds of 

researchers have advanced the telomere field from an abstract theory to a detailed 

understanding of the complex biological system that is in place at every human 

chromosome end.  They have found that the majority of eukaryotic chromosomes end in 

a repetitive DNA sequence (GGTTAG in humans) composed of both double stranded 

repeats and a single stranded G-rich 3’ overhang.  This telomeric DNA is coated with a 
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six-protein complex, called shelterin, that specifically binds to both the single stranded 

and double stranded telomeric DNA repeats.  Together, these proteins and the 

telomeric DNA they bind to, make up the telomere.  

1.2 Linear chromosomes and the problems they pose 

 By 1941, Barbara McClintock, who was best known for her work on transposable 

elements, had concluded that although the radiation induced broken ends of a 

chromosome were distinctly different from the natural ends, these induced ends could 

be altered to look and act much like their natural telomeric counterparts (McClintock, 

1939).  This observation was the first glimpse into the future of the telomere field and its 

focus on the two main problems posed by linear chromosomes: the end protection 

problem and the end replication problem.  The end protection problem arises when the 

natural ends of linear chromosomes are misrecognized as induced double stranded 

DNA breaks within the chromosome.  The shelterin protein complex solves this end 

protection problem by sequestering away the telomeric DNA and preventing the DNA 

damage repair and response machinery from recognizing the telomere as a DNA break 

in need of repair.  Just as Barbara McClintock had observed, the natural chromosome 

ends are distinctly different from induced chromosome breaks because they are 

protected by shelterin.  In contrast, the end replication problem occurs because DNA 

polymerase is unable to add nucleotides to the extreme ends of linear chromosomes.  

As a result, a small amount of DNA is lost at the ends of each chromosome during 

every replication cycle.  Left unsolved, the end replication problem would result in a 

catastrophic loss of important DNA after many replication cycles.  However, the 

ribonucleoprotein telomerase solves the end replication problem by adding telomeric 
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repeats to chromosome ends, thus preventing the loss of important DNA in continually 

dividing cells.  Together, telomeric DNA, the shelterin protein complex, and telomerase 

work in concert to solve both problems posed by linear chromosomes.  

1.3 Telomeric DNA 

 The first telomeric DNA was characterized in 1978 from the ciliated protozoa 

Tetrahymena thermophila (Blackburn and Gall, 1978), however it would be another ten 

years before the characterization of human telomeric DNA in 1988 (Moyzis et al., 1988).  

While the length and sequence of telomeres varies widely across organisms, the ends 

of human chromosomes are made up of a 10-15 kb stretch of hexad GGTTAG repeats 

(de Lange et al., 1990).  Telomeric DNA is double stranded throughout, barring a short 

single stranded 3’ overhang that exists at the ends of all chromosomes.  This 

mammalian telomeric 3’ overhang is rich in guanosine and devoid of cytosine, 

prompting the naming of the two strands of a telomeric duplex as the G strand or the C 

strand.  The human single stranded G overhang varies between 50 and 500 nucleotides 

in length and is not only essential for proper end protection by the shelterin protein 

complex (discussed below), but is also an integral component of the t-loops that occur 

at chromosome ends (Palm and de Lange, 2008).  In a t-loop, the single stranded 

telomeric overhang loops back to invade the double stranded telomeric repeats, hiding 

any exposed free ends that may trigger a DNA damage response (Griffith et al., 1999).  

t-loops were initially characterized in protein-free DNA after introduction of interstrand 

cross-links (Griffith et al., 1999), however they were later observed in native chromatin 

as well (Nikitina and Woodcock, 2004).  
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1.3.1 Telomere length and senescence 

 Since 1961 with the emergence of what is often referred to as the Hayflick limit, 

cell aging has been a topic of continued controversy.  Leonard Hayflick suggested that 

cells grown in culture were not immortal, a widely accepted theory of the time, but 

instead undergo a phenomenon known as cellular senescence (HAYFLICK, 1965; 

HAYFLICK and MOORHEAD, 1961).  Hayflick hypothesized that there was a counting 

mechanism for replicative senescence, however it wasn’t until 1989 that Lundblad and 

Szostak gave Hayflicks’s theory a molecular basis.  They definitively demonstrated that 

an “ever shortening telomere” (EST) phenotype in budding yeast led to senescence, 

suggesting that telomeres acted as the counting mechanism Hayflick had referred to 

(Lundblad and Szostak, 1989).  Just a year later, three seminal papers demonstrated 

that telomere shortening occurs during cellular aging, both in cultured human fibroblasts 

and in normal human tissues (de Lange et al., 1990; Harley et al., 1990; Lindsey et al., 

1991).  While the link between telomere shortening and cellular senescence is well 

studied, the implications of telomere shortening on longevity are an active area of 

research today.  It is well established that telomeres progressively shorten as humans 

age, and that short telomeres are associated with an increased risk for age related 

diseases (Opresko and Shay, 2017).  Telomere attrition is also classified as a hallmark 

of aging, yet the degree to which it is a principal cause of aging is still controversial 

(Lopez-Otin et al., 2013).  Although numerous studies have worked to understand the 

mechanisms behind telomere shortening and longevity, the exact underpinnings of this 

process are still an active area of research today. 
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1.4 Telomerase 

 After shortening telomeres were proposed to lead to cellular senescence, it was 

suggested that cancer cells and germline cells, which require continued replication, 

must be able to solve the end replication problem and bypass the senescence that 

occurs in normal somatic cells.  In 1985 the answer came from Carol Greider and 

Elizabeth Blackburn, who discovered enzymatic activity in Tetrahymena thermophila 

extracts that specifically elongated DNA of telomeric sequence (Greider and Blackburn, 

1985).  Although initially termed ‘terminal transferase activity’, they later described it as 

telomerase, a unique ribonucleoprotein-based reverse transcriptase that harbors an 

RNA template for telomeric DNA synthesis.   

 Human telomerase consists of a reverse transcriptase protein subunit TERT 

(Telomerase Reverse Transcriptase) and an RNA subunit TR (Telomerase RNA) 

(Blackburn and Collins, 2011; Greider and Blackburn, 1987, 1989; Lingner et al., 1997).  

The active telomerase enzyme uses a template sequence in its RNA subunit to 

specifically add telomeric repeats (GGTTAG in mammals) to the 3’ ends of 

chromosomes, combatting the telomere loss that occurs during every replication cycle.  

In addition to providing a template for DNA synthesis, TR contains a template boundary 

element which prevents the incorporation of non-telomeric nucleotides, a pseudoknot 

and triple helix which contribute to the catalytic activity of telomerase, and a CR4-CR5 

domain that is partially responsible for binding TERT (Chen and Greider, 2003b; Chen 

et al., 2002; Greider and Blackburn, 1989; Mitchell and Collins, 2000; Qiao and Cech, 

2008; Shefer et al., 2007; Theimer et al., 2005; Theimer and Feigon, 2006).  In addition, 

TR has both structural and sequence elements that are responsible for binding 
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accessory proteins (Nandakumar and Cech, 2013).  Specifically, the accessory proteins 

dyskerin, NOP10, NHP2, and GAR1 bind the 3’ end of TR known as the H/ACA motif, 

where they confer both TR stability and telomerase RNP biogenesis (Nandakumar and 

Cech, 2013; Schmidt and Cech, 2015).    

TERT on the other hand, can be divided into four critical domains; the telomerase 

essential N-terminal domain (TEN) which is unique to telomerase, the TERT RNA-

binding domain (TRBD), the reverse transcriptase (RT) domain, and the C-terminal 

extension (CTE) (Podlevsky and Chen, 2012).  The reverse transcriptase domain of 

TERT contains the active site for telomere synthesis, sharing significant homology with 

the reverse transcriptase domains of both retrotransposon and retroviral reverse 

transcriptases (Lingner et al., 1997; Nakamura et al., 1997).  Together, the TRBD, RT, 

and CTE domains are responsible for forming the TERT ring, which creates the catalytic 

core of the TERT protein where the canonical hand-like structure is formed between the 

RT domain (the fingers and the palm) and the CTE domain (the thumb) (Gillis et al., 

2008; Jiang et al., 2018; Mitchell et al., 2010).  Within this catalytic core is a positively 

charged cavity where TR interacts with telomeric DNA to form an RNA-DNA hairpin 

(Gillis et al., 2008; Jiang et al., 2018).  Together these elements form an active site 

within telomerase which facilitates the addition of new telomeric repeats at chromosome 

ends.  The final domain of TERT, the TEN domain, serves a function specific to 

telomerase and separate from the TERT ring.  The TEN domain is essential for 

telomerase recruitment to the telomeres, and specific contacts between the TEN 

domain and the shelterin protein TPP1 show a direct link between telomerase and the 

shelterin protein complex at chromosome ends (Schmidt et al., 2014).   
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Although TPP1 resides at the telomere during all phases of the cell cycle, hTERT 

is only recruited to chromosome ends in S phase (Jady 2006, Tomlinson 2006), when 

hTERT transcription and activity peaks (Schmidt and Cech, 2015).  Outside of S phase, 

TERT and TR are targeted to Cajal bodies, subnuclear sites where snRNAs and 

scaRNAs are synthesized and processed (Jády et al., 2004; Kiss et al., 2010; Zhu et al., 

2004).  TR is trafficked to Cajal bodies through its interaction with the protein TCAB1, 

which binds to the Cajal box (CAB) motif found at the 3’ end of TR (Tycowski et al., 

2009; Venteicher et al., 2009).  Once in Cajal bodies, TR is assembled with TERT to 

form the biologically active telomerase RNP.  Finally, telomerase is recruited from the 

Cajal bodies to the telomeres (Nandakumar and Cech, 2013), in a process that is 

described in depth in section 1.6.  

Once recruited to telomeres, the active telomerase RNP works by binding to the 

single stranded 3’ end of a chromosome and facilitating the addition of new telomeric 

repeats.  For this, the alignment region in TR must anneal to the very end of the single 

stranded telomeric DNA, thus allowing TERT to add a new telomeric repeat in a TR 

template-dependent manner.  Once the first repeat is completely synthesized, the 

template-primer base pairing is loosened, allowing telomerase to translocate and re-

bind its template/alignment region to the newly formed 3’ end of the DNA primer such 

that additional repeats can be added.  The process of telomerase synthesizing multiple 

hexad repeats upon a single primer-binding event is called RAP, or repeat addition 

processivity (Greider, 1991).  While telomerase alone can add multiple repeats to a 

telomeric primer in vitro, its processivity is stimulated by the presence of the shelterin 
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subcomplex POT1-TPP1, which resides on the 3’ tail of telomeric DNA (Wang et al., 

2007). These proteins are discussed in detail in section 1.5.  

1.4.1 Telomerase expression in somatic and germ cells 

Telomerase solves the end replication problem by adding telomeric repeats to 

the ends of chromosomes during every replication cycle.  However the chromosome 

shortening that telomerase combats is what sets a limit on the number of times most 

somatic cells can divide, providing a natural anti-tumorigenic mechanism in long lived 

animals such as humans (Gomes et al., 2011).  Because of this, telomerase is 

specifically shut down in most human somatic cells (see telomerase and cancer section 

for more detail on this process) (Bodnar et al., 1998).  However, germline and somatic 

stem cells must preserve their ability to self-renew over the course of a species’ lifetime.  

Consequently, these cells express telomerase, which counters the telomere shortening, 

and thus senescence, that would normally occur upon continued cell division (Shay and 

Wright, 2010).  Therefore it is not surprising that germline mutations which affect 

telomerase activity result in diseases referred to as telomeropathies, discussed in detail 

in section 1.8 (Dokal, 2011; Savage, 2014).  For these reasons, telomerase expression 

is tightly regulated in all human cells.  Interestingly, telomerase is constitutively 

expressed in all cells of mice and other short-lived rodents (Gomes et al., 2011; Prowse 

and Greider, 1995).  This is likely because they have fewer cell divisions over the 

course of their lifetime, nullifying their risk for oncogenesis and making strict regulation 

of telomerase unnecessary.  These concepts will be revisited in detail in chapter three.  
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1.4.2 Telomerase and cancer 

 Since Leonard Hayflick first suggested that normal human cells have a limited 

capacity to divide in 1961, researchers have worked to understand the mechanisms and 

regulators that determine a cell’s replicative lifespan.  Once replicative capacity has 

been reached, cells undergo replicative senescence, a process that limits a cell’s 

proliferative potential (Campisi, 1997).  However in 1989 a groundbreaking paper from 

the Shay lab suggested that cells which bypassed senescence eventually entered a 

second stage of growth arrest called crisis (Wright et al., 1989).  Cells in crisis contain 

fused chromosomes, almost universally leading to apoptosis.  These two mechanisms 

were hypothesized to be potent anti-cancer protection, in place to prevent unwanted cell 

division (Shay and Wright, 2011).  Despite this, a rare cell that acquires the ability to 

maintain or lengthen telomeres can escape crisis and continue dividing (Hanahan and 

Weinberg, 2000; Shay and Wright, 2011).  This observation was confirmed when 

researchers found that introduction of TERT was enough to activate telomerase activity 

in telomerase negative cells and was sufficient to bypass both cellular senescence and 

crisis to induce cell immortalization (Bodnar et al., 1998).  This limitless replicative 

potential is a hallmark of cancer, suggesting that TERT may have immense oncogenic 

potential.  Indeed, telomerase is upregulated in more than 90% of all human cancers 

(Kim et al., 1994).   

 Mutations in the TERT promoter have been found at high frequency in both early 

and late stage human tumors, suggesting that they may be important for tumorigenesis 

(Horn et al., 2013; Huang et al., 2013).  The first mechanistic insights into telomerase 

upregulation in cancer came in 2015 when it was discovered that the multimeric GA-
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binding protein (GABP) transcription factor is recruited to the TERT mutant promoter, 

resulting in TERT activation (Bell et al., 2015).  Soon after, it was discovered that these 

mutations extended the life of cells by allowing telomerase to lengthen the shortest 

telomeres and escape crisis, however further up-regulation of telomerase was needed 

to fully immortalize them (Chiba et al., 2017).  

 Because of the importance and prevalence of telomerase upregulation in cancer, 

strategies that block telomerase activity are prime candidates for anti-cancer drug 

development.  This is especially appealing because normal human somatic cells do not 

express telomerase, therefore providing a natural protection mechanism against anti-

telomerase therapeutics.  Additionally, stem cells retain telomerase expression yet 

maintain longer telomere lengths than cancer cells, providing them with a significant 

survival advantage during the treatment window (Jafri et al., 2016).  Unfortunately there 

is no telomerase inhibitor approved for the treatment of cancer available today, however 

multiple promising treatments are currently awaiting clinical trials (Bryan et al., 2015; 

Jafri et al., 2016).  

1.5 Shelterin 

 As more studies elucidated the importance of telomeres and telomerase in end 

replication, discovering the proteins responsible for protecting telomeric DNA became 

the new focus of the telomere field.  With telomere binding proteins already discovered 

in yeast and ciliates (Conrad et al., 1990; Gottschling and Zakian, 1986; Klobutcher et 

al., 1981; Lustig et al., 1990), the search for human telomere binding proteins began.  In 

1997, the first human telomere binding protein, telomeric repeat binding factor 1 or 

TRF1, was discovered by the de Lange lab (Chong et al., 1995; van Steensel and de 
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Lange, 1997).  By 2004, all six members of the human shelterin protein complex had 

been discovered (Palm and de Lange, 2008).  These proteins are discussed in detail 

below. 

1.5.1 Shelterin protects telomeric DNA  

 Shelterin is a six-membered protein complex that protects telomeric DNA from 

being erroneously recognized by the DNA damage response and repair machinery 

(Figure 1.2).  Shelterin is composed of three DNA binding proteins: TRF1 and TRF2 

(telomeric repeat binding factor 1 and 2) which specifically bind to double stranded 

telomeric DNA, and POT1 (protection of telomeres 1) which binds to single stranded G-

rich telomeric DNA.  TPP1 (adrenocortical dysplasia protein homolog) binds to POT1 at 

the single stranded telomeric DNA and is responsible for recruiting telomerase to the 

telomere.  TIN2 (TRF1-interacting nuclear factor 2) bridges TRF1 and TRF2 on the 

double stranded telomeric DNA to TPP1 at the single stranded telomeric DNA, while 

Rap1 (telomeric repeat-binding factor 2-interacting protein 1) binds specifically to TRF2.  

 Deletion of any shelterin protein, with the exception of Rap1, is embryonic lethal 

in mice (Palm and de Lange, 2008).  These phenotypes are a result of end-

deprotection, or the loss of shelterin proteins from the telomere and the activation of a 

DNA damage response at the natural ends of our chromosomes.  In mammalian cells, 

two protein kinases are responsible for alerting DNA damage repair machinery to 

lesions in the genome.  The first is the ataxia talengiectasia mutated kinase, or ATM 

kinase, which is thought to respond primarily to double stranded breaks within the 

genome (Palm and de Lange, 2008).  The second is the ataxia talengiectasia and Rad3 

related kinase, or ATR kinase, which is thought to primarily respond to single stranded 
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breaks within the genome (Palm and de Lange, 2008).  In accordance with this, 

knockdown of the single stranded telomeric binding protein POT1 leads to an ATR 

mediated DNA damage response at chromosome ends, while knockdown of the double 

stranded telomeric binding protein TRF2 leads to an ATM mediated DNA damage 

response at chromosome ends (Celli and de Lange, 2005; Denchi and de Lange, 2007; 

Karlseder et al., 1999).  

 Shelterin forms a stable six-membered complex in the absence of telomeric DNA 

(Liu et al., 2004a; Ye et al., 2004b), however sub-complexes of shelterin have also been 

observed in vitro (Hu et al., 2017; Lim et al., 2017; Wang et al., 2007).  In vivo the 

shelterin proteins have vastly different stoichiometries at telomeres (Takai et al., 2010). 

TRF1, TRF2, TIN2, and Rap1 are significantly more abundant than TPP1 or POT1, 

potentially reflecting the length disparity between the single stranded tail and the double 

stranded telomeric repeats.  These differences necessitate the presence of shelterin 

sub-complexes in vivo, although current imaging techniques have been unable to 

distinguish these sub-complexes in cells.  While the exact composition of shelterin at 

human telomeres is unknown, many studies have suggested that these shelterin sub-

complexes are an important and functional component of the telomere (Lim et al., 

2017).  

1.5.1 TRF1 and TRF2 

  TRF1 and TRF2 are the shelterin double stranded DNA binding proteins.  They 

share a common domain structure consisting of the TRF1 homology (TRFH) domain 

and a C-terminal myb DNA-binding domain that specifically interacts with the double 

stranded telomeric repeats (Figure 1.1) (Palm and de Lange, 2008).  Their myb 
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domains are largely identical and confer TRF1 and TRF2’s specificity for double 

stranded telomeric DNA through interactions with both the DNA backbone and the 

individual bases (Bianchi et al., 1999; Court et al., 2005).  Because of a long flexible 

hinge region that separates the TRFH and myb domains, the two myb domains of a 

TRF1 homodimer can engage two separate sites on the telomeric DNA (Palm and de 

Lange, 2008).  This flexibility allows TRF1 to interact with two different regions of 

telomeric DNA at a large distance, on two different molecules, and even in different 

relative orientations (Bianchi et al., 1999; Griffith et al., 1998).  TRF2 similarly binds 

double stranded telomeric DNA, however it also plays an important function in the 

structure of the telomere by facilitating the formation of t-loop-like structures when given 

a telomeric substrate (Stansel et al., 2001).  This is dependent on TRF2 binding the 

telomeric DNA sequence, as non-telomeric sequences at the single stranded/double 

stranded junction greatly reduces t-loop formation (Griffith et al., 1999).   

 Both TRF1 and TRF2 act as homodimers, tethered together through interactions 

in their TRFH domains (Bianchi et al., 1997; Broccoli et al., 1997).  Despite their overall 

structural similarity, these TRFH domains cannot heterodimerize, but instead only 

recognize their own TRFH dimerization surface (Broccoli et al., 1997; Fairall et al., 

2001).  These domains function as versatile docking sites for telomere accessory 

proteins (Chen et al., 2008).  The TRFH domain of TRF2 preferentially recognizes the 

Y-X-L-X-P motif of its accessory proteins, while the TRF1 TRFH preferentially interacts 

with the F-X-L-X-P motif, where X is any amino acid (Chen et al., 2008).  While TIN2 is 

the primary binding partner of TRF1 utilizing the F-X-L-X-P binding motif (258 FNLAP 

262), it is not the only protein that exploits this site.  This motif is also used by proteins 
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that require temporary access to telomeres, such a TERB1 (telomere repeat-binding 

bouquet formation protein 1) which binds TRF1 to help tether the telomeres to the inner 

nuclear membrane during meiosis (Shibuya et al., 2014).  While TIN2 binds both the 

TRF1 and TRF2 TRFH domains, it interacts with TRF2 with significantly lower affinity 

than TRF1, as its F-X-L-X-P motif is not optimal for a TRF2 interaction (Chen et al., 

2008).  Instead, TIN2 exploits a different region on TRF2 for optimal binding (Hu et al., 

2017), explained in detail below.  TRF2 on the other hand, utilizes the Y-X-L-X-P motif 

for optimal binding by the exonuclease Apollo and the double stranded break sensing 

complex MRN (MRE11-RAD50-NBS1) (Fairall et al., 2001; Rai et al., 2017; Wu et al., 

2012).  

Given the importance of TRF1 and TRF2 for protecting the double stranded 

telomeric DNA, it is not surprising that knock out of either TRF1 or TRF2 results in 

mouse embryonic lethality (Celli and de Lange, 2005; Karlseder et al., 2003).  Although 

both TRF1 and TRF2 bind double stranded telomeric repeats, they elicit distinct 

telomeric dysfunction phenotypes when knocked out.  TRF1 is essential for telomere 

replication, aiding in the polymerization of the G-rich repetitive telomeric DNA sequence. 

When knocked out, TRF1 results in the characteristic “fragile telomere” phenotype 

where long stretches of telomeric DNA are incompletely replicated (Sfeir et al., 2009).  

In contrast, TRF2 protects double stranded telomeric DNA from activating the ATM 

kinase DNA damage response as already mentioned above (Karlseder et al., 1999; 

Karlseder et al., 2004; Takai et al., 2003). 
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1.5.2 Rap1 

Rap1 is a constitutive TRF2 binding partner, forming a 1:1 complex with high 

affinity (Palm and de Lange, 2008; Zhu et al., 2000).  It has three distinct domains: a 

myb domain, an N-terminal BRCT motif, and a C-terminal domain (Figure 1.1).  While 

the Rap1 myb domain is similar to that of TRF1 and TRF2, it is unable to bind telomeric 

DNA and is dependent on TRF2 for telomeric localization (Li and de Lange, 2003; Li et 

al., 2000).  Instead, the Rap1 myb domain has been hypothesized to confer a protein-

protein interaction with an unknown partner (Hanaoka et al., 2001).  The C-terminal 

domain of Rap1 is responsible for interacting with the Rap1 binding motif on TRF2, and 

a solved crystal structure details this interaction (Chen et al., 2011).  Unlike all other 

shelterin proteins, Rap1 is not embryonic lethal in mice, does not elicit any DNA 

damage response when knocked down in human cells, and has no known effect on 

telomere length maintenance (Kabir et al., 2014; Sfeir et al., 2010).  However a recent 

study found that the TRF2-Rap1 complex plays an important role in preventing 

unwanted homology directed repair (HDR) at telomeres (Rai et al., 2016).  

1.5.3 TIN2 

TIN2 bridges the single stranded and double stranded shelterin proteins by 

binding to TRF1, TRF2, and TPP1 (Figure 1.1) (Houghtaling et al., 2004; Kim et al., 

2004; Kim et al., 1999).  The interaction between TRF1 and TIN2 is mediated through 

the canonical FxLxP motif in the C-terminus of TIN2 and the TRFH domain of TRF1 

(Chen et al., 2008).  While TIN2 is also able to interact with the TRFH domain of TRF2 

using this same site, it does so with significantly lower affinity than that for TRF1 (Chen 

et al., 2008).  Instead, the optimal binding site between TIN2 and TRF2 resides in the N-
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terminus of TIN2, which interacts with the TIN2-binding motif (TBM) on TRF2.  In fact, 

TPP1 and TRF2 both interact with TIN2 through its N-terminus, and a recently 

published paper gives the first structural insights into the TIN2-TPP1-TRF2 complex (Hu 

et al., 2017).  Through this study, Hu et al. found that the N-terminus of TIN2 structurally 

resembles the TRFH domains of TRF1 and TRF2, even though sequence alignments 

show less than nine percent identity between the domains.  Both the TIN2 TRFH 

domain and the TRFH domains of TRF1 and TRF2 are used as platforms for protein-

protein interactions, utilizing similar surfaces to interact with their respective binding 

partners (Hu et al., 2017).  These interactions will be discussed in detail in chapter 4.  

The ability of TIN2 to bind three separate shelterin proteins, and its relative 

abundance compared to POT1/TPP1 (Takai et al., 2010), suggests a possible role in 

forming shelterin sub-complexes at the telomere.  Indeed, multiple studies have shown 

that TPP1 binding promotes the interaction between TIN2 and TRF2 (O'Connor et al., 

2006).  Additionally TIN2 can simultaneously interact with both TRF1 and TRF2, 

suggesting that TIN2 may bridge these two double stranded DNA binding proteins (Ye 

et al., 2004a).  Consistent with TIN2’s central role, depletion of TIN2 has a significantly 

destabilizing effect on shelterin and overall telomere end protection, eliciting both an 

ATM- and ATR- mediated DNA damage response (Kim et al., 2004; Ye et al., 2004a). 

1.5.4 POT1 

POT1 is the only shelterin protein known to bind to the single stranded G-rich tail 

of human telomeres (Palm and de Lange, 2008).  It was originally identified through 

sequence similarity to the alpha subunit of the telomere end-binding protein (TEBP) of 

the ciliate Oxytricha nova (Baumann and Cech, 2001).  Like TEBP-α, human POT1 
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contains two oligosaccharide/oligonucleotide binding (OB) domains that form its N-

terminal DNA binding domain (DBD) which can recognize and bind to the single 

stranded G-strand telomeric sequence (Figure 1.1) (Baumann and Cech, 2001; Kelleher 

et al., 2005; Lei et al., 2004; Loayza et al., 2004).  A solved crystal structure of the 

POT1 DBD in complex with single stranded telomeric DNA details how the first OB 

domain (OB1) interacts with the first six bases of the telomeric sequence using both 

hydrogen bonds and pi stacking interactions (Lei et al., 2003).  This high specificity and 

affinity for telomeric DNA provides POT1 with an obvious advantage for protecting 

chromosome ends from the ATR kinase mediated DNA damage response (Denchi and 

de Lange, 2007).  By binding the single stranded telomeric DNA, POT1 prevents 

replication protein A (RPA) from gaining access to chromosome ends and triggering 

subsequent homologous recombination (HR) at telomeres (Takai et al., 2017). 

POT1 not only interacts with single stranded telomeric DNA with high specificity 

and affinity, but it also binds to its shelterin partner protein TPP1 (Palm and de Lange, 

2008).  Two solved crystal structures of the C-terminus of POT1 in complex with the 

POT1 binding domain (PBD) of TPP1 show an extensive POT1-TPP1 binding interface 

(Chen et al., 2017; Rice et al., 2017), supporting the observation that these two proteins 

interact with high affinity.  Indeed, binding of TPP1 to POT1 actually increases POT1’s 

affinity for single stranded telomeric DNA, although the structural basis for this 

increased affinity remains unknown (Wang et al., 2007).  Because of this, it is not 

surprising that mutations in the TPP1-binding domain of POT1 are associated with 

several different leukemias and melanomas (Chen et al., 2017; Lei et al., 2004; Rice et 
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al., 2017), highlighting the POT1-TPP1 heterodimer’s essential role in preventing 

chromosome instability.  

1.5.5 TPP1 

In 2004 researchers from three separate labs conducted immunoprecipitation-

mass spectrometry (IP-MS) experiments using TIN2 protein as bait to discover the 

shelterin protein TPP1 (Houghtaling et al., 2004; Liu et al., 2004b; Ye et al., 2004b).  

TPP1 plays  a central role in shelterin by binding both POT1 and TIN2 (Palm and de 

Lange, 2008).  While all other shelterin proteins were named for their telomeric function, 

“TPP1” is actually the result of combining the three different names given by the groups 

that initially characterized the protein.  TINT1 (Houghtaling et al., 2004), PTOP (Liu et 

al., 2004b), and PIP1 (Ye et al., 2004b) were all described concurrently, leading to the 

renaming of the described protein as TPP1.  To add to this confusion, the accepted 

gene name for TPP1 is ACD, after the adrenocortical dysplasia phenotype that mice 

exhibited upon deletion of this gene (Keegan et al., 2005).  Like other shelterin 

components, TPP1 plays an essential role in end protection.  Knockout of TPP1 in 

mouse cells results in a DNA damage response, chromosome instability, and an 

increase in chromosome fusions (Else et al., 2007; Guo et al., 2007).  It is thought that 

TPP1 participates in its end-protection functions through its interaction with POT1, 

rather than through a direct interaction with telomeric DNA, as TPP1 increases POT1’s 

affinity for telomeric DNA by ten-fold (Lei et al., 2004; Loayza et al., 2004; Wang et al., 

2007; Xin et al., 2007).  

Like other shelterin members, TPP1 is a multi-domain protein where different 

domains perform distinct functions (Figure 1.1).  The N-terminus of TPP1 (aa 1-86) is 
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the only region within the 544 amino acid TPP1 protein that is not conserved among 

mouse, rat, and most other species, and has no known or predicted structural motifs.  

Based on this, and the fact that it is seemingly dispensable for all of TPP1’s known 

functions (Hwang et al., 2012; Nandakumar et al., 2012; Schmidt et al., 2014), it has 

been argued that the physiological TPP1 protein starts at methionine 87. I will explore 

this idea further in chapter three.  

The TPP1 OB domain begins at methionine 87 and ends at aa 250.  While TPP1 

knockdown had previously been implicated in telomere over-elongation and a DNA 

damage response at telomeres (Ye et al., 2004b), deletion of the OB domain of TPP1 

(TPP1DOB) protected chromosome ends as well wild-type (WT) TPP1 and led to 

telomere shortening (Xin et al., 2007).  From this observation, the TPP1 OB domain was 

suggested to play a role in telomere length maintenance by interacting with telomerase, 

as well as through its interaction with POT1.  This was supported by pulldown 

experiments showing co-immunoprecipitating of TERT with TPP1, but not with 

TPP1DOB (Xin et al., 2007).  Further studies confirmed this association when TPP1 was 

shown to recruit telomerase to telomeres in both human and mouse cells (Abreu et al., 

2010; Tejera et al., 2010).  Together these data suggested that TPP1, and specifically 

the TPP1 OB domain, was an essential component for solving the end replication 

problem.  This was the first evidence of a shelterin protein operating in both end 

protection and end replication, functioning as the link between the telomere and 

telomerase.  These data are explored in greater detail below.  

C-terminal to the TPP1 OB domain is the POT1-binding domain (PBD; aa 250-

334), which is responsible for the interaction between POT1 and TPP1.  Two crystal 
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structures detail an extensive interaction surface between the TPP1 PBD and the POT1 

C-terminus (Chen et al., 2017; Rice et al., 2017).  This is consistent with TPP1’s 

reduced stability when purified individually in vitro, and the suggestion that POT1-TPP1 

function explicitly as a heterodimer in vivo.  Independent of telomerase recruitment to 

the telomere in vivo, the POT1-TPP1 heterodimer also increases telomerase 

processivity in vitro (Wang et al., 2007).  While addition of POT1 alone inhibited 

telomerase extension of a telomeric primer in primer extension assays, addition of the 

POT1-TPP1 complex increased telomerase activity and processivity 2-3 fold compared 

to telomerase alone controls (Wang et al., 2007).  However while this processivity is 

dependent on a POT1-TPP1 interaction, mutations in the TPP1 OB domain that do not 

affect POT1 binding abrogate this effect, suggesting that the OB domain of TPP1, as 

well as the interaction with POT1, is essential for telomerase stimulation (Nandakumar 

et al., 2012).  

At the far C-terminus of the TPP1 protein lies the TIN2 binding domain (aa 480-

544) (Houghtaling et al., 2004; O'Connor et al., 2006).  While previous studies have 

confirmed the importance of this region for interacting with TIN2 and preserving end 

protection (Frescas and de Lange, 2014a), it wasn’t until recently that a solved crystal 

structure gave the first structural insights into this interaction.  Using yeast-two hybrid 

analysis, a small peptide of TPP1 containing amino acids 510-544 was found to be 

necessary and sufficient for TIN2 binding (Hu et al., 2017).  This region was termed the 

TIN2 binding motif of TPP1, or TBM.  The TPP1 TBM is not only essential for TIN2 

binding, but it is also important for stabilizing larger shelterin subcomplexes.  While TIN2 

has been shown to interact with TPP1 as a stable heterodimer, the TPP1-TIN2 complex 
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is important for stabilizing the TIN2-TRF2 interaction (O'Connor et al., 2006).  This 

suggests TIN2 confers cooperativity between TPP1 and TRF2 to form a stable three 

membered shelterin sub-complex.  However, despite the solved crystal structure of the 

TIN2 TRFH domain in complex with peptides of both TPP1 and TRF2, the mechanism 

for this cooperativity remains unclear.  In chapter 4 I discuss this TPP1-TIN2 interface in 

detail.  I find that the discovered interface is not complete, and I describe the full TPP1-

TIN2 interface and its effect on TIN2 mediated cooperativity of TPP1 and TRF2.   

1.6 Telomerase recruitment to telomeres 

Telomerase recruitment to the telomere relies on the direct link between TPP1 

and TERT.  Because of the extraordinarily low abundance of telomerase in cells (250 

telomerase molecules per human cell), it is not surprising that telomerase must be 

recruited to chromosome ends rather than having to find them through simple diffusion 

(Schmidt and Cech, 2015).  In 2010 the first in vivo assays showed that TPP1 was 

essential for this telomerase recruitment.  Through immunofluorescence/fluorescence in 

situ hybridization and chromatin immunoprecipitation researchers discovered that TPP1, 

but not POT1, was necessary for telomerase recruitment to the telomere.  Upon siRNA 

knockdown of TPP1, telomerase accumulated in Cajal bodies.  This recruitment defect 

could be rescued through overexpression of an siRNA resistant TPP1, giving the first 

definitive evidence of TPP1’s essential role in telomerase recruitment in human cells 

(Abreu et al., 2010).  Additional studies confirmed that the TPP1 OB domain was 

sufficient for this interaction, as an OB domain tethered in an artificially created region in 

the genome was sufficient to recruit telomerase to this non-telomeric sequence (Zhong 

et al., 2012).   
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These findings suggested that TPP1 was an essential component of both end 

protection, by interacting with the shelterin protein POT1, and end replication, by 

binding telomerase.  To understand these distinct roles, a search for separation-of-

function mutants of TPP1 that would affect telomerase recruitment but not telomere end 

protection was conducted by researchers in the Cech lab.  Using a site-directed 

mutagenesis screen of conserved and surface exposed residues in the OB domain of 

TPP1, Nandakumar et al. discovered a patch of amino acids, known as the TEL patch, 

that is essential for telomerase recruitment to the telomere in vivo and telomerase 

processivity in vitro (Figure 1.3) (Nandakumar et al., 2012).  TEL patch residue E215 

was later found to specifically contact the TEN domain of TERT, giving the first 

evidence of a direct interaction between TPP1 and telomerase (Schmidt et al., 2014).   

Although the TPP1 TEL patch is necessary for telomerase regulation, it cannot 

describe the entire TPP1-telomerase interface.  All seven TEL patch residues identified 

in the human TPP1 screen are conserved in mouse TPP1, yet mouse TPP1 is unable to 

stimulate human telomerase (Zaug et al., 2010).  This suggests additional species-

specific contacts within TPP1 may mediate the TPP1-telomerase interaction, a 

hypothesis that I tested and describe in chapter two.   

1.7 Hierarchical assembly of shelterin at telomeres 

Although each shelterin member has a unique and essential function at 

telomeres, these proteins do not act autonomously.  When TPP1 is knocked down in 

human cells POT1 signal is also lost, triggering an ATR mediated DNA damage 

response at chromosome ends (Hockemeyer et al., 2007).  This suggests TPP1 may be 

required for POT1 localization to the telomere.  In confirmation of this theory, expression 
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of a POT1 mutant that cannot bind TPP1 results in loss of POT1 signal at the telomere 

and an ATR-mediated DNA damage response.  In contrast, expression of a mutant 

POT1 that does not contain the DNA binding domain still localizes to telomeres (Chen 

et al., 2007; Denchi and de Lange, 2007; Hockemeyer et al., 2007; Liu et al., 2004b).  

