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            Telomeres consist of repetitive DNA sequences and their associated binding 

proteins, and serve to protect linear chromosome ends from being recognized as 

double stranded breaks in need of repair.  The telomeres of most normal diploid cells 

shorten with every cell division until they reach a critically short length, at which 

time the cells undergo senescence or apoptosis.  Cancer cells which have the ability 

to divide indefinitely must prevent their telomeres from becoming critically short, 

and the majority of cancer cells achieve this by upregulating telomerase.  Maintaining 
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telomere length involves regulating the dynamic between telomere shortening and 

telomere elongation.  However, there are still many aspects of this dynamic 

regulatory process that are unknown. Many methods of telomere length assessment 

have been developed that utilize a variety of molecular techniques, but a major 

shortcoming of these methods is that they lack the ability to detect single short 

telomeres that are thought to trigger replicative senescence. Thus, the objective of this 

work was to develop an assay, named Universal STELA, which can generate an 

accurate distribution of telomere lengths on all chromosomes and allow for the study 

of the shortest telomeres in experimental settings. 

 Universal STELA was first used to determine if cancer stem cells are 

susceptible to telomerase inhibition therapy because they have a larger fraction of 

shorter telomeres than non cancer stem cells.  Cancer stem cells are thought to 

contribute to cancer metastasis and recurrence, and therapies like telomerase 

inhibition that target cancer stem cells may lead to more durable treatment outcomes.   

Universal STELA was next used to investigate regulation of telomerase action.  C- 

and G-STELA were used to determine that telomerase activity is coupled to telomere 

replication, while C-strand fill-in is delayed until S/G2.  Universal STELA was used 

to compare the rate of elongation of short, average and long telomeres when 

telomeres are shorter than their maintenance length. 
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CHAPTER ONE 

GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

I.  THE BEGINNING OF THE ENDS:  

A BRIEF HISTORY OF TELOMERE BIOLOGY 

           As all lines have a beginning and an end, all linear chromosomes must be 

flanked by two free ends.  These ends, called “telomeres” or “end parts,” have 

proven to be intricately involved in such pivotal processes as the protection of 

genetic material, the regulation of cellular aging, and the protection against 

abnormal cellular growth.   As these mechanisms have become established, the 

consequences of telomere dysfunction have revealed a variety of disease states 

ranging from pulmonary fibrosis and dyskeratosis congenita, to more than 90% of 

human cancers.  An integral stage in the understanding of the regulation of 

telomeres came with the recognition of a reverse transcriptase holoenzyme named 

“telomerase” due to its catalytic extension of telomere ends.  The study of the role 

of telomerase in cancer and stem cells has propelled the field into the 

multidirectional study of the impact of telomeres in human development, aging, 

and disease, as telomerase is recognized simultaneously for its potential to cure 

degenerative disease yet perpetuate the growth and spread of cancer. 

           While the frontier of telomere research is impacting medically related 

fields, the story of the ends of our chromosomes can be traced all the way to the 
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beginning, to our desire to understand the nature of the heritable unit, the gene 

(Blackburn, 2006).  Early cytogeneticists could visualize chromosomes using 

microscopy, and Thomas Hunt Morgan hypothesized that genes were arranged on 

chromosomes like “beads on a string” (Morgan, 1911), in a particular order with a 

beginning and an end.  One of Morgan’s students, Hermann Muller, would 

recognize that the “free ends” of linear chromosomes behaved differently than X-

ray induced broken ends, and he was the first to call the ends of our chromosomes 

“telomeres” from the greek words for “end” (telos) and “part” (meros) (Muller, 

1938).  Around the same time, Barbara McClintock was learning about the 

“knobs” of heterochromatin that she could visualize at the ends of individual 

chromosomes from maize cells.  She called these distinct knobs the “natural ends” 

of the chromosomes (Creighton and McClintock, 1931), and eventually shared 

Muller’s conclusion that these natural ends or telomeres behaved much differently 

than broken ends induced by X-ray irradiation (McClintock, 1941).  The 

recognition that induced ends were distinctly different from natural ends made 

notable the observation that, in certain circumstances, an induced end could be 

altered such that it became a stable free end much like the natural telomere ends 

(McClintock, 1939). This observation implied that there was some permanent 

molecular change that occurred at the healed, induced ends, and is consistent with 

current data regarding the actions of the telomerase reverse transcriptase during 

chromosome healing.   



3 
 

 
 

            These early cytogenetic studies paved the way to identifying telomeric 

DNA as heterochromatin with a unique structure and function in cellular biology, 

but the molecular characterization of telomeres took several decades to establish.  

With the elucidation of the structure of DNA as a double stranded helix (Watson 

and Crick, 1953), it became clear that eukaryotic chromosomes consisted of a 

single, linear DNA molecule.  The concept of the double stranded helix of 

complementary bases allowed us to understand how genetic material could be 

copied and transmitted across generations of organisms and across cell division 

lineages, and the biochemistry of DNA replication was established in the coming 

years (Lark, 1969; Richardson, 1969).  The enzymatic mechanism of DNA 

replication presented a unique problem when considering the replication of linear 

chromosomes, which requires a polynucleotide primer with a free 3’-hydroxyl 

group for initiation of synthesis of the daughter strand.  Theoretically, this 

mechanism precludes the complete replication of linear DNA at the ends, and this 

proposed “end replication problem” was put forth in the 1970’s (Olovnikov, 1973; 

Watson, 1972) as a challenge to understand the mechanism of DNA replication at 

the telomeres. With incomplete replication of linear DNA, it was theorized that 

subsequent cell divisions would lead to an eventual loss of genetic information at 

the chromosome ends (Watson, 1972).  Solving the end replication problem 

became a central motive in the field that eventually connected telomere length 
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dynamics to the regulation of cellular senescence, aging, and eventually cancer 

biology. 

            As researchers were putting forth models to address the challenges 

presented by the end replication problem, it became necessary to better 

understand the molecular aspects of telomeres themselves.  The first telomere 

sequences to be elucidated were from extrachromosomal ribosomal DNA from 

the ciliated protozoa, Tetrahymena thermophila (Blackburn and Gall, 1978).  

These Tetrahymena telomeres consisted of tandem repeats of a G/C-rich 

hexanucleotide sequence with lengths varying from 20 to 70 repeats (Blackburn 

and Gall, 1978).  In the following years, the sequence and structure of telomeres 

from a variety of other eukaryotic organisms were identified, all with similar 

characteristics to that found in Tetrahymena (Blackburn, 1990; Shampay et al., 

1984).  The sequence of human telomeres was established in 1988 (Moyzis et al., 

1988) as consisting of tandem 5’ TTAGGG 3’ repeats, and this same sequence 

was found to be conserved among more than 90 eukaryotic species (Meyne et al., 

1989).    Among all telomeres studied, the following characteristics remained 

conserved:  the sequence consisted of tandem repeats of short sequences; the 

repeat sequences consisted of a G-rich and opposing C-rich strands; the G-rich 

strand was generally oriented in the 5’ to 3’ direction; every species had a 

characteristic telomere sequence; the number of tandem repeats were variable 

(Blackburn, 2006).  
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           The conserved structure of telomere sequence suggested a conserved 

function for telomeres across species.  The fact that telomeres contained repetitive 

tracts of specific DNA sequence, coupled with the fact that telomere DNA 

seemed to be protected from nuclease degradation when compared to non-

telomeric DNA (Blackburn and Chiou, 1981), suggested that a unique set of non-

histone proteins might be involved in packaging or associating with telomeric 

DNA.  The first telomere binding protein was discovered as a two-subunit protein 

that recognizes and tightly binds the 3’ G-rich overhang of telomeres in the 

ciliate, Oxytricha nova (Gottschling and Zakian, 1986).  This protein, TEBP, has 

since been found to have homologues in the budding yeast (Cdc13p, (Lin and 

Zakian, 1996; Nugent et al., 1996), and the TEBP homolog, POT1, can be found 

in species as diverse as fission yeast and humans (Baumann and Cech, 2001).  

The first protein found to bind the duplex portion of telomere DNA was Rap1p in 

S. cerevisiae (Buchman et al., 1988).  Rap1p was originally identified as a 

transcriptional regulator, and it’s in vivo association with telomeres was first 

described in 1990, providing evidence that proteins involved in other cellular 

functions played an integral role in telomere structure and function (Conrad et al., 

1990).  Interestingly, Rap1p binding at the telomeres was found to be a negative 

regulator of telomere length (Conrad et al., 1990; Lustig et al., 1990), and the 

number of Rap1p molecules bound to the telomere duplex DNA appeared to act 

as a counting mechanism that regulates telomere length (Krauskopf and 
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Blackburn, 1996; Marcand et al., 1997).  Mammalian double stranded telomeric 

DNA is bound by TRF1 (Chong et al., 1995), which like Rap1p, is a negative 

regulator of telomere length (van Steensel and de Lange, 1997); mammalian 

double stranded DNA is also directly bound by a related protein, TRF2 (Bilaud et 

al., 1997; Broccoli et al., 1997b), which is involved in telomere length regulation 

(Smogorzewska et al., 2000) as well as telomere secondary structure formation 

and end protection (reviewed in (de Lange, 2004).  Today, POT1, TRF1 and 

TRF2 are known to work in concert with three additional proteins to form a six-

protein complex called shelterin that is essential for telomeres to function to 

protect the ends of mammalian chromosomes (de Lange, 2002, 2005, 2009).  The 

structure and function of this telomeric nucleoprotein complex will be discussed 

in further detail. 

Of all the proteins that have been found to interact with telomeres, none 

has inspired such fascination as that of the holoenzyme complex known as 

telomerase.  Several lines of evidence suggested that there must be a mechanism 

for generating de novo telomere sequence, the first of which was Barbara 

McClintock’s observation that X-ray irradiated broken chromosomes could be 

“healed” and the once broken ends indefinitely behaved as natural chromosome 

ends (McClintock, 1939).  Barbara McClintock also observed that some maize 

mutants from her cytogenetic studies lacked the ability to heal their broken 

chromosomes, suggesting that there was a gene or genes that conferred the 
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healing property (personal communication between B.M. and E.H.B. discussed in 

(Blackburn, 2006b).  After the discovery of DNA sequence of Tetrahymena 

telomeres, it was discovered that telomere repeat DNA was added to telomere 

ends in actively dividing yeast cultures (Shampay et al., 1984; Szostak and 

Blackburn, 1982).  In 1985, Carol Greider and Elizabeth Blackburn demonstrated 

that there was enzymatic activity present in the extract of Tetrahymena cells that 

could generate de novo telomere repeats on telomere ends (Greider and 

Blackburn, 1985).  They called this enzymatic activity “terminal transferase,” 

which would later become known as telomerase.  The observation that RNase 

inactivated the terminal transferase activity prompted the characterization of the 

partially purified active complex, and a low-abundance RNA species copurified 

with the telomerase activity (Greider and Blackburn, 1987).  This was the first 

evidence that telomerase existed as a ribonucleoprotein complex, and in 1989 the 

Tetrahymena RNA template sequence was identified and confirmed (Greider and 

Blackburn, 1989; Yu et al., 1990).   

Telomerase activity was subsequently found in a variety of species, all of 

which generated their species’ characteristic telomere repeat sequence in an RNA-

dependent manner consistent with the results from Tetrahymena (Morin, 1989; 

Shippen-Lentz and Blackburn, 1989; Zahler and Prescott, 1988).  The discovery 

of telomerase activity in human cancer cell extracts proved that the reverse 

transcriptase activity was widespread, and suggested a mechanism by which 
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cancer cells could grow indefinitely (Morin, 1989).  The first protein component 

of telomerase to be identified was a yeast mutant with an “ever-shortening 

telomere” (est) phenotype (Lundblad and Szostak, 1989).  The mutants exhibited 

telomere loss over the course of many population doublings, with eventual 

senescence and cell death.     While the presence and nature of the telomerase 

reverse transcriptase and RNA template subunits were established in the mid- to 

late 1980’s, it would be another decade before they were cloned. The human RNA 

template was cloned in 1995 (Feng et al., 1995) and was named hTR, (human 

Telomerase RNA); the human catalytic subunit of telomerase was cloned in 1997 

and named hTERT (human telomerase reverse transcriptase) (Harrington et al., 

1997a; Nakamura et al., 1997).  hTR is ubiquitously expressed in all human cells, 

and telomerase activity is limited by the expression of hTERT, which is only 

found in cells with detectable telomerase activity (Ducrest et al., 2002; Takakura 

et al., 1998).  

The interplay between telomerase extension of telomere ends and the end 

replication problem suggested that telomere length is a tightly controlled 

regulatory process in cell biology.  The first evidence directly linking telomere 

length to cellular senescence in humans showed that the telomeres of normal 

human fibroblasts shortened with progressive cell passages until the cells 

senesced in vitro (Harley et al., 1990).  Previous data showing that telomeres of 

the X/Y chromosomes from adult somatic cells were shorter than their 
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counterparts from germ cells (Cooke and Smith, 1986) suggested that telomerase 

was active in human germ cells but not in somatic cells such as fibroblasts.  Taken 

together, there was mounting evidence to suggest that shortening telomeres could 

trigger cells to stop dividing, explaining the long-observed limited replication 

potential of cells in culture (Hayflick and Moorhead, 1961).  A theory relating 

telomere shortening to aging and cancer was proposed by Woody Wright and 

Jerry Shay (Figure 1.1) (Wright et al., 1989; Wright and Shay, 1992) in which a 

two-stage mechanism was responsible for determining a cell population’s 

senescence or immortalization.  The two-stage theory suggests that the telomeres 

of normal diploid cells shorten with every cell division until they reach a critically 

short length, causing the cells to arrest at cell cycle checkpoints and enter what 

has been termed Mortality Stage 1 (Wright and Shay, 1992).  At this stage, cells 

cease to divide and undergo replicative senescence.  However, cells that have 

acquired inactivation of common cell cycle checkpoint proteins in the p53 and Rb 

pathways are able to continue dividing and lose telomeric sequences with each 

division (Shay et al., 1991).  These cells ultimately reach a crisis stage, called 

Mortality Stage 2, which is marked by genomic instability due to chromosome 

fusions leading to increased aneuploidy and apoptosis.  However, cells which are 

able to maintain their telomeres escape this crisis stage and continue to proliferate 

(Counter et al., 1992; Kim et al., 1994; Shay et al., 1993).   
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Figure 1.1 Telomere attrition induces senescence (M1) or crisis (M2) in the 

absence of telomere maintenance.  All telomeres of normal diploid somatic cells 

shorten with each cell division, with telomere attrition rates being much slower in 

proliferative adult stem-like progenitor cells.  When a few telomeres reach a 

critically short length, DNA damage sensing pathways initiate a growth arrest 

called replicative senescence, or Mortality Stage 1 (M1).  Cells that have acquired 

mutations which inactivate common DNA damage checkpoints in the p53 and 

p16/Rb pathways are able to bypass M1 and continue to divide (also called 

extended lifespan phase).  Cells which escape M1 continue to experience telomere 

shortening until many telomeres become critically short, causing increased 

chromosomal instability due to telomere fusions and breakage-fusion-bridge 

cycles, ultimately leading to a state of crisis.  The majority of cells that enter 

crisis, or Mortality Stage 2 (M2), undergo apoptotic cell death.  Only rare cells 

which are able to stabilize telomere length are able to divide past M2/crisis.  

Activation of telomerase is the most common telomere maintenance mechanism 

acquired by cells which escape crisis, and more than 85% of human cancers are 

telomerase positive. 
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In support of this theory, a pivotal publication showed that approximately 

90% of human cancers upregulate telomerase as the mechanism of telomerase 

maintenance (Kim et al., 1994).  The study utilized a novel, PCR-based assay for 

the detection of telomerase activity in a very small sample of human cells 

(Telomere Repeat Amplification Protocol, or TRAP).  Applying the assay to a 

large panel of primary normal versus tumor samples, as well as mortal versus 

immortalized cell lines revealed that telomerase activity is restricted in normal 

human somatic cells but is activated in cancer and immortalized cells to allow for 

indefinite replication.  The approximately 10% of cancer cells that do not 

upregulate telomerase have been found to maintain their telomeres through a 

telomere recombination pathway called ALT (alternative lengthening of 

telomeres) (Bryan et al., 1997); the ability of cancer cells to replicate indefinitely 

through telomerase activation or ALT pathway activation has been called one of 

the hallmarks of cancer (Hanahan and Weinberg, 2000), and emphasizes the 

importance of telomere length dynamics in the regulation of cell division.   

If telomere shortening induced replicative senescence and telomerase 

upregulation in cancer cells allowed cells to divide indefinitely, it was 

hypothesized that expression of telomerase in otherwise telomerase-negative cells 

would allow those cells to divide indefinitely (Levy et al., 1992).  Exogenous 

expression of in vitro synthesized hTERT was able to reconstitute normal 

telomerase activity in normal human diploid cells, suggesting that hTERT is the 
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limiting component required for telomerase catalytic activity (Weinrich et al., 

1997).   The introduction of overexpressed hTERT in telomerase negative human 

cell lines showed telomere elongation and extended cellular lifespans compared to 

the telomerase negative controls, showing for the first time that cells could be 

immortalized by expressing telomerase (Bodnar et al., 1998).  This study 

experimentally confirmed the causal relationship between telomere shortening 

and cellular senescence.   

With telomeres firmly established as regulators of cellular senescence and 

the action of telomerase documented in cancer cells, germ cells and other stem-

like cells, new efforts at understanding the medical implications of telomerase 

activity and thoughts of telomerase manipulation for medical purposes began to 

gain prominence in the field.  Dysfunctional telomere regulation has been 

implicated in a variety of diseases including dyskeratosis congenita, idiopathic 

pulmonary fibrosis and aplastic anemia (reviewed in (Calado and Young, 2009).  

Dyskertaosis congenita is an inherited form of ectodermal dysplasia and is 

characterized by abnormal skin pigmentation, nail dystrophy and leukoplakia of 

the tongue (Calado and Young, 2009).  The disease was causally linked to 

telomeres when mutations in dyskerin, a nucleolar protein that associates with the 

hTR RNA component of telomerase, were identified (Dez et al., 2001; Pogacic et 

al., 2000).  When patients with dyskeratosis congenita were found to have very 

short telomeres (Vulliamy et al., 2001), additional mutations in telomerase 
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components or telomere associating proteins were identified as being associated 

with the disease (reviewed in (Calado and Young, 2009).  Dyskeratosis congenita 

was the first human disease formally linked to telomere maintenance dysfunction.  

Mutations in telomerase components hTR and hTERT have been found in about 

10% of aplastic anemia patients, who also exhibit short telomeres (Yamaguchi et 

al., 2003; Yamaguchi et al., 2005). Most recently, mutations in telomerase 

components have been identified in about 15% of idiopathic pulmonary fibrosis 

patients (Armanios et al., 2007; Mushiroda et al., 2008; Tsakiri et al., 2007), and 

these patients also exhibit shortened telomeres.  Telomere maintenance appears to 

impact a spectrum of physiological processes that manifest a syndrome of 

telomere dysfunction disease states.   

While much research is directed toward understanding telomere 

dysfunction in diseases like dyskeratosis congenita and pulmonary fibrosis, 

telomere regulation and telomerase activity has been most heavily implicated in 

the field of cancer research.  The ideal cancer therapeutic is one that targets 

cancer cells but has no adverse effects on normal cells.  As soon as telomerase 

was found to be nearly universally expressed in cancer cells, it was proposed that 

telomerase inhibition therapy might be a valuable tool in fighting cancer  (Kim et 

al., 1994).  Telomerase is not expressed in most normal somatic cells, although it 

is expressed at low levels in the testes, peripheral blood lymphocytes and some 

adult pluripotent stem cells (Wright et al., 1996).  As cancer cells generally have 
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quite short telomeres and other telomerase-positive cells have much longer 

telomeres (Wright et al., 1996), targeting telomerase as an anti-cancer therapy 

theoretically disrupts the cancer cell’s essential ability to divide infinitely 

(Hanahan and Weinberg, 2000), eventually forcing replicative senescence while 

preserving telomere maintenance of normal cells.  Various telomerase inhibition 

strategies have been developed, including direct telomerase enzymatic inhibitors, 

small-molecule and oligonucleotide inhibitors, and immunotherapy using primed 

dendritic cells or direct vaccines against hTERT (reviewed in (Shay and Keith, 

2008; Shay and Wright, 2002, 2006); some of these approaches have been 

advanced to clinical trials.   

While the impact of telomerase inhibition as a cancer therapy is still being 

evaluated, the great advances in the field of telomere biology have certainly 

brought the connections between cell biology, aging and cancer to a medically 

relevant and exciting frontier.  The 2009 Nobel Prize for Medicine was awarded 

to Elizabeth Blackburn, Carol Greider and Jack Szostak for their early efforts in 

elucidating the nature of telomeric DNA and identifying telomerase, the enzyme 

that is intimately involved in telomere maintenance (Nobelprize.org; Varela and 

Blasco, 2010).    Continued research in the field will include a focus on the 

molecular mechanisms by which telomeres serve to protect the ends of our 

chromosomes, the impact of telomere dysfunction in human disease syndromes, 
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and the regulation and therapeutic potential of telomerase activity in cancer, 

providing exciting avenues for continued basic and translational research. 

 

II.  STRUCTURE AND FUNCTION OF HUMAN TELOMERES 

Mammalian telomeres are dynamic and complex structures which consist 

of repetitive tracts of double-and single-stranded DNA which are bound by 

telomere-specific proteins and are maintained by the telomerase ribonucleoprotein 

(Figure 1.2) (reviewed in (de Lange, 2005).  The primary function of mammalian 

telomeres is to cap the ends of linear chromosomes, protecting the genetic 

material that lays proximal to their end from degradation due to the end 

replication problem (reviewed in (Levy et al., 1992) as well as from being 

recognized as a double-strand break in need of repair (reviewed in (de Lange, 

2009).  The protective properties of telomeres were first described in the earliest 

cytogenetic studies conducted by Hermann Muller and Barbara McClintock, who 

observed that the natural ends of chromosomes behaved quite differently than 

broken chromosome ends that were induced by X-ray irradiation (McClintock, 

1941; Muller, 1938). While broken ends were observed to fuse, natural ends 

remained free and did not fuse (McClintock, 1941).    Today, DNA damage-

sensing and repair pathways responsible for identifying and repairing broken ends 

are well-established, and the mechanisms by which telomeres elude these repair 

pathways are being actively investigated.   While much is yet to be learned 
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regarding the intricate structure of telomeres and their many associating factors, it 

remains clear that their structure is uniquely tuned to accomplish their protective 

function.   

 

 

 

 

Figure 1.2 The telomere nucleoprotein complex structure.  Telomeric DNA 

ends in a 3’ G-rich single stranded overhang, which is obscured by strand 

invasion of the preceding double stranded DNA, causing a localized displacement 

loop (“D-loop”) at the point of strand invasion, and generating a chromosome cap 

called a “t-loop.”  Many proteins interact with the telomere, but a complex of six 

proteins, known as “shelterin,” play an integral role in maintaining telomere 

structure and function.  The six shelterin proteins and their interactions with 

telomere DNA are depicted above. 
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Structure of Telomeric DNA 

The ends of eukaryotic chromosomes were first observed to contain 

tandem repeats of short, G-rich sequences in Tetrahymena (Blackburn and Gall, 

1978), and these tandem repeat sequence were subsequently found to confer end 

protection properties (Szostak and Blackburn, 1982).  All vertebrates have 

telomeres that are composed of hexameric 5’ TTAGGG 3’ double stranded 

tandem repeats (Meyne et al., 1989; Moyzis et al., 1988).  The length of the 

telomere repeat array varies from species to species, with rodents having the 

longest telomeres of up to 150 kb (Kipling and Cooke, 1990; Makarov et al., 

1993; Starling et al., 1990) and humans having telomeres that range in size from 

2-30 kb (Cooke and Smith, 1986; de Lange et al., 1990).  Telomere length in 

humans is an inherited trait (Njajou et al., 2007), but the mechanism of 

inheritance is still unknown (Gilson and Londono-Vallejo, 2007).   

Mammalian telomeric DNA ends in a 3’ G-rich single-stranded overhang 

(Makarov et al., 1997) that has been heavily implicated in proper telomere 

structure and function.  Telomerase is not required for overhang generation, 

suggesting that there must be another mechanism which regulates overhang 

generation and processing (Hemann and Greider, 1999; Huffman et al., 2000).  

Overhang generation has been well documented in the model organism S. 

cerevisiae, in which at least two steps are required to produce an overhang of 12-

14 nucleotides in a cell cycle dependent, telomerase independent manner 
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(Larrivee et al., 2004; Wellinger et al., 1993a, b).    Determining the length and 

nature of mammalian telomeres has been challenging due to the technical 

limitations inherent to the different strategies that have been developed, making it 

difficult to assess the events leading to overhang production.  Electron 

microscopy of purified telomeres was used to detect long overhangs of 

approximately 75-300 nucleotides on one telomere end (Huffman et al., 2000; 

Wright et al., 1997), however this assay requires very large amounts of starting 

material (making it impractical for routine use); the inability to detect overhangs 

shorter than 75 nucleotides using electron microscopy could not rule out the 

presence of shorter overhangs (Wright et al., 1997).  Two independent assays 

based on hybridization to the G-rich overhang were able to detect overhangs as 

short as 12 nucleotides (non-denaturing hybridization assay, (McElligott and 

Wellinger, 1997) and 20 nucleotides (hybridization protection assay, (Tahara et 

al., 2005), however these assays can only measure the relative signal intensity of 

overhangs with respect to total DNA, and may not be very accurate.  Several 

molecular assays have been developed and used to obtain overhang length 

measurements that range from 45-300 nucleotides, but each assay has its own 

inherent challenges, collectively they have had poor resolution to detect short 

overhangs, and the data has often been contradictory (Chai et al., 2006a; Chai et 

al., 2005; Cimino-Reale et al., 2001; Makarov et al., 1997).   
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The most recent and promising overhang assay involves the digestion of 

all double stranded DNA with a novel protein, duplex-specific nuclease (DSN), 

which leaves only single stranded telomere overhangs and a characteristic residual 

6 double-stranded base pairs intact; the overhangs are then analyzed by gel 

separation and probed with a labeled C-rich probe to determine the distribution of 

overhang lengths (Zhao et al., 2008).  The DSN method is simple to perform, has 

been proven to corroborate existing overhang length data, and can accurately 

detect overhangs as short as 12 nucleotides.   Importantly, the DSN method has 

been used to show that the overhangs of leading and lagging daughter strands 

have different length distributions, with leading strand overhangs being 2-3 fold 

shorter than lagging strand overhangs (Zhao et al., 2008).  This data suggests a 

differential mechanism for processing of overhangs on the two strands, which is 

suggestive of a novel regulatory process that ensures proper telomere function.  

The determination that the terminal sequence of the C-rich strand is 

predominately 3’-ATC-5’ while the terminal sequence of the G-rich strand has 

only a modest preference for its terminal sequence suggests yet another regulatory 

step in the overhang generation pathway (Sfeir et al., 2005).   While both Mre11 

(Chai et al., 2006b) and Pot1 (Hockemeyer et al., 2005) have been implicated in 

regulating mammalian overhang length and terminal sequence specificity, no 

mechanism has been proposed to explain the regulation of overhang end 

processing.  The development of the simple and sensitive DSN overhang assay 
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should enable progress in elucidating overhang end processing mechanisms in 

mammalian telomeres. 

While mammalian telomere overhang generation and regulation events are 

still poorly understood, the function of overhangs in the overall telomere end 

protection role has been widely studied.   The G-rich 3’ overhang is thought to be 

crucial to telomere end protection because of its ability to be hidden from DNA 

damage machinery in a structure called the t-loop (reviewed in (Greider, 1999).  

