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Abstract 

 

Peroxisome proliferator activated Receptors (PPARs) belong to the nuclear receptor super family 

and are ligand activated transcription factors regulating the expression of a wide variety of genes. 

On activation by a ligand, they bind to the PPAR-responsive regulatory elements (PPRE) and/or 

PPAR associated conserved motif (PACM) as obligate heterodimers with retinoid X receptor 

(RXR).  Recently, several reports have shown a consistent link between PPARγ activation and 

anti-tumorigenic effects in several tumor cell lines.  Although several mechanisms have been 

proposed for this anti-tumorigenic effect on PPARγ activation, one of the potential mechanisms is 

the inhibition of telomerase activity and modulation of hTERT expression through the 

Myc/Mad/Max genes that are downstream targets of PPARγ.  This mechanism is very interesting 

because hTERT expression is upregulated in 90% of the cancer cells.  Our lab has computationally 

predicted over 1100 genes that are potentially regulated by PPARγ.  Several of these targets have 

been identified in a genome-wide screen that was driven to identify factors that selectively kill 

hTERT overexpressing cells.  My project involves validation of these targets using metabolic, 

proliferation and expression assays.  Finally, we validated one potential target of PPARγ that can 

selectively kill hTERT overexpressing cells.  These investigations have applications in cancer 

therapeutics. 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Acknowledgement 

 

Firstly, I would like to express my earnest gratitude to my supervisor Dr. Meena Sakharkar, for 

her continuous guidance for my MSc study and related research.  Her immense knowledge and 

guidance constantly motivated me to develop both my rational understanding and scientific skills 

to widen my research perspective.  I whole-heartedly appreciate her insightful comments and 

encouragement s to teach me various advanced fields of molecular biology as well as to correct 

my thesis writings and presentations. 

Besides my supervisors, my sincere thanks also goes to my committee members, Dr. Franco 

Vizeacoumar, Dr. Andrew Freywald and Dr. David Blackburn and Dr. Ed Krol for their insightful 

comments and questions that encouraged me to widen my research perspective.   I also wish to 

thank College of Pharmacy & Nutrition for offering some advanced courses and providing me 

with an opportunity to work as a teaching assistant.  These ultimately assisted me to strengthen the 

background knowledge for my research and perceive the future implications of my work.  I would 

like to thank all the members of the Dr. Sakharkar lab for their support and thoughtful response in 

terms of many of my research questions and problems.  I am also thankful to Dr. Frederick J. 

Vizeacoumar for his assistance. I gratefully acknowledge the financial support as a graduate 

student from NSERC.   

Finally, I am immensely grateful to my parents, Moriom and Munsur, as well as my siblings 

and in-laws, for their patience, motivation and inspiration throughout this time of research and 

study.  Last but not the least, I would like to thank my husband, Fahmid, for all of his care, 

encouragement, patience and support to enhance my spirit for overcoming the challenging 

situations I faced during my study period.  

 

 

 

 

 

 

 

 



iv 
 

                                                             Table of Contents 

 

Page 

Permission to Use Statement ......................................................................................................... i 

Abstract ........................................................................................................................................ ..ii 

Acknowledgement ........................................................................................................................ iii 

Table of Contents ......................................................................................................................... iv 

List of Figures .............................................................................................................................. vii 

List of Tables ................................................................................................................................ ix 

1.0 Introduction ............................................................................................................................. 1 

1.1 Identification of Peroxisome Proliferator-Activated Receptors (PPARs) ................................ 1 

1.2 PPARγ Ligands………………………………………………………………………………..2 

1.3 Structure and Functions of Peroxisome-Proliferator Activated Receptor γ (PPARγ) .............. 3 

1.4 Peroxisome Proliferator Activated Receptor γ and Cancer ...................................................... 5 

1.5 PPARγ and Telomerase ............................................................................................................ 5 

1.6 Telomere Structure and Function.............................................................................................. 6 

1.7 Telomerase ................................................................................................................................ 9 

1.7.1 Telomerase Reverse Transcriptase (TERT) ................................................................... 9 

        1.7.2 Telomeric RNA Subunit……………………………………………………………....10 

1.8 Telomere Maintenance by Telomerase Holoenzyme Complex………………………………11 

1.9 Telomerase Expression in Cancer…………………………………………………………….12 

1.10 Recent Telomerase Based Approaches for Killing Cancer Cells……………………………14 

1.11 Challenges in Identifying Telomerase-Based Cancer Therapies……………………………16 

1.12 A Systematic-Genome Wide Approach to Identify Novel Target to Kill hTERT 

Overexpressing Cancer Cells…………………………………………………………….………18 

1.13 PPARγ and Human Telomerase Reverse Transcriptase (hTERT)…………………………..20 

1.14 Phosphoinositol-3-kinase (PIK3C) Family Proteins………………………………………...21 



v 
 

2.0 Hypothesis and Objectives ................................................................................................... 25 

2.1 Hypothesis............................................................................................................................... 25 

2.2 Objectives ............................................................................................................................... 25 

3.0 Methods .................................................................................................................................. 26 

3.1 Reagents and Antibodies......................................................................................................... 26 

3.2 Cell Lines and Culture Conditions .......................................................................................... 27 

3.3 Generation of Lentiviral Particles ........................................................................................... 28 

3.4 Validation of PPARγ Target Genes ........................................................................................ 29 

3.4.1 Transduction of Target Cell Lines ............................................................................... 29 

3.4.2 Target Gene Knocked Down Assay ............................................................................. 29 

                 3.4.2.1 Quantitative Real-Time PCR………………………………………………….29 

                 3.4.2.2 Western Blot…………………………………………………………………..32 

                             3.4.2.2.1 Preparation of Lysate from Cell Culture………………………….....32 

                             3.4.2.2.2 Western Blot Technique……………………………….……………33 

3.4.3 Metabolic Activity Assay ............................................................................................ 35 

3.4.4 Cell Death Assay for hTERT Overexpressing Cell Lines ........................................... 36 

3.4.5 Microscopy for hTERT Overexpressing Cell Lines .................................................... 36 

3.5 Validation of PIK3CD as a Target of PPARγ………………………………………………....36 

       3.5.1 PIK3CD Expression in Cell Lines……………………………………………………..36 

                3.5.1.1 Preparation of Lysate from Cell Culture and Western Blot …………………..37 

4.0 Results .................................................................................................................................... 38 

4.1 Expression Study of hTERT in Multiple Malignancies .......................................................... 38 

4.2 Metabolic Activity Assay in hTERT Overexpressing Cell Line ............................................ 39 

4.3 PIK3C Family ShRNA Assays……………………………………………………………….42 

      4.3.1 Quantitative Real-time PCR……………………………………………………………42 

      4.3.2 Western Blot Results…………………………………………………………………...42 

4.4 Cell Death Assay in hTERT Overexpressing Cell Line………………………………………43 



vi 
 

4.5 Imaging in hTERT Overexpressing Cell Line ........................................................................ 44 

4.6 PIK3CD a New Target of PPARγ ........................................................................................... 46 

5.0 Discussion............................................................................................................................... 47 

6.0 Future Work .......................................................................................................................... 51 

References .................................................................................................................................... 53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

List of Figures 

 

Page 

Figure 1.1 Structure of the Peroxisome Proliferator Activated Receptors (PPARs) ...................... 2 

Figure 1.2 PPARγ-Peroxisome Proliferator Activated Receptor Gamma Activation .................... 4 

Figure 1.3 PPARγ and Cancer ........................................................................................................ 6 

Figure 1.4 Telomeres are a Nucleoprotein Complex ...................................................................... 8 

Figure 1.5 Domain Structure of Human Telomerase Reverse Transcriptase (hTERT) ................ 11 

Figure 1.6 Mechanism of Action of Human Telomerase Reverse Transcriptase (hTERT) ......... 13 

Figure 1.7 Telomerase Based Approaches for Killing Cancer Cells ............................................ 15 

Figure 1.8 Current Strategies for Cancer Target Identification A. Synthetic Lethality B. Synthetic 

Dosages Lethality.......................................................................................................................... 19 

Figure 1.9 Domain Structure of p110δ and p85α Subunit of PIK3C Class I Family Proteins ..... 21 

Figure 1.10 PIK3CD Signaling Pathway ...................................................................................... 23 

Figure 3.1 Generation of Lentivirus, Transduction and Validation of Target Genes ................... 28 

Figure 4.1 Expression Study of hTERT in Multiple Malignancies .............................................. 38 

Figure 4.2 Metabolic Activity Assay for Validation of PIK3CA, PIK3CB, PIK3CD and PIK3CG 

as SDL Partner of hTERT ............................................................................................................. 39 

Figure 4.3 Expression Study of a PIK3A, PIK3CB, PIK3CD, PIK3CG mRNAs ........................ 40 

Figure 4.4 Evaluation of Knocked Down of PIK3CA, PIK3CB, PIK3CD and PIK3CG with qPCR

....................................................................................................................................................... 41 

Figure 4.5 Evaluation of Knocked Down of PIK3CD with Western Blot.................................... 42 

Figure 4.6 Cell Death Assay for Knocked Down of PIK3CD kills hTERT overexpressing cells 43 

Figure 4.7 Fluorescence Microscopy with Green Fluorescent Protein (GFP) Expressed GMP and 

GM hTERT Cells for Validation of PIK3CD is a Synthetic Dosages Lethal (SDL) Partner of 

hTERT........................................................................................................................................... 44 



viii 
 

Figure 4.8 Fluorescence Microscopy with Red Fluorescent Protein (RFP) Expressed GMP and GM 

hTERT Cells for Validation of PIK3CD is a Synthetic Dosages Lethal (SDL) Partner of hTERT

....................................................................................................................................................... 45 

Figure 4.9 Western Blot to Confirm PIK3CD is a True Target of PPAR γ .................................. 46 

  



ix 
 

List of Tables 

 

Page 

Table 1.1 Tissue Expression and Function of Different Isoforms of PPARs ................................. 3 

Table 1.2 Advantages and Disadvantages of Different Telomerase Based Anticancer Therapies17 

Table 3.1 List of Other Reagents ................................................................................................. .27 

Table 3.2 qPCR Primers for Knocked Down Study of PIK3C Family Genes (Integrated DNA 

Tech.) ............................................................................................................................................ 30 

Table 3.3 List of Chemical for RIPA Lysis Buffer (Preparation for 100 mL)  ............................ 31 

