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The minimal components of human telomerase are the human telomerase reverse 

transcriptase (hTERT) and the human telomerase template RNA (hTR). Although it is 

known that both components are minimally sufficient to reconstitute telomerase activity, 

the factors involved in any of the multiple steps of telomerase action such as telomerase 

assembly, telomerase recruitment to telomeres, and telomere extension/regulation are not 

well understood. There are a large numbers of proteins that have associations with 

telomerase, yet the functional roles of those in telomere maintenance and telomerase 

regulation are not well understood. Identifying novel proteins and pathways involved in 



 

vii 

any of these important telomerase-associated functions will be useful for identifying new 

targets for the development of novel inhibitors that block telomerase function in cancer 

cells. Therefore, my goal has been to develop methods to dissect these molecular 

pathways and identify functional factors involved in any step of telomerase actions.  

To accomplish this, I designed a selective screening system by exploiting 

lentiviral shRNA libraries and tetracycline inducible-hTERT cell lines that is hTR 

deficient but expressing mutant hTR. Thus, the overall strategy of the screening system 

may be considered a “synthetic rescue screen”. In brief this screen was set up to rescue 

cells from apoptotic death due to mutant sequence incorporation at telomeres by reducing 

the gene expressions with lentiviral shRNA libraries. This allows us to look a set of genes 

involved in pathways involved in functional aspects of telomerase actions, not based on 

structural association with telomerase.  

During the work, I have established multiple lines of inducible-hTERT cells to 

use in selective screening systems. I have also developed a method for rapid construction 

of high-complexity custom shRNA libraries for targeted screening and re-evaluate 

hundreds of primary candidate genes to identify smaller numbers of secondary candidate 

genes by removing false positives. In order to analyze the pooled shRNA screening 

result, I have developed a method for quantitative identification of half-hairpins from a 

pooled shRNA library based on the pGIPZ vector. Introducing multiplexing codes and 

refining sample preparation schemes resulted in the predicted ability to detect two-fold 

enrichments followed by massive parallel sequencing. Development of those methods 

allowed me to identify several candidate proteins, which may be involved in telomerase 

actions.
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CHAPTER ONE 
 
 

INTRODCUTION AND LITERATURE REVIEWS  

 
 

THE HISTORY OF TELOMERES AND TELOMERASE 

 

Telomeres are tandem repeats of DNA sequences located at the end of linear 

chromosomes in all eukaryotes. The name” Telomere” is derived from the Greek; telos 

(end) and meres (part).  During the last three decades, studies on telomereshave been 

vastly changed, especially in linking telomeres to explain replicative aging and cellular 

immortalization, which is one of the most important characteristic of cancer and aging. 

The discovery of the relationship between telomeres and replicative senescence and 

telomerase and cell immortalization attracted many scientists to this field and has rapidly 

expanded our knowledge about telomere biology and how we might manipulate 

telomeres for clinical application targeting telomeres and its enzyme telomerase for 

cancer therapy. With significant recognition in cancer research and maturation of the 

telomere biology field by many scientists, in 2009 the Nobel Prize in Physiology or 

Medicine was award to the pioneering scientists, Elizabeth H. Blackburn, Carol W. 

Greider, and Jack W. Szostak for “the discovery of how chromosomes are protected by 

telomeres and the enzyme telomerase”. There are still many intriguing questions left to be 

answered and part of this dissertation research is addressing some of these issues.   

Telomeres, the naturally occurring chromosome ends, are distinct from ends 

created by X-ray induced DNA-breakage of chromosomes. The observations were first 
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reported by Hermann Muller in fruit fly (Meier and Muller 1938) and by Barbara 

McClintock in maze (McClintock 1941). While the breakage induced ends are frequently 

fused together and cause genomic rearrangements, both reports described that the 

telomeres protected chromosomes from fusing together. Since the cytogenetic 

observations identified telomeres as structurally distinctive ends, this small part of the 

chromosomes had received little attention until a number of discoveries began to 

implicate telomeres as not mere structural ends but as important players in biology. In 

1953, James Watson and Francis Crick reported the double-helix structure of 

deoxyribonucleic acid (DNA) (Watson and Crick 1953). During the 50’s and 60’s, 

biochemical studies revealed many aspects of the DNA replication machinery and 

mechanisms of DNA replication. Reiji Okazaki and Tuneko Okazaki had successively 

shown that newly synthesized DNA were discontinuous, possessed unusual secondary 

structures (Okazaki, Okazaki et al. 1968), and that accumulation of newly synthesized 

short DNA chains occurred  in the absence of ligase (Sugimoto, Okazaki et al. 1968). 

These studies and many others led to the following predictions. In 1971, Alexey 

Olovnikov, a Russian theoretical scientist, proposed a theory of marginotomy, defining 

that the DNA replication machinery cannot replicate the end of linear DNA and thus the 

newly synthesized DNA is shorter than the template due to loss of the “template margin” 

a phenomenon now commonly known as the “end-replication problem” originally names 

by the Nobel laureate, James Watson. Olovnikov continued to propose that loss of 

telomeres due to successive mitosis may function as “buffer” from losing genetic 

materials near telomeres; he called this the “telo-gene”, and further suggested that this 

may function as “replicon” to limit the cell division by losing important telo-genes near 
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telomeres (Olovnikov 1971; Olovnikov 1973). Similarly yet independently, in 1972 

James Watson also proposed that DNA replication machinery cannot replicate 3’ end of 

linear DNA and consequently lose DNA from chromosomes (Watson 1972). This idea 

predicted progressive loss of telomeres due to theend-replication problem but these 

predictions could not explain how eukaryotic organisms maintained their genomes over 

many generations. Prior to the predictions, there had been observations by Leonard 

Hayflick and Paul Moorhead that normal human fibroblast cells have a limited number of 

cell divisions in tissue culture condition (known as Hayflick limit) after which, cells enter 

a non-dividing state called senescence (Hayflick and Moorhead 1961). Hayflick and 

colleagues proposed a “replicometer” as the counting mechanism of the limited numbers 

of cellular divisions. The molecular basis of the replicometer was not known at the time 

until Olovnikov first hypothesized loss of telomeres as the replicometer. It was still a 

prediction and experimental evidence was needed to support the theory however, 

methods to test the hypothesis were not available until a new molecular biology era 

emerged. 

In 1978, Elizabeth Blackburn, a graduate from Fred Sanger’s group at Cambridge 

in England where DNA sequencing was invented, joined Joseph Gall’s laboratory as a 

postdoctoral fellow and applied the new technology. She discovered telomere sequences 

consisting of 20-70 repeats of TTGGGG/AACCCC sequences in extrachromosomal 

genes encoding for ribosomal RNA (rDNA) in ciliated protozoan Tetrahymena 

Themophila (Blackburn and Gall 1978). Shortly after she moved to her own lab in 

University of California at Berkley, she and a graduate student, Carol Greider, 

successively identified a telomere terminal transferase activity in Tetrahymena 
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Thermophila extract (Greider and Blackburn 1985). They named the telomere terminal 

transferase, telomerase, which was a ribonucleoprotein enzyme activity, consisting of 

ribonucleic acid (RNA) and proteins (Greider and Blackburn 1987). They also cloned the 

telomerase RNA template gene for telomerase activity that specifies telomere sequences 

in Tetrahymena Thermophila (Greider and Blackburn 1989; Yu, Bradley et al. 1990). 

These pioneering works implicated that loss of DNA from telomeres due to the end-

replication problem could potentially be counteracted by telomerase activity to add a set 

of telomeric repeats, thus preventing it from losing genetic materials, which allows us to 

explain stable maintenance of genome after successive cell division in immortal cells and 

over many generations of organisms. In the other eukaryotic organisms, telomere 

sequences were identified such as in Saccharomyces cerevisiae as irregular tandem 

repeats of C1-3A (Shampay, Szostak et al. 1984). The human telomere sequences were 

also identified as tandem repeats of (TTAGGG)n (Moyzis, Buckingham et al. 1988; de 

Lange, Shiue et al. 1990). Furthermore, oligo-deoxynucleotides of TTAGGG repeats 

were hybridized in stringent condition to metaphase spreads of 91 different species, 

including representative orders of bony fishes, reptiles, amphibians, birds, and mammals. 

All the tested vertebrates were found to have (TTAGGG)n repeats at their telomeres 

(Meyne, Ratliff et al. 1989), indicating evolutionally conserved telomere sequences 

among all the vertebrate. 

In 1989, Greg Morin found telomerase activity in human tumor cell extract from 

Hela cells (Morin 1989). Now, it’s known that Hela cells have strong telomerase activity 

but at the time it was difficult to detect telomerase activity in other organisms or cell lines 

due to the low sensitivity of the telomeric terminal transferase assay. In 1994, Jerry Shay 
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and Woodring Wright reported development of a highly sensitive PCR-based assay for 

measuring telomerase activity, called the Telomere Repeat Amplification Protocol 

(TRAP) assay. This innovation allowed Shay and Wright to test many divergent human 

immortal and mortal cell lines and biopsies. It was found that all the tested cancer cell 

lines and ~85% of primary tumor biopsies showed telomerase activity yet all of the tested 

mortal cells did not show telomerase activity. This strong and specific association of 

telomerase activity with immortal cancers suggested that telomerase activity conferred 

cellular immortalization to cancers, drawing attention to telomerase as a prominent target 

for cancer therapy. This milestone report put telomere biology in the mainstream of 

cancer research and accelerated understanding telomere and telomerase by enticing many 

scientists to enter this new and exciting field of research.  

Michael West, a fellow in the Shay and Wright laboratory, founded a company 

called Geron in Menlo Park, California, focusing on research and development in 

telomere and telomerase for cancer therapy and rejuvenation. This company attracted 

people sharing a common interest in telomere and telomerase and supported 

collaborations with groups of scientists in the telomere field thus rapidly growing the 

knowledge about telomeres and telomerase. In 1995, a group of scientists from Geron 

cloned a RNA component of human telomerase gene (hTR) and specified an 11 

nucleotide template sequence (5’CUAACCCUAAC) for telomere elongation. hTRwas 

expressed in mortal and immortal cells, even though there was a subtle increase in hTR 

expression in immortal cells (Feng, Funk et al. 1995). A site directed-mutagenesis 

approach in the template region resulted in expected mutant telomere sequences. 

Furthermore, oligonucleotides were designed to the template region and resulted in 
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progressive telomere shortening and resulting cell death within 20-30 population 

doubling in Hela cells (Feng, Funk et al. 1995). In 1997, the catalytic protein component 

of telomerase, hTERT (human telomeric reverse transcriptase), was cloned by a group of 

scientists from Geron and Thomas Cech (Nakamura, Morin et al. 1997), and shortly 

afterwards by Robert Weinberg (Meyerson, Counter et al. 1997), and Murray Robinson 

(Harrington, Zhou et al. 1997). Thomas Cech revealed that based on sequence 

comparisons, hTERT phylogenically was similar to the reverse transcriptase family but 

yet was distinct from retroviral reverse transcriptase and retrotransposon relatives 

(Nakamura, Morin et al. 1997). Collaborative work with Geron, Shay and Wright were 

able to show that the telomerase activity was reconstituted in vitro by mixing the two 

components, hTR and hTERT, which were in vitro synthesized. This suggested that the 

two components hTR and hTERT were the minimal components of telomerase activity 

(Weinrich, Pruzan et al. 1997). 

Soon after human telomerase activity was observed in human immortal cancer 

cells (Hela cell) by Greg Morin (Morin 1989), Carol Greider and Calvin Harley 

hypothesized that in immortal human cells such as Hela cells, loss of telomeres due to the 

end replication problem had to be counteracted by de novo synthesis of telomeric repeats. 

Therefore, in mortal human cells, telomere may be progressively shortened with cellular 

aging. They found that serially cultured normal fibroblasts showed progressive 

shortening of telomere length (Harley, Futcher et al. 1990). This was the first 

experimental link between cellular aging and changes in telomere length in human cell 

culture system. However, this is just a correlation and it was not causal relation that 

telomere length limits cellular aging, known as replicative aging. At this point, the debate 
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became further heated if telomere shortening is the molecular cause of cellular mortality 

leading to an irreversible non-dividing state known as senescence.  

Shay and Wright answered the question. In 1998, they introduced hTERT gene in 

telomerase negative normal foreskin fibroblast and retinal pigment epithelial cells. In 

those cells, the other minimal component of telomerase, hTR, was known to be expressed 

but not the hTERT gene. Control cells, those without hTERT introduction, underwent a 

finite numbers of cell division (50-60 population doubling) and stopped growth and were 

identified by their senescence associated morphology and beta-gal staining. However, the 

cells with hTERT introduction reconstituted full telomerase activity in the normal cells 

and had far exceeded the number of cell divisions where control cells stopped dividing. 

In addition, the hTERT expressing cells showed progressive extension of telomere length 

and no sign of senescence (Bodnar, Ouellette et al. 1998). This landmark work finally 

ended the debate and concluded that telomere shortening is the molecular clock of 

cellular mortality and the limiting factor for cellular immortalization was reactivation of 

hTERT gene to reconstitute full telomerase activity in normal cells. This landmark work 

made more scientists especially in the aging and cancer field initiate more telomere 

biology research. 

There has been vast number of publications since the late 1990s reporting on the 

manipulation of telomerase for cellular immortalization studies (Kiyono, Foster et al. 

1998; Herbert, Wright et al. 2002; Ramirez, Sheridan et al. 2004), targeting hTR with 

oligonucleotides for therapeutic cancer research (Norton, Piatyszek et al. 1996; Norton, 

Heuzenroeder et al. 1996; Herbert, Pitts et al. 1999; Dikmen, Gellert et al. 2005; Herbert, 

Gellert et al. 2005). Finally, the oligonucleotides targeting telomerase, GRN163L or 
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Imetelstat, is currently in Phase II clinical trials for multiple myeloma, breast cancer and 

non small cell lung cancer.  

 

 

 

TELOMERASE AND CANCER 

 

Once the link between telomeres, telomerase, and immortalization was 

experimentally established, telomerase became the most exciting target for cancer 

therapy because of the exclusive expression in ~90% of cancers but not in most of normal 

tissues. This enabled us to expect minimal side-effect of the telomerase targeted therapy. 

However, there was a concern that targeting telomerase to limit cancer cell proliferation 

may also target highly proliferative normal cells such as hematopoietic stem cells and 

germ cells that do express some telomerase. However, most of telomerase positive cancer 

cells have short telomere length and rapid proliferation while those telomerase competent 

normal stem cells have long telomeres with slower rate of proliferation, making it 

possible to avoid major side effects of telomerase therapy  (Kim, Piatyszek et al. 1994).  

In 1992, Jerry Shay and Woodring Wright refined their two-stage mechanism 

controlling cellular senescence and immortalization, known as the Mortality stage 1 and 

Mortality stage 2 model (Wright and Shay 1992). In this model, normal cells continue to 

divide and gradually lose telomeres until a fraction of telomeres shortened enough to hit 

Mortality stage 1. At this point, cells stop dividing and undergo cellular senescence. This 

Mortality stage 1 can be bypassed by inactivating cell cycle checkpoints such as p53 and 
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p16/Rb pathways which allows cells to divide further until telomere length becomes 

critically shortened, reaching Mortality stage 2, also known as crisis. At this point, most 

of telomeres are critically shortened and cells undergo genomic instability and cell death 

through apoptosis with only a rare cell escaping crisis. This two-stage mechanism was 

proposed for explaining replicative aging that may also be considered to function as a 

tumor protection mechanism of normal cells preventing them from becoming malignant 

cancer cells. Because there is a limited number of cell division in normal cells, activation 

of telomerase allows bypassing the two-stage tumor protection mechanism. The 

immortalized cells then have more chances to accumulate more mutations throughout 

unlimited numbers of proliferation and result in development of more advanced cancer 

cells, details reviewed in Wright et al (Wright and Shay 2002). Thus, while telomerase 

activation is not oncogenic as it is usually consider, telomerase upregulation or 

reactivation may be permissive for cancer, thus permitting unlimited cells divisions for 

accumulation of random mutations during advanced cancer development. In addition, the 

process of crisis lead to genomic instability perhaps contributing to the chromosomal 

changes that almost always occur in tumor cells. Thus the M1 stage is likely to be a 

potent tumor suppressor mechanism but when cells accumulate a few changes, then the 

DNA damage signal from short telomeres is bypassed and telomere continue to shorten 

leading to genomic instability. One way to think about reactivation of telomerase is that 

process may actually slow down the rate of genomic instability permitting the emerging 

cancer cells to proliferate. 

In 1995, Hiyama and Shay had shown that telomerase activity in tumors could be 

in fact a hallmark for cancer development and could be a biomarker for prognosis. One 
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hundred advanced neuroblastoma samples were investigated and they found that tumors 

with high telomerase activity showed genetic alterations and unfavorable prognosis in the 

patients however, tumors with low telomerase activity showed no such genetic alterations 

and associated with favorable prognosis in the patients, furthermore, tumors with no 

telomerase activity showed regression of tumors (Hiyama, Hiyama et al. 1995). This 

work clearly showed that acquiring telomerase activity in tumors was a necessary step for 

further development of advanced cancer by bypassing the Mortality stage 1 and Mortality 

stage 2. 

 

 

 

TELOMERE ARCHITECTURE 

  

Human telomeres are a few thousands bases of 5’TTAGGG /3’AATCCC repeats 

and many proteins have been identified to be bound onto telomeric DNA sequences (de 

Lange 2005). Telomeres terminate with a few hundred bases of single G-overhang rather 

blunt-ended double stranded telomeric DNA. The 3’G-overhang is the priming site for de 

novo synthesis of telomere repeats by telomerase (Wellinger and Sen 1997; Wright, 

Tesmer et al. 1997; Greider 1999; Griffith, Comeau et al. 1999). Structural analysis on 

the terminal of telomeres revealed that the terminus did not exist as free ends rather the 3’ 

G-overhang looped back on itself and invaded into double-stranded regions of telomeres 

to form a lariat like structure called the T-loop (Griffith, Comeau et al. 1999). This loop 

structure is hypothesized to mask the free ends of telomeres from being recognized as 
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DNA double-strand break. For all eukaryotes that possess linear chromosomes, it is 

always a challenge to expose the free ends as they would be recognized as DNA damage 

thus, T-loop formation was hypothesized as evolutionally conserved structure in most if 

not all organisms.  

T-loop formation has been indeed shown in many organisms including Candida 

parapsilosis (Tomaska, Makhov et al. 2002), Oxytricha nova (Laporte and Thomas 1998; 

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

sativum (Cesare, Quinney et al. 2003), mouse and chicken (Nikitina and Woodcock 

2004).   