T-loops were first identified in human telomeres using electron microscopy to 

examine telomeric DNA that was psoralen crosslinked as a first step in the DNA 

extraction process, to retain any secondary structure that may exist in vivo 

(Griffith et al., 1999).   The t-loop appears as a lariat-like structure at the end of 

telomeres in electron micrographs, and is presumed to be formed by strand 

invasion of the 3’ overhang into the preceding double stranded telomeric DNA, 

and stabilized by bound telomeric proteins (reviewed in (Greider, 1999).  Since t-

loops were first identified in human telomeres, they have been observed at the 

ends of telomeres in a number of other organisms, including Oxytricha nova 

(Murti and Prescott, 1999), Trypanosome brucei (Munoz-Jordan et al., 2001), 

Pisum sativa (Cesare et al., 2003), Candida parapsilosis (Tomaska et al., 2002), 

Caenorhabditis elegans (Raices et al., 2008) and in mouse and chicken (Nikitina 

and Woodcock, 2004).  The size of the loop appears to be related to the length of 

the telomeric DNA (Griffith et al., 1999), with observed sizes ranging from 1 
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kilobase in Trypanosome (Munoz-Jordan et al., 2001) and up to 50 kilobases in 

Pisum sativa (Cesare et al., 2003). 

The t-loop structure is presumed to be an essential component of the end 

protection properties of telomeres, providing a mechanism for physically 

obscuring the double strand break at the telomere termini by sequestering the 3’ 

overhang.  In vitro modeling experiments have proven that an overhang of at least 

6 nucleotides is required for proper t-loop formation (Griffith et al., 1999; Stansel 

et al., 2001) and that the telomere binding protein, TRF2, stabilizes the structure 

by binding at the loop junction (Stansel et al., 2001).  Structural studies have 

recently shown that TRF2 might induce t-loop formation by facilitating strand 

invasion of the overhang  (Amiard et al., 2007) and stabilizing the resulting 

Holliday junction from being resolved by helicase activity (Nora et al., 2010; 

Poulet et al., 2009).  G-quadruplexes may also be involved in stabilizing the t-

loop structure, as recent data suggests that G-quadruplexes form preferentially at 

the 3’ termini of telomeres (Tang et al., 2008), and that a dimeric G-quadruplex 

like that which would theoretically be found in telomeres was able to form a t-

loop-like structure in vitro (Xu et al., 2007).  However, little is known about the 

timing or mechanism of t-loop formation in vivo.  This is due largely to a lack of a 

facile, sensitive assay that is capable of detecting t-loop presence.   

Currently, the only method available to assess the presence and structure 

of t-loops is electron microscopy (Griffith et al., 1999), which requires extensive 
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sample preparation and a large amount of starting material.  A straightforward, 

cell biology based assay for t-loops would allow for the routine analysis of t-loop 

formation and the investigation of t-loop involvement in properties of telomere 

biology that are pertinent to improving telomerase inhibition therapy in breast 

cancer.  For example, t-loops are obligated to unfold during telomere replication 

in S phase, but it is not currently known when t-loop repackaging occurs. Because 

telomeric ends are accessible and uncapped at the S/G2 interface (Verdun et al., 

2005), it stands to reason that they are either immediately repackaged into t-loops 

and then unfolded at S/G2, or that they remain unpackaged throughout all of S 

phase, in which case a system must exist to hide the telomeric ends from DNA 

damage sensing machinery during S phase and/or suppress the DNA repair 

response occurs during S phase.  Progress in understanding the regulation and 

formation of t-loops in vivo will improve with the development of a t-loop assay 

that can be performed routinely; until that time, much of what we know and learn 

about t-loops will continue to come from in vitro modeling and study of telomere 

binding proteins that are likely to be involved in t-loop packaging. 

Structure of the Telomeric Protein Complex 

 A six-protein complex with remarkable specificity for telomeric DNA has 

been identified at mammalian telomeres, with orthologs in other eukaryotic 

species (de Lange, 2005).  TRF1 and TRF2 bind to double stranded telomeric 

DNA, while Pot1 binds to single stranded, G-rich DNA of the 3’ overhang and D-
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loop.  TIN2 is the central protein of the complex: it binds to both TRF1 and TRF2 

causing an increase in their affinity for telomeric DNA, and it also interacts with 

the fifth protein in the complex, TPP1.  TPP1 binds to both TIN2 and Pot1, 

anchoring the six proteins together and making possible associations between the 

double- and single-stranded portions of the telomere t-loop superstructure. The 

final protein in the complex, Rap1, is known to interact with TRF2 and may have 

other yet-identified protein interactions.  This complex has collectively come to 

be known as “shelterin,” and has been implicated in nearly all aspects of telomere 

biology, from t-loop formation to telomerase recruitment to protection against 

DNA damage response (reviewed in (de Lange, 2005; Palm and de Lange, 2008; 

Smogorzewska and de Lange, 2004).   

The first shelterin protein to be identified was found in Hela nuclear 

extracts as specifically binding TTAGGG DNA sequences, and was thus named 

“TTAGGG Repeat-binding Factor 1,” or TRF1 (Zhong et al., 1992).  The protein 

consists of an amino-terminal acidic domain, a dimerization domain, and a 

carboxyl-terminal Myb DNA binding domain that is specific for duplex telomeric 

sequence (Bianchi et al., 1997; Chong et al., 1995).  The dimerization domain is 

also known as the TRF homology (TRFH) domain and can be found in 

mammalian TRF1 and TRF2, TRF in trypanosomes, and the S. pobme ortholog, 

Taz1 (Bianchi et al., 1997; Broccoli et al., 1997a; Broccoli et al., 1997b; Li et al., 

2005; Li et al., 2000).  The TRFH domain not only serves as a dimerization 



24 
 

 
 

domain, but it also has been found to be critical for TRF1 to promote telomere 

structural stability (Okamoto and Shinkai, 2009) and for recruitment of the 

shelterin component, TIN2 (Chen et al., 2008).   TRF1 forms a homodimer via the 

TRFH dimerization domain (Griffith et al., 1998), and binds specifically to 5’-

YTAGGGTTR-3’ sequences (Bianchi et al., 1999); the ability of the TRF1 

homodimer to bind two sequences simultaneously increases its DNA binding 

affinity approximately 10-fold, and can induce bending of telomeric DNA 

(Bianchi et al., 1997) that may play a role in t-loop formation and stabilization.  

TRF1 localizes specifically to the telomere at all stages of the cell cycle (Broccoli 

et al., 1997a; Chong et al., 1995; Scherthan et al., 2000), and levels of TRF1 at the 

telomere appear to be regulated through competition between TIN2 and a 

ubiquitin ligase (Zeng et al., 2010).  TRF1 is essential in mice, in which knockout 

models are embryonic lethal, and deletion of p53 partially suppress the lethal 

phenotype suggesting that the TRF1 is essential for telomere end protection and 

viability (Iwano et al., 2004; Karlseder et al., 2003).    TRF1 is known to be a 

negative regulator of telomere length in telomerase positive cells (Smogorzewska 

et al., 2000; van Steensel and de Lange, 1997), and may be essential for efficient 

replication of telomeric DNA  (Sfeir et al., 2009). 

The second shelterin component was found based on the similarity of its 

DNA binding Myb domain to that of TRF1 (Bilaud et al., 1997; Broccoli et al., 

1997b).  The protein consists of an amino-terminal basic domain, and a TRFH 
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dimerization and carboxy-terminal Myb domain that are both similar to their 

respective domains in TRF1 (Broccoli et al., 1997b).  TRF2 is also found as a 

homodimer, and despite the similarity of its TRFH domain to that of TRF1, the 

two proteins are not found in heterodimers (Broccoli et al., 1997b; Fairall et al., 

2001) and have unique protein-protein interactions (Chen et al., 2008; Kim et al., 

2009).  TRF2 specifically interacts with two other shelterin subunits, TIN2 and 

Rap1 (Li et al., 2000; Ye et al., 2004a).   

 TRF1 and TRF2 recognize the same consensus sequence and have similar 

Myb domains, yet the two proteins interact with telomeric DNA differently.  

While TRF1 homodimers can induce DNA bending and pairing that appears to be 

important for t-loop formation (Bianchi et al., 1997; Bianchi et al., 1999), TRF2 

binding at the Myb domain does not appear to produce any DNA distortions 

(Court et al., 2005).  TRF2 appears to facilitate t-loop structural organization by 

binding at telomere double strand/single strand junctions (Khan et al., 2007; 

Stansel et al., 2001), facilitating strand invasion of the G-rich 3’ overhang 

(Amiard et al., 2007; Fouche et al., 2006), and further stabilizing the t-loop by 

protecting the Holliday junctions at the loop junction (Nora et al., 2010; Poulet et 

al., 2009).  TRF2 may also play a role in chromatin remodeling at the telomeres, 

as overexpression of TRF2 in mouse keratinocytes showed aberrant nucleosomal 

organization at the telomeres (Benetti et al., 2008). 
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TRF2 is an essential gene, and TRF2 knockout mice have an embryonic 

lethal phenotype as does TRF1 (Celli and de Lange, 2005; Karlseder et al., 2003).  

Conditional deletion of TRF2 in mouse embryonic fibroblasts showed a genome-

wide DNA damage response and chromosome end-to-end fusions, suggesting that 

TRF2 is essential for telomere end-protection (Celli and de Lange, 2005).  In 

recent years, a role for TRF2 in DNA damage response outside of the telomeres 

has been suggested, with some observations of a possible accumulation of TRF2 

at non-telomeric DNA double strand breaks (Bradshaw et al., 2005), however 

DNA double strand breaks alone are not sufficient to recruit TRF2 (Williams et 

al., 2007).  TRF2 has been implicated in the repair of nontelomeric DNA damage 

sites by facilitating the early stages of homologous recombination (Mao et al., 

2007), and may be regulated by ATM (Huda et al., 2009).  What is apparent at 

this point is that TRF2 is implicitly involved in maintaining telomere structure, 

and the absence of TRF2 causes deprotection of telomeres and a telomeric DNA 

damage response. 

Rap1 was identified as a TRF2-interacting protein and is the highly-

diverged mammalian ortholog of the yeast protein (Li et al., 2000).  Unlike the 

yeast protein, mammalian Rap1 does not directly bind DNA with its Myb DNA 

and interacts with telomeric DNA through its interaction with TRF2.  Mammalian 

Rap1 likely has interactions with other yet-unknown proteins that could associate 

with its Myb domain (Hanaoka et al., 2001) or its BRCT domain (Li and de 
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Lange, 2003).  While the function of Rap1 is still largely unknown, it has been 

shown to play a role in telomere length heterogeneity (Li and de Lange, 2003), 

and to be important for the suppression of telomeric homology-directed 

recombination  (Sfeir et al., 2010) and non-homologous end joining (Sarthy et al., 

2009). 

TIN2 was identified as  a “TRF1-interacting nuclear protein” in a two-

hybrid screen (Kim et al., 1999), but is now known to directly interact with TRF2 

and TPP1 as well, forming the central hub of the shelterin complex .  TIN2 binds 

TRF1 and TRF2 simultaneously, forming a connection between the two telomere 

binding proteins and stabilizing their association with telomeric DNA 

(Houghtaling et al., 2004; Ye et al., 2004a).  Overexpression of TIN2 likely leads 

to telomere shortening in telomerase positive cells, which his likely due to an 

increase in recruitment of TRF1 and TRF2 (both negative length regulators) to the 

telomere (Ye and de Lange, 2004).  The specific interaction between TIN2, TRF1 

and TRF2 likely also explains why TIN2 deficiency in mice leads to an 

embryonic lethal phenotype such as seen in TRF2 deficient mice (Chiang et al., 

2004).   

The third protein that interacts directly with TIN2, TPP1, is the most 

recently identified shelterin subunit (Houghtaling et al., 2004; Liu et al., 2004; Ye 

et al., 2004b).  TPP1 has two domains, a carboxy-terminal TIN2 binding domain 

and a central domain that binds to POT1.  Together, TIN2 and TPP1 serve as the 
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critical factors in assembling the six subunit shelterin complex at telomeres; TIN2 

increases stability of TRF1 and TRF2 at telomeric DNA, while TPP1 stabilizes 

the TRF1-TIN2-TRF2 complex (O'Connor et al., 2006).  TPP1 is also known to 

be critical for the recruitment of POT1 to telomeres (Hockemeyer et al., 2007; 

Houghtaling et al., 2004; Ye et al., 2004b), and the TPP1-POT1 interaction is 

important for the recruitment of telomerase and telomere length regulation (Xin et 

al., 2007). 

POT1 (Protection Of Telomeres 1) was identified as the mammalian 

single-stranded telomeric DNA binding protein based on its homology to the 

ciliate telomere binding protein, TEBPα (Baumann and Cech, 2001).  POT1 is a 

critical component of shelterin that is directly involved in telomere length 

maintenance and end protection (reviewed in (Baumann and Price, 2010).  POT1 

has two oligosaccharide/oligonucleotide-binding (OB) folds (Lei et al., 2003) that 

have very high specificity for the single-stranded telomeric nonamer sequence 5’-

TAGGGTTAG-3’ (Loayza et al., 2004).  Because POT1 is localized at telomeres 

throughout the cell cycle, it likely binds to both free 3’ overhangs as well as the 

displaced G-rich strand (the D-loop) of a t-loop structure (Wei and Price, 2004).  

When POT1 deletion mutants lacking the DNA binding OB folds are expressed, 

POT1 still localizes to the telomeres through its association with another shelterin 

subunit, TPP1 (Liu et al., 2004; Loayza and De Lange, 2003).   The POT1-TPP1 

heterodimer work to regulate telomere length homeostasis by recruiting 
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telomerase to the telomere, stabilizing the telomerase primer association, 

increasing telomerase processivity and increasing the efficiency of telomerase 

translocation (Latrick and Cech, 2010; Wang et al., 2007).  POT1’s ability to 

regulate telomere length is dependent on binding to single-stranded telomeric 

DNA as well as it’s interaction with TRF2 via TPP1 (Kendellen et al., 2009).   

Telomere end protection depends on POT1, with partial POT1 

knockdowns exhibiting telomeric DNA damage response, shortening of 3’ 

overhangs, altered end processing of the 5’ C-rich strand, and telomere fusions  

(Hockemeyer et al., 2005; Veldman et al., 2004; Yang et al., 2005).  While the 

POT1-TPP1 association is required for telomere end protection (Hockemeyer et 

al., 2007), it is not necessary for the heterodimer to interact with TRF2 

(Barrientos et al., 2008).  The POT1-TPP1 complex may inhibit DNA damage 

signaling by out-competing other DNA damage sensors, such as RPA, at the 

telomere ends (Barrientos et al., 2008; Denchi and de Lange, 2007).  POT1 may 

also play a role in coupling leading- and lagging strand DNA synthesis during 

telomere replication (Arnoult et al., 2009). 

As a complex, the six proteins of shelterin function to maintain telomere 

length, structure and to protect the ends of chromosomes from being recognized 

as DNA damage.  TIN2, TPP1 and POT1 have been found in complex in both the 

nucleus and the cytoplasm, and TPP1 has a nuclear export signal that may control 

the accumulation of the shelterin proteins in the nucleus (Chen et al., 2007), 
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suggesting that there is an element of spatial regulation of shelterin that impacts 

telomere length homeostasis and end protection.  Shelterin’s ability to fully 

assemble and function at the telomere may also be regulated by the stoichiometry 

of the subunits (Takai et al., 2010).  Quantitative immunoblotting has revealed 

that TRF1 and TRF2 are present at levels suitable to coat short telomeres, and that 

there was enough TIN2 to interact with all TRF1 and TRF2 molecules.  POT1 and 

TPP1 were found to be present at a 1:1 ratio, and the POT1-TPP1 heterodimer is 

in excess of the amount needed to bind all single stranded telomeric DNA yet is 

approximately 10-fold lower in abundance than their other shelterin binding 

partner, TIN2.  This suggests that some regulatory mechanism is in place that 

relies on POT1-TPP1 being the limiting factor in assembling the complete 

shelterin complex (Takai et al., 2010).   

Telomere Function:  End Protection 

 An evolutionary model has been proposed (de Lange, 2004) which 

suggests that early eukaryotic species first acquired heterochromatin at the ends of 

their linear chromosomes to protect against genetic degradation due to the end 

replication problem; the evolution of telomerase not only strengthened the 

protection against DNA attrition, but also established the repetitive nature of the 

telomere sequence.  When all chromosomes had a uniform and repetitive telomere 

sequence, binding proteins that recognized this sequence evolved to further 

distinguish the natural ends of chromosomes from DNA damage sites.  Without 
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these telomere binding proteins, telomeres could easily be mistaken for damage-

induced double strand breaks by the DNA damage sensing machinery.   The 

shelterin complex is uniquely suited to protect telomere ends, as the complex only 

binds telomeric DNA sequence, and telomeric DNA is not added to double 

stranded breaks that are not bound by shelterin.  This feedback loop between 

shelterin and telomerase ensures that telomeric DNA sequence and the shelterin 

complex only accumulate at natural chromosome ends (de Lange, 2009).     

 The evidence that shelterin normally functions to suppress a DNA damage 

response at telomeres is well documented (reviewed in (de Lange, 2005).  

Overexpression of a dominant negative TRF2 which lacks both the basic and Myb 

domains leads to a dissociation of the shelterin complex (Celli and de Lange, 

2005; Loayza and De Lange, 2003; van Steensel et al., 1998), and formation of 

telomere-dysfunction focis (TIFs) characterized by localization of damage 

response proteins such as gamma-H2AX, 53BP1, Rad17 and p-ATM (Fagagna et 

al., 2003; Silverman et al., 2004; Takai et al., 2003).  Conditional deletion of 

TRF2 leads to the accumulation of TIFs on all telomere ends (Celli and de Lange, 

2005).  TIF formation is also observed with the loss of normal endogenous TIN2 

and POT1 activity (Hockemeyer et al., 2005; Kim et al., 2004).  Damage 

signaling at telomeres is transduced largely through the ATM and ATR pathways 

(Denchi and de Lange, 2007; Herbig et al., 2004; Silverman et al., 2004; Takai et 
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al., 2003), both of which respond to DNA double strand breaks, and functional 

telomeres must evade both pathways.    

 TRF2 is the main shelterin component that represses ATM signaling at 

functional telomeres; loss of functional TRF2 leads to ATM activation (Celli and 

de Lange, 2005; Karlseder et al., 1999) and subsequently DNA damage response 

factors are recruited to the resulting TIFs (Fagagna et al., 2003; Takai et al., 

2003).  ATM activation in TRF2-deficient cells is dependent on the 

Mre11/Rad50/Nbs1 (MRN) complex, a DNA double-strand break sensor that 

interacts with DNA ends (Attwooll et al., 2009; Deng et al., 2009; Dimitrova and 

de Lange, 2009).   ATM activation and TIF formation lead to p53-mediated 

apoptosis or cellular senescence, depending on the cell type (Chin et al., 1999; 

Fagagna et al., 2003; Karlseder et al., 1999; Takai et al., 2003; van Steensel et al., 

1998).     The ability of TRF2 to repress ATM signaling might be due to its role in 

promoting t-loop formation (Griffith et al., 1999; Poulet et al., 2009; Stansel et al., 

2001).   The t-loop conformation may create a physical barrier that prevents the 

MRN complex from accessing telomere ends, which would inhibit ATM 

activation.  There is also evidence that TRF directly represses ATM activation at 

the telomere by interfering with the autophosphorylation of the ATM S1981 site 

(Karlseder et al., 2004).   

 The ATR pathway is independently controlled at telomeres by POT1 

(Denchi and de Lange, 2007).  POT1 partial knockdowns result in TIF formation, 
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shortening of 3’ overhangs, altered end processing of the 5’ C-rich strand, and 

telomere fusions  (Hockemeyer et al., 2005; Veldman et al., 2004; Yang et al., 

2005).  In mice, deletion of both POT1 genes causes the phosphorylation of Chk1, 

a downstream ATR target (Guo et al., 2007; Hockemeyer et al., 2006), suggesting 

that POT1 works to repress ATR signaling at functional telomeres.  The ATR 

pathway is known to be activated by interaction with the single-stranded binding 

protein, Replication Protein A (RPA) (Shechter et al., 2004).  POT1 is known to 

bind to the single-stranded telomeric overhang, and is thought to bind to the 

single-stranded D-loop of the t-loop end structure.  Thus, POT1 likely works to 

repress ATR signaling at functional telomeres by outcompeting RPA for binding 

to telomeric single-stranded DNA (Barrientos et al., 2008; Denchi and de Lange, 

2007).  RPA is not normally found at telomere ends, but accumulates quickly in 

the absence of functional POT1 (Barrientos et al., 2008).  POT1 is present in cells 

in excess of the amount needed to coat telomeric single-stranded DNA (Takai et 

al., 2010), and accumulates at telomeres as a component of the shelterin complex. 

POT1 repression of ATR signaling is dependent on POT1 interaction with the rest 

of the shelterin core via TPP1 (Guo et al., 2007; Hockemeyer et al., 2007), 

suggesting that POT1’s association with shelterin allows it to accumulate at the 

telomere and competitively inhibit RPA activation of the ATR kinase pathway 

(Barrientos et al., 2008; Denchi and de Lange, 2007). 
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 POT1 and TRF2 have been shown to independently regulate ATR and 

ATM signaling, respectively (Denchi and de Lange, 2007).  These two proteins 

are also involved in protecting telomeres from two major DNA repair pathways, 

Non-Homologous End Joining (NHEJ) and Homologous Recombination (HR) (de 

Lange, 2009).  NHEJ at the telomere leads telomere fusions that result in dicentric 

chromosomes and genomic instability, a hallmark of telomere dysfunction 

(Bertuch, 2002).  HR at the telomere can lead to telomere sister chromatin 

exchanges (T-SCE) and rapid telomere deletion (Bailey et al., 2004a; Bechter et 

al., 2004; Sonoda et al., 1999).  Functional telomeres must inhibit both of these 

pathways in order to protect telomere ends from being “repaired” as if they were 

damage-induced ends (de Lange, 2009). 

 TRF2 plays an important role in repressing both NHEJ and HR.    Loss of 

TRF2 leads to chromosome end-fusions (Celli and de Lange, 2005; van Steensel 

et al., 1998) that are dependent on NHEJ factors such as DNA Ligase IV and 

Ku70 (Celli and de Lange, 2005; Smogorzewska et al., 2002) and DNA the DNA 

damage factor 53BP1 (Dimitrova et al., 2008).  TRF2 protection against NHEJ 

appears to be cell-cycle dependent, with protection conferred during G1 and G2 

of the cell cycle ((Celli and de Lange, 2005; Konishi and de Lange, 2008; 

Smogorzewska et al., 2002).  Association of Rap1 with TRF2 may play a role in 

the protection against NHEJ (Bae and Baumann, 2007; Sarthy et al., 2009).  TRF2 

also plays a role in repressing HR at telomeres, likely through an interaction with 
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the Ku70/80 complex (Celli et al., 2006; Wang et al., 2004b).  In the absence of 

normal TRF2 function, t-loop sized telomeric circles are found, suggesting a rapid 

telomere deletion event is occurring through HR at telomeric t-loop junctions 

(Wang et al., 2004b).  The fact that TRF2 protection against HR is dependent on 

Ku70/80 represents a fascinating dichotomous role for this heterodimer in 

telomere end protection:  Ku70/80 is directly involved in promoting NHEJ at 

DNA ends (Lieber et al., 2003), but is required for suppression of HR at telomeres 

(Celli et al., 2006).  Ku70/80 normally functions in the NHEJ pathway to bind 

DNA ends, and TRF2 likely protects against NHEJ by arranging telomeric DNA 

in a t-loop formation that hides the telomere end from recognition by Ku70/80.  

The fact that Ku70/80 is found at telomeres and is required for suppression of HR 

suggests (Hsu et al., 2000) that Ku70/80 interacts in some unique way with the 

telomere nucleoprotein complex which confers end protection without activating 

NHEJ (Hsu et al., 2000; Palm and de Lange, 2008).  POT1 is also directly 

involved in suppressing both NHEJ and HR.  While TRF2 suppresses NHEJ in 

both G1 and G2, POT1 protection is found only in G2 (Wu et al., 2006).  Loss of 

POT1 causes aberrant HR at telomeres in an MRN complex-dependent context 

(Palm et al., 2009; Wu et al., 2006). 

 Telomeres have been recognized as being functionally distinct since the 

first cytogenetic studies of X-ray irradiated chromosomes (McClintock, 1941; 

Muller, 1938).  Today, we know that functional mammalian telomeres achieve 
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this distinction by mechanistically suppressing two major DNA damage-sensing 

pathways, ATM and ATR, as well as two major DNA repair pathways, NHEJ and 

HR.  TRF1 and POT1, in coordination with other shelterin proteins, cause the 

telomeric DNA to be arranged in a t-loop conformation and thus structurally 

obscure telomeric ends from being recognized by DNA damage sensors (MRN) 

and DNA repair effectors (Ku70/80).  While this conceptual model is elegant, 

there is still much to be learned regarding the many protein interactions that occur 

at the telomere.  For example, many DNA damage proteins such as Ku70/80 and 

DNA-dependent protein kinase (DNA-PKc) are actively recruited to telomeres 

and are necessary for normal telomere function (Espejel et al., 2002; Espejel et 

al., 2004; Hsu et al., 2000).  In vitro studies have shown that p53 can bind 

telomeric DNA and promote t-loop formation, suggesting that p53 may play a 

role in normal telomere function (Stansel et al., 2002).  The mechanism by which 

these proteins can contribute to telomere function without targeting telomeres as 

DNA damage remains unclear.  The observation that there is a localized DNA 

damage response at telomeres following telomere replication (Verdun et al., 2005) 

suggests that a transient, localized DNA damage signals may be required for 

normal telomere maintenance and assembly.  Additional data on the regulation of 

t-loop formation, telomere end processing and telomere length dynamics during 

replicative senescence will provide additional insights on this complex end 

protection mechanism. 
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III.  HUMAN TELOMERE LENGTH DYNAMICS 

Today it is widely accepted that most normal human somatic cells have a 

finite lifespan in culture, and the role of telomeres as the molecular replication 

counter, or “replicometer,” has been well documented (reviewed in (Collado et 

al., 2007)..  In summary, telomeres shorten with each cell division due to an 

inability to fully replicate linear DNA molecules as well as more rapid telomere 

deletions due to oxidative or other DNA damage.  As telomeres become critically 

short, their ability to suppress DNA damage and repair pathways becomes 

weakened, likely due to a decreased ability to bind the shelterin complex and form 

a functional t-loop (reviewed in (de Lange, 2005; Martinez and Blasco, 2010).  

The outcome of the deprotection of critically short telomeres is chromosomal 

instability, activation of cell cycle arrest or apoptosis.  This phenomenon has been 

called “replicative senescence,” as cells naturally reach a point at which they can 

no longer divide as a function of the number of prior cell divisions (for review, 

(Wright and Shay, 2005).  Cells that can infinitely divide must employ a 

mechanism to maintain their telomere length and preserve functional telomere end 

protection.  The telomerase ribonucleoprotein complex is known to facilitate this 

telomere maintenance function in many “immortal” organisms such as ciliates and 

yeast, as well as the majority of human cancer cells (reviewed in (Blackburn, 

2005).  For these immortal cells, maintaining telomere length involves regulating 
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the dynamic between telomere shortening and telomere elongation.  The role of 

telomeres and telomerase in the replicative potential of human cells has 

implications for cancer diagnosis and treatment, regenerative medicine and tissue 

engineering.  However, there are still many aspects of this dynamic regulatory 

process that are unknown.  Presented here is a historical perspective on replicative 

senescence and an overview of what is currently known about the regulation of 

telomere length dynamics. 