While it is clear that TPP1 is important for POT1 localization to the telomere, TPP1 is 

also reliant on a shelterin protein for its localization.  The TPP1-POT1 heterodimer 

appears to rely solely on TIN2 for both its nuclear import and single stranded telomere 

localization (Abreu et al., 2010).  When TIN2 is knocked down in mouse cells, there is a 

loss of POT1 and TPP1 signal at the telomere and an accumulation of RPA, leading to 

an ATR dependent DNA damage response (Takai et al., 2011).  Because of the loss of 

TPP1 at telomeres, knockdown of TIN2 also results in a lack of telomerase recruitment 

to the telomere (Abreu et al., 2010).  To complicate things further, TIN2 localization also 

depends on an interaction with TRF1 (Frescas and de Lange, 2014b).  While TRF1 

localization is unaffected by knockout of TIN2, knockout of TRF1 results in loss of TIN2 

signal at the telomere.  However when TRF2 is knocked out, TIN2 signal at telomeres is 

apparently unaffected.  This suggests that the TIN2-TRF1 interaction is essential for 

proper TIN2 localization to telomeric DNA, and thus proper POT1-TPP1 localization as 

well (Frescas and de Lange, 2014b).  This hierarchy of localization creates a 

complicated system for understanding the physiological functions of individual shelterin 

proteins, as knockout of TIN2 results in a similar phenotype as knockout of TIN2, TPP1, 

and POT1.  Because of this, knockout of TIN2, TPP1, and POT1 all elicit an ATR 

mediated DNA damage response at telomeres, while knockout of TRF2 results in an 

ATM mediated DNA damage response (Palm and de Lange, 2008; Takai et al., 2011). 
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Interestingly knockout of TIN2 signals both ATM and ATR mediated DNA damage, 

suggesting TIN2 may play a role in stabilizing and/or loading TRF2 on to telomeres as 

well (Takai et al., 2011). 

1.8 Telomeropathies  

While expression of telomerase in somatic cells is constitutively shut down to 

prevent unwanted cell division, telomerase expression in stem cells is essential for 

continued cell renewal over the course of a species’ lifetime (Shay and Wright, 2010). 

Genetic mutations in telomerase or telomerase-associated factors can affect the ability 

of stem cells to self-renew, leading to a wide variety of telomere biology disorders 

known as telomeropathies (Savage, 2018). The most severe of these disorders, known 

as dyskeratosis congenita or DC, presents as a symptomatic triad of abnormal skin 

pigmentation, nail dystrophy, and oral leukoplakia (Savage, 2018).  However patients 

with DC are also at a much higher risk for bone marrow failure, cancer, and pulmonary 

fibrosis.  Since the first reported case of dyskeratosis congenita in 1906, eleven different 

genes have been found to be mutated in patients with DC, including the genes that 

encode for TERT, TR, TIN2, and TPP1 (Guo et al., 2014; Kocak et al., 2014).  

Mutations in these genes cause the blood leukocyte telomere lengths of patients to be 

in the less than first percentile for their age.  These critically short telomere lengths often 

result in reduced hematopoietic stem cell pools and eventually lead to bone marrow 

failure, the leading cause of death for DC patients (Dokal, 2011; Jones et al., 2016; 

Savage and Bertuch, 2010).  

 Patients suffering from DC have mutations in telomerase or telomerase 

associated factors and are characterized as having critically short telomeres.  This led 
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researchers to ask how specific disease mutations were preventing telomerase from 

extending telomeric repeats at chromosome ends.  Given the importance of the TPP1 

TEL patch in both the recruitment and processivity of telomerase, mutations in the TEL 

patch would be expected to result in telomere shortening and telomeropathies.  Indeed, 

two studies have identified germline mutations in ACD in two unrelated patients 

suffering from severe telomeropathies (Guo et al., 2014; Kocak et al., 2014).  This ACD 

mutation causes an in-frame deletion of lysine 170 of TPP1.  Researchers in the 

Nandakumar lab discovered that deletion of lysine 170 distorts the structure of the TPP1 

TEL patch loop, inhibiting TPP1’s ability to recruit telomerase to telomeres in cells (Bisht 

et al., 2016).  This was the first study to report a mechanistic understanding of how a 

DC mutation directly leads to telomere shortening in cells (Bisht et al., 2016). 

 Unfortunately, the underlying molecular basis for many patients suffering from 

DC remains poorly understood.  The first shelterin gene that was implicated in DC was 

TINF2, which encodes the TIN2 protein (Savage et al., 2008; Walne et al., 2008).  

Patients with TINF2 mutations have extremely short telomeres and exhibit a severe 

form of DC at an early age (Sasa et al., 2012; Savage et al., 2008; Walne et al., 2008).  

More than twenty different mutations have been identified in the TINF2 gene of DC 

patients, all clustering in a “DC” hotspot (Figure 1.1) (Glousker et al., 2015).  These 

mutations act in an autosomal dominant manner, however unlike most forms of DC 

where genetic anticipation plays a large role in the pathogenesis, TINF2 mutations arise 

de novo (Walne et al., 2008).  While two separate studies have suggested that these 

TINF2 mutants reduce telomerase recruitment to the telomere (Frank et al., 2015; Yang 

et al., 2011), no mechanistic link between TIN2 and telomerase has been found.  
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Additionally, these studies fail to explain the extraordinarily short telomeres or the early 

onset of the disease in these individuals compared to patients suffering from other DC 

mutations.  More research is necessary to understand the molecular basis of DC in 

these patients and many others.  

 Since the first characterized case, significant progress has been made to 

understand the genetic causes that underlie DC and other related telomeropathies.  Yet 

even today, 30% of all patients with DC still have no known genetic deficiencies 

(Savage, 2018).  For this reason, continued collaborative research is crucial for 

understanding and treating DC in affected individuals.  However this research cannot be 

conducted in a vacuum; clinicians and basic scientists must work together to achieve a 

better understanding of the underlying causes of DC and related telomeropathies.  

Together, basic scientists and clinicians can pioneer new treatments for patients who 

suffer from these debilitating diseases, allowing for advances that are seldom ever 

achieved independently. 
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1.9 Figures 

 

 

 

 

  

Figure 1.1 Domain diagrams and interaction map of shelterin. 
Domain diagrams of the six shelterin proteins. OB: oligonucleotide/oligosaccharide-binding domain. 
HJR: Holliday junction resolvase-like domain. PDB: POT1 binding domain. CTD: C-terminal domain. 
TBD: TIN2 binding region of TPP1. TRFH: TRF homology domain TBM: TRF1-binding F-X-L-X-P 
motif. RCT: Rap1 C-terminal domain. 
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Figure 1.2  Shelterin and telomerase solve the chromosome end protection and end replication 
problems.  
Top: Schematic of naked telomeric DNA eliciting a DNA damage response which results in 
genome instability. Shelterin protects telomeric DNA by blocking the ATM/ATR mediated DNA 
damage responses at chromosome ends. Bottom: Schematic of telomerase bound to the single 
stranded telomeric DNA tail and the shelterin protein complex through its interaction with TPP1. 
Loss of telomerase results in telomere attrition and cellular senescence. (Adapted from 
(Nandakumar and Cech, 2013) 



 29 

 

 

 

 

 

 

  

Figure 1.3 Structure of the TPP1 OB domain. 
Structure of the TPP1 OB domain (gray; PDB ID: 2146) with TEL patch residues shown in 
orange and residue K170 in red.  
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CHAPTER II  

The N-terminus of the OB Domain of Telomere Protein TPP1 

is Critical for Telomerase Action1.

 

 

2.1 Abstract 

Telomerase recruitment to telomeres and enzymatic processivity are mediated 

by TPP1, an essential component of telomere integrity and telomerase function.  A 

surface on the OB domain of TPP1 called the TEL patch is critical for TPP1’s 

telomerase-associated functions.  Here we identify a separate region in the N-terminus 

of the OB domain (termed NOB) of TPP1 that, like the TEL patch, is essential for 

telomerase repeat addition processivity in vitro as well as telomerase recruitment to 

telomeres and telomere lengthening in cells.  Although well-conserved among most 

 

1 A modified version of this chapter is published in Cell Reports (DOI: 10.1016/j.celrep.2018.01.012).  I 
performed all cell biological experiments, including stable cell line generation, co-immunoprecipitation, IF-
FISH, and telomere length analysis.  Valerie Tesmer performed protein purifications, prepared telomerase 
extracts, and conducted direct telomerase activity assays.  Both Valerie Tesmer and I contributed to 
experimental design and molecular cloning.  I wrote the manuscript with detailed input from Valerie 
Tesmer and Jayakrishnan Nandakumar. 
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mammalian TPP1 homologs, the NOB region in mouse is distinct.  Swapping the 

sequence of human NOB into mouse TPP1 allows it to stimulate human telomerase, 

qualifying NOB as an important determinant of species specificity for the TPP1-

telomerase interaction.  Our studies show that TPP1 NOB is critical for telomerase 

function and demonstrate that the telomerase interaction surface on TPP1 is more 

elaborate than previously appreciated.  

2.2 Introduction 

In most eukaryotes, continued cell division is made possible through activation of 

the ribonucleoprotein (RNP) enzyme telomerase (Hahn et al., 1999).  Telomerase 

compensates for the shortening of chromosomes that occurs during DNA replication by 

synthesizing the telomeric repeat sequence (GGTTAG in humans) at chromosome ends 

(Greider and Blackburn, 1985).  This process is essential for stem cell renewal (Shay 

and Wright, 2010) and mutations that negatively impact telomerase function result in 

inheritable telomeropathies such as dyskeratosis congenita (Dokal, 2011; Savage, 

2014).  Telomerase is also responsible for conferring replicative immortality in ~90% of 

all known cancers, qualifying it as a prime target for anti-cancer drug development (Kim 

et al., 1994). 

Telomerase biogenesis and catalysis involve several steps.  Formation and 

stabilization of the RNP complex, which includes the protein subunit TERT (telomerase 

reverse transcriptase) (Lingner et al., 1997) and the RNA subunit TR (telomerase RNA), 

occurs in the nucleus (Blackburn et al., 1989; Egan and Collins, 2012; Greider and 

Blackburn, 1989).  The assembled telomerase RNP is then trafficked through sub-

nuclear structures called Cajal bodies (Venteicher and Artandi, 2009) before it is finally 
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recruited to telomeres for chromosome end extension (Nandakumar and Cech, 2013).  

Telomeres are coated by shelterin, a six-protein complex [consisting of POT1, TPP1, 

TIN2, TRF1, TRF2, and Rap1] that protects chromosome ends from erroneously 

eliciting a DNA damage response (Kibe et al., 2016; Palm and de Lange, 2008).  

Shelterin component TPP1 (Houghtaling et al., 2004; Liu et al., 2004b; Ye et al., 2004b) 

is uniquely involved in facilitating telomerase action as well.  TPP1 not only binds 

shelterin proteins POT1 (protection of telomeres 1) and TIN2 (TERF1-interacting 

nuclear factor 2) (Figure 2.1A), but it also recruits telomerase to telomeres 

(Nandakumar and Cech, 2013; Palm and de Lange, 2008).  The primary binding partner 

of TPP1 within telomerase is the TEN (telomerase essential N-terminal) domain of 

TERT (Schmidt et al., 2014; Sexton et al., 2012; Zaug et al., 2010; Zhong et al., 2012) 

(Figure 2.2A), although other regions of TERT including the CTE (carboxy-terminal 

extension, or thumb) domain (Zhong et al., 2012) and the IFD (insertions in fingers 

domain) (Chu et al., 2016) have also been implicated in this function (Figure 2.2A).  

Once recruited, TPP1 associates with telomerase to stimulate telomerase repeat 

addition processivity (or RAP; hereby referred to as processivity) in vitro and promote 

telomere lengthening in telomerase-positive cells (Nandakumar et al., 2012; Wang et 

al., 2007). 

The region of TPP1 responsible for telomerase-related functions has been 

mapped to an OB domain (Abreu et al., 2010; Wang et al., 2007; Xin et al., 2007) 

[corresponding to human TPP1 amino acids (aa) 87-250 or mouse TPP1 aa 1-162; 

Figure 2.1A].  In human TPP1, seven conserved and surface-exposed OB residues 

(E168, E169, E171, R180, L183, L212, and E215) were found to be critical for 
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telomerase association and are collectively referred to as the TEL [TPP1 glutamate (E) 

and leucine (L)-rich] patch (Nandakumar et al., 2012; Sexton et al., 2012; Zhong et al., 

2012) (Figure 2.1A; Figure 2.2B,C).  The importance of the TEL patch is further 

highlighted by the discovery of a TPP1 K170Δ mutation in two unrelated individuals 

presenting with telomeropathies (Guo et al., 2014; Kocak et al., 2014).  TPP1 K170Δ 

structurally distorts the peptide backbone of the loop harboring TEL patch glutamate 

residues E168, E169, and E171 resulting in telomere shortening (Bisht et al., 2016).  

Additionally, TPP1 knock-in experiments in human embryonic stem cells (hESCs) 

confirm that deletion of this acidic loop leads to severely shortened telomeres and 

reduced long-term cell viability (Sexton et al., 2014).  Other TPP1 residues implicated in 

mediating telomerase function include W98, which likely serves a structural role (Rao et 

al., 2014; Zhang et al., 2013); phosphorylation site S111, whose mutation altered 

telomere length regulation in cells (Zhang et al., 2013) through a mechanism not 

revealed in direct telomerase extension assays (Nandakumar et al., 2012); and L104, 

whose mutation reduces telomerase processivity but not association (Nandakumar et 

al., 2012) and which has been proposed to be involved in regulating telomere length 

homeostasis (Sexton et al., 2014). 

The TPP1 TEL patch is necessary for telomerase regulation, however it does not 

describe the entire telomerase interaction surface on TPP1.  All seven TEL patch 

residues identified in human TPP1 are conserved in mouse TPP1 (Figure 2.2C), yet 

mouse TPP1 is unable to stimulate processivity of human telomerase (Zaug et al., 

2010).  N-terminal to the first alpha helix in the TPP1 OB domain resides a largely 

hydrophobic sequence that is well conserved among many mammals but is less 
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conserved between human and mouse (Figure 2.1B, top).  In the crystal lattice formed 

by the human TPP1 OB domain these residues are buried to form a homodimeric 

interface [Figure 2.2B; (Wang et al., 2007)].  Given that the TPP1 OB domain is 

monomeric in solution [data not shown; (Wang et al., 2007)], it is likely that the 

hydrophobic N-terminus of the OB domain (NOB) is buried in a different interface to 

shield it from the aqueous environment in the cell.  We asked whether the NOB region 

of TPP1 contributes to telomerase binding and dictates human versus mouse TPP1 

specificity for stimulating telomerase.  Here we show that human TPP1 NOB mutants 

reduce the stimulation of telomerase processivity by TPP1, abrogate telomerase 

recruitment to telomeres, and shorten telomeres of human cells in culture.  Simply 

replacing mouse TPP1 NOB with the analogous residues of the human homolog 

improves the ability of mouse TPP1 to stimulate human telomerase.  Our study reveals 

that the NOB region, together with the TEL patch, provides a more complete model for 

the surface of TPP1 that is critical for telomerase function. 

 

2.3 Results 

 

2.3.1 NOB region of TPP1 is critical for stimulating processivity of telomerase 

To determine if the N-terminus of the TPP1 OB domain is important for 

telomerase processivity we purified wild-type TPP1-N (TPP1 aa 90-334; TPP1-N WT) 

and mutant TPP1-N proteins harboring mutations or deletions within the NOB region 

(Figure 2.1A; Figure 2.1B, bottom).  All TPP1 mutant and WT proteins were 

recombinantly expressed in Escherichia coli and purified as previously described (Bisht 
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et al., 2016) (Figure 2.1C; see EXPERIMENTAL PROCEDURES).  We then performed 

direct telomerase primer extension assays using super-telomerase extract prepared in 

HEK 293T cells (Cristofari and Lingner, 2006) and POT1 purified from baculovirus-

infected insect cells (Figure 2.1D,E; see EXPERIMENTAL PROCEDURES).  TPP1-N 

WT displayed the characteristic increase in telomerase processivity compared to 

telomerase extract alone, as indicated by a larger fraction of long DNA products 

(compare lanes 1 and 2, Figure 2.1D).  Deletion of the NOB region of TPP1 (TPP1-N 

DNOB) resulted in a striking decrease in telomerase processivity compared to TPP1-N 

WT (38% decrease; p < 0.05) (compare lanes 2 and 3 in Figure 2.1D; Figure 2.1E).  To 

pinpoint which residues within TPP1 NOB contribute to telomerase stimulation, we 

engineered a series of alanine mutations between TPP1 aa 92-104.  Mutating residues 

92-95 to alanine (92-95A) resulted in a significant decrease in telomerase processivity 

relative to TPP1-N WT, and comparable to that of TPP1-N DNOB (compare lanes 2-4 in 

Figure 2.1D; Figure 2.1E).  TPP1-N with alanine substitutions at aa 92-93 (92-93A) or 

94-95 (94-95A) similarly resulted in a decrease in processivity (compare lanes 2 with 5 

and 6 in Figure 2.1D; Figure 2.1E).  In contrast, downstream alanine substitutions of aa 

96 (96A) or aa 100-101 (100-101A) had no effect on telomerase processivity compared 

to WT (compare lane 2 with lanes 7 and 8 in Figure 2.1D; Figure 2.1E).  Mutation of 

TPP1 aa L104 has previously been shown to moderately reduce telomerase 

processivity (Nandakumar et al., 2012).  Because L104 and the NOB region lie in close 

proximity, we directly compared the contributions of these regions to telomerase 

function.  In contrast to the NOB mutants that showed a considerable decrease in 

telomerase processivity relative to WT, the effects of the L104A mutation were more 
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modest (13% decrease; compare lane 9 to lanes 2-5 in Figure 2.1D; Figure 2.1E).  In 

summary, our data defines the NOB region as a new functional element within TPP1 

that is critical for stimulating telomerase processivity.   

2.3.2 Effects of the NOB region on telomerase processivity are independent of 

TPP1 binding to POT1 or TIN2   

The OB domain of TPP1 has not only been implicated in telomerase binding but 

also in stabilizing the POT1-DNA complex (Rajavel et al., 2016).  Telomerase activity 

and processivity measured in our primer extension assay depends not just on the 

TPP1-telomerase interaction but also on tethering TPP1 to POT1-bound DNA.  To 

confirm that the defects of NOB mutants result solely from telomerase-binding 

deficiencies, we performed primer extension assays with a series of chimeric proteins 

that completely lack the POT1 and TIN2 binding regions of TPP1.  In these fusions, the 

OB domain of human TPP1 is covalently linked to the DNA binding domain of human 

POT1 (hOB-hDBD), enabling the recruitment of the TPP1 OB domain directly to the 

single stranded telomeric DNA primer (Figure 2.1A).  hOB-hDBD chimeric proteins were 

recombinantly expressed in Escherichia coli and purified (Figure 2.3A; see 

EXPERIMENTAL PROCEDURES).  WT hOB-hDBD stimulated telomerase processivity 

to levels comparable to that of the POT1 + TPP1-N heterodimeric complex (compare 

lanes 1-3 in Figure 2.3B; Figure 2.3C).  To further confirm that our hOB-hDBD fusion 

system recapitulates the phenotypes of the covalently unlinked protein complex, we 

examined the E169A-E171A (EE-AA) TEL patch double mutation previously shown to 

be severely defective in telomerase processivity stimulation (Nandakumar et al., 2012). 

EE-AA in the hOB-hDBD backbone was defective in stimulating telomerase processivity 
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(58% decrease; Figure 2.3B,C).  The most instructive finding was that deletion or 

mutation of NOB (constructs hOB-hDBD DNOB and hOB-hDBD 92-95A, respectively) 

caused defects in telomerase processivity (43% and 61% decrease, respectively) that 

are comparable to that of the EE-AA mutant (Figure 2.3B,C).  

To further exclude the possibility that TPP1 NOB affects TIN2 or POT1 binding 

we performed co-immunoprecipitation experiments.  Both transiently expressed FLAG-

tagged TPP1 WT and TPP1DNOB bound Myc-POT1 or Myc-TIN2 on anti-FLAG 

conjugated beads (Figure 2.3D).  These data confirm that the TPP1 NOB region 

stimulates telomerase processivity independent of POT1 or TIN2 binding. 

2.3.3 TPP1DNOB fails to recruit telomerase to telomeres 

Because TEL patch mutants of TPP1 fail to stimulate processivity of telomerase 

due to poor telomerase association (Nandakumar et al., 2012; Sexton et al., 2012; 

Zhong et al., 2012), we asked how deleting the NOB would affect TPP1-telomerase 

association in cells.  To address this, we engineered stable cell lines that utilize a 

tetracycline-inducible promoter to control the expression of a single copy gene cassette 

encoding FLAG-tagged TPP1 DNOB (DNOB; aa 96-544) or TPP1 L104A (L104A; aa 87-

544), using a published method (Bisht et al., 2016; Nandakumar et al., 2012) (Figure 

2.5A; Figure 2.4A).  These lines were directly compared with a previously characterized 

TPP1 WT (WT; aa 87-544) stable cell line (Bisht et al., 2016; Nandakumar et al., 2012).  

Individual clones were selected to equalize FLAG-TPP1 expression levels, although we 

note DNOB consistently expressed at a higher level than WT and L104A (Figure 2.4A; 

Figure 2.5B).  All TPP1 constructs successfully localized to telomeres (Figure 2.5C), in 

agreement with their ability to bind TIN2 and POT1.  To evaluate telomerase 
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recruitment to telomeres we performed immunofluorescence (IF) to visualize FLAG-

TPP1 and compared its localization with that of TR, which was visualized using 

fluorescence in situ hybridization (FISH).  More than 90% of TPP1 WT foci colocalized 

with telomerase foci, indicative of robust telomerase recruitment to telomeres with TPP1 

WT (Figure 2.4B,C).  In contrast, cells expressing TPP1DNOB exhibited drastically 

reduced levels of telomerase recruitment (Figure 2.4B), with less than 20% of DNOB 

foci colocalizing with telomerase (Figure 2.4C; p < 0.01 when compared to WT).  These 

results are consistent with what has previously been observed for TPP1 TEL patch 

mutations (Nandakumar et al., 2012).  Although L104 is adjacent to the NOB region, 

previous studies suggest that L104A exhibits a slight, if any, reduction in telomerase 

association (Nandakumar et al., 2012; Sexton et al., 2014).  Indeed, L104A successfully 

recruited telomerase to telomeres, although a slight reduction in the percent of 

telomerase recruitment (relative to WT) in each L104A clone was observed (p = 0.18 

and 0.11, respectively) (Figure 2.4B,C).  The severe recruitment defects observed for 

the DNOB clones but not the L104A clones are even more striking when considering the 

fact that the steady-state protein levels of DNOB are consistently higher than that of 

L104A (Figure 2.4A; Figure 2.5B).  In summary, despite its proximity to L104, the critical 

role of the NOB region in recruiting telomerase to telomeres resembles that of the TEL 

patch.  

2.3.4 TPP1DNOB overexpression fails to stimulate telomere lengthening in human 

cells 

Although TPP1 WT overexpression induces significant telomere elongation, 

overexpression of TPP1 TEL patch mutants results in telomere shortening due to 
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reduced telomerase recruitment (Nandakumar et al., 2012).  Given that TPP1DNOB is 

unable to efficiently recruit telomerase to telomeres, we asked how deleting the TPP1 

NOB region would affect telomere length maintenance.  For this we conducted telomere 

restriction fragment length (TRF) analysis of our engineered stable cell lines 

overexpressing TPP1 WT, DNOB, and L104A proteins.  A stable cell line containing the 

tetracycline inducible promoter but an empty cassette (vector) was engineered and 

propagated in parallel to serve as a negative control.  As expected, the telomeres of the 

vector cell line remained relatively stable over 45 days in culture, similar to those of 

untransfected HeLa cells (Nandakumar et al., 2012) (Figure 2.4D,E).  Overexpression of 

TPP1 WT led to a robust increase in telomere length over time (~70 bp per day) (Figure 

2.4D,E), consistent with previous reports (Bisht et al., 2016; Nakashima et al., 2013; 

Nandakumar et al., 2012).  In sharp contrast, overexpression of TPP1DNOB resulted in 

a decrease in telomere length (Figure 2.4D; Figure 2.5D) at a rate of 22 and 17 bp per 

day for clones 1 and 2, respectively (Figure 2.4E).  This rate of telomere shortening is 

reminiscent of that observed for the TPP1 EE-AA TEL patch mutant expressing cells 

(~18 bp/day; (Bisht et al., 2016; Nakashima et al., 2013; Nandakumar et al., 2012).  The 

eventual rescue of telomere length observed in prolonged cultures of TPP1∆NOB stable 

cell lines (Figure 2.4D; Figure 2.5D) coincides with a loss of TPP1∆NOB expression 

(Figure 2.5E), an effect previously documented for cell lines expressing TEL patch 

mutants (Nakashima et al., 2013).  In contrast to this trend, L104A overexpression 

resulted in a constant increase in telomere length (Figure 2.4D; Figure 2.5D) at a rate of 

20 bp per day for each clone.  The rate of telomere elongation for L104A (Figure 2.4E) 

was less dramatic than that of WT, which is in accordance with our biochemical (Figure 
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2.1D,E) and cytological data (Figure 2.4B,C).  From these data we conclude that the 

critical role of TPP1 NOB in telomere length maintenance closely resembles that of the 

previously identified TEL patch. 

2.3.5 The human TPP1 NOB region improves stimulation of human telomerase by 

mouse TPP1 

Given that some NOB residues are different between mouse and human TPP1 

(Figure 2.1B; top), we asked whether the mouse NOB sequence (mNOB) accounts for 

the inability of mouse TPP1 to stimulate human telomerase (Zaug et al., 2010).  To 

address this, we exploited our OB-hDBD fusion system so that species-specific 

differences in POT1-TPP1 binding would not influence our results.  We purified a 

chimera in which the mouse TPP1 OB domain was engineered upstream of hDBD 

(mOB-hDBD) (Figure 2.6A; Figure 2.7A).  The chimeric mOB-hDBD protein successfully 

stimulated telomerase reconstituted with mTERT (compare lanes 8-10 with 4-6; Figure 

2.7B).  In sharp contrast, mOB-hDBD was defective in stimulating human telomerase 

activity or processivity compared to hOB-hDBD (compare lanes 1-3 in Figure 2.6B; 

Figure 2.6C,D; for replicate compare lanes 3 and 7 in Figure 2.7B).  We next asked 

whether replacing hNOB with the mNOB sequence in human TPP1 (Figure 2.1B; 

bottom) would compromise human telomerase processivity.  Indeed hTPP1-N mNOB 

reduced human telomerase processivity relative to hTPP1-N WT (compare lanes 1 and 

2 in Figure 2.7B).  Finally, to test whether human NOB can revive mOB-hDBD function 

with human telomerase, we designed a variant in which three of the mouse NOB 

residues (L6R, A8V, Q10R) were replaced with their human equivalents in mOB-hDBD 

(hNOB/mOB-hDBD) (Figure 2.6A; Figure 2.7A; see EXPERIMENTAL PROCEDURES).  
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Compared to mOB-hDBD, the chimeric hNOB/mOB-hDBD protein was able to partially 

stimulate both processivity and activity of human telomerase (compare lanes 3 and 4 in 

Figure 2.6B; Figure 2.6C,D).  We conclude that the NOB region is an important 

determinant of mouse versus human species-specificity of the TPP1-telomerase 

interaction.  However, hNOB/mOB-hDBD did not completely rescue the activity and 

processivity of telomerase to the levels observed with WT hOB-hDBD (compare lanes 2 

and 4 in Figure 2.6B, Figure 2.6C,D), indicating that the complete telomerase-binding 

surface of TPP1 exceeds the list of identified TEL patch and NOB residues.  

2.4 Discussion 

TPP1 is the telomere-associated factor that is primarily responsible for recruiting 

telomerase to chromosome ends.  Mutagenesis screens by three independent groups 

converged on a strictly conserved surface of TPP1 OB called the TEL patch as being a 

critical determinant of telomerase action (Nandakumar et al., 2012; Sexton et al., 2012; 

Zhong et al., 2012).  In this study we uncover NOB as another distinct element in TPP1 

that is critical for telomerase function, but which likely escaped discovery because it is 

less conserved between mouse and human.  We show that deletion or mutation of 

human TPP1 NOB residues results in a reduced ability to stimulate telomerase 

processivity, diminished telomerase recruitment, and shortening of telomeres in cells.  

Furthermore, the extreme phenotype of deleting the NOB region matches that of 

mutations within the TEL patch, suggesting that both of these TPP1 elements are 

critical for telomerase function.  

Inspection of the crystal structure of TPP1 OB reveals that although distant from 

the acidic residues of the TEL patch (E168, E169, and E171), the hydrophobic NOB 
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region is proximal to TEL patch residues L183 and L212 (Figure 2.6E).  Labeling both 

TEL patch and NOB residues on the surface of TPP1, two clefts for binding telomerase 

emerge, one laced with primarily acidic residues (E168, E169, and E171, R180, and 

E215), and another with largely hydrophobic residues (R92, L93, V94, L95, L183, and 

L212) (Figure 2.6E).  Analysis of TERT has revealed the highly basic TEN domain as 

the binding partner of the TEL patch (Sexton et al., 2012; Zhong et al., 2012) (Figure 

2.2A).  However only one binary interaction between TPP1 and telomerase (TERT K78 

and TPP1 E215) has been firmly established (Schmidt et al., 2014) (Figure 2.2A).  The 

IFD of TERT has also been suggested as a potential binding partner of TPP1 based on 

observations that TERT IFD mutant V791Y is neither recruited efficiently to telomeres, 

nor stimulated by TPP1 in primer extension analysis (Chu et al., 2016) (Figure 2.2A).  

Finally, the CTE domain of TERT has also been proposed to contact TPP1 (Zhong et 

al., 2012) (Figure 2.2A).  Based on the presence of two distinct telomerase-binding 

clefts in TPP1 OB, it is tempting to speculate that the highly basic TEN domain docks 

into the acidic cleft, while the hydrophobic pocket is occupied by residues residing 

elsewhere in TERT.  

Given the importance of the TPP1 NOB region in stimulating telomerase 

processivity, it is intriguing that the N-terminal regions of the distant yet well-

characterized TPP1 homologs Tpz1 of the fission yeast S. pombe (Miyoshi et al., 2008), 

TEBPβ of ciliate S. nova, and Est3 of budding yeast S. cerevisiae all show structural 

similarities to mammalian TPP1 (Horvath et al., 1998; Rao et al., 2014; Wang et al., 

2007).  In each, the N-terminus contains an integral alpha helix that precedes the 

canonical beta barrel core (prediction, in case of Tpz1).  In both mammals and budding 
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yeast, the NOB region borders this helix, which is capped at its N-terminus by a “PWI” 

sequence (Figure 2.1B; top).  In the structures of Est3 and human TPP1 the conserved 

tryptophan is stabilized by an essential aspartate located in a loop between the second 

and third beta strands of the OB domain (Lubin et al., 2013; Rao et al., 2014) that has 

also been identified as important for DNA binding with POT1 (Rajavel et al., 2016).  

Both the tryptophan and the aspartate residues are conserved in Tpz1, and an 

analogous interaction occurs in ciliate TEBPβ with a phenylalanine taking the place of 

the tryptophan (Rao et al., 2014).  Given that the structural elements at the N-terminus 

of the OB domain of distant TPP1 homologs are so well conserved, it is possible that 

the NOB region similarly facilitates telomerase recruitment in at least some of these 

diverse eukaryotic organisms.  

In human TPP1, the first alpha helix of the N-terminal OB domain terminates at 

L104 (Wang et al., 2007).  Mutation of L104 does not influence telomerase binding to 

TPP1 (Nandakumar et al., 2012), but when introduced at the endogenous gene locus in 

hESCs it causes resetting of telomere length to a lower length without affecting long-

term viability (Sexton et al., 2014).  Yet only subtle telomerase recruitment and telomere 

length phenotypes of L104A are observed in the overexpression system used in the 

current study.  These results open the possibility that L104 allosterically affects 

telomerase function through the NOB region that resides at the opposite end (i.e., N-

terminus) of the helix harboring L104.  Alternatively, phenotypes of L104 mutants may 

result from protein folding/stability defects in TPP1, as the low B-factor of L104 in the 

crystal structure suggests a structural role for this residue.  This possibility is consistent 
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with the fact that in multiple clones we observed that steady state levels of L104A were 

lower than that of both WT and DNOB (Figure 2.5B). 

Sequence conservation is a powerful tool to probe protein structure and function, 

including protein-protein interactions.  It was through mutagenesis of strictly conserved 

surface residues that the TEL patch of TPP1 was mapped (Figure 2.2C).  However the 

telomere-telomerase interaction is species-specific (Zaug et al., 2010), which suggests 

there are key determinants of the TPP1-telomerase binding surface that are not strictly 

conserved.  In fact, the NOB region embodies one such species-specific element in 

TPP1 that is important for telomerase function.  However, hNOB/mOB-hDBD, despite 

harboring all seven TEL patch residues and the human TPP1 NOB sequence, is not 

able to stimulate telomerase processivity to hOB-hDBD levels (Figure 2.6B-D).  Further 

mutagenesis exploiting differences in mouse versus human TPP1 sequences will 

provide an efficient avenue to completely define the telomerase-binding surface of 

TPP1.  The sheer size combined with the macromolecular complexity of the telomerase 

RNP has been a major impediment to comprehensively determining the TPP1-binding 

surface of telomerase.  We propose that probing species-specific sequence differences 

and involving cross-species hybrid proteins of TERT will greatly streamline the search 

for the more elusive half of the TPP1-telomerase interface.  

 

2.5 Materials and Methods 
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2.5.1 Primer extension assay  

Extension assays included super telomerase extract, 1 μM primer a5 (5’-

TTAGGGTTAGCGTTAGGG-3’), dNTPs, α32P-dGTP, and 500 nM of POT1/TPP1-N 

variant or OB-hDBD chimeras, and were performed for one hour at ~30°C.  Extension 

products were resolved on a 10% polyacrylamide/ 7 M urea/ 1x TBE sequencing gel 

and the data were imaged using a Phosphorimager (Storm; GE Healthcare Life 

Sciences).  Activity was scored by quantitating the signal for the entire lane.  

Processivity values were obtained by dividing the total intensity from bands representing 

addition of 9 or more hexad repeats by the total intensity in the lane (omitting repeats 1 

and 2) using the rolling ball method to define background. 

2.5.2 Immunofluorescence (IF) and fluorescence in situ hybridization (FISH) 

microscopy  

Stable cell lines expressing either TPP1 WT, DNOB, or L104A were induced with 

doxycycline for 3 days and then ~100,000 cells were seeded on coverslips in a 12 well 

plate with growth medium containing doxycycline.  Twenty-four hours post-seeding the 

medium was removed and the cells were washed with PBS.  All subsequent steps were 

performed at room temperature.  Cells were fixed with 4% formaldehyde in PBS for 10 

min and washed three times for 5 min in PBS before permeabilization in PBS containing 

0.5% Triton-X 100 for 10 min.  IF-FISH experiments for telomerase recruitment were 

performed as described previously (Nandakumar et al., 2012).  Briefly, IF was first 

performed to visualize FLAG-TPP1 proteins using mouse monoclonal anti-FLAG M2 

(Sigma; F1804; 1:500) in combination with Alexa Fluor 568-conjugated anti-mouse IgG 

(Life Technologies).  Subsequently a mixture of Cy5-conjugated probes complementary 
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to TR was used at a concentration of 30 ng per probe per coverslip to detect TR by 

FISH (Abreu et al., 2010).  The cells were washed three times in PBS and mounted on 

microscope slides using ProLong Gold mounting medium with DAPI (Life 

Technologies).  Coverslips were sealed with transparent nail polish and stored at -20°C 

until the time of imaging.  A laser scanning confocal microscope (SP5; Leica, Germany) 

equipped with a 100x oil objective was used to image IF-FISH experiments.  The 

images were processed with ImageJ and Adobe Photoshop, and colocalizations were 

quantified manually by two separate individuals.  

2.5.3 Telomere restriction fragment length analysis  

Genomic DNA was purified by the GenElute kit (Sigma, G1N350-1KT) from 

stable cell lines overexpressing either FLAG-TPP1 constructs or a vector control.  DNA 

(2 μg) was digested with HinfI and RsaI and incubated overnight at 37°C.  The digested 

DNA was run on a 25 cm long 0.8% agarose-1X TBE gel along with a lambda DNA-

HindIII digest ladder (NEB) at a constant 50 V for 21-23 h.  The gel was imaged with a 

fluorescent ruler and then dried at 55°C for one hour prior to denaturation in 0.5 M 

NaOH for 30 min.  The gel was then rinsed with water, neutralized with 1.5 M NaCl and 

0.5 M Tris-Cl (pH 7.5) for 30 min, and prehybridized in Church buffer [0.5 M sodium 

phosphate buffer (pH 7.2), 1% bovine serum albumin, 1 mM EDTA, and 7% SDS] for 30 

min at 65°C in a rotating hybridization oven.  T4 polynucleotide kinase was used to 5’ 

32P-label a (TTAGGG)4 oligonucleotide, which was added at 20 million cpm to the gel.  

Hybridization was continued overnight at 55°C.  The gel was then washed three times 

with 2X SSC for 10 min at 55°C and exposed to a phophorimager screen.  The gel was 

analyzed using the Imagequant TL software and calibrated using the molecular weights 
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of the lambda DNA-HindIII digest ladder.  The mean telomere length for each lane was 

plotted as a function of days in culture for each cell line.  