 The 3’ overhang has been thought to be required for the T-loop formation 

through invading back into the double stranded telomeres (Griffith, Comeau et al. 1999; 

Stansel, de Lange et al. 2001; de Lange 2005).  Therefore, it is an important question how 

the 3’ overhang is generated. Semi-conservative DNA replication machinery copies 

parental strands and synthesizes two complimentary daughter strands by leading and 

lagging strand synthesis and produces hybrids of parental and daughter strands. The DNA 

replication machinery loaded at each DNA replication fork is able to unwind the parental 

strands in the 5’ to 3’ direction and synthesize the two daughter strands simultaneously. 

Leading strand synthesis continuously proceeds in same direction as the DNA replication 

complex moves. However, lagging strand synthesis proceeds in the opposite direction of 

DNA replication machinery. As a DNA replication folks move along, there are new 

priming sites for lagging strand synthesis and discontinuously synthesizing fragments of 

lagging strands (fig1.1). When the DNA machinery reaches the end of telomeres, the 

lagging strand spontaneously produces an overhang due to marginotomy effect as 
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Olovnikov predicted (Olovnikov 1973) which causes telomere shortening while leading 

strand initially produces blunt end and is hypothesized to process the 5’ end to produce 3’ 

G overhang by still unidentified exonuclease or endonuclease activity. While progress is 

being made, identification of the factors involved in the 5’ telomere end processing on 

the leading strand remains elusive.   

 

 

Figure 1.1- DNA replication at telomeres and 3’ G-overhang generation. DNA 
replication machinery unwinds in 5’ to 3’ direction. Leading strand synthesis 
continuously reaches to the end of telomere in same direction as DNA replication 
machinery and producing blunt end. Discontinuous Okazaki fragments are synthesized in 
opposite direction as DNA replication machinery moves to the end. Lagging strands 
synthesis is delayed and producing 3’ G-overhang due to marginotomy effect.  
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Chai and Wright developed a method to measure the 3’overhang length and 

determined that the newly synthesized lagging daughter overhang was longer than the 

daughter leading overhang in normal cells (Chai, Du et al. 2006). They also showed that 

there was no change in the 3’overhang size in senescent human normal cells versus early 

passage cells (Chai, Shay et al. 2005). Later, Zhao and Wright developed a refined 

method to measure 3’ overhang length and shown a more consistent result (Zhao, 

Hoshiyama et al. 2008). They further found that telomerase acted on the overhang 

throughout S-phase in human cancer cells and changed its size dynamically throughout S 

phase (Zhao, Sfeir et al. 2009). In their report, telomeres were first extended by 

telomerase throughout S phase but filling-in the gap by lagging strand synthesis was 

delayed until the late stage of S phase.  
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THE PROTEIN COMPONENTS OF MAMMALIAN TELOMERES 

 

The shelterin complex consist of six core members proteins, TRF1, TRF2, POT1, 

TPP1, RAP1 and TIN2, and are hypothesized as key regulators of telomere protection, T-

loop formation, and telomere length regulation. Direct binding onto double stranded 

telomere sequences are accomplished by TRF1 and TRF2 through their common Myb 

domain. POT1 also directly binds to single strand telomere sequences but not onto double 

strand telomeres. TIN2, TPP1, and Rap1 are bound through the proteins directly bound 

on telomere sequences and forms higher order telomere structures, which might facilitate 

formation of T-loop. The higher order of telomere structure is believed to function for 

protecting the chromosome ends from DNA damage checkpoints, regulating the telomere 

length, and recruiting telomerase on telomeres (Smogorzewska and de Lange 2004; de 

Lange 2005; Nishiyama and Ishikawa 2006).    

TRF1(Telomere Repeat Factor1) was identified as the first human telomere 

binding proteins and functions as a homodimer through a dimerization domain (Zhong, 

Shiue et al. 1992). Two Myb domains at the carboxyl terminal bind with great specificity 

to double-stranded telomere sequences (Bianchi, Smith et al. 1997; Bianchi, Stansel et al. 

1999). Human TRF1 has an isoform coding for 20 amino acid smaller full length TRF1 

and was identified as PIN2 (Shen, Haggblom et al. 1997). The dimerized TRF1 is 

hypothesized to induce telomere T-loop formation through structurally bending the 

telomeres backward onto itself (Bianchi, Smith et al. 1997). TRF1 plays a critical role in 

telomere length homeostasis as a negative regulator. Overexpression of full length TRF1 
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causes gradual loss of telomere length in telomerase positive cells while overexpression 

of the dominant negative form of TRF1, which lacks telomere binding domains and 

scavenges endogenous TRF1 through dimerization from the telomere, caused a gradual 

increases in telomere length in telomerase positive cancer cells (van Steensel and de 

Lange 1997; Smogorzewska, van Steensel et al. 2000). Telomere length maintenance 

over many proliferations is often observed in human cancer cells but how telomere length 

is stabilized was unknown. Therefore, TRF1 is hypothesized as a negative regulator of 

telomere length homeostasis, probably by structurally limiting telomerase access to the 

telomere. In yeast, TRF1 is the basis for “counting” in which the numbers of 

TRF1molecules localized on telomeres determine if telomeres are to be extended or not 

(Shore and Bianchi 2009). Deletion of TRF1 in the mouse is embryonic lethal (Karlseder, 

Kachatrian et al. 2003) and thus conditional knockout of TRF1 was generated (Sfeir, 

Kosiyatrakul et al. 2009). Mouse embryonic fibroblasts were isolated and loss of TRF1 

affected the DNA replication machinery during telomere replication leading to frequent 

telomere breakages and activation of ATR-dependent DNA damage checkpoints (Sfeir, 

Kosiyatrakul et al. 2009). The cells underwent senescence after a few doubling regardless 

of whether the cells had long telomeres length, indicating that TRF1 has an additional 

function in stabilizing telomere during DNA replication.       

Another double-stranded telomere DNA binding protein was identified by its 

sequence homology (Broccoli, Smogorzewska et al. 1997). Despite the sequence 

homology, the function of the TRF2 is distinct from TRF1. The key role of TRF2 is to 

protect the telomere end from the DNA damage response (Celli and de Lange 2005). 

Overexpression of a dominant negative human TRF2 led to the complete loss of G-
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overhang on 50% of the chromosome ends producing massive chromosomal instability, 

increasing end-end fusions, ATM and p53 dependent apoptosis or senescence (van 

Steensel, Smogorzewska et al. 1998; Karlseder, Broccoli et al. 1999) and a DNA damage 

response marked by accumulation of TIFs (telomere induced foci) that are observed by 

co-localization of telomere binding proteins with DNA damage proteins (Takai, 

Smogorzewska et al. 2003). Massive chromosomal fusions were observed in an ATM 

dependent manner upon conditional loss of TRF2 in the mouse (Denchi and de Lange 

2007), indicating that TRF2 masks the telomeres from the DNA damage response 

pathways. 

TIN2 forms a bridge between TRF1 and TRF2 to stabilize the shelterin complex 

and regulate telomere length in telomerase positive cells through mediating TRF1 

localization on telomeres (Kim, Kaminker et al. 1999). TIN2 works like a lock to help 

TRF1 and TRF2 stay attached to telomeres and protects it from tankyrase driven 

degradation. TIN2 overexpression leads to telomere shortening in telomerase positive 

cells probably due to the accumulation of six member complex on telomeres (Ye and de 

Lange 2004; Ye, Donigian et al. 2004).  TPP1 (PTOP/PIP1/TINT1) is another member of 

the six-member complex. TPP1 is also required to bridge the TRF1 and TRF2 through 

stabilizing the TIN2-TRF1-TRF2 complex (O'Connor, Safari et al. 2006). TPP1 also 

binds to Pot1 to recruit telomerase (Xin, Liu et al. 2007). Reduction of TPP1 level leads 

to a telomere elongation phenotype (Houghtaling, Cuttonaro et al. 2004) (Ye, 

Hockemeyer et al. 2004). Thus, TPP1 is a positive effector for telomerase recruitment. 

Human RAP1 is found as a homologue of yeast Rap1. Human RAP1 has a domain that 

interacts with TRF2 and contains the nuclear localization signal and a Myb domain. 
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Unlike the yeast protein, human Rap1 does not use its Myb domain to directly bind to 

double-strand telomere DNA. Rather, RAP1 localizes to telomeres through TRF2 

binding. RAP1 may play a role in telomere-length heterogeneity, whereby overexpressing 

mutants lacking the Myb domain decreases the overall heterogeneity of telomeres (Li, 

Oestreich et al. 2000; Li and de Lange 2003).  

 POT1 (Protection of Telomere 1) is the protein that binds to single stranded 

telomere overhangs. Several heterogeneous nuclear ribonucleoproteins (hnRNPs) have 

also been shown to bind to telomere G-overhang (Ishikawa, Matunis et al. 1993), but they 

are not members of shelterin complex. POT1 is a member of six-member protein 

complex (Baumann and Cech 2001) and identified by sequence homology with the ciliate 

telomere binding protein, TEBPα. POT1 has an OB fold domain that binds specifically to 

the telomere G-overhang. The crystal structure of POT1 showed that the OB fold binds 

firmly to the 5’ TAGGGTTAG 3’sequences (Lei, Baumann et al. 2002; Lei, Podell et al. 

2003; Lei, Podell et al. 2004). POT1 is a part of the shelterin complex through binding to 

TPP1, which binds to TIN2-TRF1-TRF2 complex (Houghtaling, Cuttonaro et al. 2004). 

Knockdown of POT1 in human result in randomization of last base in C-strand, 

indicating POT1 play a role in regulating proper end-processing at telomere 

(Hockemeyer, Sfeir et al. 2005). In the mouse, loss of POT1 causes DNA damage signal 

at telomeres which co-localize with many DNA damage response proteins and induce 

ATR-dependent massive chromosome fusions (Denchi and de Lange 2007). This 

indicates that POT1 plays a critical role in telomere protection at the telomere overhang.  
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TELOMERASE AS RIBONUCLEOPROTEINS 

  

Telomerase is a holoenzyme to counteract erosion at telomeres due to the end-

replication problem. Telomerase minimally consists of the catalytic components hTERT 

(human telomerase reverse transcriptase) and structural RNA template hTR (human 

telomerase RNA), serving as template for de novo addition of telomeric repeats 

(Weinrich, Pruzan et al. 1997). Telomerase RNA is conserved in a variety of eukaryotes 

but structurally is very divergent among those organisms. In all vertebrates that have 

TTAGGG repeats at telomeres, 11bp template regions for telomere extension is well 

conserved regardless of the divergent size and structure in their telomerase RNA (Chen 

and Greider 2003). Sequence homology analysis of TERT (telomerase reverse 

transcriptase) mapped in the same lineage as the reverse transcriptase family yet distinct 

from retroviral reverse transcriptases and retotransposon relatives, indicating that 

eukaryotic TERT are phylogenetically conserved and represent a deep branch in the 

evolution of reverse transcriptases (Nakamura, Morin et al. 1997). In humans, hTERT is 

the limiting factor to gain functional telomerase activity in normal cells, thus it assumes 

that all the necessary proteins are endogenously expressed. Many proteins have been 

identified to be associated with telomerase complex and some indicated functional roles 

(Table1.1).  

For successful telomere extension, there are numbers of unknown mechanisms in 

telomerase actions. In cancer cells, hTERT mRNA undergoes alternative splicing and 
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produce only a few molecules of functional hTERT proteins per cell (Yi, Shay et al. 

2001). However, it is unknown how the small amount of hTERT proteins obtains strong 

telomerase activity and maintains telomere length during each cell cycle. It is 

hypothesized that the small amount of the hTERT needs to be assembled as a complex 

with known factors such as snoRNAs, hTR, Dyskerin, and other unknown proteins in 

nucleoli where a majority of structural RNAs properly fold. It is unknown how the 

assembled telomerase molecules are efficiently transported to short telomeres. There are 

many unknown mechanisms in these processes. When cancer cells are treated with a 

telomerase inhibitor for long time, this resulted in the gradual loss of telomere length. 

However, removing the telomerase inhibitor resulted in maintenance of the short 

telomere length for a while followed by rapid extension of telomere length and sometime 

even exceeded the original telomere length (unpublished data), indicating cross-talk 

between telomeres and telomerase for efficient recruitment of telomerase. In theory, 

telomere length regulation is accomplished at the telomere level, in which the length of 

time for one telomerase action and how much (quantity of functional telomerase) one 

telomere allows for telomerase accession (Nishiyama and Ishikawa 2006) is still not 

clearly understood.  

Table 1.1 below summarizes all the proteins identified to be associated with the 

telomerase complex. Some proteins have been shown to play functional roles in detailed 

mechanisms however, most of proteins were identified as physical partners of telomerase 

and thus functional roles of those proteins still remain elusive. 

 

 



20 

 

 

Associated Protein Binding Partner  Journal Reference 

   

hTEP1 

PKCα 

Dyskerin 

hTR 

hTERT 

hTR 

(Harrington, McPhail et al. 1997) 

(Li, Zhao et al. 1998) 

(Mitchell, Wood et al. 1999) 

P23 hTERT (Holt, Aisner et al. 1999) 

 

Hsp90 

 

hTERT 

(Forsythe, Jarvis et al. 2001) 

(Holt, Aisner et al. 1999) 

 

 

P53 

 

 

hTEP1 

(Forsythe, Jarvis et al. 2001) 

(Keppler, Grady et al. 2006) 

(Li, Cao et al. 1999) 

hStau hTR (Le, Sternglanz et al. 2000) 

L22 hTR (Le, Sternglanz et al. 2000) 

14-3-3 hTERT (Seimiya, Sawada et al. 2000) 

c-Abl hTERT (Kharbanda, Kumar et al. 2000) 

hGar1 hTR (Dragon, Pogacic et al. 2000) 

hNHP2 hTR (Pogacic, Dragon et al. 2000) 

hNOP10 hTR (Pogacic, Dragon et al. 2000) 

hnRNP C1 hTR (Ford, Suh et al. 2000) 

hnRNP C2 hTR (Ford, Suh et al. 2000) 

La 

PinX1 

hTR 

hTERT 

(Ford, Shay et al. 2001) 

(Zhou and Lu 2001) 

  (Banik and Counter 2004) 

SMN hTERT (Bachand, Boisvert et al. 2002) 

Ku70 hTERT (Chai, Ford et al. 2002) 

 hTR (Ting, Yu et al. 2005) 

Ku80 hTERT (Chai, Ford et al. 2002) 

 hTR (Ting, Yu et al. 2005) 
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hEST1A 

 

CRM1 

RNP 

 

hTERT 

(Reichenbach, Hoss et al. 2003) 

(Snow, Erdmann et al. 2003) 

(Haendeler, Hoffmann et al. 2003) 

Ran 

VPARP 

KIP 

nucleolin 

MKRN1 

hTERT 

hTEP1 

hTERT 

hTERT 

hTERT 

(Haendeler, Hoffmann et al. 2003) 

(Liu, Snow et al. 2004) 

(Lee, Yu et al. 2004) 

(Khurts, Masutomi et al. 2004) 

(Kim, Park et al. 2005) 

SmB 

SmD3 

hnRNP A1 

hNaf1 

hPif1 

TCAB1 

SMARCA4 

RUVBL1 

RUVBL2 

hTR 

hTR 

RNP 

hTR 

hTERT 

hTR 

hTERT 

hTERT 

hTERT 

(Fu and Collins 2006) 

(Fu and Collins 2006) 

(Zhang, Manche et al. 2006) 

(Hoareau-Aveilla, Bonoli et al. 2006) 

(Mateyak and Zakian 2006) 

(Venteicher, Abreu et al. 2009) 

(Park, Venteicher et al. 2009) 

(Venteicher, Meng et al. 2008) 

(Venteicher, Meng et al. 2008) 

Table 1.1- Summary of proteins associated with telomerase complex. Some proteins 
are well understood as a part of functional telomerase complex. However, some proteins 
are still uncertain for functional role in telomerase action.  
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CHAPTER TWO 
 
 

ESTABLISHMENT OF INDUCIBLE TELOMERASE CELLS  

 
ABSTRACT 

 
 

The minimal components of telomerase are the human telomerase reverse 

transcriptase (hTERT) and the human telomerase template RNA (hTR). Although it is 

known that both components are minimally sufficient to reconstitute telomerase activity 

(Weinrich, Pruzan et al. 1997), the factors involved in any of the multiple steps of 

telomerase action such as telomerase assembly, telomerase recruitment to telomeres, and 

telomere extension/regulation are not well understood.  A large number of proteins 

associate with telomerase (Table1.1), yet the functional role of those proteins in the 

pathways are not well understood. Identifying novel proteins and pathways involved in 

any of these important telomerase-associated functions will be useful for identifying new 

targets for the development of novel inhibitors that block telomerase function in cancer 

cells.  Therefore, my goal was to develop methods to dissect these molecular pathways 

and identify functional factors involved in any step of telomerase actions. To accomplish 

this, I designed a selective screening system by exploiting lentiviral shRNA libraries and 

tetracycline inducible-hTERT cell lines that is hTR deficient but expressing mutant hTR.   

Mutant hTR expression in hTERT positive cells has been shown to cause toxicity in cells 

and cell death through mutant sequence incorporation at telomeres. Thus, the strategy of 

the screening is a “synthetic rescue”, to rescue the cell death due to mutant sequence 
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incorporation at telomere by reducing gene expression with lentiviral shRNA libraries. If 

a gene is important in the any steps of telomerase actions, reduction of gene expression 

should reduce rate of mutant telomere incorporation thus allows cells to survive in toxic 

conditions. The surviving population of cells is then analyzed by microarray/mass 

parallel sequencing to identify which gene with reduced expression rescued the toxic 

phenotype and cell death. This allows us to look a set of genes involved in pathways 

involved in functional aspects of telomerase actions, not based on structural associations.  

During the work, I have established multiple lines of inducible-hTERT cells to 

utilize in this selective screening system. I have also developed a method for rapid 

construction of high-complexity custom shRNA libraries for targeted screening. I have 

also re-evaluate hundreds of primary candidate genes to narrow down to a smaller 

number of secondary candidate genes by removing false positives. In order to analyze the 

pooled shRNA screening result, I have developed a method for quantitative identification 

of half-hairpins from a pooled shRNA library based on the pGIPZ vector. Introducing 

multiplexing codes and refining sample preparation schemes resulted in the predicted 

ability to detect two-fold enrichments followed by massive parallel sequencing. 