Telomere Attrition: Replicative Senescence  

The study of replicative potential is currently being conducted at the 

molecular level, but began with the advent of tissue culture in 1907, when human 

nerve tissue explants were grown on a hanging-drop coverslip for the first time 

(Harrison et al., 1907).  The first data regarding the replicative potential of cells in 

culture came from a Nobel-prize winning vascular surgeon, Alexis Carrel, who 

demonstrated that fibroblasts from chicken heart tissue could grow in culture for 

more than 30 years (Carrel and Ebeling, 1921).  This data was largely accepted 

and led to the general conclusion that cells were able to divide indefinitely in 

culture, and Peyton Rous called the finding the “largest fact to have come from 

tissue culture in the last fifty years…. (discussed in (Shay and Wright, 2000).”  

 A challenge to this idea of cellular immortality did not come until 1961, 

when Leonard Hayflick and Paul Moorehead published data that supported the 

alternative hypothesis that human fibroblasts had a limited lifespan in culture 



39 
 

 
 

(Hayflick and Moorhead, 1961).  In these early experiments, equal numbers of 

“old” male fibroblasts were mixed with “young” female fibroblasts, and grown 

alongside unmixed control cultures.  The young female control culture was still 

growing when the old male control stopped dividing, and examination of the 

mixed cultures revealed that the only cells remaining were female.  This carefully 

planned experiment showed that cells were not immortal in culture, and that they 

had an inherent mechanism for remembering how old they were (Hayflick and 

Moorhead, 1961).   The finite doubling time of normal diploid cells was distinct 

from that of cultured cancer cells, which could divide infinitely (Hayflick, 1965) 

and would eventually come to be called “the Hayflick limit (Burnett, 1974).”   

Around the same time that Hayflick was challenging paradigms of cell 

biology, advances in genetics and molecular biology were challenging scientists 

to understand how eukaryotic organisms maintained and replicated their DNA.  In 

1971, a Russian theoretical biologist proposed his “theory of marginotomy,” in 

which he describes the consequences of successive rounds of DNA replication 

where the ends are not fully replicated due to the nature of the replication 

machinery (Olovnikov, 1971, 1973).  During semi-conservative DNA replication, 

the double helix is unwound by a protein complex to form a replication fork, and 

replication of the two DNA strands begins simultaneously in the 5’ to 3’ direction.  

The leading daughter strand is synthesized in the direction of the replication fork, 

with the potential to replicate to the end of the linear chromosome template.  The 
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lagging daughter strand is synthesized in the opposite direction of fork 

progression, and involves the discontinuous synthesis of Okazaki fragments 

which are individually primed, extended, and ligated together to create a 

continuous DNA strand.   While leading strand synthesis can copy the entire 

length of the linear template, lagging strand synthesis can only copy up to the 

location of the primer closest to the chromosome terminus.  If the terminal primer 

is placed at the very end of the chromosome, the length of the uncopied region 

would equal the length of the primer (approximately 10-14 nucleotides).  If the 

terminal primer is placed randomly with respect to the chromosome end, the 

length of the uncopied region would correspond to the position of the last primer.  

Both primer placement scenarios predict the gradual shortening of chromosomes 

over time, as each round of lagging strand synthesis is unable to fully replicate the 

template strand.  Olovnikov was aware of Hayflick’s findings that cells had a 

limited replication potential in culture, and he recognized that his theory of 

progressive chromosome shortening might provide the molecular explanation for 

the Hayflick limit (Olovnikov, 1971, 1973).  The concept of progressive 

shortening of chromosomes was independently published in 1972 by James 

Watson, and called the “end-replication problem (Watson, 1972).”  Finding the 

solution to the problem of how linear chromosomes could fully replicate became a 

main focus in the new field of molecular genetics, but Olovnikov’s hypothesis 
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that the end replication problem was the cause of cellular lifespan did not gain 

popular support for almost 20 years (Olovnikov, 1996) .   

Hayflick continued to explore the finite lifespan of cultured cells, and he 

was convinced that cells had an inherent counting mechanism, or “replicometer 

(Hayflick, 1998).”  In his first published study, the mixed old and young cells 

remembered that they were old or young, despite being grown under the same 

culture conditions and in the presence of cells with a different replicative potential 

(Hayflick and Moorhead, 1961).  Cells could even remember how many times 

they had divided after they had been frozen and thawed (Hayflick, 1998).  There 

were two prevailing hypotheses of what constituted the replicometer: either some 

element of genetic control emanating from the nucleus, or the progressive 

accumulation of damage to organelles and molecules in the cytoplasm.  In order 

to examine these two possibilities, a series of experiments were performed in 

which anucleate cells (“cytoplasts”) were fused with whole cells of a different 

replicative potential.  The results indicated that there was no reason to believe that 

the replicometer was located in the cytoplasm, and that replicative potential 

emanated from the nucleus (Wright and Hayflick, 1975).  A recent experiment 

reiterated these results using modern-day techniques, showing that replicative 

potential is conserved after nuclear transfer (Clark et al., 2003).   

While the mechanism of the cellular replicometer was known to come 

from the nucleus, it was still unclear if it was some programmed genetic 
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regulatory process, or if it was Olovnikov’s theory of marginotomy and 

progressive chromosome shortening that was counting cell divisions.  The nature 

and function of telomeres started to become more clear when repetitive DNA 

were discovered at the ends of  ciliate chromosomes (Blackburn and Gall, 1978).  

Human telomeres were also found to have thousands of repeats of a hexameric 

sequence, TTAGGG, which is conserved among many vertebrates (Meyne et al., 

1989; Moyzis et al., 1988).  Furthermore, telomere length was found to be 

variable among cells from different tissues  (Cooke and Smith, 1986). The first 

direct evidence of the connection between shortening telomeres and Hayflick’s 

limit on replicative potential came in 1990, when it was demonstrated that the 

telomeres of normal human fibroblasts progressively shorten in culture (Harley et 

al., 1990).  A series of subsequent studies supported the relationship between 

telomere attrition and cellular lifespan (Allsopp et al., 1995a; Allsopp and Harley, 

1995; Allsopp et al., 1992; de Lange et al., 1990; Hastie et al., 1990; Lindsey et 

al., 1991; Vaziri et al., 1994). 

Today, the association between telomere shortening and replicative 

senescence is widely studied and accepted.  Telomere attrition was first attributed 

to the end replication problem (Olovnikov, 1971, 1973; Watson, 1972), this alone 

is not likely to account for the rate of telomere shortening observed in cultures.  

Other factors contributing to telomere attrition are either mechanistic, such as 

nuclease resection (Makarov et al., 1997; Wellinger et al., 1996), or stochastic 
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events such as oxidative damage (Serra et al., 2000; von Zglinicki, 2000, 2002; 

von Zglinicki et al., 2000) and rapid telomere deletion events (Baird et al., 2006; 

Baird and Kipling, 2004; Baird et al., 2003; Wang et al., 2004b).  Computational 

modeling of telomere shortening from both mechanistic and stochastic events can 

explain replicative senescence by relating mitotic events to telomere attrition 

(Portugal et al., 2008). 

Telomere attrition likely leads to cellular senescence because of a 

disruption of their ability to protect chromosome ends from DNA damage and 

repair mechanisms.  Short telomeres are known to trigger a localized DNA 

damage response and TIF formation (Fagagna et al., 2003; Zou et al., 2004b), 

which leads to p53-mediated cell cycle arrest (Chin et al., 1999; Fagagna et al., 

2003; Karlseder et al., 1999; Takai et al., 2003; van Steensel et al., 1998).  It is 

possible that telomeres reach a critically short length that is no longer competent 

to assemble into the t-loop structure, and that even a few “uncapped” telomeres in 

a cell is enough to initiate replicative senescence (Zou et al., 2004b).  A recent 

computational model looking at data from human diploid fibroblasts and human 

cancer cell lines determined that t-loop formation as a function of telomere length 

was a reasonable explanation for the initiation of replicative senescence 

(Rodriguez-Brenes and Peskin, 2010).   
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Telomere Elongation:  The Telomerase Holoenzyme 

Since shortening telomeres lead to a finite cellular lifespan, there must be 

a mechanism for maintaining telomere length in cells and organisms that can 

replicate indefinitely.  Such a mechanism was first identified in the ciliate 

protozoan, Tetrahymena, when an enzyme was discovered that generated de novo 

telomeric repeats at the ends of chromosomes (Blackburn, 2005; Greider and 

Blackburn, 1985, 1987, 1989).  Telomerase activity was found in a variety of 

species (Morin, 1989; Shippen-Lentz and Blackburn, 1989; Zahler and Prescott, 

1988), including human cancer cell lines and primary tumors (Kim et al., 1994; 

Morin, 1989).  The introduction of exogenous telomerase in telomerase negative 

human cell lines showed telomere elongation and extended cellular lifespan 

compared to controls, showing for the first time that cells could be immortalized 

by expressing telomerase (Bodnar et al., 1998).  This study experimentally 

confirmed the causal relationship between telomere shortening and cellular 

senescence. 

 The human telomerase holoenzyme core components are a catalytic 

reverse transcriptase called hTERT (human telomerase reverse transcriptase) 

(Harrington et al., 1997a; Nakamura et al., 1997), and an associated template 

RNA called hTR (human Telomerase RNA) (Feng et al., 1995)  which add 

TTAGGG repeats onto the 3’ end of chromosomes. hTR is ubiquitously expressed 

in all human cells, and telomerase activity is limited by the expression of hTERT, 
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which is only found in cells with detectable telomerase activity (Ducrest et al., 

2002; Takakura et al., 1998).  Telomerase activity is found in human testes, 

peripheral blood lymphocytes, and some adult pluripotent stem cells, but is not 

found in most normal somatic cells (Wright et al., 1996).  Telomerase activity is 

nearly universal in human cancer cell lines, and in about 90% of primary tumors 

(Kim et al., 1994). 

 The telomerase RNA (TR) component is found in a large number of 

species, from ciliated protozoa to yeast to vertebrates (Chen and Greider, 2004).  

While there is a significant divergence in the sequence and size of the TRs, there 

are common structural elements that have been conserved.  The template region is 

always single-stranded, and is approximately two times longer than the telomere 

repeat motif.  The template region is also always flanked by a 3’ pseudoknot 

domain and a 5’ boundary element domain (Chen and Greider, 2004).    The 

single stranded template region is long enough to base pair with the telomeric 3’ 

overhang, and serves as the template for the synthesis of one telomere repeat 

(Greider and Blackburn, 1985, 1989).  The 5’ boundary element domain serves to 

limit reverse transcription past the end of the template, and hTR uses the P1b 

helical structure to define the 5’ template boundary (Chen and Greider, 2003).  

The role of the pseudoknot domain in hTR is still poorly understood (Ly et al., 

2003), but its presence in hTR been confirmed by various structural methods 
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(Gavory et al., 2006; Kim et al., 2008; Theimer and Feigon, 2006; Yeoman et al., 

2010).   

The hTERT catalytic component of the telomerase holoenzyme has 

reverse transcriptase motifs that are universally conserved (Lingner et al., 1997), 

and is thought to be one of the earliest eukaryotic reverse transcriptases to evolve 

(Eickbush, 1997; Nakamura and Cech, 1998).  Another conserved motif among 

TERT proteins is an RNA binding domain that allows for the stable association 

with the TR when the template region is moving through the TERT catalytic site 

(Bryan et al., 2000).  Aside from these conserved protein motifs, TERT family 

members also have domains which are involved in recruitment to telomeres, 

dimerization and nuclear localization (Arai et al., 2002; Cech et al., 1997; 

Harrington et al., 1997b; Nakamura et al., 1997).  In addition to the two core 

components of the telomerase holoenzyme complex are many confirmed and 

putative telomerase-associating proteins.  The size of the human telomerase 

holoenzyme has been measured at approximately 1.5 megaDa, which is 

significantly larger than the expected mass of a single hTR and hTERT 

(approximately 280 kD) (Schnapp et al., 1998).  A recent purification strategy 

was designed to isolate only catalytically active telomerase, revealing that only 

one additional component, dyskerin, was required for in vitro telomerase activity 

(Cohen et al., 2007).  This study concluded that catalytically active human 

telomerase is composed of a homodimer of a complex consisting of a single hTR, 
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hTERT and dyskerin (Cohen et al., 2007).  While other telomerase-associated 

proteins may not be necessary for catalytic activity, they may play a role in 

holoenzyme stability, recruitment or regulation. 

Telomerase extends telomeres by binding to the 3’ single stranded 

overhang at the telomere end, catalyzing the addition of a single telomere repeat, 

and translocating to the new terminus; this cycle continues until the holoenzyme 

dissociates from the telomere (Figure 1.3) (Cong et al., 2002; Kelleher et al., 

2002).  Telomerase levels must be limiting for cells to maintain normal telomere 

length homeostasis, demonstrated by the continued elongation of telomeres when 

both hTERT and hTR were overexpressed in human primary and cancer cell lines 

(Cristofari and Lingner, 2006).  Telomerase levels are regulated at every level of 

protein and RNA processing, as well as at the level of complex assembly and 

subcellular localization (Cong et al., 2002; Kelleher et al., 2002).  Telomerase 

activity at the telomere is also regulated at the level of telomerase recruitment to 

the telomere.  While the exact mechanism of telomerase recruitment is still not 

fully known, it is likely part of a negative feedback loop created by shelterin 

proteins bound at the telomere that serve as negative regulators of telomerase 

extension of telomeres (reviewed in (De Boeck et al., 2009; Smogorzewska and 

de Lange, 2004). 
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Figure 1.3 Telomerase extension of the G-rich telomere.  Telomerase binds to 

the 3’ G-rich overhang through complementarity of the template region of hTR.  

hTERT catalyzes the addition of one telomere repeat, and then the entire 

holoenzyme translocates.  Multiple rounds of extension and translocation are 

performed in each cell cycle. 

 

The prevailing model of shelterin-mediated telomere length regulation is 

that the longer the telomere, the more shelterin is recruited to the telomere, which 

in turn limits future telomerase elongation.  This negative feedback loop is 

thought to be responsible for the stable telomere length found in cancer cells, and 

is likely also responsible for maintaining telomere length homeostasis in germ 

cells and other stem-like cells in which telomerase is active (Smogorzewska and 
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de Lange, 2004).  TRF1 was the first shelterin component to be implicated as a 

negative regulator of telomere length, as overexpression of TRF1 causes gradual 

telomere shortening and inhibition of TRF1 caused telomere elongation (van 

Steensel and de Lange, 1997).  The effects of TRF1 on telomere length did not 

affect levels of telomerase expression or activity, suggesting that TRF1 somehow 

limits telomerase from working on the telomere (Smogorzewska et al., 2000; van 

Steensel and de Lange, 1997).  Because the amount of TRF1 bound to the 

telomere increases with increasing telomere length, it has been proposed that 

TRF1 constitutes a protein counting model of telomere length control such as that 

found in yeast (Marcand et al., 1997; Smogorzewska et al., 2000).  TRF1 must be 

bound to the telomere in order to confer telomere length regulation (Ancelin et al., 

2002), and TRF1 binding to the telomere can be modulated by its interactions 

with TIN2 and Tankyrase.  Tankyrase catalyzes a conformational change on 

TRF1 which leads to dissociation from the telomere and subsequent elongation by 

telomerase (Smith and de Lange, 2000); however, when TRF1 is bound to its 

shelterin partner TIN2, tankyrase activity is mitigated and TRF1 is stabilized at 

the telomere (Ye and de Lange, 2004; Ye et al., 2004a).  TRF1 levels at the 

telomere are further controlled by selective ubiquitination and proteolysis of the 

unbound TRF1, mediated by an SCF E3 ubiquitin ligase (Sarraf and Harper, 

2010; Zeng et al., 2010).  TRF2 (Smogorzewska et al., 2000) and Rap1 (Li and de 

Lange, 2003) have also been identified as a negative regulators of telomere 
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length, indicating that shelterin binding to double stranded telomeric DNA is 

imperative for regulating telomere elongation by telomerase. 

Because telomerase must work on the 3’ overhang of the telomere 

terminus, shelterin is thought to confer negative length regulation by telomerase 

access to the overhang.  While TRF1 and TRF2 binding of the double stranded 

telomeric DNA promotes t-loop formation and sequestration of the overhang, 

POT1 is considered to be the crucial shelterin component in regulating telomere 

length.  POT1 is the only shelterin component to bind single stranded DNA, and 

mutants which lack the DNA-binding OB folds cause extensive telomere 

elongation independent of the binding of other shelterin components at the 

telomere (Loayza and De Lange, 2003).  In vitro studies have shown that POT1 

binding to the overhang can block telomerase from accessing the overhang 

(Kelleher et al., 2005), and that the absence of POT1 binding at the overhang 

leads to enhanced telomerase activity (Lei et al., 2003; Lei et al., 2004; Lei et al., 

2005).  Data also suggests that POT1 must interact with TRF2 through TPP1 in 

order to confer negative telomere length regulation, which suggests that the entire 

shelterin-induced t-loop conformation is imperative for limiting telomerase access 

to the telomere (Kendellen et al., 2009).  While POT1 is critical for negative 

telomere length regulation, it can also work to facilitate telomerase action at the 

telomere (Colgin et al., 2003; Lei et al., 2005).  The POT1-TPP1 complex directly 

interacts with telomerase, and may be involved in recruiting the holoenzyme (Xin 
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et al., 2007; Zaug et al., 2010).  The interaction between POT1-TPP1 and 

telomerase also increases telomerase processivity (Cristofari et al., 2007; Latrick 

and Cech, 2010; Wang et al., 2007). 

Despite the large body of data regarding shelterin-mediated telomere 

length regulation, many key questions remain regarding the mechanism of 

telomerase maintenance of telomere length.  For instance, telomere length in 

telomerase positive cells is known to be maintained within a narrow range, yet 

mechanism for determining the length set-point is not well understood.  There is 

also little data on the timing of telomerase activity in mammalian cells, and how 

changes in the telomere structure throughout S-phase may affect telomerase 

inhibition or recruitment.  It is unclear if telomerase acts in a processive manner, 

being recruited to a telomere and adding long tracts of telomere sequence, or if it 

functions more distributively, with telomerase adding short stretches of telomere 

repeats before dissociating and moving onto another telomere.  Finally, there is no 

direct evidence indicating whether short telomeres are preferentially elongated by 

telomerase under conditions when telomere length is being maintained.  Answers 

to these questions will require sophisticated techniques for measuring telomere 

length, and will provide insight into the regulatory processes that ensure the 

continued replication of telomerase-positive cells. 
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CHAPTER TWO 

UNIVERSAL STELA: A NOVEL ASSAY FOR MEASURING TELOMERE 

LENGTH 

 

INTRODUCTION 

Telomere length heterogeneity 

           The length of telomeres is known to be influenced by a variety of factors, 

and must be studied at different levels of control in order to get a clear 

understanding of telomere length regulation.  At the level of comparative biology, 

different species have characteristic average telomere lengths.  An iconic example 

is the difference between the average telomere length of human cells 

(approximately 10 kb) and that of mice (20-50 kb).  Further investigation of 

telomere length and telomerase activity throughout the phylogenetic tree has led 

to the development of hypotheses regarding the evolutionary history of the use of 

telomere length to control replicative aging (Austad, 2010; Seluanov et al., 2007; 

Shay and Wright, 2007).  Human studies have suggested that telomere length is a 

characteristic that is determined in part by inheritance, suggesting that telomere 

length is regulated across generations within a given species (Graakjaer et al., 

2003; Graakjaer et al., 2006; Graakjaer et al., 2004b; Slagboom et al., 1994; Wu 

et al., 2003).  Telomere length within an individual has been shown to vary with 

tissue type and disease state (Calado and Young, 2009; Rando, 2006; Shay and 
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Wright, 2007).  Telomere length is even heterogeneous within a single human cell 

(Lansdorp et al., 1996a; Londono-Vallejo, 2004; Martens et al., 1998).  There 

have been many reports of a chromosome-specific pattern of telomere length 

distribution (Graakjaer et al., 2003; Graakjaer et al., 2004a), as well as evidence 

that telomere length is positively associated with chromosomal length (Martens et 

al., 1998), however there is also evidence that the telomeres of homologous 

chromosomes may also have different lengths, suggesting that chromosome 

specific telomere length may be determined by a combination of inherited and 

regulatory factors that are independent of telomere length itself (Londono-Vallejo 

et al., 2001).  Indeed, a study of the length distribution of individual telomere 

molecules in normal human fibroblasts revealed a bimodal length distribution that 

was attributed to stochastic allelic variation (Baird et al., 2003).  Over the course 

of many cell doublings, the length of an individual telomere is determined by the 

balance of telomere elongation by telomerase and events which cause the 

telomere to shorten, such as incomplete replication of the lagging strand (the “end 

replication problem”), oxidative damage, and telomere processing events that are 

yet to be fully understood (Harley, 1991; Shore and Bianchi, 2009; von Zglinicki, 

2002).   Studies of telomere length thus have practical and theoretical implications 

in a wide variety of fields, from evolutionary biology to medicine and 

epidemiology to molecular and cellular biology. 
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Methods of telomere length measurement 

          Many methods of telomere length assessment have been developed that 

utilize a variety of molecular techniques, including southern blotting, PCR, FISH 

and flow cytometry (Canela et al., 2007; Lin and Yan, 2005).  These methods are 

summarized in Table 2.1, and are briefly described including shortcomings and 

advantages below.   

Southern Blot/Telomere Restriction Fragment (TRF) Analysis 

TRF analysis is the most commonly used method of telomere length 

measurement, and consists of a Southern blot (Southern, 1975) for 

telomere-containing genomic DNA (Oexle, 1998).  In a TRF southern 

blot, genomic DNA is extracted and digested with a combination of 

frequent cutter restriction enzymes which digest the DNA to the last 

available restriction site before the beginning of the telomere.  This DNA 

is resolved by gel electrophoresis and probed with a telomere-specific 

radioactively labeled probe.    The resulting Southern blot will display a 

signal distribution that represents the distribution of terminal restriction 

fragments which contain telomeric sequences as well as any undigested 

adjacent subtelomeric DNA.  Densitometry analysis of the blot will result 

in a measurement of the average detectable telomere length (Harley et al., 

1990; Oexle, 1998).  There are two chief drawbacks to TRF measurements 

which stem from both the assay design and limitations to its interpretation.  
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First of all, the nature of restriction digestion results in measured TRF 

lengths that include a variable and unknown tract of subtelomeric DNA 

(Steinert et al., 2004); the use of many frequent-cutting restriction 

enzymes may minimize the contribution of subtelomeric DNA to the final 

length measurement, but it is difficult to predict how much of the 

measured length is due to telomeric sequences.  Secondly, TRF blots yield 

a distribution of telomere lengths which have a strong bias against shorter 

telomeres:  smaller telomere molecules have fewer telomere repeats, and 

thus bind less labeled probe, making them relatively less observed than 

longer telomeres that produce a much stronger signal.  Loading increasing 

amounts of genomic DNA can improve the sensitivity to lower molecular 

weight signal, but limits the assay to experimental conditions in which 

large amounts of DNA are obtainable. 

Hybridization protection assay (HPA)   

           HPA was developed as a faster and easier alternative to TRF, and 

can also be performed on comparatively lesser amounts of DNA.  The 

assay involves incubating a small amount of genomic DNA with an 

acridinium ester labeled probe specific to either telomere repeats or AluI 

recognition sequence; chemiluminescence readings allows for the 

calculation of the ratio of telomere:AluI sequence, and this is ratio (TA 

ratio) is normalized to telomere length as measured by TRF (Nakamura et 
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al., 1999).  HPA conveys an advantage over TRF in that it requires less 

starting material and less time to completion, however it is an indirect 

measurement of telomere length.  The assay is most useful in a clinical 

setting in which small numbers of cells are obtained from swabs or 

biopsies (Nakamura et al., 1999). 

Quantitative Flourescent In Situ Hybridization (Q-FISH) 

            FISH allows for the direct labeling of telomere sequences at the 

level of an individual cell.  Flourescent probes are designed to hybridize to 

telomeric DNA using peptide nucleic acid (PNA), phosphoamidate or 

traditional oligonucleotide backbones.   Cells are generally collected and 

prepared in a metaphase spread, incubated with telomere probe and a 

counterstain (usually DAPI or PI), visualized using fluorescent 

microscopy and the images are analyzed to quantify the fluorescent signal 

to determine telomere length (Lansdorp et al., 1996a; Slijepcevic, 2001).  

Q-FISH has many advantages as a telomere length assessment tool.  

Telomere-specific probes are small in size, allowing for excellent 

penetration through cells.  When PNA probes are used, a more stable 

duplex structure is formed and yields a more intense signal at the telomere 

and increases sensitivity.  Many modifications of the Q-FISH strategy 

have been developed which confer different advantages to telomere length 

measurements.  Notable among these modified strategies are “TELI-
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FISH,” which combines immunostaining and FISH in fixed, embedded 

archival tissues (Meeker et al., 2002), and “Flow-FISH,” which combines 

flow cytometry with FISH (Baerlocher et al., 2002; Hultdin et al., 1998; 

Ishikawa, 1998; Lauzon et al., 2000; Rufer et al., 1998; Schmid et al., 

2002).  Flow-FISH allows for the simultaneous sorting of cells into 

different subpopulations, as well as allowing for the measurement of 

telomere length in cells which are actively cycling instead of only those 

that are arrested in metaphase.   

Primed in situ (PRINS) 

             PRINS is a method that allows for the detection of long repetitive 

DNA tracts, making it suitable for telomere analysis.  A synthetic 

primer(s) that is complementary to one or both telomeric strands is 

annealed to metaphase spread chromosomes, incubated with a DNA 

polymerase and fluorescently labeled nucleotides, and the primers are 

extended to include the full length of the telomere tract.  The fluorescent 

signal is then detected to give a quantitative analysis of telomere content 

(Lavoie et al., 2003; Therkelsen et al., 1995).  The efficacy of the PRINS 

method depends on the ability to produce a detectable, specific telomere 

signal. Short telomeres and poor primer annealing can lead to decreased 

signal, while non-specific priming can reduce the specificity of the signal.    
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Quantitative Polymerase Chain Reaction (Q-PCR) 

           There are many challenges inherent to PCR amplification of 

telomeric DNA, which is repetitive and stretches for many kilobases.  The 

first challenge to overcome is that of the design of the forward and reverse 

primers:  the sequences 5’ TTAGGG 3’ and 5’CCCTAA 3’ are self-

complementary and can easily form primer dimmers.  The Q-PCR method 

for telomere length assessment uses primers that are variants of telomeric 

sequence such that there are mismatches which are sufficient to prevent 

primer dimer products (Cawthon, 2002; Gil and Coetzer, 2004).  This Q-

PCR method results in a relative measure of average telomere length by 

reporting the ratio of telomere (T) signal to that of a single copy gene (S).  

The meausrement of a constant single copy gene likely makes the T/S 

ratio more accurate than the relative ratio calculated by the HPA assay, 

which reports telomere signal relative to that of AluI sequence, which is 

highly variable between samples (Cawthon, 2002; Gil and Coetzer, 2004).  

However, the method still reports telomere length in a relative, rather than 

absolute, manner.  The method is simple and straightforward, and can thus 

be used for medical and epidemiological studies. 

Single Telomere Length Analysis (STELA) 

          While the Q-PCR method reports a relative amount of telomere 

DNA as compared to that of a single-copy gene, STELA is a PCR-based 
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assay that amplifies individual telomere molecules for direct length 

assessment (Baird et al., 2003).  STELA produces telomere amplification 

products that represent the full spectrum of telomere lengths found on a 

specific chromosome (Figure 2.1).  The first critical component of the 

STELA method is to ligate an oligonucleotide that contains a unique 

sequence “tag” to the end of the otherwise repetitive C-rich strand of the 

telomere; this serves as the site for the reverse primer in the PCR reaction.  