Table 3.4 SDS-PAGE Gel Composition ....................................................................................... 32 

Table 3.5 List of Buffers and Solutions for Western Blot ............................................................ 34 

Table 3.6 List of Antibodies for Western Blot ............................................................................. 35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



x 
 

List of Abbreviations   

PPARs Peroxisome Proliferator Activated Receptors 

PPARγ Peroxisome Proliferator Activated Receptor γ 

15d -PGJ2 15-Deoxy-Δ12,14-prostaglandin J2 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

PACM PPAR activated conserved motifs/pattern 

PTEN Phosphatase and tensin homolog 

hTERT Human Telomerase Reverse Transcriptase 

hTR Telomeric RNA component 

ALT Alternative Lengthening of Telomeres 

ETS E26 transformation-specific 

CTL Cytotoxic T Lymphocytes 

NGI Negative Genetic Interaction 

SL Synthetic Lethality 

SDL Synthetic Dosages Lethality 

PI3K Phosphoinositide 3-Kinases 

PIK3CD Phosphoinositide 3-Kinases D 

RFP Red fluorescent protein 

DMEM Dulbecco’s Modified Eagle Media 

FBS Fetal bovine serum 

GFP Green fluorescent protein 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

shRNA Short hairpin RNA  

PBS Phosphate-buffered saline 

15-D-PGJ2 15-Deoxy-Δ12,14-prostaglandin J2 

DMSO Dimethyl Sulfoxide  



1 
 

1.0 Introduction 

1.1 Identification of Peroxisome Proliferator-Activated Receptors (PPARs) 

Peroxisomes are cellular organelles found in all eukaryotic cells involved in diverse metabolic 

activities (Tyagi et al., 2017).  Peroxisome Proliferator Activated Receptors (PPARs) are a group 

of phylogenetically related nuclear hormone receptor proteins that act as transcription factors 

regulating the expression of several genes.  PPARs were first identified in rodents in 1990 (Tyagi 

et al., 2017). They have structural and functional similarity with steroid or thyroid hormone 

receptors and are stimulated through lipophilic ligands (Tyagi et al., 2017).  PPARs contain similar 

structure as other nuclear hormone receptors including AF-1 transactivation N-terminal region, 

DNA binding domain, flexible hinge region, ligand binding domain and C-terminal region (Zoete 

et al., 2007) (Fig. 1.1).  There are three isoforms of PPARs - α, γ and β/δ. All three isoforms have 

distinct tissue specificity and physiological functions (Table 1.1).  

PPARα isoform is expressed primarily in liver, heart, muscle and adipose tissues (Lefebvre 

et al., 2006).  There are many natural and synthetic fatty acid (FA) compounds that activate PPARα 

e.g. leukotriene B4 and fibrates (Tyagi et al., 2011).  Activation of PPARα receptor is involved in 

fatty acid oxidation, glucose homeostasis and insulin resistance (Lefebvre et al., 2006; Rigamonti 

et al., 2008).  In liver, when the concentration of fatty acid ligands is increased, it increases the 

transcription of PPARα regulated genes this activates microsomal omega-oxidation system and 

mitochondrial and peroxisomal beta-oxidation (Rao et al., 2002; Grygiel-Górniak B., 2014).  

Ineffective PPARα activation deactivates this process by decreasing fatty acid oxidation causing 

reduction in energy burning.  This leads to hepatic steatosis and steatohepatitis diseases (Rao et 

al., 2004; Grygiel-Górniak B., 2014). 

PPARβ/δ is also referred to as PPARδ, PPARβ, hNUC1 or FAAR (fatty acid activated 

receptor). It is not a widely studied PPAR isoform.  It is expressed in all tissues and is mostly seen 

in intestine, liver, kidney, skeletal muscle and abdominal adipose tissue (Grygiel-Górniak, 2014).  

It plays a key role in lipid metabolism by activating fatty acid oxidation, improving lipid profile 

and reducing adiposity (Delerive et al., 2000; Berger and Moller, 2002).  Activation of PPARβ/δ 

leads to regulation of fat consumption and is involved in resistance to nutritionally or genetically 

triggered obesity (Wang, 2003; Stephen, 2004).  As PPARβ/δ activation stimulates cell 

proliferation in colon and breast cancer (Stephen, 2004) and it has been reported as a potential 

target in the treatment of obesity and cancer.  
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PPARγ is widely studied PPAR isoform because of its role in different diseases, for example, 

diabetes, obesity, cardiovascular disease, cancer and others. PPARγ is expressed virtually in all 

tissues including heart, muscle, colon, kidney, pancreas, spleen, adipose tissue and large intestine 

(Tyagi, 2011).  There are three established isoforms of PPARγ in human: PPARγ1, PPARγ2, and 

PPARγ3.  The transcription of all the three isoforms is regulated by different promoters which 

results in variable 5′ exon region (Zhou et al., 2002).  Though PPARγ1, PPARγ3 mRNAs are 

identical; PPARγ2 has an additional NH2-terminal region of 30 amino acids.  

 

1.2 PPARγ Ligands 

Thiazolidinediones (TZDs), rosiglitazone and pioglitazone are widely used synthetic PPARγ 

ligands (Feige et al., 2006).  These ligands act as sensor to activate PPARγ. PPARγ regulates 

adipocyte differentiation, FA storage and glucose metabolism, and is a target of antidiabetic drugs 

(Janani and Kumari, 2015).  PPARγ is overexpressed in many types of cancers (Krishnan et al., 

2007).  Investigations are ongoing to understand the function of PPARγ in tumor inhibition. 

 

Fig 1.1 Structure of the Peroxisome Proliferator Activated Receptors (PPARs).  Peroxisome 

Proliferator Activated Receptors (PPARs) are a group of nuclear hormone receptor proteins that 

function as transcription factors regulating the expression of several genes.  PPARs contain AF-1 

transactivation N-terminal region, DNA binding domain, flexible hinge region, ligand binding 

domain and C-terminal region.  There are three isoforms of PPARs-α, β, γ.  All three isoforms 

have distinct tissue specificity and physiological functions.  PPARs are involved in different 

diseases for example- diabetes, obesity, cardiovascular disease and cancer. Adapted from Heligon, 

2012 open access.  
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1.3 Structure and Functions of Peroxisome-Proliferator Activated Receptor γ (PPARγ) 

Peroxisome Proliferator Activated Receptor γ is a ligand-induced transcription factor; belonging 

to the nuclear hormone receptor superfamily (Berger and Moller, 2002; Boitier et al., 2003).  It is 

characterized by three general functional domains: N-terminal domain (a site for functional 

regulation by phosphorylation), DNA binding domain and ligand-binding domain (Grygiel-

Górniak, 2014; Berger and Moller, 2002).  The N-terminal domain serves as key determinant of 

isotype-selective gene expression.  It was shown that the N-terminus of each receptor functions in 

part to limit receptor activity, as deletion of the N-terminus leads to non-selective activation of 

target genes.  Of all the domains present, the DNA-binding domain is the most conserved domain 

of nuclear receptors.  It contains two zinc fingers (Kumar et al., 2009; Venkatachalam et al., 2011).  

On the other hand, the ligand-binding domain (LBD) of nuclear receptors plays a pivotal role in 

the transduction of the hormonal signal into transcriptional activation via induction of PPAR 

binding to specific response elements (PPREs), consisting of a direct repeat of the nuclear receptor 

hexameric DNA core recognition motif spaced by one nucleotide (DR1) (Lemberger et al., 1996; 

Kumar et al., 2004; Venkatachalam et al., 2011). 

PPARγ is activated through PPARγ agonists.  Upon activation, PPARγ heterodimerizes with 

RXR (Retinoid X Receptors) in the nucleus and forms PPAR: RXR complex (Venkatachalam et 

al., 2011).  When this heterodimer binds with coactivators in the presence of ligands activate gene 

Table 1.1 Tissue Expression and Function of Different Isoforms of PPARs 

 

PPARs 

Isoforms 
Tissue Expression Function Study Group 

PPARα Liver, heart, muscle and 

adipose tissues 
Fatty acid oxidation, glucose 

homeostasis and insulin 

resistance 

Lefebvre et al., 

2006; Rigamonti 

et al., 2008 
PPARβ/δ Intestine, liver, kidney, 

skeletal muscle, abdominal 

adipose tissue 

fatty acid oxidation, 

improving lipid profiles and 

reducing adiposity 

Delerive et al., 

2000; Berger and 

Moller, 2002 

PPARγ heart, muscle, colon, 

kidney, pancreas, spleen, 

adipose tissue and large 

intestine 

adipocyte differentiation, FA 

storage and glucose 

metabolism, Tumor inhibition 

Tyagi, 2011; 

Janani and 

Kumari, 2015 
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transcription and when it binds with corepressors in the absence of ligands block gene 

transcription. Then, it binds with PPRE or PACM (PPAR activated conserved motifs/pattern) 

motif and along with other cofactors modulates gene expression (Akram et al., 2006, 

Venkatachalam et al., 2011).  The specific DNA regions of target genes that bind with PPARs are 

termed peroxisome proliferator hormone response elements (PPREs).  The process for activation 

of PPARγ is outlined in Fig 1.2. 

Emerging evidence has shown the involvement of PPARs in different diseases, for example- 

diabetes, obesity, cardiovascular disease, cancer others.  Hence, PPARs are regarded as therapeutic 

target for different diseases.  Specifically, activation of PPARγ has been reported to inhibit the 

proliferation of malignant cells from different types of cancers such as breast cancer, prostate 

cancer, colorectal cancer and others.  

Fig 1.2 PPARγ-Peroxisome Proliferator Activated Receptor Gamma Activation.  Illustration 

showing activation of PPARγ-Peroxisome Proliferator Activated Receptor Gamma. Peroxisome 

Proliferator Activated Receptor γ is a ligand-induced transcription factor belonging to the nuclear 

hormone receptor superfamily.  On ligand binding it heterodimerizes with RXR (Retinoid X 

receptor) and it is translocated to the nucleus.  In the nucleus, it binds with PPRE or PACM (PPAR 

activated conserved motifs/pattern) motifs and along with other cofactors modulates gene 

expression. Adapted from Wei et al., 2012 open access.  
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1.4 Peroxisome Proliferator Activated Receptor γ and Cancer 

A number of investigations have shown that PPARγ activation is involved in inhibition of cell 

proliferation and induction of apoptosis.  PPARγ activation has been reported in different cancers 

such as liposarcoma (Tontonoz et al., 1997), breast adenocarcinoma (Elstner et al., 1998), prostate 

carcinoma (Kubota et al., 1998), colorectal carcinoma (Sarraf et al., 1998), non-small cell lung 

carcinoma (Chang and Szabo, 2000), pancreatic carcinoma (Motomura et al., 2000), bladder 

cancer cells (Guan et al., 1999), and gastric carcinoma (Sato et al., 2000).  