2.5.4 Plasmid constructs and mutagenesis  

The following parental constructs used in this study have been described 

elsewhere: pFBHTb-Smt3star-hPOT1 for purification of insect cell-expressed human 

POT1 (Kocak et al., 2014); pET-Smt3-TPP1-N WT and L104A for bacterial expression 

of TPP1-N (aa 90-334) (Kocak et al., 2014; Nandakumar et al., 2012; Wang et al., 

2007); pET-Smt3 vector for bacterial expression of constructs newly described in this 

study (MTA with Cornell University) (Mossessova and Lima, 2000); pTERT-cDNA6/Myc-

HisC and phTR-BluescriptIISK(+) constructs for overexpression of telomerase in HEK 

293T cells (Nandakumar et al., 2012); pTet-IRES-eGFP-BI4 vector, p3x-FLAG-TPP1-

BI4 plasmid for Tet-inducible expression of FLAG-tagged human TPP1 (aa 87-544) in 

HeLa-EM2-11ht cells, and pd1gfpPtetmiR vector for Flp recombinase-mediated stable 

clone generation (MTA with Tet System Holdings GmbH & Co KG) (Nandakumar et al., 

2012).  

For expression of N-terminal 3X-FLAG-tagged mTERT in human cell lines, we 

substituted the mTERT cDNA sequence (pCiteE-mTERT plasmid was a kind gift from 

Julian Chen, Arizona State University) for the human TERT cDNA sequence in pTERT-

cDNA6/Myc-HisC using Gibson Assembly (New England Biolabs; NEB).  

  3X-FLAG-tagged TPP1 ΔNOB and L104A were cloned into the pTet-IRES-

eGFP-BI4 and p3X-FLAG-TPP1-F3 vectors as described previously (Nandakumar et 

al., 2012).  Myc-tagged POT1 and TIN2 were similarly amplified from plasmids 

containing the respective cDNA sequences (Kocak et al., 2014; Nandakumar et al., 
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2012) and cloned into the pTet-IRES-eGFP-BI4 vector to furnish p6X-Myc-POT1-BI4 

and p6X-Myc-TIN2-BI4, respectively.  

For bacterial expression of TPP1-N variants ΔNOB, 92-95A, 92-93A, 94-95A, 

and mNOB, appropriate TPP1-N sequences were cloned into the in pET-Smt3 vector 

using standard restriction endonuclease-mediated cloning.  TPP1-N variants 96A and 

100-101A were generated by QuikChange site-directed mutagenesis (Agilent 

technologies) using pET-Smt3-TPP1-N WT as template.  

The construct pET-Smt3-hOB-hDBD was created for expression of hOB-hDBD 

WT, which consists of the OB domain of TPP1 (aa 88-250) and the DNA binding 

domain (DBD) of human POT1 (aa 2-303), linked by a 29 aa glycine and serine-rich 

linker NH2-VDGSGGSSGSGGSGSSGSSGGSKLAAALD-COOH.  This was established 

by first splitting the multiple cloning site of the pET-Smt3 vector by inserting the cDNA 

sequence coding for the glycine-serine stretch (IDT) between the SalI and HindIII 

restriction sites.  The human OB domain was cloned between the upstream BamHI and 

SalI sites, while the DBD was cloned between the downstream HindIII and XhoI sites.  A 

similar strategy was used to create the mOB-hDBD and the hNOB/mOB-hDBD 

constructs (the N-termini of these proteins are specified in Figure 2.7A).  hOB-hDBD 

mutants (ΔNOB, 92-95A, and EE-AA) were generated by QuikChange site-directed 

mutagenesis (Agilent technologies) using hOB-hDBD WT as template.  

For insect cell expression of TPP1-N we engineered a pFBHTb-sumostar-TPP1-

N plasmid using the strategy described for engineering (His)6-SUMOstar human POT1 

(Kocak et al., 2014).  All oligonucleotides used in this study were purchased from IDT. 
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2.5.5 Purification of protein expressed in insect cells  

Full-length human POT1 was expressed as a SUMOstar-(His)6-POT1 fusion 

protein in baculovirus-infected High Five cells (Thermo Fisher Scientific), as described 

previously (Kocak et al., 2014).  Briefly, POT1 was purified from the soluble cellular 

lysate with Ni-NTA agarose resin (Qiagen).  After tag cleavage with SUMOstar protease 

(LifeSensors), untagged protein further purified by Superdex 200 size-exclusion 

chromatography (GE Healthcare Life Sciences) in 25 mM Tris-Cl (pH 8), 150 mM NaCl, 

and 2 mM DTT.  The POT1-TPP1-N heterodimeric complex was similarly prepared from 

insect cells co-infected with viruses separately expressing (His)6-SUMOstar-POT1 and 

(His)6-SUMOstar-TPP1-N fusion proteins.  Typical final yields were 2 and 6 mg per liter 

of culture for POT1 and the POT1-TPP1-N heterodimer, respectively.  

Purification of protein expressed in bacteria: WT and variants of TPP1-N and OB-

hDBD were expressed in E. coli BL21(DE3) strain as Sumo-(His)10-fusion proteins.  For 

protein purification, cells were harvested, sonicated, and centrifuged to clarify the 

soluble cellular lysates.  Fusion proteins were purified with Ni-NTA agarose resin 

(Qiagen) and eluted with buffer containing 300 mM imidazole.  Following tag cleavage 

with Ulp1 protease (MTA with Cornell University) (Mossessova and Lima, 2000) TPP1-

N or OB-hDBD was further purified by Superdex 75 size-exclusion chromatography (GE 

Healthcare Life Sciences) in 25 mM Tris-Cl (pH 8), 100 mM NaCl, and 2 mM DTT.  

Typical final yields were 2 mg and 1-2 mg per liter of culture for TPP1-N and the OB-

DBD constructs, respectively.  
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2.5.6 HeLa culture and stable cell line generation  

Tetracycline-inducible protein expression was performed in HeLa-EM2-11ht cells 

that constitutively express a tetracycline-controlled transcriptional activator and contain 

a thymidine kinase gene that can be excised with Flp recombinase for facilitating 

cassette exchange (Nandakumar et al., 2012; Weidenfeld et al., 2009).  HeLa-EM2-11ht 

cells were cultured at 37°C in the presence of 5% CO2 and propagated in modified 

DMEM (Dulbecco’s Modified Eagle Medium; Gibco 11995-065) medium containing 100 

U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum.  Stable clones for 

doxycycline-inducible expression of TPP1 (DNOB and L104A) were engineered by the 

same procedure used to create the TPP1 WT line (Nandakumar et al., 2012).  Briefly, 

cells were co-transfected with Lipofectamine 2000 (Thermo Fisher Scientific) and 1 ug 

each of the p3X-FLAG-TPP1-F3 (TPP1DNOB or TPP1-L104A) and a Flp recombinase-

expressing plasmid also encoding puromycin resistance.  One day of positive selection 

was performed with puromycin (5 ug/mL; Sigma-Aldrich), followed by 10 days of 

negative selection in fresh medium adjusted to 50 µM ganciclovir (Sigma-Aldrich).  

Individual clones were picked and expanded, and two positive clones of each TPP1 

variant were selected based on GFP fluorescence (From IRES-GFP locus downstream 

of TPP1 construct) and Western blot analysis of FLAG-TPP1 signal after overnight 

induction with doxycycline (200 ng/mL).  Protein expression of POT1, TIN2, and TPP1 

from transiently transfected p6X-Myc-POT1-BI4 and p6X-Myc-TIN2-BI4 plasmids and 

from the stable cell lines expressing FLAG-TPP1 (WT, DNOB, and L104A) were 

induced with doxycycline (200 ng/mL).  
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2.5.7 Co-immunoprecipitation  

HeLa-EM2-11ht cells were transfected with 1 ug each of plasmids containing 

FLAG-TPP1 WT, FLAG-TPP1 DNOB, Myc-POT1, or Myc-TIN2 plasmid.  48 h after 

transfection/induction with doxycycline, cells were washed with PBS, trypsinized, and 

dislodged with medium containing 50% fetal bovine serum to inactivate the trypsin.  Cell 

pellets were resuspended in 400 µL of lysis buffer [50 mM Tris-Cl (pH 7.4), 20% 

glycerol, 1 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 0.02% SDS, 1 mM 

dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, and complete protease inhibitor 

cocktail (Roche)] and kept on ice.  Next, 33 µL of 4 M NaCl was added followed by 433 

µL of water before centrifuging at 16,000 x g for 10 min.  Supernatants were used 

directly in immunoprecipitation.  A portion of the lysate (50 µL) was kept aside to serve 

as an “input” sample.  30 µL of pre-washed anti-FLAG M2 affinity beads slurry (Sigma; 

A2220) was added to the remaining supernatant and the samples were rocked 

overnight at 4°C.  The beads were washed three times with 0.5X lysis buffer and the 

bound proteins were eluted in 60 µL of 2X SDS gel loading buffer.  All samples were 

heated for 10 min at 95°C and analyzed by SDS-PAGE followed by immunoblotting with 

HRP-conjugated anti-FLAG or anti-Myc antibodies.  

2.5.8 Immunoblotting  

Proteins from cellular lysates or immunoprecipitation were resolved by SDS-

PAGE, transferred to nitrocellulose (BioRad), and blocked with StartingBlock (TBS) 

blocking buffer (Thermo Scientific).  Immunoblotting was performed following standard 

procedures and 1:10,000 dilution of the following antibodies: mouse monoclonal anti-

FLAG M2-HRP conjugate (Sigma; A8592), mouse monoclonal anti-c-Myc 
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(Developmental Studies Hybridoma Bank; 9E10) HRP conjugate (Santa Cruz; sc-40 

HRP), and mouse monoclonal anti-β-actin antibody (Sigma; A5441) in conjunction with 

secondary horseradish peroxidase-conjugated goat antibody against mouse IgG (Santa 

Cruz Biotechnology).  Antibodies were detected by chemiluminescence with ECL plus 

reagents (Pierce ECL Western Blotting Substrate; Thermo Scientific).  The data were 

visualized using a gel-documentation system (ChemiDoc™ MP System; BioRad).  

Quantitation of actin or FLAG band intensity was performed using ImageJ software.   

2.5.9 Telomere localization of TPP1 constructs  

Telomeres were visualized by fluorescence in situ hybridization (FISH) using a 

fluorescent telomeric PNA probe.  Briefly, cells were fixed for 10 min with 4% 

formaldehyde in PBS, washed, then permeablized for 10 min in PBS containing 0.5% 

Triton X-100.  Cells were then washed twice in PBS and soaked in 2X SSC, 50% 

formamide for 5 min.  40 μl of hybridization solution containing 0.3 μg/ml Cy3-

conjugated PNA-(CCCTAA)3 probe was placed on a microscope slide, and a coverslip 

containing cells from each engineered stable cell line (WT, DNOB, L104A) was inverted 

on the hybridization solution.  DNA was denatured by heat for 6 min at 80°C followed by 

hybridization for two hours at room temperature.  After hybridization the slides were 

washed twice at room temperature with 50% formamide in 2X SSC for 30 min.  Slides 

were then washed with PBS and used for subsequent immunofluorescence (IF).  IF was 

performed to visualize FLAG-TPP1 constructs to determine telomere localization.  For 

IF, cells were blocked for 30 min with 1 mg/ml BSA, 3% goat serum, 0.1% Triton X-100, 

and 1 mM EDTA (pH 8.0) in PBS.  FLAG-TPP1 constructs were visualized using mouse 

monoclonal anti-FLAG M2 (Sigma; F1804; 1:500) in combination with Alexa Fluor 633-
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conjugated anti-mouse IgG (Life Technologies; A21052).  Cells were washed three 

times with PBS and mounted on microscope slides using ProLong Gold mounting 

medium with DAPI (Life Technologies).  Imaging and analysis were performed as 

described above.  
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2.6 Figures and Tables 
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Figure 2.1 NOB region of TPP1 is critical for facilitating repeat addition processivity of 
telomerase.  
(A) Schematic of POT1 and TPP1 proteins and constructs used in this study.  The domain 
organization of human POT1 [DNA-binding domain (hDBD) and TPP1-binding domain (TPP1-
BD)], and mouse or human TPP1 [OB domain (OB), POT1-binding domain (PBD), and C-
terminal region (C-term) that includes the TIN2-binding domain (TIN2 BD)] are shown. Amino 
acid numbering above the schematics indicates domain boundaries. NOB (red) and TEL patch 
(mustard) residues are indicated. Eighty-six aa N-terminal to Met87 in human TPP1 encode a 
region of unknown function somewhat conserved in primates but not other mammals. (B) Top: 
Primary sequence for the N-terminus of the TPP1 OB domain in representative mammals and 
yeast homologs Est3 (S. cerevisiae) and Tpz1 (S. pombe). Est3 protein is homologous to TPP1-
OB, and lacks C-terminal sequences that correspond to POT1- and TIN2-binding regions. The 
conserved PWI residues and first alpha helix are part of the structural core of the OB domain 
(shown in blue). N-terminal to this region is a largely hydrophobic sequence, the N-terminus of 
OB domain or NOB, shown in red. Asterisks in the mammalian line-ups indicate sequence 
identity.  Bottom: The distinctive N-termini of the TPP1-N variants analyzed in telomerase 
assays are shown with site-directed mutations underlined. The N-terminus of the ∆NOB variant 
begins with a serine followed by aa R96. (C) Coomassie blue-stained SDS-PAGE gel of the 
purified TPP1-N variant proteins. (D) Direct telomerase activity assay with purified POT1 and 
TPP1-N variants.  Lane 1: telomerase extract alone; lanes 2-9 include POT1 and indicated 
TPP1-N proteins.  (E) Quantitative comparison of telomerase processivity for replicate 
experiments of which panel D is representative. ‘n’ indicates the number of replicates performed 
for each construct. Processivity is defined as the ratio of the total intensity from bands 
representing addition of 9 or more hexad repeats over the total intensity in the lane (omitting 
repeats 1 and 2) using the rolling ball method to define background.  Statistical significance was 
scored with a two-tailed student’s t-test.   
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Figure 2.2 Structure of TPP1 OB, and domain diagram and binding properties of human TERT.  
A) The arrangement of the TEN, TRBD (telomerase RNA binding domain), RT (reverse 
transcriptase), and CTE (C-terminal extension) domains in the primary structure of human 
TERT is shown along with annotations for various (known and putative) binding regions (Gillis et 
al., 2008; Wang and Feigon, 2017). (B) The TPP1 N-terminal residues 90-96 (NH2-SGRLVLR-
COOH), which include the NOB region, of two OB monomers (labeled A and B) form extended 
conformations and align roughly anti-parallel to each other to mediate homodimerization in the 
human TPP1 OB domain crystal structure (PDB accession: 2I46) (Wang et al., 2007). The 
overall structure is shown as a surface model and the site of dimerization (boxed area) is also 
shown on the right in stick representation for aa 90-96. (C) The TEL patch is highly conserved 
across mammalian species. Sequence alignment of selected regions of indicated TPP1 
homologs with TEL patch residues shown in orange. Amino acid numbers represent the human 
sequence. “ * ”  beneath sequence lineups indicate identical residues, “ : ” represent strongly 
conserved residues, and “ . ” represent weakly conserved residues as described by the 
MUSCLE algorithm.  
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Figure 2.3 Effects of the NOB region on telomerase processivity are independent of TPP1 
binding to POT1 and TIN2.  
(A) Coomassie blue-stained SDS-PAGE gel of purified POT1/TPP1-N complex, and hOB-hDBD 
fusion proteins used in panel B. (B) Direct telomerase activity assay.  Lane 1: telomerase 
extract alone; lane 2: includes human POT1 and TPP1-N; and lanes 3-6: include the indicated 
hOB-hDBD variant. (C) Quantitation of telomerase processivity from indicated number of 
replicates ‘n’ of which panel B is representative. Statistical significance was scored with a two-
tailed student’s t-test. (D) Pulldown of FLAG-TPP1 (WT or ∆NOB) and Myc-POT1 or Myc-TIN2 
transiently expressed in HeLa cells on anti-FLAG conjugated beads.  “Input” and “FLAG-IP” 
immunoblots refer to soluble lysates prior to incubation with anti-FLAG beads and anti-FLAG 
beads after overnight immunoprecipitation, respectively.  POT1 was not detected in the input 
sample but was detected in FLAG-IP samples that contained TPP1, consistent with POT1 
stabilization by TPP1.  Asterisks indicate POT1- and TIN2-derived degradation products. 
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Figure 2.4 Deletion of the NOB of TPP1 disrupts both telomerase recruitment to telomeres and 
telomere lengthening.   
(A) Immunoblot showing expression levels of FLAG-TPP1 WT or mutant protein in the indicated 
stable cell lines. (B) Stable HeLa-EM2-11ht clones overexpressing the indicated FLAG-TPP1 
constructs were analyzed for telomerase recruitment to telomeres using immunofluorescence-
fluorescence in situ hybridization.  “FLAG (TPP1)” shows the FLAG immunofluorescence signal 
indicative of telomeres (green). Fluorescence in situ hybridization was used to detect 
telomerase RNA (TR; red).  Merge panels reveal the extent of recruitment of telomerase to 
telomeres (yellow). (C) Quantitation of telomerase recruitment data of which panel B is 
representative.  The mean percentage of FLAG-TPP1 foci containing TR and standard deviation 
for triplicate measurements (>100 telomere foci scored per clone) were plotted. Statistical 
significance was scored with a two-tailed student’s t-test. (D) Telomeric restriction fragment 
(TRF) Southern blot analysis of genomic DNA from HeLa-EM2-11ht cell lines stably expressing 
the indicated TPP1 constructs (Vector, WT, ∆NOB, and L104A) for the indicated number of days 
in culture. (E) The change in mean telomere length for data shown in panel D was plotted 
against the number of days in culture.  
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Figure 2.5 Cell lines stably expressing TPP1 variants for telomere lengthening and telomerase 
recruitment studies.  
(A) Scheme for generating cell lines stably integrated with TPP1 WT or mutant, or empty vector 
sequence. (B) Western blot for four clones each of DNOB and L104A alongside a WT clone 
shows high expression for DNOB and low expression for L104A. Clones 1 and 2 of each mutant 
were selected for further analysis of telomerase recruitment and telomere length. (C) IF-FISH to 
show colocalization of indicated TPP1 constructs with telomeres. “FLAG (TPP1)” shows the 
FLAG immunofluorescence signal indicative of TPP1 (red), and “Telomere FISH” indicates 
telomeric DNA probed with a C-rich, Cy3-labeled PNA probe (green). Merge panels reveal 
colocalization of TPP1 variants with telomeric DNA (yellow). (D) Telomeric restriction fragment 
(TRF) analysis of clone 2 for HeLa-EM2-11ht cell lines stably expressing the indicated TPP1 
constructs (∆NOB and L104A) for the indicated number of days in culture. (E) FLAG 
immunoblots from indicated cell lines at indicated days in culture. The FLAG signal was divided 
by the actin signal in each lane to account for loading differences. The numbers below the blot 
indicate actin-normalized FLAG signal in that lane divided by the corresponding signal in the 
earliest time-point for that clone. 
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Figure 2.6 Inability of mouse TPP1 to stimulate human telomerase is partially rescued by 
including the human NOB sequence.  
(A) Coomassie blue-stained SDS-PAGE gel of purified OB-hDBD variants containing either 
hTPP1 OB sequence (hOB), mTPP1 OB sequence (mOB), or mTPP1 OB sequence with site-
directed mutations to reconstitute the human TPP1 NOB sequence (hNOB/mOB). (B) Direct 
telomerase activity assay.  Lane 1: telomerase extract alone; lanes 2-4: include indicated OB-
hDBD variant. Quantitative comparison of telomerase activity (C) and processivity (D) from the 
indicated number of replicates ‘n’ for which panel B is representative. Activity was determined 
using the entire signal in the lane with rolling ball background correction, normalized against the 
signal observed for telomerase extract alone.  Statistical significance was scored with a two-
tailed student’s t-test. (E) The NOB (red) and TEL patch (mustard) residues in the structure of 
the human TPP1 OB domain (PDB accession: 2I46) (Wang et al., 2007) line two prominent 
clefts (indicated with arrows) that could bind telomerase. 
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Figure 2.7 Mouse OB-DBD stimulates mouse telomerase but not human telomerase.  
(A) Schematic of N-termini for mouse and human OB-DBD variants compared with wild-type 
sequence for human TPP1 (above) and mouse TPP1 (below).  Conserved amino acids between 
these N-termini are marked with asterisks. (B) Mouse NOB stimulates reconstituted mouse 
telomerase but not human telomerase. Direct activity assay using extracts with telomerase 
reconstituted in HEK 293T cells from hTR and either hTERT (human telomerase) or mTERT 
(mouse telomerase).  Lane 1: human telomerase plus human POT1 and TPP1-N mNOB; lane 
2: human telomerase plus human POT1/ TPP1-N WT; lane 3: human telomerase extract alone; 
lanes 4-6: mouse telomerase reconstituted with differing ratios of transfected mTERT/TR 
plasmids (mTERT/TR is 1:3 in lane 4, 1:1 in lane 5, and 3:1 in lane 6); lane 7: human 
telomerase (hTERT/TR = 1:3) plus mOB-hDBD; lanes 8-10: same as lanes 4-6 except that 
mOB-hDBD was included in the reaction. hTR was used to reconstitute activity with mTERT, 
because telomerase reconstituted with mTR exhibits very low telomerase processivity, as 
previously described (Chen and Greider, 2003a; Zaug et al., 2010).  
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Figure 2.8 Relative locations of the TEL patch, NOB, and L104 regions on the surface of the 
TPP1 OB domain.  
Two separate surface views of TPP1 OB with TEL patch residues shown in mustard, NOB 
residues in red, and L104 in grey. 
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CHAPTER III  

Two separation-of-function isoforms of human TPP1 and a 

novel intragenic RNA dictate telomerase regulation in 

somatic and germ cells2 

 

 

3.1 Abstract 

Telomerase replicates chromosome ends in germ and somatic stem cells to 

facilitate continued proliferation.  Telomerase action depends on the telomeric protein 

TPP1, which recruits telomerase to telomeres and facilitates processive DNA synthesis.  

Here we identify separation-of-function long (TPP1-L) and short (TPP1-S) isoforms of 

 

2 A modified version of this chapter is published in Cell Reports (DOI: 10.1016/j.celrep.2019.05.073).  I 
performed experiments involving TPP1-L and TPP1-S expression, separation-of-function, CRISPR KO, 
localization, and RNAscope.  I performed primer extension experiments and protein purification with the 
help of Valerie Tesmer.  Kamlesh Bisht performed sunRNA-related experiments except for sunRNA 
rescue experiments and sunRNA 4, 5, and 6 expression experiments which I performed.  Sue Hammoud 
and Adrienne Shami provided expertise on spermatogenesis aspects, imaged and interpreted RNAscope 
testes sections with me, and conducted bioinformatics analysis of archived RNA-Seq data.  I wrote the 
manuscript with significant input from Jayakrishnan Nandakumar. 
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TPP1 differing only in 86 amino acids at their N-terminus.  While both isoforms retain 

the ability to recruit telomerase, only TPP1-S facilitates efficient telomere synthesis.  We 

identify an intragenic RNA in the 3’-UTR of the TPP1-encoding gene that specifically 

shuts down TPP1-L to establish TPP1-S as the predominant isoform in somatic cells.  

Strikingly, TPP1-L is the major isoform in differentiated germ cells where we observed 

that TERT expression persists, suggesting that TPP1-L restrains telomerase in this 

context.  We show how expression and regulation of TPP1 isoforms determine 

telomerase function, and demonstrate how alternative transcription start sites allow one 

gene to perform distinct functions in different biological contexts. 

3.2 Introduction 

The end replication problem arises due to incomplete chromosome end synthesis 

by DNA polymerases.  This leads to the gradual loss of DNA at the ends of 

chromosomes during every replication cycle.  This chromosome shortening sets a limit 

on the number of times most somatic cells can divide, thereby providing a natural anti-

tumorigenic mechanism in large, long-lived mammals such as humans (Gomes et al., 

2011).  However somatic and germline stem cells must preserve their ability to self-

renew over long periods of time.  Telomerase, a unique ribonucleoprotein complex, is a 

reverse transcriptase that synthesizes DNA at the 3’ ends of chromosomes (Greider 

and Blackburn, 1985).  Using a template sequence in its RNA subunit (TR) and a 

reverse transcriptase protein subunit (TERT), telomerase synthesizes multiple telomeric 

repeats (GGTTAG in mammals) at chromosome ends compensating for incomplete 

DNA replication (Greider and Blackburn, 1989; Lingner et al., 1997; Meyerson et al., 

1997).  Not surprisingly, germline mutations in telomerase or in genes important for 
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telomerase function result in diseases referred to as telomeropathies (Dokal, 2011; 

Savage, 2014).  

While reduced telomerase function in stem cells can result in telomeropathies, 

aberrant reactivation of telomerase in somatic cells is a hallmark of a majority of 

cancers (Kim et al., 1994).  Thus, telomerase must be tightly regulated; requiring 

sustained expression in stem cells, but complete shutdown upon differentiation.  

Interestingly, telomerase is constitutively expressed in most somatic cells of smaller, 

short-lived mammals such as rodents (Gomes et al., 2011; Prowse and Greider, 1995).  

Fewer total cell divisions in their lifetime likely enable these organisms to sustain the 

benefits of telomerase expression without exacerbating the risk of oncogenesis. 

Human telomeres are composed of telomeric DNA repeats bound to a six-protein 

complex called shelterin (Figure 3.1A) (Palm and de Lange, 2008).  Shelterin protects 

natural chromosome ends from being recognized as double stranded DNA breaks 

requiring repair.  While TRF1 and TRF2 bind the double stranded telomeric DNA 

(Broccoli et al., 1997), POT1 protects the single stranded 3’ overhang (Baumann and 

Cech, 2001; Lei et al., 2004).  POT1 binds TPP1 to form a heterodimer with greater 

affinity for single stranded telomeric DNA than POT1 alone (Wang et al., 2007).  The 

TIN2 protein connects TPP1 to TRF1 and TRF2 (Frescas and de Lange, 2014b; Kim et 

al., 1999), while the protein Rap1 constitutively binds TRF2 (Li et al., 2000). 

Shelterin also provides a mechanism for recruiting telomerase to chromosome 

ends (Figure 3.1A) (Nandakumar and Cech, 2013).  This is facilitated by an OB 

(oligonucleotide/oligosaccharide-binding) fold domain in the shelterin protein TPP1 

(encoded by the ACD gene), which recruits telomerase to telomeres (Figure 3.1A) 
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(Abreu et al., 2010; Xin et al., 2007).  Once recruited, telomerase synthesizes telomeric 

DNA with high processivity in a POT1-TPP1 dependent manner (Wang et al., 2007).  

Two regions in the OB domain, the TEL (TPP1’s glutamate (E) and leucine (L) rich) 

patch and the NOB (N-terminus of OB domain), are critical for all of TPP1’s telomerase-

associated functions, (Grill et al., 2018; Nakashima et al., 2013; Nandakumar et al., 

2012; Sexton et al., 2012; Zhong et al., 2012). 

A distinct difference at the N-terminus between the human and mouse TPP1 

orthologs was noted during their discovery.  Human TPP1 is annotated to encompass 

544 amino acids (aa) initiating at Met1 (Figure 3.1A) (Houghtaling et al., 2004; Liu et al., 

2004b; Ye et al., 2004b); we refer to this isoform as TPP1-L.  As such a majority of 

studies on human TPP1 involved TPP1-L overexpression (Abreu et al., 2010; Sexton et 

al., 2014; Ye et al., 2004b; Zhong et al., 2012).  Yet, the existence of a shorter isoform 

that initiates at Met87, and referred to here as TPP1-S, was suggested by the 

realization that rodent TPP1 unequivocally initiates at a Met equivalent to human TPP1 

Met87 (Figure 3.1A,B) (Hockemeyer et al., 2007; Houghtaling et al., 2004; Nandakumar 

et al., 2012; Xin et al., 2007).  Thus the TPP1-OB crystal structure (Wang et al., 2007) 

and other functional studies of TPP1 have used TPP1-S protein (Hwang et al., 2012; 

Nandakumar et al., 2012; Schmidt et al., 2014).  Although TPP1-L is also able to recruit 

telomerase to the telomere (Abreu et al., 2010; Zhong et al., 2012), telomere 

hyperelongation that is characteristic of TPP1-S overexpression has not been noted for 

TPP1-L (Houghtaling et al., 2004; Nandakumar et al., 2012; Xin et al., 2007; Ye et al., 

2004b).  Here we unveil the existence and separation-of-function of the two isoforms of 
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human TPP1, discover an intragenic noncoding RNA (ncRNA) that differentially 

regulates these isoforms, and suggest distinct roles for them in germ and somatic cells. 

 

3.3 Results 

 

3.3.1 TPP1-S, but not TPP1-L, overexpression causes hyperelongation of 

telomeres 

To directly compare the effects of TPP1-L and TPP1-S in telomere length 

regulation, we used a single-site integration, doxycycline (dox)-inducible stable cell line 

strategy that we have used previously (Nandakumar et al., 2012).  We engineered a 

stable cell line that expresses C-terminally FLAG-tagged TPP1-L (aa 1-544) and 

compared it to a previously characterized C-terminally FLAG-tagged TPP1-S (aa 87-

544) stable cell line (Nandakumar et al., 2012).  Individual clones were selected to 

equalize TPP1 protein level.  In all TPP1-L clones we also observed a modest amount 

of shorter FLAG-tagged protein that was similar in size to that of FLAG-tagged TPP1-S 

(Figure 3.1C).  We reasoned that the M87 start codon in TPP1-L cDNA was being 

utilized to produce FLAG-tagged TPP1-S protein.  To circumvent this alternative 

translation initiation site, we engineered another HeLa cell line that stably expresses 

FLAG-tagged TPP1-L protein harboring an M87A mutation.  As expected, the M87A 

mutation blocked the production of the shorter TPP1 protein (Figure 3.1D).  Consistent 

with previous results, overexpression of TPP1-S resulted in the characteristic 

lengthening of telomeres over time (+42 bp/day), while telomeres of the “Vector” cell line 

remained relatively stable (-6 bp/day) (Figure 3.1E,F; Figure 3.2) (Nandakumar et al., 
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2012).  In contrast, overexpression of TPP1-L resulted in either no lengthening (0 

bp/day) or a moderate lengthening (17 bp/day) of telomeres (Figure 3.1E,F; Figure 

3.2A,B).  The low level of telomere lengthening in TPP1-L overexpressing cells is likely 

attributable to co-expression of TPP1-S protein, as the TPP1-L M87A cell lines had 

short telomeres (~3 kb) that did not elongate over time (Figure 3.1D,E,G; Figure 

3.2A,C).  Thus, TPP1-S and TPP1-L play contrasting roles in telomere length 

maintenance. 

 

3.3.2 Both TPP1-S and TPP1-L recruit telomerase to telomeres 

We asked if TPP1-L M87A, like TEL patch or NOB mutants, was impaired in its 

ability to recruit telomerase to telomeres.  As expected, telomerase (TR) co-localized 

with over 90 percent of TPP1-S foci, indicative of robust telomerase recruitment to 

telomeres (Figure 3.3A,B).  Surprisingly we also observed robust recruitment of 

telomerase to telomeres in both TPP1-L M87A clones (91% and 84% for clone 1 and 

clone 2, respectively; Figure 3.3A,B; Figure 3.4A) and both TPP1-L WT clones (Figure 

3.4B).  These data distinguish TPP1-L from the previously characterized TEL patch and 

NOB mutants of TPP1-S. 

3.3.3 Both TPP1-S and TPP1-L protect chromosome ends 

TPP1 is unique as it not only recruits telomerase to telomeres for end replication, 

but it also helps protect chromosome ends.  Co-immunoprecipitation experiments 

showed that both FLAG-tagged TPP1-S and TPP1-L M87A efficiently pulled down 

transiently co-expressed POT1 or TIN2 on anti-FLAG conjugated beads (Figure 

3.4C,D).  TPP1-L and TPP1-S were also indistinguishable in their abilities to form larger 
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shelterin subcomplexes with POT1, TIN2, and TRF2 (Figure 3.3C; Figure 3.4E).  

Although neither protein bound DNA directly, both TPP1-L and TPP1-S further 

stabilized the POT1-DNA complex in vitro (Figure 3.3D) and co-localized with telomeric 

DNA in cells (Figure 3.4F).  Finally, neither protein gave rise to a substantial number of 

telomere-dysfunction induced foci when overexpressed (>70% of cells had no TIFs) 

(Figure 3.4G) and no differences in TERRA accumulation were observed at TPP1-L 

versus TPP1-S telomeres (Figure 3.4H).  Taken together these data suggest that both 

TPP1-L and TPP1-S are fully proficient at end protection.  

 

3.3.4 TPP1-L blocks telomere extension by telomerase  

We asked if the lack of telomere elongation in TPP1-L M87A overexpressing 

cells was indicative of a telomerase activation defect.  In vitro analysis of TPP1-L in 

telomerase primer extension assays suggested a modest defect in stimulating 

telomerase processivity compared to TPP1-S, but the propensity for N-terminal 

degradation of TPP1-L complicated this analysis (Figure 3.6A-D).  To circumvent this 

problem, we utilized an in-cell telomere extension assay to visualize newly synthesized 

telomeric repeats (Diolaiti et al., 2013).  We transiently transfected HeLa-EM2-11ht cells 

and stable cell lines with WT TERT and a mutant telomerase RNA (TR) that contains a 

non-telomeric GCCAAC (WT: CCAAUC) template sequence.  We then simultaneously 

determined the localization of FLAG-TPP1 protein (green; Figure 3.5B) by IF, as well as 

telomerase (telomerasemutTR; cyan; Figure 3.5B) and newly added mutant telomeres 

(red; Figure 3.5B) by FISH (see Figure 3.5A for two contrasting outcomes of the 

experiment).  As expected, TPP1-S overexpression resulted in telomerasemutTR 
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recruitment and synthesis of mutant telomeres, with more than 70% of TR foci 

containing mutant telomeres (Figure 3.5B,D).  In contrast, overexpression of TPP1-L 

M87A resulted in significantly fewer foci with mutant repeats, with only 35% of TR foci 

containing detectible mutant telomere signal (Figure 3.5B,D).  The mutant telomere 

signal in TPP1-L M87A cells was also significantly less intense than that in TPP1-S cells 

(Figure 3.5E).  In HeLa cells (that lack TPP1 overexpression) over 75% of 

telomerasemutTR contained mutant telomeres (Figure 3.5B,D), suggesting that the 

striking TPP1-L phenotype cannot be attributed to differences in TPP1-L and TPP1-S 

overexpression levels.  Instead these data suggest that TPP1-L blocks telomerase 

action at telomeres.  

To examine how TPP1-L restricts telomerase action, we inspected the 86 amino 

acids unique to TPP1-L.  This region is highly basic (theoretical pI: 12.3) and predicted 

to be unstructured, consistent with its glycine/proline/arginine-rich composition (Figure 

3.1B) and our circular dichroism results (Figure 3.6E).  To test the importance of the 

basic region, we mutated three arginine residues to glutamate residues 

(R43E/R46E/R48E; TPP1-L M87A R3E3; red “R” residues in Figure 3.1B; Figure 3.5C).  

Transient transfection of TPP1-L M87A R3E3 rescued telomerase activity with 63% of 

telomerasemutTR foci containing mutant telomere sequence, compared to only 37% with 

transient transfection of TPP1-L M87A (Figure 3.5B,D).  TPP1-L M87A R3E3 mutant 

telomeres were also more intense than TPP1-L M87A telomeres (Figure 3.5E).  Finally, 

cells stably overexpressing TPP1-L M87A R3E3 maintained longer telomeres over time 

than cells expressing TPP1-L M87A (Figure 3.5F,G).  These data confirm that the 

arginine-rich region unique to TPP1-L is important for its inhibition of telomerase 
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function, providing a molecular basis for the separation-of-function between TPP1-S 

and TPP1-L.  

3.3.5 TPP1-L and TPP1-S isoforms are both primed for transcription but only 

TPP1-S accumulates in most cells 

The GENCODE transcript set describes two distinct transcripts for the human 

ACD locus that differ only at their 5’ ends (Figure 3.7A) (Harrow et al., 2012).  The 

shorter transcript (TPP1-S mRNA) initiates downstream of the codon for TPP1 Met1 

and can be translated into TPP1-S protein (starting at Met87) but not TPP1-L protein.   

The longer transcript (TPP1-L mRNA) can code for both TPP1-L and TPP1-S proteins.  

Genome-wide ChIP studies in 91 cell lines, including cancer cell lines, fibroblasts, and 

embryonic stem cells, show a bimodal enrichment of transcription factors at the 5’ ends 

of TPP1-L and TPP1-S transcripts indicative of two distinct promoters (Figure 3.7A; 

Figure 3.8A) (Gerstein et al., 2012; Wang et al., 2012; Wang et al., 2013).  A similar 

accumulation of active chromatin marks is observed at both transcription start sites 

(Figure 3.8A). GRO-cap and GRO-seq data, which capture nascent RNA, similarly show 

that both TPP1-L and TPP1-S promoters fire in all cell lines tested (Figure 3.7A; Figure 

3.8A) (Core et al., 2014; Core et al., 2008).  In contrast, RNA-seq data suggest that the 

steady state level of TPP1-S mRNA is significantly higher than that of TPP1-L mRNA 

(10-100 fold more reads common to both isoforms than reads specific for TPP1-L; 

Figure 3.7A; Figure 3.8A) (Consortium, 2012) (data deposited by Wold Lab at Caltech).  