The chromosome specificity of STELA relies on the design of a forward 

primer that is both unique to a specific chromosome arm and relatively 

close to the beginning of true telomeric repeats.  Genomic DNA that has 

been incubated with the reverse telomere tag (“telorette”) is diluted to the 

point that there are very few amplifiable molecules in each PCR reaction.  

The resulting PCR products are resolved by electrophoresis and analyzed 

by southern blot to yield a distribution of bands that represent the full 

distribution of telomere lengths found on that chromosome in that cell 

population.  A major advantage of STELA in comparison to the TRF 

southern blot method is that short telomeres are readily detected.  The 

major drawback to using the STELA method to study short telomeres is 

that it can only be applied to a relatively small number of chromosomes 

which have suitable forward primer sites (Britt-Compton and Baird, 

2006).  
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Figure 2.1: Single Telomere Length Analysis (STELA) 

The first step of STELA ligates a tag to the end of the C-rich telomere strand with 

a “telorette” oligo, which has a short tract of nucleotides complementary to the G-

rich overhang, and ends with a unique DNA sequence.  During PCR amplification 

of tagged telomeres, the reverse primer utilizes the unique telorette tag, while the 

forward primer is subtelomere specific.  Each product represents an individual 

telomere molecule.  When the input DNA is diluted such that only a few 

amplifiable molecules are present in each reaction, the telomere amplification 

products can be resolved by electrophoresis and analyzed for molecular weight by 

telomere-specific Southern blot. 

 



 

 
 

 

Telomere Length 

Measurement Assay 

Advantages Disadvantages Reference 

Telomere Restriction 

Fragment (TRF) 

Easy for routine use 

 

Provides only average length; 

includes subtelomeric region 

of unknown length; bias 

against detection of shorter 

telomeres 

(Harley et al., 1990; Oexle, 

1998; Southern, 1975) 

Hybridization protection 

assay (HPA)   

 

Quick and easy; requires less 

starting material than TRF 

Indirect measure of telomere 

length  

(Nakamura et al., 1999) 

Quantitative Flourescent In 

Situ Hybridization (Q-FISH) 

 

Flow-FISH allows for analysis 

of cycling cells  

Q-FISH of metaphase spreads 

is restricted to arrested/non-

cycling cells 

(Lansdorp et al., 1996a; 

Slijepcevic, 2001) 

Primed in situ (PRINS) 

 

Alternative to Q-FISH for 

quantitative in situ telomere 

length analysis 

Metaphase spreads require 

cells to be arrested; Weak 

signal due to poor annealing; 

non-specific signal due to 

poor primer specificity 

(Lavoie et al., 2003; 

Therkelsen et al., 1995).   

Quantitative Polymerase 

Chain Reaction (Q-PCR) 

 

Simple and suitable for high-

throughput clinical and 

epidemiological studies 

Indirect telomere length 

measurement, although more 

accurate than HPA indirect 

measurement 

(Cawthon, 2002; Gil and 

Coetzer, 2004). 

Single Telomere Length 

Analysis (STELA) 

 

Detects full range of telomere 

lengths; is telomere specific 

Can only be applied to 

telomeres with an available 

unique forward primer site  

(Baird et al., 2003). 

 

 

Table 2.1 Comparison of available telomere length measurement methods
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Critically Short Telomeres and Senescence:  The Rationale behind Universal 

STELA 

           Years of telomere length studies using these many methods of telomere 

length assessment have produced the data needed to link telomere length with 

cellular senescence.  Telomeres were first shown to shorten with each cell 

division using the TRF method (Harley et al., 1990), and much of what we know 

regarding telomere length dynamics in dividing and senescent cells is based on 

mean telomere length.  Mean telomere length correlates with both the cell age and 

the replicative potential of a cell (Allsopp et al., 1995b; Allsopp et al., 1992), and 

preventing telomere shortening by the expression of telomerase circumvents 

senescence altogether, providing the experimental evidence that short telomeres 

have a causal role in the induction of senescence (Bodnar et al., 1998).  

Progressive telomere shortening has been attributed to the end replication problem 

(Olovnikov, 1973), oxidative damage (von Zglinicki, 2000; von Zglinicki et al., 

2000) and processing with nucleases (Sfeir et al., 2005; Shore and Bianchi, 2009).  

There is considerable evidence, however, that senescence is induced by a single 

(or small group of) short telomeres rather than the consistent progressive 

shortening of all telomeres in a cell (Abdallah et al., 2009; Hemann et al., 2001b; 

Zou et al., 2004b).  These short telomeres are sometimes found in cells that have 

otherwise long mean telomere length, appearing as a signal-free end when using 

FISH methods (Martens et al., 2000) or as a very short telomere amplification 
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products using STELA (Baird et al., 2003; Xu and Blackburn, 2007).  One 

possible explanation for the presence of these ultra-short telomeres is that 

chromosomes which are known to have shorter telomeres, such as 17p, are the 

first to become critically short due to progressive and gradual telomere 

shortening, and are thus “programmed” to trigger senescence (Martens et al., 

1998).  This possibility suggests that ultra short telomeres would often be found 

on the same group of chromosomes.  Another possible explanation for the 

existence of ultra short telomeres is that large tracts of telomeric DNA can be 

suddenly lost from telomeres of any chromosome due to a variety of mechanisms 

such as oxidative damage (Passos et al., 2007; Richter and Zglinicki, 2007; von 

Zglinicki et al., 1995), replication slippage (Baird et al., 1995), unequal sister 

chromatid exhachange (Baird, 2008)  and circular telomere recombination 

deletion events (Ferenac et al., 2005; Rubelj et al., 2002; Rubelj and Vondracek, 

1999; Wang et al., 2004b).  These events would target telomeres stochastically, 

making it impossible to predict which chromosomes in a replicating cell will 

eventually harbor a critically short telomere that triggers senescence.   

 

            As a cell population ages, a combination of progressive telomere erosion 

and stochastic, sudden telomere loss is predicted to generate the critically short 

telomeres that are thought to ultimately trigger the induction of replicative 

senescence through cell cycle arrest (d'Adda di Fagagna et al., 2003).  Obtaining 
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direct experimental evidence to link critically short telomeres to senescence has 

been a challenge, however, due to the fact that currently available methods of 

telomere length assessment do not allow for the routine analysis of single rare 

telomeres.  Because TRF and Q-FISH methods are based on quantifying signal 

from hybridization to telomeric DNA, they are biased against the routine 

detection of short telomeres.  Even a detailed analysis of TRF length distributions 

(Kimura et al., 2008) is not able to identify a single, rare short telomere.  While 

Q-FISH of telomeres on metaphase spreads often reveals signal-free ends 

indicative of critically short telomeres, this method requires cells to be actively 

dividing and thus eliminates the possibility of a direct comparison between 

dividing versus senescent cells (Graakjaer et al., 2003; Lansdorp et al., 1996a).  

Flow-FISH easily allows for the determination of the percentage of cells that have 

a short mean telomere length, but does not allow for the detection of a single short 

telomere within a cell (Rufer et al., 1998).  STELA allows for the detection of a 

single short telomere among the distribution of telomere lengths on a given 

chromosome.  This gives us more information regarding the presence of short 

telomeres than any other method, but still has limitations.  In order to accept the 

distribution of short telomeres identified by STELA as indicative of the 

distribution of short telomeres in the cell population, one must make the 

assumption that sudden catastrophic telomere loss occurs with equal frequency 

and magnitude on all chromosomes.  Since STELA only amplifies and measures 
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telomeres of a specific chromosome (determined by the design of the forward 

primer), and STELA primers are only available for a small number of 

chromosomes, it is impossible to validate that assumption.   

            A variation of STELA which retained the ability to detect individual 

telomere molecules but which was not constrained to telomeres of a single 

chromosome would allow for the creation of a universal distribution of all 

telomere lengths in a cell population.  This method would be superior to TRF in 

that it would not have a bias against short telomeres, and would be superior to the 

original STELA when studying short telomeres because it would require no 

assumptions about the relative frequency of short telomeres among all 

chromosomes.  Thus, the objective of this work was to develop a variant of 

STELA, named Universal STELA, which would yield an accurate distribution of 

telomere lengths on all chromosomes and allow for the study of the shortest 

telomeres in experimental settings. 
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METHOD DEVELOPMENT AND RESULTS 

 

Summary of approach 

Telomere specific STELA involves the ligation of a terminal “telorette” 

tag to the end of either the C- or G-rich strand, and multiple rounds of PCR 

amplification use a reverse primer specific to the ligated tag and a forward primer 

that is specific to a unique, telomere-specific sequence located in the subtelomere.  

In order to use a similar approach but exchange telomere specificity for the 

universal amplification of all telomeres, genomic DNA is digested with chosen 

restriction enzymes which leave a characteristic overhang near the beginning of 

the telomere.  Subsequently, a proximal “panhandle” linker is ligated to the 

subtelomeric restriction overhang, and this proximal linker serves as the universal 

proximal tag for all telomeres.  In this way, all telomeres are similarly tagged with 

a proximal “panhandle” linker and a terminal “telorette” linker, and have an equal 

probability of being amplified during PCR (Figure 2.2). 
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Figure 2.2 Universal STELA General Strategy.  Genomic DNA is digested 

with a chosen enzyme(s) to create a characteristic overhang in the subtelomeric 

DNA near the beginning of the telomere.  A proximal “panhandle” linker is 

ligated to this subtelomeric overhang and a terminal “telorette” linker is ligated to 

the end of the C-rich telomere strand.  During PCR amplification, the reverse 

primer is specific to the terminal linker while the forward primer is specific to the 

proximal linker.  All telomeres are tagged with both linkers, so all telomeres have 

an equal probability of being amplified during PCR. 

 

 

1. CHOICE OF RESTRICTION ENZYME AND PROXIMAL LINKER 

DESIGN 

 Choosing a restriction enzyme for digestion of genomic DNA.  Because 

this general strategy is essentially measuring the length of a telomere restriction 

fragment, the choice of restriction enzyme is very important.  First of all, the 

restriction enzyme (or group of enzymes) must generate an overhang that can 

serve as an annealing site during ligation of the proximal linker.  Longer 

overhangs, such as the 4 nt overhang produced by the enzyme NlaIII, provide a 
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good target for annealing and ligation.  A group of 4 enzymes (MseI, NdeI, CviQI 

and BfaI) all produce the same 2 nt –TA overhang.  After considering the 

overhang generation, it is important to consider how frequently the enzymes will 

digest the genomic DNA, and how close to the telomere they will cut.  Of the 

above enzymes, all but NdeI are 4 base cutters, so they cut relatively frequently in 

the genome.  It is difficult to determine exactly how close to the telomere the 

enzymes will cut, due to the unknown length of the “X-region” (a portion of the 

subtelomere that is resistant to restriction digestion) (Steinert et al., 2004).  

Additionally, not all subtelomere sequences are known, making it difficult to 

directly map a restriction site as one would do in molecular cloning.  A TRF 

showing genomic DNA from Hela cells digested with either NlaIII or the 

combination of four –TA overhang producing enzymes show that the –TA 

enzymes produce shorter telomere restriction fragments as compared to NlaIII 

(Figure 2.3), suggesting that one or all four of these enzymes cut closer to the 

telomere than NlaIII.   
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Figure 2.3 TRF of Hela DNA digested with NlaIII (left) or –TA overhang 

enzymes MseI, NdeI, BfaI, CviQI (right).  Digestion with the –TA overhang 

enzymes produces shorter telomere restriction fragments as compared to digestion 

with NlaIII, suggesting that one or more of the –TA overhang enzymes cuts closer 

to the telomere. 

 

  

Designing the proximal “panhandle” linker to amplify tagged 

telomeres while limiting amplification of tagged genomic fragments.  Because 

all genomic DNA restriction fragments will also have the restriction overhang on 

both ends, whatever proximal linker that is designed for use in Universal STELA 

will also be ligated to both ends of genomic fragments.  In subsequent PCR 

reactions, these tagged genomic fragments could outcompete tagged telomeres for 

amplification since they will likely be shorter (and thus more easily amplified) as 

well as orders of magnitude more abundant.  The “panhandle” design of the 

proximal linker is designed to suppress PCR amplification of these genomic 

fragments by promoting formation of a hairpin loop structure during PCR when a 
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fragment is tagged with the linker on both ends.  While this suppression PCR 

method is generally useful for low molecular weight products, it is not certain that 

it will be completely successful in suppressing amplification of genomic 

fragments that are potentially large.  The design is theoretically solid, however, 

and is adaptable to any restriction enzyme that produces an overhang.  We 

designed panhandle linkers for both –TA overhangs as well as the 4 nt NlaIII 

overhang.  A schematic and description of the –TA overhang design which details 

the suppression PCR of genomic fragments as well as amplification of the 

telomere fragments is shown in Figure 2.4.  A listing the sequences of the 

oligonucleotides used to make the proximal panhandle linker is found in Table 

2.2. 
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Figure 2.4 Schematic of Universal STELA using the –TA overhang strategy 

Genomic DNA is digested with four enzymes which all produce a –TA overhang.  

Digestion yields a multitude of genomic restriction fragments (left), which have 

the –TA overhang on both ends, as well as telomere restriction fragments (right) 

which have the –TA overhang on the proximal fragment end.  On telomere 

fragments, a terminal telorette linker (green) is complementary to the 3’ G-rich 

overhang and is ligated to the end of the C-rich telomere strand, while the pre-

annealed, proximal “panhandle” linker (orange) is annealed to the –TA overhang.  

During the ligation reaction, all genomic fragments will have the panhandle linker 

ligated to both ends.  A fill-in step (light orange) copies the primer binding site 

onto the C-rich strand in telomere fragments, while generating self-

complementary ends on genomic fragments.  During the PCR melt/annealing 

steps, tagged genomic fragment ends will self-anneal and form a hairpin that 

cannot be amplified, while telomere fragments will be amplified by the forward 

and reverse primers. 
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Table 2.2  Sequences of oligonucleotides for NlaIII and –TA panhandle 

designs 

 

NlaIII: 

Long panhandle:  
5’TGTAGCGTGAAGACGACAGAAAGGGCGTGGTGCGGACGCGGGCATG3’ 

Short panhandle: 

5’CCCGCGTCCGC 3’ 

Forward Primer: 

5’TGTAGCGTGAAGACGACAGAA 3’ 

 

-TA overhang: 

Long panhandle: 

5’TGTAGCGTGAAGACGACAGAAAGGGCGTGGTGCGGACGCGGG 3’ 

Short panhandle: 

5’TACCCGCGTCCGC 3’  

Forward Primer: 

5’TGTAGCGTGAAGACGACAGAA  3’ 
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2. LIGATION OF PROXIMAL “PANHANDLE” AND TERMINAL 

“TELORETTE” LINKERS 

 

A single ligation step performed at 17° C for 15 hours tags both the 

proximal and terminal ends of telomere restriction fragments.  Any STELA-

based method requires the ligation of a unique tag, called a “telorette,” at the end 

of the telomere strand (either C- or G-rich) that is to be amplified during PCR.  

The telorette serves as a unique DNA sequence at the end of the otherwise 

repetitive telomeric DNA which can be utilized as the reverse primer site in PCR.  

While the original STELA method utilizes a subtelomeric forward primer site that 

is telomere specific, Universal STELA requires ligating a proximal linker to the 

subtelomere.  This proximal “panhandle” linker provides a unique primer site that 

allows for the amplification of all telomeres.  The major consideration when 

designing the ligation step of Universal STELA was whether the two linkers 

needed to be ligated individually in separate ligation reactions, or if ligation 

conditions could be determined which would allow for a single ligation step in 

which both proximal and terminal linkers were ligated to their respective telomere 

locations.  The original STELA method (Baird et al., 2003) performed ligation of 

the terminal telorette linker using T4 DNA ligase at 35° C for 12+ hours.  This 

high ligation temperature theoretically increases the specificity of the ligation 

products.  This high ligation temperature is critical in scenarios where it is critical 

that the linker be perfectly aligned and ajoined to the last base of the telomere 
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(Sfeir et al., 2005), however the telorettes are designed with ~7 nt of 

complementarity to the 3’ overhang, and can thus stably anneal at the telomere 

end at a lower ligation temperature; we currently use a 17° C ligation temperature 

for 15+ hours for C- and G-STELA for routine telomere length measurements 

(Zhao et al., 2009).  The proximal linkers designed for use with either NlaIII 

digestion or MseI/”-TA” digestion have a 4 or 2 nt overhang for ligation, 

respectively, which requires a lower ligation temperature for annealing to be able 

to occur.  A single ligation step which allowed for the ligation of the proximal and 

terminal linkers is highly preferable to individual ligations because it streamlines 

the assay and eliminates approximately one day of passive time from the protocol.  

To test the efficiency of a one-step ligation, ligation reactions of both NlaIII and   

-TA overhang digested genomic DNA were set up to include both proximal and 

terminal linkers with T4 DNA ligase, and incubated at 17° C, RT and 35° C for 

15+ hours/overnight.  Ligation at 17 C consistently produced bands for both the 

NlaIII and –TA linker Universal STELA strategies, and was adopted as the 

temperature for a single ligation step. 

Ratio of proximal:terminal linkers in a single-step ligation reaction.  

Since we chose to ligate both the proximal and terminal linkers in a single 

reaction, it was important to consider the ratio of the linkers added to the ligation 

reaction.  The original STELA protocol (Baird et al., 2003) used a final 

concentration of 0.9 M of telorettes, while subsequent assay developments 
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showed that telorette concentration could be reduced many orders of magnitude, 

increasing ligation specificity without reducing yield of tagged telomeres 

available for PCR amplification (Sfeir et al., 2005).  We chose to use a final 

concentration of 10
-2

 M of a mixture of all six C-telorette oligos (0.16 x 10
-2

 M 

each), which should increase specificity while maintaining high sensitivity and 

having plenty of amplifiable, tagged telomeres.  Because the proximal linker in 

theory will be ligated to both ends of all genomic restriction fragments in addition 

to the proximal restriction site on telomere restriction fragments, it was important 

to include enough of the oligo in the ligation reaction to ensure that all telomeres 

could be tagged.  The panhandle linker was created by incubating the 100 M 

“long” and 100 M“short” oligos for each respective restriction site in a 1:2 ratio 

at 95 C for 5 minutes in order to eliminate any secondary structure that may have 

formed in the “long” oligo.  The panhandle mixture was then cooled to RT for one 

hour in presence of 50 mM NaCl to promote annealing.  We chose to use a final 

concentration of 10 M of the annealed panhandle linker in the single-step 

ligation reaction. 

Ligation Specificity:  ligation of both proximal and terminal linkers is 

required for amplification of telomeres.  Universal STELA is designed to 

measure the length of individual telomere molecules which have a proximal linker 

ligated at a restriction site close to the beginning of the telomere and a terminal 

linker ligated to the end of the telomere.  In Universal STELA reactions, 
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restriction fragments that are tagged on both ends by the panhandle linker will be 

in great excess compared to true telomere fragments, and if any of these were to 

be amplified and contain any telomere sequence (such as interstitial telomere 

repeat sequences), this would produce a band that would be mistaken for a true 

telomere.  Additionally, non-specific ligation of either linker could result in bands 

that are not representative of true telomere molecules.  In order to test the 

specificity of our ligation conditions, multiple ligation controls were conducted in 

which no linkers were added to the reaction, or only one (proximal panhandle OR 

terminal telorette) linkers were added to the reaction (Figure 2.5).  These ligation 

controls indicate that ligation is very specific and only produces tagged telomeres 

capable of being amplified when both the proximal panhandle and the terminal 

telorette linkers are included in the single-step ligation reaction.  The presence of 

a very small number of nearly undetectable bands in the control that includes only 

the proximal panhandle linker could be due to amplification of a genomic 

fragment that includes a small amount of interstitial telomeric DNA sequences 

that caused a small amount of probe to hybridize.  These bands are largely 

negligible, and the results indicate that the established ligation conditions are 

specific and lead to robust amplification of telomeres.  This single-step ligation of 

both linkers is an improvement on a previously described two-step ligation 

(Bendix et al., 2010). 
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Established Ligation Conditions:  An restriction site-specific panhandle 

linker (either –TA overhang or NlaIII overhang) was designed and created by 

incubating two oligonucleotides (“long” and “short”) in a 1:2 ratio at 95 C for 5 

minutes and cooling to room temperature over one hour in 50 mM NaCl100 ng of 

digested genomic DNA was incubated in a10 l ligation reaction containing 1x 

ligase buffer, 50 U T4 DNA ligase (NEB), 10
-2

 M of a mixture of all six C-

telorettes (0.16 x 10
-2

 M each) and 10 M NlaIII-specific panhandle for 15 hours 

at 17 C.   
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Figure 2.5 Ligation of both proximal panhandle and terminal telorette 

linkers is required for telomere amplification.  Multiple ligation control 

reactions were performed in which no linkers were provided, or only one linker 

was provided.  These controls indicate that both linkers are necessary in order to 

amplify telomere molecules, and exclude the possibility that Universal STELA 

produces large numbers of artefact bands which are not representative of true 

telomere molecule lengths.  These controls indicate that the single-step ligation of 

both linkers is specific and only produces amplification of molecules that are 

tagged by both proximal and terminal linkers. 
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3. PCR AMPLIFICATION OF TAGGED TELOMERE MOLECULES 

The use of the PCR additive DMSO increases specificity of telomere 

amplification and reduces background amplification of genomic DNA.  

STELA PCR is complicated due to the nature of telomeres:  they are long and 

repetitive.  Universal STELA adds another degree of complexity to the PCR 

process, because there are vast excesses of non-target molecules (genomic 

restriction fragments) which could theoretically be amplified by the single 

forward primer because they are tagged on each end with the primer recognition 

sequence.  The panhandle design of the assay is one step to limit this 

“background” amplification of genomic restriction fragments, and is designed to 

suppress amplification of molecules that can self-anneal and form a hairpin during 

the melt/anneal stages of PCR.  However, this suppression PCR strategy is most 

effective for low molecular weight molecules and examination of the Ethidium 

Bromide stained Universal STELA agarose gels reveals a background DNA 

smear that is always present to some degree.  While this smear does not affect the 

analysis of Universal STELA data in any way (bands are only detected on the 

Southern blot if they contain telomere DNA), it is a theoretical and practical 

challenge because amplification of the multitude of genomic fragments in effect 

competes with the amplification of the less frequent tagged telomeres.  In an 

attempt to further increase the specificity of amplification of telomere molecules 

only, and to reduce the background amplification of genomic fragments, the 
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addition of the PCR additives DMSO and Betaine were tested.  In PCR reactions, 

DMSO facilitates DNA strand separation in GC-rich sequences as well as 

secondary structures by disrupting base pairing; Betaine is an isostabilizing agent 

that reduces secondary structure formation in GC-rich regions and also equalizes 

the contribution of A/T and G/C base pairs to the stability of double stranded 

DNA (Frackman et al., 1998).   

PCR controls were established where a 1:10,000 dilution of a previously 

amplified Universal STELA sample were incubated in new PCR reactions 

containing either 1M Betaine, 5% DMSO, or a combination of both 1M Betaine 

and 5% DMSO (Figure 2.6).  The Ethidium Bromide-stained gel is shown next to 

the Southern blot of the same gel.  While the reamplification samples that 

included no PCR additives showed an intense background smear in the higher 

molecular weight range, the Southern blot of those samples showed poor 

amplification of telomere bands, with bands in the higher molecular weight not 

being amplified at all.  The addition of both 5% DMSO and 1M Betaine 

decreased the background amplification on the EtBr gel, with the samples 

including both 5% DMSO and 1M Betaine showing virtually no background 

amplification.  The use of both additives appeared to reduce the efficiency of 

amplification of telomere molecules as well, with telomere bands appearing less 

crisp and less intense.  Because 5% DMSO reduced the background amplification 

significantly and also led to robust amplification of the full range of telomere 
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molecules, we chose to supplement Universal STELA PCR reactions with 5% 

DMSO.  

 

 
 

Figure 2.6 The use of the PCR additive DMSO increases specificity of 

telomere amplification and reduces background amplification of genomic 

DNA.  A Universal STELA PCR amplification product with a known band 

pattern was diluted 1:10,000 and reamplified for 15 cycles in the presence of 

either 1M Betaine, 5% DMSO, or both 1M Betaine + 5% DMSO.  The resulting 

products were resolved on a 0.7% agarose gel, stained with EtBr, and proved with 

a telomere-specific C-rich probe.  5% DMSO added to the PCR reaction reduced 

the background amplification seen on the EtBr image of the gel while improving 

the robustness and range of molecular weights of telomere products detected by 

in-gel hybridization. 

 

 

 Reducing the duration of the initial melting step of PCR increases the 

range of lengths of amplified telomere molecules.  Universal STELA has the 

potential for a bias against amplifying long telomeres, because shorter telomeres 
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have an increased probability of being fully extended in earlier cycles, precluding 

longer telomere molecules from becoming fully extended and exponentially 

amplified in later cycles.  One of the primary goals of optimizing the PCR 

reaction was to ensure that the full range of telomere lengths could be amplified.  

A previous study and work in our lab (unpublished) indicated that telomere DNA 

could potential degrade into smaller molecular weight fragments during even 

short (5-10 minute) incubations at 95° C.  The duration of the initial melt stage of 

STELA PCR is generally 3-5 minutes at 94-95° C (Zhao et al., 2009), which 

could theoretically cause a degree of degradation of longer telomeres.  We 

decided to test whether we could observe such degradation in Universal STELA 

telomere amplification, and if shorter initial melting stages would be capable of 

producing bands and if those bands would include higher molecular weights.  

Universal STELA PCR reactions were assembled and the initial melt stage of 94° 

C was timed at 15 min, 10 min, 5 min, 3 min, 1 min, 30 sec and 15 sec (Figure 

2.7).  The longest initial melt stages (10 and 15 min) showed a marked decrease in 

total number of bands; these are longer than the duration one would choose for an 

initial melt in STELA PCR, but were meant only to test whether prolonged 

incubation at 94° C would decrease the quantity or quality of the amplified 

products.  Incubations of 5 and 3 minutes are representative of standard STELA 

protocols, and showed more bands than the longer melting incubations. 

Surprisingly, very short melting incubations of 1 min, 30 sec and even 15 sec not 
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only produced the greatest number of bands but also produced higher molecular 

weight bands.  It is possible that longer incubations at 94° C cause enough 

damage to the integrity of telomere DNA that the number of amplifiable 

molecules is decreased.  The shorter melting durations allow for longer telomeres 

to be amplified, which improves the overall length distribution that can be 

assayed using this method.  We chose to use an initial melt stage of 30 seconds, 

which is also the duration of all subsequent melt stages in the PCR program for 

Universal STELA. 

 

 

 
Figure 2.7 Shorter duration of initial melting stage of PCR produces more 

amplified telomeres across a wider length distribution.  The initial melting 

stage of the Universal STELA PCR program was scaled from 15 minutes to 15 

seconds at 94° C.  The quantity and range of bands produced with longer 94° C 

incubations was decreased compared to incubations of 1 min, 30 sec and 15 sec. 

 

 

Annealing temperature gradient suggests that two-step PCR is 

efficient and increases specificity for amplification of telomere molecules.  A 
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Universal STELA PCR amplification product with a known band pattern was 

diluted 1:10,000 and reamplified with an annealing temperature gradient that 

ranged from 62° C (the annealing temperature used for C- and G-STELA) to 68° 

C (the extension temperature).  The gradient was performed both with and 

without the addition of 5% DMSO.  Ethidium bromide images of the gel and 

Southern blots probed with telomere-specific C-rich probe are shown (Figure 2.8).  