The inhibition of cell proliferation is brought about through PPARγ target genes which are 

involved in different growth regulatory pathways, immune modulation, cell cycle arrest and 

apoptosis (Fig 1.3).  Specifically, different growth regulatory pathway proteins (e.g. PTEN and 

Drg-1) act as tumor suppressor genes and modulate several cellular functions (Tachibana et al., 

2008).  PPARγ synthetic ligands such as troglitazone and rosiglitazone decrease the expression of 

cyclin D1, inhibit the transcriptional activities of AP-1 and Ets resulting in cell cycle arrest 

(Tachibana et al., 2008).  Rosiglitazone has also been shown to be involve in G1 cell cycle arrest 

by inhibiting K-Ras induced phosphorylation of AKT signaling that eventually inhibits expression 

of cyclin D1 (Tachibana et al., 2008).  One the other hand, troglitazone inhibits the expression of 

CDK (Cyclin dependent kinase) through ERK signaling pathway that negatively regulates cell 

cycle progression (Kim et al., 2002).  Moreover, PPARγ ligands 15-Deoxy-Δ12,14-prostaglandin 

J2 (15d-PGJ2), ciglitazone and troglitzaone induce apoptosis by inhibiting nuclear factor kappa B 

(NF-κB) activity which upregulates various anti-apoptotic genes, inducing the activation of cell 

death protease caspase 3 in breast cancer and liver cancer cell lines (Toyoda et al., 2002.)  Thus, 

PPARγ is a potential target for preventing tumorigenesis.  

 

1.5 PPARγ and Telomerase 

Telomerase maintains length of telomeres and it is upregulated in different cancers. Several 

investigations have been carried out to understand the interaction between PPARγ and telomerase.  

Toaldo et.al. in 2010 indicated that human telomerase reverse transcriptase (hTERT) expression 

can be regulated by PPARγ ligands through Myc/Max/Mad1 network.  Another study 

demonstrates that PPARγ ligand troglitazone reduced the mRNA expression of hTERT and 

telomerase activity in MDA-MB-231 breast cancer cell line (Rashid-Kolvear et al., 2010).  Also, 

telomerase activation during the proliferative response after vascular injury is effectively inhibited 
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by PPARγ ligands (Ogawa et al., 2006).  Activation of PPARγ by rosiglitazone suppresses human 

telomerase reverse transcriptase expression (Liu et al., 2009).  These findings strongly suggest 

that, PPARγ activation can inhibit hTERT overexpression.  In other words, PPARγ target genes 

can be a good therapeutic targets for killing hTERT overexpressing cancer cells.  However, the 

exact mechanism of action is not clearly understood and needs investigation.   

 

1.6 Telomere Structure and Function 

Telomeres are specialized chromosomal DNA-protein structure in the terminal regions of 

eukaryotic chromosomes.  It contains 5-10 kb (kilo bases) tandem repeat DNA sequence TTAGGG 

Fig 1.3 PPARγ and Cancer.  Illustration showing PPARγ has been found to be involved in 

inhibition of proliferation of different types of cancer such as liposarcoma, breast adenocarcinoma, 

prostate carcinoma, colorectal carcinoma, non-small cell lung carcinoma, pancreatic carcinoma, 

bladder cancer cells and gastric carcinoma.   inhibition has been shown to occur through several 

pathways involved in cancer.  For example, PPARγ is involved in apoptotic pathway, cell 

migration and proliferation pathways, angiogenesis, EGF signaling pathways and PIK3CD 

signaling pathway.  Adapted from Sakharkar et al., 2013 open access. 
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in the 3' region of chromosome known as G strand overhang (Nandakumar and Cech, 2013).  This 

G strand overhang turns back and anneals with the complementary sequences in the 5' end of the 

opposite strand.  With the help of a set of specialized proteins, this displaces part of the 5' end in a 

D-loop and creates a stabilized telomere or T-loop (Nandakumar and Cech, 2013; Griffith et al., 

1999) (Fig 1.4).  The T-loop facilitates the formation of a higher order structure of telomere; and 

mediates end capping.  End capping is very important to telomere length maintenance, because 

loss of end capping leads to chromosome end-to-end fusion and triggers cell cycle arrest and 

apoptosis.   

In 1941, McClintock first recognized the importance of chromosome ends or telomere in 

cellular replication.  After almost four decades in 1978, in Tetrahymena the sequence of telomeres 

was discovered (Blackburn and Gall,1978) and eventually in 1988 the human telomere sequence 

was reported (Moyzis et al., 1988).  The telomeric (TTAGGG)n sequence is conserved across 

vertebrate species suggesting a shared origin in a common ancestor over 400 million years ago 

(Meyne et al., 1989). 

In eukaryotes, Telomeres are protected through a protein complex named shelterin.  Shelterin 

is associated with sequence-specific single and double-stranded terminal DNA; supports proper 

telomere function (Hukezalie and Wong, 2013).  Shelterin is composed of six subunits: the ds-

telomeric DNA binding proteins telomere repeat binding factor 1 (TRF1) and telomeric repeat 

binding factor 2 (TRF2); the ss-telomeric DNA binding protein protection of telomeres 1 (POT1); 

and the other stabilizing/regulatory members of the complex repressor/activator protein 1 (RAP1), 

TRF1- and TRF2- interacting nuclear protein 2 (TIN2), and TPP1 (de Lange, 2005; Shay and 

Wright, 2011) (Fig 1.4).  Importantly, shelterin complex protects the telomeres from DNA damage 

signaling pathways and improper processing of chromosomal ends by DNA repair pathways.  

Since shelterin complex is very important for telomere length maintenance, without the activity of 

shelterin complex the chromosomal ends form end-to-end fusions (Zhong et al., 2012).  

In order to divide, a normal cell has to replicate the entire DNA in its chromosomes.  But 

normal cells have difficulty in copying the last few bases on the telomere.  Since DNA polymerase 

fails to replicate few bases in the end, this leads to few hundred base pairs of telomeric DNA loss 

with each mammalian cell division.  As a result, the telomere shortens with each round of DNA 

replication and cell division.  As the cell ages, the telomere keeps shortening until it reaches a 

finite length.  At that point, the cells stop dividing and causes the “the end replication problem”.  
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Along with the end replication problem, telomere cap processing after completion of replication 

contributes to the loss of 50-100 bp of telomeric DNA (Makarov et al., 1997; Aubert and Lansdorp, 

2008).  This telomere attrition leads to replicative senescence, an arrested state that prevents cell 

division.  When telomeres become critically short they can no longer form the T-loops necessary 

for proper capping function.  Telomeres play an important role in the induction of senescence as 

they are the primary sites of DDR (DNA Damage Response) foci, accumulation over many rounds 

of cellular replication both in vitro and in vivo (Suram et al., 2012; Hewitt et al., 2012; Suram and 

Herbig, 2014).  However, each cell has replicative lifespan in culture, a phenomenon known as the 

Hayflick limit, and this serves as an evolutionarily adaptive anti-cancer function and prevents 

uncontrolled cellular growth (Hayflick, 1965; Wright and Shay, 2001). 

Fig 1.4 Telomeres are a Nucleoprotein Complex.  The extended growth potential of cancer cells 

is critically dependent upon the maintenance of functional telomeres which are specialized 

chromosomal DNA-protein structures in the terminal regions of eukaryotic chromosomes.  In 

order to divide, a normal cell has to replicate the entire DNA in its chromosomes.  However, 

normal cells have difficulty in copying the last few bases on the telomere.  As a result, the telomere 

shortens with each round of DNA replication and cell division and as a cell ages, the telomere 

keeps shortening until it reaches a finite length.  At that point cells stop dividing and this halt in 

growth. Telomere consists of 5-10 kilobases of TTAGG repeats.  Telomeres are protected by 

shelterin complex.  Shelterin complex consists of telomeric repeat-binding factor TRF1 and TRF2, 

repressor and activator protein 1 RAP1, TRF1-interacting nuclear protein 2 TIN2, protection of 

telomeres 1 POT1, POT1-and TIN2-interacting protein TPP1.  Adapted from O’Sullivan et al., 

2010 open access. 
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Replication of the terminal ssDNA fragments happens through holoenzyme complex 

consisting of hTERT (Human telomerase reverse transcriptase) and hTR/TERC (Telomeric RNA 

component). Inactivation of telomerase leads to chromosome end fusions and chromosome 

breakage-fusion-bridge events that leads to genomic instability, rearrangements of chromosomes.  

Without telomerase, telomeres reach a finite stage which activates cellular surveillance 

mechanisms, causing either arrest and senescence or apoptosis (Campisi et al., 2011; Rodier and 

Campisi, 2011).  Shelterin complex also regulates the recruitment and activity of the telomerase 

(Wong, 2003; Shay, 2016).  Disruption of shelterin complex by depletion or overexpression of its 

subunits can damage telomere and impair telomerase functions (de Lange, 2005; Schmutz and de 

Lange, 2016). 

Defects in telomere structure and function are involved in different diseases.  For example, 

the chronic phase of HIV infection is associated with substantial loss of telomere length in the 

CD8+ subset of T lymphocytes (Effros, 2000).  The reason why telomere loss is specific to this 

group of T cells is unknown.  Excessive telomere shortening has also been shown in patients with 

chronic hepatitis or liver cirrhosis (Kitada et al., 1995; Aikata et al., 2000; Wong, 2003), consistent 

with accelerated liver cirrhosis in telomerase knockout mice (Rudolph et al, 2000).  Telomere 

shortening is an important factor in the failure of bone marrow transplant, some relevant evidence 

has been reported (Akiyama et al., 2000; Wong, 2003).  Fanconi anemia is an autosomal recessive 

disorder characterized by progressive bone marrow failure and an increased risk of cancer, most 

commonly acute myeloid leukemia (Vessey et al., 2000).  Patients with this disease have been 

reported to have chronologically accelerated telomere shortening. Since telomerase 

overexpression is detected in approximately 90% of all malignant tumors, it is a highly attractive 

biomarker and is used in cancer diagnostics, prognostics, and therapeutics (Meyne et al., 1989).   