Development of those methods allowed me to identify several candidate proteins, which 

may be involved in telomerase actions. 
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INTRODUCTION 

 

In 1990, just after telomerase activity was first discovered in Tetrahymena 

thermophila by Elizabeth Blackburn, she also cloned telomerase RNA gene in 

Tetrahymena thermophila (Yu, Bradley et al. 1990). To show that the gene was indeed a 

part of the telomerase ribonucleoprotein, she introduced site-directed mutations in 

template region of the telomerase RNA gene and found expected mutant sequence 

incorporation with three different mutant telomerase RNA constructs. She also found that 

all the cells with mutant telomerase RNA constructs showed toxic phenotypes, enlarged 

cells containing  enlarged and irregular nuclear shape, failure of mitosis, and eventual cell 

death (Yu, Bradley et al. 1990). She described them as monster cells.  

In 2004, she further tested this phenomenon in human cancer cells by using 

human telomerase positive cells and VA13 ALT cells, which lacks both of human 

telomerase RNA (hTR) and human telomerase reverse transcriptase (hTERT) expression.  

Two mutant telomerase RNA (Mut-hTR) constructs, in which incorporated sequences 

would be TTTGGG and TATATA instead of TTAGGG, were tested and found to lead to 

rapid growth arrest and cell death in telomerase positive cancer cells but which had no 

effect on cell growth in VA13 cells. However, when hTERT is co-expressed with Mut-

hTR construct in VA13 cells, the cells showed a rapid cell cycle arrest and cell death, 

indicating that introduction of hTERT and Mut-hTR is sufficient to cause rapid cellular 

toxicity and cell death. All the toxic phenotypes were independent of p53 checkpoint 

status, indicating the mutant telomere incorporation act through distinct pathways to cell 
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death (Liu, Wang et al. 2004). VA13 ALT cells have been immortalized by introduction 

of SV40 Large T antigen by blocking many parts of the cellular cell cycle and DNA 

damage checkpoints such as p53 and Rb. VA13 cell is one of the rare ALT cell lines, 

immortalized without telomerase activation yet possessing homologous recombination 

activity to maintain telomere length (Ford, Zou et al. 2001). Ford et al introduced hTERT 

and hTR in VA13 cells and showed that the coexisting of two mechanisms of telomere 

maintenance resulted in inhibition of recombination mechanism. Fig 2.1 summarized the 

combinational effect of hTERT, hTR, and resulting cellular phenotype.  

 

 

Figure 2.1- Summary of the combinational effect of hTERT, hTR, and resulting 
cellular phenotype. Normal cells are immortalized by introduction hTERT. VA13 cells 
showed no effect on cellular toxicity upon mutant hTR introduction only. However, once 
hTERT was co-introduced, the cells showed severe growth defect. 
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Based on these observations, I proposed to manipulate the VA13 cells to 

selectively kill the cells by inducing hTERT with constitutive expression of Mut-hTR 

gene, but the cells grow normally when hTERT is not expressed. We designed the system 

in VA13 cells, in which hTERT expression is regulated by Tet-on inducible hTERT 

construct (fig2.2). 

 

 

 

Figure 2.2- Scheme for inducible-hTERT system with constitutive expression of 
mutant hTR in VA13 cells. In this system, the cells normally grow when hTERT is not 
induced yet the cells undergo severe growth arrest and cell death when hTERT is 
induced.   
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RESULTS 

 

We designed the system in VA13 cells, in which hTERT expression is regulated 

by Tet-on inducible hTERT construct. In the system, we needed three stable vectors for 

strict regulation of hTERT transcription as shown in Figure 2.3.  

 

 

Figure 2.3- Scheme for establishment of inducible hTERT expression system.  
In this system, there are independent and stable expressions of three genes; Reverse 
Transactivator (reTA), Transcriptional Silencer (rTS), and Tetracycline Regulated 
Expression of hTERT (TRE_hTERT). In presence of Doxycycline, a chemical in 
tetracycline family with higher binding affinity, it binds to reTA and retains strong 
binding to Tet Operator region (TetO), located upstream of CMV-minimal promoter, and 
activate hTERT transcription. In absence of Doxycycline, rTS competitively binds to 
TetO with reTA and suppresses leaky expression of hTERT genes.  
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In this system, it is required to have three vectors stably expressed in cells. 

hTERT transcription is regulated by Tet-operater (Tet-O) region followed by CMV-

minimal promoter. To activate hTERT transcription, reverse transactivator (reTA) needs 

to bind on the Tet-O region, yet reTA binding affinity is weak in absence of Doxycycline 

(Dox), a chemical in the tetracycline family, as shown on left side of Figure 2.3. Once 

Dox is added in the culture medium, Dox binds to reTA and retains strong affinity to the 

Tet-O region thus activates hTERT transcription. In the Tet-on inducible transcription 

system, a major problem, in general, is leaky expression of the regulated gene thus it is 

better to have a system to prevent the leaky gene expression by introducing 

Transcriptional Silencer (rTS) if leaky expression of the gene influences a sensitive 

biological phenotype. In the absence of Dox, rTS competitively binds for Tet-O site over 

reTA to repress the leaky gene expression. However, once Dox is added, reTA-Dox 

complex has higher binding affinity to the Tet-O site over the rTS binding affinity.  

 To accomplish the scheme to establish inducible-hTERT cell line with VA13 

cells, I first infected reTA lentivial vector in VA13 cells and isolated clones in order to 

obtain good clones of reTA, the switch for gene regulation. Each clone was then 

separated into 3 plates of 96 well plates with exact location in the 96 plates as replica 

plates shown in Figure 2.4.  
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Figure 2.4- Selection system for isolating clones with good inducible transcription. 
Since reTA does not have any mammalian selectable marker, it was required to isolating 
clones. In the process, 3 replica plates were made and two plates were tested for selection 
for good inducible transcription. Lentiviral Tetracycline Regulated Expression of eGFP 
(TRE_eGFP) is infected in the two plates with or without Doxycycline to quickly scan 
which clones had reTA expression sufficient to express TRE-eGFP only in presence of 
doxycycline. 
 

Two plates were infected further with lentiviral Tet-on inducible eGFP to see 

which clones show good inducible expression of tetracycline regulated eGFP (TRE-

eGFP) under the fluorescent microscope, in other words, which clone showed good reTA 

expression. Nine clones were found to have strong GFP expression in the presence of 

Dox, yet two clones out of the nine clones were also expressed strongly in absence of 

Dox, indicating non-specific expression of eGFP. Therefore, I obtained 7 clones showing 
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strong GFP expression in presence of Dox but weak or no GFP expression in absence of 

Dox.  

The seven clones were then tested for diminishing GFP from the +Dox to –Dox 

condition to see which clones displayed good switching from on-to-off. Figure2.5 shows 

one example of a good clone diminishing GFP upon removal of Dox. Clone G07 shows 

greatly diminished GFP signal upon loss of Dox but expression of GFP in presence of 

Dox as shown in Figure 2.5. 

 

 

Figure 2.5- An example of good inducible clones. An example of clones showed 
diminishing TRE_eGFP expression by switching culturing condition from with 
Doxycycline to without Doxycycline. G7 clone was cultured in presence of Doxycycline 
for a week and changed the culture condition in without Doxycycline as Day 0. After 11 
days and 14 days, most of GFP signal was gone but there were still some weak 
expression of GFP observed. 
 

After identifying the seven clones, I went back to the replica stock plate to 

expand those clones for further tests. After these analyses, the G7 clone was chosen for 

further establishment of a cell line to use in the screening assays. Lentiviral Tet-on 

hTERT (TRE_hTERT) is next infected in the G7 clone. The growth curve was not 

affected upon introduction of hTERT both in the presence and absence of Dox and RT-
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PCR analysis showed no expression of the hTR gene in G7+hTERT and the parental cells 

(fig 2.6). 

 

 

Figure 2.6- hTERT introduction does not affect growth curve in G7 clone and VA13 
cells. In G7 clone, lentiviral TRE_hTERT was stably infected and selected and cultured 
for long term in order to investigate an effect of hTERT on growth curve. Those cells 
were also tested for RT-PCR of hTR expression and found no expression of endogenous 
hTR gene in the G7 clone.  
 

The population of G7+TRE_hTERT cells were manipulated to express the 

transcriptional silencer (rTS) followed by introduction of hTR gene to investigate the 

effect of rTS on telomerase gene expression by telomeric repeat amplification protocol 

(TRAP) assay, which requires expression of both hTERT and hTR gene.  
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Figure 2.7- Transcriptional Silencer (rTS) suppressed leaky expression of TRE-
hTERT. TRAP is performed in two population of cells, G7+TRE_hTERT+hTR 
(TTAGGG) and G7+TRE_hTERT+rTS+hTR(TTAGGG). Cell lyses of those 100,000 
cells were serially diluted to have 1000, 100, and 10 cells and compared the relative 
telomerase activity.    
 

Introduction of rTS effectively suppressed telomerase activity only in absence of 

Dox, but telomerase activity was not affected in the presence of Dox, indicating that 

leaky expression of TRE_hTERT is suppressed by rTS (fig 2.7). Even though there is a 

significant difference in telomerase activity upon rTS introduction, there is still a small 

amount of residual telomerase activity in absence of Dox. This indicates that the 

population of cells had variable expression of hTERT and rTS, thus it was necessary to 

next isolate and identify clones with good inducible expression of telomerase. 
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 Among the population of cells, G7+TRE_hTERT+rTS+hTR(TTAGGG), I 

isolated clones and identified some with a great induction of telomerase activity. 

Quantitative Polymerase Chain Reaction (Q-PCR) analysis showed that H2-9 and H2-11 

clones, that were cultured in varying Dox concentrations for one week demonstrated  

transcription of hTERT increased with increasing Dox concentrations ranging from 

0.001ug/ml and saturated after 0.1ug/ml concentration (fig 2.8). TRAP assay was also 

performed to see minimal activity in –Dox condition and maximal activity in +Dox 

(1.0ug/ml) of telomerase. Importantly, there was no or little (~1%) telomerase activity in 

–Dox condition and almost equal telomerase activity of H1299 cancer cells respectively 

when +Dox conditions were used (fig 2.8). 

 

Figure 2.8- H2-9 and H2-11 showed great inducible telomerase expression. 
Quantitative Polymerase Chain Reaction (Q-PCR) analysis showed that both of H2-9 and 
H2-11 clones showed dosage-dependent transcription of hTERT transcript with varying 
concentration of Doxycycline. TRAP assay showed a strong telomerase activity in 
presence of Doxycycline (1.0ug/ml) but no or very little (~1%) telomerase activity in 
absence of Doxycycline.    
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The two clones were cultured for ~ 40 days to investigate effects of differential 

telomerase expression on growth curves and its resulting telomere length changes. Two 

clones were serially cultured either in 0ug/ml and 1.0ug/ml of Dox and found that there 

was no change in growth curve. Telomere length was so long, more than ~20kb, so it was 

difficult to observe the change upon differential telomerase expression, which comes 

from parental cell line, VA13 cell, known to have long telomere length. 

 

Figure 2.9- H2-9 and H2-11 clones showed no change in growth curve in presence 
and absence of telomerase. H2-9 and H2-11 were cultured for ~40days to see the effect 
of telomerase expression on growth curve and resulting telomere length change. Growth 
curve was not affected in presence (+Dox) and absence (-Dox) of telomerase expression. 
Telomere length was so long and was not able to determine a change in telomere length 
by differential expression of telomerase.  
 

Having successfully isolated inducible telomerase clones with wildtype hTR 

from the parental population of cells, G7+TRE_hTERT+rTS, next I need to isolate clones 

with mutant hTR instead of wildtype hTR. The next step was to infect Mt-hTR in the 

population of cells and to isolate clones to show toxic phenotype in presence of Dox but 
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normal cell growth in absence of Dox. Prior to the step, I needed to know which mutant 

telomere sequences incorporation gives what degree of toxic growth phenotypes. 

Collaborating with Sierra Sciences, a biotechnology company located in Reno Nevada, 

preliminary experimental testing for different mutant sequences identified CTAGCG 

sequences with most severe growth defect in hTERT positive cancer cells, UMUC3, in 

Table2.1 highlighted in gray. Based on the expected sequence incorporation by the 

different mutant hTR gene, it was predicted for “bases that annealed during first 

priming”, which is how many bases are overlapped to the native 3’ telomere overhang to 

telomerase priming for telomere extension, and “fold back” that is the possibility of self-

complementary hybridization by the incorporated mutant sequences itself.  

 

Mutant 
Telomere 
Sequences 

Bases annealed 
during first priming 

Fold Back PD’s per day 

TTAGGG 5 No 0.79 
TATATA 1 Yes 0.79 
CCCGGG 2 Yes 0.74 
TTAGCG 5 No 0.68 
TTAATA 3 Yes 0.66 
TTTGCG 4 No 0.57 
TTTGGG 4 No 0.51 
CTAGCG 4 Yes 0.20 

 
Table 2.1- Test of different mutant telomerase RNA gene for cell growth.  
In UMUC3 cancer cells, a telomerase positive cell line, the various mutant hTR genes are 
introduced and measured population doublings per a day. Bases annealed during first 
priming is how many bases of those hTR genes are first aligned to the native 3’ overhang 
of the telomere, TTAGGG. Fold back is the possibility in which those incorporated 
mutant telomere sequences is self-complementary. 
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Based on the preliminary result, I repeated two mutant hTR genes, TTTGGG and 

CTACGC, in normal foreskin fibroblast, BJ cell, with ectopic expression of hTERT, in 

which the cells retain strong telomerase activity with intact check point and normal 

karyotype. At day 0, two genes were stably infected and continuously cultured for 17 

days. There was a dramatic growth defect in CTAGCG compared to TTTGGG, which 

showed the second most toxicity in our previous test. Thus, after repeating the 

preliminary result, Idecided to use the most toxic Mut-hTR (CTAGCG) construct for 

further establishment of the cell line. 

 

 

Figure 2.10- CTAGCG mutant hTR gene is comparably toxic to telomerase positive 
normal BJ cell. BJ cells with ectopic expression of hTERT was infected with two 
different mutant hTR genes, TTTGGG and CTAGCG, and found that CTAGCG hTR 
gene introduction was comparably toxic to the cells. 
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With the population of G7+TRE_hTERT and G7+TRE_hTERT+rTS, we 

infected the lentiviral wild type hTR gene and mutant hTR gene, which incorporated the 

mutant sequence CTAGCG instead of TTAGGG. Wildtype hTR populations showed a 

slight increase in cellular growth in presence of telomerase (+Dox) over in absence of 

telomerase (-Dox) (fig 2.11). This observation was observed in both of G7+TRE_hTERT 

population and G7+TRE_hTERT+rTS population. However, there was a severe growth 

defect in mutant hTR (CTAGCG) population only in the presence of telomerase but not 

in absence of telomerase. This observation was seen in both the G7+TRE_hTERT 

population and the G7+TRE_hTERT+rTS population. This selective cellular toxicity 

upon telomerase expression indicated that the mutant telomere sequence was 

incorporated in conjunction with induced telomerase activity but no toxicity in absence of 

telomerase activity (fig 2.11). Even though there were significant changes in the growth 

curve, the difference diminished after culturing those 3 weeks, indicating that there were 

variations of toxicity in the population of cells. Therefore, I needed to isolate clones and 

identify which clones were most suitable for my screening purposes. 
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Figure 2.11- CTAGCG mutant hTR gene showed toxic phenotype in population of 
inducible hTERT cells only in presence of telomerase. Lentiviral wildtype hTR gene 
(TTAGGG) and mutant hTR gene (CTAGCG) were stably infected in the two 
populations of cells, G7+TRE_hTERT and G7+TRE_hTERT+rTS, and cultured in 
presence of telomerase (Red line) and in absence of telomerase (Black line). Wildtype 
hTR populations showed a slight improvement in cell growth in presence of Telomerase 
(+Dox) over in absence of telomerase (-Dox). However, there was a significant difference 
in cellular growth in the two conditions in the CTAGCG population of cells. 
 

 

I have isolated clones from the population of G7+TRE_hTERT+rTS+Mut-hTR 

(CTAGCG) grown in the absence of telomerase (-Dox) otherwise they would die. The 

clones were then grown in +Dox and –Dox conditions to find which clones showed 

selectable cellular toxicity phenotype upon telomerase expression. Among the 24 clones, 

I isolated two clones showing such a phenotype (fig 2.12), clone C2X and B4, named by 

their 24 wells plate ID.  

I have also tried to isolate clones from the population of G7+TRE_hTERT+Mut-

hTR(CTAGCG) population but no clones showed the selective cellular toxicity only in 

presence of telomerase (+Dox), indicating that the Transcriptional Silencer (rTS) played 
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an important role in the phenotype identification. These two clones were cultured for ~30 

days either in presence of Dox or in absence of Dox and found that they started showing 

cellular toxicity after 10 ~ 12 days of Dox treatment (fig 2.12). Even though these growth 

curve looks flat or a slight drop in population doubling, this does not mean that all the 

cells stop dividing rather that subpopulations of cells in both clones are continuously 

dying and some slowly surviving and thus overall growth curve looks unchanged or 

slightly decreased, indicating that cellular toxicity does not happen equally even within 

the clones.  

 

 

Figure 2.12- Identification of C2X and B4 clones showing conditional cellular 
toxicity upon telomerase induction. 24 clones were isolated from the population of 
G7+TRE_hTERT+rTS+Mut-hTERT(CTAGCG) grown without telomerase induction (-
Dox). Two clones, C2X and B4, were identified to show conditional cellular toxicity only 
when telomerase is induced (+Dox) but grow normally in absence of telomerase (-Dox). 
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The two clones were further analyzed to validate that they are indeed inducible 

hTERT clones and that the toxicity depended on telomerase expression. Q-PCR analysis 

of the two clones was first tested for basal level of hTERT transcription. The two clones 

were cultured in absence of Dox unless indicated in future experiments. It was found that 

basal hTERT transcription was not completely repressed in absence of Dox in both 

clones. C2X clone and B4 clone showed 21~2 fold (2 ~ 4 fold) decreased level and 23 fold 

(~8 fold) decreased level of hTERT respectively, compared to hTERT transcription level 

in Hela cells, a telomerase positive cancer cell (fig 2.13). Hela cells have usually Ct value 

of 35, which is very low in general, and C2X and B4 clones express considerably less 

than those amount.  