Cap analysis gene expression (CAGE) data, which capture the 5’ ends of capped RNA 

in cells (Carninci et al., 1996), reveal only a small number of reads for the 5’ end of 

TPP1-L relative to TPP1-S mRNA (note that y-axis is in log scale; Figure 3.7A), 
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suggesting that although both transcripts are primed for transcription, only TPP1-S 

transcript accumulates at steady state.  The underrepresentation of TPP1-L by RNA-

seq and CAGE was observed in all the cell lines tested, including several cancer cell 

lines, and embryonic stem cells (Figure 3.7A; Figure 3.8A).  The high ratio of TPP1-

S:TPP1-L mRNA correlates with a high ratio for the rates of protein translation, as 

ribosome profiling reads for the two isoforms mirror the RNA-seq data in all of the cell 

lines tested (Figure 3.7A; Figure 3.8A) (Michel et al., 2014).   

We independently explored TPP1 isoform abundance using immunoblotting.  A 

polyclonal rabbit antibody detects a discrete band for TPP1-S in HeLa cells (close to 50 

kDa) that is diminished in the presence of an shRNA that targets a region common to 

both isoforms (Figure 3.7B) (Bisht et al., 2016).  Even when we enriched for 

endogenous TPP1 in BJ fibroblasts, HeLa, and HEK 293T cell lysates using POT1-

biotinylated DNA immobilized on streptavidin beads we were only able to detect the 

TPP1-S isoform (Figure 3.7C).  To increase detection sensitivity we engineered a 3X-

FLAG tag at the C-terminus of the endogenous ACD locus in HEK 293T cells using 

CRISPR-Cas9 (Figure 3.8B), but still only observed a band for TPP1-S (Figure 3.7D; 

Figure 3.8C).  We then used CRISPR-Cas9 technology to engineer TPP1-L knockout 

(KO) clonal HeLa cell lines.  We targeted the endogenous ACD locus to generate a stop 

codon in the place of Met11 (the only Met between Met1 and Met87), preventing 

translation upstream of aa 86 (Figure 3.7E-G; Figure 3.8D).  TPP1-L KO clones (Figure 

3.8D) did not exhibit any telomere length phenotype, suggesting that HeLa cell telomere 

length is unaffected by KO of TPP1-L (Figure 3.7H).  In summary, although both TPP1-
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L and TPP1-S transcripts are similarly primed for transcription, TPP1-S is the major 

functional isoform in the cell lines examined. 

3.3.6 An intragenic noncoding RNA in the 3’-UTR shuts down TPP1-L, but not 

TPP1-S 

Given that both TPP1-L and TPP1-S promoters displayed comparable potential 

for mRNA production, we wished to determine how TPP1-L mRNA is selectively down 

regulated in most human cells.  We noted that the short (93 nt) 3’-UTR of the gene 

(ACD) coding for human TPP1 contains a stretch of 26 nucleotides that are almost fully 

complementary to regions in the TPP1-L open reading frame (ORF) (Fig 5A).  

Furthermore, the presence of CAGE tags close to the 3’ end of the ACD/TPP1 gene 

were suggestive of a ncRNA that encompasses the 3’-UTR sequence of TPP1 (see 

CAGE sub-panel in Figure 3.7A).  The existence of such an RNA was also suggested 

by Northern blot analysis of HEK 293T cells (Figure 3.10A).  To further verify that such a 

3’-UTR derived ncRNA exists and to examine what influence it might bear on TPP1-L 

expression, we performed 5’ RACE in HEK 293T cells.  We identified a set of ncRNAs 

with the complete 3’-UTR sequence but differing sequences at their 5’ ends, in 

agreement with the broad peaks in the CAGE data (Figure 3.9B; Figure 3.7A).  We call 

these ncRNAs silencing 3’-UTR-derived noncoding RNAs or sunRNAs, based on their 

function described later.  

We studied how the sunRNA affects TPP1-L levels using a bidirectional 

expression plasmid to co-express a protein-coding cDNA and a ncRNA gene as 

described previously (Bisht et al., 2017; Nandakumar et al., 2012).  We cloned FLAG-

TPP1-L cDNA (“start codon to stop codon” cDNA) in one multiple cloning site, and the 
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cloned intragenic sunRNA candidates in the other (Figure 3.9C).  A plasmid encoding 

FLAG-TPP1-L, but lacking the sunRNA (Empty) was engineered as a negative control.  

Strikingly, while expression of FLAG-TPP1-L/Empty resulted in the expected 

accumulation of FLAG-TPP1-L protein (lane 1; Figure 3.9D), co-expression of FLAG-

TPP1-L and the sunRNA completely abrogated detection of FLAG-TPP1-L protein 

(Figure 3.9D; lanes 4, 6, & 8).  sunRNA-1 (121 nt; all sunRNA lengths exclude polyA 

and assume shared 3’ end with reported TPP1 mRNA), sunRNA-2 (139 nt), sunRNA-3 

(196 nt), and sunRNA-4 (247 nt) were all able to shutdown TPP1-L expression, 

suggesting that the 3’-UTR sequence common to them is important for the silencing 

(Figure 3.9D; Figure 3.10B).  Indeed, the 93 nt TPP1 3’-UTR RNA common to all 

sunRNAs was sufficient to silence TPP1-L (Figure 3.9D; lane 2).  Interestingly, the two 

longest sunRNAs, sunRNA-5 (495 nt) and sunRNA-6 (701 nt), failed to silence TPP1-L, 

implying an upper limit on sunRNA length for effective silencing (Figure 3.10B).  To 

demonstrate that silencing of TPP1-L is specific to the sunRNA, we designed plasmids 

encoding FLAG-TPP1-L and the reverse complement (RC) of each sunRNA, so as to 

conserve the RNA length, GC content, and secondary structure, but not sequence. 

These control constructs resulted in an accumulation of TPP1-L protein similar to that of 

FLAG-TPP1-L/Empty (Figure 3.9D; lanes 5, 7, & 9), suggesting TPP1-L silencing by the 

sunRNA is sequence specific.  CAGE tags at the 3’ end of the ACD gene point to the 

sunRNA transcript being separate from the mRNAs encoding the TPP1 isoforms.  

Accordingly, TPP1-L was silenced when its 3’UTR was co-expressed in trans (#3 in 

Figure 3.9E) but not when the 3’UTR was part of the TPP1-L mRNA (#2; Figure 3.9E). 
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Taken together, these data suggest that TPP1-L is silenced by a ncRNA that is derived 

from its own 3’-UTR.  

We verified that TPP1-L protein expression levels correlated with mRNA 

abundance by Northern blot analysis, which depicted a clear loss of TPP1-L mRNA in 

the presence of the sunRNA, but not RC (Figure 3.9F).  Robust silencing was also 

recapitulated when TPP1-L and the sunRNA were expressed from separate dox-

inducible plasmids (Figure 3.10C).  Finally, the silencing is TPP1 mRNA-specific, as the 

3’-UTR of TPP1 is unable to silence other shelterin components such as TIN2 or POT1 

(Figure 3.10D). 

Intriguingly, the sunRNA contains a stretch of 11 nt that are fully complementary 

to a region at the 5’ end of the TPP1-L mRNA, but absent in the TPP1-S mRNA (Figure 

3.9A).  To test the role of this selective complementarity in the silencing of TPP1-L 

versus TPP1-S, we co-expressed TPP1-S with the sunRNA.  In sharp contrast to the 

complete silencing of TPP1-L, the sunRNA failed to diminish the levels of TPP1-S 

mRNA or protein (Figure 3.11A,B).  To better understand if the complementarity 

between the sunRNA and the TPP1-L mRNA was responsible for this TPP1-L specific 

silencing, we mutated the 11 complementary nt in the sunRNA (MutG; Figure 3.9A).  

Indeed these mutations completely abrogated the sunRNA’s ability to silence TPP1-L 

(Figure 3.11C), confirming the importance of this region for sunRNA silencing.  Notably, 

compensatory mutations in TPP1-L could not reinstate silencing by MutG sunRNA, 

suggesting that mere complementarity is not sufficient for silencing (Figure 3.10E).  To 

further demonstrate specificity of sunRNA for TPP1-L versus TPP1-S, we engineered 5’ 
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deletions in TPP1-L.  All deletions tested, including deletion of the 5’ terminal 30 nt of 

the TPP1-L ORF, decreased the sensitivity of silencing by sunRNA (Figure 3.10F).  

Because mouse TPP1 begins at a Met equivalent to human Met87 (Figure 3.1B), 

it lacks the first target site for the sunRNA (red in Figure 3.12A).  However mouse TPP1 

also lacks 29 aa that are present in both human TPP1-S and TPP1-L (aa 334-362) but 

which lie outside TPP1’s TERT, POT1, and TIN2 binding regions.  Most remarkably, the 

mRNA that codes for these residues harbors a putative second target site of 

complementarity for the sunRNA (TPP1-L mRNA nt 1386-1403 shown in black in Figure 

3.9A and red in Figure 3.11D, coded aa are shown in red in Figure 3.12A).  To test the 

importance of this potential target site, we created a series of deletion mutations within 

the sunRNA.  Notably, only sunRNA constructs with deletions that significantly disrupted 

complementarity (i.e. 3 bp) lost silencing capacity and rescued TPP1-L expression 

(deletions marked in red in Figure 3.9A and Figure 3.11E).  In contrast, sunRNA 

constructs with deletions disrupting less than 3 bp of complementarity continued to 

silence TPP1-L expression (deletions marked in green in Figure 3.9A; Figure 3.11E).  

Furthermore, neither the human TPP1 sunRNA nor the 3’-UTR of mouse TPP1 is able 

to knockdown expression of mouse TPP1, confirming that this phenomenon is absent in 

mice (bottom image of Figure 3.11F: compare lanes 2 and 3; compare lanes 5 and 6).  

CAGE data imply that the TPP1 sunRNA is 5’-capped and 3’-polyadenylated, 

suggesting that it is an RNA polymerase II transcript (Figure 3.7A; Figure 3.12B).  

Interestingly it is enriched in the nucleus, which is therefore the likely location of TPP1-L 

silencing.  To further characterize the pathway through which the sunRNA inhibits 

TPP1-L mRNA, we knocked down key proteins in the RNA interference pathway.  
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Downregulation of AGO2 and DICER1 did not disrupt the silencing function, suggesting 

that the TPP1 sunRNA is not a cryptic microRNA (Figure 3.11G,H).  Similarly, 

knockdown of essential components of the nuclear or cytosolic RNA exosomes 

(involved in 3’ RNA degradation), decapping enzyme DCP2 (involved in 5’ mRNA 

degradation), XRN1 or XRN2 ribonucleases, or components of Lsm complexes 

(involved in splicing and RNA turnover) were unable to perturb TPP1-L silencing by the 

sunRNA (Figure 3.12C-H).  The lack of CAGE reads for sunRNA in the polysome 

enriched fraction precludes sunRNA-derived peptides as a driving force of TPP1-L 

silencing (Figure 3.12B; K562 data).  Moreover, our observation that the short (93 nt) 3’-

UTR of TPP1 is sufficient to silence TPP1-L (Figure 3.9D) suggests that peptides, if 

any, encoded from the TPP1 ORF regions present in longer sunRNAs are not 

necessary for silencing.  Together our data reveal a phenomenon whereby a specific 

protein-coding mRNA isoform is silenced by an intragenic ncRNA that we accordingly 

named silencing 3’-UTR-derived noncoding RNA or sunRNA.  However the precise 

molecular mechanism by which sunRNA acts remains to be determined. 

3.3.7 TPP1-L expression switches on and TERT expression continues throughout 

spermatogenesis 

TPP1-L is the minor TPP1 isoform in all somatic cell lines, embryonic stem cell 

lines, and cancer cell lines analyzed here.  Yet the presence of an actively firing 

promoter for TPP1-L and the unique ability for TPP1-L to recruit but not efficiently 

activate telomerase, suggests that it is unlikely to be a vestigial protein.  Inspection of 

archived RNA-seq data revealed that although TPP1-S expression dominated in most 

human tissues/organs, several reads specific to the unique sequence of TPP1-L mRNA 



 81 

were detectible in testes (Figure 3.13A) (Burge lab data visualized on UCSC genome 

browser; (Wang et al., 2008)).  Genotype-Tissue Expression (GTEx) data for TPP1 

confirmed that TPP1-L mRNA is the major isoform in testes, expressing at ~10-fold over 

TPP1-S (Figure 3.14A; see Methods).  The production of sperm during 

spermatogenesis begins with the spermatagonial stem cells that reside along the 

basement membrane of the seminiferous tubules of the testes.  These specialized stem 

cells undergo differentiation into spermatocytes, then complete two rounds of meiosis to 

form haploid spermatids which ultimately mature into spermatozoa after exiting via the 

lumen (Fayomi and Orwig, 2018) (Figure 3.13B).  Analysis of RNA-Seq data for human 

testis-specific cells revealed very few TPP1-L specific reads in spermatocytes (Lesch et 

al., 2016) (Figure 3.13C).  Remarkably, the TPP1-L specific reads were greatly enriched 

in round spermatids, with peak heights comparable to other exons common to both 

TPP1-L and TPP1-S mRNA.  These data suggest that the boost in TPP1-L expression 

in testes occurs after differentiation and completion of meiosis.  Additionally, the only 

detectible TPP1 protein band in the chromatin enriched fraction of testes lysate 

corresponds to the length of TPP1-L, providing evidence for TPP1-L protein in testes 

(Figure 3.13D).  Together our analysis suggests that TPP1-S is the predominant isoform 

in the early stages of spermatogenesis, while TPP1-L dominates as these germ cells 

mature. 

To understand how TPP1-L may affect telomerase function in testes, we 

investigated TERT status in this organ.  Because spermatogonial stem cells self-renew, 

it is not surprising that they are telomerase-positive (Izadyar et al., 2011).  However 

spermatogonial stem cells differentiate and undergo extensive maturation as well 
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(Figure 3.13B).  Unlike differentiated somatic cells, differentiated germ cells must not 

only block excessive telomerase action but they must also be able to swiftly re-activate 

telomerase following fertilization, during embryogenesis (Wright et al., 1996).  To ask if 

differentiated human germ cells retain telomerase expression, we performed RNAscope 

in situ hybridization to detect TERT expression in human testes tissue using probes that 

were previously validated for TERT detection in human cells (for controls, see Figure 

3.14B) (Ravindranathan et al., 2018).  As expected, robust TERT signal was detected in 

cells lining the basement membrane of the seminiferous tubules (indicative of 

spermatogonial stem cells), but was absent in non-germ cells of the testes such as 

myoid cells (Figure 3.13E&F; Figure 3.14C).  Intriguingly, TERT signal was also 

consistently detected within the adluminal compartment, in the differentiating germ cells 

located between the spermatagonial stem cell layer and the lumen.  On average fifteen 

spermatogonia were positive for TERT signal per tubule, while an additional eight 

differentiating germ cells (either meiotic or post-meiotic) were positive for TERT.  In 

contrast, the average number of myoid cells that were positive for TERT signal per 

tubule was less than one (Figure 3.13F).  Together these data reveal continued TERT 

expression in differentiating germ cells and invoke a plausible function for TPP1-L over 

TPP1-S expression in testes: TPP1-L could block telomerase action in these cells until 

TPP1-S expression resumes after fertilization.  

3.4 Discussion 

Our curiosity for the identities and functions of human TPP1 isoforms led to the 

discovery of two isoforms distinguished by their ability to activate telomere synthesis by 

telomerase and their distinct representation in somatic cells versus differentiated cells of 
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the germline.  We uncovered a regulatory RNA, which we call sunRNA, that dictates 

TPP1 isoform expression.  Finally, our observation of an isoform expression switch in 

TPP1 unveils a new function for TPP1 specific to spermatogenesis, prompting the 

investigation of alternative isoforms of other telomeric and non-telomeric proteins in this 

unique stage of reproductive biology. 

Our telomerase recruitment analysis, along with previously published reports, 

demonstrates clearly that TPP1-L is proficient at recruiting telomerase to telomeres.  

This suggests that both the TEL patch and NOB in TPP1-L are able to fully engage their 

target sites on TERT.  However, telomerase recruited to the telomere by TPP1-L cannot 

efficiently extend chromosome ends.  We therefore characterize TPP1-L as a 

telomerase activation-incompatible isoform of TPP1 that is distinct from all previously 

characterized TEL patch and NOB mutants of TPP1-S.  

The separation-of-function for TPP1-S and TPP1-L isoforms implies that they 

have unique roles in distinct biological contexts.  We observed that TPP1-S is the main 

isoform in all somatic cells and in embryonic stem cells.  The presence of TPP1-S in 

stem cells is fully consistent with their need to support telomerase activity for continued 

self-renewal.  After differentiation, cells use a robust mechanism to switch off 

telomerase expression (Aubert, 2014; Günes and Rudolph, 2013), rendering 

downregulation of TPP1-S (or upregulation of TPP1-L) unnecessary.  Thus it is not 

surprising that TPP1-S is the major isoform in somatic cells, both before and after 

differentiation.  We observed that TPP1-L is specifically upregulated in maturing germ 

cells in the testes, which intriguingly retain TERT expression.  We propose that TPP1-L 

in these cells will block telomerase action keeping telomere length in check throughout 
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the remainder of spermatogenesis.  Upon fertilization, TPP1-S expression would 

resume, ensuring end replication (and protection) during embryogenesis and throughout 

life thereafter.  In contrast to humans, mice express telomerase in most cells, making a 

check on telomere elongation in differentiated germ cells unnecessary (Prowse and 

Greider, 1995).  Thus it is not surprising that TPP1-L is absent in mice, however other 

functions of TPP1-L in the human germline cannot be discounted.  The arginine-glycine 

richness of TPP1-L aa 1-86 is reminiscent of RGG/RG-domain proteins involved in RNA 

binding and phase separation (Chong et al., 2018).  Future studies will determine 

whether TPP1-L exhibits such attributes and how these attributes might impact TPP1-L 

function.  

TPP1-L mRNA is selectively diminished by an intragenic RNA that we call 

sunRNA.  The sunRNA appears to be transcribed by RNA polymerase II and 

accumulates in the nucleus.  It is known that RNA polymerase II transcript length is 

used to sort RNAs for export into the cytoplasm such that only transcripts shorter than 

200-300 nt (e.g., snRNAs) are retained in the nucleus (McCloskey et al., 2012).  Our 

observation that only sunRNAs shorter than ~250 nt are effective in silencing TPP1-L 

suggests that longer sunRNAs are exported into the cytoplasm.  Finally, based on its 

origin from the 3’ end of the TPP1 gene, the sunRNA can be placed in two known 

ncRNA categories:  “termini-associated sRNA” or TASR (Affymetrix and Cold Spring 

Harbor Laboratory, 2009; Kapranov et al., 2007), and 3’ UTR-associated RNA or 

uaRNA (Mercer et al., 2011). 

To our knowledge, this is the first report of differential silencing of protein 

isoforms by an intragenic ncRNA.  We show that two essential sequence elements in 
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the TPP1 sunRNA are complementarity to two separate target regions in the TPP1-L 

mRNA sequence.  The upstream target region is present only in TPP1-L, and absent in 

TPP1-S, and appears to be the basis for the isoform specificity.  The downstream target 

region, shared by both human TPP1-S and TPP1-L, codes for a stretch of seemingly 

unstructured amino acids with no known function.  Both of these sunRNA-recognition 

regions are conserved among primates but absent in the mouse TPP1 mRNA, 

suggesting that they play an important regulatory function at the mRNA level.  However 

the failure of compensatory mutations in TPP1-L to rescue silencing by mutations in 

sunRNA and the dispensability of several known RNA silencing/processing machineries 

for this silencing phenomenon suggest that sunRNA acts through a mechanism that 

awaits further characterization.  We propose a model whereby TPP1-L mRNA is primed 

in all human cells, but it is shut down by the TPP1 sunRNA in somatic cells, allowing 

TPP1-S to emerge as the major isoform.  The switch that regulates sunRNA levels 

during spermatogenesis remains to be established, pending further experimentation 

including CAGE analysis in cells of the testes. 

There are several conceivable advantages of sunRNA-like intragenic regulatory 

mechanisms in complex genomes.  (1) The cis nature of the transcription start sites of 

the silencer RNA and the target mRNA could provide for an easier “search” for the 

complementary sequence due to enhanced local concentrations of the two RNAs.  This 

is particularly relevant in complex mammalian transcriptomes where RNA-RNA 

recognition in trans is entropically disfavored without involvement of specialized 

machineries such as in RNAi.  It is interesting to note that in less complex genomes 

such as those in bacteria, ncRNAs called sRNAs expressed from the 3’-UTR of protein-
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coding genes, can silence mRNA targets in trans using sequence-complementarity 

driven mechanisms (Kunne et al., 2014; Miyakoshi et al., 2015; Waters and Storz, 

2009).  It is therefore tempting to speculate that sRNA-mediated mechanisms were 

largely lost (and replaced by RNAi) when more complex transcriptomes evolved, and 

only cis-sRNA (like sunRNA) mediated mechanisms were conserved due to proximity 

between the silencer and the target.  (2) sunRNAs can utilize the mRNA 

polyadenylation signal for their own 3’ end maturation thus obviating the need for further 

3’ maturation.  (3) The selection pressure to conserve essential mRNA sequences will 

also help preserve the corresponding sunRNA sequence.  Therefore, we hypothesize 

that the overlapping nature of mRNA and sunRNA has prevented identification of other 

sunRNAs, and many such ncRNAs and their associated biological functions await 

discovery.  

 

3.5 Materials and Methods 

 

3.5.1 Molecular Cloning and site-directed mutagenesis 

3X-FLAG-tagged constructs and 6x-Myc-tagged constructs for human cell 

expression were cloned into the pTET-IRES-eGFP-Bi4 vector; and 3X-FLAG-TPP1-L 

and 3X-FLAG-TPP1-L-M87A constructs were cloned into p3X-FLAG-TPP1-F3 vectors 

as previously described (Grill et al., 2018; Nandakumar et al., 2012).  Additionally, 3X-

FLAG-TPP1-S and 3X-FLAG-TPP1-L M87A constructs were cloned into a pcDNA3 

derived vector and used to generate the M87A R3E3 construct for transient transfection 

in HeLa cells.  All TPP1-S constructs used for human cell expression contained cDNA 
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sequences corresponding to aa 87-544 of the TPP1 protein, while all TPP1-L constructs 

contained cDNA sequences corresponding to aa 1-544.  The M87A mutation in the 

TPP1-L expression plasmid was introduced using the QuikChange® Site-Directed 

Mutagenesis Kit (Agilent Technologies) and complementary mutagenic primers 

(Integrated DNA Technologies).  The resulting TPP1-M87A plasmid was sequenced to 

confirm both the presence of the intended mutation and the absence of unwanted errors 

introduced during PCR amplification/cloning.  All additional site-directed mutagenesis, 

including mutation of TPP1-L M87A to M87A R3E3, and mutation of TR to mutant TR 

was performed using the same protocol as above. For bacterial expression of TPP190-

334 and TPP11-334, the appropriate TPP1 sequence was cloned into the pET-Smt3 vector 

using standard restriction endonuclease cloning as described previously (Grill et al., 

2018).  For insect cell expression and purification of human POT1 the pFBHTb-

Smt3star-hPOT1 was used as described previously (Kocak et al., 2014). 

3.5.2 Cell culture 

Cell culture was performed as described previously (Bisht et al., 2016; Grill et al., 

2018).  HeLa-EM2-11ht cells were used in all transient transfection, while both HeLa-

EM2-11ht and HEK 293T cells were used in CRISPR-Cas9 experiments.  All cells were 

cultured at 37°C in the presence of 5% CO2 and propagated in growth medium 

containing modified DMEM (Gibco; Dulbecco’s Modified Eagle Medium; 11995-065), 

100 U/mL penicillin, 100 µg/mL streptomycin, and 10% FBS. For all experiments 

requiring induction, doxycycline was added to a final concentration of 200 ng/mL to 

drive a tetracycline-inducible promoter within the p6X-Myc-BI4 or p6X-FLAG-BI4 

plasmids (FLAG-TPP1-S, FLAG -TPP1-L, FLAG -TPP1-L M87A, DNOB). 
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3.5.3 Generation of stable cell lines expressing TPP1-L and TPP1-L M87A 

Stable cell line generation was performed exactly as described previously (Grill et 

al., 2018).  Briefly, HeLa-EM2-11ht cells were co-transfected with 1 µg each of the p3X-

FLAG-TPP1-F3 (TPP1-L or TPP1-M87A) and Flp recombinase-expressing plasmid (that 

also codes for puromycin resistance).  Cells were selected for one day using puromycin 

(5 µg/ml; Sigma-Aldrich), and then fresh medium with ganciclovir (50 µM; Sigma-

Aldrich) was added for 10 days of negative selection.  Individual clones were picked and 

expanded, and positive clones were selected based on Western blot analysis of FLAG-

TPP1 signal after overnight induction with doxycycline (200 ng/ml).  Generation of the 

stable cell lines expressing vector, TPP1-S, and TPP1DNOB constructs used in this 

study have been described previously (Grill et al., 2018; Nandakumar et al., 2012) 

3.5.4 Telomere restriction fragment length analysis 

Telomere length analysis was performed as described previously (Grill et al., 

2018; Nandakumar et al., 2012).  Briefly, genomic DNA from stable cell lines expressing 

FLAG-TPP1 constructs (TPP1-S/TPP1-L/TPP1-M87A) and a vector control was isolated 

from confluent 6 cm dishes using the GenElute kit (Sigma).  2 µg of DNA was digested 

with Hinf1 and Rsa1 and incubated overnight at 37°C.  The digested DNA was run on a 

0.8% 25 cm long Agarose-1X TBE gel along with a Lambda DNA-HindIII digest ladder 

(NEB) at a constant 50 V for 20-23 h.  After imaging with a florescent ruler, the gel was 

transferred to a sheet of dry Whatman filter paper and dried at 55°C for one h.  After 

drying, the filter paper was removed and the gel was soaked in buffer containing 0.5 M 

NaOH for 30 min, rinsed with water, and shaken in a solution of 0.5 M Tris-Cl and 1.5 M 

NaCl (pH 7.5) for 30 min.  The gel was then prehybridized in Church buffer (0.5 M 
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sodium phosphate buffer [pH 7.2], 1% bovine serum albumin [BSA], 1 mM EDTA, 7% 

SDS) for 30 min at 65°C in a rotating hybridization oven.  A telomeric probe of sequence 

(TTAGGG)4 was 5’ 32P-labeled with T4 PNK (NEB) and added at 20 million cpm to the 

gel. Hybridization continued overnight at 55°C.  After overnight hybridization the gel was 

washed three times with 2X SSC for 10 min and exposed to a phophorimager screen for 

24-72 h.  The gel was analyzed using the Imagequant TL software and calibrated using 

the molecular weights of the lambda DNA ladder.  The mean telomere length for each 

lane was plotted as a function of days in culture for each cell line.  A linear regression 

(MS Excel) was used to calculate the rate of telomere elongation/shortening. 

3.5.5 Immunofluorescence-fluorescence in situ hybridization 

3.5.5.1 TIF analysis (co-IF) 

Co-IF experiments for TIF analysis were adapted from protocols described 

previously (Nandakumar et al., 2012).  Briefly, co-IF was performed using stable cell 

lines expressing either FLAG-TPP1-S or FLAG-TPP1-L M87A.  Cells were induced with 

doxycycline for 3 days and ~100,000 cells were seeded on coverslips in growth medium 

containing doxycycline.  24 hours after seeding, medium was removed, cells were 

washed with PBS, and all subsequent steps were performed at room temperature.  

Cells were fixed with 4% formaldehyde in PBS for 10 min and then washed in PBS 

before permeabilization with 0.5% Triton-X 100.  Cells were blocked (PBS-T containing 

3% FBS) for 30-60 minutes and incubated with mouse monoclonal anti-FLAG M2 

antibody (Sigma; F1804; 1:500) and rabbit polyclonal anti-53BP1 antibody (Novus 

Biologicals; NB100-304; 1:1,000) diluted in blocking buffer.  After 60 min of incubation, 

cells were washed with PBS and incubated with Alexa Fluor 568-conjugated anti-mouse 
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IgG (Life Technologies) and Alexa Fluor 647-conjugated anti-rabbit IgG (Life 

Technologies) diluted 1:500 in blocking buffer for 30 minutes.  Cells were mounted on 

microscope slides using ProLong Gold mounting medium with DAPI (Life 

Technologies).  Coverslips were sealed with transparent nail polish and stored at 4°C 

until the time of imaging.  All imaging was performed using a laser scanning confocal 

microscope (SP5; Leica, Germany) equipped with a 100X oil objective.  ImageJ and 

Adobe Photoshop were used to process all images.  Colocalizations of FLAG-TPP1 foci 

and 53BP1 foci were quantified manually by two separate individuals.   

3.5.5.2 Telomerase recruitment to telomeres (IF-FISH) 

IF-FISH experiments for telomerase recruitment were performed exactly as 

described previously (Grill et al., 2018).  Briefly, IF was performed prior to FISH using 

mouse monoclonal anti-FLAG M2 (Sigma; F1804; 1:500) in combination with Alexa 

Fluor 568-conjugated anti-mouse IgG (Life Technologies) to visualize FLAG TPP1 

proteins (FLAG -TPP1-S, FLAG -TPP1-L, FLAG -TPP1-M87A) by IF.  A mixture of Cy5-

conjugated probes complementary to TR was used to detect TR by FISH.  Imaging was 

performed as described above.  Colocalizations were quantified manually by two 

separate individuals.  

3.5.5.3 Telomere localization of TPP1-S and TPP1-L M87A (IF-FISH) 

Telomere localization of all TPP1 constructs was performed exactly as previously 

described (Grill et al., 2018).  Briefly, a Cy3-conjugated PNA-(CCCTAA)3 probe was 

used to visualize telomeres by FISH.  Cells were fixed, permeabilized, and soaked in 2X 

SSC, 50% formamide before being heated for 6 min at 80°C in the presence of the 
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probe. After 2 h of hybridization cells were washed and subjected to 

immunofluorescence for FLAG-TPP1.  Imaging was performed as described above. 

3.5.5.4 TERRA localization at telomeres 

This protocol was adapted from TERRA-FISH protocols previously published in 

the literature (Azzalin et al., 2007).  48 h after doxycycline induction, FLAG-TPP1-S and 

FLAG-TPP1-L M87A stable cell lines were washed with PBS and permeabilized in CSK 

buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM HEPES (pH 7), 0.5% 

Triton X-100, and 10mM VRC) for 7 min.  Cells were washed in PBS and fixed in 4% 

formaldehyde for 10 min followed by consecutive dehydration with 70%, 85%, and 

100% ethanol.  Cells were then rehydrated in 2X SSC 50% formamide before 

hybridization with a Cy3-conjugated PNA-(CCCTAA)3 probe for 16 h.  After 

hybridization, cells were washed with 2X SSC 50% formamide and directly used for 

immunofluorescence to visualize FLAG-TPP1 constructs. Imaging was performed as 

described above. 

3.5.5.5 Detection of nascent telomeric synthesis using mutant TR (IF-coFISH) 

For detection of newly synthesized mutant telomeric DNA in HeLa, FLAG-TPP1-

S, and FLAG-TPP1-L M87A stable cell lines, cells were first induced with doxycycline 

for 48 h prior to transfection with mutant telomerase.  After 48 h induction, 1 µg of 

pTERT-cDNA6/Myc-His C and 3 µg of phTRmut-Bluescript II SK (+) plasmids were 

transfected into approximately 1 million cells with lipofectamine LTX (Fisher; 15338100) 

using the manufacturer recommended protocol.  20-24 h post transfection, 

immunofluorescence was performed exactly as described above to visualize FLAG-

TPP1 constructs.  Subsequently cells were analyzed by FISH to detect mutant TR and 
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newly synthesized mutant telomeres.  Cells were fixed with 4% formaldehyde for 10 min 

at room temperature, washed with PBS, and consecutively dehydrated with 70%, 95%, 

and 100% ethanol.  Cells were then rehydrated with 2X SSC 50% formamide and pre-

hybridized for 1 hour using hybridization solution containing 100 mg/ml dextran sulfate, 

0.125 mg/ml yeast tRNA, 1 mg/ml BSA, 0.5 mg/ml salmon sperm DNA, 1 mM vanadyl 

ribonucleoside complexes (VRC), and 50% formamide in 2X SSC.  After pre-

hybridization cells were transferred to hybridization solution containing a mixture of 

three Cy5-conjugated probes against TR (described previously) and a Cy3-conjugated 

PNA-(CCGCAA)3 probe.  Cells were heat denatured at 80°C for 5 min then incubated at 

37°C for ~16 h.  After incubation cells were washed with 2X SSC 50% formamide and 

mounted on microscope slides using ProLong Gold mounting medium with DAPI (Life 

Technologies).  Detection of newly synthesized mutant telomeres in HeLa cells 

transiently transfected with FLAG-TPP1-L M87A or FLAG-TPP1-L M87A R3E3 was 

performed similarly 40 h after transfection with 1 µg FLAG-TPP1 construct, 1 µg of 

pTERT-cDNA6/Myc-His C plasmid, and 3 µg of phTRmut-Bluescript II SK (+) plasmid.  

HeLa cells with no exogenous TPP1 expression were analyzed both 20 h and 40 h after 

transfection with the TERT and mutant TR plasmids.  All imaging was performed using 

a laser scanning confocal microscope (SP5; Leica, Germany) equipped with a 100X oil 

objective.  ImageJ and Adobe Photoshop were used to process all images.  

Colocalization between TR and mutant telomere signal was quantified manually by two 

separate individuals.  Mutant telomere signal was only scored when it was detectible 

above the background signal (lower pixel intensity threshold set at 30, upper pixel 
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intensity threshold set at 255).  Statistical significance was scored using a two-tailed 

student’s t test. 

3.5.6 RNAscope 

Normal testes tissue was cut in to 5 µm thick sections and put in 10% buffered 

formalin for 1-7 d before embedding.  After embedding following standard procedures, 

FFPE testes sections were processed and analyzed for RNAscope according to 

manufacturer’s protocol.  Briefly, target retrieval was performed for 15 min at 95-99°C in 

a steamer.  Slides were then dehydrated and dried before a 15 min protease treatment.  

Probe hybridization was performed using DapB negative control probes (ACDBio; 

310043), PPIB positive control probes (ACDBio; 313901), or catalog probes for TERT 

(ACDBBio; 481961), followed by staining with 50% hematoxylin, drying, clearing with 

xylene, and mounting exactly as described in the manufacturer’s protocol.  Slides were 

dried overnight and imaged on a light microscope at 40X or 63X magnification.  

3.5.7 Co-immunoprecipitation assay for protein-protein interaction 

Co-immunoprecipitation experiments were performed as described previously 

(Grill et al., 2018).  Briefly, HeLa-EM2-11ht cells were transfected with 1 µg each of 

plasmids containing Flag-TPP1-S, Flag-TPP1-M87A, Myc-POT1, FLAG-POT1, or Myc-

TIN2. 48 h after transfection/ induction with doxycycline, cells were washed with PBS, 

trypsinized, and dislodged with medium containing 50% FBS.  Cells were then pelleted, 

resuspended in 400 µL of lysis buffer (50 mM Tris-Cl (pH 7.6), 20% glycerol, 1 mM 

EDTA, 150 mM NaCl, 0.5% Triton X-100, 0.02% SDS, 1 mM dithiothreitol, 2 mM 

phenylmethylsulfonyl fluoride, complete protease inhibitor cocktail [Roche]) and kept on 

ice.  33 µL of 4 M NaCl, and 433 µL of water was added and lysates were centrifuged at 
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13,600 rpm for 10 min.  After centrifugation, 40 µL of lysate was added to SDS gel 

loading buffer and kept aside for analysis of input samples.  Remaining supernatant was 

used directly for immunoprecipitation with 30 µL of pre-washed anti-FLAG M2 affinity 

gel (Sigma; A2220).  After overnight incubation, beads were washed and protein was 

eluted from the beads by adding 60 µL of 2X SDS gel loading buffer.  All samples were 

analyzed by SDS-PAGE followed by immunoblotting with HRP conjugated FLAG or Myc 

antibodies. 

3.5.8 Immunoblotting 

Immunoblotting was performed using standard procedures with the following 

antibodies: mouse monoclonal anti-FLAG M2-HRP conjugate (Sigma; A8592; 

1:10,000), mouse monoclonal anti-c-Myc (9E10) HRP conjugate (Santa Cruz; sc-40 

HRP; 1:10,000), mouse monoclonal anti-β-actin antibody (Sigma; A5441; 1:10,000), 

and rabbit polyclonal TPP1 antibody (Bethyl Laboratories; A303-069A; 1:2,500).  

Secondary horseradish peroxidase-conjugated goat antibodies against rabbit or mouse 

IgG (Santa Cruz Biotechnology; 1:10,000) were used for detection with 

chemiluminescence by ECL plus reagents (Pierce ECL Western Blotting Substrate; 

Thermo Scientific).  All antibodies used to assess knockdown of components in RNA 

decay and processing events were a kind gift from Dr. Peter Baumann.  The rat 

monoclonal antibody against Ago2 was a kind gift from Dr. Gunter Meister.  The rabbit 

polyclonal anti-Dicer antibody was a kind gift from Dr. Nils Walter.  The data were 

visualized and quantified using a gel-documentation system (ChemiDoc™ MP System; 

BioRad).  
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3.5.9 Testes tissue processing and immunoblotting 

Normal testes tissue was obtained from the Tissue Core of the University of 

Michigan Rogel Cancer Center.  Testes tissue used for immunoblotting was 

homogenized in cell extraction buffer (Invitrogen; FNN011) supplemented with PMSF 

and protease inhibitor cocktail (Sigma 11836170001 Roche).  Homogenized tissue was 

incubated on ice for 1 h followed by centrifugation at 4°C and 13,000 rpm for 15 min.  