 

1.7 Telomerase 

1.7.1 Telomerase Reverse Transcriptase (TERT) 

Telomerase is a specialized reverse transcriptase that maintains telomeres by adding 

hexanucleotide repeat TTAGGG to the 3′ ends of the chromosomes (Hukezalie and Wong, 2013). 

Telomerase is composed of TERT (Telomere Reverse Transcriptase) enzyme and Telomeric RNA 

(TER) (Hukezalie and Wong, 2013).  In 1985, Carol W. Greider and Elizabeth Blackburn first 

discovered telomerase in the ciliate Tetrahymena.  For their discovery they got Nobel prize in 
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physiology or medicine in 2009.  The human TERT gene (hTERT) is 42 kb long and is located on 

chromosome 5.  It contains 16 exons where reverse transcriptase domain is encoded by exons 5-9 

(Akincilar et al., 2016).  The hTERT protein is conserved among H. sapiens, S. cerevisiae (in 

which it is known as Est2), S. pombe (in which it is known as Trt1) and T. thermophile (Lingner 

et al., 1997; Nakamura et al., 1997).  It has around 1000 amino acids. TERT polypeptide can be 

subdivided into three major domains: the telomerase N‑terminal (TEN) domain; the TERT RNA 

binding domain (TRBD); and the reverse transcriptase domain, which contains the fingers, palm 

and thumb (also known as the C‑terminal extension) subdomains and the active site for reverse 

transcription (Lingner et al., 1997; Nandakumar and Cech, 2013) (Fig 1.5).  The hTERT promoter 

has dynamic regulatory transcriptional elements known as consensus binding sites: E-boxes and 

GC-boxes (Akincilar et al., 2016).  Different transcription factors for example p53, p21, c-myc 

bind with these consensus sites and regulate important cellular events like cell growth, apoptosis 

and chromatin remodeling (Horikawa et al., 1999; Takakura et al., 2005; Anderson et al., 2006).  

Interestingly, the tumor suppressor gene p53 has two binding sites at -1240 and -1877 upstream of 

the transcription start site of the TERT promoter (Akincilar et al., 2016).  Overexpression of p53 

together with SP1 leads to suppression of TERT expression (Won et al., 2002).  In contrast, E2F1 

in normal human fibroblasts increases TERT promoter activity through a non-canonical E2F1 site 

which is located –51 to –88 (Won et al., 2002; Akincilar et al., 2016).  Another example of 

increased TERT promoter activity is through NFκB.  NFκB is involved in tumorigenesis through 

the activation of cell survival, proliferation and differentiation.  A significant TERT promoter 

activation is observed in cancer cell through binding of NFκB at the transcription start site of 

hTERT (Kote-Jarai et al., 2013).   

 

1.7.2 Telomeric RNA Subunit 

Telomeric RNA (TER) is a core subunit of telomere that provides the template for addition of new 

telomeric repeats by the reverse-transcriptase protein subunit (TERT).  TER has different sizes in 

different species.  TER’s length in the Ciliate (Tetrahymena thermophile) is 159 nucleotides, 

human TER is 451 nucleotides, mouse TER is 397 nucleotides. TER subunit in yeast such as S. 

cerevisiae is 1,157 nucleotides and S. pombe is 1,213 nucleotides (Blasco et al., 1995).  Thus the 

length of TER in human is medium in comparison to ciliate Tetrahymena and yeast species.  TER 
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biogenesis and stability depends on the interaction between H/ACA box at the 3′ end of TER and 

RNA binding protein dyskerin, NHP2, NOP10 (nucleolar protein 10) and GAR1 (Mitchell et al., 

1999; Egan and Collins, 2012).  The important function of TER is to bind with TERT to activate 

holoenzyme activity.  TERs use template-pseudoknot domain and CR4-CR5 domain to interact 

with TERT subunit in vertebrate (Bley et al., 2011).  Moreover, TERs help to deliver the 

ribonucleoprotein to telomeres through TER’s Cajal box (CAB) motif.  TER localizes on the cajal 

bodies by binding to a WD repeat containing protein known as TCAB1 (telomerase Cajal body 

protein 1; also known as WDR79), where the telomerase RNP is packaged for delivery to telomeres 

(Tycowski et al., 2009; Venteicher et al., 2009).  So, TER plays a vital role in telomeric DNA 

formation with the help of telomerase.  

 

1.8 Telomere Maintenance by Telomerase Holoenzyme Complex  

There are two distinct strategies that have been established to understand the mechanism of 

telomere maintenance.  In eukaryotes, the primary mechanism is ribonucleoprotein enzyme based 

telomere length maintenance.  Another mechanism is alternative lengthening of telomeres (ALT) 

which is dependent on homologous recombination in transformed fibroblast cell cultures and some 

minority cancers in human (Wong and Collins, 2003; Henson et al., 2002).  But ribonucleoprotein 

based approach is mostly studied because telomerase overexpression is detectable in more than 

85% of cancer patients (Kim et al., 1994; Shay et al., 2011) (Fig 1.6).  Telomere length increases 

Fig 1.5 Domain Structure of human Telomerase Reverse Transcriptase (hTERT).  Illustration 

showing three distinct domains within TERT: N-terminal extension, the RT domain, and C-terminal 

extension (CTE).  N terminal extension comprises 400 amino acids and divided in two domains: 

N-terminal (TEN) domain and the telomerase RNA binding domain (TRBD). TEN interacts with 

TER through its RNA recognition motif.  RT is the catalytic domain and it is divided in two sub 

domain: Fingers and Palm.  Mutation in the RT domain leads to complete loss of telomerase.  

Thumb domain is located in the CTE and mutation in the C-terminus region affects enzyme activity 

and telomere length maintenance.  Adapted from Zhu et al., 2017 open access. 
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in each round of cell division through specialized reverse transcription that copies its integral RNA 

component to extend chromosomal 3' end (Blackburn, 2000).  

In most normal somatic cells telomerase activity is repressed and short telomere length has 

been seen throughout the lifetime due to inactivation of telomerase activity. (Wright et al., 1996; 

Harley, 2002).  Telomerase inactivation is due to transcriptional repression of TERT, catalytically 

inactive form of TERT because of alternative mRNA splicing, increase in the amount of 

ribonucleoprotein, post-translational modification of hTERT, sub nuclear shuttling of catalytically 

active ribonucleoprotein (Bodnar et al., 1998; Ulaner et al., 1998; Collins et al., 2002).  These 

phenomenon of telomerase inactivation may function as tumor suppressor mechanisms.  However, 

critical telomere length may promote genomic instability that can enhance tumorigenesis (Wong 

and Collins, 2003).  

In contrast to normal somatic cells, cancer cells keep the balance between telomere loss and 

telomere maintenance over an extended period of proliferation.  The mechanism of telomere 

maintenance between normal and cancer cells is still unknown.  

 

1.9 Telomerase Expression in Cancer 

There are several evidences for the existence of relationship between telomerase and cancer.  

Overexpression of TERT has been reported in cancer cells but not in somatic cells.  In mice, TERT 

is overexpressed in mammary carcinomas (Artandi et al., 2002), epidermal tumors (Gonzalez-

Suarez et al., 2001) and T-cell lymphomas in mouse thymocytes (Canela et al., 2004). The 

molecular mechanism of TERT regulation and activation shows direct interaction with genes 

which affect cancer progression and tumorigenesis.  For example, TERT is associated with the 

promoter of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) target genes 

that control cell survival (Ghosh et al., 2012; Akincilar et al., 2016).  Hence, TERT interacts 

directly with NF-κB targets: interlukin (IL)-6, tumor necrosis factor α (TNFα) and IL-8 which are 

involved in inflammation and cancer progression (Ghosh et al., 2012).  Moreover, it can modulate 

expression of Wnt/ β-catenin signaling pathway (Shin, 2014).  Thus, TERT can regulate expression 

of about 300 genes involved in cell cycle regulation, cell signaling and cell proliferation based on 

omics studies reported in literature (Perrault et al., 2005).  

It has been reported that TERT promoter point mutations are very prominent in different 

types of cancer including glioblastoma, melanoma, urothelial, bladder, hepatocellular carcinoma 
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and thyroid cancer (Griewank et al., 2013; Killela et al., 2013; Landa et al. 2013; Vinagre et al., 

2013; Borah et al., 2015).  Interestingly, overexpression of TERT is associated with different point 

mutations.  In particular, increased TERT expression is associated with mutations that create new 

consensus motifs for transcriptional regulators like ETS/ TCF factors (Akincilar et al., 2016).  In 

19% of the cancer cases, recurrent mutations in C228T and C250T create novel ETS binding sites 

of TERT promoter (Vinagre et al., 2013).  In urothelial cancer, TERT promoter mutation increases 

18-fold TERT mRNA level (Borah et al., 2015; Akincilar et al., 2016).  Besides urothelial cancer, 

C228T mutation in TERT promoter was observed in 11.7% of papillary thyroid cancers and 11.4% 

of follicular thyroid cancers (Akincilar et al., 2016).  Additionally, it has been observed, based on 

TERT promoter related correlation study, TERT promoter mutation is associated with large tumor 

size and lymph node metastasis (Liu et al., 2013).  