Two clones were then cultured in various concentration of Dox for a week. Q-

PCR analysis on hTERT further revealed that both clones showed dose-dependent 

hTERT transcription with varying concentration of Dox (fig 2.13). From the lowest 

(0.001ug/ml) to the highest (1.0ug/ml) concentration of Dox, hTERT transcription was 

increased with increasing the Dox concentration and but did not further increase after 

0.1ug/ml concentration of Dox and there was approximately 210 fold change (~1,000,000 

fold change) of hTERT transcription between the lowest to the highest concentration of 

Dox conditions (fig 2.13). This is considerably higher expression of hTERT, compared to 

most cancer cells with Ct values of 35, the clones showed Ct value of ~15, thus the delta 

Ct value of 20, meaning that there is approximately 220 fold increased hTERT 

transcription in the clones compared to most of telomerase positive cancer cells. 
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Figure 2.13- Q-PCR analysis of C2X and B4 clones. The two clones were tested for 
their basal transcription of hTERT in absence of Dox, shown on left on the figure. 
Compared to Hela cells, there were 21~2 fold (2 ~ 4 fold) decreased basal transcription of 
hTERT in C2X clone and 23 fold (~8 fold) decreased basal expression of hTERT in B4 
clones. On right side of the figure, both clones showed dose-dependent hTERT 
transcription with increasing concentration of Dox, relative to hTERT level in absence of 
Dox.  
 
 
 

With such a high induced hTERT transcription, the question arose as to how 

much telomerase induction is sufficient to induce cellular toxicity. C2X clone was 

serially cultured in varying concentrations of Dox, and Dox was added once when the 

cells were replated. The cellular toxicity was observed in a dose-dependent manner of 

telomerase induction (+Dox) (fig 2.14). To obtain maximum cellular toxicity in the clone, 

the highest amount of Dox was required even though, at the highest concentration of 

Dox, hTERT transcription is 220 more than most of cancer cells. This indicated that Dox 

amount is important and stability of Dox may be the limiting factor.  From the result, I 

decided to add Dox at the concentration of 1.0ug/ml for every three days to obtain the 

cellular toxicity in future experiments.  
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Figure2.14- Cellular toxicity is dose-dependent manner of telomerase induction. One 
of the clones, C2X clone, was serially cultured for ~ 30 days with varying concentration 
of Dox and found that cellular toxicity is dose-dependent manner of telomerase 
induction. 
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CONCLUSIONS 

 

As a conclusion of this experiment, I have successfully established multiple lines 

of inducible-telomerase cell lines from the parental VA13 ALT cells, which maintain 

telomere length by recombination and lacks both hTERT and hTR and thus no telomerase 

activity. All clones have a wildtype hTR (TTAGGG) gene, H2-9 and H2-11 clones, or a 

mutant hTR (CTAGCG) gene, C2X and B4 clones, and the observed expected cellular 

phenotypes as well as dosage dependent expression of hTERT transcription were 

described.  

The H2-9 and H2-11 clones showed no toxic phenotypes in both induced and un-

induced conditions and retain wildtype telomerase activity level as equal to that of 

telomerase positive cancer cells, even though the induced transcript level of hTERT is 220 

fold more than that of endogenous hTERT in telomerase positive cancer cells. When 

cultured in the absence of Dox, the clones suppressed telomerase activity down to less 

than ~1% of most of telomerase positive cancer cells. These clones with inducible 

expression of telomerase will be very useful cellular reagents to investigate mechanistic 

differences of telomere maintenance and cellular immortalization between ALT cells and 

telomerase positive immortalized cancer cells.  

C2X and B4 clones showed the conditional cellular toxicity in which the clones 

showed severe growth defects in presence of telomerase (+Dox) while the clones grew 

normally in absence of telomerase. The clones showed dosage-dependent expression of 

hTERT transcript ranging from 1/10th of that Hela cells to 220 fold more than that of 

telomerase positive cancer cells. To obtain maximum cellular toxic phenotypes, frequent 
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Dox (1.0ug/ml) addition was required to maintain the toxicity otherwise cells escape 

from the toxicity. The two clones expressing the mut hTR appeared promising to perform 

synthetic rescue screening by using pools of shRNAs to rescue the toxic phenotype by 

reducing gene expression involved in pathways of telomerase actions.  
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DISCUSSION 

 

 Multiple lines of inducible-telomerase cell lines were established by serially 

infecting multiple lentiviral vectors. Instead of infecting multiple vectors, one vector 

carrying all the factors (TRE_hTERT, reTA, and rTS) was also attempted to establish 

inducible telomerase cell lines. Collaboration with Sierra Sciences allowed me to test 

many versions of such vectors. However, none of them showed promising results. The 

major problem was that hTERT transcription could not be regulated when tested for 

TRAP assay. There was no increase or decrease in hTERT transcript with and without 

Dox. This is most likely due to the nature of plasmid behavior. By knowing that many 

clones were successfully isolated, in which individual lentiviral vectors were serially 

introduced, this indicates that there should be an optimal balance of expressions or copy 

number of those individual genes in order to accomplish tightly regulated gene 

expression, which affects a sensitive phenotype.  

 I also tested various versions of mutant hTR construct, which includes siRNA 

targeting template region of wildtype hTR, Thymidine Kinase (TK) promoter regulated 

fluorescence proteins, and different mutant sequences. The siRNA targeting template 

region of endogenous hTR was included in most of our hTR constructs. This was 

designed to express mutant hTR gene in normal or telomerase positive cancer cells to 

reduce endogenous hTR gene expression in order to have more toxicity by mutant hTR 

gene even though it was not necessary in VA13 system because they don’t express 
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endogenous hTR. I have tested them in normal fibroblast and tried to distinguish 

expression level of endogenous and ectopic expression of hTR gene however, it was 

difficult to distinguish them because there are only few sequence differences between 

them. Therefore, effect of the siRNA is unknown. The all the hTR constructs used to 

establish inducible hTERT clones had the siRNA targeting endogenous hTR template.  

 

 

 

Figure 2.15- Close look on telomerase RNA gene template region.  
8 nucleotides highlighted in black are perfectly conserved and 5 nucleotides in gray are 
moderately conserved among 35 vertebrates (Chen and Greider 2003). Functions of those 
sequences are proposed as Template for polymerization 5’-CUAACC-3’, Essential for 
telomere alignment 5’-CU-3’, and enhanced telomerase processivity 5’-AACU-3’ (Chen 
and Greider 2003).  
 

 

Point mutations were also introduced in the template regions at the hTR sequence 

55 and 58 (fig 2.15). In the hTR gene, the template region is 15 nucleotides long and is 

located from sequence 44 to sequence 58. Sequence at 55 and 58 are hypothesized not to 

be required for telomere extension but thought to play an important role in telomerase 

processivity based on the sequence conservation in 35 vertebrates (Chen and Greider 
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2003). These point mutations are used to avoid the siRNA targeting as stated above, yet 

the effect of the mutations on telomerase activity and processivity are not understood. In 

this chapter, we have established cell lines using those various hTR constructs which all 

included a G58A point mutation. In H2-9 and H2-11 clones, hTR construct (SSI-8676) 

with G58A was used. In C2X and B4 clones, hTR construct (SSI-8652) with G58A was 

used. At the residue 58 of hTR gene, it was proposed that it’s out of range in telomerase 

function; however, further telomerase activity can be retained if hTR gene with no 

mutation at G58 is used even though our clones isolated in this chapter showed inducible 

gene expression and cellular phenotypes.   

 TK promoter driven ZsGreen, a fluorescence protein, was a part of some mutant 

hTR constructs aiming to distinguish cells in S phase by exploiting S-phase specific 

activity of TK promoter. However, the construct never worked as designed.  Under the 

fluorescence microscope, it was shown that all the cells were expressing the ZsGreen, 

indicating that there was no specific expression of ZsGreen or turnover of the ZsGreen 

was not suitable to distinguish cells in S phase.  

 C2X and B4 clones were successfully isolated but the toxicity of cellular growth 

depended highly on Dox concentrations. Even though the hTERT transcript was saturated 

at 0.1ug/ml of Dox, there was a significant difference in cellular growth between in 

1.0ug/ml and 0.1ug/ml (fig 2.14). To obtain a maximum phenotype in cellular growth, the 

Dox concentration needed to be higher and frequently added because Doxycycline is 

known for light-sensitivity and the need for additional Dox increased as the number of 

cells increased in a culture.  
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Even though the toxic growth curves looks flat or a slight drop in population 

doubling in the C2X and B4 clones, this does not mean that all the cells stop dividing 

rather that subpopulations of cells in both clones are continuously dying and some slowly 

surviving and thus the overall growth curve looks unchanged or slightly decreased (fig 

2.12), indicating that cellular toxicity does not happen equally even within the clones. 

This indicates that telomere extension does not happen equally or there is a threshold to 

cause cellular toxicity after certain amount of mutant telomere sequences is incorporated. 

Even though I have observed that the two clones, C2X and B4 clones, showed 

telomerase specific growth arrest and cell death, it did not show actual incorporation of 

mutant telomere sequences. It was very difficult to show this because the incorporated 

mutant sequences can form perfect self-complementary hairpins and so as probes to the 

incorporated sequences (fig 2.16). This question should be answered with using a 

different mutant hTR, which does not cause self-complementarities and may not result in 

cellular toxicity. 

 

 

 

Figure 2.16- Self-complementary hairpin formation by the incorporated mutant 
CTAGCG sequences. The incorporated sequences could form self-complementary 
hairpin formation. 

 

 

 



49 

 

It was shown that the various mutant telomere sequences incorporated caused 

chromosome fusions in the cells and this might contribute to the cellular toxicity (Stohr, 

Xu et al. 2010). The chromosome fusions depended on the ATM checkpoint and thus it 

could be bypassed by shRNA targeting ATM, in which the majority of fusions were 

rescued yet some could not be rescued. Stohr et al (2010) found that if the incorporated 

mutant sequences could form self-complementary hairpin and had higher the free energy 

of self-complementary hairpin formation, they could not be rescued by reduction of 

ATM.  The CTAGCG mutant sequences could form self-complementary hairpin and its 

GC rich binding had very high free energy. With collaboration with Gagos Sarantis in 

Athens, Greece, chromosomes in B4 and C2X clones were investigated in response to 

telomerase induction (fig 2.17). 

 

 

Figure2.17- Inducible clones with Mu-hTR (CATGCG) increased chromosome 
fusions in presence of Dox, induced condition (Courtesy of Gagos Sarantis). 
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There was increased number of chromosome fusions in presence of Dox in both 

of C2X and B4 clones. This seems to follow same observation by Stohr et al (2010) and 

this indicated that the cellular toxicity in B4 and C2X could not be rescued by ATM 

knockdown. 

Immuno-fluorescence experiments were also repeated for various DNA damage 

proteins and telomere proteins to identify increased DNA damage at telomeres. There are 

increased damages at telomeres as well as the other places in the nucleus because the 

parental VA13 cells have a high background of DNA damage (Data not shown).  
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As parallel to the establishment of inducible-hTERT cells in VA13 cells, I also 

tried to establish inducible-hTERT cells in normal skin fibroblast, BJ cells. The cells 

have intact checkpoints and express an endogenous hTR gene but do not have hTERT 

expression. Normal BJ cells (PD = ~30) were serially infected in same manner as 

performed in VA13 cells using same set of lentiviral constructs. I have successfully 

isolated clones from the population of cells with inducible-hTERT, reTA, and rTS, 

shown in fig 2.18.  

 

Figure 2.18- Isolation of inducible-hTERT clones with great inducible telomerase 
activity. Inducible-hTERT clones were isolated and showed great induction of 
telomerase activity in presence of Dox but not in absence of Dox. Some clones and their 
parental population of cells (BJ+11792+M2 and BJ+11793+M2) have long telomere 
length although the cells could not grow further and underwent to senescence. 
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 The clones were isolated and I measured telomerase activity with or without 

hTERT induction and observed that all the clones have inducible telomerase activity and 

minimum basal activity in absence of Dox.  Regardless of their inducible-telomerase 

activity, none of the clones were able to grow further and stop dividing within ~10PD 

(Data not shown) after the clones reached to approximately a 10cm dishes. To investigate 

that telomere length shortening caused the growth arrest, telomere length were measured 

in some of the clones and their populations of cells, the cells showed all long telomere 

length thus, the growth arrest is likely due to stress response from the serial introduction 

of lentiviral plasmids and its expressing proteins. I tried to rescue those clones by over-

expressing Cdk4 by inhibiting p16 stress-induced senescence pathway however, it was 

not sufficient to rescue those clones.  

 I started over the whole procedure to establish inducible telomerase cells in 

normal fibroblasts using BJ with HPV16 E6/E7. HPV E6 protein binds to p53 protein 

causing the degradation of p53 and abolishing the p53 mediated checkpoints (White, 

Livanos et al. 1994). HPV E7 protein forms a complex with retinoblastoma protein (pRB) 

and inhibits pRB mediated checkpoints (Munger, Scheffner et al. 1992). E6/E7 

introduction did not cause a cancer-associated phenotype in normal fibroblasts (Morales, 

Holt et al. 1999). Thus, BJ+E6/E7 cells were serially infected with the three lentiviral 

vectors (TRE_hTERT, reTA, and rTS) and I established populations of inducible hTERT 

in BJ+E6/E7 cells. Long-term culture of the cells showed no indication of premature 

senescence and long telomere length (Data not shown). This indicated that the senescence 

observed in clones (fig 2.18) was due to checkpoint arrest of stress responses and 
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introduction of E6/E7 bypassed the checkpoints and allowed the cells to grow. Clones 

need to be isolated for good inducible hTERT however this has not been done yet. .  

The inducible hTERT in BJ cells (no E6/E7) were also tested for Mut-hTR to see 

if the cells showed the toxic phenotype. The population of cells was infected with Mt-

hTR gene (CTAGCG) and cultured in presence and absence of Dox. In presence of Dox, 

the cells immediately underwent to senescence as shown in fig 2.19 and no dead cells 

floating in culture medium were observed. The cells showed failure of mitosis, two cells 

attached but not completely separated, as found in Tetrahymena Thermophila (Yu, 

Bradley et al. 1990). In the absence of Dox, cells initially experienced toxicity and 

subpopulation of the cells grew at speed of 5PD for 20 days (0.4PD/day) and eventually 

stopped dividing, reaching senescence. The morphology of senescent cells in the absence 

of Dox was flat and spread out, commonly seen senescent cells in general, and was 

distinct from the senescent morphology observed in the cell in presence of Dox.  
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Figure 2.19- Effect of mutant hTR in inducible-hTERT cells in BJ skin fibroblast 
cells. Population of inducible-hTERT with Mt-hTR (CTAGCG) was cultured in presence 
and absence of Dox. Induced hTERT caused acute senescence and distinct senescent cell 
morphology while the cells slowly grew and eventually reached senescence without 
hTERT induction. 
 

The population of cells reached senescence both in the presence and absence of 

Dox. In the absence of Dox, cells may undergo senescence because of leaky expression 

of hTERT and tight checkpoints in BJ cells made them more susceptible to stress-induced 

senescent. However, in the presence of Dox, all the cells underwent immediate and 

distinct senescence morphology, indicating that intact checkpoints in BJ cells could cause 

very severe toxicity by mutant telomere incorporation.          
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Materials and Methods 

 

Cell Culture  

Cells are grown in a 4: 1 mixture of DMEM and Medium 199 containing 10 % donor 

serum (Invitrogen) in antibiotic free media at 37C in 5% CO2. Donor serum was used for 

establishing the inducible-hTERT cells because Donor serum is tetracycline-free.  

 

Lentiviral production and viral infection 

Lentiviral vectors were tarnsfected in 293FT cells with PAX2 and PMD2, packaging 

vectors, using lipofectamine2000 (Invitrogen). 12ug of lentiviral vector and 6ug of each 

PAX2 and PMD2 were mixed in sterile water. Adjust the DNA mix volume to 150ul with 

Optimum (Invitrogen). In a separate tube, 90ul of optimum and 60ul of 

lipofectamine2000 was carefully mixed and incubated for 5 min. DNA mix was then 

added to the tube containing lippofectamine2000. Wait for 20min for maturation of lipo-

vehicles and added to 293FT cells cultured in 4ml of freshly changed medium. After 16 

hours of transfection, the medium was changed to 5ml of fresh media and incubated for 

24 hours. The medium was collected as virus supernatant and frozen at -80˚C. 5ml of 

fresh medium was then added and incubated for another 24 hours. This procedure was 

repeated for total of three times, so at the end 15ml of frozen virus supernatent was 

available. The 5ml of virus supernatant was added on top of cells which I like to 

introduce the gene and incubated for 24 hours with 1x polybrene at final concentration.    
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Reverse Transcription Polymerase Chain Reaction (RT-PCR) of hTR transcript 

RNA was isolated from a snap-frozen cell pellets by using RNeasy kit plus mini kit 

(Qiagen) and 1ug of total RNA was used to synthesize cDNA with random hexomer 

primers by first strand cDNA synthesis kit (Roche). 2ul of cDNA was used for PCR with 

primers final concentration at 0.3uM, dNTP, and Taq polymerase. 35 cycles of reaction 

(initial 95˚C for 2min and cycles of 95˚C for 30 sec, 55˚C for 30 sec, and 72˚C for 45 

sec) were performed and run on 1.2 % agarose gel. 

 

Oligonucleotides and Primers 

For hTR transcript, expected product size = 145bp 

hTR189R   5’-CCA GCA GCT GAC ATT TTT TG-3’ 

F3B-hTR    5’-TCT AAC CCT AAC TGA GAA GGG CGT AG-3’ 

 

Quantitative Polymerase Chain Reaction (Q-PCR) of hTERT transcript 

RNA was isolated from a snap-frozen cell pellets by using RNeasy kit plus mini kit 

(Qiagen) and 1ug of total RNA was used to synthesize cDNA with random hexomer 

primers by first strand cDNA synthesis kit (Roche). Sybergreen 480 kit (Roche) was used 

to quantify relative hTERT transcript level with primers and 2x-cybergreen mix and the 

2ul of the cDNA. Reactions were duplicated for each sample. PCR reaction was 

performed (initial 95˚C for 2min and cycles of 95˚C for 15 sec, 57˚C for 15 sec, and 72˚C 

for 30 sec). 
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Oligonucleotides and Primers 

LT5   5’-CGG AAG AGT GTC TGG AGC AA-3’ 

LT6   5’-GGA TGA AGC GGA GTC TGG A-3’ 

 

Telomeric Repeats Amplification Protocol (TRAP) assay 

100,000 cells were collected and snap-frozen -80 C. The pellet was lysed in 40ul of NP40 

lysis buffer (10mM Tris-Cl, pH8.0, 1mM MgCl, 1mM EDTA, 1% (v/v) NP40, 0.25mM 

Sodium Deoxycholate, 10%(v/v) glycerol, 150mM NaCl, 5mM 2-mercaptoethanol, 

0.1mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrocholoride) and incubated on ice 

for 30 min. 1ul of lysate was mixed in 40ul of water with 5ul of 10x TRAP buffer 

(200mM Tris-HCl, pH8.3, 15mM MgCl2, 630mM KCl, 0.5%(v/v) Tween20, 10mM 

EGTA), 1ul of 2mM dNTP, 1ul of 100ng/ul of Cy5-TS primer, 1ul of primer mix (see 

oligonucleotides and primers), 1ul of 50mg/ml UltraPure BSA, and 1ul of Taq 

polymerase. Incubate the reaction at room temperature for 30 min and perform 30 cycles 

of PCR reaction (initial 95˚C for 2min and cycles of 95˚C for 30 sec, 52˚C for 30 sec, and 

72˚C for 45 sec). The PCR reaction was run on 10% of polyacrylamide gel at 300V for 

90min and scanned by phosphoimager to get the image.   