As expected, the reactions that contained 5% DMSO had reduced background 

amplification on the EtBr image of the gel as compared to the samples that 

contained no PCR additive.  In the reactions that did not contain DMSO, the 

lower annealing temperatures had increased intensity of the background 

amplification, especially at higher molecular weights, suggesting that increasing 

the annealing temperature increased the specificity for amplification of telomere 

molecules.  There was little detectable difference in the quantity or quality of the 

telomere products on the Southern blot, indicating that using higher annealing 

temperatures still produced efficient amplification.  Based on this evidence, a 

two-step PCR program was adopted in which the annealing step was eliminated, 

and each PCR cycle consisted of only a 30 second melt at 94°, followed by a 12 

minute extension step at 68° C.   
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Figure 2.8 Annealing temperature gradient suggests that two-step PCR is 

efficient and increases specificity for amplification of telomere molecules.  A 

Universal STELA PCR amplification product with a known band pattern was 

diluted 1:10,000 and reamplified with an annealing temperature gradient that 

ranged from 62° C to 68° C.  Ethidium bromide image of gel (top) and Southern 

blot (bottom) indicate that primers can anneal at 68° C – the temperature used for 

extension – and thus a two-step PCR program in which the annealing step with a 

lower annealing temperature could be eliminated to retain efficiency and improve 

specificity of telomere amplification. 
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 Primer controls indicate that two-step PCR specifically amplifies 

telomere molecules.  To demonstrate the specificity of the Universal STELA 

PCR reaction, primer controls were established in which PCR was carried out 

with no primers, or only the forward/reverse primers (Figure 2.9).  When an 

annealing temperature of 62° C was used, amplification products were detected 

when only the forward primer was included in the reaction.  However, when a 

two-step PCR program that did not allow primers to anneal at a lower annealing 

temperature was used, amplification products were very specific to the samples 

which included both the forward and reverse primers.  This reinforces the use of 

the two-step PCR protocol, and demonstrates that Universal STELA products 

detected by Southern blot must contain both the proximal panhandle linker 

(targeted by the forward primer) and the terminal telorette linker (targeted by the 

reverse primer).  This indicates that bands which are analyzed for molecular 

weight likely represent full-length, true telomere molecules.  It is unclear why 

bands were present in the forward primer only samples amplified with a three-step 

protocol (Ta = 62), but not in the two-step PCR protocol.  This difference 

suggests that the products are a result of non-specific annealing of the primer.  

Because the molecular dynamics of amplifying repetitive telomere tracts of many 

kilobases are complex and not completely understood, there is always the 

possibility for molecular artifact.  Primer controls like the ones performed here 

are the best way to ensure that artifact is kept to a minimum. 
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Figure 2.9 Primer controls indicate that two-step PCR protocol specifically 

amplifies telomere molecules.  Primer controls were established in which PCR 

was carried out with no primers, or only the forward/reverse primers.  Primer 

controls were performed with a traditional three-step PCR protocol with an 

annealing temperature of 62° C, as well as a two-step PCR protocol which has 

only a melt and extend step for each cycle. 

 

 Established PCR conditions:  Multiple PCR reactions were performed 

(Initial fill-in step of 68°C for 20 min; Initial melt of 94°C for 30 s followed by 22 

cycles of 94°C for 15 s + 68°C for 12 min) using Extensor Hi-Fidelity PCR 

Master Mix 1 (ABGene, Thermo Scientific) in 25 μl reaction containing 100 pg 

ligated DNA, 0.5 μM primers (Adapter forward primer and C-Teltail reverse 

primer) and supplemented with 5% DMSO.   

4.  RESOLUTION OF TELOMERE BANDS AND IN-GEL 

HYBRIDIZATION WITH TELOMERE-SPECIFIC PROBE  

  

Telomere amplification products were resolved on a 0.7% agarose gel, and 

subject to in-gel hybridization using a 
32

P-labeled telomere-specific 
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[(TTAGGG)4] oligonucleotide probe in a hybridization oven at 42 
o
C for at least 

four hours.  The gel was then washed once with low-stringency buffer (2x SSC) 

and twice with high stringency wash (0.1x SSC, 0.1% SDS) for 15 minutes each 

at 42° C.  The gel was then exposed to a PhosphorImager screen and scanned on a 

Typhoon biomolecular imager (GE Healthcare Life Science).  This represents a 

departure from the C- and G-STELA protocols in that traditional STELA 

generally utilizes capillary transfer of the products to a charged nylon membrane 

and probing with a subtelomere-specific probe generated by random priming.  

While a subtelomere probe provides great specificity in traditional STELA, it is 

impossible in Universal STELA when all telomeres have an equal probability of 

being amplified and represented on the gel.  The use of a long, random-primed 

subtelomere probe precludes the use of in-gel hybridization because the probe is 

too large to efficiently penetrate the gel matrix.  Because the telomere-specific 

probe used for Universal STELA is a small molecule, it can easily enter the gel 

for in-gel hybridization.  This is faster than capillary transfer, which is another 

advantage of Universal STELA. 

 

5.  UNIVERSAL STELA LENGTH MEASUREMENTS IN HELA AND T24 

CANCER CELL LINES 

 

 In order to test Universal STELA, two cancer cell lines were chosen which 

are known to have different telomere lengths.  T24 bladder cancer cells are known 

to have a short average telomere length, while Hela cervical cancer cells have 
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average to long telomeres.  The cells were expanded in culture and genomic DNA 

was isolated.  The gels shown below are from the Universal STELA performed on 

genomic DNA digested with –TA overhang producing enzymes and ligated with 

the –TA overhang proximal panhandle and a mix of six C-telorettes.  All ligation 

and hybridization procedures were performed as described above.  Many PCR 

amplification reactions were performed for each cell type, and a total of 

approximately 550 telomere amplification products were analyzed for molecular 

weight using AlphaEaseFC (AlphaInnotech) software and all statistical analyses 

was carried out using Microsoft Excel and GraphPad Prism. Representative gels 

and summary statistics of all analyzed bands are shown in Figure 2.10. 

 
 

Figure 2.10 Representative Universal STELA gels and summary statistics of 

telomere length analysis in T24 and Hela cancer cell lines. 
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Visual examination of the distribution of the telomere amplification 

products allowed for the immediate detection of a difference between the two cell 

lines.  While both cell lines had very short telomeres (< 800 bp) and some long 

telomeres (> 7 kb), the T24 telomeres had a tighter distribution at lower molecular 

weights while the Hela telomeres had a wider distribution that spanned the full 

range of detected telomere products.   The first analysis performed was to 

calculate basic summary statistics such as the mean telomere length, the range of 

the length distribution, and the median.  The calculated mean length in T24 was 

2.16 kb, while the calculated mean length in Hela was 3.80 kb.  Both of these 

mean length measurements are slightly lower than the normally attributed mean 

telomere length of the two cell lines (as usually measured using TRF analysis).  

This is likely due to the fact that Universal STELA is better able to measure short 

telomeres, and is also a function of the enzymes used to digest the genomic DNA 

for both Universal STELA and TRF.  Both assays are essentially measuring the 

length of a telomere restriction fragment, so the variable amount of subtelomeric 

DNA that remains attached to the telomere has great influence on the final length 

measurement.  In Universal STELA using the –TA overhang method, one enzyme 

in particular (MseI) cuts very close to the beginning of the telomere, which would 

make the resulting length measurements shorter than when other enzymes which 

cut further away are used.   
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In order to visualize the telomere length distribution, fine-resolution 

histograms with bin size of 100 bp were created, and cumulative percentage was 

superimposed (Figure 2.11A).  A box plot in which the whiskers represent the 

maximum and minimum measured telomere lengths, and the box respresents the 

middle 50% of telomeres, was created to directly compare the telomere length 

distributions of the two cell lines (Figure 2.11B).  These visual representations of 

telomere length distribution in the two cell lines provide much more information 

than a simple mean telomere length.  In T24, the shortest 75% of telomeres were 

less than 3 kb, and yet the longest 25% of telomeres was widely distributed to a 

maximum length of nearly 8 kb.  It would be interesting to isolate clones of T24 

and measure telomere length of the clones using Universal STELA; analysis of 

the skewed T24 length distribution suggests the possibility that rare T24 cells 

have much longer telomeres than the mean T24 telomere length.  The distribution 

in Hela is much more evenly distributed than in T24, however there was a high 

frequency of shorter than average telomeres that produces a large spike in the 

distribution curve at approximately 1.5 kb.  This similarly suggests that analysis 

of telomere lengths in Hela clones may reveal that some clones have shorter 

telomeres than the average telomere length.  This cluster of short telomeres could 

also be attributed to oxidative damage or other culture-related stresses.  
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Figure 2.11 Telomere length distribution in T24 and Hela cancer cell lines.  

A)  Distribution curve with superimposed cumulative frequency.  B) box-and-

whisker plot of quartile analysis.  Whiskers represent maximum and minimum 

telomere lengths, while box outlines middle 50% of telomeres. 
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DISCUSSION 

Universal STELA amplifies individual telomere molecules, similarly to 

the original STELA design, however it is capable of assaying all telomeres in the 

cell at the same time.  This means that Universal STELA retains all of the 

advantages of the original method design (such as being able to measure lengths 

of short telomeres and being able to measure telomere length with a very small 

amount of DNA starting material), yet it also has the added advantage of 

obtaining a global look at telomere length instead of being limited to studying a 

single telomere.  The role of short telomeres in telomere biology is crucial, as it is 

the shortest telomeres which induce cells to undergo replicative senescence 

(Abdallah et al., 2009; Hemann et al., 2001b; Zou et al., 2004b).  Thus, examining 

short telomeres is of critical importance to both aging biology and cancer, as one 

field seeks to discover how replicative senescence causes aging-related disease 

and the other seeks to induce replicative senescence in otherwise immortal cancer 

cells.   

The original STELA method has been used to examine short telomeres in 

the past (Baird et al., 2006; Baird et al., 2003), however these studies are confined 

by their chromosome specificity.   Universal STELA will allow for the study of 

all short telomeres in the cell, without being limited to assaying just one telomere, 

or being limited to the handful of telomeres for which telomere-specific STELA is 

limited to due to subtelomere primer availability.  This is especially important 
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considering it is thought that any telomere can become critically short and thus 

cause senescence.  While telomeres are thought to maintain a relative length over 

time (Graakjaer et al., 2003; Graakjaer et al., 2004a), suggesting that some 

telomeres are inherently longer than average and some are inherently shorter than 

average, any telomere can potentially be targeted by oxidative damage or some 

other rapid telomere deletion event which would cause it to become critically 

short. 

Because Universal STELA is essentially measuring the length of telomere 

restriction fragments, the choice of restriction enzyme is critical to the final length 

measurements.  Unlike in molecular cloning experimental designs, it is impossible 

to determine exactly where restriction enzymes will cut subtelomeric DNA.  First 

of all, not all subtelomeres have been sequenced, and those that have been often 

contain highly repetitive tracts which make it difficult to pinpoint actual 

restriction sites.  Additionally, there is ample data which suggests that a variable 

and unknown portion of the subtelomere is resistant to digestion by restriction 

endonucleases (Steinert et al., 2004).  This region of the subtelomere, called the 

“X-region,” is not well understood and is difficult to characterize, but is sure to 

influence the digestion of genomic DNA with any chosen restriction enzyme, and 

thus the final length measurement obtained by Universal STELA.  While the 

unknown influence of the X-region likely causes a variable amount of undigested 

subtelomere to remain attached to telomere fragments, one of the –TA overhang 
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enzymes (MseI) produces TRF smears so much shorter than when DNA is cut 

with a mixture of 6 frequent cutting enzymes that it is possible that this enzyme 

actually cuts telomere variant sequences within the actual telomere.  This would 

cause the –TA overhang Universal STELA to produce variably shorter telomere 

amplification products than would be measured using other restriction enzymes.  

The restriction site of MseI is 5’ TTAA 3’, which is both a telomere variant 

sequence as well as contains only thymidine and adenine bases.  It is unclear why 

this enzyme is able to cut so close to – or within – the telomere, while other 

restriction enzymes are not able to cut in the “X-region” of the subtelomere.  One 

proposed explanation for the mechanism behind the X-region protection against 

restriction digestion is that the DNA may be composed of nucleotides with altered 

bases, such as “Base J” found in the telomeric DNA of trypanosomes (Ulbert et 

al., 2004).  Since the restriction site of MseI contains only T and A, additional 

enzymes which cut sites containing only T and A were tested in a TRF to see if 

they also showed extensive subtelomeric digestion and short TRF smears (data 

not shown).  None of the enzymes tested produced a similar digestion pattern to 

that exhibited by MseI, ruling out base modification of T/A as the cause for the 

enhanced subtelomeric digestion.  Another possibility is that MseI cuts telomere 

variant sequence.  Additional enzymes that cut potential telomere variants could 

likewise be tested in a TRF to try to determine why MseI cuts so close to the 

telomere.  Regardless of the reason that MseI produces shorter telomere 
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restriction fragments than other restriction enzymes, it is important to take into 

account the effect that enzyme choice plays on interpreting Universal STELA 

data.  Mean length measurements and length distributions of a single sample are 

likely to be different depending on whether the –TA overhang or NlaIII Universal 

STELA (or any other subsequently designed strategy utilizing a different 

restriction enzyme) is used. 

In summary, Universal STELA is the only available method of telomere 

length measurement which can assay all telomeres in the cell and detect critically 

short telomeres, producing a complete telomere length distribution.  While some 

have suggested that such an analysis is not suitable for measuring mean telomere 

length (Bendix et al., 2010), the ligation and PCR optimization steps outlined in 

this chapter have ensured that for most cancer cells, the range of telomere lengths 

which can be amplified by Universal STELA is sufficient to determine a mean 

telomere length.  The true power of the assay is not in its ability to calculate a 

mean, but to view the shape of the distribution of telomere lengths in a cell 

population.  In studies where telomere length is shortening (such as in aging cell 

lines or in aging biology experiments) or elongating (such as during telomerase 

extension), the change of the length distribution over time could be evaluated.  

This assay can also be used to compare the fraction of short telomeres in different 

samples.  This could potentially have clinical and epidemiological ramifications, 

since short telomeres have been associated with a number of human aging related 
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diseases as well as pre-cancerous lesions.  Universal STELA provides another 

valuable tool to telomere and telomerase biologists that are interested in 

conducting telomere length studies, especially ones which concern short 

telomeres. 
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CHAPTER THREE 

TELOMERE LENGTH IN CANCER STEM CELLS AS AN INDICATOR 

OF SUSCEPTIBILITY TO TELOMERASE INHIBITION THERAPY 

SUMMARY 

           The ideal cancer treatment would specifically target cancer cells yet have 

minimal or no adverse effects on normal somatic cells.  Telomerase is expressed 

in more than 85% of cancer cells, making it a nearly universal cancer marker, 

while the majority of normal somatic cells are telomerase negative.  Telomerase 

activity confers limitless replicative potential to cancer cells, a hallmark of cancer 

which must be attained for the continued growth that characterizes almost all 

advanced neoplasms (Hanahan and Weinberg, 2000).  Taken together, telomerase 

is both specific to cancer and essential for cancer progression, making it an ideal 

target for cancer therapeutics (Ouellette et al., 2011; Shay and Wright, 2002).  

Telomerase inhibition therapy causes telomeres of cancer cells to gradually 

shorten, imposing a biological limit on the ability of a tumor to grow, and the 

telomerase inhibitor Imetelstat (GRN163L) is currently being tested in several 

phase II clinical trials.  Telomerase inhibition therapy has the potential to prevent 

recurrent disease by limiting the replicative potential of residual and metastatic 

cancer cells.  Cancer stem cells (CSC) are rare, slow-dividing, drug-resistant 
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cancer cells that are proposed to be responsible for cancer recurrence and 

metastasis.  To further evaluate the potential of telomerase inhibition therapy to 

prevent recurrence and metastasis, it is critical to characterize cancer stem cells in 

terms of their telomere length and their response to telomerase inhibition therapy.  

A recent study indicated that telomerase inhibition using Imetelstat caused 

depletion in the cancer stem cell population, suggesting that the CSC populations 

were particularly susceptible to telomerase treatment.  In this study, we use 

Universal STELA to measure the distribution of telomere lengths in three cancer 

cell lines and their matched, sorted cancer stem cell populations, to evaluate the 

hypothesis that the sorted CSCs have a larger fraction of short telomeres than the 

unsorted, parent cancer cell population. 

INTRODUCTION 

Telomerase Inhibition as a targeted cancer therapeutic 

           A fundamental quality of cancer cells is their capacity to replicate without 

limits, which is achieved by telomerase-mediated telomere maintenance in the 

majority of advanced tumors (Ouellette and Choi, 2007; Shay and Wright, 1996).  

Thus, telomerase inhibitors have the potential to be used as a selective anti-cancer 

therapy which disrupts the replicative capacity of telomerase-positive cancer cells 

(Ouellette et al., 2011).  Normal somatic cells which do not utilize telomerase 
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activity to maintain telomere length would be largely unaffected, and normal 

telomerase positive cells (such as germ cells and stem-like cells) almost always 

have longer telomeres compared to telomerase-positive cancer cells (Wright et al., 

1996), limiting their susceptibility to telomerase inhibition.  This may provide a 

therapeutic window where tumor cells could be driven to apoptosis before normal 

telomerase positive cells are adversely affected.  The region of the telomerase 

RNA (hTR) that serves as the template for reverse transcription offers an 

accessible substrate for direct enzymatic inhibition using oligonucleotide-based 

small molecule inhibitors (Akiyama et al., 2003; Dikmen et al., 2005; Dikmen et 

al., 2008; Djojosubroto et al., 2005; Gellert et al., 2006; Gomez-Millan et al., 

2007; Gryaznov et al., 2007; Hamilton et al., 1997; Herbert et al., 2005; 

Hochreiter et al., 2006; Jackson et al., 2007; Norton et al., 1996; Ozawa et al., 

2004; Shay and Wright, 2005; Wang et al., 2004a; White et al., 2001).  While 

much still needs to be learned regarding the conformation, composition and 

recruitment of the catalytically active telomerase holoenzyme, it is certain that the 

template region of hTR must be exposed and accessible in order to synthesize de 

novo telomere repeats.  Thus, oligonucleotides that can hybridize to the 11-base 

hTR template region act as competitive telomerase inhibitors (not antisense 

targeting messenger RNA).   One such compound that has been developed is 

GRN163L, currently known as Imetelstat.  This small molecule is a lipidated N3’-

P5’ thio-phosphoramidate 13-mer.  The thio-phosphoramidate backbone causes 
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the oligonucleotide to be water soluble, acid stable, nuclease resistant and to form 

stable RNA duplexes (Asai et al., 2003; Dikmen et al., 2005; Gellert et al., 2006; 

Gryaznov et al., 2001; Herbert et al., 2002). The 5’ palmitoyl moiety of 

GRN163L causes the compound to be lipid soluble, allowing for cellular uptake 

without the use of lipophilic carriers and improving telomerase inhibition 

(Djojosubroto et al., 2005; Gellert et al., 2006; Herbert et al., 2005).  The 

sequence of GRN163L (5’-palmitate-TAGGGTTAGACAA-NH2-3’) targets a 13 

nucleotide region of hTR, preventing it from forming an active complex with 

hTERT.   

           The effects of GRN163L have been investigated in a number of cancer 

cell lines and mouse xenograft models.  Chronic exposure to GRN163L has been 

shown to inhibit telomerase and cause telomere shortening in cancer cell lines 

derived from diverse origins, including tumors of the brain, breast, bladder, liver, 

lung, prostate and stomach (Dikmen et al., 2005; Dikmen et al., 2008; 

Djojosubroto et al., 2005; Hochreiter et al., 2006; Marian et al., 2010a; Marian et 

al., 2010b; Shammas et al., 2008a; Shammas et al., 2008b).  GRN163L-induced 

telomere shortening initiates cellular crisis caused by chromosomal fusions, 

anaphase bridges and subsequent apoptosis (Dikmen et al., 2005). In mice with 

human tumor xenografts, GRN163L was well-tolerated and induced telomerase 

inhibition in doses ranging from 5 mg/kg to 1000 mg/kg (Dikmen et al., 2005).  
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Xenograft models showed that GRN163L works to inhibit tumor growth, prevent 

growth of metastases, and sensitizes tumors to conventional chemotherapy agents 

(Dikmen et al., 2005; Djojosubroto et al., 2005).  GRN163L is also able to cross 

the blood-brain barrier to target glioblastoma xenograft tumors, supporting the 

further study of using telomerase inhibition alone or in combination with 

conventional therapies in glioblastoma patients (Marian et al., 2010a).  GRN163L 

has already completed several Phase I trials in patients with chronic lymphocytic 

leukemia and solid tumors such as breast cancer and non small cell lung cancer 

(Molckovsky and Siu, 2008). These Phase I trials showed that intravenously 

infused GRN163L has excellent bioavailability, pharmacokinetics and 

tolerability, and Phase II trials of GRN163L are now being conducted for patients 

with NSCLC, advanced breast cancer, chronic leukemia, essential 

thrombocythemia and multiple myeloma.   

            Because telomerase inhibitors may require a period of treatment to 

produce telomeres short enough to trigger cancer cell death, telomerase inhibition 

therapy may be most effective when used in conjunction with conventional 

chemotherapies, radiation or other targeted therapeutics such as angiogenic 

inhibitors.  The long lag phase between initiating telomerase inhibition and 

induction of cancer cell death may allow for increasing the tumor mass, and is 

likely to be inefficient at reducing tumor bulk as an individual treatment.  In 
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contrast, conventional chemotherapy approaches result in immediate tumor mass 

reduction without effecting telomere length causing tumors to often develop 

treatment resistance and eventually there is recurrence of disease (Figure 3.1).  

Using a telomerase inhibitor such as GRN163L in combination with conventional 

cancer therapies should cause progressive telomere shortening in cancer cells that 

are not initially susceptible to combination treatment, theoretically leading to a 

more durable response and decreased disease recurrence (Figure 3.1 ). Telomerase 

inhibitor therapy may also be used as a maintenance therapy following 

conventional chemotherapy, radiation or surgery to extend survival with reduced 

side effects of long-term treatment (Figure 3.1).  Yet another potential use for 

telomerase inhibitors is as chemotherapy and/or a radiation sensitizing agent, 

enabling the efficient use of lower doses of chemotherapy drugs and radiation.   
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Figure 3.1 Telomerase inhibitors used as combination or maintenance cancer 

therapies.  Traditional de-bulking cancer therapies invoke an initial tumor burden 

reduction that elicits a partial response, potentially leaving residual cancer cells 

with intact telomeres and continued replicative potential which lead to disease 

recurrence.  The use of telomerase inhibitors in combination with traditional 

chemotherapies or radiation induces progressive telomere shortening in any 

residual cancer cells, limiting the proliferative capacity of these tumor cells and 

creating a more durable response to therapy.  Alternatively, telomerase inhibitors 

can be administered as a maintenance therapy following traditional de-bulking 

therapies.  It is predicted that residual cancer cells (including cancer stem cells) 

will lose their infinite proliferative capacity, while minimizing any side effects of 

long-term telomerase inhibition. 

 

Cancer Stem Cells and Telomerase Inhibition Therapy 

            An important factor in whether telomerase inhibitors such as GRN163L 

are able to limit cancer recurrence and relapse is whether the drug is able to target 
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residual stem-like cancer cells.  Tumors are collections of different cell 

populations that have different biological properties and these cells have a 

hierarchical organization (Bonnet and Dick, 1997; Dick, 2009).  At the top of this 

hierarchy is the cancer stem cell (CSC), which can be defined as a cell that can 

self-renew, initiate tumor formation and regenerate all of the cell types found in a 

tumor (Clarke et al., 2006).  CSCs are thought to exhibit a transient quiescence, 

with lower rates of cell division than the more differentiated cells that compose 

the bulk of the tumor, and these rare cell divisions are thought to be asymmetrical, 

resulting in one daughter cell that preserves CSC properties and one daughter cell 

that can proliferate rapidly and add to the bulk tumor (Clarke et al., 2006) (Figure 

3.2 A).  Since many standard chemotherapy agents target rapidly dividing cells, 

the more quiescent CSCs are frequently resistant to drugs that are effective at 

reducing the bulk tumor population (Dean et al., 2005; Donnenberg and 

Donnenberg, 2005).    There is increasing evidence that rare cancer stem cell 

populations which are refractory to conventional treatments are responsible for 

initiation and recurrence in a variety of hematologic and solid tumors (Allan et al., 

2006; Farnie and Clarke, 2006; Hermann et al., 2007).   Thus, therapies which can 

target CSCs are needed in order to prevent disease recurrence and create a durable 

response to treatment (Figure 3.2 B) (Al-Hajj and Clarke, 2004). 
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Figure 3.2 Cancer stem cells divide infrequently and asymmetrically, and are 

resistant to standard cancer therapies.  A.  Cancer stem cells are more 

quiescent than more differentiated tumor cells, and divide infrequently.  When 

they divide, they divide asymmetrically to produce one daughter cell which 

divides rapidly and contributes to the tumor bulk, as well as one daughter cell that 

retains stem-like properties.  B.  Traditional cancer therapies generally target 

rapidly dividing cells, and are successful at reducing the size of the tumor bulk.  

Quiescent CSC are thought to be largely unaffected by de-bulking therapies, and 

their continued asymmetrical proliferation leads to disease recurrence.  

Combination and targeted therapies which limit CSC proliferation are thought to 

produce a more durable disease response. 

 

            Although CSCs do not divide as rapidly as bulk tumor cells, both express 

telomerase suggesting that CSCs may be sensitive to telomerase inhibition (Ju and 

Rudolph, 2006).  While conventional therapies do not target these cancer stem 
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cells, progressive telomere shortening induced by combination or maintenance 

treatment with telomerase inhibitors would impair their self-renewal properties.  

Recent studies have shown that telomerase inhibitors target cancer stem cell 

populations in multiple myeloma, prostate, brain, breast and pancreatic cancer 

(Brennan et al., 2010; Castelo-Branco et al., 2011; Joseph et al., 2010; Marian et 

al., 2010a; Marian et al., 2010b).  Cancer stem cell populations were reduced in 

size (Castelo-Branco et al., 2011; Joseph et al., 2010; Marian et al., 2010b), had 

reduced proliferation (Brennan et al., 2010), shortened telomeres (Castelo-Branco 

et al., 2011; Marian et al., 2010b), and impaired ability to form characteristic free-

floating spherical colonies (Joseph et al., 2010; Marian et al., 2010a) after 

treatment with the GRN163L telomerase inhibitor.  In this study, we use 

Universal STELA to investigate whether telomere length can explain CSC 

susceptibility to telomerase inhibition by measuring the full distributions of 

telomere lengths in sorted cancer stem cell populations versus their unsorted, 

parent cell populations of three different cancer cell lines.   

RESULTS 

Experimental Design Summary 

           Three cancer cell lines (PANC1 pancreatic cancer cells, MDA-MB-231 

breast cancer cells and RPMI8226 multiple myeloma cells) were previously 
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determined to have imetelstat-susceptible CSC populations (Joseph et al., 2010).   

Imetelstat treatment of the MDA-MB231 and PANC1 cells was previously found 

to reduce the size of the CSC population among the total cell population, and this 

depletion of CSCs was subsequently proven to reduce the tumorigenic potential in 

xenograft models (Joseph et al., 2010).  The rate of depletion of CSCs upon 

telomerase inhibition in this study led to the hypothesis that these CSCs generally 

have a larger fraction of short telomeres than the rest of the cell population.  To 

test this hypothesis, Universal STELA was performed on genomic DNA isolated 

from both CSC and non-CSC populations of PANC1, MDA-MB231 and 

RPMI8226 cell lines.  Statistical analyses were performed to determine the 

distribution of telomere lengths and to determine whether there was a difference 

in the mean telomere length. 