Glioblastoma is another most common cancer type where TERT is overexpressed.  There 

are four major subtypes of glioblastoma: primary glioblastoma, astrocytoma, oligodendriogliomas 

and oligoastrocytomas (Jansen et al., 2010).  In primary glioblastoma, TERT promoter mutation 

has been observed in 83% cases with high telomerase activity and poor patient survival (Killela et 

al., 2013).  In astrocytoma, a rare TERT promoter mutation has been observed in 10% cases 

(Killela et al., 2013).  Grade I and grade II glioblastoma patients have TERT promoter mutation 

Fig 1.6 Mechanism of Action of Human Telomerase Reverse Transcriptase (hTERT).  TERT 

can add a six-nucleotide repeating sequence 5'-TTAGGG to the 3' strand of chromosomes by using 

telomeric RNA as a template.  These TTAGGG repeats are called telomeres. In contrast to normal 

somatic cells, cancer cells keep the balance between telomere loss and telomere maintenance over 

an extended period of proliferation. Figure from longlonglife.org/en/transhumanism-

longevity/aging/telomeres-and-aging/telomerase-influence-telomeres-aging open access. 
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in 15% cases. and mutation rate increases in grade IV patient to 76% (Vinagre et al., 2013).  Even 

though TERT promoter mutation is very prominent in most glioblastoma patients, some alternative 

genetic alterations like copy number increase and TERT gene rearrangements also lead to 

activation in TERT that is observed in 13% of high risk glioblastoma tumors (Akincilar et al., 

2016).  Furthermore, TERT promoter mutations have been observed in melanoma patients.  Horn 

et al., reported that 74% metastatic melanoma cell lines carry TERT promoter mutations which 

are located 124, 138 and 146 bp upstream from the ATG start codon (Horn et al., 2013).  In 

melanoma patients BRAF and NRAS are most frequently mutated (Huang et al., 2013).  

Interestingly, TERT promoter is mutated most often after BRAF and NRAS based on the whole 

genome sequencing data.  As human TERT is treated as a biomarker, there are several telomerase 

based drugs that are in clinical trials for cancer treatment.  

 

1.10 Recent Telomerase Based Approaches for Killing Cancer Cells 

Telomerase is an attractive drug target for cancer because of its universality, criticality and 

specificity for all cancer types.  There are various approaches to killing telomerase positive-cancer 

cells: direct enzyme inhibition, active telomerase immunotherapy, telomere disrupting agents, 

TERT promoter-driven suicide gene therapy and blocking telomerase expression or biogenesis 

(Harley, 2008) (Fig 1.7).  Direct enzyme inhibition follows several strategies.  One such kind of 

strategy is active site inhibitors which mimic the telomeres, nucleotide substrate or allosteric 

inhibitors to target the structural feature of telomerase reverse transcriptase (TERT) and telomerase 

RNA component (TER) (Harley, 2008).  Many companies are trying to develop direct enzyme 

inhibitors as drug development candidates.  Because of the inefficiency of small molecule 

inhibitors, the success rate is not promising enough and none of them has progressed to clinical 

trial.  Few oligonucleotides based drug (e.g. GRN163) have been developed that can prevent or 

significantly delay tumor recurrence (Asai et al., 2003).  The second approach, active 

immunotherapy, has been designed to stimulate patient’s immune system to kill specifically the 

hTERT overexpressed cancer cells.  Basically, antigen presenting cells expose telomerase on its 

surface with the help of MHC class I (major histocompatibility complex I) and then telomerase 

specific CD8+ cytotoxic T lymphocytes (CTL) show immunological response (Filaci et al., 2005; 

Gannage et al., 2005).  Several products based on immunotherapy are now in clinical trial for 

example use of synthetic TERT peptides and genetic components DNA, mRNA or viral vectors 
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encoding hTERT (Su et al., 2005; Bernhardt et al., 2006; Mavroudis et al., 2006).  The third 

approach uses the technique to alter the structure of telomere, disrupt the telomere protein-protein 

interaction; as a result, telomerase cannot get access on telomere to increase the length of telomere 

(Asai et al., 2003).  The forth approach is the suicide gene therapy that takes advantage of the fact 

that tumor cells express transcription factors that activate the promoter region of hTERT and 

involve in overexpression of hTERT (Bilsland et al., 2003).  In this technique telomere promotor 

region is placed upstream of tumor suppressor genes or genes that are designed to kill cancer cells.  

As a result, transcription factors that normally activate hTERT now will activate tumor suppressor 

genes and ultimately cancer cells will be killed.  The examples of suicide gene therapy are 

Fig 1.7 Telomerase Based Approaches for Killing Cancer Cells.  Schematic diagram showing 

five different telomerase based approaches for killing cancer cell: telomerase inhibition, active 

immunotherapy, telomere-disrupting agents, gene therapy, blocking telomerase expression or 

biogenesis.  The first approach, Active site inhibitor targets structural features of telomerase 

reverse transcriptase (TERT) or telomerase RNA component (TER).  In the second approach 

called telomerase immunotherapy, products are designed to stimulate the patient’s immune system 

to attack and kill telomerase-positive tumor cells that express hTERT.  The third approach uses 

telomere-disrupting agents to alter the structure of the telomere leading to inability of telomerase 

to access the telomere.  The fourth approach uses the technique where they place telomerase 

promoter upstream of genes that are designed to kill cells when their products are expressed.  The 

fifth approach, blocks telomerase expression or biogenesis and targets-telomerase holoenzyme 

transcription, post-translational modification, assembly and transport.  Figure from Harley, 2008 

(permission from Rights Link).  
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oncolytic viral replication and toxic prodrug conversion (Asai et al., 2003; Bilsland et al., 2003).  

The fifth approach is based on the idea of transcriptional, post-transcriptional, assembly and 

transport mechanism of telomerase holoenzyme complex. This approach downregulates the 

amount of functionally active telomerase based on these ideas.  Few examples of this approach are 

Antisense, ribozyme or small interfering RNA agents targeting TERT mRNA or hTR; gene 

therapy overexpressing mutant TERT; HSP90 inhibitors targeting assembly (Asai et al., 2003). 

Even though there are many advantages of emerging approaches, success in clinical trials is 

limited.  This is because there are many limitations of these techniques (Table 1.2).  Firstly, despite 

screening millions of compounds no one has yet found potent and specific direct enzyme 

inhibitors.  This is because of toxicity and long duration between drug administration and clinical 

response (Hiyama & Hiyama, 2003).  The major limitation of active immunotherapy for cancer 

treatment is that tumor growth does not require a foreign protein and normally immune system is 

only able to identify foreign molecules (Asai et al., 2003).  As like active immunotherapy, telomere 

disrupting agents and suicide gene therapy have many limitations for example, disrupting telomere 

structure is lethal to normal cells and effective delivery throughout the body is challenging, 

immunological response to vector system might limit dosing (Asai et al., 2003).  Finally, agents 

that block telomerase expression may be leakier and less efficient than direct inhibitors (Asai et 

al., 2003). Hence there is a need to find a novel approach that can overcome all the limitations.  

 

1.11 Challenges in Identifying Telomerase-Based Cancer Therapies 

Based on the understanding from recent studies on cancer, challenges to identify potential 

therapeutic target are genetic dependencies of cancer cells and potential druggable target 

identification for cancer treatment (Paul et al., 2014).  Cancer is a disease of dynamic changes of 

DNA sequences that leads to specific genetic dependencies.  Genetic dependencies are a cell 

survival mechanism where cells depend on specific cellular pathways for survival (Paul et al., 

2014).  This characteristic results in genetic dependencies within individual clones of a single 

tumor or different tumors in a single individual.  Besides genetic dependences another problem is 

to identify potential druggable target because limited information is available for potential 

druggable target despite the advancement in new approaches (Collins and Workman, 2006).  

Telomerase is an important drug target for cancer treatment because telomerase is not only 

a tumor marker but also maintenance of telomere by telomerase has been benefitted by replicative 
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immortality and tumor cell provides specificity of telomerase expression in cancer cells versus low 

or transient expression in normal cells (Harley, 2008).  Though telomerase is a potential druggable 

target, success is potentially hindered by the limited information on genetic dependencies and 

narrow scope of assessment of molecular machinery of cancer cells.  Based on these ideas, there 

are few potential challenges to develop telomerase based cancer therapies include selection of best 

patient population, optimal dose, and good biological marker for early detection.  Most 

importantly, hTERT is crucial for normal cells to maintain telomere length because reactivation of 

telomerase is responsible for premature aging.  Moreover, as mentioned by Megchelenbrink, et 

al., 2015, it will be very difficult to target any essential gene that is involved in normal cellular 

functions directly.  So, a systemic genome-wide approach to identify novel therapeutic target to 

kill hTERT overexpressed cells is needed.  

 

 

 

Table 1.2 Advantages and Disadvantages of Different Telomerase Based Anticancer 

Therapies 

 

Approach Advantage Disadvantage Study Group 

Direct enzyme 

inhibition 

Standard pharmacological 

approach, prevents or 

significantly delays tumor 

recurrence 

Toxicity and long 

duration between drug 

administration and 

clinical response  

Harley, 2008, 

Hiyama & 

Hiyama, 2003 

Active telomerase 

immunotherapy 

Life-long effects Immune system may be 

compromised 

Filaci et al., 2005 

Telomere 

disrupting agents 

Rapid induction of cell 

death possible 

Lethal to normal cells, 

effective delivery 

throughout the body is 

challenging 

Asai et al., 2003  

TERT promoter-

driven suicide 

gene therapy 

Rapid killing of 

telomerase-positive cells 

Effective delivery 

throughout the body is 

challenging 

Asai et al., 2003; 

Bilsland et al., 

2003  

Block telomerase 

expression or 

biogenesis 

Direct telomerase 

inhibition 

Leakier and less 

efficient 

Asai et al., 2003 
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1.12 A Systematic-Genome Wide Approach to Identify Novel Target to Kill hTERT 

Overexpressing Cancer Cells  

Many researchers have revealed a new genome-wide approach based on genetic interaction 

between gene pairs classified as positive genetic interaction (PGI) and negative genetic interaction 

(NGI) (Dixon et al., 2009; Luo et al., 2009; Vizeacoumar et al., 2013).  Positive genetic interaction 

is a kind of genetic interaction that lead to growth and survival advantages whereas negative 

genetic interaction can cause a fitness defect (Paul et al., 2014).  There are two types of NGIs: 

synthetic lethality (SL) and synthetic dosages lethality (SDL) that can be used to identify potential 

druggable target (Paul et al., 2014) (Fig 1.8).  Many phenotypic traits of cancer are based on 

genetic alterations such as: gain-of-function where amplification or overexpression of oncogenes 

and loss-of-function where deletion or silencing of tumor suppressor genes lead to changes in 

phenotypic trait of cancer cells.  Synthetic lethality targets loss-of-function of specific genes that 

are deleted in cancer cells and are hard to target directly.  By definition, synthetic lethality occurs 

when loss of two genes by deletion or silencing lead to cell death but loss of either gene does not 

cause cell death (Costanzo et al., 2010; Szappanos et al., 2011; Vizeacoumar et al., 2013).  For 

example, SRC kinase is a SL partner of EPHB6 which has anti-malignant properties in triple 

negative breast cancer (TNBC). Here SRC inhibitors SU6656 and KX2-391 have been used in a 

personalized manner for treating patients with EPHB6-deficient TNBC (Paul et al., 2016).  In 

2001, Gurley and Kemp for the first time showed synthetic lethality in mice among the ATM and 

DNA-PK genes that are frequently mutated in cancers.  Similarly, tumor suppressor p53 shows SL 

interactions with the p38/ MK2 pathway that becomes crucial for arresting the cell cycle 

(Morandell et al., 2013).  Therefore, in p53-deficient tumor cells, the MK2 pathway is the prime 

candidate for inducing a SL response.  Another example of SL interaction is targeting the DNA 

damage pathway with tumors possessing BRCA mutations.  In healthy cells, BRCA1/2 fixes DNA 

double-strand breaks (DSB) via homologous recombination repair. (Cramer-Morales et al., 2013).  