Soluble lysate was removed and the resulting pellet was resuspended in buffer 

containing 5 M urea, 2 mM MgCl2, 4% SDS, 140 mM Tris-Cl (pH 8), and 50 mM DTT.  

The resulting chromatin fraction was boiled with 5X SDS loading dye and analyzed by 

SDS-PAGE and immunoblotting with rabbit polyclonal TPP1 antibody following standard 

procedures. 

3.5.10 Enrichment of endogenous TPP1 using POT1-DNA pulldown. 

Immunoprecipitation experiments to detect endogenous TPP1 protein were 

performed by first incubating 10 µg of purified POT1 protein with a biotinylated telomeric 

DNA primer (5’-biotin-ACGTA(GGTTAG)3) bound to 20 µl of streptavidin beads 

(Thermo; Pierce; 20357) for 2 h on ice.  During this incubation, approximately 4 million 

HeLa, HEK 293T, and BJ fibroblast cells (kind gift from Dr. Ursula Jakob) were lysed in 

50 mM Tris-Cl (pH 7.6), 20% glycerol, 1 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 

0.02% SDS, and 1 mM DTT and centrifuged at 4°C and 13,000 rpm for 10 min.  After 2 

h, the soluble lysates were added to the POT1-DNA-bead slurry and incubated for ~16 

h at 4°C.  Beads were then washed and proteins were eluted with 2X SDS loading 

buffer.  Samples were analyzed by SDS-PAGE and immunoblotting with TPP1 antibody. 
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3.5.11 CRISPR-Cas9 mediated insertion of a C-terminal FLAG tag at the 

endogenous locus of human TPP1 

Insertion of the FLAG tag into the HEK 293T genome was performed using a 

strategy reported previously for introducing the K170Δ into the HEK 293T genome 

(Bisht et al., 2016).  The design of the ssODN is shown in Figure 3.8B and involves 

insertion of a 3X-FLAG coding DNA sequence in-frame and immediately upstream of 

the natural stop codon of TPP1-L and TPP1-S.  Single clones were analyzed using 

FLAG-immunoblotting. 

3.5.12 CRISPR-Cas9 mediated TPP1-L KO generation 

Generation of TPP1 knockout clones was performed using a strategy previously 

reported (Bisht et al., 2016).  A guide RNA was designed with the Zhang Lab open 

access CRISPR design tool. The ssODN (described in Figure 3.7E) was designed to 

encompass the desired mutations as well as a silent AatII restriction endonuclease 

cleavage site.  A surveyor nuclease assay (Surveyor® Mutation Detection Kit; catalog 

#706025; Transgenomic) was used to determine cleavage efficiency 48 h after 

transfection of 1 µg of guide RNA and Cas9 encoding plasmids into HeLa-EM2-11ht 

cells following the manufacturer’s protocol.  Upon completion of the reaction, products 

were visualized using ethidium bromide-stained agarose gels and robust cleavage was 

observed.  HeLa-EM2-11ht cells were then transfected with guide RNA and Cas9 

encoding plasmids along with indicated ssODN as previously described.  3 d after 

transfection 2,000 cells were plated for colony formation while the rest were used to test 

the efficiency of repair.  To check repair efficiency genomic DNA was prepared using 

GenElute Mammalian Genomic DNA Purification Kit (#G1N70; Sigma) and the locus 
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encompassing our desired mutations was PCR amplified.  Amplified DNA was then 

digested in the presence or absence of AatII and reaction products were visualized on 

an ethidium bromide stained agarose gel.  ~2 weeks after seeding, colonies were 

picked and transferred to a 96 well plate where they remained for 1 week.  They were 

then trypsinized and half the cells were transferred to a replicate plate for genomic DNA 

preparation.  Isolated genomic DNA from each clone within the 96 well plate was PCR 

amplified and subjected to digestion by AatII.  Positive clones were expanded and 

genotyped using Sanger DNA sequencing.  Selected clones were then propagated for 

telomere length analysis. 

3.5.13 5’ RACE to clone sunRNA 

5' RACE was performed using the 5’ RACE kit from Life Technologies 

(#18374058).  First strand cDNA synthesis was performed with SuperScript™ II RT 

using 2 μg total RNA from HEK 293T cells, a gene-specific antisense oligonucleotide 

GSP1 (TCCCTGATCCTCTCCTCTCC) and abridged anchor primer, AAP 

(GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG) which contains a 

complementary homopolymeric tail annealing sequence and allows amplification from a 

homopolymeric tail.  Following cDNA synthesis, the first strand product was treated with 

RNAse and purified from unincorporated dNTPs and GSP1 using S.N.A.P. columns 

provided with the kit.  10 µl of S.N.A.P. column purified cDNA was tailed at the 3’ end 

with CTP using TdT (Terminal deoxynucleotidyl transferase) enzyme.  After heat 

inactivation of TdT, 5 µl of tailed cDNA was amplified by PCR for 30 to 35 cycles using a 

nested gene-specific primer GSP2 (TCCTCTCCTCTCCTGCCGC) which anneals 3' to 

GSP1 and a complementary homopolymer-containing abridged anchor 
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primer (AAP) which permits amplification from the homopolymeric tail.  0.1% of the PCR 

reaction from this step was subjected to re-amplification using a nested gene specific 

primer GSP3 (GGAAGCAGAGTGTGGAGCGG) and abridged universal amplification 

primer AUAP (GGCCACGCGTCGACTAGTAC).  The PCR products were resolved on a 

2% GTG agarose gel and discrete bands were gel eluted and subjected to TA cloning 

and sequencing.  Sequences showing a homopolymer C tail after sequencing were 

considered positive.  All sequenced cDNA were positive for the 3’-UTR sequence of 

TPP1, but contained different extents of upstream exonic sequences.  

3.5.14 Cloning, expression, and silencing experiments with sunRNA 

Protein-coding inserts contained cDNA for only the ORF cloned into multiple 

cloning site 1 of the bi-directional dox-inducible pTet-BI4 vector using Not1/Xho1 

restriction based cloning.  FLAG-TPP1-L was cloned into pTet-Bi4 vector with a 3X-

FLAG tag on the C-terminus and a 1X-FLAG tag on N-terminus of the TPP1-L protein 

and used in all sunRNA experiments requiring TPP1-L expression.  The sunRNA 

sequence was similarly cloned into multiple cloning site 2 using Spe1/Nhe1 sites.  

Because Spe1 and Nhe1 generate compatible sticky ends, the same inserts, ligation 

reactions, and transformations were used to generate plasmid constructs with sunRNAs 

and cognate reverse complements (RC).  SV40 polyA sequences downstream of the 

multiple cloning sites were used for proper RNA maturation of the cloned protein and 

sunRNA/RC cDNA constructs.  Plasmids encoding TPP1-L (or other protein-coding 

genes used in the study) and Vector/sunRNA/RC cDNA were transfected into HeLa-

EM2-11ht as already described.  24 h post-transfection, cells were lysed in SDS-gel 
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loading buffer and analyzed by immunoblotting (for detecting proteins) as already 

described, or by Northern blot analysis as described below.  

3.5.15 Northern blotting 

10 μg of total RNA was dissolved in buffer containing 5.7 μl DEPC-treated water, 

1 μl 10 X MOPS, 3.3 μl formaldehyde, and 10 μl formamide and mixed well.  The 

mixture was heated at 72°C for 5 min, followed by the addition of 5 μl of 6X DNA loading 

dye and transfer to ice.  The agarose gel for running the RNA samples was prepared as 

follows.  126.75 ml water was added to 1.5 g agarose heated in a microwave to get a 

homogenous solution that was kept aside until the temperature reduced to 

approximately 55 °C.  10 ml 10X MOPS, 8.25 ml 37% formaldehyde, and 3 μl ethidium 

bromide were heated in a separate tube in a 65°C water bath.  The two solutions were 

mixed together and cooled to form the gel matrix for electrophoresis.  The RNA samples 

were loaded on the gel and run in 1X MOPS buffer at 50 V until the bromophenol blue 

front traversed approximately half the length of the gel.  The gel was visualized under 

UV light to detect and capture an image of the bands for the 18S and 28S ribosomal 

RNA subunits.  The gel was then transferred to Hybond nylon membrane using 10X 

SSC overnight.  The protocol described for Southern blotting was applied for detecting 

the indicated RNA bands in the figures.  A mixture of five probes, TPP1 ORF: 1R, 2R, 

3R, 4R, and 5R, were used for detecting the TPP1-L or TPP1-S mRNA.  All these 

probes were complementary to regions common to both TPP1-L and TPP1-S mRNA.  

Probes containing the TPP1 3’-UTR sequence and its reverse complement were used 

to detect RC and sunRNA, respectively. 
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3.5.16 siRNA knockdown experiments  

HeLa-EM2-11ht cells were transfected with 80 nmol of the indicated siRNA using 

Oligofectamine (Life Technologies) in a 24-well culture plate.  All siRNAs were a kind 

gift from Dr. Peter Baumann.  24 h after transfection, cells were trypsinized and split into 

three wells of a 12-well plate.  48 h post transfection, 500 ng plasmids encoding TPP1-L 

and vector/sunRNA/RC constructs were transfected using Lipofectamine 2000 (Life 

Technologies).  10 h after the second round of transfection, the media was changed to 

include doxycycline (200 ng/ml).  Lysates were prepared 24 h post-induction and 

immunoblotting was performed as already described.  

3.5.17 Protein purification 

TPP190-334 and POT1 proteins were purified exactly as described previously (Grill 

et al., 2018; Nandakumar et al., 2012).  TPP11-334 was purified in parallel with TPP190-334 

using the same protocol.  

3.5.18 DNA-binding experiments 

Filter-binding assays with POT1-DNA, TPP190-334-POT1-DNA, and TPP11-334-

POT1-DNA complexes were performed and analyzed exactly as previously described 

(Nandakumar et al., 2012; Nandakumar et al., 2010).  

3.5.19 Direct telomerase activity assays 

Telomerase assays were performed as described previously (Grill et al., 2018).  

Briefly, HEK 293T cells were transfected with 1 µg of pTERT-cDNA6/Myc-His C and 3 

µg of phTR-Bluescript II SK (+) plasmids and soluble cell extracts were prepared as 

previously described(Kocak et al., 2014).  This extract was used as the source of 

telomerase enzyme in direct telomerase primer extension assays based on previously 
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published protocols (Kocak et al., 2014).  In each reaction, 2 µl of cell extract containing 

telomerase enzyme was incubated at 30°C for 10, 20, 30, or 60 min.  Full reactions 

contained 50 mM Tris-Cl (pH 8.0), 1 mM MgCl2, 1 mM spermidine, 30 mM KCl, 5 mM β-

mercaptoethanol, 1 µM of primer a5 (TTAGGGTTAGCGTTAGGG), 500 µM dATP, 500 

µM dTTP, 2.92 µM unlabelled dGTP, 0.17 µM radiolabeled dGTP (3000 Ci/mmol).   

Purified POT1, TPP190-334, or TPP11-334 proteins were added to the reactions at 

indicated concentrations.  100 µl of buffer containing 3.6 M ammonium acetate and 20 

µg of glycogen was used to quench each reaction, and the DNA products were 

precipitated with 70% ethanol.  The pellets were resuspended in 7 µl water, then mixed 

with 7 µl loading buffer containing 95% formamide, and heated at 95°C for 5 min.  

Samples were resolved on a 10% acrylamide, 7M urea, 1X TBE sequencing-size gel 

and gels were dried then imaged on a phosphorimager (Storm; GE).  All assays were 

analyzed using Imagequant TL (GE Life Sciences) software.  Processivity calculations 

were performed as described previously (Grill et al., 2018). 

3.5.20 Visualization of data on UCSC genome browser 

Indicated tracks were loaded on to the UCSC genome browser (Casper et al., 

2018) and saved as .ps files.  The sessions were processed in Adobe Illustrator to 

furnish final figures.  All UCSC genome browser associated data were previously 

deposited in databases by other groups and have been cited appropriately.  Description 

of data displayed in Figure 3.7A: GENCODE reveals two major variations of transcripts 

differing only in their 5’ definition.  GRO-cap data for indicated cell lines show similar 

nascent transcription activity for TPP1-L and TPP1-S mRNA.  Cumulative transcription 

factor ChIP data from a large number of human cell lines reveals two distinct peaks, 
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suggesting independent transcription of TPP1-L and TPP1-S mRNA from two dedicated 

promoters.  Cumulative RNA seq from nine cell lines (GM12878, H1-human embryonic 

stem cell line, HeLa-S3, HepG2, HSMM, HUVEC, K562, NHEK, and NHLF) shows very 

few reads specific to TPP1-L compared to TPP1-S mRNA at steady-state.  Note that the 

cumulative plot is fully representative of data from each individual cell line (see Figure 

3.8A).  CAGE data plotted in natural logarithm scale capturing capped RNA 5’ ends is 

shown for the polyA enriched nuclear fraction of the indicated cell lines.  Cumulative 

ribosome profiling (ribo-seq) data obtained for a large number of human cell lines 

spanning twelve independent studies is shown.  The cumulative plot is fully 

representative of data from each individual cell line (see Figure 3.8A for data from an 

embryonic stem cell line). 

3.5.21 GTEx data 

The Genotype-Tissue Expression (GTEx) Project was supported by the Common 

Fund of the Office of the Director of the National Institutes of Health, and by NCI, 

NHGRI, NHLBI, NIDA, NIMH, and NINDS.  The data used for the analyses described in 

this manuscript were obtained from: the GTEx Portal on 05/10/18. 

3.5.22 Testes-cell specific RNA-Seq analysis 

Human pachytene spermatocyte and round spermatid RNA-seq data were 

obtained from NCBI Sequence Read Archive: SRP057141 (Lesch et al., 2016).  RNA-

seq quality was analyzed using fastQC.  STAR version 2.52 was used to perform 

alignment of RNA-seq data to hg38 genome assembly, available from Ensembl87. 

Merged BAM files were visualized using Integrative Genomics Viewer version 2.3. 
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3.6 Figures 

 

 
Figure 3.1 TPP1-S but not TPP1-L overexpression causes robust telomere elongation. 
(A) Schematic showing a TPP1-centric view of the shelterin complex in humans. (B) Sequence 
for the N-terminus of human, mouse, and rat TPP1 proteins. Arginine residues in red indicate 
those mutated in the R3E3 mutant. (C and D) FLAG and actin immunoblots of lysates from 
indicated stable cell lines. (E) Telomere restriction fragment (TRF) Southern blot analysis of 
indicated HeLa-EM2-11ht clonal stable cell lines. (F and G) Plot of the mean telomere restriction 
fragment (TRF) length of indicated HeLa-EM2-11ht clonal stable cell lines.  
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Figure 3.2 Telomere restriction fragment length analysis of TPP1-L and TPP1-S clonal cell lines.  
(A) Telomere restriction fragment (TRF) analysis of a second clone for HeLa-EM2-11ht cells 
expressing TPP1-S, TPP1-L, or TPP1-L M87A constructs for the indicated number of days in 
culture. (B and C) Plot of the change in mean telomere length for HeLa-EM2-11ht cells stably 
expressing the indicated constructs for the indicated number of days in culture
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Figure 3.3 TPP1-S and TPP1-L recruit telomerase and protect chromosome ends.  
(A) HeLa-EM2-11ht cells expressing TPP1-S, TPP1-L M87A, or TPP1DNOB were analyzed for 
telomerase recruitment to telomeres by immunofluorescence (IF) and fluorescence in situ 
hybridization (FISH). “FLAG (TPP1)” indicates IF signal of the indicated TPP1 construct at 
telomeres (green). Telomerase RNA (“TR”) was detected by FISH with a fluorescently tagged 
DNA probe (red). The “Merge” panel depicts the extent of telomerase recruitment to telomeres 
(yellow). (B) Quantitation of telomerase recruitment data of which A is representative. For each 
clone >100 telomere foci were scored and the mean percentage (bar) and standard deviation 
(error bar) of FLAG-TPP1 foci containing TR was plotted for triplicate measurements. Statistical 
significance was scored with a two-tailed student’s t test. (C) Pulldown of transiently expressed 
FLAG-POT1 on anti-FLAG conjugated beads with Myc-TPP1 and Myc-TIN2 constructs. (D) 
DNA binding curves from filter binding analysis of increasing concentrations of purified POT1 
protein in the absence of any TPP1 protein, or in the presence of 200 nM of either TPP1-S90-334 

or TPP1-L1-334. 10 pM 32P-end labeled GGTTAGGGTTAG DNA oligonucleotide was used in all 
binding experiments 
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Figure 3.4 Both TPP1-L and TPP1-S are proficient in chromosome end protection and 
telomerase recruitment.  
(A and B) IF/FISH analysis of telomerase recruitment for TPP1-L M87A clone #2 (A) and two 
clones of TPP1-L WT (B). “FLAG (TPP1)” refers to immunofluorescence signal of FLAG-TPP1-L 
or FLAG-TPP1-L M87A at telomeres (green). “TR” represents FISH signal for telomerase RNA 
(red). “Merge” demonstrates successful telomerase recruitment to telomeres (yellow). See also 
Figure 3.3 for quantitation. (C) Pulldown of transiently expressed FLAG-TPP1-S or FLAG-TPP1-
L M87A and Myc-POT1 on anti-FLAG conjugated beads. (D) Pulldown of transiently expressed 
FLAG-TPP1-S or FLAG-TPP1-L M87A and Myc-TIN2 on anti-FLAG conjugated beads. (E) 
Pulldown of transiently expressed Myc-TIN2, Myc-POT1, Myc-TRF2, Myc-Rap1, and FLAG-
TPP1-S or FLAG-TPP1-L M87A, on anti-FLAG conjugated beads. Note that co-migration of 
TRF2 and Rap1 precluded distinction between these proteins in the blots. The asterisk indicates 
bleed through of the FLAG-TPP1-S signal on the anti-Myc blot. (F) IF-FISH depicting 
colocalization of indicated TPP1 construct with telomeres. “Telomere” refers to signal from a C-
rich, Cy3-labled PNA probe against telomeric DNA (green).  “FLAG (TPP1)” refers to FLAG 
immunofluorescence signal of indicated TPP1 construct (red). “Merge” panel reveals extent of 
TPP1 colocalization to the telomere (yellow). (G) Cells stably expressing TPP1-S or TPP1-L 
M87A were analyzed for TIFs using co-immunofluorescence (co-IF) against “FLAG (TPP1)” as a 
telomere marker and “53BP1” as a DNA damage marker. Co-localization of 53BP1 foci and 
FLAG-TPP1 foci within “Merge” panels indicates DNA damage at the telomere. An example of a 
cell with TIFs is shown along with images of cells that are more representative of the majority of 
cells. (H) IF/RNA-FISH analysis of TERRA colocalization with the indicated TPP1 construct. 
“TERRA” depicts signal from a C-rich, Cy3-labled telomeric PNA probe bound to RNA. “FLAG 
(TPP1)” depicts immunofluorescence signal from indicated TPP1 construct. “Merge” represents 
extent of TERRA co-localization with the telomere (yellow). 
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Figure 3.5 TPP1-L is deficient in activating telomere synthesis. 
(A) Cartoon representation of contrasting outcomes of the in vivo IF-coFISH telomere extension 
assay involving “FLAG-TPP1” (green), “TR” (cyan), and newly synthesized mutant telomeric 
repeats “Mutant Telomere” (red). White foci in “Merge” of TR and mutant telomere signals 
depicts colocalization. (B) HeLa-EM2-11ht cells transiently transfected with WT TERT and 
mutant telomerase RNA (TR) that contains a non-telomeric GCCAAC (WT: CCAAUC) template 
sequence. IF-coFISH was used to visualize telomere extension by telomerase in parental HeLa-
EM2-11ht cells, indicated stable cell lines, and transiently transfected cells. “FLAG-TPP1” and 
“TR” were visualized as in Figure 3.3. “Mutant telomere” refers to signal from a Cy3-labled PNA 
probe against the mutant telomere sequence (red) that was synthesized by telomerase 
containing a mutant RNA template. Non-specific staining of the nucleolus by the mutant 
telomere probe occurred in all cells including HeLa cells that were not transfected with mutant 
telomerase (data not shown). (C) Immunoblot of lysates from HeLa-EM2-11ht cells transiently 
transfected with FLAG-TPP1-L M87A or FLAG-TPP1-L M87A-R3E3. (D and E) Quantitation of in 
vivo telomere extension data for which (B) is representative. >300 TR foci were scored and the 
mean percent of TR foci that contain mutant telomeres (bar; D) or mean spot intensity (bar; E), 
and standard deviation (error bar) were plotted for triplicate measurements. Statistical 
significance was scored using a two-tailed student’s t test. (F) TRF analysis of indicated clonal 
stable cell lines. (G) Plot of the mean telomere restriction fragment (TRF) length of indicated 
clonal stable cell lines.   
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Figure 3.6 Direct telomerase activity assays with TPP1-L and TPP1-S proteins.  
(A, B, and C) Three independent replicates of the direct telomerase activity assay with purified 
POT1, TPP1-S90-334, and TPP1-L1-334 proteins at 30°C for the indicated incubation times. Red 
horizontal bars approximately mark the longest detectable product. The ratio of the total 
intensity from bands representing the addition of 9 or more hexad repeats over the total intensity 
of the lane is shown below as processivity (proc.). (D) Anti-TPP1 immunoblot of telomerase 
activity reactions (minus radiolabeled dGTP) at the indicated time-points. Green and red dashed 
lines indicate the center of the TPP1-S and TPP1-L proteins, respectively, at time = 0. (E) 
Circular Dichroism (CD) spectra of TPP11-334 and TPP190-334 proteins showing almost 
superimposable profiles and suggesting the absence of any significant secondary structure in 
TPP1-L aa 1-86. 



 112 

 

 
 
 
 



 113 

Figure 3.7 TPP1-S but not TPP1-L accumulates in human cell lines.  
(A) Existing high-throughput sequencing information for the ACD locus was visualized using the 
UCSC genome browser. Vertical grey bar denotes the 5’ end of TPP1-S mRNA. CAGE tags at 
the 3’ end of TPP1 mRNA indicative of the 5’ end of the sunRNA are indicated with an arrow. 
See also Figure 3.8A and Methods. (B) Immunoblot of HeLa-EM2-11ht cells using a rabbit 
polyclonal antibody against human TPP1 protein (epitope in OB domain; Bethyl Labs) in the 
presence or absence of shTPP1.  (C) TPP1 immunoblot from indicated cell types after 
enrichment using a biotinylated telomeric DNA oligonucleotide bound to POT1 immobilized on 
streptavidin beads. (D) FLAG immunoblot of lysates from CRISPR-edited HEK 293T clones 
containing endogenous 3X-FLAG tagged TPP1. “FLAG-L” and “FLAG-S” proteins from 
transiently transfected HeLa-EM2-11ht cells served as size markers. (E) Strategy to engineer 
TPP1-L KO cells. A guide RNA was designed to cleave the ATG codon for M11.  A repair 
ssODN was designed to disrupt the M11 ATG codon, create an in-frame stop codon (TGA), and 
introduce an AatII site using silent mutations. (F) A PCR-based Surveyor assay to assess the 
efficiency of cleavage by Cas9. (G) An AatII digest performed two days post-transfection 
indicated a detectible level of edited cells in the population. (H) TRF Southern blot analysis of 
CRISPR-Cas9 derived HeLa-EM2-11ht TPP1-L KO clones. 
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Figure 3.8 Transcriptome and protein analysis suggest separate transcription cassettes for 
TPP1-L and TPP1-S, although TPP1-S protein is the predominant form in cells.  
(A) High-throughput sequencing data visualized on the UCSC genome browser at the ACD 
locus. GRO-seq data for assessing nascent mRNA from the indicated cell lines, cumulative 
ChiP data from a collection of cell lines for indicated histone modifications for assessing gene 
expression potential, CAGE data for human embryonic stem cells and HeLa S3 cells, RNA-seq 
tracks from individual cell lines, and Ribo-seq data (cumulative versus embryonic stem cell line) 
are shown along with the TPP1-L and TPP1-S transcript annotations from GENCODE. The 
vertical grey bar denotes the 5’ end of TPP1-S mRNA. (B) CRISPR-Cas9 strategy to introduce 
the 3X FLAG tag at the C-terminus of endogenous TPP1 in HEK 293T cells is shown. (C) 
Immunoprecipitation of lysates from clones isolated from the FLAG-TPP1-S CRISPR 
experiment using anti-FLAG M2 affinity gel followed by blotting using the anti-actin and anti-
FLAG-HRP conjugate. An unedited clone was included as negative control. (D) Allele status of 
ACD (TPP1) in the CRISPR-mediated KO of TPP1-L. 
 



 116 

 

 
 
 
 
 
 



 117 

Figure 3.9 An intragenic RNA in the 3’-UTR of TPP1 completely shuts down TPP1-L.  
(A) Extensive complementarity was detected between two regions in the TPP1-L ORF and 3’-
UTR (sunRNA). TPP1-S mRNA lacks the sequence that is complementary to the 63-73 nt 
region of 3’-UTR; MutG corresponds to a sunRNA mutant encompassing all complementary 
nucleotides in this region. Three nucleotide deletions were engineered in the sunRNA. Deletions 
in red are in regions of perfect predicted complementarity between the sunRNA and TPP1 
mRNA, while deletions in green are in regions where the predicted complementarity is 
imperfect. (B) TPP1 sunRNAs were cloned from HEK 293T cells using 5’ RACE. (C) Schematic 
of the vector used to study the effect of sunRNA expression on TPP1 protein. Expression of 
both the protein and RNA constructs is driven by a bi-directional promoter using doxycycline 
(“Tet-on” system). “RC” is a reverse complement of the sunRNA. (D) Western blot showing the 
silencing of TPP1-L by sunRNA constructs. “3’-UTR” indicates a minimal sunRNA-like construct 
that contains only the 93 bp between the stop codon and the start of the polyA tail of TPP1 
mRNA. (E) The 3’-UTR sequence of TPP1 silences TPP1-L when expressed as a ncRNA (in 
trans), but not when it is inherent to TPP1-L mRNA (in cis). (F) Northern blot analysis of TPP1-L 
mRNA, sunRNA, and RC in the indicated transfections. 18S signal from ethidium bromide 
staining was used as a loading control.  
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Figure 3.10 Silencing of the sunRNA is specific for TPP1-L.  
(A) Northern blot of sunRNA from whole-cell RNA isolated from indicated cell lines using TRIzol 
(Thermo Fisher). EtBr indicates ethidium bromide staining. “18S”, “TPP1-ORF”, and “TPP1 3’-
UTR” indicate Northern blots with probes complementary to these RNAs. The “HeLa + TPP1-
L/sunRNA” lanes indicate HeLa cell line transfected with the plasmid co-expressing FLAG-
TPP1-L and sunRNA. The 3’-UTR probe should in principle detect endogenous TPP1 mRNA in 
addition to sunRNA. However, despite a detectible signal for sunRNA, we did not observe a 
signal for endogenous TPP1 mRNA, possibly because its detection is obscured by the 
abundance of 18S RNA that migrates at a similar position on the gel.  (B) Western blot to detect 
silencing of TPP1-L by sunRNA constructs 4, 5, and 6. (C) Anti-FLAG immunoblots were 
performed on lysates from cells co-transfected with two plasmids, one of which codes for dox-
inducible FLAG-TPP1-L, and the other for dox-inducible sunRNA, RC, or empty constructs. (D) 
Anti-FLAG immunoblots showing that the sunRNA of TPP1 silences TPP1-L but not human 
POT1 or TIN2. (E) Compensatory mutations in TPP1-L that restore complementarity to MutG 
sunRNA fail to rescue silencing. (F) Anti-TPP1 blots from lysates transfected with plasmids co-
expressing the indicated TPP1-L 5’ deletions and either no sunRNA (“-”), sunRNA, or RC. Note 
that the deletions were designed to maintain the frame of TPP1-L translation (i.e., deletions of 
precisely 10, 20, 30, 50, or 70 aa from the N-terminus of the translated protein). 
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Figure 3.11 sunRNA silences TPP1-L but not TPP1-S.  
(A) Immunoblot showing that sunRNA does not silence TPP1-S. (B) Northern blot analysis 
confirming that the sunRNA diminishes TPP1-L mRNA levels but not TPP1-S mRNA levels. (C) 
Anti-FLAG immunoblot analysis showing that mutations in sunRNA region complementary to 
TPP1-L abolish silencing. (D) Sequence alignment of TPP1 homologs reveals a second primate 
specific element in TPP1 ORF (first element is aa 1-86 of TPP1-L) that is absent in rodent TPP1 
proteins. This region includes a site complementary to the sunRNA (shown in red). (E) Anti-
FLAG immunoblot analysis of lysates from cells transiently transfected with sunRNA mutants 
(defined in Figure 3.9A) and FLAG-TPP1-L show that disruption of the predicted 
complementarity between TPP1-L and the sunRNA reduces TPP1-L silencing. (F) Top: 
Replicate data for the sunRNA silencing FLAG-TPP1-L. Bottom: Bi-directional constructs for co-
expression of FLAG-tagged mouse TPP1 with Empty vector (lane 1), human TPP1 3’-UTR 
(sunRNA; lane 2), human TPP1 RC (lane 3), Empty vector (lane 4), mouse TPP1 3’-UTR (lane 
5), or the reverse complement (RC) of the mouse TPP1 3’-UTR (lane 6) were transfected into 
HeLa cells and analyzed using anti-FLAG immunoblotting. (G and H) Immunoblots from HeLa 
transfected with FLAG-TPP1-L and Empty/sunRNA/RC constructs; and siRNAs for Ago2 (F) or 
Dicer (G) knockdown. shTPP1: same as in Figure 3.7B.  
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Figure 3.12 sunRNA mediated regulation of TPP1 is specific to human TPP1 sequence but not 
dependent on any unique RNA surveillance or silencing machinery.  
(A) Amino acid sequence alignment of human TPP1-L and mouse TPP1. Residues indicated in 
red are coded by nucleotides predicted to be complementary to the human sunRNA sequence. 
Both these motifs reside in regions that are absent in mouse TPP1 protein (and mRNA). (B) 
Detailed analysis of publically available RIKEN CAGE data for the ACD locus encoding TPP1-L 
mRNA, TPP1-S mRNA, and sunRNA in the indicated fractions of the indicated cell lines. 
Combined, these data suggest that sunRNA is 5’ capped, 3’ polyadenylated, nuclear, and not 
actively engaging polysomes. Moreover, the 3’ end of the sunRNA CAGE peak is represented in 
all the tested cell lines, while the 5’ end is less conserved, suggesting that shorter sunRNAs 
(like sunRNA 1-4) are more abundant than longer sunRNAs (like sunRNA-5 and sunRNA-6. (C-
H) sunRNA-mediated silencing of TPP1-L prevails despite siRNA-mediated knockdown of 
Rrp40, Dis3 (C); Rrp6 (D); PARN (E); Mtr4 (F); LSM1, LSM8 (G); Dcp2, XRN1, or XRN2 (H).  “-” 
indicates Empty vector control. 
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Figure 3.13 TPP1-L is upregulated and TERT persists throughout spermatogenesis.  
(A) Deposited Burge lab RNA-Seq data from the indicated tissues/organs was visualized on the 
UCSC genome browser. The conspicuous abundance of TPP1-L specific reads in testes 
relative to other tissues is highlighted with a grey oval. (B) Schematic for the different stages of 
spermatogenesis. (C) Archived RNA-Seq data reveal an increase in TPP1-L abundance in 
human round spermatids relative to spermatocytes. (D) Immunoblot analysis using an anti-
rabbit TPP1 polyclonal antibody (Bethyl Laboratories) of the chromatin-associated fraction of 
cells from a biopsy of a human testis reveals a band corresponding to TPP1-L. FLAG-tagged 
TPP1-L and TPP1-S overexpression cell extracts were run in parallel as size markers.  (E) 
RNAscope staining for TERT mRNA in Formaldehyde Fixed-Paraffin Embedded (FFPE) 
sections of human testes tissue. Blue: hematoxylin staining; red: TERT mRNA. Pink arrows: 
TERT positive nuclei lining the lumen (indicative of meiotic spermatocytes and post-meiotic 
spermatids). Enlarged views of the boxed areas are shown on the right. (F) Quantitation of the 
average number of TERT positive nuclei per tubule for cells localized to the basement 
membrane (spermatogonia), cells between the basement membrane and the lumen 
(differentiating meiotic or post-meiotic germ cells), and non-germ (myoid) cells. For each of two 
biological replicates, 38 tubules were scored and the mean percentage (bar) and standard error 
of the mean (error bar) of TERT positive cells was plotted.  
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Figure 3.14 RNAscope data in human testes. 
(A) Tissue/Organ-specific isoform annotation by GTex transcriptome analysis reveals a greater 
abundance of TPP1-L than TPP1-S mRNA in testes. (B) Left: Negative control for RNAscope in 
human testes. The probe (RNAscope® Negative Control Probe-DapB; cat. # 310043) 
recognizes Bacillus subtilis strain SMY methylglyoxal synthase (mgsA) gene, dihydrodipicolinate 
reductase (dapB) gene, and YpjD (ypjD) gene, which are all absent in humans. Right: Positive 
control for RNAscope in human testes. The probe (RNAscope® Positive Control Probe - Hs-
PPIB; cat. # 313901) recognizes peptidylprolyl isomerase B (cyclophilin B) (PPIB) mRNA, which 
is moderately expressed in human cells. (C) Replicates of data shown in Figure 3.13.  
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CHAPTER IV  

Defining the Complete TPP1-TIN2 Interface 

 

 

4.1 Abstract 

 Telomeres are specialized nucleoprotein complexes that cap the ends of linear 

chromosomes to prevent their misrecognition as DNA breaks within the genome.  The 

six-protein complex shelterin relies on a network of interactions between the individual 

shelterin proteins to protect telomeric DNA from undergoing unwanted ligation, 

resection, or recombination. TIN2 is the central mediator of these interactions, bridging 

the proteins that bind to double stranded telomeric DNA, TRF1 and TRF2, to the POT1-

TPP1 heterodimer that binds the single stranded overhang. Here we show using a 

homology-based alanine scanning mutagenesis screen that the interface between TIN2 

and TPP1 is larger than suggested by existing structural information. We describe this 

additional surface on TPP1 as the TPP1 TIN2-binding motif extension, or TPP1TBM-ext 

and find that the TPP1TBM-ext is essential for promoting the TIN2-TRF2 interaction. 
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Together, our results provide a more complete picture of the TPP1-TIN2 interface and 

its importance in telomere end protection. 

 

4.2 Introduction 

The ends of linear chromosomes are capped by specialized nucleoprotein 

complexes called telomeres.  Telomeres protect chromosome ends from being 

misrecognized by DNA damage repair proteins as double stranded breaks in need of 

repair (Palm and de Lange, 2008). Telomeres are made up of two components, a 

repetitive DNA sequence (GGTTAG in humans) that begins with a long double stranded 

region and ends in a short single stranded overhang, and a six-protein complex called 

shelterin. Shelterin consists of six proteins (TRF1, TRF2, Rap1, TIN2, TPP1, and POT1) 

which together prevent the activation of the ATM and ATR kinases. To carry out this 

protective function, specific shelterin components and sub-complexes bind to telomeric 

DNA and sequester it away from DNA damage response and repair machinery, blocking 

DNA damage repair pathways from acting at chromosome ends (Palm and de Lange, 

2008).  The POT1-TPP1 heterodimer is one such shelterin sub-complex that carries out 

end protection by binding to the single stranded overhang of telomeric DNA. Using two 

N-terminal oligosaccharide/oligonucleotide (OB) domains, POT1 binds with high affinity 

and specificity to the G-rich single stranded overhang. However in the presence of 

TPP1, POT1 has an even greater affinity for the single stranded telomeric DNA (Wang 

et al., 2007). Consistent with this, POT1 is responsible for excluding RPA from the 

telomeric overhang, thus preventing the activation of ATR kinase (de Lange, 2018). 

TRF1 and TRF2 bind the double stranded telomeric DNA, with the latter blocking the 



 129 

ATM kinase response (Broccoli et al., 1997; Denchi and de Lange, 2007).  Rap1 

interacts with TRF2 to increase its specificity for GGTTAG repeats (Janouskova et al., 

2015).  Finally, TIN2 plays a central role in shelterin by bridging the POT1-TPP1 

heterodimer at the single stranded telomeric DNA to TRF1 and TRF2 at the double 

stranded telomeric DNA (Kim et al., 1999; Takai et al., 2011).  TPP1 promotes this 

interaction by increasing TIN2’s affinity for TRF2 (O'Connor et al., 2006), allowing TIN2 

to interact simultaneously with TRF2 and TPP1 (Hu et al., 2017).  Thus, TIN2 inhibits 

both ATM and ATR signaling at chromosome ends (de Lange, 2018).  

The POT1-TPP1 heterodimer is essential for repressing the ATR mediated DNA 

damage response at chromosome ends (Hockemeyer et al., 2007). Two structural 

studies depicting the C-terminus of POT1 in complex with the POT1 binding domain 

(PBD) of TPP1 gave important insights into the formation of this complex (Chen et al., 

2017; Rice et al., 2017).   In these, the C-terminus of POT1 forms an OB domain which 

makes extensive contacts with the TPP1 PBD, commensurate with their high affinity 

interaction.  Consistent with this, mutations within the TPP1-binding region of POT1 are 

associated with chronic lymphocytic and familial leukemias, suggesting that perturbation 

of this interface results in genome instability (Chen et al., 2017; Rice et al., 2017).    