 

Oligonucleotides and Primers 

ACX primer     

5’-GCG CGG CTT ACC CTT ACC CTT ACC CTA ACC-3’ 

NT primer        

5’-ATC GCT TCT CGG CCT TTT-3’ 
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TANT primer   

5’-AAT CCG TCG AGC AGA GTT AAA AGG CCG AGA AGC GAT-3’ 

TS primer (Cy5 labeled at the 5’ end) 

Cy5-5’-AAT CCG TCG AGC AGA GTT-3’ 

 

Primer premix was prepared as followed  

10ul of 1.0ug/ul stock of ACX 

10ul of 1.0ug/ul stock of NT 

1ul of 1.0attamol/ul stock of TSNT 

79ul of water 

To have 100ul stock of primer mix 

 

Senescence Associated (SA) beta-gal assay 

Cells in a dish were washed with 1X PBS and carefully removed the 1X PBS for three 

times. Fixative solution (2% (v/v) Formaldehyde and 0.2% (w/v) Gultaraldehyde in PBS) 

were added and incubated for 5min at room temperature. The plate was washed with PBS 

for twice. 5ml of staining solution in 10cm dish was added (5mM of K3Fe(CN)6, 2mM 

of MgCl2, 150mM of NaCl, 30mM of Citric Acid/Phosphate Buffer, 5mM of 

K4Fe(CN)6, and 1mg/ml of X-gal) and incubated for 16hours at 37˚C. Staining solution 

should be prepared just before use. Citric Acid/Phosphoate buffer consisted of 0.2M 

Sodium Phosphate Dibasic (Na2HPO4) and 0.1M Citric Acid at pH 6.0. 
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CHAPTER THREE 
 
 

WHOLE-GENOME SHRNA LIBRARY SCREENING FOR FACTORS 

INVOLVED IN TELOMERASE ACTIONS 

 

INTRODUCTION 

 

Short-hairpin RNAi (shRNA) is a viral vector expression system for RNAi and 

stably knockdown of a gene of interest by stably integrating into the host genome. 

Groups of researchers have developed several shRNA libraries covering sets of genes and 

its large scale pooled genetic loss-of-function screening have become a powerful tool for 

identifying sets of genes involved in biological pathways (Firestein, Bass et al. 2008; 

Schlabach, Luo et al. 2008; Luo, Emanuele et al. 2009). The differences among the the 

various shRNA libraries include backbone vector, expression system, and how to analyze 

the data (Boettcher and Hoheisel 2010). In my experimental approach, a whole-genome 

human 62,000 shRNA library was purchased from Openbiosystems. The vector is 

lentiviral pGIPZ vector, in which DNA Polymerase II transcribes the CMV promoter 

driven turbo-GFP, puromycin resistant protein, and mir30-based shRNA. Mir30 is an 

endogenous non-coding microRNA and processed through Dicer to produce a mature 

~22 bp of antisense-RNA to regulate gene expressions. Thus, the 22bp of unique 

sequences targeting a region of an mRNA sequences was designed as part of Mir30 in 

each vector for reduction in expression of a specific gene (fig 3.1). Another special 
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feature about this library is that there are unique 60 nucleotide barcode sequences in 

individual shRNA constructed adjacent to the shRNA regions for barcode-microarray 

analysis to determine which shRNAs are enriched and dropped out after biological 

selection in pooled screening.  

 

 

Figure 3.1- Lentiviral shRNA construct from Openbiosystems©, pGIPZ vector. 
Unique sequences are designed and cloned as a part of Mir30. 22 base pairs of mature 
sequences are generated under CMV promoter as well as tGFP and Puromycin selection 
marker. There are total of 62,000 shRNA constructs with unique 60bp barcode sequences 
in each individual shRNA construct adjacent to the shRNA regions. 
 

 

I designed a selective screening system by exploiting pools of lentiviral shRNA 

libraries and tetracycline inducible-hTERT cell lines that is hTR deficient but expressing 

mutant hTR, previously isolated as C2X and B4 clones as described in chapter 2.  Mutant 

hTR expression in hTERT positive cells cause cellular toxicity and death through mutant 

sequence incorporation at telomeres. Thus, the strategy of the screening is essentially a 

“synthetic rescue”, (e.g. to rescue cell death due to mutant sequence incorporation at 

telomere by reducing gene expressions with lentiviral shRNA libraries). If a gene is 

important in the any steps of telomerase actions, reduction the gene expression should 
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reduce the rate of mutant telomere incorporation thus allowing cells to survive in toxic 

conditions. The surviving population of cells is then analyzed by microarray analysis to 

identify which reduction of gene rescued the toxic phenotype and cell death. This allows 

us to look a set of genes involved in functional aspects of telomerase actions, not based 

on structural associations.  

 

 

Figure 3.2- Design of pooled shRNA screening in B4 and C2X clones. Pools of 
lentiviral shRNA libraries are infected into C2X and B4 cells. The populations of cells 
are then cultured either in +Dox and –Dox. Knockdown of genes involved in any step of 
telomerase action should inhibit mutant telomere incorporation and allow cell survival in 
presence of Dox.  
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RESULTS 

 

62,000 shRNAs were supplied as bacteria stocks in hundreds of 96-well plates. In 

each well, a bacterium carrying a specific shRNA was frozen at -80˚C. Each well was 

designed to have a unique ID code so that a specific shRNA can be isolated from the 

well. To search where the specific shRNA is located, one can search it on 

Openbiosystems website (www.openbiosystems.com) by placing the unique shRNA ID 

number starting V2LHS_ or V3LHS_, or Genbank accession number for the gene. With 

collaboration with a biotechnology company Sierra Sciences (Reno, NV), pools of ~5000 

lentiviral shRNA plasmids were prepared by culturing ~5000 different bacteria together 

and purified the plasmids. Therefore, 12 pools of ~5000 lentiviral pGIPZ shRNAs 

plasmids were prepared.  

In order to have ~100 times average representations of shRNAs, virus 

supernatants prepared from a pool of ~10,000 shRNAs were designed to infect 1 million 

C2X and B4 cells. Thus, 6 sets of virus supernatant were prepared from 6 pools of 

~10,000 shRNAs vectors. The 6 pools of virus were then infected into 6 plates of C2X 

and B4 cells. The infection efficiency was high as ~90% of cells showed tGFP signals in 

all the plates. Cells were expanded to approximately ~10 million cells before starting to 

measure growth curves. One million cells with a pool of each 10,000 shRNAs were 

seeded on five15cm dishes in order to increases cell numbers at the end point because at 

least ~10 million cells were required for microarray analysis. The infected cells were then 

cultured in the presence or absence of Dox for approximately 40 days (fig 3.3 and fig 
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3.4).  Control vector with no shRNA and control vector with scrambled non-sense 

shRNAs were included in this experiment (fig 3.3 and fig 3.4).  

 

Figure 3.3- Summary of growth curves in C2X cells with pools of shRNAs. Six pools 
of lentiviral shRNAs virus were infected and measured their growth curves in presence 
and absence of Dox. It started with 5 plates of 1 millioncells in each 15cm dish. Every 7 
~ 10 days of culturing, cells were replated and fresh Dox added. Three controls were 
included as a no infection control, non-silencing control (non sense shRNA), and empty 
vector control (No shRNA in pGIPZ vector). 
 
 

C2X cells with six pools of shRNAs showed that population doubling (PD) of 5 

or above at 40 days of culturing in presence of Dox. However, similar growth curves 

were observed in three controls (no infection, non-silencing, and empty) (fig 3.3).  
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Figure 3.4- Summary of growth curves in B4 cells with pools of shRNAs. Six pools of 
lentiviral shRNAs virus were infected and measured their growth curves in presence and 
absence of Dox. It started with 5 plates of 1 million cells in each 15cm dishes. Every 7 ~ 
10 days of culturing, cells were replated and fresh Dox added. Three controls were 
included as no infection control, non-silencing control (non sense shRNA), and empty 
vector control (No shRNA in pGIPZ vector). 
 

All growth curves of B4 cells showed no enrichment until 30~40 days but 

increased significantly after 30 ~40 days while the controls showed no sudden change in 

slope of the growth curves (fig 3.4). Cells without Dox were also cultured for a same 

period of time for their each control to see which shRNAs enriched over time relative to 

the control. 
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Figure 3.5- Barcode microarray analysis of pGIPZ shRNA library screening.  
Barcode sequences were PCR amplified from each pool of genomic DNA. The PCR 
amplified products were combined from 6 pools and labeled with Cy5 and Cy3. The 
fluorescent labeled PCR products were hybridized competitively and repeated with dye 
swapping.  
 

After ~60 days of culturing, the cells were collected and genomic DNAs from 6 

pools of cultures were individually isolated. The genomic DNA was used to recover the 

pools of unique barcode sequences by PCR and labeled with fluorescent Cy3 or Cy5. The 

6 sets of amplified PCR products were combined based on equal amount. The fluorescent 

labeled PCR products were competitively hybridized on a custom microarray chip and 

repeated with dye swapping. Signal intensity was measured and background was 

subtracted. The relative difference in signal intensity (Green/Red and Red/Green) 

represents relative enrichment of shRNAs over controls. The result of the analysis ranked 

shRNAs based on the enrichement (fold-change). These procedures were performed for 
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C2X and B4 screening results and the entire procedure was repeated twice. This analysis 

resulted in a list of candidate shRNAs, and the top candidates were selected for individual 

validation of growth curve rescue (Table 3.1 and Table 3.2).   

 

 

Table 3.1- Summary of primary candidate genes from C2X microarray result.  
33 shRNAs were selected from the top 200 candidates from C2X microarray result and 
tested individually in C2X cells for validation.   
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The 33 candidate shRNAs were picked from our bacteria stock of the whole 

genome shRNA library and individually infected into the C2X cells with high MOI. The 

cells were cultured with and without Dox to validate if reduction of gene expression 

rescued growth or not. All of the 33 shRNA infected cells failed to rescue the toxic 

growth phenotype (Data not shown). 

 

 

Table 3.2- Summary of primary candidate genes from B4 microarray result.  
34 shRNAs were selected from the top 200 candidates from B4 microarray result and 
tested individually in B4 cells for validation.  
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An additional 34 candidates shRNAs were cherry-picked from bacteria stock and 

individually infected into B4 cells. Infected cells were ~99% GFP positive and cultured 

to see if the individual shRNA rescue the growth defect in presence of Dox. The shRNAs 

were tested and nine shRNAs out of the 34 shRNAs rescued the growth defect compared 

to controls (fig 3.6). This growth rescue indicated that the nine shRNAs may be involved 

in telomearase actions, yet there are also many possiblities to rescue the toxic growth by 

bypassing DNA damage pathways due to mutant telomere sequence incorporation and 

resulting apoptosis. Therefore, further validation was necessary to determine if the genes 

targeted by the nine shRNAs were indeed involved in telomerase action. To test this, the 

nine shRNAs were individually infected into the H1299 lung cancer cell line and were 

investigated for telomerase actions. If the function of the genes are necessary for 

telomerase actions, reduction of the genes should decrease rate of telomere sequence 

incorporation by telomerase and should cause telomere length shortening over time.  

 

For phenotype observation (telomere shortening), clones were isolated from the H1299 

cells with each candidate shRNAs. Six clones were isolated and knockdown of gene 

expression by the shRNAs was measured. Based on the efficient knockdown of gene 

expressions, three clones were selected for TRAP assay to measure telomerase activity 

and for further study. The three clones were cultured for long-term and cell pellets were 

collected every five population doubling for telomere length measurements.  The nine 

shRNAs were tested and  four shRNAs showed telomere shortening phenotype in at least 

in one clone (fig 3.7 – fig 3.10).  
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Figure 3.6- Nine shRNAs rescued growth defect in B4 cells. Nine out of 34 candidate 
shRNAs from the B4 microarray screening result rescued toxic growth defect in the 
presence of Dox. Control growth curves also showed minimal and a background 
increases.  
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Figure 3.7- Candidate 1. V2LHS_85492, targeting against DBF4 homologue showed 
telomere length shortening over long period of culture in H1299 clones. Knockdown of 
the gene expression was ~50% in all the clones and variable hTERT transcript level in Q-
PCR analysis. TRAP assay showed no change in telomerase activity in the clones.  
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Figure 3.8- Candidate 2. V2LHS_262627 targeting against cdc14 homologue C showed 
telomere length shortening over long period of culture in H1299 clones. Knockdown of 
the gene expression was ~90% in all the clones and variable hTERT transcript level in Q-
PCR analysis. TRAP assay showed variable telomerase activity among the clones.  
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Figure 3.9- Candidate 3. V2LHS_136304, targeting against PGBD5 showed telomere 
length shortening over long period of culture in H1299 clones as well as telomere 
extension followed by a slight drop in clone 4. Knockdown of the gene expression was 80 
~ 90% in all the clones and variable hTERT transcript level in Q-PCR analysis. TRAP 
assay showed no change in telomerase activity in the clones.  
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Figure 3.10- Candidate 4. V2LHS_239073, targeting against RAD54 homologue B 
showed a slight shortening in telomere length over long period of culture in H1299 
clones. Knockdown of the gene expression was 80 ~ 90% in all the clones and variable 
hTERT transcript level in Q-PCR analysis. TRAP assay showed no change in telomerase 
activity in the clones.  
 
 

The knockdown of the gene expressions by four shRNAs showed telomere 

shortening phenotypes in at least one clone among the isolated clones while the other five 

shRNAs failed to show telomere shortening regardless of efficient knockdown of the 

gene expressions and variable hTERT transcript expression. However, there is a concern 

that the telomere shortening observed in the clones may come from clonal variability 

among the isolated clones. This could be due to telomere shortening in clones with low 
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telomerase activity and nothing to do with effect of the shRNAs. To test that the short 

telomere phenotype comes from knockdown of gene expressions by shRNAs but not 

clonal variability, sub-clones were isolated from H1299 and Hela cells. H1299 sub-

clone2 and Hela sub-clone 3 were selected for further study. It is important to select the 

clones with relatively long telomere in order to be able to see relative shortening of 

telomere, seeing telomere tail become longer for clear phenotype observation. It is also 

important to select clones with moderate telomerase activity to maintain the telomere 

length over passages. 

 

 

Figure 3.11- Isolation of sub-clones from H1299 cells and Hela cells. All clones in 
H1299 showed heterogeneous telomere length while some clones in Hela cells showed 
homogeneous telomere length. H1299 sub-clone 2 and Hela sub-clone 3 were selected for 
their telomere length and moderate telomerase activity. TRAP assay in Hela clones were 
performed and showed consistent result with the Q-PCR result (Data no shown). 
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Instead of repeating the experiment using the isolated sub-clones with the four 

shRNAs, I prepared multiple shRNAs targeting the four genes. The shRNAs were 

obtained from Opnebiosystems and individually infected into the sub-clones except the 

RAd54 homologue B because the shRNAs were discontinued. Thus, three shRNAs for 

genes (DBF4 homologue, cdc14 homologue C, and PGBD5) were individually infected 

and cultured long term. This experiment is in progress. 

 

 

 

 

CONCLUSIONS 

 

 Pooled shRNA screening in the inducible hTERT system showed a mixed result. 

None of 33 shRNAs from the top 200 shRNA in the C2X microarray analysis rescued the 

growth defect when tested individually. However, a few candidate shRNAs rescued 

growth curve in B4 cells when tested individually. Further analysis narrowed down the 

candidates to four genes with short telomere phenotypes in H1299 cancer cells. 

Therefore, the four genes may be involved in telomerase actions and are currently being 

tested for mechanisms of action.   
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DISCUSSION 

 

I have shown that whole genome shRNA library screening identified a few 

candidate shRNAs that may be involved in telomere and telomerase actions. There were 

several issues learned from these initial tests that may be of value for future screens and 

they are described below. The six sets of 10,000 shRNAs were packaged and infected 

into C2X and B4 cells. In the initial experiments the packaged virus used for viral 

infection did not have an estimation of virus titer. The cells showed >90% of GFP 

positive cells and this becomes a problem when the screening results were analyzed. With 

using the fluorescent marker, one could estimate Multiplicity of Infection (MOI) by 

finding what fraction of cells are GFP positive cells (Table 3.3).   
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Table 3.3- Estimation of multiplicity of infection (MOI) by percentage of cells with 
GFP expression. Poisson-based theoretical percentage of cell population with the given 
number of virus integrations into the genome was given by Opnebiosystems (Table). 
MOI could be easily estimated by percentage of cells with GFP expression regardless of 
number of viral insertions into genome per a cell. 
 

 

 Multiplicity of infection is defined by ratio of infectious agents to infectious 

target. Poisson-based theoretical percentage of cell population with the given number of 

virus integrations into the genome was given by Openbiosystems as shown in Table 3.3 

(top table). This statistical numbers can be correlated with using a fact that the virus 

carries a GFP fluorescent marker. By knowing what fraction of cells have a GFP signal, 
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one can estimate the MOI and how many shRNAs are integrated into the genome by 

adding up the numbers of viral insertions per genome for each MOI value (Table 3.3). 

For example, at the MOI of 1.0, 37% of cells do not have shRNA virus insertions into 

genome thus no GFP in 37% of cells. The rest of the cells (63%) have shRNA virus 

insertions, at least one, thus the 67% of cells express GFP. As the graph in Table 3.3 

shows, this correlation was plotted with % of GFP positive cells and MOI. This table 

permits easy estimation of MOI and resulting virus insertion numbers. In my pooled 

shRNA library screening, ~90% of cells showed GFP positive cells, meaning MOI 

ranging from 3 to more. This indicates that majority of cells received multiple shRNAs in 

my pooled shRNA screening. If a cell has multiple shRNA insertions and shows a 

phenotype, it is impossible to tell which shRNA contributed to the phenotype. In pooled 

shRNA screening, it is still possible that limited combinations of a few shRNAs in 

population of cells identify true positives for overall enrichment by assuming that 

passenger shRNAs are randomly enriched. Regardless of the fact, we should have 

avoided the high MOI infection and resulting complication which affect later in analysis. 