However, in tumor cells RAD51 becomes a SL partner of BRCA mutation, whereby disruption of 

phenylalanine 79 in the RAD52-DNA binding domain leads to a buildup of DSB and subsequent 

lethality (Cramer-Morales et al., 2013; Paul et al., 2014).                                                                                

Whereas synthetic dosage lethality (SDL) denotes a genetic interaction where interaction 

between overexpression of one gene and under expression of another gene causes cell death but 

either gene alone leaves the cell viable (Paul et al., 2014; Megchelenbrink et al., 2015).  SDL is 
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less studied genetic interaction which targets of specific genes that are overexpressed or amplified 

in cancer cells (Sajesh et al., 2013; Bian et al., 2013; Megchelenbrink et al., 2015).  But recent 

observations of lethality in cancer cells with overexpressed genes make it particularly interesting 

for cancer therapeutics.  In particular, many oncogenes are very difficult to target directly and have 

important role in normal cellular function. Targeting those oncogenes indirectly with a SDL 

partner can be a novel approach for treating cancers (Sopko et al., 2006; Bian et al., 2013; Sajesh 

Fig 1.8 Current Strategies for Cancer Target Identification A. Synthetic Lethality B. 

Synthetic Dosages Lethality:  Schematic diagram showing two types of negative interactions: 

Synthetic Lethality (SL) and Synthetic Dosages Lethality (SDL).  Synthetic lethality and Synthetic 

dosages lethality are a type of genetic interaction where the co-occurrence of two genetic variants 

results in cellular or organismal death.   A. Two genes are said to cause SL if inactivating mutations 

in either gene alone leaves the cell viable, but together, they cause death.  B.  Two genes are said 

to exhibit SDL interaction when an over activation of a gene is lethal only when another, nonlethal 

mutation is present.  Figure from Paul et al., 2014 (reproduced with permission from Rights Link). 
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et al., 2013).  Megchelenbrink et al. in 2015 demonstrated emerging networks of 12,000 SDLs.  

One example of synthetic dosages lethality is overexpression of Polo-kinase-1 or PLK1 (serine-

threonine kinase often overexpressed in cancer) is lethal to the cancer cells when inhibiting PP2A 

with shRNA or inhibitor treatment (Cunninghum et al., 2016).  Hence, as hTERT is overexpressed 

in more than 85% cancer cells and plays a role in normal cellular homeostasis it will be tough to 

target hTERT directly.  So, Dr. Vizeacoumar’s lab has used a novel genome wide screening 

method to identify synthetic dosages lethal partner of hTERT.  The idea behind this approach is 

that if we are able to shut down the expression of synthetic dosages partner of hTERT, hopefully 

we will be able to kill the hTERT overexpressing cancer cells.  

 

1.13 PPARγ and Human Telomerase Reverse Transcriptase (hTERT) 

Dr Sakharkar’s lab has identified several PPARγ targets through computational and experimental 

analysis. Keywords “PPRE”, “PPAR consensus sequences”, “PPAR binding sequences” were 

used to search for literatures in PubMed for identifying PPRE elements in the genes.  Only 

experimentally validated PPRE elements were incorporated/added into the collection.  Thus, Dr 

Sakharkar’s lab database contains 1154 genes with PPRE consensus patterns.  

Dr Vizeacoumar’s lab has done a genome wide screen to identify some genes knocked down 

of which causes killing of hTERT overexpressing cancer cells.  Dr. Vizeacoumar’s lab has a library 

with 90,000 shRNAs that can target 18,000 genes.  This is the library constructed in pLKO.1 

plasmid.  They packaged the plasmid library into lentivirus and transduced into parental and 

hTERT overexpressing cells.  This is followed by puromycin selection to collect the cells which 

have shRNA sequences integrated in the genome.  After that the cells are cultured for several 

generations and cell pellets are collected at different time points for genomic DNA isolation.  The 

shRNA library amplified from the genomic DNA is used for microarray to identify genes that are 

the targets of interest. 

Interestingly, several of the PPARγ targets are identified to be present in telomerase screen.  

Hence, based on the literature review how PPARγ target genes are regulating telomerase 

expression, Dr Sakharkar’s lab computational analysis and Dr. Vizeacoumar’s lab telomerase 

screening is supporting the fact that there is a relationship between PPARγ and hTERT.  Hence, I 

selected four class I PIK3C family proteins that are potential PPARγ targets: PIK3CA 

(Phosphoinositide 3-Kinases A), PIK3CB (Phosphoinositide 3-Kinases B), PIK3CD 
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(Phosphoinositide 3-Kinases D), PIK3CG (Phosphoinositide 3-Kinases) and evaluated their role 

in hTERT overexpressing cell lines. 

 

1.14 Phosphoinositol-3-kinase (PIK3C) Family Proteins 

Phosphoinositide 3-Kinases (PI3Ks) are a group of large lipid enzymes that act as signal 

transducer; modulate various biological processes including cell proliferation, survival, motility, 

death and metabolism (Cantley 2002; Li et al., 2016; Dornan and Burke, 2018).  They were first 

discovered more than 25 years ago and several studies have established distinguishable PI3KC 

family proteins based on their structure, substrate specificity and mechanism of action and most 

importantly their key role in cancer progression.  The molecular mechanism of PI3Ks action starts 

from plasma membrane where upon activation of RTKs or G- proteins coupled receptors (GPCRs) 

PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2 or PtdIns4,5P2) on the plasma 

membrane, yielding phosphatidylinositol-3,4,5- triphosphate (PIP3 or PtdIns3,4,5P3). PI3Ks 

phosphorylate the 3’-OH group of phosphatidylinositols (PtdIns) on the plasma membrane 

(Wymann and Schultz 2012; Viaud et al., 2016; Pridham et al., 2017; Dornan and Burke, 2018). 

Then PIP3 activates V-Akt murine thymoma viral oncogene homolog (AKT) to activate cell 

survival (Pridham et al., 2017).  On the contrary, tumor suppressor and tensin homologue (PTEN) 

dephosphorylates PIP3 and negatively regulates PI3K signaling (Wymann and Schultz, 2012; 

Viaud et al., 2016).  Based on the importance of PI3Ks/AKT signaling pathway in cell survival, 

there are several chemical inhibitors that have been developed to target PI3K/AKT signaling 

pathway for example: clinical trials are ongoing with XL765, wortmannin, PI-103, PX-866, and 

LY294002 alone or in combination with radiotherapy or chemotherapy substantially inhibited 

glioblastoma cell growth (Kubota et al., 2000; Westhoff et al., 2009; Koul et al., 2010; Prasad et 

al., 2011; Carminati et al., 2014). 

PI3K family proteins are grouped into three classes (I, II, and III) based on structure, 

substrate specificity and modes of regulation.  Class I PI3K genes are involved in regulation of 

PI3K/AKT signaling whereas class II and class III genes are involved in regulation of angiogenesis 

and autophagy (N. Cancer Genome Atlas Research, 2008; Thorpe et al., 2015).   

PI3K class I genes are divided into two subclasses: IA and IB. The class IA PI3K gene family 

consists of three highly homologous catalytic subunits: α, β, and δ (named accordingly PIK3CA, 

PIK3CB, and PIK3CD) that encode p110α, p110β, and p110δ, respectively.  These subunits 



22 
 

heterodimerize with five regulatory subunits p85α, p55α, p50α, p85β, and p55γ, encoded by 

PIK3R1, PIK3R2, and PIK3R3 (PI3K regulatory subunit 1, 2, and 3) (Thorpe et al., 2015; Pridham 

et al., 2017).  On the other hand, Class IB PI3K is composed of one catalytic subunit p110γ 

encoded by PIK3CG (PI3K catalytic subunit γ) and two regulatory subunits: p101 encoded by 

PIK3R5 (PI3K regulatory subunit 5) and p87 (also known as p84 or p87PIKAP) encoded by 

PIK3R6 (PI3K regulatory subunit 6) (Martini et al., 2014; Viaud et al., 2016). 

Class IA proteins catalytic subunit is composed of an adaptor binding domain (ABD), RAS 

binding domain (RBD), a C2 domain, a helical domain, a bi-lobed kinase domain composed of an 

N-lobe and C-lobe (Dornan and Burke, 2018) (Fig 1.9).  ABD binds with regulatory subunit p85 

whereas RBD interacts with Ras superfamily GTPases (Dornan and Burke, 2018).  Class IA 

catalytic subunit hetero dimerizes with regulatory domain.  Regulatory domain is composed of two 

Src homology domain referred as nSH2 and cSH2 connected by coiled-coil domain known as inter 

SH2 (iSH2).  Inter SH2 or iSH2 domain mainly form heterodimer complex with ABD of catalytic 

Fig 1.9 Domain Structure of p110δ and p85α Subunit of PIK3C Class I Family Proteins. 

Illustration showing the class IA PI3K p110 catalytic subunit and p85 regulatory subunits.  Both 

have large, dynamic multi-domain protein structure.  p110 is composed of an adaptor-binding 

domain (ABD), a Ras-binding domain (RBD), a C2 domain, a helical domain, and a bi-lobed 

kinase domain, composed of an N-lobe and a C-lobe.  All class IA regulatory subunits contain two 

Src homology 2 domains nSH2 and cSH2 (C-terminal SH2) connected by a coiled-coil domain 

known as the iSH2 (Inter SH2).  Figure Adapted from Vadas et al., 2011. 
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subunit (Miled et al., 2007; Burke et al., 2011; Dornan and Burke, 2018).  There are several inter 

and intra subunit interactions that mediate inhibition of class IA activation for example: ABD 

forms inhibitory complex with N-lobe, C2 domain has inhibitory contact with iSH2, nSH2 forms 

inhibitory interactions with C2, helical and C-lobe and c-SH2 also has inhibitory interfaces with 

n-SH2 (Miled et al., 2007; Mandelker et al., 2009; Burke et al., 2011; Burke et al., 2013).  The 

p85 SH2 domains interact with phosphorylated YXXM motifs of receptors and their adaptors 

(Dornan and Burke, 2018).  