TPP1 not only binds POT1, but also interacts with TIN2 through its C-terminus 

(Palm and de Lange, 2008).  A structure of the TIN2TRFH domain depicts how TIN2 can 

bind TPP1 and TRF2 simultaneously (Hu et al., 2017).  In it, the TPP1 TIN2-binding 

motif (TPP1TBM; aa 510-544) was shown to be necessary and sufficient for the TPP1-

TIN2 interaction, while the TRF2 TIN2-binding motif (TRF2TBM; aa 350-366) was able to 

bind to the TIN2TRFH simultaneously, forming a stable ternary complex.  However, this 
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structure does not explain how TPP1 promotes the interaction between TIN2 and TRF2.  

As the TPP1TBM and TRF2TBM peptides do not directly interact in this structure, it fails to 

provide an obvious mechanism for the cooperativity.  To fill in the gaps in our 

understanding of the TPP1-TIN2-TRF2 interaction, we conducted a homology directed 

mutagenesis screen to determine which residues on TPP1 were important for POT1 or 

TIN2 binding.  We found that while the POT1-TPP1 interface was relatively difficult to 

disrupt, the TIN2-TPP1 interface was relatively fragile.  We determined that the TPP1-

TIN2 interface is larger than previously appreciated, and we find that the extended 

region of this interface is essential for TPP1-mediated cooperativity.   Finally, we 

discover additional residues in TIN2TRFH which are critical for TPP1 and TRF2 binding.  

 

4.3 Results 

 

4.3.1 Homology-assisted site-directed mutagenesis of TPP1 reveals extended 

TPP1-TIN2 interaction interface 

Using a homology-directed alanine scanning mutagenesis screen we engineered 

one single amino acid mutant and ten double mutants in TPP1’s POT1-binding domain 

(TPP1-PBD) as well as six single amino acid mutants and six double mutants in the C-

terminus of TPP1 (Figure 4.1). We conducted co-immunoprecipitation experiments with 

FLAG tagged TPP1 and Myc tagged POT1 or TIN2 to determine how these mutants 

affected TPP1 binding.  Only one double mutant (L279A/L281A) in the TPP1-PBD 

showed reduced POT1 binding, while all other mutants pulled down POT1 to similar 

levels as WT TPP1 (Figure 4.2A).  This is consistent with the two published structures 
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which depict the TPP1 PBD in complex with the POT1 C-terminus (Chen et al., 2017; 

Rice et al., 2017). Within the structures, residues L279 and L281 lie at the end of the 

TPP1 PBD alpha helix 1 which is buried in a hydrophobic pocket on the surface of the 

POT1 Holliday junction resolvase-like (HJRL) domain (Figure 4.1).  Therefore, it is not 

surprising that mutation of these residues would interrupt the POT1-TPP1 interface. 

Continued POT1-TPP1 binding in the presence of most of the introduced mutations 

highlights the robustness of this interface and corroborates the notion of POT1-TPP1 

being an obligate heterodimer at mammalian chromosome ends. In contrast to the 

extensive interface between POT1 and TPP1, the TPP1-TIN2 interface was 

comparatively easy to disrupt.  Six different TPP1-TBD mutants completely abrogated 

binding to TIN2 (D496A, F500/Q501A, Y502/Y504A, P507A, R519A/L520A, 

L524A/W527A) and one mutant showed reduced binding (L511A) (Figure 4.2B). The 

residues mutated R519A/L520A and L524/W527A are observed in the protein-protein 

interface of the published structure of the TIN2TRFH domain bound to the TPP1TBM 

(Figure 4.1) (Hu et al., 2017). Residues R519 and L520 reside in the loop of the 

TPP1TBM helix-loop-helix, while residues L524 and W527 reside in helix 2.  R520, L524, 

and W527 together form part of an extended hydrophobic interface between the 

TPP1TBM and the TIN2TRFH domain. The extensive contacts between side chains of 

these residues and the residues in helixes one and two of TIN2 contribute to the 

specificity of this interaction.  Interestingly, residues D496, F500, Q501, Y502, Y504, 

and P507 are not included in the definition of TPP1TBM and thus are absent in the 

structure.  However, our co-immunoprecipitation analysis indicates that these residues 

are indistinguishably as important as the TPP1TBM residues for the TPP1-TIN2 
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interaction, suggesting that the TPP1-TIN2 interface extends beyond TPP1TBM (Figure 

4.2B). Therefore, we call this region the TBM extension, or TPP1TBM-ext. 

4.3.2 TPP1 enhances the TIN2-TRF2 interaction 

TPP1 has previously been shown to promote the interaction between TIN2 and 

TRF2 (Hu et al., 2017; O'Connor et al., 2006).  We asked if mutations in the TPP1TBM or 

TPP1TBM-ext prevent this cooperativity.  Co-immunoprecipitation experiments revealed 

that Myc-tagged TIN2 efficiently pulled down transiently co-expressed WT TPP1 and 

TRF2 on anti-MYC bound beads (Figure 4.3 lane 3).  However, TIN2 was unable to pull 

down WT TRF2 in the absence of TPP1 (Figure 4.2 compare lanes 1-3).  Co-expression 

of TPP1TBM mutant R519A/L520A was unable to rescue TRF2 binding, as TIN2 did not 

pull down TPP1R519A/L520A or WT TRF2 (Figure 4.2 lane 6). Similarly, mutants in the 

TPP1TBM-ext blocked this cooperativity as TIN2 did not pull down WT TRF2 with either 

TPP1F500A/Q501A or TPP1Y502A/Y504A (Figure 4.2 lanes 4-5). Together these data suggest 

that both the TPP1TBM and the TPP1TBM-ext are critical for promoting the TIN2-TRF2 

interaction.  

4.3.3 Extending the definition of the TPP1-binding region of TIN2TRFH 

We asked how the TPP1TBM-ext interacts with the TRFH domain of TIN2.  Using 

the solved crystal structure of the TPP1-TIN2-TRF2 complex, we conducted a second 

site-directed mutagenesis screen of four conserved and surface exposed residues in 

the TRFH domain of TIN2 proximal to the N-terminus of the TPP1TBM peptide (Figure 

4.4A).  We asked how mutation of these residues to alanine affected binding to WT 

TPP1 and TRF2.  As expected, the previously characterized TIN2A15R mutation, which 

abrogates the interaction between TIN2 and TPP1, was unable to pull down WT TPP1 
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or TRF2 (Figure 4.4B lane 3).  In contrast, TIN2S160A pulled down TPP1 and TRF2 as 

well as WT TIN2, suggesting that this residue is not important for the TPP1 or TRF2 

interaction (Figure 4.4B lanes 2 and 7).  Interestingly, mutation of either TIN2 F152 or 

TIN2 E153 to alanine resulted in a complete loss of TPP1 and TRF2 binding (Figure 

4.4B lanes 4-5). These residues reside on the opposite face of the TIN2TRFH from the 

region that interacts with the TPP1TBM peptide, about 20 Å away from the N-terminus of 

the TPP1TBM (Figure 4.4C). Therefore, these residues likely contact the TPP1TBM-ext but 

not the TPP1TBM.  Finally, mutation of residue W198 of TIN2TRFH resulted in a partial 

loss of TPP1 and TRF2 binding (Figure 4.4B lane 7).  Together these data expand on 

our understanding of the TIN2-TPP1 interface and suggest that it is more extensive than 

suggested by previous studies.  

4.4 Discussion 

Using a homology directed mutagenesis screen we discovered that the TPP1-

TIN2 interface is larger than previously appreciated. We found that TPP1 amino acids 

496-507, as well as the previously characterized amino acids 510-544 of the TPP1TBM, 

are critical for facilitating the interaction between TPP1 and TIN2. Therefore, we call this 

region the TPP1 TIN2-binding motif extension, or TPP1TBM-ext. The TPP1TBM-ext is not 

only critical for TIN2 binding, but it is also essential for bolstering the TIN2-TRF2 

interaction. Finally, we discover additional residues within TIN2 which likely interact with 

the TPP1TBM-ext.  

Previous studies have implicated TPP1 in promoting the TIN2-TRF2 interaction 

(O'Connor et al., 2006), yet a molecular mechanism for this cooperativity remains 

unknown.  Future structural studies which aim to characterize the full TPP1-TIN2 
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interaction in the absence of TRF2 as well as the complete TPP1-TIN2-TRF2 complex 

may give significant insight into the mechanistic underpinnings of this cooperativity.  

However, the TPP1-TIN2 interface is only half of this mechanism.  As a result of a TIN2-

TPP1 interaction, the TIN2TRFH-TRF2 interaction makes up the second half of this 

cooperative binding. Future studies should work to biochemically characterize this 

shelterin interface in detail, determining the minimum portion of TRF2 that is needed to 

confer cooperativity as well as the change in affinity that occurs between TIN2 and 

TRF2 upon TPP1 binding.  

We found that TIN2 mutations at F152 and E153 abrogate TPP1 binding. These 

residues do not bind the TPP1TBM or TRF2TBM in the published structure, but instead 

point outward on the opposite face of the TIN2TRFH structure from the surface which 

interacts with the TPP1TBM peptide.  Future structural studies will determine if these 

residues interact with the TPP1TBM-ext or an uncharacterized portion of the TPP1-TIN2 

interface. Although the TPP1TBM and TRF2TBM do not directly interact, it is intriguing to 

envision that a larger TPP1-TIN2-TRF2 complex may exhibit further structural contacts 

that have not previously been characterized.  TIN2 residue E153 is less than 10 Å from 

the C-terminus of the TRF2TBM peptide.  If the TPP1TBM-ext interacts with TIN2E153, it is 

reasonable to propose that the TPP1TBM-ext would be within close proximity to TRF2, 

invoking a protentional direct interaction between the two proteins when they are both 

bound to TIN2.  This would not only give a molecular mechanism to their cooperativity, 

but it would also describe a new shelterin interaction.   

Together, these data describe an additional segment of the TPP1-TIN2 interface 

and suggest novel interfaces within shelterin that have evaded previous inspection.  
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Future studies which characterize each shelterin interaction will be essential for 

deciphering the importance of these shelterin subcomplexes in telomere function.  

 

4.5 Materials and methods 

 

4.5.1 Molecular cloning and site-directed mutagenesis 

All TPP1 mutations were introduced into the p3x-FLAG-TPP1-cDNA6/Myc-HisC 

vector using QuikChange® Site-Directed Mutagenesis Kit (Agilent Technologies) and 

complementary mutagenic primers (Integrated DNA Technologies).  The resulting 

FLAG-TPP1 plasmids were sequenced to confirm the presence of the intended 

mutation and the absence of errors that may have been introduced during PCR 

amplification.  3x-FLAG-tagged TRF2 and 6x-MYC-tagged POT1 and TIN2 for human 

cell expression were cloned into the pTET-IRES-eGFP-Bi4 vector for use in co-

immunoprecipitation experiments.  Additionally, 6x-MYC-tagged TIN2 and 3x-FLAG-

tagged TIN2 and TRF2 were cloned into a pcDNA3 derived vector.  This pcDNA3 

derived 3x-FLAG-tagged TIN2 vector was then used for subsequent site-directed 

mutagenesis exactly as described above to generate FLAG-TIN2A15R, FLAG-TIN2F152A, 

FLAG-TIN2E153A, FLAG-TIN2S160A, and FLAG-TIN2W198A.   

4.5.2 Co-immunoprecipitation 

Co-immunoprecipitation experiments were performed exactly as described 

previously (Grill et al., 2018). Briefly, HeLa-EM2-11ht cells were transfected with 1 µg of 

each plasmid.  24-48 hours after transfection, cells were trypsinized, resuspended in 

medium containing 50% FBS, and pelleted. Cells were then resuspended in 400 µL of 
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lysis buffer (50 mM Tris-Cl (pH 7.6), 20% glycerol, 1 mM EDTA, 150 mM NaCl, 0.5% 

Triton X-100, 0.02% SDS, 1 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 

complete protease inhibitor cocktail [Roche]) and kept on ice.  33 µL of 4 M NaCl, and 

433 µL of water was added and lysates were spun down using centrifugation. 40 µL of 

supernatant was then added to SDS gel loading buffer and kept aside for analysis of 

input samples. Remaining lysate was used directly for immunoprecipitation.  For FLAG 

immunoprecipitation, lysate was added to 30 µL of pre-washed anti-FLAG M2 affinity 

gel (Sigma; A2220) and nutated overnight at 4°C. For Myc immunoprecipitation, 5 µL of 

c-Myc antibody (DSHB; 9E 10) was added and lysates were incubated for 2-4 hours at 

4°C. After antibody incubation, lysate was transferred to tubes containing 30 µL of pre-

washed protein A/G agarose (Pierce; 20421) and nutated overnight at 4°C. After 

overnight incubation, beads were washed and protein was eluted from the beads by 

adding 60 µL of 2X SDS gel loading buffer.  All samples were analyzed by SDS-PAGE 

followed by immunoblotting with HRP conjugated FLAG or Myc antibodies. 

4.5.3 Immunoblotting 

Immunoblotting was performed using standard procedures and exactly as 

described previously (Grill et al., 2018).  The following antibodies were used for 

detection with chemiluminescence by ECL plus reagents (Pierce ECL Western Blotting 

Substrate; Thermo Scientific): mouse monoclonal anti-FLAG M2-HRP conjugate 

(Sigma; A8592; 1:10,000) and mouse monoclonal anti-c-Myc (9E10) HRP conjugate 

(Santa Cruz; sc-40 HRP; 1:10,000). The data were visualized using a gel-

documentation system (ChemiDoc™ MP System; BioRad).  
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4.5.4 HeLa cell culture  

HeLa-EM2-11ht cells were cultured exactly as described previously (Grill et al., 

2018) at 37°C in the presence of 5% CO2 and propagated in modified DMEM (Dulbecco’s 

Modified Eagle Medium; Gibco 11995-065) medium containing 100 U/mL penicillin, 100 

µg/mL streptomycin, and 10% fetal bovine serum. 
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4.6 Figures and Tables 

 

 

Figure 4.1 Mutagenesis screen to identify the TPP1-POT1 and TPP1-TIN2 interaction surfaces.  
Sequence alignment of the human TPP1 POT1- and TIN2-binding domains along with 
additional mammalian orthologs. Mutated residues are shown in red. Brackets indicate two 
residues simultaneously mutated (double mutant) and amino acid numbers represent the 
human sequence. Asterisks, colons, and periods beneath the sequence lineups represent 
identical residues, strongly conserved residues, and weakly conserved residues respectively, as 
described by the MUSCLE algorithm. Predicted a helices are shown as cylinders underneath 
the sequence alignment as predicted by SWISS-MODEL (Waterhouse et al., 2018).  The 
structure of the POT1 C-terminus bound to the TPP1 PBD (PBD: 5UN7) is shown above the 
TPP1 domain diagram with POT1 shown in grey and TPP1 shown in yellow.  TPP1 mutant 
L179A/L181A is highlighted in red.  Structure of the TIN2TRFH-TPP1TBM-TRF2TBM complex (PBD: 
5XYF) is shown below the TPP1 domain diagram with TIN2 represented in grey, TRF2TBM 
represented in purple, and TPP1TBM represented in pink. TPP1TBD mutants are highlighted in 
red. 
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Figure 4.2 Mutations in the TPP1PBD and the TPP1 C-terminus disrupt POT1 or TIN2 binding.  
A) Pulldown of transiently expressed FLAG-TPP1PBD mutants on anti-FLAG conjugated beads 
with Myc-POT1. B) Pulldown of transiently expressed FLAG-TPP1 C-terminus mutants on anti-
FLAG conjugated beads with Myc-TIN2. 
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Figure 4.3 Mutations in the TPP1TBM and TPP1TBM-ext disrupt cooperativity of the 
TPP1-TIN2-TRF2 interaction.  
Anti-Myc antibody bound Myc-TIN2 was pulled down on protein A/G agarose beads 
with transiently expressed FLAG-TRF2 and indicated FLAG-TPP1 construct.   
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Figure 4.4 Mutations in TIN2 alpha helix 7 result in loss of TPP1 and TRF2 binding.  
A) Sequence conservation of the TIN2 TRFH domain.  Residues examined in this study are labeled 
above the aligned sequence with red denoting amino acids whose mutation impaired the TPP1-
TIN2 interaction and black denoting amino acids whose mutation did not affect TPP1-TIN2 binding.  
B) Pulldown of indicated FLAG-TIN2 construct on anti-FLAG conjugated beads with WT Myc-TRF2 
and Myc-TPP1. C) Structure of the TIN2TRFH (grey)-TPP1TBM (pink)- TRF2TBM (lilac) complex (PDB: 
5xyf; (Hu et al., 2017)).  TIN2 residues whose mutation impact binding to TPP1 and which likely 
contact the TPP1TBM-ext are shown in yellow, TIN2K160A is shown in green, and TPP1TBM mutants are 
shown in red. 
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CHAPTER V  

Concluding Remarks and Future Directions 

 

 

5.1 Overview 

In this thesis, I have introduced the mechanisms by which telomerase and the 

shelterin protein complex solve the end protection and end replication problems in 

human cells (chapter one).  I have discovered a region on the N-terminus of the OB 

domain of TPP1 that is critical for telomerase action and contributes to the species-

specificity of the TPP1-telomerase interaction (chapter two).  I have discussed the 

properties of two separation-of-function isoforms of TPP1 and shown how these 

isoforms regulate telomerase in somatic and germ cells (chapter three).  Finally, I have 

detailed the POT1 and TIN2 binding surfaces on TPP1 and identified the entire TPP1-

TIN2 interface that confers cooperativity with TRF2 (chapter four).  In this final chapter, I 

reflect on these findings and extrapolate on their implications, highlighting unresolved 

questions and suggesting future directions. 



 143 

5.2 The N-terminus of the OB domain of TPP1 and its role in telomerase action 

In chapter two I discussed the importance of the N-terminus of the OB (NOB) of 

TPP1 for telomerase function.  Deletion of the NOB drastically reduces TPP1-mediated 

telomerase processivity in vitro, results in loss of telomerase recruitment to the 

telomere, and shortens telomeres in cells.  Unlike the TPP1 TEL patch, which is 

conserved between human and mouse TPP1, the NOB region in mice is distinct.  

Simply swapping out the mouse NOB for that of the human allows mouse TPP1 to 

stimulate human telomerase, suggesting that the NOB region of TPP1 contributes to the 

species-specificity of the TPP1-telomerase interaction.  Mapping the NOB region and 

the TEL patch on the TPP1 OB crystal structure suggests that these regions exist as 

two distinct binding clefts that interact with telomerase.  Together, these distinct 

surfaces on TPP1 are critical for telomerase function.  

The primarily acidic TEL patch has already been implicated in binding the highly 

basic TEN domain of TERT (Schmidt et al., 2014), thus we initially speculated that the 

primarily hydrophobic NOB may contact a similarly hydrophobic portion of telomerase.  

However our view of this interaction has evolved with the publication of the 4.8 Å cryo-

EM structure of Tetrahymena telomerase (Jiang et al., 2018).  Prior to this structure, the 

9 Å cryo-EM Tetrahymena structure showed that the unmodeled region ascribed to the 

insertion in fingers domain (IFD), which has previously been implicated in telomerase 

recruitment to the telomere, is located proximal to the TEN domain and p50, the 

Tetrahymena ortholog of human TPP1.  In the higher resolution structure, the modeled 

IFD coalesces with the TEN domain to form a single interaction surface.  Although 

solved at lower resolution, the most recent human telomerase cryo-EM structure is 
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consistent with the Tetrahymena structure, depicting similarly juxtaposed TEN and IFD 

domains.  Together these structural models and biochemical data suggest that the NOB 

and TEL patch may reorient to bind TERT not as two individual interactions, but instead 

as a single surface that contacts both the TEN domain and IFD of TERT.  Future 

structural and functional studies focused on determining the residues on TERT that are 

important for the telomerase-TPP1 interaction will be essential for understanding this 

multifaceted interface.  

The TPP1-telomerase interaction is species-specific, as mouse TPP1 cannot 

stimulate human telomerase (Zaug et al., 2010).  Simply swapping in the human NOB 

allows mouse TPP1 to stimulate human telomerase, albeit not to wild-type levels.  This 

partial rescue suggests that other residues in TPP1 that contribute to this species-

specificity remain to be discovered.   By simply aligning the mouse and human TPP1 

protein sequences and determining which residues are mouse-specific, swapping them 

with the equivalent human residues, and determining their effect on human telomerase 

stimulation, we may be able to pinpoint other residues that are essential for the human 

TPP1-telomerase interaction.  Importantly, this same process can be adopted to probe 

for residues in TERT that contribute to species-specific TPP1 binding.  By exploiting 

these differences, along with structural studies, we can define the entire human TPP1-

telomerase interface.  

Since our publication defining the NOB region of TPP1, a study was published 

describing two unrelated individuals with dyskeratosis congenita-like phenotypes with 

novel homozygous mutations in the NOB (Tummala et al., 2018).  Both patients had 

very short telomeres, with one patient’s telomere lengths falling below the first percentile 
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for his age.  Similar to DC patients with the TPP1DK170 mutation, patient’s with NOB 

mutations also exhibit genetic anticipation, as this patient’s parents also had short 

telomeres.  Together with our biochemical and cell-based studies, these clinical data 

underscore the significance of the NOB region as being essential for telomerase action 

and provide evidence of its biological importance in human health. 

5.3 The separation-of-function of TPP1-L and TPP1-S and its effect on germline 

biology 

 In chapter three I examined two isoforms of TPP1: TPP1-S which initiates at 

methionine 87, and TPP1-L which initiates at methionine one.  Although TPP1-L and 

TPP1-S differ in only 86 amino acids at their N-terminus, overexpression of TPP1-S in 

human cells leads to telomere hyperelongation while overexpression of TPP1-L results 

in telomere shortening.  I found that three arginine residues in the N-terminus of TPP1-L 

specifically restrict telomerase activation at telomeres.  While TPP1-S is the major 

isoform in all somatic cells, TPP1-L is specifically upregulated in the differentiating germ 

cells of the testes, where telomerase expression persists.     

 To my knowledge this is the first report of a TPP1 variant which can fully recruit 

telomerase to the telomere but leads to a loss of telomerase activity.  While I show that 

three arginine residues specific to TPP1-L are essential for this loss, mutation of them to 

alanine does not fully rescue telomerase activity or telomere length back to TPP1-S 

levels.  Consequently, there are likely to be other residues within the first 86 amino 

acids of TPP1-L that are also important for blocking telomerase action.  Interestingly an 

N-terminal FLAG tag on TPP1-S was recently shown to be detrimental to telomere 

elongation, suggesting that any bulk that is N-terminal to the TPP1 OB domain will 
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negatively impact TPP1’s ability to stimulate telomerase processivity (Sandhu et al., 

2019).  However our finding that mutation of the three arginine residues partially 

rescues this phenotype suggests that bulk is not the only factor mediating this process.  

Future studies should aim to pinpoint the residues that are important for this inhibition 

and fully characterize the region of TPP1-L that is essential for this function.   

The mechanism by which TPP1-L inhibits telomerase remains to be elucidated.  

Future structural analysis of TPP1-L bound to telomerase would greatly facilitate our 

understanding of this inhibition.  The recently solved cryo-EM structure of Tetrahymena 

telomerase bound to the TPP1 ortholog p50 reveals that the N-terminus of p50 is 

located in a pocket bordered by components of TERT (including the TEN domain, IFD, 

and catalytic core) as well as the TEB proteins that are essential for processivity of 

telomerase in Tetrahymena (Figure 5.1) (Jiang et al., 2018).  The size of this pocket is 

small, with the C-a backbone of the N-terminus of p50 only 8 Å away from the TEN 

domain or the IFD, and 20 Å from the telomerase RNA or the catalytic core of TERT.  

Based on the Tetrahymena structure, we created a homology model of human 

telomerase bound to the human TPP1 OB domain.  In this homology model, the N-

terminus of the TPP1 OB domain is similarly situated adjacent to the TEN-IFD interface.  

Given our current understanding of how TPP1 and telomerase interact, it is hard to 

envision how the N-terminal 86 amino acids specific to TPP1-L could be accommodated 

in the current structural model.  I propose that the N-terminus of TPP1-L is sterically 

precluded from residing in this cavity between TPP1 and telomerase.  Instead, I predict 

that the structure of TPP1-L bound to telomerase would be distinctly different from our 

current model of the TPP1-S-telomerase interaction.  Nonetheless, TPP1-L recruits 
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telomerase to telomeres with equal efficiency as TPP1-S, implying that the TEL patch 

and NOB regions of TPP1-L remain able to interact with their corresponding binding 

partners on TERT.  While this insinuates that the TPP1 OB domain would be positioned 

equivalently in both scenarios, a true understanding of the similarities and differences in 

how TPP1-S and TPP1-L bind and regulate telomerase will have to await the structural 

characterization of both complexes.  

 We found that TPP1-S is the major isoform in all somatic cells and embryonic 

stem cells, while TPP1-L is specifically expressed in the differentiating germ cells of the 

testes.  Our analysis in HeLa cells suggests that TPP1-L specifically blocks telomerase 

action at telomeres, however more work is needed to fully understand if this function 

translates to cells in the testes.  The first step in understanding this function is to confirm 

the expression and regulation of telomerase in these cells.  Here we show that TERT 

mRNA persists throughout spermatogenesis, however follow-up experiments should 

determine the amount of functional telomerase RNP that persists after differentiation of 

spermatagonial stem cells.  While TERT mRNA expression can be used as a crude 

indicator of functional telomerase, experiments which detect telomerase activity are 

essential for clearly determining the amount of assembled and active telomerase that 

exists in any given system.  Biochemical experiments which probe telomerase 

expression and activity throughout spermatogenesis could give great insight into the 

role of telomerase in differentiating germ cells.  If telomerase expression remains 

throughout spermatogenesis, yet telomerase activity is reduced in spermatids and other 

differentiating germ cells, this could evoke the role of TPP1-L in preventing telomerase 

activity in these cells.   
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While a decrease in telomerase activity would provide significant correlative 

evidence that TPP1-L blocks telomerase in germ cells, true causative evidence would 

require cell specific knockout of TPP1-L.  Hypothetically, if we were able to edit the 

genome of human spermatogonial stem cells to prevent expression of TPP1-L, we 

could monitor the telomere lengths of edited cells as they differentiate.  While we would 

expect the telomere lengths in wild-type cells to stay relatively stable, those cells which 

lack TPP1-L would show telomere length increases throughout differentiation.  This 

would not only provide direct evidence of TPP1-L’s function in germ cells, but it would 

also provide additional credence for continued telomerase expression throughout 

spermatogenesis.  Interestingly, human sperm telomere length has been shown to 

increase with age (Antunes et al., 2015).  This telomere elongation is especially unusual 

in nature, as even stem cells which stably express telomerase only just maintain 

telomere length.  While the mechanism for this is unknown, it is appealing to 

hypothesize that consistent telomerase expression during spermatogenesis would allow 

for modest telomere length increases over the course of a species’ lifetime.  TPP1-L 

may function to block hyperelongation of these telomeres, as excessive telomere 

elongation could compromise telomere stability (Rivera et al., 2017), but low-levels of 

TPP1-S protein in these cells (translated perhaps from the TPP1-L mRNA itself) may be 

enough to lead to the relatively small increase in telomere length seen in sperm as men 

age.  Unfortunately, current technical challenges have prevented the further 

characterization of TPP1-L and telomerase in human testes.  These experiments 

require accurate sorting of human testes cells to separate spermatagonial stem cells 

from the differentiating germ cells, a process that is not currently optimized for the 
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human system.  Once sorted, the spermatagonial stem cells would need to be cultured 

and manipulated for genome editing, cell biology, or biochemistry.  Even if these 

experiments were technically feasible, a large amount of fresh human sample would be 

needed to even begin answering these questions.  Because of these challenges, it 

might be most prudent for future research to focus on TPP1-L and telomerase in the 

germ cells of other primates, such as monkeys.  

Interestingly, while telomerase activity is readily detectable in spermatagonial 

stem cells, no telomerase activity is detected in human sperm (Wright et al., 1996).  Yet 

our studies demonstrate that TERT expression persists in the differentiating germ cells 

of the testes, suggesting that telomerase may be present, but not active, in these cells.  

One potential explanation for this phenomenon would be the presence of TPP1-L, and 

possibly telomerase, at chromosome ends in human sperm cells.  This would allow 

telomerase to remain bound to TPP1-L throughout spermatogenesis, while preventing 

telomerase action at telomeres in both the actively differentiating germ cells and the 

mature sperm.  This telomerase would then be poised at chromosome ends in sperm to 

elongate telomeres once fertilization takes place.  Curiously, ninety percent of the 

human spermatid genome is packaged by protamines, small arginine-rich proteins that 

condense the genome into a genetically inactive state (Balhorn, 2007).  However 

telomeric DNA is part of the ten percent of the human spermatid genome which is still 

packaged by histones (Zalenskaya et al., 2000).  This suggests that while the majority 

of the human spermatid genome is bound only by protamines, shelterin could still reside 

on the histone packaged telomeric DNA of mature sperm.  Future studies should 
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determine if shelterin stays bound to telomeric DNA in human sperm, and if telomerase 

continues to interact with TPP1-L in this context.  

 It is interesting to consider the reasons why TPP1-L may have evolved to 

function specifically in the germ cell niche.  The absence of TPP1-L and the lack of 

telomerase regulation in mice gives credence to the idea that TPP1-L became an 

evolutionary necessity only when telomerase regulation became essential for long lived 

mammals.  While mice express telomerase in all cells, higher primates must block 

telomerase expression in most somatic cells to prevent unwanted cell division.  Germ 

cells are no exception to this, as unwanted cell division during oogenesis or 

spermatogenesis could lead to the same cancerous outcomes as unwanted cell division 

in somatic cells.  Yet germ cells must contend with an added complication.  They must 

be able to quickly reactivate telomerase after fertilization to support the replicative 

capacity of an emerging embryo.  Thus, we hypothesize that telomerase is not shut 

down in germ cells, but instead temporarily restricted from acting at telomeres until 

fertilization. TPP1-L elegantly solves this problem by blocking telomerase action while 

still allowing telomerase expression to remain unchanged.  Our study focuses solely on 

this process in testes, however future studies should determine if TPP1-L is similarly 

upregulated during oogenesis to block telomerase action in ovaries.  Understanding 

these processes in spermatogenesis and oogenesis has far reaching implications in 

both telomere biology and human health.  Does mutation or repression of TPP1-L result 

in a greater propensity for germ cell tumors?  Does increased expression of TPP1-L in 

germ stem cells result in telomere shortening and a decrease in reproductive capacity? 

Understanding the TPP1-telomerase relationship in this biological niche can provide 
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unparalleled insight into human reproductive telomere biology that has been greatly 

under studied until now.   

5.4 The end-protection surfaces of TPP1 

 In chapter four I conducted a homology directed mutagenesis screen to 

determine the residues on TPP1 that are important for POT1 or TIN2 binding.  I 

engineered eleven mutants in the POT1-binding domain (PBD) of TPP1 and twelve 

mutants in the TIN2-binding domain (TBD) of TPP1.  Only one double mutant in the 

PBD affected the POT1-TPP1 interaction, while six mutants in the TBD completely 

abrogated the TPP1-TIN2 interaction.  These mutants show that the TPP1-TIN2 

interface is larger than previously appreciated.  This region is not only important for 

TIN2 binding, but it also enhances the interaction between TIN2 and TRF2.  Mutants in 

both the newly discovered portion of the interface, as well as the previously 

characterized portion of the interface, prevent this cooperativity.  Using the published 

structure of the TPP1-TIN2-TRF2 complex, I conducted a second mutagenesis screen 

that targeted conserved surface exposed residues in TIN2 that were proximal to the 

known TPP1 binding region.  I found three TIN2 residues that are essential for TPP1 

binding but were not previously implicated in the TPP1-binding region of TIN2. 

 TPP1 has three known protein interaction domains, the OB domain which binds 

telomerase, the PBD which binds POT1, and the TBD which interacts with TIN2.  

Previous mutagenesis of the TPP1 OB domain led to the discovery of the TEL patch, 

which is the surface on TPP1 that is responsible for interacting with TERT (Nandakumar 

et al., 2012).  In both the OB domain and the TBD, multiple single or double mutants 

were capable of disrupting the interaction between TPP1 and either TERT or TIN2.  Of 
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the fourteen OB mutants that were analyzed, eight resulted in a defect in TERT binding, 

while six mutants in the TBD resulted in loss of TIN2 binding.  These screens suggest 

that both the TPP1-TERT interface and the TPP1-TIN2 interface are relatively easy to 

disrupt.  In stark contrast, the POT1-TPP1 interaction was extremely difficult to disrupt, 

as only one of the eleven mutants showed even a partial defect in POT1 binding.  This 

extensive interaction surface is consistent with POT1-TPP1 acting as an obligate 

heterodimer in cells.   

 While it is reasonable to expect the TPP1-TERT interaction to be relatively weak 

because of its transiency, it is less obvious as to why the TPP1-TIN2 interaction is 

similarly easy to disrupt.  In cells, both TPP1 and POT1 rely on TIN2 for telomere 

localization, making this interaction essential for both the end protection function of 

shelterin and the end replication function of TPP1.  Deletion of either TIN2 or POT1 

results in a similar ATR mediated DNA damage response at telomeres, suggesting both 

proteins play essential roles in the shelterin complex.  Yet the POT1-TPP1 interaction 

surface is significantly more extensive than that of TPP1-TIN2.  One explanation for this 

disparity is the need to form of shelterin sub-complexes at chromosome ends.  TIN2 is 

significantly more abundant at telomeres than either POT1 or TPP1, suggesting that a 

majority of TIN2 molecules at the telomere are not bound to the TPP1-POT1 

heterodimer (Takai et al., 2010).  In contrast, POT1 and TPP1 have a similar 

abundance, supporting the idea of an obligate POT1-TPP1 heterodimer at the single 

stranded tail, which represents only a small fraction of the total telomeric DNA.  While 

the extensive interaction between POT1 and TPP1 may preclude formation of any 

shelterin sub-complexes that deplete TPP1 from the single stranded telomeric DNA, the 
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weaker interaction between TPP1 and TIN2 may support the formation of shelterin sub-

complexes which allow TIN2 to reside at the double stranded telomeric DNA without 

POT1 or TPP1.   

 The high affinity interaction between POT1 and TPP1 is easily explained by the 

need for TPP1 to increase POT1’s stability on single stranded telomeric DNA, as well as 

recruit telomerase to the single stranded telomeric DNA end.  Additionally, the weaker 

TIN2-TPP1 interaction may be central to the formation of shelterin sub-complexes on 

both the single stranded and double stranded portions of the telomere.  However the 

underlying need for cooperativity between TRF2, TIN2, and TPP1 is more difficult to 

explain.  This cooperativity suggests that the formation of a TRF2-TIN2-TPP1 sub-

complex is favored over a TIN2-TRF2 sub-complex.  However TRF2 has not been 

implicated in any end replication function and has not been shown to be important for 

the telomeric localization of TIN2, TPP1, or POT1.  The main function of TRF2 is to 

prevent an ATM mediated DNA damage response at telomeres by binding to the double 

stranded telomeric DNA, yet it can fully perform this function in the absence of TPP1. 

Thus, it is unclear why a TRF2-TIN2-TPP1 complex would be preferential for end 

protection or end replication.   

 Despite TPP1 being sufficient for enhancing the TRF2-TIN2 interaction, a TRF2-

TIN2-TPP1 sub-complex is unlikely to exist at the telomere.  Because TPP1 is rarely 

found without POT1, and similarly TRF2 is thought to always interact with Rap1, the 

likely shelterin sub-complex that would form is that of Rap1, TRF2, TIN2, TPP1 and 

POT1.  This complex could bridge both the single stranded and double stranded regions 

of the telomeric DNA through binding of POT1 and TRF2.  Interestingly, this importance 
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of the single stranded/double stranded intersection has also been noted in the formation 

of t-loops, which are dependent on TRF2 binding the double stranded telomeric DNA 

near the junction (Stansel et al., 2001).  Therefore, it is intriguing to ask if this shelterin 

sub-complex may be important for the formation or resolution of t-loops, which would 

provide a binding site for both TRF2 and POT1 in close proximity.  In support of this 

theory, POT1 also contains a Holliday junction resolvase-like domain which may be 

important for resolution of T-loops, however currently there is no biochemical evidence 

to suggest that this domain retains resolvase activity (Chen et al., 2017; Rice et al., 

2017).  

Finally, it is intriguing to speculate about the importance of these shelterin sub-

complexes in the recruitment and processivity of telomerase.  Although TPP1 is the only 

shelterin protein known to directly recruit telomerase to the telomere, how telomerase 

specifically finds the far 3’ end of the single stranded tail remains unknown.  The single 

stranded telomeric DNA spans 300 nucleotides on average in humans, allowing for the 

binding of up to 25 POT1-TPP1 heterodimers.  To add to this, an average of 65 POT1-

TPP1 heterodimers are found at human telomeric DNA (Takai et al., 2010), suggesting 

that some of these reside in the double stranded region.  Each of these TPP1 molecules 

can, in principle, recruit telomerase to its location on the telomeric DNA.  Yet telomerase 

must find the far 3’ end in order to extend the telomeres.  It is possible that this process 

occurs through simple one-dimensional diffusion of telomerase as it moves from one 

TPP1 to another along the length of telomere until it contacts its substrate at the 3’ end.  