Mean telomere length in sorted CSC versus non-CSC sorted populations 

           Universal STELA was used to analyze isolated genomic DNA from sorted 

CSC and non-CSC sorted populations from three different cancer cell lines.  The 

first statistical parameter examined was the mean telomere length.  Universal 

STELA is capable of providing a good measure of mean telomere length in cancer 

cells that generally have relatively short telomeres.  Calculating a mean telomere 

length for the sorted CSC and unsorted populations for each cell type allowed for 

direct comparisons of the means using a two-sample t test.  The results were 
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difficult to interpret, and are detailed in Figure 3.3. PANC1 CSCs had a longer 

calculated mean (4.887 kb) than the unsorted cell population (4.596 kb); the two-

sample t test gave a p value of 0.0492, which indicates that this difference is 

significant at the 0.05 significance level (although the p value is very close to 

0.05).  In the RPMI 8226 cells, the CSCs also had a longer calculated mean 

(1.814 kb) than the unsorted population (1.594 kb), with a p value of p<0.0001, 

suggesting that this relationship is statistically significant.  In contrast, the MDA-

MB231 CSCs had a shorter calculated mean telomere length (3.243 kb) than the 

unsorted population (3.463 kb), however the p value (p<0.0657) indicates that 

there is not a statistically significant difference between the two means.  This 

analysis did not reveal a clear pattern for a difference in mean telomere length 

between CSC sorted and unsorted populations.  The fact that PANC1 and 

RPMI8226 CSCs had longer mean telomere lengths than their respective unsorted 

cell populations was contrary to the hypothesis that the enhanced susceptibility to 

growth restriction observed by imetelstat-treated CSCs could be due to shorter 

telomeres.  Only MDA-MB231 CSCs showed a shorter mean telomere length 

than their unsorted cells, but this relationship was weak and statistically 

insignificant at the 0.05 significance level.  In order to further investigate the 

potential role of short telomeres in CSC imetelstat susceptibility, detailed 

telomere length histograms were constructed.   
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Figure 3.3 Mean telomere lengths of CSC vs. non-CSC sorted populations.  

Mean telomere lengths were calculated by analyzing hundreds of Universal 

STELA telomere amplification products for each sample, and means were 

compared using a two-sample t test. 
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Telomere length distributions in PANC1 CSC and Non-CSC 

            Telomere amplification products from Universal STELA were analyzed 

for telomere length and descriptive statistics were generated (Figure 3.4A).  A 

total of 535 PANC1 CSC bands and 634 PANC1 non-CSC bands were analyzed.  

Visual examination of the Universal STELA Southern blots (Figure 3.4A) 

displayed a larger fraction of short telomere amplification products in the non-

CSC sorted population when compared to the CSC sorted population. Statistical 

analysis confirmed this visual assessment.  A detailed histogram of telomere 

amplification products was constructed with a bin size of 100 bp; cumulative 

frequency of bands was superimposed on the histogram (Figure 3.4B).  Quartile 

analysis was performed and a box plot was constructed to compare the quartile 

distribution of the PANC1 CSC and non-CSC samples (Figure 3.4B).  Finally, the 

fraction of short telomeres (as represented by the frequency of telomere 

amplification products that were less than the mean at intervals of < 1 kb, < 2kb, 

< 3k and < 4kb) was calculated and compared between the CSC and non-CSC 

populations (Figure 3.4 C).  The non-CSC sorted PANC1 population consistently 

showed a trend of shorter telomeres than the PANC1 CSC population.  The 

PANC1 non-CSC had a shorter mean telomere length (p<0.0492), a shorter 

minimum telomere length, shorter median telomere length, histogram that was 

more skewed to the left for a preponderance of shorter bands, and displayed a 
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greater fraction of short telomeres than the sorted PANC1 CSC.  The initial 

hypothesis was that the CSC would have shorter telomeres than the unsorted, non-

CSC population, given the rapid decline of the PANC1 CSC population upon 

telomerase inhibition using imetelstat (Joseph et al., 2010).  All of the data 

collected comparing telomere length distribution in the PANC1 CSC and non-

CSC cannot confirm this hypothesis.  The comparison of the two mean telomere 

lengths shows that the PANC1 non-CSC has a shorter mean than the PANC1 

sorted CSC population at the 0.05 significance level; however, the 95% 

confidence intervals of these two means slightly overlap (Figure 3.4A).  The 

conservative interpretation of this data is that there is no detectable difference in 

the mean telomere length of the PANC1 CSC and non-CSC sorted populations.  A 

more convincing argument for shorter telomeres in the PANC1 non-CSC 

population is the larger fraction of shorter telomeres (Figure 3.4C) the shape of 

the distribution, as demonstrated in three independent analyses:  histogram, 

cumulative percentage and quartile analysis (Figure 3.4B).    
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Figure 3.4A PANC1 CSC and Non-CSC Southern blot and descriptive 

statistics 

 

Figure 3.4B PANC1 CSC and non-CSC telomere length distribution 
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Figure 3.4C PANC1 CSC and non-CSC fraction of short telomeres

 

 

Figure 3.4 Comparison telomere lengths in PANC1 CSC and non-CSC sorted 

populations.  A:  Representative Universal STELA Southern blot and descriptive 

statistics.  B:  histogram and cumulative percentage of telomere lengths binned in 

100bp intervals; box plot representing quartile analysis of telomere lengths.  C:  

fraction of short telomeres shown by comparing the percentage of all telomere 

lengths that are < 1kb, < 2kb, < 3kb, and < 4kb.  Taken together, these data 

indicate that the PANC1 non-CSC sorted population has a larger fraction of short 

telomeres and a lower mean telomere length than the PANC1 sorted CSC 

population. 
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Telomere length distributions in MDA-MB231 CSC and Non-CSC 

            Telomere amplification products from Universal STELA were analyzed 

for telomere length and descriptive statistics were generated (Figure 3.5A).  A 

total of 359 MDA-MB231 CSC bands and 311 MDA-MB231 non-CSC bands 

were analyzed.  Visual examination of the Universal STELA Southern blots 

(Figure 3.5A) did not indicate an obvious relationship between the telomere 

lengths of the sorted CSC and unsorted, non-CSC populations.  A detailed 

histogram of telomere amplification products was constructed with a bin size of 

100 bp; cumulative frequency of bands was superimposed on the histogram 

(Figure 3.5B).  Quartile analysis was performed and a box plot was constructed to 

compare the quartile distribution of the MDA-MB231 CSC and non-CSC samples 

(Figure 3.5B).  Finally, the fraction of short telomeres (as represented by the 

frequency of telomere amplification products that were less than the mean at 

intervals of < 1 kb, < 2kb, < 3k and < 4kb) was calculated and compared between 

the CSC and non-CSC populations (Figure 3.5 C).  Analysis of the descriptive 

statistics indicates that there is not a statistically significant difference between 

the two mean telomere lengths, with the two-sample t test giving a p value of  

p<0.0657 and the 95% confidence intervals for the two samples showing 

significant overlap.  However, the relationship between the two calculated mean 

telomere lengths was consistent with the analysis of the distribution of the 
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telomere lengths in the two samples.  In MDA-MB231, the sorted CSC population 

had a shorter mean telomere length as well as a distribution that was more skewed 

to the left (shorter telomeres) (Figure 3.5B).  Quartile analysis indicated that the 

MDA-MB231 CSCs had a shorter median telomere length, and that the middle 

50% of telomeres were shorter and more tightly distributed than the MDA-

MB231 unsorted non-CSCs (Figure 3.5B).  Additionally, the MDA-MB231 CSCs 

had a greater fraction of short telomeres < 4kb  as compared to the unsorted, non-

CSC population (Figure 3.5C).  Taken together, these data suggest that while 

there is not a statistically significant difference between the mean telomere 

lengths of these two populations, there may be a larger fraction of shorter 

telomeres in the MDA-MB231 CSC population. 
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Figure 3.5A MDA-MB231 CSC and Non-CSC Southern blot and descriptive 

statistics

 

Figure 3.5B MDA-MB231 CSC and non-CSC telomere length distribution
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Figure 3.5C MDA-MB231 CSC and non-CSC fraction of short telomeres 

 

Figure 3.5 Comparison telomere lengths in MDA-MB231 CSC and non-CSC 

sorted populations.  A:  Representative Universal STELA Southern blot and 

descriptive statistics.  B:  histogram and cumulative percentage of telomere 

lengths binned in 100bp intervals; box plot representing quartile analysis of 

telomere lengths.  C:  fraction of short telomeres shown by comparing the 

percentage of all telomere lengths that are < 1kb, < 2kb, < 3kb, and < 4kb.  Taken 

together, these data indicate that the MDA-MB231 sorted CSC population has a 

larger fraction of short telomeres and a lower mean telomere length than the 

MDA-MB231 unsorted, non-CSC population, however there is not a statistically 

significant difference in the means. 

 

Telomere length distributions in RPMI8826 Multiple Myeleoma CSC and 

Non-CSC 

           Telomere amplification products from Universal STELA were analyzed for 

telomere length and descriptive statistics were generated (Figure 3.6 
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A).  A total of 356 RPMI8226 CSC bands and 374 RPMI8226 non-CSC bands 

were analyzed.  Visual examination of the Universal STELA Southern blots 

(Figure 3.6A) suggested that there was a larger fraction of short telomere 

amplification products in the non-CSC sorted population when compared to the 

CSC sorted population. The RPMI8226 non-CSC consistently showed a trend of 

shorter telomeres than the sorted CSCs upon analysis of a detailed histogram and 

quartile analysis (Figure 3.6B) and analysis of the fraction of short telomeres 

(Figure 3.6C).  The RPMI8226 non-CSC had a statistically significant shorter 

mean telomere length (p<0.0001), a shorter minimum telomere length, shorter 

median telomere length, histogram that was more skewed to the left for a 

preponderance of shorter bands, and displayed a greater fraction of short 

telomeres than the sorted RPMI8226 CSCs.  The telomere length distribution data 

of RPMI8226 CSCs and non-CSCs show that, like the PANC1 cell line, the non-

CSCs have a greater fraction of shorter telomeres than the CSC population; 

however, the difference in the mean telomere length for RPMI8226 was more 

robust.   
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Figure 3.6A RPMI8226 CSC and Non-CSC Southern blot and descriptive 

statistics

 

Figure 3.6B RPMI8226 CSC and non-CSC telomere length distribution
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Figure 3.6C RPMI8226 CSC and non-CSC fraction of short telomeres 

 

Figure 3.6 Comparison telomere lengths in RPMI8226 CSC and non-CSC 

sorted populations.  A:  Representative Universal STELA Southern blot and 

descriptive statistics.  B:  histogram and cumulative percentage of telomere 

lengths binned in 100bp intervals; box plot representing quartile analysis of 

telomere lengths.  C:  fraction of short telomeres shown by comparing the 

percentage of all telomere lengths that are < 1kb, < 1.5kb, < 2kb, and < 3kb.  

Taken together, these data indicate that the RPMI8226 non-CSC sorted 

population has a larger fraction of short telomeres and a lower mean telomere 

length than the RPMI8226 sorted CSC population. 
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Absence of pattern in difference of telomere length between CSCs and bulk 

tumor cells 

           Results from the universal STELA assays showed that there was no 

consistent pattern of differences in telomere lengths between sorted CSCs and 

non-CSCs in PANC1, MDA-MB231, and RPMI8226 cell lines (summarized in 

Figure 3.7).  The only cell line that showed a significant difference in mean 

telomere length was RPMI8226.  CSCs showed a trend for shorter telomeres in 

one cell line, MDA-MB231, while the bulk tumor non-CSC population showed 

trends for shorter telomeres in PANC1 and RPMI8226.    Because no consistent 

trend was observed between the three cell lines, the increased sensitivity of CSCs 

to imetelstat could not be explained by telomere length differences between CSC 

and bulk tumor cells.  
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Figure 3.7 Absence pattern in difference of telomere length between CSCs 

and bulk tumor cells.  There was no consistent difference in the mean or 

distribution of telomere lengths between CSC and bulk tumor cells in three cancer 

cell lines.  These data make it impossible to make a correlation between telomere 

length and CSC susceptibility to telomerase inhibition with imetelstat. 

 

DISCUSSION 

           In cancer cells, telomerase extension of telomere ends functions to 

maintain functional telomeres by counteracting normal telomere attrition due to 

the end replication problem, oxidative damage, and other end processing events.  

Telomerase inhibition disrupts telomere maintenance, eliminating the capability 
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of cancer cells to divide without limitation.  However, there is inevitably a time 

lag between the beginning of telomerase inhibition therapy and the induction of 

replicative senescence.  This time lag represents the amount of time it takes for 

the treated cancer cells to undergo as many cell divisions that are necessary to 

cause their telomeres to reach a critically short length in the absence of telomerase 

maintenance.  The hypothesis that the sorted CSCs from PANC1, MDA-MB231 

and RPMI8226 had shorter telomeres than the non-CSCs from each respective 

cell line was based on the experimental observation that these sorted CSCs had an 

enhanced susceptibility to telomerase inhibition using imetelstat as compared to 

the non-CSCs (Joseph et al., 2010).   CSC susceptibility to imetelstat is based on 

the fact that the fraction of CSCs sorted from the treated cell populations 

decreased significantly after a period of imetelstat treatment that is shorter than 

the expected time lag between treatment initiation and the onset of cell 

senescence.  This observed CSC depletion was accompanied by a decrease in 

observed CSC function, as demonstrated by a decrease in the tumorigenicity of 

PANC1 and MDA-MB231 in mouse xenograft models (Joseph et al., 2010).  A 

plausible explanation for the rapid depletion of CSCs upon telomerase inhibition 

is that either the baseline mean length of CSC telomeres is shorter than that of the 

non-CSCs, of that the CSCs have a greater fraction of short telomeres (which 

would rapidly become critically short) than non-CSCs.  Universal STELA is the 

ideal assay to test these hypotheses, because it allows for the detection of very 
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short telomeres on all chromosomes and the construction of a detailed distribution 

analysis of telomere lengths in the cells. 

          The Universal STELA data on mean telomere length and telomere length 

distribution did not show a consistent pattern of differences between the CSC and 

non-CSC populations among the three cell lines analyzed.  Only one cell line, 

RPMI8226, showed a robustly significant difference (p<0.0001) upon comparison 

of the mean telomere lengths of the CSCs and non-CSCs.  In RPMI8226, the non-

CSC population had a shorter mean telomere length (1.594 kb) than the sorted 

CSCs (1.814).  This difference in mean telomere length was accompanied by a 

greater fraction of short telomeres in the non-CSCs, and a tighter length 

distribution of the middle 50% of telomeres as compared to the CSCs.  The non-

CSCs of PANC1 likewise showed a trend of having shorter telomeres than the 

sorted CSCs, however the difference in mean telomere length (p<0.0492) was not 

as strong and the 95% confidence intervals of the two means slightly overlapped.  

The relationship between CSC and non-CSC telomere length in these two cell 

types do not support the hypothesis that CSCs have shorter telomeres than non-

CSCs.  The alternative hypothesis – that CSCs have longer telomeres than non-

CSCs (as suggested by the Universal STELA data for PANC1 and RPMI8226) – 

is plausible in the context of the notion that CSCs may share properties and 

lineages with other stem-like cells.  Normal telomerase positive cells, such as 
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hematopoietic stem cells and germ cells, generally have longer telomeres than 

non-CSCs from surrounding tissues (Allen and Baird, 2009; Wright et al., 1996), 

and several studies have suggested that telomere dysfunction in normal stem cells 

can lead to cancer (Blasco, 2007).  Some have theorized that cancer stem cells 

may arise as transformed stem-like cells (Bjerkvig et al., 2005; Croker and Allan, 

2008).  However, the possibility that CSCs truly have a longer baseline telomere 

length than non-CSCs does not explain the observed susceptibility to imetelstat 

treatment from the current study.  The telomere length distribution obtained by 

Universal STELA for MDA-MB231 CSCs and non-CSCs suggested that in this 

cell type, there was a greater fraction of short telomeres in the CSCs as compared 

to the non-CSCs, however there was not a significant difference in the mean 

telomere length (p<0.0657).  A previous study showed that sorted CSCs from 

gliomas had shorter telomeres (as measured by TRF) than the cells from the 

tumor bulk (Marian et al., 2010a); the CSCs in this study were also susceptible to 

imetelstat treatment.   

         The Universal STELA data on telomere length differences between CSC 

and non-CSC presented here do not follow a pattern and therefore do not support 

a model in which CSC telomeres are always either longer or shorter than the 

telomeres of non-CSCs.  This lack of a pattern in telomere length is consistent 

with other independent studies, some of which show that CSCs have markedly 
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shorter telomeres as compared to bulk tumor cells (Marian et al., 2010a) and 

others where there is no detectable difference in telomere length between CSCs 

and non-CSCs (Marian et al., 2010b).  Similarly, there is no consistent pattern of 

differences in telomerase activity observed in CSCs versus non-CSCs (Brennan et 

al., 2010; Joseph et al., 2010; Marian et al., 2010b; Shervington et al., 2009).  It is 

possible that telomerase inhibition therapy using imetelstat targets CSCs in a 

telomere length independent manner.  Several studies have indicated that the 

catalytic reverse transcriptase component of telomerase, TERT, has biological 

functions independent of the RNA template component of telomerase.  In mouse 

hair follicles, mTERT promoted stem cell proliferation independently of mTERC 

(the mouse telomerase RNA template) (Sarin et al., 2005).  TERT from human, 

mouse and xenopus was found to be an active component of the canonical WNT 

signaling pathway independent of hTR, suggesting that this activity is 

independent of telomere length maintenance activities (Park et al., 2009).  

Overexpression of mTERT promoted epidermal stem cell proliferation without 

accompanying telomere elongation (Flores et al., 2005).  The absence of a clear 

connection between baseline telomere length in CSCs and their susceptibility to 

imetelstat-mediated telomerase inhibition suggests that telomere length 

independent factors may be responsible.  With the continued study of non-

canonical roles of telomerase components in cancer and stem cell biology, we 
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should gain additional insight into telomerase regulation (Bollmann, 2008; 

Parkinson et al., 2008). 

      This study exemplifies the major strengths of Universal STELA as a tool 

for telomere length assessment.  While many methods of telomere length 

measurement give only a mean telomere length, Universal STELA is able to 

generate a complete distribution of all telomere lengths in the cell population.  

This allows for the detection of very short telomeres, which are often undetected 

or underrepresented in other telomere length assays.  The presence of a few very 

short telomeres is significant when asking questions about the induction of 

replicative senescence, since it has been shown that a few critically short 

telomeres can trigger senescence independently of mean telomere length (Zou et 

al., 2004b).    The sensitivity of the Universal STELA data in this study can 

clearly rule out the possibility that CSCs are sensitive to imetelstat treatment 

because they have a unique subset of telomeres that are significantly shorter than 

other telomeres, given that the detailed length distributions show that the 

minimum telomere length is approximately similar across all samples.  In 

summary, Universal STELA has a broad applicability to questions regarding 

replicative potential and cellular aging, and will be a valuable tool in examining 

the role of short telomeres in the induction of senescence. 
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MATERIALS AND METHODS 

 

Cell culture and sorting 

 Purified genomic DNA from PANC1, MDA-MB231 and RPMI8226 

CSCs and non-CSCs was obtained from Geron Corp. for analysis by Universal 

STELA.  The experimental conditions used to generate these genomic DNA 

samples are detailed in (Joseph et al., 2010) and briefly summarized below:  Cells 

were maintained  in DMEM/F12 media supplemented with 20% FBS.  CSCs were 

sorted using a FACSAria (BD Biosciences) according to previously published 

CSC markers:  MDA-MB231 (CD44+/CD24 low) (Fillmore and Kuperwasser, 

2008); RPMI8226 (CD138-); PANC1 (CD44+/CD24+/ESA+) (Huang et al., 

2008; Li et al., 2007). 

Universal STELA 

 Universal STELA was performed using a strategy modified from that 

previously described (Bendix et al.).  500 ng purified DNA was digested for 1 

hour at 37 C with the restriction enzyme NlaIII (New England Biolabs).   An 

NlaIII restriction site-specific panhandle linker was designed and created by 

incubating two oligonucleotides (“long” and “short”) in a 1:2 ratio at 95 C for 5 

minutes and cooling to room temperature over one hour in 50 mM NaCl.  100 ng 

of digested genomic DNA was incubated in a10 l ligation reaction containing 1x 

ligase buffer, 50 U T4 DNA ligase (NEB), 10
-2

 M of a mixture of all six C-

telorettes (0.16 x 10
-2

 M each) and 10 M NlaIII-specific panhandle for 15 hours 
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at 17 C.  Multiple PCR reactions were performed (Initial melt of 94°C for 30 s 

followed by 22 cycles of 94°C for 15 s + 68°C for 12 min) using Extensor Hi-

Fidelity PCR Master Mix 1 (ABGene, Thermo Scientific) in 25 μl reaction 

containing 100 pg ligated DNA, 0.5 μM primers (Adapter forward primer and C-

Teltail reverse primer) and supplemented with 5% DMSO.  Telomere 

amplification products were resolved on a 0.7% agarose gel, and subject to in-gel 

hybridization using a 
32

P-labeled telomere-specific [(TTAGGG)4] oligonucleotide 

probe in a hybridization oven at 42 
o
C for at least four hours.  The gel was then 

washed once with low-stringency buffer (2x SSC) and twice with high stringency 

wash (0.1x SSC, 0.1% SDS) for 15 minutes each at 42° C.  The gel was then 

exposed to a PhosphorImager screen and scanned on a Typhoon biomolecular 

imager (GE Healthcare Life Science).  Universal STELA telomere amplification 

products were analyzed for molecular weight using AlphaEaseFC 

(AlphaInnotech) software and all statistical analyses was carried out using 

Microsoft Excel and GraphPad Prism.  A listing of all primers used for Universal 

STELA and their sequences is found in Table 3.1. 
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Table 3.1 Primers used in Universal STELA 

Name  Function Sequence 

Adapter Forward 

Primer 

5′- TGT AGC GTG AAG ACG ACA GAA - 3′ 

Long Panhandle 

linker 

5’TGTAGCGTGAAGACGACAGAAAGGGCGTGGT

GCGGACGCGGGCATG 3’ 

Short Panhandle 

linker 

5’ CCCGCGTCCGC 3’ 

C-telorette 1 C-telomere tag 5' TGCTCCGTGCATCTGGCATCCCCTAAC-3' 

  

C-telorette 2 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCTAACCCT-3'  

 

C-telorette 3 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCCCTAACC-3'  

 

C-telorette 4 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCCTAACCC-3'  

 

C-telorette 5 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCAACCCTA-3'  

 

C-telorette 6 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCACCCTAA-3  

 

C-teltail Reverse Primer 5'-TGCTCCGTGCATCTGGCATC-3'  
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CHAPTER FOUR 

TELOMERE LENGTH STUDIES FACILITATE THE EXAMINATION 

OF TELOMERASE ACTION IN HUMAN CANCER CELLS 

 

SUMMARY 

           Despite great advances in understanding the mechanism and regulation of 

telomerase, many questions remain.  Among these central questions in telomere 

biology is how telomerase recruitment is regulated in order to maintain telomere 

length.  Neither the mechanism of telomerase recruitment, nor the dynamics that 

guide the timing and choice of substrate of telomerase is well understood.  Many 

of these questions are very challenging to study in human telomeres, which are 

long and heterogeneous in length.  We chose to utilize STELA and Universal 

STELA to conduct high resolution telomere length measurements in order to ask 

the following questions:  when does telomerase extend the G-rich strand of the 

telomere?  When is the C-rich strand of the telomere extended?  Is telomerase 

activity coupled to telomere replication, or is it guided by cell-cycle related 

events?  Does telomerase extend short telomeres at a faster rate than longer 

telomeres?  Our findings indicate that telomerase extends the G-rich strand 

quickly following telomere replication, while C-strand fill-in is delayed until late 

S phase.  We are also able to use Universal STELA to gain insight into the rate of 

elongation of telomeres under conditions where telomeres are growing faster than 
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their equilibrium length following long-term telomerase inhibition.  These results 

highlight the usefulness of STELA and Universal STELA in studying details of 

telomere biology, and provide insight into telomere maintenance regulation which 

may provide additional targets for anti-telomerase cancer therapeutics. 

 

INTRODUCTION 

           One key question that remains unanswered in telomere biology is how 

different regulatory processes act concertedly to maintain telomere length.  

Mammalian telomeres are heterogeneous in length when comparing telomeres of 

different chromosomes (Lansdorp et al., 1996b; Londono-Vallejo et al., 2001; 

Martens et al., 1998), however each chromosome appears to have a characteristic 

maintenance length (Graakjaer et al., 2003; Graakjaer et al., 2004b).  In 

telomerase positive cells, telomere length is a result of the balance of actions 

which shorten telomeres, such as replicative aging, oxidative damage and end 

processing, and telomerase extension (Cong et al., 2002; Olovnikov, 1973; Sfeir 

et al., 2005; Shore and Bianchi, 2009; von Zglinicki et al., 2000).   Telomerase 

levels must be limiting in the cell in order to maintain telomere length 

homeostasis (Cristofari and Lingner, 2006).  Cellular levels of active telomerase 

are known to be regulated on multiple levels, including protein processing, 

complex assembly and subcellular localization (Cong et al., 2002; Kelleher et al., 

2002).  Telomere length maintenance is also dependent on the regulation of 
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telomerase recruitment to the G-rich strand of the telomere.  The telomerase 

recruitment regulatory pathway is not fully understood, but it is currently thought 

that members of the shelterin complex of telomere binding proteins act together in 

a negative feedback loop which limits telomerase extension of telomeres (Bianchi 

and Shore, 2008; De Boeck et al., 2009; Palm and de Lange, 2008; 

Smogorzewska and de Lange, 2004).     

 

           Every cell cycle, telomeres of telomerase positive cells must undergo 

semiconservative DNA replication as well as be elongated by telomerase. 

Telomerase elongation of the G-rich telomere strand must also be accompanied 

by the subsequent fill-in and processing of the C-rich telomere strand in order to 

produce fully replicated and extended double stranded telomeres with functional 

3’ overhangs (Figure 4.1). Many studies have examined the timing and 

mechanism of telomerase recruitment in yeast.  In S. cerevisae, telomerase 

activity is highly regulated and restricted to late S phase (Chandra et al., 2001; 

Fisher et al., 2004; Marcand et al., 2000; Taggart et al., 2002), coinciding with the 

timing of telomere replication (McCarroll and Fangman, 1988).  The yeast 

telomerase components Cdc13, Est1 and Ku are only found at telomeres during S 

phase (Chandra et al., 2001; Fisher et al., 2004; Marcand et al., 2000; Taggart et 

al., 2002).  Telomerase extension of the G-rich telomere strand in yeast is blocked 

when the C-rich lagging strand DNA replication components Pol α, Pol δ and 
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DNA primase are absent (Diede and Gottschling, 1999).  Taken together, these 

studies suggest that in yeast, telomerase activity is coupled to semiconservative 

telomere replication.  However, it is difficult to distinguish whether the timing of 

telomerase recruitment is regulated to late S phase due to cell cycle control 

processes or if telomerase recruitment and telomere replication are directly 

coupled.  In contrast to yeast telomeres, human telomeres have been shown to 

replicate throughout S phase (Ten Hagen et al., 1990; Wright et al., 1999).  Some 

in situ studies indicate that both hTERT and hTR are dynamically recruited to 

small subsets of telomeres throughout S phase (Jady et al., 2006; Tomlinson et al., 

2006), which is consistent with the model of telomerase recruitment being 

coupled to telomere replication, however there is no direct evidence regarding the 

temporal regulation of telomerase activity in mammalian cells.  Such evidence 

would allow us to distinguish whether mammalian telomerase activity is regulated 

by to occur at a particular point in the cell cycle, or if it is directly coupled to the 

semiconservative replication of telomeres. 
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Figure 4.1: Telomere Replication and Telomerase Extension Events  

Telomeres normally form a complex structure called a “t-loop” in which the 3’ 

single stranded overhang invades the proximal telomeric duplex DNA, obscuring 

the telomere end from being recognized as a double stranded break by the DNA 

damage sensing machinery.  During each cell division, the t-loop must unfold to 

allow access of the replication machinery.  Following each round of 

semiconservative DNA replication, telomerase extends the G-rich strand of each 

daughter telomere and then the C-rich strand must be filled in and processed to 

achieve consistent overhang length and terminal nucleotide specificity. 