Physiologically, heterodimerized form of class I PI3Ks transduces signals received from the 

RTKs (Receptor tyrosine kinases) and GPCRs (G-protein coupled receptors) to the downstream 

effectors upon stimulation where regulatory subunit interacts with intracellular portion of activated 

receptor (Pridham et al., 2017).  The catalytic subunit then interacts with the lipid membranes to 

phosphorylate the PtdIns P2 to PtdIns (3,4,5) P3 and produces the final product PtdIns (3,4,5) P3.  

Fig 1.10 PIK3CD Signaling Pathway.  PIK3CD transduces signals received from the RTKs and 

GPCRs to downstream effectors upon stimulation. PIK3CD activates AKT through pleckstrin 

homology (PH) domain of AKT.  AKT inhibits p27.  Activation of mTOR results in increased 

protein synthesis, cell survival, cell adhesion, cell migration, cell cycle progression and 

transformation.  Figure from New and Wong, 2007; Open Access.    
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After that, PtdIns (3,4,5) P3 acts as a second messenger mediating the activation of AGC kinases 

of phosphoinositide-3-kinase-protein kinase B/AKT (PKB/AKT) through pleckstrin homology 

(PH) domain of AKT (Wymann et al., 2012; Viaud et al., 2016).  Upon PI3K activation, AKT is 

translocated to the inner membrane where it is phosphorylated by PDK1 at its activation loop 

(T308) and activates the mammalian target of rapamycin complex 1 (mTORC1) by direct 

phosphorylation and activation of the proline-rich AKT substrate of 40 kDa (PRAS40) and the 

tuberous sclerosis protein 2 (TSC2) (Dornan et al., 2018) (Fig 1.10).  Activation of mTORC1 

results in increased protein synthesis, cell survival, cell adhesion, cell migration, cell cycle 

progression and transformation.  A tumor suppressor gene phosphatase and tensin homologue 

(PTEN) can antagonize PI3K/AKT signaling frequently mutated in many types of cancers for 

example: endometrium, prostate and breast cancer.  Interestingly, peroxisome proliferator 

activated receptor gamma (PPARγ) regulates PTEN mRNA and protein levels ((Dornan et al., 

2018).  So, PI3K/AKT signaling pathway is highly regulated through internal and external 

modulators.  Inactivation of PI3K/AKT signaling is an important factor for inhibiting cancer 

progression.  
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2.0 Hypothesis and Objectives 

2.1 Hypothesis 

We hypothesize that PPARγ target genes PIK3CA, PIK3CB, PIK3CD and PIK3G regulate the 

dependency of cancer cells on hTERT through synthetic dosages lethal interaction. 

 

2.2 Objectives 

We will focus on the predicted PPARγ target PIK3C family genes that were identified in the 

genome-wide screen that when inhibited should kill hTERT overexpressing cells 

 

1. Check if loss of function of PIK3C family genes can kill cancer cells with high hTERT 

activity.  

2. Confirm if PIK3C family genes are PPARγ targets. 
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3.0 Methods 

3.1 Reagents and Antibodies 

Dulbecco's Modified Eagle Medium (DMEM) with high glucose, HyClone™ phosphatase 

buffered saline (1X), HyClone™ trypsine 0.25% (1X) solution, hygromycin B in PBS 50 mg/ml 

was purchased from thermos fisher scientific, HyClone™ penicillin (10,000 units/ml)-

streptomycin (10,000 ug/ml) solution, fetal bovine serum purchased from Gibco, geneticin 50 

mg/ml was purchased from life technologies, OPTI-MEM reduced serum medium was purchased 

from life technologies, Invitrogen highpure plasmid midiprep kit, Lysogeny broth (LB) medium 

was purchased from sigma-aldrich, ampicillin antibiotic (D-(−)-α-Aminobenzylpenicillin) from 

sigma-aldrich, HyClone™ bovine serum albumin (BSA), High-Capacity cDNA Reverse 

Transcription Kit from Applied Biosystems™, TRIzol reagent was purchased from ambion life 

technologies, Ultrapure™ distilled water from Invitrogen, Pierce™ BCA protein assay kit was 

purchased from thermos fisher, RIPA lysis buffer (chemicals for RIPA buffer preparation are listed 

in Table 3.3), Ethanol, Isopropanol, high purity chloroform from sigma-aldrich, Clarity™ western 

ECL substrate was purchased from bio-red, Trypan blue stain (0.4%) by life technologies. List of 

antibodies for western blot are listed in Table 3.5. 

All reagents and kits were used and stored according to the standard procedures provided by 

the manufacturers.  DNA/RNA samples were eluted into DNAase-free ddH2O and stored at -20 

°C for future use.  Cell pellets (bacterial and mammalian) from experiments were stored at -80 °C 

before plasmid, genomic DNA (gDNA) or RNA isolation.  Bacterial cell stocks and lentivirus were 

stored at -80 °C.  Mammalian cell stocks were stored at -150 °C.  Gentle vortexing and/or pipetting 

were required at different steps to mix samples and reagents properly.  Filtered micropipette tubes 

or tips were used to reduce any biological or chemical contamination.  Different types of containers 

(e.g. flasks, tubes, plates) and common instruments (e.g. shakers, microwave ovens, centrifuges) 

were used in the experiments.  Standard biosafety guidelines and aseptic practices were followed 

at every step of the research work.  All the uncommon reagents are listed in Table 3.1 
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3.2 Cell Lines and Culture Conditions 

The HEK-293T cell line was used for generating lentivirus of PIK3CA, PIK3CB, PIK3CD and 

PIK3G shRNA. GMP and hTERT overexpressing (GMhTERT) cell lines (Fibroblast cell lines) 

were purchased from Dr. Judy Wong LAB, UBC, Canada.  These cell lines were used for 

validation experiments.  Since, the cells were passaged for less than three months following 

revivations and therefore no additional authentication was performed.  Monolayer cultures of 

HEK-293T, GMP and hTERT overexpressing cell lines were maintained in the DMEM high 

glucose medium (HyClone, GE Life Sciences) containing 10 % FBS (Gibco, Life Technologies), 

1 % penicillin/streptomycin (Gibco, Life Technologies) and 1 mM sodium pyruvate (HyClone, 

GE Life Sciences).  ATCC guidelines were followed during storing, seeding, growing, splitting, 

washing (e.g. 1 X PBS), and harvesting (e.g. 0.25 % trypsinaization) the cell lines.  Standard 

incubation conditions (37 ºC and 5 % CO2) were also followed for culturing the mentioned cell 

lines.  Cell confluency was maintained between 70-80 % and monitored using a light microscope.  

A hemocytometer and cell counting slide was used to count the cells at different steps of the 

experiments. 

 

 

Table 3.1 List of Other Reagents 

 
Reagents Supplier Address 

7-Aminoactinomycin D (7-AAD) BD Biosciences (Mississauga, ON, Canada) 

SensiFAST™ SYBR® Hi-ROX Kit  Bioline Reagents Ltd. London, UK 

Polybrene Sigma-Aldrich (St. Louis, MO, USA) 

Polyethyleneimine Sigma-Aldrich (St. Louis, MO, USA) 

Puromycin Thermo Fisher Scientific (Burlington, ON, Canada) 

Resazurin  R & D Systems (Minneapolis, MN, USA) 

X-tremeGENE™ HP DNA 

Transfection Reagent 
Sigma-Aldrich (Mannhelm, Germany) 

15-Deoxy-Δ12,14-prostaglandin J2  Abcam Inc, Cambridge, USA 
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3.3 Generation of Lentiviral Particles 

Lentivirus construct of PIK3A, PIK3CB, PIK3CD and PIK3CG shRNAs was generated for 

validation work.  For that, in a 10 cm tissue culture dish 3.5 x 106 HEK-293T cells were seeded 

with 10 mL of DMEM medium.  After 24 hours of incubation, the culture medium was replaced 

with 10 mL of new DMEM medium.  For viral assembly, the following three plasmids carrying 

proteins were mixed in appropriate quantities to prepare the transfection mix: 6000 ng of target 

gene shRNA plasmid, 5400 ng of psPAX2 plasmid (virus packaging), and 600 ng of pMD2.G 

plasmid (virus envelop).  A mixture containing 540 µL of Opti-MEM medium and 36 µL of 1 

mg/mL X-tremeGENE™ HP DNA Transfection Reagent was added dropwise to plasmid mixture 

Fig 3.1 Generation of Lentivirus, Transduction and Validation of Target Genes.   Illustration 

showing generation of lentiviral particles from cloned plasmid.  HEK-293T cells were co-

transfected with plasmid, viral packaging plasmid and envelope plasmid through X-Treme gene 

transfection method.  Illustration also shows transduction procedure with lentivirus.  Cells were 

transduced with the lentivirus for 24 hours.  The transduced cells were subject to puromycin 

selection for 48 hours.  The selected cells were seeded for validation.  
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and incubated for 30 minutes at room temperature.  In a 10 cm cell culture plate, transfection 

reagent was mixed and added dropwise seeded with HEK-293T cells.  Cell culture medium with 

transfection reagent was removed after 18 hours of incubation, and replaced with new 10 mL of 

DMEM medium, containing 20 % BSA.  Cells were incubated for 24 hours again.  Lentivirus 

containing media was harvested and stored at 4 ºC.  Another 10 mL of DMEM medium (containing 

20 % BSA) was added to the transfected cells and incubated for 24 hours.  Viral harvesting was 

combined with the first viral harvest.  Lentivirus containing medium was centrifuged at 500 X g 

for 5 minutes to remove any transfected cells or debris collected during harvesting.  Multiple 

transfections were performed to generate enough lentivirus for future use, which were aliquoted, 

(20 mL of virus/dish) and stored at -80 ºC.  The lentivirus generation method is outlined in Fig 

3.1.     