However the relative sparsity of telomerase compared to telomere ends and the short 

time frame with which telomerase must act suggests that this process is not mediated 
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solely by diffusion from one TPP1 to the next, but instead may be a targeted process by 

which telomerase is recruited specifically to the far 3’ tail of the telomere.  This could be 

achieved through the formation of larger shelterin sub-complexes, such as the TRF2-

TIN2-TPP1 based sub-complex, which could have a greater impact on telomerase 

recruitment than TPP1 alone.  Indeed, a complex containing Rap1, TRF2, TIN2, TPP1, 

and POT1 increased stimulation of telomerase processivity in vitro compared to POT1-

TPP1 alone (Lim et al., 2017), suggesting that larger shelterin sub-complexes may be 

important for mediating telomerase recruitment and processivity.  

Although it is possible for shelterin to exist as a six-membered complex, it is 

indisputable that shelterin sub-complexes must also form on the telomeric DNA. 

Previous studies in TPP1 have determined separation-of-function mutants which disrupt 

the TPP1-TERT interaction but leave the TPP1-POT1 and TPP1-TIN2 interactions 

unaffected (Nandakumar et al., 2012).  Now, with the additional mutagenesis screens I 

have conducted, it will be possible to probe each individual protein binding surface on 

TPP1.  Future research should be dedicated to finding and characterizing separation-of-

function mutations within every shelterin interaction surface.  Using this detailed 

analysis, researchers can parse out the end-protection and end-replication functions of 

each of these important proteins and their effect on telomere biology. 
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5.5 Figures and Tables 

 
Figure 5.1 Structure of Tetrahymena thermophila telomerase.  
Depiction of the cryo-EM structure of Tetrahymena telomerase, with an enlarged view of the 
boxed area shown on the right.  p50, the TPP1 ortholog in Tetrahymena, is shown in pink.  A red 
arrow points to Met1 in Tetrahymena p50, which corresponds to Met87 of the human TPP1 
protein.  The TEN domain of TERT is shown in dark blue and the IFD is shown in cyan.  The 
catalytic core of TERT is shown in dark gray while the telomerase RNA is represented in black.  
The TEB proteins are depicted in light grey. 



 157 

 

Appendix A  

A Lentivirus-Free Inducible CRISPR-Cas9 System for 

Efficient Targeting of Human Genes3 

 

 

 

A.1 Abstract 

CRISPR-Cas9 is a cutting-edge tool for modifying genomes.  The efficacy with 

which Cas9 recognizes its target has revolutionized the engineering of knockouts.  

However this efficacy complicates the knocking out of important genes in cultured cells.  

Unedited cells holding a survival advantage within an edited population can confound 

the knockout phenotype.  Here we develop a HeLa-based system that overcomes this 

limitation, incorporating several attractive features.  First, we use Flp-recombinase to 

generate clones stably integrated for Cas9 and guide RNAs, eliminating the possibility 

 

3 A modified version of this appendix is published in Analytical Biochemistry (DOI: 
10.1016/j.ab.2017.05.001).  I helped create the pG1G2-FLAG-Cas9-F3 vector with Kamlesh Bisht and 
Jacqueline Graniel.  Kamlesh Bisht performed all experiments using the final vector including stable cell 
line generation, AGO2 and DICER targeting, and surveyor assays.  
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of unedited cells.  Second, Cas9 can be induced uniformly in the clonal cultures using 

doxycycline to measure the knockout phenotype.  Third, two genes can be 

simultaneously knocked out using this approach.  Finally, by not involving lentiviruses, 

our method is appealing to a broad research audience.  Using this methodology, we 

generated an inducible AGO2-knockout cell line showing normal RNA interference in 

the absence of doxycycline.  Upon induction of Cas9, the AGO2 locus was cleaved, the 

AGO2 protein was depleted, and RNA interference was compromised.  In addition to 

generating inducible knockouts, our technology can be adapted to improve other 

applications of Cas9, including transcriptional/epigenetic modulation and visualization of 

cellular DNA loci.   

A.2 Introduction 

The CRISPR-Cas (clustered regularly interspaced short palindromic repeats-

CRISPR associated) system found in several bacteria and archaea embodies an 

adaptive immune mechanism that relies on faithful recognition of specific nucleic acid 

sequences (Barrangou et al., 2007; Hsu et al., 2014; Ishino et al., 1987; Jansen et al., 

2002; Kunin et al., 2007; Labrie et al., 2010; Makarova et al., 2011; Mojica et al., 2000; 

Wright et al., 2016).  Detailed investigation of the mechanism by which the CRISPR-Cas 

system recognizes and degrades foreign DNA sequences has fueled the emergence of 

a new era of genome editing (Gasiunas et al., 2012; Hale et al., 2008; Hale et al., 2012; 

Hale et al., 2009; Jinek et al., 2012; van der Oost et al., 2014).  Several clades of 

CRISPR-Cas mediated interference systems exist, yet Cas9 from Streptococcus 

pyogenes (SpCas9) is the most extensively used member of the Cas9 endonuclease 

family (Anders et al., 2014; Jiang and Marraffini, 2015; Nishimasu et al., 2015; 
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Nishimasu et al., 2014).  Although the natural function of SpCas9 (hereby referred to as 

Cas9) is to cleave infecting phage DNA, Cas9 and its accessory RNA elements have 

been engineered to recognize and/or cleave DNA, both in vitro (Gasiunas et al., 2012; 

Jinek et al., 2012) and in several eukaryotic model organisms (Sander and Joung, 

2014).  Cas9 is an RNA-guided DNA endonuclease that forms a complex with a pair of 

RNA molecules: a guide or CRISPR RNA (crRNA) and an accessory trans-activating 

CRISPR RNA (tracrRNA).  This ribonucleoprotein complex binds to the genomic target 

via Watson-Crick base pairing through information provided by the guide RNA, and 

Cas9 cleaves the double stranded DNA target.  For genome-editing applications, the 

crRNA and the tracrRNA can be fused to create a single RNA molecule termed as 

sgRNA (Jinek et al., 2012).  The superior ability of Cas9 to recognize its DNA target, in 

even the most complex of eukaryotic genomes, is what qualifies Cas9 as a powerful tool 

for editing genomes.  In addition to representing an excellent advancement in 

biotechnology, CRISPR-Cas9 also holds immense promise for the cure of genetically 

defined diseases that remain intransigent to other forms of therapy (Cox et al., 2015; 

Suzuki et al., 2016).    

 Although the potential of CRISPR-Cas9 in genome editing is clear, there are 

several other important applications of this technology.  Many such applications utilize a 

version of Cas9 that is catalytically dead (dCas9), but fully capable of binding the DNA 

target in an sgRNA-dependent manner (Qi et al., 2013).  For example, dCas9 can be 

directed to promoters for regulating gene expression (Gilbert et al., 2013; Konermann et 

al., 2013; Maeder et al., 2013; Mali et al., 2013; Perez-Pinera et al., 2013).  dCas9 can 

also be tethered to chromatin-modifying enzymes to affect site-specific epigenetic 
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changes (Seth and Harish, 2016).  Furthermore, dCas9 fused to fluorophores such as 

GFP may be used to directly visualize specific DNA sequences in living (and fixed) cells 

(Chen et al., 2013); a technique which previously required cell fixation-based 

fluorescence in situ hybridization (FISH) approaches.  

 Establishment of gene knockouts depends on error-prone non-homologous end 

joining (NHEJ) of double stranded DNA breaks created by Cas9.  Given that the major 

determinant of knockout efficiency is activity of Cas9, it is not surprising that this 

enzyme has been successful in knocking out genes in various biological contexts (Cong 

et al., 2013).  Although the ability of CRISPR-Cas9 technology to efficiently knockout 

genes is an extremely attractive characteristic, it also poses disadvantages compared to 

existing RNA-knockdown technologies.  For example, attempts to knock out an 

essential gene in cultured human cells will result in selection for cells/clones that are 

unedited (or edited but still preserve gene function).  Therefore, the measured cellular 

phenotype/s of the surviving cells will not be representative of a true gene knockout.  

Inducing Cas9 uniformly in all cultured cells can circumvent this problem and allow for 

the detection of an immediate knockout phenotype.  Indeed, there are methods to 

induce Cas9 both in mouse tissues (Dow et al., 2015) and human induced pluripotent 

(iPS) cells (Gonzalez et al., 2014).  However these methods require 

injection/transfection/transduction of guide RNAs into the cell population, leading to the 

caveat mentioned above.  Specifically, in the case of Cas9 targeting essential genes, 

cells that do not receive guide RNAs and thus remain unedited have a potential growth 

advantage over edited cells.  Finally, most of the published methods involve lentiviral-

based approaches for delivering Cas9 and/or the guide RNAs (Cao et al., 2016; Shalem 
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et al., 2014).  Although advantageous in several respects, lentiviral approaches require 

stricter biosafety considerations that pose an additional obstacle for laboratories that are 

not equipped/approved to conduct such experiments.  

 Given that the HeLa cell line remains the most popular experimental tool for 

studying human gene function in cell culture (Landry et al., 2013), we set out to develop 

a robust methodology to apply the CRISPR-Cas9 system in this cell line.  We developed 

a system with the ability to: (i) generate clones integrated stably with single copies of 

Cas9 and guide RNA genes to eliminate the possibility of unedited cells; (ii) prevent 

Cas9 induction and allow for the propagation/storage of clones until the time of the 

knockout experiment; (iii) knockout multiple genes simultaneously; (iv) provide a simple, 

transient transfection-based, lentivirus-free protocol; and (v) provide an economical 

method for gene disruption obviating the need for repeated use of siRNA/guide RNA  or 

transfection reagents.  By using a combination of a HeLa-based clonal cell line [HeLa 

EM2-11ht (Weidenfeld et al., 2009)] and a new vector that we describe in this study 

(pG1G2-FLAG-Cas9-F3), we have developed a method that successfully fulfills all 

these criteria.  As proof-of-principle, we generated an inducible knockout of the AGO2 

gene in HeLa cells, and successfully shutdown RNA interference as a function of Cas9 

induction.  Our choice of AGO2 knockout was driven by our inability to generate clones 

of this knockout using standard CRISPR-Cas9 protocols, possibly because of the 

importance of RNAi for cell growth and function.  We believe that our newly developed 

system holds promise not only for the gene-editing functions of Cas9, but also for the 

numerous other applications of Cas9 that have emerged.  
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A.3 Results 

 

A.3.1 Generation of a Flp recombinase-targetable vector for stable expression of 

two guide RNAs and a dox-inducible FLAG-Cas9 protein in HeLa cells 

To build a system that allowed for virus-free, stably inducible, genome editing in 

HeLa cells, we first constructed a vector that encodes for the components that are key 

to attaining these characteristics (see Materials and Methods for detailed information).  

The pBi-F3 vector contains a bi-directional dox/tet-inducible promoter (Ptet) as well as a 

wild-type/mutated F/F3 pair of Flp recombinase targeting sites flanking the expression 

cassette (Weidenfeld et al., 2009).  We and others have previously used this 

bidirectional cassette to express a protein-coding gene and a non-coding RNA (e.g., 

shRNA/miRNA) gene simultaneously from CMV promoters in a dox-dependent manner 

(Nandakumar et al., 2012; Weidenfeld et al., 2009).  We set forth to construct a plasmid 

that encoded both Cas9 and a cloning site for guide RNAs in the pBi-F3 backbone.  

However, Cas9 guide RNAs have been expressed in human cells driven by a U6 

promoter.  The U6 promoter allows for transcription by PolIII, which unlike PolII (which 

recognizes CMV promoters), does not append a polyA tail at the 3’ end of the guide 

RNA/spacer RNA sequence.  To adapt the pBi-F3 vector to co-express two Cas9 guide 

RNAs, we first amplified a U6-guide cloning RNA cassette using the pX333 plasmid as 

a template (Maddalo et al., 2014) (Figure A.1).  Ligation of the dual guide RNA cloning 

module with the pBi-F3 backbone resulted in an intermediate vector termed here as 

pG1G2-F3 (Figure A.1).  We note that the selection of cloning sites to introduce the 
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guide RNA cassette into the pBi-F3 vector resulted in the removal of one Ptet element.  

Thus, the guide RNAs cloned into pG1G2-F3 will be expressed constitutively in cultured 

human cells.  This did not detract from the overarching goal of obtaining an inducible 

Cas9 vector system.  

 The next step in generating our proposed vector was to insert the FLAG-Cas9 

gene into the pG1G2-F3 vector downstream of the remaining Ptet element.  We first 

proceeded to amplify the FLAG-Cas9 gene from the pX330 vector (Cong et al., 2013) 

and inserted it into the pBi4 backbone using conventional restriction site-based cloning 

to yield the pFLAG-Cas9-Bi4 plasmid backbone (Figure A.1).  Next the FLAG-Cas9 

fragment was sub-cloned from the pBi4 backbone into the pG1G2-F3 vector to yield the 

pG1G2-FLAGCas9-F3* plasmid (Figure A.1).  The resulting plasmid encodes most of 

the desired characteristics of the final vector, but was not compatible with cloning of the 

second guide RNA (g2) using the BbsI restriction enzyme.  This is because pG1G2-

FLAG-Cas9-F3* contained three additional BbsI sites elsewhere on the vector 

backbone.  The unwanted BbsI sites were mutated sequentially using mutagenesis 

strategies (detailed in Materials and Methods) to yield the final pG1G2-FLAG-Cas9-F3 

vector (Figure A.1).  The final vector was sequenced across the guide RNA cassette 

and the Cas9 gene to rule out any unwanted mutations that may have been introduced 

during the process of cloning. 

A.3.2 Cas9 in pG1G2-FLAG-Cas9-F3 can be induced to efficiently edit the HeLa 

genome 

To test the functionality of pG1G2-FLAG-Cas9-F3 we constructed three 

derivatives of the vector, one encoding a guide RNA against human AGO2, another 
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encoding a guide RNA against human DICER, and a third vector encoding one guide 

RNA for AGO2 and one guide RNA for DICER (Figure A.2A).  To test the dox-

dependent induction of FLAG-Cas9, we transiently transfected HeLa EM2-11ht cells. 

We selected these cells for two reasons.  First, this clonal HeLa cell line constitutively 

expresses the reverse tetracycline controlled transactivator gene coding for rtTA2S-M2 

(Weidenfeld et al., 2009).  This allows us to switch on genes driven by the Ptet promoter 

in the presence of dox (50-200 ng/ml).  Second, this cell line contains a single, 

genomically annotated, F/F3 FRT locus for integration of the guide RNA/Cas9 cassette 

from pG1G2-FLAG-Cas9-F3 to facilitate stable cell line generation (Weidenfeld et al., 

2009) (described later).  Immunoblotting analysis revealed that transient transfection of 

pAGO-G1-FLAG-Cas9-F3 and pDICER-G1-FLAG-Cas9-F3 resulted in robust 

expression of FLAG-Cas9 in HeLa EM2-11ht cells, but only in the presence of dox 

(Figure A.2B).  Thus, as previously reported (Weidenfeld et al., 2009), the Ptet promoter 

is induced strongly (several-fold above background levels) in the presence of dox in 

cells also expressing rtTA2S-M2.  

 Next, we asked if the expressed Cas9 protein in combination with the guide RNA 

was able to cleave the human genome in a sequence-specific manner.  To measure 

genome editing via CRISPR-Cas9 action, we performed the Surveyor nuclease assay 

that we and others have reported previously (Bisht et al., 2016; Cong et al., 2013).  This 

assay depends on Surveyor nuclease-catalyzed cleavage of mismatched regions in an 

otherwise perfect DNA duplex.  In human cells, efficient cleavage by Cas9 is generally 

followed by rejoining of broken ends through NHEJ.  This error-prone DNA ligation 

pathway frequently introduces variable insertions/deletions (indels) at the site of Cas9 
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cleavage.  With such a differentially edited cell population, PCR amplification of the 

DNA spanning the Cas9 recognition sequence followed by denaturation/renaturation will 

result in DNA duplexes containing mismatches around the Cas9 cut site.  These 

mismatches, which serve as a scar of Cas9 action, become a substrate for the Surveyor 

nuclease.  Indeed, induction of Cas9 for 72 h post-transfection resulted in robust 

cleavage of the human AGO2 and DICER loci with guide RNAs targeting these loci 

(Figure A.2C).  No cleavage was detected in the absence of dox, further verifying the 

inducible nature of the CRISPR-Cas9 knockout using this system.  

 Next we compared the genome editing capacity of the pG1G2-FLAG-Cas9-F3 

vector to that of a well-established Cas9 vector, pX333.  For this, we cloned the AGO2 

guide RNA into the pX333 vector either individually or in combination with the DICER 

guide RNA.  Cleavage of AGO2 and DICER in the cells expressing the appropriate 

guide RNAs encoded by the pG1G2-FLAG-Cas9-F3 vector backbone was comparable 

to that of transfections of pX333-derived plasmids encoding the same guide RNAs.  

These data suggest that neither our cloning strategy, the nature of the Ptet promoter, 

nor the characteristics of the HeLa EM2-11ht cell line compromised the efficacy of 

CRISPR-Cas9 in genome editing to any measurable extent (Figure A.2D).  Additionally, 

the ability of the pAGO-DCR-FLAG-Cas9-F3 plasmid to simultaneously orchestrate 

AGO2 and DICER cleavage validates the use of this vector for efficiently co-expressing 

two separate guide RNAs. 
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A.3.3 Virus-free generation of a cell line stably encoding a guide RNA targeting 

AGO2 and an inducible Cas9 gene 

The final step towards developing a lentivirus/retrovirus-free system to stably 

integrate guide RNAs and a dox-inducible Cas9 gene involves integrating the guide 

RNA-Cas9 module into the unique F/F3 FRT locus of the HeLa EM2-11ht cell line.  The 

unique integration site ensures uniform expression of inserted genes in a clonal 

population, compared to lentiviral methods which integrate inserts randomly across the 

host genome.  As proof-of-principle, we decided to invoke two pG1G2-FLAG-Cas9-F3 

constructs (separately), one that encodes a guide RNA targeting AGO2 (to yield AGO2-

g1-Cas9-F3 HeLa), and another that is devoid of any guide RNA sequence (to yield 

Empty-Cas9-F3 HeLa).  HeLa EM2-11ht cells were co-transfected with the appropriate 

FLAG-Cas9-F3-guide RNA construct, and a second plasmid encoding Flp recombinase 

and a puromycin resistance marker (Figure A.3A).  Transfected cells were selected for 

by including puromycin in the growth medium for ~24 h.  Flp recombination-driven 

integration of the guide RNA-Cas9 locus between the F/F3 sites in the HeLa EM2-11ht 

genome will result in loss of the thymidine kinase gene that normally separates the F 

and F3 sites in the parental genome (Figure A.3A).  Thymidine kinase expression in the 

parental cell line renders it sensitive to ganciclovir (gan), allowing for selection of 

successful recombinant clones by including gan in the growth medium.  After ~10 days 

of gan selection, clones were readily visible under a light microscope.  24 such clones 

were initially passaged into a 96 well plate, from which duplicate cultures were 

established.  Cells from one of the duplicate cultures (still in 96-well format) were 

induced briefly (~24 h) with dox and harvested for screening (Figure A.3A).  We 
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performed Western spot-blotting for the FLAG epitope (present on the FLAG-Cas9 

construct) to screen for successfully recombined clones (Figure A.3A, B).  As shown in 

Figure A.3B, positive clones were easily recognizable due to the substantially higher 

than background anti-FLAG signal.  Only the un-induced replicate cultures were utilized 

for downstream analysis.  We proceeded to characterize one clone each of AGO2-g1-

Cas9-F3 HeLa and Empty-Cas9-F3 HeLa. 

A.3.4 Induction of Cas9 results in cleavage of the genomic target, reduction of 

target protein levels, and loss of target protein function 

AGO2 is a central component of the RNA interference machinery in human cells 

(Hutvagner and Simard, 2008; Liu et al., 2004c; Meister et al., 2004; Rand et al., 2004).  

Deletion of the AGO2 gene is therefore expected to diminish siRNA/shRNA-mediated 

RNA silencing in cultured human cells (Figure A.4D).  We proceeded to test this 

hypothesis using our newly established AGO2-g1 Cas9-F3 HeLa cell line.  First, we 

investigated the ability of dox to switch on FLAG-Cas9 expression in the experimental 

cells as well as in the “Empty Cas9-F3 HeLa” cells.  Indeed, robust Cas9 expression 

was established within 1 day of induction with dox in both the control and the 

experimental cell lines (Figure A.4A).  Although we did notice a faint Cas9 signal (which 

was more prominent in the control cell line) at day 0, we believe this reflects the high 

sensitivity of the FLAG-antibody rather than the Cas9 protein levels necessary for 

detectible biological function (see below).  Given that maximal/stable Cas9 levels are 

obtained within the first tested time point, our method provides for rapid Cas9 induction. 

 Next, we performed the Surveyor nuclease assay to investigate the ability of the 

genomically encoded guide RNA and Cas9 protein to edit the AGO2 locus.  Consistent 
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with the kinetics of Cas9 induction, maximal AGO2 cleavage was observed at the 

earliest time-point after induction (Figure A.4B).  Although it seemed as though only a 

small fraction of the amplicon was cleaved by the Surveyor nuclease, we envision the 

genome editing to be almost (or fully) complete in the cultured population for the 

following reasons.  First, we believe that it is not possible to observe 100% cleavage in 

the Surveyor nuclease assay (even with the manufacturer’s positive control; data not 

shown), because the Surveyor nuclease is limiting under these conditions.  Second and 

more importantly, the highest running band in the AGO2-g1-Cas9 HeLa cells runs 

slightly, but consistently, lower than the corresponding band (representative of Cas9 un-

cleaved DNA) in the empty vector control (Figure A.4B).  This is consistent with the 

observation of a greater accumulation of deletions (versus insertions) as a result of 

NHEJ-based repair (Zhuang et al., 2009).  The third and most conclusive evidence for 

efficient knockout of AGO2 in the CRISPR-edited cells comes from immunoblot analysis 

of endogenous human AGO2 protein.  Whereas AGO2 protein levels are unaffected in 

control cells or in AGO2-g1-Cas9 HeLa cells before dox treatment, AGO2 protein levels 

rapidly decline upon Cas9 induction (Figure A.4C).  

 In our previous studies on the telomere protein TPP1, we have described an 

shRNA construct (shTPP1) that efficiently knocks down recombinant FLAG-TPP1 (as well 

as endogenous TPP1) in HeLa EM2-11ht cells (Nandakumar et al., 2012).  We 

hypothesized that inducing AGO2 cleavage will diminish RNA interference (RNAi) in 

these cells, leading to a restoration of TPP1 protein levels despite the presence of its 

targeting shRNA (Figure A.4D).  Fully consistent with this idea, shTPP1 efficiently 

knocked down transiently expressed FLAG-TPP1 in Empty-Cas9-F3 HeLa cells, but 
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was not effective in reducing TPP1 protein levels in AGO2-g1-Cas9-F3 HeLa cells 

(Figure A.4E).  In summary, we have developed a plasmid-based, virus-free system for 

conducting genome editing in an inducible manner uniformly across cells in a HeLa 

culture.  Using this system, we efficiently induced a human AGO2 knockout.  As a 

result, we were able to assess the immediate biological consequences of AGO2 

deletion, namely, the disruption of RNAi.  

A.4 Discussion 

CRISPR-Cas9 technology has revolutionized the field of genome editing.  Recent 

and rapid developments have allowed for significant improvement in precision, 

efficiency, as well as versatility of this technology.  Our study provides a significant 

improvement for the application of CRISPR-Cas9 technology in cultured human cells. 

Although technologies exist for inducing Cas9 expression, engineering cell lines to 

stably integrate Cas9, and utilizing recombinogenic methods to insert Cas9 into the 

genome, our study is the first (to our knowledge) to integrate all these features in one 

system for use in cultured human cells.  Specifically, we developed a Flp-recombinase 

targetable vector that contains a dox-inducible Cas9 gene as well as the capacity to 

express two guide RNAs.  Transient transfection of this vector results in efficient Cas9 

expression and genome editing, but in a strictly dox-dependent manner.  More 

importantly, integration of this module into the genome of HeLa cells provides the ability 

to edit genomes in an inducible manner.  As proof-of-principle, we knocked out AGO2 in 

a clonal culture stably co-expressing Cas9 protein and guide RNAs against AGO2 to 

attenuate RNAi.  The lack of lentiviral intervention in our methodology makes it 

attractive to a wider spectrum of human cell biologists.  Our method requires ~one 
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month from start to completion, providing a swift avenue for generating inducible 

knockout cell lines of potentially any gene in the human genome (Figure A.5). 

 AGO2 is a gene critical for mammalian development and growth (Liu et al., 

2004c; Morita et al., 2007).  Our ability to knock this gene out in cultured human cells 

highlights an important application of our methodology.  Our method involves co-

expression of the relevant guide RNAs and Cas9 uniformly in clonal culture, severely 

reducing the possibility of unedited cells in the population.  It can be argued that 

although our method will uniformly edit all cells, cells where editing did not disrupt gene 

function substantially (e.g., short in-frame mutations) would hold a survival advantage in 

culture.  However, this concern can be overcome easily using two guide RNAs to excise 

a large region of the gene-of-interest.  Hence, we believe that our method holds the 

potential to reveal the immediate consequences of knockout of any essential human 

gene in cell culture.  

 We envision several other advantages as well as potential applications of our 

newly developed technology.  First, the use of stably inducible cell lines in our 

methodology provides an obvious economical advantage.  Once established for any 

particular gene-of-interest, it eliminates the need for repeated transfections.  Second, 

the number of guide RNAs that can be expressed using our method is not limited to two.  

The pG1G2-FLAG-Cas9-F3 can be easily adapted to insert multiple copies of the dual-

guide RNA cassette to facilitate multiple gene knockouts (e.g., of all/several redundant 

genes in a pathway) using a single vector.  Third, our strategy is not only restricted to 

generation of gene knockouts, but can also be very useful in generating gene knock-ins.  

Knock-in experiments involve co-transfection of the guide RNA/Cas9 vector and the 
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DNA repair template, which is often a single stranded oligodeoxynucleotide (ssODN) 

containing the intended mutation.  Our method eliminates the necessity of transfecting 

multiple DNA/RNA constructs, and avoids the complications that accompany the co-

transfection of nucleic acids of different types (single stranded vs. double stranded).  

Using our method, only the repair ssODN needs to be introduced into the Cas9-guide 

RNA encoded cells prior to induction of Cas9 expression.  

 Fourth, our method will allow for a vast improvement in the exploitation of dCas9-

GFP as a replacement over conventional fluorescence in situ hybridization techniques.  

For example, dCas9-GFP has been used to visualize telomeres and other genomic loci 

in human cells (Chen et al., 2013).  Although these experiments serve as proof-of-

principle for application of CRISPR-Cas9 technology, they suffer from potential 

drawbacks.  For example, constitutive localization of dCas9-GFP and guide RNAs at the 

genomic target might have unanticipated physiological consequences in the cell.  At 

telomeres, such binding could result in unwanted chromosome end-deprotection and/or 

telomerase misregulation (Palm and de Lange, 2008).  Our method could be easily 

adapted to attenuate such side effects.  A pBi-F3-based dCas9 vector can be stably 

integrated into the HeLa genome without risk of constitutive expression of the dCas9-

GFP protein.  A brief pulse of dCas9-GFP expression induced with dox can be used 

immediately prior to imaging of the telomeres (or other DNA loci), minimizing the risk of 

unwanted affects from dCas9-GFP association with its genomic target.  Similarly, our 

methodology could improve the application of dCas9 as a modulator of transcription and 

epigenetic modulation.  The inducible (and stable) nature of our Cas9 expression 

platform will allow for the generation of cell lines where a particular endogenous gene-
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of-interest may be activated/repressed or epigenetically modified with great temporal 

control.  In summary, our newly developed method provides several improvements over 

existing CRISPR-Cas9 technology, and holds great promise for the study of cellular 

function in the context of cultured human cells.  

 

A.5 Materials and Methods 

 

A.5.1 Reagents and kits for molecular biology 

Oligonucleotides for PCR priming, Cas9 guide RNA cloning, and Sanger 

sequencing were purchased from Integrated DNA Technologies.  All restriction 

enzymes were purchased from New England Biolabs (NEB).  Purification of plasmid 

DNA and other cloning intermediates was performed using DNA purification kits from 

Qiagen.  Genomic DNA from cultured human cells was isolated using the GenElute 

Mammalian Genomic DNA Miniprep kit from Sigma.  PCR reactions for cloning 

purposes were performed with either Pfu Turbo DNA polymerase (Agilent) or Phusion 

High-Fidelity DNA Polymerase (NEB) using the manufacturers’ protocols.  Ligations of 

DNA vectors with inserts were performed using the Quick Ligation Kit (NEB).  Calf 

intestinal alkaline phosphatase (CIP) for removing the 5’-phosphate of vectors prior to 

ligation was purchased either from Promega or from NEB.  Site-directed mutagenesis 

was performed using QuikChange II (Agilent).  Reagents for CRISPR-Cas9 experiments 

are described separately below. 
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A.5.2 Sanger sequencing 

The DNA sequences of all inserts as well as plasmid regions involved in site-

directed mutagenesis were verified using Sanger sequencing conducted at the 

University of Michigan DNA Sequencing Core. 

A.5.3 Parental plasmids 

The bicistronic vector pX330-U6-Chimeric_BB-CBhhSpCas9 for site-specific 

genome editing in cultured human cells was a kind gift from Dr. Feng Zhang, Broad 

Institute of MIT and Harvard, McGovern Institute for Brain Research, and Departments 

of Brain and Cognitive Sciences and Biological Engineering, Massachusetts Institute of 

Technology, Cambridge, MA (Addgene plasmid # 42230) (Cong et al., 2013), and was 

obtained upon signing a material transfer agreement (MTA).  The pX333 vector that 

allows for cloning of two tandem U6 promoter-driven guide RNAs was a kind gift from 

Dr. Andrea Ventura, Cancer Biology and Genetics Program, Memorial Sloan Kettering 

Cancer Center, New York, NY  (Addgene plasmid # 64073) (Maddalo et al., 2014), and 

was obtained upon signing an MTA.  The pBI-F3-miRNA-d1GFP-loxP-F (abbreviated 

here as pBi-F3) and pBI4-miRNA-d1GFP (abbreviated here as pBi4) plasmids were 

obtained from TET Systems GmbH & Co. KG, Heidelberg, Germany, upon signing an 

MTA, and have been described previously (Bisht et al., 2016; Nandakumar et al., 2012; 

Weidenfeld et al., 2009).  The FLAG-TPP1 plasmid and the plasmid encoding an 

shRNA that targets the gene coding for human TPP1 have been described previously 

(Nakashima et al., 2013; Nandakumar et al., 2012). 
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A.5.4 Cloning of the g1/g2-inducible Cas9 F3 vector 

To obtain a FLAG-Cas9 cassette driven by a doxycycline (dox)-inducible 

promoter, the pBI4-miRNA-d1GFP vector (6.4 kb) was first digested with NotI and XhoI.  

The fragment containing the dox-inducible promoter was treated with CIP and ligated to 

the FLAG-Cas9 insert obtained by PCR amplification of the FLAG-Cas9 fragment in the 

pX330 vector (containing codon-optimized Streptococcus pyogenes Cas9 gene, a 

FLAG tag, and two nuclear localization sequences) to yield the pFLAG-Cas9-Bi4 

plasmid. 

 To insert the tandem guide RNA expression cassette into the pBi-F3 backbone, 

the pBI-F3-miRNA-d1GFP-loxP-F vector was digested with BglII and StuI.  The ~5.4 kb 

fragment obtained after gel-purification of the digestion reaction was treated with CIP 

and ligated to the tandem guide RNA expression cassette insert amplified using PCR of 

the pX333 vector template with to yield the pG1G2-F3 plasmid. 

 To sub-clone the FLAG-Cas9 fragment in the pG1G2-F3 backbone, the pG1G2-

F3 and pFLAG-Cas9-Bi4 vectors were separately digested with StuI and HpaI.  The 

restriction digestion of pG1G2-F3 yielded a ~1.4 kb fragment and a ~4.9 kb fragment.  

The ~4.9 kb fragment isolated after gel purification was treated with CIP prior to DNA 

ligation.  The restriction digestion of pFLAG-Cas9-Bi4 yielded a ~4.8 kb fragment and a 

~3.8 kb fragment.  The ~4.8 kb fragment was gel-purified and ligated to the purified 

vector fragment to yield the pG1G2-FLAG-Cas9-F3* vector.  This vector contains a dox-

inducible FLAG-Cas9 gene and the sites for cloning in two guide RNA genes.  However, 

the BbsI recognition site, which is the cloning site for one of the two possible guide 

RNAs, is repeated at three additional sites in the vector.  While one extraneous BbsI 
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site (most proximal to the guide RNA cassette) was removed using site-directed 

mutagenesis (Agilent), the other unwanted BbsI sites were subsequently and 

sequentially mutated using two-step overlap extension PCR methodology (Higuchi et 

al., 1988).  This yielded the final pG1G2-FLAG-Cas9-F3 vector that contains (i) a dox-

inducible FLAG-Cas9 gene; (ii) two tandem U6 promoter-driven cloning sites for guide 

RNA expression; and (iii) the F/F3 FRT sites that allow for integration into a homologous 

site in the HeLa EM2-11ht genome.  

A.5.5 Cell Culture 

All experiments in this study involving cultured human cells were performed with 

HeLa EM2-11ht cells or its clonal derivatives developed for this study.  The HeLa EM2-

11ht cell line was obtained from TET Systems GmbH & Co. KG, Heidelberg, Germany, 

upon signing a MTA.  Cells were cultured in an incubator maintained at 37 °C and 5% 

CO2 in growth medium containing DMEM, 10% FCS, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 100 units/ml of penicillin, and 100 mg/ml of streptomycin.  Induction of dox-

inducible genes in this cell line was performed using doxycycline (Sigma) added to the 

growth media at a final concentration of 200 ng/ml.  

A.5.6 Immunoblotting 

Standard immunoblot protocols were used with the following primary antibodies 

at specified dilutions: mouse monoclonal anti-Flag M2-HRP conjugate (Sigma; A8592; 

1:20,000), mouse monoclonal anti-β-actin antibody (Sigma; A5441; 1:10,000), and 

mouse monoclonal anti-AGO2 antibody (11A9) (Rudel et al., 2008), a kind gift from Dr. 

Gunter Meister, Center for Integrated Protein Science Munich (CIPSM), Germany.  

Secondary horseradish peroxidase-conjugated goat antibodies against rabbit IgG 
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(Santa Cruz Biotechnology; 1:10,000) and mouse IgG (Santa Cruz Biotechnology; 

1:10,000) were used to recognize the primary antibodies and allow for detection of the 

protein-of-interest using chemiluminescence detection technology (Pierce ECL Western 

Blotting Substrate; Thermo Scientific).  The data were visualized using a gel-

documentation system (ChemiDoc MP System; BioRad). 

A.5.7 Transient transfections 

All transient transfection experiments were performed using Lipofectamine 2000 

(Life Technologies) following the manufacturer’s recommendations.  For transfections, 

cells were seeded ~24 hours prior to transfection at 40-50% confluency.  Transfections 

were performed in growth medium devoid of antibiotics and serum.  Medium complete 

with antibiotics and serum was used to replace the transfection medium 5 h post-

transfection.  

A.5.8 Guide RNA design 

The Zhang Lab CRISPR design algorithm was used to design guide RNAs 

against AGO2 and DICER (http://crispr.mit.edu/).  Based on a high CRISPR design tool 

score and a low probability of off target cleavage events, one or two of the highest 

scoring guide RNAs were used in the experiments.  The selected guide sequence 

oligonucleotides were annealed to each other, phosphorylated with T4 polynucleotide 

kinase enzyme (NEB), and cloned into the BbsI and/or BsaI site/s of the pX333 vector 

or the pG1G2-FLAG-Cas9-F3 vector for guide RNA expression.  

A.5.9 Surveyor nuclease assay  

Surveyor nuclease experiments to detect genomic editing by Cas9 were 

performed by adapting protocols published previously (Bisht et al., 2016).  For 
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experiments involving transient transfection of Cas9/guide RNA-containing plasmids, 

~0.3 x 106 HeLa EM2-11ht cells were transfected in a 12-well growth format with 1 μg of 

Cas9/guide RNA-containing plasmids using 2.5 μl Lipofectamine 2000 (Life 

Technologies).  After 72 h of transfection, cells were trypsinized and harvested by 

centrifugation.  150-200 ng of genomic DNA isolated from the harvested cells was used 

for PCR amplification with Surveyor primers in a 50 μl reaction volume.  Upon 

completion of the PCR reaction, 4 μl of each reaction was loaded on a 1-2% agarose-

TAE gel to check the uniformity and efficiency of amplification among different samples.  

The amplification products were purified using a PCR purification kit and subjected to 

the Surveyor nuclease assay according to the manufacturer’s protocol (Surveyor 

Mutation Detection Kit; catalog #706025; Transgenomic).  Upon completion of the 

Surveyor nuclease cleavage reaction, the products were visualized using ethidium 

bromide-stained, 2% GTG agarose-TAE gels. 