In future experiments, any pooled shRNA library screening should be done in using low 

MOI so that majority of cells receive a single insertion of shRNA. This will avoid the 

unwanted considerations of multiple insertions and make the analysis easier. The only 

concern in using low MOI is that one would need to expand the number of cells when 

infecting virus to maintain the complexity of pooled shRNAs.    

 By knowing that our screening system gave a relatively small enrichment, we 

attempted further enrichment by PCR recovering the enriched shRNAs from the genomic 

DNA collected at the end of screening and cloned all shRNAs into pGIPZ vectors (See 
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Materials and Methods). The problem was lack of awareness that the PCR reaction to 

recover the shRNAs may not be appropriate to maintain the complexity. PCR was 

performed only once from 1ug of genomic DNA collected at the end of screening from 

each pool of cells in presence of Dox. PCR cycles were 35 cycles and ligation efficiency 

was unknown. The strategy to recover shRNAs followed by pooled cloning for second 

round of screening is useful for further enrichment and for false positive elimination. 

However, inappropriate procedures at this cloning step may disrupt the complexity of the 

primary screening result, thus further improvement could be made for future screening 

plans. 

 Regardless of the uncertainty about the secondary library complexity, the second 

round of shRNA library screening was performed. Pools of shRNAs cloned from each 

PCR products were used for virus preparation and infected into C2X and B4 cells. This 

was repeated for 6 pools of the libraries. After continuous growth in the presence of Dox, 

the cells were collected and analyzed by barcode microarray. The result showed a list of 

genes very different from the list of genes obtained from first screening result. Thus, the 

list of genes obtained in this secondary shRNA library screening may or may not be 

candidate genes due to some of the aboveconcerns.  

While microarray may be favored for analysis of a large scale pooled shRNA 

library screening, the probe preparation requires large amounts of PCR product. In the 

provided protocol from Openbiosystems, the unique 60bp of barcode sequences were 

amplified by 30 cycles of PCR with use of 1ug of genomic DNA. This procedure was 

repeated for 60 times for each sample in order to obtain at least 3ug of the 250bp PCR 

products. This procedure could contribute PCR bias. The massively amplified PCR 
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products were all used for fluorescence-labeling with Cy5 or Cy3 and ~1ug of the labeled 

products were used for its competitive hybridization. Repeating the experiments with 

dye-swapping and having experimental and biological replicates may allow one to 

identify candidate genes if one has a stringent screening system. However, it is not 

suitable for detecting relatively small changes in enrichment screening. It is also difficult 

to identify candidates in negative/dropout screening because detecting 2-fold change by 

relative signal intensity of the two fluorescent probes represents 2-fold 

enrichment/dropout in the biological screening result.  

Groups of scientists favor microarray analysis of pooled shRNA library screening 

either by half-hairpins, full-hairpins, and barcode microarrays, which are usually custom 

made, expensive, and not accessible to most investigators. Even though a few scientists 

have already exploited the deep-sequencing (mass parallel sequencing) to read the pooled 

half-hairpins, it requires large numbers of reads in order to obtain significant depth to 

detect relative fold-changes, which may consequently become expensive but still 

becoming accessible to many research institutions. Thus, it is important to develop a 

refined method in order to reliably transform biological screening results into comparable 

and quantitative numbers, allowing one to identify candidate genes in a screening system 

with relatively weak stringency. This concept led to my motivation to pursue the next 

project as described in chapter four.   
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MATERIALS AND METHODS 

 

Cell Culture  

Cells are grown in a 4: 1 mixture of DMEM and Medium 199 containing 10 % donor 

serum (Invitrogen) in antibiotic free media at 37C in 5% CO2. Donor serum was used for 

establishing the inducible-hTERT cells because donor serum is tetracycline-free. In 

induced condition, Dox was added every 7 days or when they were replated. 

 

Lentiviral production and viral infection 

Lentiviral vectors were transfected in 293FT cells with PAX2 and PMD2, packaging 

vectors, using lipofectamine2000 (Invitrogen). 12ug of 10,000 lentiviral shRNA vectors 

and 6ug of each PAX2 and PMD2 were mixed in sterile water. This was repeated for six 

times.  The DNA mix volume was adjusted to 150ul with Optimum (Invitrogen). In a 

separate tube, 90ul of optimum and 60ul of lipofectamine2000 was carefully mixed and 

incubated for 5 min. DNA mix was then added to the tube containing lipofectamine2000. 

After waiting 20min for maturation of lipo-vehicles, the mix was added to 293FT cells 

and cultured in 4ml of freshly changed medium. After 16 hours transfection, the medium 

was changed to 5ml of fresh media and incubated for 24 hours. The medium was then 

collected as virus supernatant and frozen at -80˚C. 5ml of fresh medium was then added 

and incubated for another 24 hours. This procedure was repeated for total of three times, 

so at the end 15ml of frozen virus supernatant was available. The 5ml of virus 

supernatant was added on top of recipient cells to introduce the gene and incubated for 24 

hours with 1x polybrene. 
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Barcode microarray PCR 

Genomic DNA was independently isolated from the 6 pools of C2X and B4 cells. The 

isolated genomic DNA was used for PCR of the 250bp amplicon using 1ug of DNA, 5ul 

of 10X KOD buffer, 5ul of 2mM dNTP, 2ul of 25mM MgSO4, 1.5ul of 10uM Barcode 

Forward primer, 1.5ul of 10uM Barcode Reverse Primer, 5ul of 5M betaine, 1ul of KOD 

polymerase, and water added to a total of 50ul. The reaction was performed in conditions 

which the initial cycle was 95C for 2min followed by 30 cycles of 95C for 35 seconds, 

62C for 45 seconds, and 72C for 45 seconds. PCR was repeated 10 times for each pool of 

cells. For example, 1ug of genomic DNA from a pool of 10,000 shRNA infected C2X 

cells were used for the PCR and this was repeated for 10 times in order to maintain 

representation of shRNAs. The entire 10 PCR products were combined and separated into 

two tubes for reducing the volume of the PCR products using a Qiagen PCR purification 

kit. The product was then run on a 1.2% agarose gel for gel extraction of 250bp to 

remove genomic DNA (Qiagen gel extraction kit).  There was often observed a doublet 

on the gel around 250bp, this was confirmed as a bubble formation between two different 

shRNAs when the PCR reaction was saturated (fig 3.10). The gel extract 250bp PCR 

product was combined in one tube. This procedure was repeated for 6 sets of 10,000 

shRNAs samples before moving to the next step. 2ul of 6 sets of PCR products were run 

on a 1.2% agarose gel for relative quantification by the AlphaImager as well as 

quantification by Nanodrop measurement. Based on DNA concentration by Nanodrop 

measurement, equal amount of 6 sets of PCR products were combined and run through a 

PCR purification column. At this point, the DNA concentration of the combined PCR 

products should be at least 100ng/ul. This entire procedure was repeated for +Dox sample 
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(sample) and –Dox sample (control) because this barcode microarray was designed for 

competitive hybridization and relative change of PCR-amplified barcode sequences 

between two samples.  

 

 

Figure 3.11- The barcode PCR bubble formation. Barcode PCR products were 
digested with AluI which should produce 80bp and 170bp product and with NdeI which 
should produce 165bp and 85bp products. AluI digestion produced the expected shift yet 
NdeI did not. NdeI site may be too close to bubbles. 
 

Barcode Sample Labeling and Hybridization on Microarray 

The following procedures from this step forward should be done in the dark. 3ug of the 

PCR product in 31ul of H2O was used for fluorescence labeling by Labeling-Genome 

DNA Labeling Kit, Agilent Cat# 5188-5309. Samples were mixed with 5ul of random 

primers and mixed well by pipetting and heated at 95˚C for 3 minutes and quickly placed 

on ice for 5 minutes. Labeling mix was prepared by combining 10ul of 5 x buffers, 3ul of 

Cy5 or Cy3-labeled nucleotides, and 1ul of Klenow (exo-). 19ul of labeling mix was 

added in ice-chilled denatured PCR products and incubated for 2 hours at 37˚C and 
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terminated the reaction by heating up to 65˚C for 10 minutes and placed on ice. This 

procedure was repeated for 4 samples for 1 microarray hybridization. Each microarray 

chip has two blocks, in which two samples (+Dox and -Dox) were labeled with either 

fluorescence dye Cy3 and Cy5 for dye-swap. These experimental replicates were needed 

because Cy5 signal tended to be weaker than Cy3. At this point, 4 samples were made as 

shown in Table 3.4 

 
For Block 1 1 +Dox Cy5 (Red) 

 2 -Dox Cy3 (Green) 
For Block 2 3 +Dox Cy3 (Green) 

 4 -Dox Cy5 (Red) 
 
Table 3.4- Summary of barcode microarray preparation. Sample 1 and 2 were 
combined and applied on the Block1 and sample 3 and 4 were combined and applied on 
Block2. 
 

Fluorescence-labeled PCR products were run through a nucleotide removal kit (Qiagen) 

and the signal was at 260nm (DNA), 550nm (Cy3), and 650nm (Cy5) by Nanodrop. 

There is a program for microarray specific activity measurement for determining specific 

activity (fluorescence signal/DNA concentration).    

Based on the measurement, two samples were combined as well as 25ul of 10x blocking 

solution, 26ul of dH2O, and 130ul of 2 x hybridization buffers. The hybridization ready 

solutions were heated at 95˚C for 3 minutes and immediately applied on a gasket placed 

on the chamber supplied by aCGH Hybridization Kit, Agilent Cat#5188-5220. The 

microarray was then placed Agilent label facing down, chamber cover attached, and hand 

tightened the clamp. The chamber was rotated vertically to assess mobility of bubbles at 

65C for 17 hours. 
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The slide wash procedure is summarized in Table 3.5 and performed by aCGH Wash 

Buffer Kit, Agilent Cat# 5188-5226, and using a drying and stabilization solution 

(Agilent Cat# 5185-5979). 

 
 
 Dish  Temperature  Time 
Disassembly  #1 Oligo aCGH Wash Buffer 1 RT seconds 
1st Wash #2 Oligo aCGH Wash Buffer 1 RT 5 min 
2nd Wash #3 Oligo aCGH Wash Buffer 2 37C 1 min  
Acetonitrile wash #4 Acetnitrile RT 1 min 
3rd Wash  #5 Stabilization and drying 

Solution 
RT 30 sec 

 
Table 3.5- Summary of washing steps. The hybridized microarray slide was washed as 
shown and placed in 50ml conical tube wrapped with aluminum foil and centrifuged at 
1000 rpm for 2 minutes and kept at room temperature. 
 
 

At the step of acetonitrile wash, the slide was slowly pulled up from the Dish#4 and 

should not have any liquid on the chip if so, dipped the slide back in solution and slowly 

pulled up. Slowly dip the slide in #5 dish and DO NOT completely dip the slide, just 

below the Agilent sticker on the slide. At the last step if there is any residue dip back and 

repeat. Any liquid attached on slide can cause strong background and it is very important 

to remove any liquid at this step. Remove any liquid residue on upside of slide where the 

Agilent sticker is located with a kimwipe very carefully. 

 

Oligonucleotides and Primers 

Barcode Forward 5’ –CAA GGG GCT ACT TTA GGA GCA ATT ATC TTG-3’ 

Barcode Reverse 5’ –GGT TGA TTG TTC CAG ACG CGT-3’ 
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Microarray data acquisition and analysis 

The array was scanned by GenePix Pro 6.0 program at the UT Southwestern microarray 

core. First one needs to open the scanner lid and set the microarray chip facing down, 

(Agilent label facing down). Next, select a region for scanning and click preview tab. 

This step allows viewing rough and quick signal intensity image throughout the region 

selected. Click tool tab and set the power value 100% and adjust the intensity of Red and 

Green ratio to have less than 10% white spots, signal intensity saturated. Once the 

preview image looks balanced, click scan tab for each block. When each scan for each 

block was done, setting, image, and result were saved as setting-Set-XXX (name of 

sample), image-Set-XXX (name of sample), and result-Set-XXX (name of sample). Open 

the image and loaded microarray template by choosing Gal-file 

(020719_D20080623_GALfile), provided by Openbiosystems. The template was 

carefully applied on the image by aligning the spot to the template. This takes 

time but is very important for data acquisition. Once the template was applied on 

the image, click analysis tab. This will transform the intensity image into 

numerical expression of signal intensity and create GPR.file which includes all 

the raw data to be used for statistical analysis. 

 

PCR for recovering shRNAs for a secondary enriched shRNA library construction 

Genomic DNA was independently isolated from the 6 pools of C2X and B4 cells. The 

isolated genomic DNA was used for PCR of 518bp amplicon using 1ug of DNA, 5ul of 

10 X Taq polymerase buffers, 5ul of 2mM dNTP, 1.5ul of 25mM MgCl2, 1.5ul of 10uM 
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pGIPZ 5’-3 primer, 1.5ul of 10uM pGIPZ 3’-3 Primer, 5ul of DMSO, 1ul of Taq 

polymerase, and water added to 50ul. The reaction was performed in conditions in which 

the initial reaction was at 95C for 2min and 35 cycles of 95C for 45 seconds, 60C for 30 

seconds, and 72C for 60 seconds. PCR was performed for each pool of C2X and B4 cells. 

For example, 1ug of genomic DNA from a pool of 10,000 shRNA infected C2X cells 

were used for the PCR. The PCR products were digested with XhoI and MluI producing 

345bp product. The product was then run on a 1.2% agarose gel for gel extraction of 

345bp to remove genomic DNA and the others (Qiagen gel extraction kit). This 

procedure was repeated for 6 sets of 10,000 shRNAs samples before moving to the next 

step. The PCR products from each pool were then ligated with pGIPZ vector digested by 

XhoI and MluI. 

 

Oligonucleotides and primers  

pGIPZ 5’-3 primer – 5’ TGC CTG AGT TTG TTT GAA TGA GGC TTC AGT 

pGIPZ 3’-3 primer – 5’ CAT AGT TAA GAA TAC CAG TCA ATC TTT CAC A 

 

Quantitative Polymerase Chain Reaction (Q-PCR)  

RNA was isolated from a snap-frozen cell pellets by using RNeasy kit plus mini kit 

(Qiagen) and 1ug of total RNA was used to synthesize cDNA with random hexamer 

primers by first strand cDNA synthesis kit (Roche). Cybergreen 480 kit (Roche) was used 

to quantify relative hTERT transcript levels with primers and 2x-cybergreen mix and the 

2ul of the cDNA. Reactions were duplicated for each sample. PCR reaction was 
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performed (initial 95˚C for 2min and cycles of 95˚C for 15 sec, 57˚C for 15 sec, and 72˚C 

for 30 sec). 

 

Oligonucleotides and Primers 

DBF4 Set2 Forward Primers – 5’ATT AAG GAT CTG GGA GGG CGA GTT 3’ 

DBF4 Set2 Reverse Primer – 5’ ATC ATG GCT GGG ATG AGG TGA AGT 3’ 

DBF4 Set17 Forward Primers – 5’ GAA GCC CTG CAG TCC ATT TGA TGT 3’  

DBF4 Set17 Reverse Primers – 5’ GAG GTT CCA CCA TAC TTA TCG CCA 3’ 

 

Cdc14 C Set1 Forward Primer – 5’ ACT CAA AGA AAG GCC CAG CTC TCA 3’ 

Cdc14 C Set1 Reverse Primer – 5’ GGC CAT CAA CTA CAA TGC TTG CCA 3’  

Cdc14 C Set5 Forward Primer – 5’ TGG TTA CCA CCA ACA TTC TCC CGA 3’ 

Cdc14 C Set5 Reverse Primer – 5’ TGG TGA TCG AAG CCA GCA TCT GTA 3’  

 

PGBD5 Set1 Forward Primer – 5’ ACT CGA GCT CTC TTC GTG CAA AGT 3’ 

PGBD5 Set1 Reverse Primer – 5’ ATC TTT CGG GTG GGA CCT GTG AAT 3’ 

PGBD5 Set2 Forward Primer – 5’ AAA CCA AAC AAG ACC TGG CAG CAG 3’ 

PGBD5 Set2 Reverse Primer – 3’ TTC ACG TGG TAG GCG TCT GAC ATT 3’ 

 

Rad54 B Set1 Forward Primer – 5’ TCA GGT TGT CAG GTT CTG CCT TCA 3’ 

Rad54 B Set1 Reverse Primer – 5’ AGC AGG AAA CAC ACT TAG CAA GCC 3’ 

Rad54 B Set5 Forward Primer – 5’ TCT CGC ATT CTT CTC AGG TTG CCA 3’ 

Rad54 B Set5 Reverse Primer – 5’ ATT TGG CGT ATA TGG GTC ATG GCG 3’ 
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LARP1 Set1 Forward Primer – 5’ AAC CAC TGT CCC AGA GTC ACC AAA 3’ 

LARP1 Set1 Reverse Primer – 5’ ACC GTG ATG TCT GGC TTG AGT CTT 3’ 

LARP1 Set2 Forward Primer – 5’ TTG AAG CTG ACG TCC TGT GTC TGT 3’ 

LARP1 Set2 Reverse Primer – 5’ AGT TTG AAC CAA CTT GGC CTT GGG 3’ 

 

LARP7 Set1 Forward Primer – 5’ ATG TCC GAA GGC AGC AGT ACT TGA 3’ 

LARP7 Set1 Reverse Primer – 5’ TTG AGA TCT TCC ACC ACC CTG TGT 3’ 

LARP7 Set5 Forward Primer – 5’ AAG GCA GCA GTA CTT GAC CCT GTA 3’ 

LARP7 Set5 Reverse Primer – 5’ TTG AGA TCT TCC ACC ACC CTG TGT 3’ 

 

RTEL1 Set1 Forward Primer – 5’ AGC GCT GAC AGC CTA TAA GCA AGA 3’ 

RTEL1 Set1 Reverse Primer – 5’ CTT GTG GTG TGG ACG CAC AAA CAT 3’ 

RTEL1 Set2 Forward Primer – 5’ ATT GAG GAC TTG GTC AAG AGC GGA 3’ 

RTEL1 Set2 Reverse Primer – 5’ TCT TCT CCA CGT TGT GAG CTT CGT 3’ 
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shRNAs used for individual validation  