 

 

            Another aspect of telomerase recruitment that remains unclear is how 

telomerase prevents telomeres from becoming critically short.  There are different 

components to this question that must be addressed.  Firstly, it is important to 
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understand whether telomerase extends all telomeres during each cell cycle, or if 

there is some mechanism that regulates which telomeres are targeted for 

elongation.  One possible explanation for how telomerase prevents the 

development of critically short telomeres is that it preferentially elongates short 

telomers.  Again, our first insight into this question comes from the yeast model 

organism.  The telomeres of S. cerevisiae are targeted for telomerase elongation 

by a protein counting mechanism, in which the number of Rif1 and Rif2 proteins 

bound to the telomere determine whether it will be extended or not (Levy and 

Blackburn, 2004; Teixeira et al., 2004).  During one yeast cell cycle, the 

frequency of a telomeres being extended ranges from 6-8% when telomeres are 

long, to approximately 45% when telomeres are short (Teixeira et al., 2004).  This 

indicates that in yeast, telomerase is preferentially recruited to short telomeres and 

that it this preference is mediated through interactions with telomere binding 

proteins (Teixeira et al., 2004).  Other studies have implied that mammalian 

telomerase may be recruited to the shortest telomeres preferentially when 

telomere length is increasing faster than when telomere length is being maintained 

(Hemann et al., 2001a; Ouellette et al., 2000; Samper et al., 2001; Steinert et al., 

2000; Zhu et al., 1998).  Recently, it has been shown that nearly all telomeres are 

acted on by telomerase during each cell cycle when telomere length is being 

maintained (Zhao et al., 2009), suggesting that there is no preference for short 

telomeres in times where telomere length is not changing.  It is still unclear what 
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mechanism human cancer cells use to allow for the preferential extension of 

critically short telomeres.  The best insight we have into the difference between 

telomerase recruitment regulation under maintenance and lengthening conditions 

comes from recent data which shows that in a single cell cycle, telomeres being 

maintained at a baseline length are elongated by a single molecule of telomerase, 

while multiple molecules of telomerase perform multiple rounds of elongation of 

telomeres under conditions where telomeres are elongating (Zhao et al., 2011).  

This data suggests that human telomerase can act in both a processive manner, 

with a single telomerase molecule extending and translocating many times to 

elongate a single telomere, and also in a distributive manner, with many 

molecules of telomerase working to extend a telomere.  It is conceivable that a 

telomerase positive cancer cell that is lengthening its telomeres (rather than 

maintaining telomere length) uses a combination of processive and distributive 

telomerase recruitment to ensure that the shortest telomeres in the cell are rapidly 

elongated by many telomerase molecules while the longer telomeres in the cell 

are extended by a single, processive telomerase molecule.  There is little data 

available that distinguishes the rate of elongation of the shortest telomeres from 

the rate of elongation of the longest telomeres in a cell under non steady-state 

telomere length conditions. 

            We developed an experimental system in which we could utilize the high-

resolution telomere length measurements obtained with STELA to determine 
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when telomerase acts on the G-rich strand, and to differentiate the timing of the 

elongation of the G-rich strand from the timing of fill-in of the C-rich strand.  We 

also use Universal STELA to examine the rate of growth of the shortest telomeres 

in a cell population that is recovering from long-term telomerase inhibition 

treatment, providing insight into the dynamics of telomerase activity control in 

non-maintenance conditions. 

 

RESULTS 

Summary of experimental design 

           Telomerase-positive human cancer cells with short telomeres and 

relatively homogenous telomere length are treated with the telomerase inhibitor 

GRN163L (imetelstat) to shift the telomere length equilibrium away from 

maintenance conditions.  In order to ensure robust telomerase activity, telomerase 

is transiently overexpressed using a retroviral system.  These cells are then be 

synchronized at the G1/S interface, and samples are harvested throughout S 

phase.  For each time point collected, STELA of the C-rich and G-rich strand is 

performed to determine the point in S phase which each strand is elongated.  Cells 

that are expressing only homogenous telomerase are allowed to recover from 

GRN163L treatment for 30 population doublings, and samples are harvested 

every week.  Universal STELA is performed and detailed telomere length 
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distribution analysis is conducted to determine the rate of growth of the shortest 

and longest telomeres during recovery from telomerase inhibition. 

 

Developing a cell culture setting in which to study the temporal regulation of 

telomerase in human cancer cells 

            STELA and Universal STELA measure lengths of individual telomere 

molecules representing the entire distribution of telomere lengths in a cell 

population, providing high resolution telomere length data which can potentially 

detect very small changes in telomere length over time.  In order to create a cell 

culture system that is capable of detecting the change in telomere length due to 

telomerase activity in one cell cycle, we chose cells which were derived from a 

clone with short telomeres. Telomere lengths are known to be heterogeneous 

within a cell, and a cell population derived from a clone will have a more uniform 

telomere length than the parent cell population.  Additionally, a sample with a 

relatively shorter average telomere length will produce a more easily quantifiable 

change in telomere length following telomerase elongation.  For this experiment, 

we chose a previously isolated clone of A549 lung carcinoma cells (called A549-

C6) which had a shorter average telomere length than the parent population.  

A549-C6 had an average telomere length of approximately 3.5 kb as measured by 

TRF (unshown) and an average length of approximately 2.2 kb as measured by 

Universal STELA (Figure 4.2). 
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Figure 4.2:  A549-C6 telomeres have a shorter average length than the 

telomeres of the parental A549 cell population.  Universal STELA analysis of 

the parent A549 population as compared to a population derived from a clone of 

A549 (“A549-C6”) that was selected for this study for its short average telomere 

length.  Universal STELA analysis of approximately 100 telomere amplification 

products resulted in an average telomere length of approximately 4.1 kb for the 

parent population and approximately 2.2 kb for the A549-C6 clonally-derived 

population. 

 

 

            We next used the telomerase inhibitor GRN163L (Imetelstat) (Herbert et 

al., 2005) in order to cause the telomeres to shorten below the maintenance length 

of the clone.  After treatment with 1 µM GRN163L for approximately 30 

population doublings, average telomere length had shortened to approximately 2.5 
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kb as measured by TRF (unshown) and to approximately 1.9kb as measured by 

Universal STELA (Figure 4.3).  This prolonged treatment with the telomerase 

inhibitor produced telomere shortening without affecting the rate of cell growth 

(Figure 4.4), indicating that the telomere shortening has not triggered replicative 

senescence.  It is important to note that the telomere length measurements using 

Universal STELA produced shorter averages than measurements using TRF, and 

also indicated that there was a smaller average decrease in telomere length due to 

telomerase inhibition treatment.  This could be attributed to the different biases of 

these respective assays: TRF is thought to be biased against the detection of short 

telomeres due to the fact that more probe hybridizes to longer telomeres than to 

shorter telomeres, while Universal STELA has a theoretical preference to amplify 

smaller telomeres over longer telomeres due to the nature of PCR.  However, the 

range of telomere lengths being measured in these samples was well within the 

range of molecules that can be readily amplified by Universal STELA, and it is 

unlikely that the analysis excluded longer telomeres that were undetected.  It is 

also curious that the length of GRN163L treatment did not induce replicative 

senescence or cause a greater magnitude of telomere shortening, since previous 

studies using the drug indicate that the rate of shortening should have been higher 

than that observed (Herbert et al., 2005).  It is possible that the dosage and 

treatment schedule were not well-orchestrated to achieve continuous, complete 

telomerase inhibition.  Without direct measurement of telomerase activity from 



143 
 

 
 

each cell passage using the TRAP assay, it is impossible to determine the level of 

telomerase inhibition over the course of treatment.  However, it is clear from both 

TRF and Universal STELA data that telomeres were shortened beyond their 

maintenance length, which was the goal of this part of the experiment. 

 

 

Figure 4.3: 30 PD of continuous telomerase inhibition causes average 

telomere length to become shorter than maintenance length.  After 

approximately 30 population doublings in the presence of 1 µM GRN163L 

(Imetelstat) treatment, the average telomere length of A549-C6 declined from 

~2.2 kb (untreated) to ~1.9 kb as measured by Universal STELA.  Approximately 

100 telomere amplification products were analyzed for each sample. 
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Figure 4.4:  A549-C6 treated with 1 µM GRN163L for 30 PD have shortened 

telomeres but still actively divide at the same rate as untreated cells.  

Population doubling was calculated at each cell passage and days/PD was plotted 

to monitor the rate of growth of both untreated cells and cells treated with 1 µM 

GRN163L.  A constant rate of growth indicates that the treated cells have not 

accumulated enough critically short telomeres as to initiate replicative senescence.  

Actively, dependably dividing cells are required for this experimental design. 

 

 

            To ensure that there was robust telomerase activity that would be detected 

during a single cell cycle, the GRN163L-treated A549-C6 cells were transduced 

with a retrovirus that overexpresses the hTERT catalytic subunit of human 

telomerase.  Retroviral infection produced a significant increase in telomerase 

activity as determined qualitatively by TRAP assay (Figure 4.5).  At the time of 
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infection, telomere length as measured by TRF was approximately 2.5 kb, and 

elongated at a calculated rate of approximately 500 bp per cell division as 

measured over the first 15 PD following infection (Figure 4.6). 

 

 

 

Figure 4.5: A549-C6 cells transduced with retrovirus overexpressing hTERT 

have increased telomerase activity.  TRAP assay of A549-C6 cells expressing 

only endogenous levels of hTERT (left) and those that are expressing exogenous 

hTERT after being transduced with an hTERT-expressing retroviral vector and 

selection with puromycin (right).   
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Figure 4.6:  Overexpression of hTERT in GRN163L-treated A549-C6 cells 

causes rapid elongation of telomeres at a rate of approximately 500 bp per 

cell division.  A549-C6+hTERT cells were harvested at each cell passage 

following transduction with the retroviral hTERT vector, and genomic DNA was 

analyzed using TRF analysis.  The average rate of growth of telomeres was 

calculated to be approximately 500 bp per cell division. 
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Determining the timing of telomerase activity during one cell cycle 

            Immediately following selection for cells which were expressing the 

retroviral hTERT construct, cells were synchronized at the G1/S interface using a 

combined serum starvation/aphidicolin synchronization strategy.  Cells were 

harvested at the time of release from Aphidicolin, and every two hours thereafter 

to extend through the duration of S phase.  According to cell cycle analysis using 

FACS, approximately 50% of the cells that were synchronized entered S phase 

and DNA replication was completed between 6 and 8 hours following release 

(Figure 4.7).  

  

 

 

Figure 4.7:  FACS analysis of 

synchronization shows that 

approximately 50% of 

synchronized A549-C6+hTERT 

cells entered S phase upon release.   

 

Cells were fixed and stained with 

Propidium Iodide and flow 

cytometry was performed to analyze 

for DNA content.  At release (“0h”), 

nearly all cells are in G0/G1, 

indicating effective synchronization.  

From 2h to 10h, cells with 

intermediate DNA concentrations 

can be observed which is indicative 

of DNA synthesis during S phase.  

Approximately 50% of cells never 

leave G0/G1, and 50% of cells move 

through S phase to G2/M.
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           Because STELA can determine the length of individual telomeres, it is 

possible to use this assay to determine the change in length of an individual 

telomere over the course of one cell cycle in this experimental system.  In order to 

determine if telomerase extension is coupled to telomere replication as is found in 

yeast (Chandra et al., 2001; Diede and Gottschling, 1999; Fisher et al., 2004; 

Marcand et al., 2000; Taggart et al., 2002), the exact timing of the replication of 

individual telomeres must also be known.  Although human telomeres replicate 

throughout S phase (Ten Hagen et al., 1990; Wright et al., 1999), each telomere 

on a particular chromosome end is known to have a characteristic replication time 

during S phase (Zou et al., 2004a).  Previous studies using the ReDFISH 

technique (Bailey et al., 2004b; Zou et al., 2004a) had determined that most XpYp 

telomeres had replicated two to four hours into S phase (Zhao et al., 2009), which 

means that the XpYp telomere replicates earlier enough in S phase to be able to 

distinguish whether telomerase activity is coupled to replication (early S phase) or 

is programmed to be a late S phase event.  In order to determine the timing of 

telomerase extension of the  XpYp telomere, the size of the XpYp telomere was 

calculated using STELA for each timepoint harvested during a single S phase 

(Figure 4.8).  Because the FACS data indicate that only 50% of the cells entered S 

phase (Figure 4.7), the assumption is made that the other 50% of cells neither 

replicated their DNA nor were available for telomerase extension. Approximately 

100 telomere amplification products from STELA were analyzed at each time 
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point, and the measured increase of telomere length was approximately 250 

nucleotide, which is roughly equivalent to what would be expected based on the 

estimated rate of growth of 500 bp/division (Figure 4.6) divided by 2 to account 

for the non-cycling cells.  The 250 bp increase in telomere length occurs after six 

hours of release (Figure 4.8), which is significantly later in S phase than the 

majority of XpYp telomeres replicate (Zhao et al., 2009).  It is important to note, 

however, that the original design of STELA measures the size of the C-rich strand 

of the telomere, which is not the strand that serves as the substrate for telomerase.  

It is therefore inaccurate to assume that telomerase extension occurs at the same 

time as the elongation of the C-rich strand.  In order to accurately describe the 

timing of telomerase extension of the G-rich strand, a modification of STELA 

which measures the length of the G-rich strand was used (Sfeir et al., 2005) 

(Figure 4.9). The original STELA (Baird et al., 2003) uses the 3’ overhang found 

naturally at linear telomeres as a platform which serves as a an annealing site for 

an oligonucleotide tag which is then ligated to the end of the C-rich strand; this 

tag serves as the unique site for the reverse primer while during PCR 

amplification (Figure 4.8).     In order to use a similar strategy to measure the 

length of the G-rich telomeric strand, an artificial C-rich overhang is created by 

annealing a long, repetitive “platform” oligonucleotide to the G-rich telomere 

(Sfeir et al., 2005).  This artificial overhang allows a similar oligonucleotide tag to 

be ligated to the end of the G-rich telomeric strand, and PCR amplification thus 
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amplifies the G-rich strand rather than the C-rich strand (Figure 4.9).  When the 

samples were reanalyzed using the G-STELA modified assay, telomere length 

increased by a calculated 250 nucleotides over the course of one S phase, similar 

to the length increase calculated using the original C-STELA method.  However, 

the increase in length of the G-rich strand of the telomere was observed between 

two and four hours after release into S phase (Figure 4.9).  The calculated timing 

of the elongation of the G-rich strand is indicative of when telomerase is recruited 

to the telomere for extension, and coincides with the known replication timing of 

the XpYp telomere (Zhao et al., 2009).  This suggests that telomerase recruitment 

is coupled to telomere replication in human cells, as has been suggested by in situ 

data from other studies (Jady et al., 2006; Tomlinson et al., 2006).  Surprisingly, 

there is a significant delay between the elongation of the C-rich strand and the 

elongation of the G-rich strand, suggesting that telomerase extension of the G-rich 

telomere is uncoupled from the fill-in and end processing of the C-rich strand.  

This result was unexpected, and bolsters the need to better understand the 

mechanism and regulation of end-processing events that must occur on each C-

rich strand (Bailey et al., 2001; Sfeir et al., 2005; Shore and Bianchi, 2009).   
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Figure 4.8:  Elongation of the C-rich strand occurs in Late S phase.  
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Figure 4.9:  Elongation of the G-rich strand occurs in early S phase 
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Figure 4.8:  Elongation of the C-rich strand occurs in Late S phase.   

C-STELA is a PCR-based assay designed to amplify individual C-rich telomere 

molecules from a single chromosome.  The site for the reverse primer is a tag that 

is annealed to the 3’ G-rich telomeric overhang and ligated to the end of the C-

rich strand, providing a unique sequence at the end of the otherwise repetitive 

telomere.  The forward primer site is a sequence that is unique to the subtelomere 

of the XpYp chromosome and is located 421 bp away from the beginning of 

canonical telomere repeats.  Each band on the Southern blot represents an 

individual telomere molecule that was amplified during PCR using these forward 

and reverse primers.  Approximately 100 bands were analyzed at each time point 

to calculate the average telomere length.  The C-rich strand is elongated by 

approximately 250 bp in late S phase (after 6 hours post-release). 

 

 

Figure 4.9:  Elongation of the G-rich strand occurs in early S phase.  

G-STELA is a PCR-based assay designed to amplify individual G-rich telomere 

molecules from a single chromosome.  To modify the C-STELA so that the G-

rich strand can be amplified, an artificial 5’ overhang is created by annealing a C-

rich platform to the telomere.  An oligonucleotide with a unique tag that is 

complementary to the artificial overhang is then ligated to the end of the G-rich 

telomere strand, serving as the reverse primer site.  As in C-STELA, the forward 

primer site is a sequence that is unique to the subtelomere of the XpYp 

chromosome.  Each band on the Southern blot represents an individual telomere 

molecule that was amplified during PCR using these forward and reverse primers.  

Approximately 100 bands were analyzed at each time point to calculate the 

average telomere length.  The G-rich strand is elongated by approximately 250 bp 

in early S phase (between 2-4 hours after release into S phase). 
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Determining the rate of elongation of the shortest and longest telomeres in 

non-maintenance conditions 

          It is generally thought that telomerase is preferentially recruited to the 

shortest telomeres when telomeres are shorter than their normal maintenance 

length.  Previous data suggests that when telomeres are artificially shortened after 

long-term telomerase inhibition, telomerase recruitment is distributive and many 

molecules act on a single telomere in a single cell cycle (Zhao et al., 2011).  To 

compare the rate of elongation of the shortest and longest telomeres in conditions 

when telomere length is increasing, A549-C6 cells were treated with the 

telomerase inhibitor GRN163L (imetelstat) for 43 PDs, and were then released 

and allowed to grow in the absence of the telomerase inhibitor for 30 PDs.  Cell 

samples were harvested at each passage after release from treatment, and genomic 

DNA was isolated for Universal STELA analysis (Figure 4.10).  Telomere 

elongation could be observed on visual examination of the Universal STELA 

Southern blots.  For each sample analyzed by Universal STELA, 150-300 

individual telomere amplification products were analyzed for molecular weight 

and mean telomere length was computed.  The average rate of telomere 

elongation after release from GRN163L telomerase inhibition was calculated to 

be approximately 60 bp per cell division (Figure 4.11), which notably is the same 

rate of telomere elongation previously calculated (using a different assay) in Hela 

cells that were in telomere length maintenance conditions (Zhao et al., 2009).  

However, Universal STELA allows for the examination of the full distribution of 
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telomere lengths rather than just the mean.   Analyzing changes in the shape of the 

distribution of telomere lengths over the time course of release from telomerase 

inhibition allows for the calculation of a rate of change of telomeres by percentile.  

Thus, the rate of change of the shortest telomeres can be compared to the rate of 

change of the longest telomeres.  

 

 

 

Figure 4.10 Universal STELA analysis of A549-C6 releasing from telomerase 

inhibtion therapy.  Control samples show Universal STELA telomere length 

distribution of A549 parent cell line and the untreated A549-C6 clonally-derived 

cell population, which has a significantly shorter maintenance telomere length 

than the parent cell line.  A549-C6 were treated with the telomerase inhibitor 

GRN163L for 43 PD and then released for 30 PD.  Telomere length was 

measured by Universal STELA at 7, 14, 22 and 30 PD after release from 

telomerase inhibition to analyze the rate of telomeres that are recovering from 

being artificially shortened. 
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Figure 4.11 A549-C6 mean telomere length increases 60 bp per population 

doubling after release from GRN163L.  Mean telomere length for each time 

point was calculated by averaging the molecular weights of 150-300 individual 

telomere amplification products from Universal STELA.  A linear regression line 

was calculated to have a slope of approximately 60 bp per population doubling 

(R
2
=0.98576), representing the average rate of telomere elongation. 

 

         To compare the rate of elongation of telomeres by percentile, the 

distribution of telomere lengths at each time point following release needed to be 

characterized.  Telomere length distributions of the different samples were 

compared using quartile analysis (Figure 4.12).   The minimum telomere length 

across all samples, including the A549 parent cell line, was similar 

(approximately 600 bp as measured by Universal STELA), suggesting that the 

presence of short telomeres is independent of mean telomere length or 

manipulation of telomere length via telomerase inhibition.  Quartile analysis 
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(Figure 4.12) shows that the middle 50% of telomeres becomes tightly distributed 

around the median after telomerase inhibition, and gradually expands over the 

course of recovery/release. Notably, over the course of recovering from 

telomerase inhibition, the A549-C6 telomeres became longer than the telomeres 

from the untreated A549-C6 clonally-derived population.  After 30 PD of release 

from telomerase inhibition, the telomere distribution more closely resembled that 

of the A549 parent cell line rather than that of the C6 clone.  This was very 

surprising since the A549-C6 average telomere length had remained the same 

over many months of serial culture, suggesting that the clonally-derived 

population had an established maintenance telomere length. The comparison of 

telomere length distributions between the A549-C6 untreated, treated and release 

time course revealed that the longest telomeres, rather than the shortest, exhibited 

the greatest rate of change in telomere length upon release.  In order to quantify 

this observation, the telomere length distributions for each time point after release 

were classified by percentile and the rate of change of telomere length across 

percentiles was calculated.  In this analysis, the 5
th

 percentile of each timepoint 

represents the molecular weight cutoff at which only 5% of telomeres are shorter; 

similarly the 95
th

 percentile represents the molecular weight cutoff at which only 

5% of telomeres are longer.  Rates of change were calculated for the 5
th

, 10
th

, 20
th

, 

30
th

, 40
th

, 50
th

 (median), 75
th

, and 95
th

 percentiles to allow for a comparison 

between the elongation of the shortest telomeres and the longest (Figure 4.13).   
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Figure 4.12 Telomere length distributions of A549-C6 after GRN163L 

treatment and 30 PD after release from treatment.  For each timepoint, 

molecular weights of 150-300 individual telomere amplification products from 

Universal STELA were assessed and telomere length distribution was 

constructed.  Box plot whiskers represent the maximum and minimum telomere 

lengths in each sample; the boxes represent the middle 50% of telomere lengths 

(25
th

 to 75
th

 percentile), with the median (50
th

 percentile) noted for each sample. 

 

           The calculated rate of change of the median (50
th

 percentile) of telomeres 

was approximately 60 bp per PD, correlating closely to the calculated average rate 

of telomere elongation.  The greatest observed rate of change in telomere length 

was that of the longest telomeres, with the 95
th

 percentile of telomeres increasing 

in length at a rate of approximately 110 bp per PD.  In stark contrast, the rate of 
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change of the shortest (5
th

 percentile) telomeres was calculated at only ~17 bp per 

PD.  The rate of change in telomere length over the release time course increases 

with percentile, with the shortest telomeres having the slowest rate of change and 

each subsequent higher percentile having a higher rate of change (Figure 4.13 and 

Table 4.1).     

 
 

Figure 4.13 Rate of change in telomere length after release from GRN163L 

by percentile.  Telomere length distributions for each time point following 

release from GRN163L telomerase inhibition were classified by percentile, and a 

linear regression line was calculated to describe the rate of change in telomere 

length for each percentile (5
th

 to 95
th

).  For each percentile, the linear regression 

model is displayed, and the slope of the line represents the rate of change in 

telomere length for that percentile class. R
2
 values for each percentile are listed in 

Table 4.1. 
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Percentile Calculated 

Rate of Change 

Linear Regression 

Equation 

R
2
 

5
th

 17 bp/PD y=0.0167x + 0.6574 0.93126 

10
th

 26 bp/PD y=0.026x + 0.718 0.97344 

20
th

 36 bp/PD y=0.0362x + 0.8548 0.95812 

30
th

 38 bp/PD y=0.0388x + 1.1375 0.99399 

40
th

 54 bp/PD y=0.0538x + 1.2012 0.99203 

50
th

 61 bp/PD y=0.0606x + 1.4296 0.98930 

75
th

 84 bp/PD y=0.0839x + 2.065 0.94957 

95
th

 108 bp/PD y=0.1081x + 2.9241 0.97002 

 

Table 4.1 Calculated rate of change in telomere length after release from 

GRN163L by percentile.  A linear regression model was created for each 

percentile to model the rate of change in telomere length.  The calculated rate of 

change is based on the slope of the linear regression equation for each percentile, 

with R
2
 values reported for each regression model. 

 

 

DISCUSSION 

Telomerase extension of the G-rich telomeric strand occurs shortly after 

telomere replication, and is uncoupled from fill-in of the C-rich telomeric 

strand, which is a unique event that is delayed until S/G2 

            The ability to accurately measure changes in strand-specific telomere 

length over the course of a single cell cycle allowed for the first time to show that 

telomerase extension of the G-rich strand is coupled to telomere replication, while 

the extension of the C-rich strand is a separate step that occurs in late S/G2 phase.  

This was possible because C- and G-STELA are capable of measuring small, 

chromosome specific changes in telomere length, whereas the more traditional 

TRF method only provides information on changes in average telomere length 

over many PDs.  Measuring both the changes in telomere length of both the C-
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rich and the G-rich telomeric strands allowed us to observe that the two processes 

are uncoupled. G-STELA is not often used for telomere length measurement as it 

is more technically challenging than C-STELA while producing a nearly identical 

telomere length (taking into account the length of the G-rich 3’ overhang).  

However, G-STELA has been used to learn detailed information about telomere 

biology such as the terminal nucleotide of the G-rich strand (Sfeir et al., 2005) 

and now, the timing of telomerase elongation of the G-rich strand.  This 

exemplifies how telomere length studies can be used to examine molecular details 

of telomere biology that are otherwise complicated and difficult to study. 

          Our finding that telomerase extends the G-rich strand quickly after 

telomeres are replicated is consistent with previous studies in yeast (Diede and 

Gottschling, 1999; Marcand et al., 2000) as well as cytological evidence that 

telomerase co-localizes at small subsets of telomeres throughout S-phase in 

mammalian cells (Jady et al., 2006; Tomlinson et al., 2006).  Because mammalian 

telomeres replicate throughout S-phase, relating the timing of telomere replication 

with telomerase extension required knowledge of the exact timing of replication 

of a specific telomere, as well as the ability of STELA to analyze changes in 

telomere length of a single telomere.  In this study, the XpYp telomere was 

analyzed because the timing of XpYp replication was known and an XpYp-

specific subtelomeric forward primer was available for STELA.  The timing of 

telomerase extension could be similarly examined on other chromosomes for 
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which there are available subtelomere-specific forward STELA primers in order 

to confirm our findings.  However, multiple assays have provided robust data 

supporting the finding that telomerase extension of the G-rich strand is coupled to 

telomere replication (Zhao et al., 2009), making this follow-up work using 

STELA largely unnecessary. 

            The finding that there is a delay between telomerase extension of the G-

rich strand and the fill-in of the C-rich strand was unexpected and suggests that it 

is a unique regulatory step in telomere replication of telomerase positive cells.  