A.5.10 Lentivirus-free production of clonal stable cell lines encoding dox-

inducible Cas9 

HeLa-EM2-11ht cells were transfected in a 6-well format using Lipofectamine 

2000 (Life Technologies) with 1 µg of the indicated pG1G2-FLAG-Cas9-F3 and 1 µg of 

a puromycin resistance-encoding, Flp recombinase-expressing plasmid.  ~24 h post-

transfection, cells were treated with puromycin (5 µg/ml; Sigma-Aldrich).  After ~24 h of 

selection under puromycin, fresh medium containing ganciclovir (50 µM; Sigma-Aldrich) 

was added and selection was conducted for ~10 days.  24 individual clones were picked 

and transferred to individual wells of a 96-well plate.  Once confluent the cells in each 

well were passaged into duplicate 96-well plates.  One of the duplicate plates was used 



 178 

to identify positive clones.  Positive clones were identified based on a strong signal in a 

spot-blot based immunoblotting assay against the FLAG tag (present on the Cas9 

construct).  For this, clones were grown in a 96-well format in the absence of 

doxycycline.  The plate was trypsinized and split into two new 96-well plates (master 

plate and replica plate).  The replica plate clones were treated for 24 h with doxycycline 

(200 ng/ml in culture medium) and lysed in 100 µl of 5 M urea-containing buffer.  50 µl 

of the lysate was blotted on a nitrocellulose membrane using a vacuum manifold-based 

dot blot apparatus.  The membrane was stained with Ponceau-S staining solution 

(Sigma) and imaged to ensure uniform blotting.  The blot was then blocked with 

StartingBlock (PBS) blocking buffer (Thermo Scientific) and incubated with anti-Flag 

M2-HRP conjugate (Sigma; A8592; 1:20,000).  Positive clones marked on the replica 

plate were used to expand corresponding clones from the master plate.  One positive 

clone for each pG1G2-FLAG-Cas9-F3 construct was expanded until it grew to 

confluency in 6 cm dishes.  Doxycycline (200 ng/ml) was added to the growth medium 

to induce genome editing uniformly in cells of the clonal culture. 
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A.6 Figures and Tables 

 

Figure A.1 Cloning strategy for generation of a vector allowing for site-specific virus-free 
integration into the genome, and stable co-expression of doxycycline-inducible Cas9 and two 
guide RNAs. 
The stepwise cloning protocol starting from FLAG-Cas9 (from pX330) and tandem guide RNA 
gene inserts (from pX333) leading to the engineering of the final pG1G2-FLAG-Cas9-F3 vector 
is shown. Restriction sites pertinent to the subsequent cloning step are indicated. F3 indicates a 
mutated FRT site, while F indicates a wild-type FRT site. The F/F3 combination allows for 
directional integration into the analogous (and unique) F/F3 site in the HeLa EM2-11ht genome. 
Ptet indicates a promoter that is induced by addition of dox in cells (e.g., HeLa EM2-11ht cells) 
also expressing the rtTA2S-M2 protein. The U6 promoter allows for PolIII-driven transcription of 
guide RNA. 
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Figure A.2 pG1G2-FLAG-Cas9-F3 can be adapted to efficiently cleave the endogenous human 
AGO2 and DICER loci.  
(A) The vector diagrams of the three pG1G2-FLAG-Cas9-F3 derived plasmids encoding gRNAs 
against the indicated gene loci are shown. The pAGO-G1-FLAG-Cas9-F3 and pDICER-G1-
FLAGCas9-F3 plasmids both contain one empty guide RNA cassette.  
(B) HeLa EM2-11ht cells were transfected with plasmids encoding guide RNAs (as shown in 
panel A) targeting the indicated genes. Immunoblotting was performed on lysates of cells 24 h 
post-transfection using the indicated antibodies. “+ Dox” indicates transfections including 200 
ng/ml of dox in the growth medium, while “- Dox” indicates transfections not supplemented with 
Dox. (C) The Surveyor nuclease assay was performed to detect cleavage of the indicated 
genomic targets by guide RNAs and Cas9 derived from the two plasmids shown in panel A. The 
sizes of the PCR amplicons that were subjected to Surveyor nuclease treatment are shown 
schematically as horizontal bars at the top. For each experiment, the sizes of the expected 
Surveyor reaction products, which correspond roughly to the distances (in bp) between the 
Cas9 cut site (shown as an arrowhead on the schematic) and the ends of the PCR amplicon are 
also indicated. The digested fragments obtained experimentally from Surveyor nuclease are 
indicated with arrowheads adjacent to the gel, and match closely the predicted sizes. (D) 
Surveyor assay results for the indicated guide RNAs (AGO2 or DICER) residing on the indicated 
plasmid backbones (pX333 or Cas9-F3) is shown. Cleavage efficiency of a given guide RNA 
was similar between the two tested vector backbones.  
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Figure A.3 Virus-free generation of a cell line stably expressing dox-inducible Cas9 and guide 
RNAs against human AGO2.   
(A) A schematic for the engineering of HeLa EM2-11ht clonal cell lines stably integrated with the 
guide RNA/FLAG-Cas9 cassette using transient Flp recombinase expression. Transfected cells 
are enriched for using selection with puromycin, resistance to which is provided by the Flp-
encoding plasmid. Stably integrated cells are enriched for by treatment with ganciclovir, which 
causes toxicity in parental cells because of continued thymidine kinase expression. Colonies 
surviving the selection procedure were expanded and analyzed for dox-dependent FLAG-Cas9 
expression using a spot-blot based anti-FLAG immunoblot assay. (B) Anti-FLAG spot-
immunoblot of positive clones for Empty-Cas9-F3 HeLa (well # C1 in a 96-well plate) and 
AGO2-g1-Cas9-F3 HeLa (well # A7 in a 96-well plate) are shown. Dox was added to induce 
Cas9 expression. 
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Figure A.4 Induction of Cas9 in the presence of an AGO2-targeting guide RNA results in robust 
cleavage of the human AGO2 locus, rapid depletion of AGO2 protein, and loss of RNA 
interference capacity.  
(A) Empty-Cas9-F3 HeLa and AGO2-g1-Cas9-F3 HeLa cells were treated with dox (200 ng/ml) 
and induction of FLAG-Cas9 was monitored as a function of days of induction using anti-FLAG 
immunoblotting. “0 days in dox” indicates a time-point immediately prior to dox treatment. (B) 
Surveyor analysis as described in Figure 2C and D was performed with genomic DNA derived 
from the indicated stable cell lines after indicated durations of dox treatment. AGO2 cleavage 
was absent in the Empty vector cell line, while clearly present in AGO2-g1-Cas9-F3 HeLa cells 
at all time-points measured after dox treatment. Arrowheads indicate the Surveyor cleavage 
products, which match the predicted sizes shown in the schematic in Figure 2C. (C) 
Endogenous AGO2 protein levels were detected using immunoblotting; AGO2 levels sharply 
declined upon dox addition in AGO2-g1-Cas9-F3 HeLa cells. (D) Schematic of the prediction of 
consequences of AGO2 knockout on FLAG-TPP1 expression. (E) Results of the shTPP1 
knockdown experiment in control and AGO2-g1-Cas9-F3 HeLa cells induced with dox. While 
the shRNA efficiently knocks down TPP1 in the control cells, it is unable to do so in cells AGO2-
deficient AGO2-g1-Cas9-F3 cells.  
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Figure A.5 Timeline for generating stable cell lines expressing dox-inducible Cas9 and guide 
RNAs. 
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Appendix B  

Novel Interaction Between Proteins Responsible for 

Chromosome End Protection 

 

 

B.1 Introduction 

The six-protein complex shelterin is responsible for protecting chromosome ends 

from erroneous DNA damage response and repair machinery.  Within shelterin, TRF2 

binds double stranded telomeric DNA to prevent an erroneous ATM-mediated DNA 

damage response at telomeres, while POT1 binds single stranded telomeric DNA, thus 

preventing an ATR-mediated DNA damage response.  TPP1 interacts with POT1 to 

increase POT1’s affinity for single stranded telomeric DNA and recruit telomerase to 

chromosome ends.  TRF1 contributes to the repression of an ATR-mediated DNA 

damage response and supports telomere replication by recruiting helicases to the 

double stranded telomeric DNA it binds (Sfeir et al., 2009; Zimmermann et al., 2014).  

TIN2 bridges the single stranded shelterin proteins with the double stranded shelterin 

proteins by interacting with TPP1, TRF1, and TRF2, while Rap1 binds TRF2 to help 
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repress unwanted homology directed repair (Palm and de Lange, 2008; Rai et al., 

2016).   

While each shelterin protein contributes to a distinct function at chromosome 

ends, their higher-order interactions are also essential for carrying out their individual 

roles.  TPP1 and POT1 function as an obligate heterodimer, yet TPP1 must also 

interact with TIN2 to localize to telomeric DNA, making the TPP1-TIN2 interaction 

essential for POT1-mediated end protection (Frescas and de Lange, 2014a).  TIN2 also 

interacts with both TRF1 and TRF2, thereby bridging POT1 and TPP1 to the double 

stranded telomeric DNA binding proteins (O'Connor et al., 2006).  Loss of TIN2 elicits 

both an ATR and ATM-mediated DNA damage response at telomeres, suggesting that 

the TRF2-TIN2 interaction, as well as the TIN2-TPP1 interaction, is essential for 

chromosome end protection.  Finally, loss of TRF1-TIN2 binding results in a significant 

reduction of POT1, TPP1, and TIN2 at the telomere (Frescas and de Lange, 2014b), 

underscoring the importance of each individual shelterin protein-protein interaction for 

telomere integrity.  

The bulk of our knowledge regarding protein-protein interactions within shelterin 

comes from co-immunoprecipitation experiments.  While these studies have clearly 

identified robust binary interactions, they are inept at quantifying the strength of 

individual interactions or identifying transient/weak interactions without the use of a 

cross-linker.  However a major impediment to biophysically characterizing shelterin 

interactions is the difficulty in obtaining large quantities of purified shelterin components. 

 To develop a quantitative understanding of the various protein-protein 

interactions within shelterin, we performed a flow cytometry protein interaction assay 
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(FCPIA) that allows for quantitation of direct and competitive protein-protein binding 

events using small quantities of purified recombinant proteins.  Using this methodology, 

we verify and quantitatively characterize known interactions within shelterin, including 

the TRF1-TIN2 interaction and the TRF2-Rap1 interaction.  To our surprise we also 

observe a previously unreported interaction between the shelterin proteins TRF1 and 

TRF2 and demonstrate how addition of either TIN2 or Rap1 inhibits this interaction.  

However we are unable to identify a specific region in TRF2 that is responsible for this 

interaction or unequivocally demonstrate this interaction using other conventional 

approaches, suggesting that more work is required to evaluate the physiological 

significance of our observation.   

 

B.2 Results 

 

B.2.1 Describing shelterin protein-protein interactions in vitro 

Using a previously described flow cytometry protein interaction assay (FCPIA) 

we characterized the TRF2-Rap1 interaction (Blazer et al., 2010; Pendlebury et al., 

2017).  For this, we first purified full length human Rap1 and TRF2 proteins (Figure B. 

1B).  Rap1 was biotinylated and immobilized on uniformly sized streptavidin beads while 

TRF2 was labeled with Alexa Fluor 488.  Biotinylated Rap1 on streptavidin beads was 

then incubated with increasing concentrations of Alexa Fluor labeled TRF2 and the 

median fluorescence on the beads was measured by flow cytometry (Figure B. 1C).  We 

determined a dissociation constant (Kd) of 0.5 ± 0.07 nM for the Rap1-TRF2 interaction 

(Figure B. 1D,G).  We then asked how this compared with the TIN2-TRF1 interaction.  
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We purified human TIN2 and TRF1 proteins from insect cells and used the FCPIA to 

determine how TRF1 bound TIN2 (Figure B. 1B).  Alexa Fluor labeled TRF1 bound 

biotinylated TIN2 with a dissociation constant of 12.9 ± 8 nM (Figure B. 1E, G).  To 

further investigate the interaction, we asked how the Kd of the TRF1-TIN2 interaction 

changed when TRF1 was biotinylated and TIN2 was Alexa Fluor labeled (Figure B. 1F).  

We found that the Kd for this interaction was 55 ± 26, slightly higher than the reverse 

configuration (Figure B. 1G).  To further test the specificity of this interaction, we purified 

a TIN2 truncation protein which stops at amino acid 218 (TIN2218) and thus does not 

contain the TRF1 binding motif.  Alexa Fluor labeled TIN2218 did not bind biotinylated 

TRF1, further confirming the specificity of the FCPIA and the TRF1-TIN2 interaction 

(Figure B. 1F).  Together these data establish the FCPIA as powerful tool for 

characterizing shelterin protein-protein interactions.   

B.2.2 TRF1 directly binds shelterin protein TRF2 

  While optimizing the FCPIA for the TRF1-TIN2 interaction, we used Alexa Fluor 

labeled TRF2 as a negative control for binding biotinylated TRF1, as an interaction 

between these two proteins had not been previously detected (Broccoli et al., 1997).  

While we observed the expected TRF1-TIN2 interaction in this assay, we were 

surprised to find that Alexa Fluor labeled TRF2 also interacted with biotinylated TRF1 

with a Kd of 74	± 31 nM (Figure B. 2A,C), as previous studies had failed to see an 

interaction between these two proteins in co-immunoprecipitation assays (Broccoli et 

al., 1997).  To further test this interaction, we biotinylated TRF2 and Alexa Fluor labeled 

TRF1 and observed that TRF1 interacted with TRF2 with a Kd of 102 ± 21 nM (Figure 

2B,C).  Both TRF1 and TRF2 bind double stranded telomeric DNA, so we asked if this 
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interaction could be bridged by contaminating DNA (that co-eluted with the protein/s 

during chromatographic purification).  To answer this, we added benzonase, a nuclease 

which degrades both RNA and DNA, to our Alexa Fluor labeled TRF1 in our flow 

cytometry assays.  Alexa Fluor labeled TRF1 along with benzonase bound biotinylated 

TRF2 with a Kd of 101 nM, suggesting that the TRF1-TRF2 interaction is not mediated 

by RNA or DNA (Figure B. 2B,C).  In our direct binding FCPIA experiments either TRF1 

or TRF2 is labeled using Alexa Fluor 488- maleimide, which reacts with the cysteines in 

these proteins and thus could affect their binding properties.  Therefore we utilized a 

competition based flow cytometry assay described previously  to quantitatively assess 

TRF1-TRF2 binding in the absence of labeling artifacts (Pendlebury et al., 2017).  For 

this, Alexa Fluor labeled TRF2 was pre-bound to biotinylated TRF1 on streptavidin 

beads.  Unlabeled TRF2 was then titrated in and allowed to compete for TRF1 binding.  

Median fluorescence on the beads was measured as a function of the titrated unlabeled 

TRF2 (Figure B. 2D).  Using this competition-based flow cytometry assay, we found that 

unlabeled TRF2 successfully competed for TRF1 binding, further confirming our direct 

binding FCPIA results (Figure 2E).  Together these data suggest a novel direct 

interaction between the shelterin components TRF1 and TRF2.  

B.2.3 Binding of either Rap1 or TIN2 inhibits the TRF1-TRF2 interaction.  

TRF1 and TRF2 have previously been suggested to homodimerize, but not 

heterodimerize, through their TRFH domains (Broccoli et al., 1997).  Therefore, we 

asked what differences may explain both our FCPIA results as well as this previously 

published data.  While our binding studies were conducted with purified protein, 

previous studies utilized in cell co-immunoprecipitation assays.  We hypothesized that 
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binding of other shelterin components, such as Rap1 and TIN2, which would occur in 

cells, may affect the interaction between TRF1 and TRF2.  To that end, we asked how 

binding of TIN2 to TRF1 affected the TRF1-TRF2 interaction.  We utilized our 

competition-based flow cytometry assay by using Alexa Fluor labeled TRF2 pre-bound 

to biotinylated TRF1.  As expected, cold TRF2 competed with Alexa Fluor labeled TRF2 

for TRF1 binding (Figure B. 3A, blue).  Excitingly, cold TIN2 also out competed Alexa 

Fluor labeled TRF2 for TRF1 binding, suggesting that the TRF1-TIN2 and TRF1-TRF2 

interactions are mutually exclusive (Figure B. 3A, red).  Notably, TIN2218, which does 

not contain the TRF1 binding motif but does contain the TRF2 binding region, did not 

compete off TRF2 from TRF1 (Figure B. 3A, green).  We asked if Rap1 binding to TRF2 

similarly inhibited the TRF1-TRF2 interaction.  For this, we used our direct binding 

FCPIA with biotinylated TRF1 immobilized on streptavidin beads and Alexa Fluor 

labeled TRF2.  As expected, Alexa Fluor labeled TRF2 bound biotinylated TRF1 (Figure 

B. 3B, blue), however when unlabeled Rap1 was pre-bound to Alexa Fluor labeled 

TRF2, no TRF1 binding occurred (Figure B. 3B, red).  Together these data describe 

how the shelterin proteins TIN2 and Rap1 inhibit the direct interaction between TRF1 

and TRF2.  

B.2.4 Determining the region on TRF2 which is responsible for interacting with 

TRF1 

Previous studies have suggested that the TRF2 basic domain promotes the 

formation of telomeric RNA:DNA hybrids, while the acidic domain of TRF1 counteracts 

this function at telomeres (Lee et al., 2018).  Therefore, we hypothesized that the basic 

domain of TRF2 may be responsible for directly interacting with TRF1.  To that end, we 
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engineered a deletion mutant of TRF2 which lacked the N-terminal basic domain 

(TRF2DN) and asked how that affected TRF1 binding.  Alexa Fluor labeled Rap1 bound 

biotinylated TRF2DN on streptavidin beads, suggesting that deletion of the basic 

domain did not result in gross protein folding defects (Figure B. 4B, red).  Surprisingly, 

deletion of the basic domain did not impact TRF1 binding, as TRF1 bound TRF2DN with 

a Kd of 65 nM (Figure B. 4B, blue).  Similarly to wild-type TRF2, addition of Rap1 

prevented the TRF2DN-TRF1 interaction (Figure B. 4B, green).  Together these data 

suggest that the TRF2 basic domain is not responsible for the TRF1-TRF2 interaction.  

Therefore, to determine which portions of TRF2 were important for interacting with 

TRF1, we engineered an additional four TRF2 deletion constructs: TRF2DTRFH (D aa 

42-245), TRF2DRap1 (D aa 286-299), TRF2DTIN2 (D aa 352-366), and bTRFH2 (aa 1-

245).  We recombinantly expressed and purified wild-type TRF2 and each TRF2 

truncation mutant and asked how these mutants affected TRF1 binding.  Using our 

competition-based flow cytometry assay we found that TRF2DTRFH, bTRFH2, and 

TRF2DTIN2 successfully competed for TRF1 binding as well as wild-type TRF2 (Figure 

B. 4C).  In contrast, deletion of the Rap1 binding domain or the N-terminal basic domain 

of TRF2 drastically reduced the binding affinity for TRF1.  Interestingly, while TRF2DN 

bound TRF1 as well as wild-type TRF2 in our direct binding flow cytometry assay 

(Figure B. 4B), it did not compete for TRF1 binding as well as wild-type TRF2 in our 

competition assay (Figure B. 4C).  Additionally, while TRF2DRap1 did not compete for 

TRF1 binding as well as wild-type TRF2, bTRFH2, which similarly lacks the Rap1 

binding domain, was able to compete for TRF1 as well as wild-type TRF2 (Figure B. 
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4C).  These apparently contradictory results suggest that multiple different domains in 

TRF2 may contribute to TRF1 binding.   

B.2.5 TRF1-TRF2 weakly interact in vivo  

We wondered if artifacts from protein labeling or our FCPIA assay could be 

preventing further characterization of the TRF1-TRF2 interaction.  Therefore, we 

conducted GST-pulldown experiments using GST-TRF2 as bait and untagged wild-type 

TRF1 or Rap1 as prey.  While GST-TRF2 efficiently pulled down Rap1 on glutathione 

beads (Figure B. 5A, compare lanes 2 & 7), we could not conclusively detect TRF1 

pulled down by GST-TRF2 (Figure B. 5A, compare lanes 2 & 4) because degradation 

products of GST-TRF2 occluded visualization of TRF1.  Therefore, we conducted in cell 

co-immunoprecipitation experiments using transiently overexpressed C-terminally FLAG 

or Myc-tagged TRF1 and TRF2.  Although endogenous TIN2 and Rap1 would likely 

bind some proportion of tagged TRF1 and TRF2 and prevent their interaction, we 

hypothesized that over-expressing these proteins would prevent saturation with TIN2 or 

Rap1.  While FLAG-tagged TRF2 did not pull down Myc-tagged TRF1 (Figure B. 5B 

lane 4), FLAG-tagged TRF1 weakly pulled down Myc-tagged TRF2 (Figure B. 5B lane 

3).  Together these data suggest a weak TRF1-TRF2 interaction can be detected in 

cells, however further research is necessary to confirm this interaction in vitro and 

validate its significance in cells.  

B.3 Discussion 

Using both a direct and competition-based flow cytometry protein interaction 

assay we discover a novel interaction between the shelterin proteins TRF1 and TRF2.  

We find that this interaction is not mediated by RNA or DNA, and addition of TIN2 or 
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Rap1 blocks TRF1-TRF2 binding.  We find that TRF2 co-immunoprecitates with TRF1, 

however in vitro we were unable to determine a specific domain in TRF2 that is 

responsible for this interaction. 

During the course of this work, a study was published that suggests the basic 

domain of TRF2 stimulates the formation of telomeric RNA:DNA hybrids, known as telR-

loops, by specifically binding to telomeric RNA.  In contrast, the N-terminal acidic 

domain of TRF1 counteracts this TRF2-mediated telR-loop formation, preserving 

telomere integrity in vivo (Lee et al., 2018).  However, the mechanism for this repression 

remains unknown.  It is possible that the novel interaction between TRF1 and TRF2 that 

we describe here contributes to the mechanism by which the acidic domain of TRF1 

prevents unwanted TRF2-mediated telR-loop formation.  While the basic domain of 

TRF2 is suggested to mediate telR-loop formation, we find that the basic domain of 

TRF2 is not solely responsible for binding TRF1, as deletion of the basic domain did not 

affect TRF1 binding in our direct binding flow cytometry protein interaction assay.  

However, TRF2DN was unable to compete for TRF1 binding as well as wild-type TRF2 

in our competition-based flow cytometry assay, suggesting that these assays may not 

be fully complementary.  Instead, it is possible that biotin labeling TRF2DN for our direct 

binding assays artificially increases the interaction between TRF2DN and TRF1, while 

use of unlabeled TRF2DN in our competition-based assays results in a more accurate 

representation of the binding affinity.  

More troubling still, our contradictory results with the bTRFH2 and TRF2DRap1 

constructs suggest that TRF2 may be incompatible with our FCPIA and/or chemical 

labeling.  It is possible that purified TRF2 has a proclivity to non-specifically interact with 
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complementarily charged protein surfaces (TRF2 is highly basic) which are normally 

bound to other proteins, such as its constitutive binding partner Rap1.  Thus, all of the 

purified TRF2 variants, as well as full length TRF2, would have some propensity to non-

specifically bind other proteins (or the bead matrix) that they come in contact with.  

While it is exciting to imagine that addition of Rap1 blocks the TRF1-TRF2 interaction, it 

is also prudent to ask if addition of Rap1 allows for the stable formation of a TRF2-Rap1 

complex which is no longer prone to erroneously binding beads or other proteins, thus 

preventing an artifactual TRF1 interaction. 

We also find that TIN2 prevents the TRF1-TRF2 interaction.  Purified TIN2 and 

TRF1 pose none of the problems that we found with TRF2, as these proteins were 

stable and less likely to nonspecifically interact with proteins or beads.  Thus, this 

repression does not pose the same caveats as the Rap1-TRF2 complex.  If the TRF1-

TRF2 complex arose solely because of a nonspecific interaction with the TRF2 protein, 

then one would expect that TRF2 would bind to TRF1-TIN2 just as it did to TRF1 alone. 

Yet addition of TIN2 blocks the TRF1-TRF2 interaction, giving credence to the 

authenticity of this result.  Therefore, future studies should focus on understanding the 

mechanism of this inhibition.  

To that end, it is interesting to consider that the TRF1 TRFH domain could be 

responsible for interacting with both TIN2 and TRF2.  The TRF1 TRFH domain interacts 

with an F-X-L-X-P-basic motif on TIN2, however previous studies have shown that 

variations on this sequence, such as an I-X-L-X-P-basic motif, also interact with the 

TRF1 TRFH domain (Pendlebury et al., 2017).  Curiously, TRF2 contains an S-X-L-X-P-

basic sequence between its Rap1 binding domain and TIN2 binding domain.  It is 



 194 

interesting to think that this motif might bind the TRF1 TRFH domain, docking in the 

same location as the TIN2 F-X-L-X-P-basic motif and providing an elegant mechanism 

for the TIN2-mediated repression of the TRF1-TRF2 interaction.  

Our co-immunoprecipitation studies with overexpressed TRF1 and TRF2 suggest 

that FLAG-TRF1 successfully bound Myc-TRF2 in vivo.  However the ability of Rap1 

and TIN2 to block this interaction calls in to question the evolutionary and functional 

advantage of conserving the binding between these two proteins.  Rap1 and TIN2 are 

significantly more abundant than TRF1 and TRF2, suggesting that a TRF1-TRF2 

interaction at telomeres is unlikely.  Future studies should ask if TRF1-TRF2 binding 

occurs in vivo, and if so, how and when this interaction takes place.  Once these points 

are addressed, the most exciting questions, such as what affect this interaction has on 

telomere biology, can begin to be answered.   

  

B.4 Materials and Methods 

 

B.4.1 Molecular cloning 

For bacterial expression of TRF2, full-length TRF2 sequence was cloned in to 

pET-smt3 vector using standard restriction endonuclease-mediated cloning.  For 

expression of TRF2DN (aa 42-500) and bTRFH2 (aa 1-245), appropriate sequences 

were PCR amplified from full length TRF2 cDNA and cloned into the pET-Smt3 vector 

using standard restriction endonuclease-mediated cloning.  For expression of TRF2 

variants TRF2DTRFH (D aa 43-245), TRF2DRap1 (D aa 286-299), and TRF2DTIN2 (D 

aa 352-366), deletion constructs were cloned using ExSite PCR-based mutagenesis on 
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the TRF2 pET-smt3 parental vector.  For expression of TIN2218, TIN2 aa 1-218 were 

PCR amplified and cloned into the pET-smt3 vector using standard restriction 

endonuclease-mediated cloning.  For insect cell expression of full length TIN2, Rap1, 

and TRF1, the pFBHTb-Smt3star vector was used to engineer pFBHTb-Smt3star-TIN2, 

pFBHTb-Smt3star-Rap1, and pFBHTb-Smt3star-TRF1 using as strategy described 

previously (Kocak et al., 2014).  For GST-TRF2 bacterial cell expression, full length 

TRF2 was cloned and ligated into the pGEX-6P-2 vector (GE Life Sciences) using 

standard restriction endonuclease-mediated cloning.  3x-FLAG-tagged TRF1 and TRF2 

and 6x-MYC-tagged TRF1 and TRF2 for human cell expression in co-

immunoprecipitation experiments were cloned into the pTET-IRES-eGFP-Bi4 vector as 

described previously (Grill et al., 2019).  All oligonucleotides used in this study were 

purchased from IDT.  

B.4.2 Purification of protein expressed in insect cells 

Protein purification was conducted as described previously (Grill et al., 2018).  

Full-length human TRF1, Rap1, and TIN2 were expressed as SUMOstar-(His)6 fusion 

proteins in baculobirus-infected High Five cells (Thermo Fisher Scientific).  Cells were 

lysed in 25 mM Tris pH 7.6, 500 mM NaCl, 10 mM BME, 0.1 mM EDTA, 1 mM PMSF, 

and 1 complete protease inhibitor tablet (Roche) and the resulting proteins were purified 

from soluble cellular lysate using Ni-NTA agarose resin (Qiagen).  The SUMOstar tag 

was then cleaved with SUMOstar protease (LifeSensors) and the untagged protein was 

dialyzed overnight in 250 mM NaCl, 50 mM tris pH 7.6, and 2 mM BME.  After dialysis, 

proteins were further purified by Superdex 200 size-exclusion chromatography (GE 

Healthcare Life Sciences), analyzed by SDS-PAGE, and stored in -80°C for future use.  
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B.4.3 Purification of protein expressed in bacteria 

Protein purification was conducted as described previously (Grill et al., 2018).  

Full length TRF2 and all TRF2 truncation constructs were purified using an identical 

method, as well as truncated TIN2218.  Briefly, proteins were expressed in E. coli strain 

BL21 (DE3) as a Sumo-(His)10-fusion protein.  Cells were harvested, lysed in 50 mM 

Tris pH 7.6, 500 mM NaCl, 2 mM BME, 1 mM PMSF, and 1 complete protease inhibitor 

tablet (Roche), and centrifuged.  Resulting soluble cellular lysates were purified with Ni-

NTA agarose resin (Qiagen) and eluted from the column using 250 mM imidazole.  The 

sumo tag was then cleaved using Ulp1 protease (MTA with Cornell University) and the 

resulting untagged protein was further purified by Superdex 200 size-exclusion 

chromatography (GE Healthcare Life Sciences) in 25 mM Tris-Cl (pH 8), 250 mM NaCl, 

and 2 mM DTT for all TRF2 constructs, and 25 mM Tris-Cl (pH 8), 150 mM NaCl, and 2 

mM DTT for TIN2218.  For purification of GST-tagged TRF2, protein was expressed in E. 

coli strain BL21 (DE3) and purified using similar protocols to those previously described 

(Pendlebury et al., 2017) using Glutathione Sepharose 4B beads (GE Healthcare) 

following manufacturer’s instructions.  GST-TRF2 was then eluted off the glutathione 

beads after 10 minute incubation with glutathione.  GST-TRF2 was then further purified 

by Superdex 200 size-exclusion chromatography (GE Healthcare Life Sciences) in 25 

mM Tris-Cl (pH 8), 250 mM NaCl, and 2 mM DTT. 

B.4.4 Flow-cytometry based assay for quantifying protein-protein interactions 

Flow cytometry was conducted as described previously (Pendlebury et al., 2017).  

Briefly, proteins were labeled by reacting a 2-fold excess of label over protein 

concentration for 20 minutes at room temperature in the dark.  Bait protein was 
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biotinylated using biotin maleimide (Sigma; B1267) and prey protein was fluorophore-

labeled with Alexa Fluor488-C5 (Life Technologies).  Unlabeled biotin or Alexa Fluor 

label was removed with a Micro Bio-spin 6 spin column (Bio-Rad; cat#7326002) and 

protein concentration was measured using Bio-Rad protein assay dye reagent (Bio-Rad; 

cat#5000006).  Once labeled, proteins we stored at -80°C for future use.  

B.4.5 Direct binding assays 

150 µM of Biotin-labeled bait protein was immobilized on streptavidin beads 

(spherotech; SVP-20-5).  Alexa Fluor labeled prey protein was then added at varying 

concentrations and mixed with the bead-bound bait protein in flow buffer (20 mM Tris-Cl 

(pH 8.0), 100 mM NaCl, 2 mM DTT, 1% bovine serum albumin, and 0.1% lubrol).  

Negative control lanes containing identical prey proteins with beads that were not bound 

to prey protein were used to calculate background signal.  Proteins were then incubated 

on ice for 30 minutes and analyzed on an Accuri C6 flow cytometer (BD biosciences) 

using a Hypercyt autosampler (IntelliCyt).  The median fluorescence intensity on the 

beads was calculated on the flow cytometer and the mean value of duplicate 

measurements on each plate was fitted to a single site binding model.  Dissociation 

constants were calculated using Prism 7.0 (Graphpad) after subtracting background 

signal.  

B.4.6 Competition experiments 

The two interacting proteins were labeled with biotin or Alexa Fluor488 exactly as 

described above.  Both biotin and Alexa Fluor labeled proteins were held at a constant 

concentration of 150 nM throughout the experiment and were allowed to bind 

streptavidin beads before incubation with unlabeled competitor protein.  Unlabeled 
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competitor protein was then titrated into the mixture and fluorescence intensity was 

calculated exactly as described above.  Median fluorescence data was fitted to a one-

site competition curve and IC50 values were calculated in Prism 7.0 (Graphpad). 

B.4.7 Co-immunoprecipitation assay for protein-protein interaction 

Co-immunoprecipitation experiments were done exactly as described previously (Grill et 

al., 2018) using 1 µg each of plasmids containing Flag-TRF1, Flag-TRF2, Myc-TRF1, 

and Myc-TRF2.  

B.4.8 GST pulldown assay 

GST-glutathione bead pulldown experiments were done exactly as described previously 

(Pendlebury et al., 2017).  
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B.5 Figures and Tables 
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Figure B.1 Describing shelterin protein-protein interactions in vitro using a flow cytometry protein 
interaction assay. 
A) Schematic of the six shelterin proteins along with telomerase bound to double and single 
stranded telomeric DNA.  B) Coomassie-blue-stained SDS-PAGE gel of purified full-length 
TIN2, TRF1, TRF2, and Rap1 proteins used in this study. C) Schematic of a direct binding flow 
cytometry protein interaction assay.  Alexa Fluor labeled TRF1 binds biotin labeled Rap1 on 
streptavidin beads and the median fluorescence intensity on the beads is measured. D) Direct 
association of Alexa Fluor labeled TRF2 with biotin-labeled Rap1 on streptavidin beads was 
scored with a flow cytometer. Fluorescence signal was background corrected with reactions 
containing Alexa Fluor labeled protein and unbound streptavidin beads. Mean of technical 
duplicates is plotted.  E) Direct association of Alexa Fluor labeled TRF1 with biotin labeled TIN2 
on streptavidin beads was scored with a flow cytometer exactly as in D.  F) Direct association of 
Alexa Fluor labeled TIN2 or TIN2218 with biotin labeled TRF1 was scored with a flow cytometer 
exactly as in D. G). Affinity constants related to panels D, E, and F are shown as the mean and 
standard deviation from the indicated number of replicates.  
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Figure B.2 TRF1 directly binds shelterin protein TRF2. 
A) Direct association of Alexa Fluor labeled TRF2 with biotin labeled TRF1 on streptavidin 
beads was scored with a flow cytometer. Fluorescence signal was background corrected with 
reactions containing Alexa Fluor labeled protein and unbound streptavidin beads. Mean of 
technical duplicates is plotted.  B) Direct association of Alexa Fluor labeled TRF1 (Blue) or 
Alexa Fluor labeled TRF1 + benzonase (red) with biotin labeled TRF2 on streptavidin beads 
was scored with a flow cytometer exactly as in A. C) Affinity constants related to panels A and B 
are shown as the mean and standard deviation from the number of replicates indicated. D) 
Schematic of the competition-based flow cytometry protein interaction assay.  Alexa Fluor 
labeled TRF2 is prebound to biotin labeled Rap1 immobilized on streptavidin beads.  Unlabeled 
TRF2 is then titrated in and allowed to compete for binding to biotin labeled Rap1. The median 
fluorescence on the beads is measured by flow cytometry. E) Fluorescence-based competition 
experiments using Alexa Fluor labeled TRF2 (150 nM) prebound to biotin-labeled TRF1 on 
streptavidin beads titrated with varying concentrations of unlabeled TRF2.  Mean of technical 
duplicates is plotted and the mean and standard deviation of 3 biological replicates (of technical 
duplicates) is shown below.  
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Figure B.3 Rap1 and TIN2-mediated inhibition of the TRF1-TRF2 interaction. 
A) Fluorescence-based competition experiments using Alexa Fluor labeled TRF2 (150 nM) 
prebound to biotin-labeled TRF1 on streptavidin beads titrated with varying concentrations of 
unlabeled TRF2 (blue), TIN2 (red), or TIN2218 (green).  Mean of technical duplicates is plotted 
and the mean and standard deviation of indicated number of biological replicates (of technical 
duplicates) is shown below.  B) Direct association of Alexa Fluor labeled TRF2 with biotin 
labeled TRF1 (blue) or TRF1 and Rap1 (red) on streptavidin beads was scored with a flow 
cytometer. Fluorescence signal was background corrected with reactions containing Alexa Fluor 
labeled protein and unbound streptavidin beads. Mean of technical duplicates is plotted. 
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Figure B.4 Determining the TRF1 binding region of TRF2.  
A) Domain diagram depicting the basic, TRFH, Rap1 binding, TIN2 binding, and MYB domains 
of human TRF2. B) Direct association of Alexa Fluor labeled TRF1 (blue), Rap1 (red), or TRF1 
and Rap1 (green) with biotin-labeled TRF2DN on streptavidin beads. Fluorescence signal was 
background corrected with reactions containing Alexa Fluor labeled protein and unbound 
streptavidin beads. Mean of technical duplicates is plotted and the mean and standard deviation 
of indicated number of biological replicates (of technical duplicates) is shown below. B) 
Fluorescence-based competition experiments using Alexa Fluor labeled TRF2 (150 nM) 
prebound to biotin-labeled TRF1 on streptavidin beads titrated with varying concentrations of 
the indicated unlabeled TRF2 variant.  Mean of technical duplicates is plotted and the logIC50 of 
the indicated competitor is shown below. 
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Figure B.5 TRF2 binds TRF1 in vivo. 
A) Pulldown of TRF1 or RAP1 using GST-TRF2 on glutathione Sepharose beads. B) Pulldown 
of either FLAG-TRF1 or FLAG-TRF2 and Myc-TRF2 or Myc-TRF1 transiently expressed in 
HeLa cells on anti-FLAG conjugated beads.  “Input” and “FLAG-IP” immunoblots refer to soluble 
lysates before overnight incubation with anti-FLAG beads and anti-FLAG beads after overnight 
immunoprecipitation, respectively.  
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