DBF4 homologue  

 V2LHS_85492 

CTGGTGCTGAGTAATTAGATTATAGTGAAGCCACAGATGTATAATCTAATTACTCAGCACCAA 

V2LHS_85493 

CCGTAATTGTTTCCTGAGAATTTAGTGAAGCCACAGATGTAAATTCTCAGGAAACAATTACGA 

V2LHS_85495 

CCCAGGCTACCAAGTGGAATATTAGTGAAGCCACAGATGTAATATTCCACTTGGTAGCCTGG 

 

Cdc14 homologue c 

 V2LHS_262627 

CCCACCTAAGAAGCTAATCAATTAGTGAAGCCACAGATGTAATTGATTAGCTTCTTAGGTGGA 

V2LHS_310360 

ACTGCTACATCATGAAGCATTATAGTGAAGCCACAGATGTATAATGCTTCATGATGTAGCAGG 

V2LHS_193220 

CGCTCTCAAGCTGAATGACAAATAGTGAAGCCACAGATGTATTTGTCATTCAGCTTGAGAGCT 

 

PGBD5 (piggyBac Transposable element derived 5) 

V2LHS_136303 

AGCTCTTTGCATGATCACAGTTTAGTGAAGCCACAGATGTAAACTGTGATCATGCAAAGAGCC 

V2LHS_136304 

AGCAGAATTACTTGTCTTGAAATAGTGAAGCCACAGATGTATTTCAAGACAAGTAATTCTGCC 

V3LHS_391852 

ATGGCTTCATCATCCAGATTTATAGTGAAGCCACAGATGTATAAATCTGGATGATGAAGCCAG 
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LARP1 (La ribonucleoprotein domain family, member 1) 

V2LHS_178541 

CGGGTAGAGTGATCTGAATTATTAGTGAAGCCACAGATGTAATAATTCAGATCACTCTACCCA 

V2LHS_178542 

AGCTCGTAGTACATTATCTTTATAGTGAAGCCACAGATGTATAAAGATAATGTACTACGAGCG 

V2LHS_399502 

ATCCGAGATCACTTCAACAAAATAGTGAAGCCACAGATGTATTTTGTTGAAGTGATCTCGGAG 

 

 

LARP7 (La ribonucleoprotein domain family, member 7) 

V2LHS_234177 

CGGATGCTCAAGCAGTAATAAATAGTGAAGCCACAGATGTATTTATTACTGCTTGAGCATCCT 

V2LHS_272838 

AAGCGAATGGATGGATTTGAAATAGTGAAGCCACAGATGTATTTCAAATCCATCCATTCGCTC 

V2LHS_374916 

ACCCGATCAAAAGTAAAGAAAATAGTGAAGCCACAGATGTATTTTCTTTACTTTTGATCGGGG 
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RTEL1 (Regulator of Telomere Elongation Helicase 1) 

V3THS_315186 

ACCAGATCACGTTTCAGACCAATAGTGAAGCCACAGATGTATTGGTCTGAAACGTGATCTGGG 

V3THS_315187 

ACCGGGTTGTCCTCAAGATGCATAGTGAAGCCACAGATGTATGCATCTTGAGGACAACCCGGG 

V3THS_315189 

CTCCGTGTTGCCGAGCGAACTATAGTGAAGCCACAGATGTATAGTTCGCTCGGCAACACGGAA 

V3THS_315191 

AGTGGAGAAGATGTGTGAAGAATAGTGAAGCCACAGATGTATTCTTCACACATCTTCTCCACG 
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CHAPTER FOUR 
 
 

DEVELOPMENT OF METHODS FOR QUANTITATIVE 

IDENTIFICATION OF POOLED SHRNAS BY MASS SEQUENCING  

 
INTRODUCTION 

  

Short-hairpin RNAi (shRNA) libraries and their ability to perform large scale 

genetic loss-of-function screening is a powerful tool for identifying new sets of genes 

involved in biological pathways (Berns, Hijmans et al. 2004; Paddison, Silva et al. 2004; 

Moffat, Grueneberg et al. 2006). High thoughput one-well-one-target screening using 

transient siRNA oligonucleotides or shRNAs have been widely used for phenotypes that 

produce rapid effects. Stable shRNA integration of pooled shRNAs provides a unique 

advantage for phenotypes that require longer times to be expressed and which thus cannot 

be assayed in the few days of a high throughput assay. The pooled shRNAs are identified 

by first recovering the integrated sequences from cells with and without selection, and 

then determining whether their abundance has changed with respect to total shRNAs by 

either half-hairpin/barcode microarray (Silva, Li et al. 2005; Luo, Cheung et al. 2008; 

Schlabach, Luo et al. 2008; Silva, Marran et al. 2008) or massive parallel sequencing of 

half-hairpins in order to transform the biological screening result into quantitative and 

comparable data (fig 4.1). 
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Figure 4.1- Strategy for shRNA Library Screening and its Analysis. Cells with 
pooled shRNA library are selected for your biological interest over period of time and the 
22 bp of half-hairpin of shRNAs is target for mass sequencing in order to identify which 
shRNAs are enriched, not enriched, or dropped out. 
 

The initially designed general scheme for preparaing sequencing sample for the  

Solexa platform (Illumina), is limited to 36bp per each sequencing, for analyzing a 

pooled mir30 based shRNA library (fig 4.2). 

 

 
 
Figure 4.2- Strategy for Sequencing Sample Preparation. It is designed for direct 
sequencing of 22bp half-hairpins within the 36bp sequence reads of the Solexa platform 
(Illumina). Sequencing starts at the end of P5+SBS illumina primer thus, the first 5bp of 
unique sequence is the multiplexing code followed by 7bp of constant vector sequence 
used to introduce the multiplex code. The 19bp loop region is common to all the mir30 
based shRNAs and is used to introduce the P7 illumina primer. The total number of base 
pairs from tag to the end of half-hairpin is thus 5bp + 7bp + 22bp = 34bp.  
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RESULTS 

 

I have successfully multiplex many samples and was able to obtain sequencing 

result, however we encountered large variability in the abundance of individual shRNA 

sequences even using identical starting genomic DNA. To find the source of  the 

variability among repeated runs, we independently prepared sequencing samples 

(experimental replicates) from identical genomic DNA transduced with a pooled 62,000 

pGIPZ shRNA library (Openbiosystems) to test if the variability comes from independent 

sample preparation and/or other sources of variability (fig 4.3 a). We determined that the 

variability of sequencing data was large and stochastic among the experimental 

replicates. Decomposition of the variability found that it mostly came from sample 

preparation (fig 4.3b and c), indicating a need to further refine the method for preparing 

half-hairpins. 
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Figure 4.3- Sample preparation is the major factor to increase variability in 
sequencing data. (a) Cells transduced with a pool of 62,000 shRNAs were collected and 
genomic DNA isolated. Using a single common starting gDNA we have independently 
prepared 6 sequencing samples. One of the six samples was analyzed in one entire lane of 
an Illumina GAIIX (single lane) and the other 5 samples were multiplexed and combined 
in a second lane with many fewer reads per sample (Multiplexed)  
(b) The 12 millions reads from the “single lane” data were binned into 12 groups of one 
million each as they came out of the sequencer, and we measured the variance of each 
shRNA between the 12 groups. This assumes that any variability shown in “single lane” 
data comes from something other than independent sample preparation. Data from  
“multiplexed samples” were segregated according to their unique 5 bp codes. The 
measured variance of each shRNAs between these 5 groups reflects both the variance 
identified above in “single lane” and variances from independent sample preparation.  
(c)  The variance plotted over mean numbers of each shRNA read from the two data sets 
enabled us analyze into the components of variance, showing that variability comes 
largely from sample preparation.  
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We have optimized four critical steps in sample preparation that have collectively 

dramatically reduced the variation between samples (Fig 4.4). Tens to hundreds of 

micrograms of DNA are required in order to maintain the complexity of the initial input, 

but more than 1-2 ug of total DNA is inhibitory to the initial PCR reactions. The first step 

is thus to eliminate the bulk of total DNA by selectively retrieving the integrated shRNA 

regions by hybridizing the DNA to a biotin-conjugated oligonucleotide complementary to 

the lentiviral sequences common to all the shRNAs, and then recovering them using 

streptavidin-coated magnet beads (fig 4.5 step1). Our method consistently recover 

majority of the target sequences (fig 4.4).  

 

 

Figure 4.4- KiloBinder kit and MyOne beads (Dynabeads) improve recovery of 
integrated shRNAs. 50ul of 100ug gDNA transduced with a custom 13,830 shRNAs 
library was sonicated and annealed with the pulldown oligo as described in the 
supplementary online methods. Pulldown was performed with MyOne beads only (a) or 
with MyOne beads and the Kilobinder kit (b).  
(a)  Without using the KiloBinder kit. 1ul of the original 50ul input (2ug) (Ctl) and 1ul of 
the pulldown elution (out of 50ul of total elution) were PCR amplified. Poor enrichment 
and variable results were found in duplicate pulldowns. 
(b)  Using the Kilobinder kit. 1ul of 50l of the original input (2ug) (Ctl) and 1ul of the 
pulldown elution were PCR amplified. Good enrichment and consistent results were 
found in 4 independent pulldowns. The intensity of the PCR product in the pulldown 
samples was equal or stronger than its control, indicating that > 50% of the shRNA 
sequences were recovered because the elution volume is same (50ul) as the original 
volume (50ul).  
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Figure 4.5- Optimization of Half-hairpin sample preparation  
Step1. Pulldown enrichment of the low abundance pooled shRNAs allows 100ug of 
genomic DNA to be used as input in one tube at next PCR step. 
Step2. Conversion of full-hairpin to half-hairpins is a critical step to conserve distribution 
of the pooled shRNAs. Linear amplification is first performed to minimize the conversion 
bias then followed by normal PCR.  
Step3. Lamda exonuclease degrades one strand in 5’ to 3’ direction but is unable to 
degrade thio-modified DNA. This then allows the long low temperature annealing needed 
for extension by Klenow. 
Step4. Numbers of PCR cycles is minimized. Samples are then combined for 
multiplexing. 
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The second step is designed to convert the full hairpin shRNAs into half-hairpins 

while minimizing any sequence-specific bias between different hairpins (fig 4.5 step2). 

Two modifications were introduced to accomplish this objective: increasing the Tm of 

the primer and an initial linear rather than exponential amplification. Half-hairpins are 

produced using a primer to the common 19bp loop region containing 3LNA substitutions 

that increased the Tm from 48C to 63C. The increased Tm allowed higher annealing 

temperatures, and thus decreased the stability of snap-back hairpin formation from those 

sequences that might inhibit the production of half-hairpins. Bias in conversion to half-

hairpins would be exponentially amplified during normal PCR but would only increase in 

a linear fashion in linear PCR with the single 19bp-loop primer. After 10 cycles of linear 

PCR with just the 19bp loop-primer, the reverse primer is then added for the initial 

exponential amplification of the minimally-biased input of half-hairpins. 

The third step involved addition of both a multiplex code and the PCR sequences 

needed for Solexa sequencing (fig 4.5 step3). These sequences needed to be introduced 

within the 36bp read length of relatively accurate sequencing, and thus we limited the 

overlap of sequences needed to introduce these changes to the seven nucleotides 

immediately adjacent to the half-hairpin. Preliminary experiments demonstrated that re-

annealing of upper and lower strands was a major impediment to the efficiency of this 

step under the long annealing/extension conditions that otherwise maximized its 

efficiency.  We thus introduced a second modification into the loop-primer that allowed 

us to produce a single-stranded template for this step. The 5’ to 3’ exonuclease Lamda is 

unable to digest ends containing several 5’-thiophosphate linkages. The initial PCR was 

thus performed with a 19bp loop primer that contained both 5-thiophosphates and LNA 
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substitutions. Treatment of the PCR product with lambda exonuclease then selectively 

degraded the bottom strand, leaving a single-stranded upper strand template for the 

introduction of the multiplex code and sequencing primers using Klenow (fig 4.6).  

 

 

 

Figure 4.6- Lamda Exonuclease is unable to degrade thio-LNA primer in 5’ to 3’  
PCR product amplified by thio-LNA primers (see method) and reverse primer (no 
modification) produced 207bp product (Control). The product was treated with Lamda 
exonuclease (Lamda Exo) and followed by annealing primer addition and Klenow 
reaction (Klenow, +Exo 3’ to 5’) in either with dNTP or without dNTP. Klenow+Exo 
degrade single strand DNA in 3’ to 5’ direction when dNTP is not available while dNTP 
addition produces double strand PCR product back from the single strand template. 
 

 

We have tested 40 different 5bp codes for efficient sample preparation and found 

many sequences did not show efficient PCR. 24 of them showed good efficiency of 

sample production (Table 4.1). The last step is to perform PCR with modified Illumina 

Primers, lower the number of cycles of PCR in order to minimize the general PCR bias 

(fig 4.5 step4).  



101 

 

 

 

Table 4.1- Summary of oligonucleotides and primers for preparation of 
multiplexing sequencing samples. 
 

 

To test if these modifications in sample preparation could reduce variability 

among experimental replicates, we have independently prepared 4 sequencing samples 

from an identical genomic DNA transduced with a pooled 13,830 custom mir30 based 

pGIPZ shRNA library (fig 4.7 a). The enriched pulldown elution was amplified by 10 

cycles of linear amplification with the thio-LNA primer only in order to minimize input 
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variation prior to separating into 4 samples to avoid sampling problem. 4 samples were 

prepared as described above, multiplexed and sequenced together in a single lane along 

with other multiplexed samples. Sequencing data generated ~1million reads per each 

sample and each data was normalized and transformed in Log2(X+1) scale. Numbers of 

sequencing read per individual shRNA between these 4 sets are plotted by its frequency 

of reads (fig 4.7 b). This data showed good consistency among replicates although there 

are some outliers in each comparison. The modified method decreased overall 

coefficients of variance across replicates. Using the modified method, about 90 percent of 

shRNAs (13,830 shRNAs) have coefficient of variance below 0.3 and about 80 percent of 

shRNAs have coefficient of variance below 0.2 (fig 4.7 c). The low coefficient of 

variance enables the experiment to detect subtle changes in shRNA reads, and Figure 4.7 

d showed the detectable fold-change for 90% of the custom shRNAs with different 

number of replicates based on our data. It is derived by assuming experimental condition 

and quality are fixed, with only number of replicates changes. It shows the detectable fold 

change decreases if the number of replicates increases, indicating that the data quality can 

be further strengthened by increasing numbers of experimental replicates. Figure 4.7 e 

summarizes how the coefficients of variance determine the detectable fold changes, and 

the correspondence between coefficient of variance and the number of shRNAs in our 

experiments. 
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Figure 4.7- Our refined method improved statistical values and resulting detectable 
fold-change. (a) 4 independent samples are prepared with our refined method from 
common genomic DNA transduced with a pool of mir30 based our custom shRNA 
library. (b) Normalized mean abundance of individual shRNA is plotted between 4 
experimental replicates in Log2 scale and found linear correlation with outliers. (c) 
Coefficient of variance is measured for individual shRNAs and plotted with its 
distribution of 13830 custom shRNAs, showing that ~90% of shRNAs are below 0.3 of 
coefficient of variance, which will result in increasing detectable fold change due to low 
variation of data. (d) Detectable fold-change in the 90% of the most abundant custom 
shRNAs with the value of 0.3 coefficient variance are further strengthened by increasing 
numbers of experimental replicates. (e) This table summarizes correlation of detectable 
fold-change and the power of having numbers of replicates and also shows numbers of 
shRNA within the range of our 13830 custom shRNAs.  
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To further test quality of our method, we have repeated the experiment with 

spike-in shRNAs. 25 reference pGIPZ shRNA plasmids, which do not exist in the custom 

shRNA library, are carefully diluted down and mixed with genomic DNA transduced 

with the custom shRNA library to see the small amount of reference shRNA plasmids are 

consistently and expectedly observed among repeated experiments (biological replicates). 

Sequencing samples are prepared and sequencing result showed that measured shRNAs 

ratios are accurate compared to the designed ratios, and the results are consistent among 

the experiments (fig 4.8) indicating that this method is reliably recovering small input of 

the reference shRNAs and detecting fold changes between samples.  
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Figure 4.8- Analysis of our sample preparation by means of spike-in shRNAs  
Twenty five reference shRNAs, which do not exist in our custom shRNA library, are 
individually and carefully diluted to 20 molecules/ul (3.32x10-23mol/ul) as one unit. Even 
though we have checked them by running on gel, measuring concentration, PCR recovery 
of diluted plasmid for relative quantification among 25 shRNAs, it is still possible to 
have inconsistent concentration among 25 shRNAs due to difficulty of precise serial 
dilutions. The small amount of pGIPZ plasmids are mixed with genomic DNA 
transduced with the custom shRNA library in units as shown before pull-down. In each 
sample preparation, four experimental replicates are made and the experiments are 
repeated for four times as designed. X-axis is the designed ratio or fold changes between 
samples (mean reads of experiment 1 and 3 / mean reads of experiments 2 and 4). Y-axis 
is the corresponding fold changes based on sequencing data. The figure shows that the 
measured fold changes between samples are relatively consistent with the designed ratio 
except a few outliers, indicating that this method consistently recovers small amount of 
plasmid input along with the custom shRNA library from a pool of huge amount of total 
genomic DNA.  
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CONCLUSIONS 

 

Massive parallel sequencing is a very powerful tool for quantitative analysis of 

enrichment/dropout of pooled shRNA yet the data could be easily distorted without 

appropriate quality measurement of each sequencing run. Our data showed that sample 

preparation is the major factor that potentially leads to distortions in the data obtained. 

Thus, it is important to develop a refined method to prepare samples in order to reliably 

transform biological screening result into comparable and quantitative numbers. It is also 

important to have experimental replicates for measurement of data quality to avoid 

outliers identified as major “false” positives. Our multiplexing approach allows having 

many experimental replicates in one lane of sequencing, which also minimizes lane 

effects and costs associated with sequencing. In our analysis, 4 experimental replicates 

are able to detect 2 fold-changes in biological effect for at least 90% of a pool of the 

13,830 shRNAs library.  
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DISCUSSION 

 

In analysis of our refined method, there are significant improvements for 

sequencing data quality and resulting detectable fold change. There are four key steps to 

decrease the variability in sequencing data. Enrichment of half-hairpins avoids multi-tube 

PCR reactions and variability generated by the large numbers of PCR cycles. Increasing 

Tm by use of LNA and following linear amplification minimizes bias created by possible 

snapback full hairpin formation. Multiplexing samples and having experimental 

replicates increases the confidence of sequencing data and eliminate false positives by 

removing outliers as well as minimizing the cost of sequencing. Minimizing the PCR 

cycles is also a key factor for reducing general PCR bias because only 10nmol of the final 

product is applied on the Illumina sequencer. The final PCR products are visualized on 

gels for equal multiplexing before gel extraction, which results in a significant loss of the 

products. Therefore, further improvement could be made by a method for efficient 

isolation of the 125bp final product from the other background. 