The C-STELA data indicated that fill-in of the C-rich strand occurs in late S 

phase/early G2 phase.  Previous studies have shown that a localized DNA damage 

response is found at the telomeres at the end of S phase, with ChIP analysis 

showing co-localization of many DNA repair factors such as MRN, ATM, ATR, 

and Rad17 at telomeres (Verdun et al., 2005).  This localized DNA damage 

response at telomeres at S/G2 could be in response to an unfoleded t-loop, leaving 

the telomeric ends free to be recognized as a double stranded break.  Little is 

currently known about the dynamics of t-loop folding and unfolding, but it is clear 

they must unfold for telomere replication and that that the 3’ G-rich overhang 

must be accessible (and thus the t-loop must be unfolded) for telomerase 

extension as well as C-strand fill-in.  One possibility is that telomeres replicate 

asynchronously during S phase and immediately re-fold into t-loops, with all 

telomeres synchronously unfolding again at S/G2 for C-strand fill-in to occur.  
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The other possibility is that telomeres remain unfolded during the duration of S-

phase until all have been asynchronously replicated and C-strand fill-in occurs at 

S/G2; this scenario would necessitate some regulatory function which must 

attenuate the DNA damage sensing machinery from recognizing the linear 

telomere ends as broken DNA during S phase.  In either case, the DNA damage 

response at the end of S phase could be a signal that triggers both C-strand fill-in 

and subsequent t-loop folding.  Importantly, the fact that we now know that C-

strand fill-in is a distinct step in telomere replication and telomerase activity 

means that targeting this step could increase the efficiency of anti-telomerase 

cancer therapeutics. 

      

Comparing the rate of telomerase elongation of the shortest, average, and 

longest telomeres after long-term GRN163L telomerase inhibition 

       There is a general consensus that telomerase preferentially targets short 

telomeres under conditions where telomere length is shorter than the set 

maintenance length (Hemann et al., 2001a; Ouellette et al., 2000; Samper et al., 

2001; Steinert et al., 2000; Zhu et al., 1998).  Recent data suggests that under 

conditions when telomerase must lengthen (rather than maintain) telomere length, 

multiple telomerase molecules are recruited for multiple rounds of elongation in a 

distributive manner (Zhao et al., 2011).  In the present study, A549-C6 cells were 

treated with the telomerase inhibitor GRN163L for 43 PDs in order to artificially 
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shorten telomeres, and then allowed to recover from treatment in normal growth 

media for 30 PDs.  Endogenous telomerase is known to elongate telomeres upon 

release from GRN163L treatment (Herbert et al., 1999), and when Universal 

STELA was performed on sequential samples after release, a mean average 

lengthening of ~60 bp per PD was measured.  Because Universal STELA 

produces individual telomere amplification products that can be arranged in a 

distribution, it was possible to organize the measured telomeres from each release 

timepoint according to their percentile rank.  This allowed for the calculation of 

the rate of change in telomere length according to percentile rank, and therefore 

the direct comparison of the rate of increase in telomere length of the shortest, 

average and longest telomeres from each release time point.  When these rates 

were calculated, the data did not immediately support the hypothesis that the 

shortest telomeres are elongated more rapidly than the average and longer 

telomeres.  In fact, the shortest (5
th

 percentile) telomeres had the slowest 

calculated rate of growth (only ~17 bp/PD), with each increasing percentile rank 

having a subsequently faster rate of growth, with the longest telomeres increasing 

in length at the highest rate (~110 bp/PD).   

            There are several issues that must be considered when interpreting this 

data.  First of all, these calculated rates may accurately reflect a flawed 

experimental system.  During the course of the treatment with GRN163L, routine 

assay of telomerase activity was not performed to confirm that telomerase activity 
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was completely inhibited.  It is obvious that telomerase was inhibited enough to 

cause telomere shortening and induce telomere elongation upon release, but we 

cannot say with authority that there was no residual telomerase activity.  If the 

cell system was truly telomerase deficient for many PD, one would expect the 

shortest telomeres to be the highest priority target of telomerase in a system that 

has been telomerase-deficient for many PD, and thus exhibit rapid elongation.  

However, if telomerase inhibition was not complete and there was even just 10% 

residual telomerase activity, it is reasonable to predict that the remaining active 

telomerase molecules would maintain the length of the shortest telomeres in the 

cells.  Recent data indicates that in situations where telomerase is partly inhibited, 

and thus limiting, the fraction of extended ends is proportional to the number of 

active telomerase molecules available (Zhao et al., 2011).  In this scenario, 

whatever active telomerase molecules are available could be targeted to elongate 

the shortest telomeres.  This would imply that the shortest telomeres that were 

measured by Universal STELA would already be maintained at a stable length, 

and would not be in need of rapid elongation.  This possibility could explain why 

we do not see a rapid rate of elongation of the shortest telomeres upon release, 

and could also explain why the minimum telomere length remains relatively 

constant (~600 bp) across all samples analyzed (including untreated samples).  In 

order to test this possibility, this experiment could be repeated in replicate with 

multiple doses of telomerase inhibition (e.g. 50%, 75%, ~100%) before release.  
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However, there are additional practical limitations to the analysis of this data 

which may preclude the usefulness of this additional data. 

A major drawback to the interpretation of this data is that it is impossible 

to derive a statistical model that lets us track how telomeres may change 

percentile rank over time.  In other words, it is impossible to determine if a 5
th

 

percentile telomere from the first release time point is elongated but stays a 5
th

 

percentile telomere in subsequent time points, or if it is elongated enough relative 

to other telomeres that it jumps to a higher percentile rank in a subsequent time 

point.     Alternatively, rapid telomere deletion events could occur which causes 

telomeres to drop to a lower percentile can rank over time.  The analysis 

attempted in this study is only valid under the assumption that telomeres in a cell 

on average maintain a relative length in relationship to one another.  This 

assumption is supported by previous studies which have shown that individual 

telomeres have set relative lengths that are inherited and maintained over a human 

lifetime (Graakjaer et al., 2003; Graakjaer et al., 2006).  However, while 

telomeres may maintain their relative lengths over long periods of time, it is 

difficult to say what the short term length dynamics are as telomeres recover from 

a rapid telomere deletion event or – as in this study – artificial shortening by 

telomerase inhibition.  Because the Universal STELA data shows an increasing 

expansion of the middle 50% of telomeres, and the greatest rate of elongation of 

the longest telomeres over time, it is reasonable to consider the possibility that the 
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shortest telomeres become elongated rapidly and extensively enough relative to 

average and long telomeres that they jump to higher percentile ranks in 

subsequent time points, thus causing the expansion of the distribution of average-

to-long telomeres over the release time course.  This does not, however, explain 

why such a large fraction of very short telomeres remain over the 30 PD of 

release from telomerase inhibition treatment.  If the Universal STELA and 

calculated rates of elongation do reflect the reality of length dynamics in this 

experimental system, the slow rate of growth of the shortest telomeres may be 

reflective of data which indicates that the processivity of telomerase is impaired 

immediately following periods of long-term telomerase inhibition therapy (Zhao 

et al., 2011).   

 

Long-term telomerase inhibition altered maintenance telomere length of a 

clonally-derived cell population 

            The A549-C6 cells used in this experimental setup were originally derived 

as a clone of A549 lung carcinoma that was picked because it had relatively short 

telomeres, and was expanded and subcultured for many months without a change 

in this relatively short average maintenance telomere length.  After 43 PD of 

treatment with GRN163L, the recovering cells exhibited telomere elongation well 

beyond the original length of the clone, and at the latest time point analyzed (30 

PD after release from treatment), the distribution was more similar to the length 
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and distribution of the parent A549 cell line.  It is unclear what mechanism is 

responsible for the original A549-C6 having relatively shorter telomeres, or what 

caused the clone to revert to having relatively longer telomeres after extended 

GRN163L treatment.  Subcloning the untreated and treated A549-C6 population 

and analyzing the subclones for telomerase activity and telomere length may give 

insight into this dynamic.  This data which indicates that after release from 

telomerase inhibition, telomeres may extend beyond their original length may 

have important implications in telomerase inhibition cancer therapy, as 

incomplete inhibition or cessation of treatment may cause any residual cancer 

cells to extensively lengthen their telomeres, giving them a longer proliferative 

lifespan and making them less susceptible to induction of senescence by future 

rounds of telomerase inhibition treatment. 

        

          

MATERIALS AND METHODS  

Cell culture and Treatments 

             A population derived from a clone of A549 lung carcinoma cells with 

short telomeres, termed A549-C6, was cultured at 37°C in 5% CO2 in medium 

containing 10% cosmic calf serum (HyClone, Logan, UT).  During telomerase 

inhibition treatment, this media was supplemented with l µM GRN163L (Geron 

Corp, Menlo Park, CA) at every cell passage (approximately every three days) for 

one month.   Treated cells were transduced with a retroviral vector pBabepuro-
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hTERT that overexpresses hTERT.  Puromycin selection was carried out over 10 

days to yield A549-C6+hTERT cells.  GRN163L-treated cells that expressed only 

endogenous hTERT were then grown in normal growth media in the absence of 

the telomerase inhibitor for approximately 30 PD.  Cells were passaged every 3-4 

days, and a sample was harvested for telomere length analysis at each cell passage 

Cell cycle synchronization and FACS analysis 

            A549-C6+hTERT cells were synchronized by combining sequential serum 

starvation (to push cells into G0/G1) and then aphidicolin treatment (to inhibit 

DNA Polymerase and thus prevent progression through S phase, (Pedrali-Noy and 

Spadari, 1979)).  First, cells were grown in DMEM with 0.1% cosmic calf serum 

and 20 mM HEPES, which is 1000-fold less serum than used in normal growth 

media, for two days.  Then the cells were switched to fresh DMEM media 

containing 10% Cosmic Calf Serum that was treated with 4µg/ml aphidicolin for 

24 hours.  To release cells into S phase, cells were washed three times with pre-

warmed PBS and placed in fresh growth serum (DMEM + 10% CCS) for zero to 

10 hours.  Cells were harvested every 2 hours after release into S phase.  From 

each timepoint, cells were collected for FACS analysis of DNA content to 

monitor progression through S phase.  At each timepoint, cells were harvested and 

fixed in ice cold 70% ethanol overnight.  Cells were then washed with 10 mL 

PBS, passed through a nylon mesh to disrupt any cell aggregations and ensure a 

uniform suspension, and incubated with a propidium iodide solution (Sigma) for 
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30-60 minutes in the dark at room temperature.  Flow cytometry on a 

FacscaliburII (BD Biosciences) machine was performed to analyze for DNA 

content using the CellQuest program (BD Bioscience).   

Measurement of telomerase activity  

             The telomere repeat amplification protocol (TRAP) was used to measure 

telomerase activity in A549-C6 and A549-C6+hTERT cells.  An aliquot of 100 

thousand cells was harvested for TRAP analysis, and the TRAPexe (Intergen) kit 

was used according to the protocol. 

Genomic DNA isolation 

                Genomic DNA for TRF and all variations of STELA was isolated from 

harvested cell pellets using the DNEasy Blood and Tissue Kit (Qiagen) according 

to kit instructions with a few modifications:  After adding the cell lysis buffer, 

RNA was digested by adding 4 ul of 100 mg/ml RNaseA (Ambion) and 

incubating at room temperature for 15 minutes.  ProteinaseK treatment was 

carried out at 55° C for 30-60 minutes to maximize degradation of cellular 

proteins.   ProteinaseK was then heat inactivated at 70° C for 10 minutes.  Kit 

protocol was used to bind and wash spin columns.  Genomic DNA was eluted 

twice in DEPC-treated H2O (Ambion). 

TRF analysis 

              TRF analysis was used as a simple way to quickly measure mean 

telomere length.  Genomic DNA isolated as described above was digested with a 
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mixture of six frequently-cutting, four base cutter restriction enzymes (Alu I, Cfo 

I, Hae III, Hinf I, Msp I and Rsa I) at 37° C for one-two hours and resolved on a 

0.7% agarose gel overnight.  The gel was denatured in a 0.5M NaOH, 1.5 M NaCl 

solution for 20 minutes at room temperature, and then rinsed in dH2O for 10 

minutes.  The gel was then dried on a slab gel dryer at 55° C for approximately 

two hours, or until the gel was paper thin.  The dried and denatured gel was 

neutralized in 1.5 M NaCl, 0.5 M Tris (pH=8.0) for 15 minutes at room 

temperature.  The gel was then incubated with a 
32

P-labeled telomere-specific 

[(TTAGGG)4] oligonucleotide probe in a hybridization oven at 42 
o
C for at least 

four hours.  The gel was then washed once with low-stringency buffer (2x SSC) 

and twice with high stringency wash (0.1x SSC, 0.1% SDS) for 15 minutes each 

at 42° C.  The gel was then exposed to a PhosphorImager screen and scanned on a 

Typhoon biomolecular imager (GE Healthcare Life Science) and weighted mean 

telomere length was calculated as described (Ouellette et al., 2000) using 

ImageQuant (GE Healthcare Life Science) software. 

C-STELA and G-STELA 

              C-STELA protocol was developed from previously reported protocols 

(Baird et al., 2003; Sfeir et al., 2005) and optimized for this experimental setting.  

960 ng of purified genomic DNA was digested with EcoRI at 37° C for 60 

minutes.  320ng of the EcoRI digested genomic DNA was incubated in a 20ul 

ligation reaction containing 50 U T4 DNA ligase (NEB), 1x ligase buffer, and 1 
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µM of a mixture of all six C-telorettes (making the final concentration of each 

telorette 0.16 µM) at 17° C for at least 15 hours.  28 cycles of PCR amplification 

(95°C for 15 s, 62°C for 20 s, and 68°C for 10 min ) were performed using the 

Extensor Hi-Fidelity PCR Master Mix 1 (ABgene, Thermo Scientific) in a 25 µl 

reaction which contained 2 ng of ligated DNA and 0.5 µM primers (forward: 

XpYpE2; reverse: C-Teltail).  Telomere amplification products were transferred 

to positively charged membrane (Hybond N+, GE Healthcare Life Science) by 

capillary action, and DNA was fixed to the membrane by baking at 85° for two 

hours.  A probe specific to the subtelomeric region of the XpYp telomere was 

generated by amplifying the region of the XpYp subtelomere that lies between the 

XpYpE2 forward and XpYpB2 reverse primers and labeling the product using the 

RadPrime DNA labeling system (Invitrogen).  The membrane was incubated with 

the labeled subtelomeric probe in RapidHyb buffer (Amersham) at 65° overnight, 

washed once with low-stringency buffer (2x SSC) and twice with high stringency 

wash (0.1x SSC, 0.1% SDS) for 15 minutes each at 65° C.  The gel was then 

exposed to a PhosphorImager screen and scanned on a Typhoon biomolecular 

imager (GE Healthcare Life Science).  Molecular weight of the individual 

telomere amplification products was determined using AlphaEaseFC Software 

(Alpha Innotech), and average telomere lengths were determined using Microsoft 

Excel and Graphpad Prism software. 
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G-STELA follows a very similar protocol to C-STELA, with the following 

modifications:  genomic DNA digested with EcoRI is first incubated with a C-rich 

platform oligonucleotide (AATCCC)10 at 1 nM final concentragion at room 

temperature for 3 hours.  Conditions for the ligation and PCR are the same, except 

that a mixture of six G-telorettes is used for G-STELA, and the reverse primer 

used during PCR amplification is the G-Teltail reverse primer.  All other steps are 

identical to C-STELA.  A listing of all primers used for C- and G-STELA and 

their sequences is found in Table 3.1 and 3.2. 

Universal STELA 

             Universal STELA was performed using a strategy modified from that 

previously described (Bendix et al.).  500 ng purified DNA was digested for 1 

hour at 37 C with the restriction enzyme NlaIII (New England Biolabs).   An 

NlaIII restriction site-specific panhandle linker was designed and created by 

incubating two oligonucleotides (“long” and “short”) in a 1:2 ratio at 95 C for 5 

minutes and cooling to room temperature over one hour in 50 mM NaCl.  100 ng 

of digested genomic DNA was incubated in a10 l ligation reaction containing 1x 

ligase buffer, 50 U T4 DNA ligase (NEB), 10
-2

 M of a mixture of all six C-

telorettes (0.16 x 10
-2

 M each) and 10 M NlaIII-specific panhandle for 15 hours 

at 17 C.  Multiple PCR reactions were performed (Initial melt of 94°C for 30 s 

followed by 22 cycles of 94°C for 15 s + 68°C for 12 min) using Extensor Hi-
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Fidelity PCR Master Mix 1 (ABGene, Thermo Scientific) in 25 μl reaction 

containing 100 pg ligated DNA, 0.5 μM primers (Adapter forward primer and C-

Teltail reverse primer) and supplemented with 5% DMSO.  Telomere 

amplification products were resolved on a 0.7% agarose gel, and subject to in-gel 

hybridization using a 
32

P-labeled telomere-specific [(TTAGGG)4] oligonucleotide 

probe in a hybridization oven at 42 
o
C for at least four hours.  The gel was then 

washed once with low-stringency buffer (2x SSC) and twice with high stringency 

wash (0.1x SSC, 0.1% SDS) for 15 minutes each at 42° C.  The gel was then 

exposed to a PhosphorImager screen and scanned on a Typhoon biomolecular 

imager (GE Healthcare Life Science).  Universal STELA telomere amplification 

products were analyzed for molecular weight using AlphaEaseFC 

(AlphaInnotech) software and all statistical analyses was carried out using 

Microsoft Excel and GraphPad Prism.  A listing of all primers used for Universal 

STELA and their sequences is found in Table 3.3 
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Table 3.2 Primers used in C-STELA 

Name  Function Sequence 

XpYp E2 Forward Primer 

(subtelomeric) 

5'-TTGTCTCAGGGTCCTAGTG-3'  

XpYp B2 Reverse Primer 

(subtelomeric) 

5'-TCTGAAAGTGGACC(A/T)ATCAG-3  

 

C-telorette 1 C-telomere tag 5' TGCTCCGTGCATCTGGCATCCCCTAAC-3' 

  

C-telorette 2 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCTAACCCT-3'  

 

C-telorette 3 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCCCTAACC-3'  

 

C-telorette 4 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCCTAACCC-3'  

 

C-telorette 5 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCAACCCTA-3'  

 

C-telorette 6 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCACCCTAA-3  

 

C-teltail Reverse Primer 5'-TGCTCCGTGCATCTGGCATC-3'  

 

 

Table 3.3 Primers used in G-STELA 

Name  Function Sequence 

Platform Artificial 5’ 

overhang 

(5’ AATCCC 3’)10 

XpYp E2 Forward Primer 

(subtelomeric) 

5'-TTGTCTCAGGGTCCTAGTG-3'  

 

XpYp B2 Reverse Primer 

(subtelomeric) 

5'-TCTGAAAGTGGACC(A/T)ATCAG-3'  

 

G-telorette 1 G-telomere tag  5’ P-GTTAGGGCTACGGTCTACGTGCCTCGT-3’  

 

G-telorette 2 G-telomere tag 5’ P-TTAGGGTCTACGGTCTACGTGCCTCGT-3’  

 

G-telorette 3 G-telomere tag 5’ P-TAGGGTTCTACGGTCTACGTGCCTCGT-3’  

 

G-telorette 4 G-telomere tag 5’P-AGGGTTACTACGGTCTACGTGCCTCGT-3’  

 

G-telorette 5 G-telomere tag 5’P-GGGTTAGCTACGGTCTACGTGCCTCGT-3’  

 

G-telorette 6 G-telomere tag 5’P-GGTTAGGCTACGGTCTACGTGCCTCGT-3’  

 

G-teltail Reverse Primer 5’-ACGAGGCACGTAGACCGTAG-3’  
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Table 3.4 Primers used in Universal STELA 

Name  Function Sequence 

Adapter Forward Primer 5′- TGT AGC GTG AAG ACG ACA GAA - 3′ 

Long Panhandle linker 5’TGTAGCGTGAAGACGACAGAAAGGGCGTGGT

GCGGACGCGGGCATG 3’ 

Short Panhandle linker 5’ CCCGCGTCCGC 3’ 

C-telorette 1 C-telomere tag 5' TGCTCCGTGCATCTGGCATCCCCTAAC-3' 

  

C-telorette 2 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCTAACCCT-3'  

 

C-telorette 3 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCCCTAACC-3'  

 

C-telorette 4 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCCTAACCC-3'  

 

C-telorette 5 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCAACCCTA-3'  

 

C-telorette 6 C-telomere tag 5'-TGCTCCGTGCATCTGGCATCACCCTAA-3  

 

C-teltail Reverse Primer 5'-TGCTCCGTGCATCTGGCATC-3'  
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CHAPTER FIVE 

FUTURE DIRECTIONS 

 

 The major advantage of the Universal STELA assay is that it is capable of 

directly measuring the full distribution of lengths of individual telomere 

molecules in a cell population, including the shortest telomeres.  This is the first 

assay that can detect any short telomeres that are located on any chromosome, 

because the assay is not telomere specific (like the original STELA method, 

(Baird et al., 2003)).  The ability to detect short telomeres and describe the 

distribution of all telomere lengths in a cell makes the assay very valuable in 

experimental settings where induction of replicative senescence is of concern.  A 

few short telomeres are thought to be sufficient to induce replicative senescence 

(Abdallah et al., 2009; Hemann et al., 2001b; Zou et al., 2004b), and there is not a 

good way to predict which chromosome these critically short telomeres will first 

appear.  While Universal STELA will not be able to provide any information 

about which specific telomere has become critically short, the ability to correlate 

the presence of ultra-short telomeres with physiologic signs of cellular aging and 

senescence.  This has applications in cell biology, aging biology and cancer 

biology.   
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 Critically short telomeres in response to oxidative stress.  It has been 

observed that oxidative stress can enhance telomere attrition rates and cause rapid 

telomere deletion events (Chen et al., 1995; Martin-Ruiz et al., 2004; Richter and 

Zglinicki, 2007; von Zglinicki, 2000, 2002).  In order to study the dynamics of 

oxidative damage induced telomere shortening, an experimental system could be 

derived in which cells with a narrow telomere length distribution were grown in 

normal or high oxygen concentrations over the course of many PDs.  In order to 

decrease the natural telomere length heterogeneity normally found in cell 

populations, these cells could either be clonally derived, or express a deletion 

mutant of the shelterin component protein hRap1, which is known to decrease 

telomere length heterogeneity (Li and de Lange, 2003).  Cells would be harvested 

at each passage and analyzed by Universal STELA in order to track the change in 

the shape of the telomere length distribution.  Starting with cells that had a more 

uniform telomere length would facilitate the detection of a gradual accumulation 

of shorter telomeres in response to the high oxygen stress, versus the sudden 

occurrence of very short telomeres due to rapid telomere deletion events.  

Changes in the telomere length distribution could be correlated to other indicators 

of cellular stress and senescence.  Because oxidative damage is one of the known 

causes of telomere shortening, it is important to better understand how telomeres 

actually respond to high oxygen stress.  Universal STELA would allow us to 

directly measure this stress response. 
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 Telomerase inhibition therapy.  In the present study, Universal STELA 

was used to investigate whether cancer stem cells were susceptible to telomerase 

inhibition therapy because they have either a large fraction of short telomeres, or a 

shorter mean baseline telomere length.  Universal STELA was also used to 

investigate the rate of telomere elongation after prolonged telomerase inhibition.  

Telomerase inhibition therapy is currently in a variety of phase 2 clinical trials, 

and has the potential to work in combination with other cancer debulking 

therapies (such as traditional chemotherapies and radiation therapy) or as a 

maintenance therapy following tumor debulking therapies in order to produce a 

more durable disease response.  While clinical trials are progressing, preclinical 

trials examining the effects of telomerase inhibition on cell lines, primary tumor 

cells, cancer stem cells and xenograft models are abundant.  Universal STELA 

will be a useful assay in the toolkit for studying telomerase inhibition.  Not only 

does it measure the short telomeres which telomerase inhibition seeks to generate, 

but it also requires very small amounts of DNA starting material, which is perfect 

for clinical and preclinical experimental settings where a sample might be 

anything from a small number of isolated circulating tumor cells to a small 

fraction of sorted CSCs to a small tissue biopsy.  Universal STELA can help 

provide routine data pertinent to telomerase inhibition, such as determining the 

required duration of telomerase inhibition therapy that produces critically short 

telomeres and induces cell senescence.  It can also be used to investigate how the 
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distribution of telomere lengths in a sample predicts response to telomerase 

inhibition therapy.   

 Short telomeres and aging biology.  The ability to measure short 

telomeres has potential uses in clinical and epidemiological studies of aging 

related diseases.  A recent study used the Q-PCR telomere length measurement 

method to look for an association between telomere length and a variety of 

disease states in centenarians (Atzmon et al., 2010).   Their study hypothesizes 

that longer telomeres is indicative of general genomic integrity, and is associated 

with a longer life and better health outcomes.  Universal STELA could be applied 

to experimental settings in which diseased versus healthy samples or old versus 

young samples are being compared, and the telomere length distributions would 

help us to understand the role that critically short telomeres play in long term 

health outcomes.  Universal STELA is superior to the Q-PCR method for 

measuring telomere lengths because it provides a direct length measurement and 

allows for the construction of length distributions that includes even the shortest 

of telomeres.  One potential drawback to using Universal STELA for this kind of 

experiment is that some cells have quite long telomeres which are difficult to 

analyze.  While Universal STELA is sufficiently time consuming as an assay to 

preclude it from routine epidemiologic screening of thousands of samples, it is 

quite possible to analyze smaller numbers of samples in clinical studies and 

smaller case control and cohort epidemiology studies. 
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 Telomere biology:  Universal STELA can measure the X-region.  One 

aspect of telomere biology that is generally accepted yet not well understood is 

the nature of the so-called “X-region,” the portion of the subtelomere that is 

resistant to restriction digestion (Steinert et al., 2004).  This region is of particular 

importance to telomere length measurements obtained from measuring telomere 

restriction fragments, such as Universal STELA and the standard TRF analysis.  

While the  X-region is presumed to influence the lengths of these telomere 

restriction fragments, a direct way to measure the X-region and thus determine the 

degree to which it influences measured telomere lengths has not previously been 

developed.  The nature of the design of Univesal STELA allows for the detection 

of the length of the X-region, and is going to be a valuable tool for learning more 

about this aspect of telomere biology that has been so elusive.  Universal STELA 

involves digestion of genomic DNA with restriction enzymes to create an 

overhang that can be ligated with the proximal panhandle linker.  In a complete 

digestion, it can be assumed that all available restriction sites will be digested, up 

to the restriction site that is closest to the telomere that is not protected by the X 

region.  These digested telomere restriction fragments are then amplified using 

PCR.  While we do not know the mechanism that confers the X-region protection 

against restriction digestion, it is certain that PCR amplified products will not 

retain the protective capacity.  Thus, the telomere amplification products from 

Universal STELA can be redigested with the same enzyme(s) used to originally 
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digest the genomic DNA, and any restriction sites which were previously 

protected from digestion should now be digested.  Comparing the lengths of the 

undigested PCR products (which represent the size of the telomere plus the X 

region) and the digested PCR products (which have had the X region removed) 

will allow for the determination of the size of the X region.  Because Universal 

STELA measures all telomeres in a cell population, this will tell us average size 

of the X region in an actual cell population as opposed to on an artificial telomere 

in a manipulated experimental system (Steinert et al., 2004).  This will allow 

many questions about the X region to be answered, such as whether the size of the 

X region changes as a function of telomere length, if all cell lines have an X 

region and if so, is it the same length in all cells.  Ultimately, we must elucidate 

the mechanism that confers the protective property of the X region.  Gaining more 

data to characterize the nature of the X region will allow us to form better 

hypotheses as to the origin and function of the X region. 

Summary.  Studies of telomere length have practical and theoretical 

implications in a wide variety of fields, from evolutionary biology to medicine 

and epidemiology to molecular and cellular biology.  Universal STELA serves as 

an important tool to study issues of telomere length that cannot be studied using 

other methods. We continue to work to improve the assay by utilizing additional 

molecular strategies which will make the assay more robust.   
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