Microarray is favored for analysis of a large scale pooled shRNA library 

screening. Microarray probe preparation requires large amount of PCR product for 

competitive hybridization of fluorescence labeled probes (half-hairpins and barcode 

sequences), which should contribute PCR bias. For half-hairpin microarray, it is not 

difficult to imagine weak and selective affinity of ~22bp variable sequence probes in the 

hybridization. Furthermore, it is hard to imagine that detecting 2-fold change by relative 
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signal intensity of the two fluorescent probes represents 2-fold enrichment/dropout in 

biological screening result or 2-fold change by direct sequencing of the half-hairpins.  

 We have developed a method for a successful construction of a high-complexity 

custom shRNA library targeting a pathway and developed a method for quantitative 

comparison of the pooled shRNA library by successful recovering the half-hairpins and 

mass parallel sequencing. This allows one to design a pooled shRNA screening targeting 

one’s interested pathway and analysis by deep sequencing of half-hairpins without 

relying on custom microarray, which is not easily accessible. 

 The mass synthesized Mir30 oligos were cloned into the modified pGIPZ vector 

which removed one EcoRI site not used for the cloning. This permitted performing 

pooled cloning with the 97bp oligos with XhoI and EcoRI sites. There is a pTRIPZ vector 

available from Openbiosystems, which allows cloning with XhoI and EcoRI without any 

modification. In this vector, shRNA expression is regulated under a TRE (Tet-

Responsive Element) with constitutive rtTA (reverse transactivator) (fig 4.9). Thus, the 

shRNA expression is induced in presence of Dox with RFP expression but no or a basal 

shRNA expression in absence of Dox. Basal expression of shRNAs should give only a 

minimal effect on gene knockdown because high rate of shRNA transcription is a key for 

efficient knockdown of gene expression. I have tested this vector and found specific 

knockdown of gene expression only in presence of Dox but no change in gene expression 

in the absence of Dox (Data not shown). Therefore, this vector allows one to perform 

pooled cloning of mass synthesized 97bp Mir30 oligos directly with EcoRI and XhoI and 

the shRNA expression can be regulated by Dox addition. This unique characteristic of 

shRNA expression may be beneficial for genes whose loss of function is lethal to the 
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cells. This selective, temporal, and dosage-dependent expression of shRNAs may be a 

useful tool for designing a screening system.  

 

 

Figure 4.9- Vector map of pTRIPZ. In this vector, shRNA expression is regulated 
under TRE (Tet-Responsive Element) with constitutive rtTA expression. In presence of 
Dox, the shRNA is expressed but no or a basal expression of shRNA in absence of Dox.   
 

 

 The whole human genome shRNA library was purchased from Openbiosystems 

in 2009 and contained~62,000 shRNAs. Thus, the complexity of shRNAs per gene is 

low, usually one or two shRNAs per a gene. This low complexity of the shRNA library 

may limit candidate identification in pooled screening. Thus, one aim for construction of 

the custom shRNA library is to test if the high complexity shRNAs library screening 

allows one to identify candidates by focusing on enrichment of multiple shRNAs per 

gene but not by focusing fold-change of one shRNA per a gene. With development of the 

custom shRNA library and the method for deep sequencing analysis, I performed 

screening in B4 cells. A pool of the 13530 shRNAs targeting pathways in 

telomere/telomerase and DNA damage response was used for virus preparation and 

infected into B4 cells. The cells were separated into four groups and grown in following 
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conditions; one with no treatment, the second one with Dox, and the others were treated 

with DNA damaging reagents (fig 4.10). 

 

 

Figure 4.10- Design of the custom shRNA screening in B4 cells. A pool of 13530 
shRNAs were packaged and infected into B4 cells. The cells were separated into four 
groups; one with –Dox, one with +Dox, and the other two were treated with two DNA 
damaging reagents.   
 

 

By knowing the library contains all the genes for DNA damage response 

pathway, it is possible to rescue the growth curve and permit enrichment of shRNAs by 

bypassing DNA damaging pathways, which was not our primary interest. Thus, two 

DNA damaging reagents, etoposide and streptnigrin, were used for causing random DNA 

damage throughout the genome (e.g. not only at telomere). Etoposide is a topoisomerase 

inhibitor and causes DNA double stranded breaks while streptnigrin produces free 
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radicals and causes many different types of DNA damages. The two different modes of 

DNA damages treatment were included in the screening as controls to remove the list of 

genes whose loss of function rescued the growth defect in B4 cells by bypassing general 

DNA damage pathway. The cells were cultured for ~40 days and cells collected. This 

entire procedure was repeated three times to have three biological replicates, from 

independent virus production to the end of screening. B4 cells with no infection was also 

cultured as a negative control and showed minimal or no increase in the growth curve. 

shRNAs targeting dyskerin and TCAB, which are previously identified as telomerase 

binding proteins, rescued growth curve in B4 cells (fig 4.11). The growth curve in the 

presence of Dox was consistently rescued for all three screening and DNA damaging 

controls and was similar to the growth curve in presence of Dox, chronic and moderate 

toxicity (fig 4.11).  
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Figure 4.11- High complexity custom shRNA library screening. The shRNA library 
targeting pathways in telomere/telomerase and DNA damage response was tested in B4 
cells for pooled screening. The cells were infected with a pooled 13530 shRNAs and 
grown in presence or absence of Dox. DNA damaging reagent was added and grown as 
control to mimic the toxic growth curve observed in B4 cells in presence of Dox. 
Experiment was repeated for three times. B4 cells with no vector infection showed a 
minimal enrichment as negative control while TCAB1and Dyskerin knockdown showed 
strong/moderate rescue in growth curve as positive controls. 
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 The cells were collected and genomic DNA was isolated for sequencing sample 

preparation described in this chapter. The relative enrichment of each shRNA +Dox/-Dox 

in each biological replicate as well as etoposide/-Dox and streptnigrin/-Dox was 

determined. The relative enrichment in +Dox/-Dox is illustrated below (fig 4.12). 

 

 

Figure 4.12- What should be compared. Relative enrichment of each shRNA in  
+Dox/-Dox condition as well as Etoposide/-Dox and Strepnigrin/-Dox. In this case, let’s 
focus on measuring relative change in +Dox/-Dox. 
 

 

 Sequencing samples were prepared as described in fig 4.13. Four sequencing 

samples were prepared for each specimen as experimental replicates and 12 sequencing 

samples were multiplexed and run on the Illumina Sequencer.  
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Figure 4.13- Summary of sequencing sample preparation. Four experimental 
replicates were made for each sample. 12 sequencing samples were combined and run on 
the sequencer. Total sequencing samples were 24 and separated for two lanes. 
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The obtained data were upper-quantile normalized. Coefficient of variation was 

measured among the experimental replicates for each shRNA and the sequencing reads 

for each shRNAs were measured and the Log2 ratios were measured to identify which 

shRNAs were enriched in +Dox conditions over –Dox conditions with sufficiently low 

coefficient of variation.  The same procedure was repeated for samples treated with 

etoposide and streptnigrin to identify which shRNAs are enriched over -Dox conditions. 

We are examining the number of shRNAs per gene that are enriched among 30shRNAs 

to identify candidate genes. The establishment of analysis and candidate validation will 

be conducted in the future.  
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MATERIALS AND METHODS 

 

Construction of Custom shRNA Library with Emulsion PCR 

We selected 461 genes known to be involved in any aspect of telomere 

biology/telomerase or DNA damage pathways as part of other experiments. Thirty 

shRNAs for each gene were designed using the RNAi Central algorism available at Cold 

Spring Harbor Lab (http://katahdin.cshl.org/siRNA/RNAi.cgi?type=shRNA) as shown in 

Bassik MC et al (Bassik, Lebbink et al. 2009). The output sequences for  97mers of 

461genes were formatted in an excel sheet and sent to MYcroarray.com at Ann Arbor, 

MI, where they were digitally synthesized with their special microarray spotting 

technology then cleaved from the glass and returned as a pool in solution. Gel analysis 

showed a smear of products rather than a 97-mer band. PCR comparing the ability to 

amplify this mixture versus a conventionally synthesized 97-mer suggested that ~1:1000 

of the oligonucleotides were amplifiable.  We then amplified the library using emulsion 

PCR to minimize distortion during amplification as described in Williams R et al 

(Williams, Peisajovich et al. 2006), using the more commonly available oil-surfactant 

made of Span80, Tween80, and TritonX-100 with KOD Hot Start Polymerase (Novagen).  

Emulsion PCR premix is prepared with the forward primer flanked by an XhoI site 

(underlined) 5’TTCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG 3’and the 

reverse primer flanked with an EcoRI site (underlined) 5’ 

TTGAATTCCGAGGCAGTAGGCA 3’. Each primer was used at a final concentration 

0.3uM and with KOD Hot Start polymerase 0.05U/ul and with a template input of 1pmol 

oligo library. PCR was performed at 25 cycles of 95C for 30 sec, 65C for 30 sec, and 72C 
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for 45 sec. Emulsion PCR reactions were recovered by breaking the emulsion by 

centrifugation at maximum speed for 10 min and organic extraction with diethyl ether. 

The four 100 ul emulsion PCR products were combined at this step and digested with 

EcoRI and XhoI for cloning into lentiviral shRNAmir pGIPZ vector.  

 Prior to cloning sequencing primers were added to the PCR products and the 

distribution of different shRNAs determined by deep sequencing, comparing the 

efficiency of normal versus emulsion PCR in maintaining the diversity of the library. 

Emulsion PCR yielded a significantly more uniformly distributed representation of the 

13,830 designed sequences than normal PCR (fig 4.9).  

 

 

Figure 4.14- Emulsion PCR produced less bias during construction of a lentiviral 
custom 13830 shRNA library. A pool of 13830 oligonucleotides is amplified either by 
Emulsion PCR (x4) or Non Emulsion PCR (Normal PCR) (x4). The PCR products are 
multiplexed and sequenced by Solexa sequencing and measured coefficient of variation 
(Co.Var, SD/Mean) for each shRNA and the mean values of Co.Var within binned every 
1000 shRNAs as sorted by most abundant shRNAs on the most left to the least abundant 
shRNA on right on the x-axis are plotted. Emulsion PCR consistently showed lower 
coefficient of variation, less variable among repeated sample preparations.  
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However, emulsion PCR appeared to be much more variable for analyzing 

shRNA recovered from cells than the method that is described in this paper. Examination 

of the bubble size in our emulsions indicated a large variability in size. We interpret these 

results to mean that emulsion PCR minimizes variability if the number of molecules for 

each shRNA is very large, so that each is distributed among a very large number of 

bubble sizes. In the case of shRNAs recovered from a few million cells, the number of 

representations of each shRNA is sufficiently small that it actually increased variability. 

pGIPZ shRNAmir vector has two EcoRI sites. We first destroyed the site not 

used for shRNA cloning by partial digestion with EcoRI and self-ligation. After 

successful removal of one EcoRI site, the pGIPZ vector was digested with EcoRI and 

XhoI the appropriate band gel purified.    

Ligation was performed with 500ng of the vector and 30ng of the Xho1-EcoR1 

digested and gel purified emulsion PCR product with 500U of T4 Ligase in total volume 

of 25ul @ 16C for overnight. 4ul of ligation reaction was transformed in 40ul of SURE 

electroporation competent cells (Stratagene) at condition of 25uF capacitance, 200Ω 

resistance, and 17kV/cm field strength voltage with the Bio-Rad Gene-Pulsar (Bio-Rad). 

After the electroporation, competent cells are recovered with 1ml of LB media and 

incubated for 1 hour at 37C and the entire transformation plated on a pre-dried 150cm 

ampicilin bacteria plate. The number of colonies recovered from each transformation was 

at least 30,000. The transformation was repeated for 45 times to generate approximately 

1.4 million clones (100-fold representation of each of ~14,000 shRNAs). Colonies on 

plates were harvested by scraping and directly used for Maxi-prep (Qiagen) without 

further amplification. We have obtained ~ 1mg of cloned pGIPZ shRNA library. 
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Solexa Sequencing Sample Preparation for mir30 shRNAs 

Step1: Enrichment of Samples by Biotin-Streptavidin Beads Pulldown 

10M cells of polyploidy cells usually gives ~100ug of genomic DNA. When MOI is low 

so that majority of cells receive only one shRNA, there will be only 1.0x107 molecules of 

shRNA (16.6x10-18 mol = 16.6attomol) in 100ug of genomic DNA. To recover the low 

abundance of the pooled shRNAs, isolated genomic DNA (100ug or more) was 

fragmented using a Misonix 3000 cup horn sonicator and digested with XhoI and ApaLI 

for overnight. The DNA was annealed with biotinylated LNA pulldown primer designed 

to a common region of pGIPZ vector, ~400bp downstream of shRNA region (5’-

BioTEG- CTATTGCTTCCCGTATGGCT-3’) where the underlined bases are modified 

as Locked Nucleic Acid (LNA), in solution containing: 2 x SSC and 100nM primer. It 

was heated at 95˚C for 3 mins and then cooled down to 20˚C with ramp of 0.1˚C/s. 20ul 

MyOne C1 beads (Dynal) were washed with 80 ul binding solution from 

Dynabeads®KilobaseBINDER Kit (Invitogen), then resuspended with 50 ul binding 

solution and 10ul dH2O. The annealed DNA was mixed with the beads and rotated at R.T 

for 2.5 hours @6.5rpm. After washing once with 100ul washing solution, the beads were 

resuspended in 50ul TE and heated at 85˚C for 10 minutes to release the bound DNA and 

quickly placed on ice for 1 min. The elution was collected in a separate tube.  

 

Step2: Conversion of Hairpin to Half-Hairpin with LNA Loop Primer 

The eluted enriched shRNA was linearly amplified with the Forward LNA loop primer, 

targeting the 19bp common region of the shRNA hairpin, to limit PCR-bias during the 

full to half-hairpin conversion and to increase the amount of each template before 



120 

 

separating to 4 independent PCR reactions for experimental replicates. PCR premix is 

prepared using KOD Hot Start (Novagen) Polymerase Kit with forward LNA primer, 

5’TAGTGAAGCCACAGATGTA3’where the first four bases are linked by the Sp 

stereoisomer of phosphorothioate and where the underlined bases are modified as LNA 

(BIOSYNTESIS) and the pulldown elution (10 cycles of 95C for 30 sec, 63C for 30 sec, 

and 72C for 45 sec). We found that if there is binding/washing solution left from previous 

pulldown, this following linear/exponential PCR are inhibited. This can be avoided by 

careful removal of binding and washing solution before eluting out and by simply 

diluting the elution with 1xTE and separate into at least 4 tubes do linear PCR 

amplification. The 10 cycles of linearly amplified products can be then combined again 

and re-separated into 4 tubes for following PCR with the reverse primer, 

5’GAGTAATGGCCGGCCGCATTAGT3’ was added at final concentration 0.3uM. PCR 

reactions are performed by 10 cycles of 95C for 30 sec, 63C for 30 sec, and 72C for 45 

sec. The primers were removed by MiniElute PCR purification kit (Qiagen). At the end 

of this step the pooled molecules would be at most 1.0x107  x 10(linear) x 210 = 1.0x1011 

molecules (0.166 picomol), which is still too low to be able to see on gel. 

 

 

Step3: Strand Specific Degradation and Addition of Linker with 5bp Unique Codes 

by Klenow 

The bottom strand of each PCR product was degraded using 5U Lamda nuclease (NEB) 

in 1xKOD buffer at 37˚C for 1 hour followed by heat inactivation at 75˚C for 10min. 

Since the 5’thio LNA primers are resistant to the lamda exonuclease, this leaves the top 
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strand intact. The P5-SBS-half –primer with a 5bp unique codes was then added to a final 

concentration of 20 nM to anneal with the single strand template immediately adjacent to 

the half-hairpin (94˚C for 1 min and cooled down to 25˚C with ramp of 0.1˚C/s). After 

replenishing the dNTP, 5U Klenow (exo-) (NEB) was added to start the primer extension 

at 37˚C for 45min and finished by heat inactivation at 75˚C for 20min. 

 

Step4: Linker PCR with Illumina Primers 

P7-loop and P5-SBS-Universal primers were then added to a final concentration of 0.2 

uM, as well as 1.0 ul KOD polymerase. After denaturing the templates at 94 ºC for 2 

minutes, 10 -20 cycles of  94 ºC for 20 seconds, annealing at 55 ºC for 20 seconds and 

extension at 72 ºC for 60 seconds with a final extra 5 min incubation at 72˚C. To 

minimize the cycles of PCR at this step, 0.5 ul of Klenow reaction from step3 were tested 

to see how many cycles of PCR were sufficient to produce detectable product, and this 

was used to back calculate the number of cycles needed for 20 ul of the input. After 

appropriate numbers of cycles of PCR, 1/10th volume of the PCR products are run on 

1.5% agarose gel to quantify intensity of 125bp product with GelRed (Phenix) so that 

equal amount of multiple products can be combined at this step. If the volume of 

combined product is large, they were concentrated by column purification. The combined 

PCR product is then gel extracted followed by and additional column purification 

(Qiagen). Samples directly from gel extraction showed inefficient cluster formation on 

the sequencer, so it is recommended to do this extra purification.  
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Acquisition of Data 

We usually obtain at least 20 millionnucleotide of raw DNA sequences. First, we sort 

them out based on the 5bp multiplex code into each group. The sequences are then 

matched to our reference shRNA sequence file using E-land aligner. In this script, we 

allow two mismatches within 22bp half-hairpin region but no mismatch is allowed in the 

5bp multiplex code region. The acquired sequencing data is first normalized by upper 

quartile normalization and then transformed into Log2(X+1) scale. 

 

Virus Packaging and Transduction 

A pool of 13,830 lentiviral custom shRNA library or 62,000 shRNA library 

(Openbiosystems) are co-transfected with the packaging plasmid PAX2 and pMD2 in 

293FT cells with lipofectamine2000 (Invitrogen). Collected shRNA library virus is 

transduced in VA13-derived cells with Polybrene.  

 

 

The following 9 pages describe a list of genes in the high-complexity custom shRNA 

library targeting telomere and DNA damage pathway. The table includes name of the 

genes, GenBank accession number, and Gene Symbol.  
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Table 4.2- List of genes in the high-complexity custom shRNA library targeting 
telomere and DNA damage pathway. 461 genes were included and 30 shRNAs were 
designed and included in the library. In the table, Gene Name, Gene Symbol, and 
GenBank Accession number were listed. 
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