 

3.4 Validation of PPARγ Target Genes 

3.4.1 Transduction of Target Cell Lines 

For transduction of the GMP and hTERT overexpressing cells, 0.2 x 106 cells were seeded in a 

well of 6-well cell culture dish with 500 µL of thawed lentivirus.  Culture medium was added to 

the final volume of 3 mL containing 8 µg/mL polybrene.  After 24 hours of transduction, cells 

were washed with warm PBS and culture medium was replaced by 3 mL of the culture medium, 

containing 1 µg/mL puromycin.  After 48 hours of puromycin treatment, culture medium was 

removed, cells were washed with warm PBS.  The required number of puromycin resistant cells 

were seeded for next set of experiments as outlined in Fig. 3.1.  Lentivirus for control shRNA 

plasmid (sh-RFP/sh-RFP) was also prepared and used for transduction of the target cells. 

 

3.4.2 Target Gene Knocked Down Assay 

3.4.2.1 Quantitative Real-Time PCR 

The methods are described for lentivirus from plasmid targeting PIK3CA, PIK3CB, PIK3CD and 

PIK3CG after the procedures explained in section 3.4.1.  In a well of 6-well cell culture dish, about 

1 x 106 of puromycin resistant cells (GMP and hTERT overexpressing cells) were seeded in 3 mL 

culture medium and cultured for 72 hours.  Both floating and adhered cells were harvested together 

as cell pellet.  The cell pellet was stored at -80 °C and later used for total RNA extraction.  Total 
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RNA from transduced cells was extracted using TRIzol™ Reagent (Thermo Fisher Scientific) 

according to the manufacturer’s protocol.  NanoDrop™ was used to measure RNA concentration 

and purity and stored at -20 ºC.  

  Firstly, to make cDNA from the total RNA by reverse transcription, a two-step reverse 

transcription PCR was done by using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) according to the manufacturer’s protocol.  Briefly, 2.0 µL of 10X RT Random 

Primers, 0.8 µL of 25X dNTP (100 mM), 2 µL of 10X RT Buffer, 1 µL of MultiScribeTM Reverse 

Transcriptase and 4.2 µL of DNAase-free ddH2O were mixed (total 10 µL).  Then, 2 µg of total 

RNA in 10 µL was added to this 10 µL of 2X RT master mix to make a 20 µL of reaction.  To 

conduct this reaction, the temperature profile of the Thermo Cycler was set as 10 min at 25 °C, 

120 min at 37 °C, 5 min at 85 °C and hold at 4 °C before next steps.  The resulting cDNA was 

stored at -20 °C for later use.    

Table 3.2 qPCR Primers for Knocked Down Study of PIK3C Family Genes (Integrated 

DNA Tech.) 

 
Gene Name Molecular 

Type 

F.P/R.P. shRNA oligonucleotide sequences 

(5′-3′) 

Location 

(Exon) 

PIK3CA mRNA F.P. TGAGAGGTTTCAGGAGATGTGT 

 

3094 

R.P. TTGTTGTCCAGCCACCATGA 

 

PIK3CB mRNA F.P. CGCATTTCCACAGCTACACC 

 

1303 

R.P. CAGCCATTCATTCCACCTGG 

 

PIK3CD mRNA F.P. TTCAGACACCATCGCCAACA 

 

240 

R.P. GGGTTCTTGGACTTCAGCCA 

 

PIK3CG mRNA F.P. ACAATTGGTCCAGGCTGTGA 

 

2157 

R.P. TGGGTAAAGTCGTGCAGCAT 

 

GAPDH mRNA F.P. GAGTCCACTGGCGTCTTCAC 694 

R.P. ACTGTGGTCATGAGTCCTTCC 

F.P.: Forward primer, R.P.: Reverse primer 
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Primers were designed for measuring the expression of mRNA for target genes. ‘Primer 3’ 

tool (http://bioinfo.ut.ee/primer3/) was used to design primer based on sequences from NCBI 

nucleotide (https://www.ncbi.nlm.nih.gov/nuccore) (Table 3.2).  For each gene two primer sets 

were designed from different exonic regions of target genes.  Default parameters were used and 

some of the parameters were changed to get suitable primers. To optimize the conditions and to 

test different set of primers, RT-PCR was done from the cDNA.  To perform the PCR reaction 

(second step of two-step reverse transcription), 2.5 µL of 20 µM Forward Primer, 2.5 µL of 20 

µM Reverse Primer, 10 µL of 10 X PCR Buffer, 2 µL of 10 mM dNTPs, and 0.5 µL of HotStarTaq 

DNA Polymerase (QIAGEN) were mixed with 100 ng of total RNA. In a 100 µL final reaction 

volume, DNAase-free ddH2O was added.  The temperature profile of the Thermo Cycler was set 

as, 15 min at 95 °C and 30-40 cycles (based on the expression level) of amplification (30 sec at 94 

°C, 30 sec at 55 °C, 1 min at 72 °C), 5 min at 72 °C.   

Three-step cycling was performed as, 2 min at 95 °C (holding stage), 50 cycles of 

amplification (5 sec at 95 °C, 10 sec at 60 °C, 15sec at 72 °C).  A melt curve stage (step and hold) 

was also set for the qPCR run.  StepOnePlus™ Software 2.3 package was used to set the 

experiment and get the Ct value, amplification plot, melt curve and other information that helped 

to assess the quality of qPCR run.  For data analysis, Ct value of the endogenous control (GAPDH) 

was subtracted from Ct value of the corresponding mRNA to get ΔCt value.  ΔCt value of control 

shRNA (sh-RFP) was subtracted from ΔCt value of genes targeting shRNA for corresponding 

mRNA to calculate –ΔΔCt value.  Relative expression was measured by calculating 2-ΔΔCt. 

 

Table 3.3 List of Chemicals for RIPA Lysis Buffer (Preparation for 100 mL) 
 

Stock Volume Volume [Final] 

5 M NaCl 3 mL 300 µL 150 mM 

    

0.5 M EDTA, pH 8.0 1 mL 100 µL 5 mM 

1 M Tris, pH 8.0 5 mL 500 µL 50 mM 

Triton X-100 1 mL 100 µL 1.0% 

10% sodium deoxycholate 5 mL 500 µL 0.5% 

10% SDS 1 mL 100 µL 0.1% 

dH2O 84 mL 8.4 mL   

Total 100 mL 10 mL  

 

https://www.ncbi.nlm.nih.gov/nuccore


32 
 

3.4.2.2 Western Blot  

The methods are described for lentivirus from plasmid targeting PIK3CA, PIK3CB, PIK3CD and 

PIK3CG after the procedures explained in section 3.4.1. About 1 x 106 of puromycin resistant cells 

(GMP and hTERT overexpressing cells) were seeded in a well of 6-well cell culture dish in 3 mL 

culture medium and cultured for 72 hours.  Both floating and adhered cells were harvested together 

as cell pellet.  

 

3.4.2.2.1 Preparation of Lysate from Cell Culture 

After 72 hrs from puromycin resistant cells proteins were isolated using RIPA cell lysis buffer 

(Table 3.3). 2X solution of cOmpleteTM Ultra Tablet was used with RIPA lysis buffer to inhibit the 

protease activity.  2X solution of cOmpleteTM Ultra Tablet was stored at -15 to -250c. At first cells 

were washed with cold PBS.  After aspiration of PBS, RIPA lysis buffer was added and adherent 

cells were scraped by using plastic cell scraper.  Recipe of RIPA lysis buffer is outlined in Table 

3.3 and list of all buffers is outlined in Table 3.4.  The cells were centrifuged in a microcentrifuge 

tubes at 14,000 rpm for 20 min at 40c.  The supernatant was transferred in to another centrifuge 

tube.  Then BCA assay (PierceTM BCA Protein Assay Kit) was used to quantify proteins.  For BCA 

Table 3.4 SDS-PAGE Gel Composition 

 

Reagents Stacking gel Resolving gel 

 4% X% 

30% 

Acrylamide/bis 

1.98 ml 0.5 x X ml 

0.5M Tris-HCl, pH 

6.8 

3.78 ml - 

1.5M Tris-HCl, pH 

8.8 

- 3.75 ml 

10% SDS 150 µl 150 µl 

dH20 9 ml 11.03 – (0.5 x X) ml 

TEMED 15 µl 15 µl 

10% APS 150 µl 150 µl 

Total volume 15 ml 15 ml 
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assay 25 µL protein and standard samples were transferred into 96-well microplate and 200 µL 

working reagent was (ratio between working reagent B and A 1: 50) added.  The proteins were 

incubated in the working reagent for 30 min at 37oc with 5% CO2.  Then the absorbance was 

measured in a spectrophotometer at a wavelength 562 nm.  The concentration was calculated and 

the samples were diluted as needed. 2X Laemmli sample buffer with 25% β-Merceptoethanol 

(βME) was added into the samples.  The samples were stored at -20oc for future use.  

 

3.4.2.2.2 Western Blot Technique 

Samples were first placed on 95oC heating block for 10 min and vortexed for 1 min. For 

referencing, a protein ladder (Precision Plus ProteinTM Dual Color Standards, Bio RAD, CA, 

U.S.A) was used with samples.  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) technique was applied to do the western blot.  Sodium dodecyl sulfate 

polyacrylamide gel was prepared for loading and running the samples.  The recipe for SDS-PAGE 

gel has been shown in Table 3.4.   Around 25 µg proteins were loaded into each well and run with 

1X running buffer for about 1 hr at 150V.  For examining PPARγ (Molecular weight 57,620 

Dalton) expression in GM0847 cells, 12% gel was prepared and proteins were isolated from 

untreated cells.  For PIK3CD (Molecular weight 119,479 Da) expression analysis 10% gel was 

prepared and proteins were isolated from 15d-PGJ2 treated GM0847 parental and hTERT 

overexpressing cells. 

The protein was then transferred into PVDF membrane. PVDF was used instead of 

nitrocellulose because of the highest purity as well as resistance to solvents and acids and bases.  

Before transferring, all the equipment (sponges, filter papers, gel) were soaked in 1X transfer 

buffer for 10 min and   PVDF membrane was soaked in methanol for 30 sec.  After making the 

transfer sandwich, it was placed in electrophoresis tank with 1X transfer buffer and run at 400 mA 

for 1 hr at 40C.  The membrane was washed twice with 1X TBST buffer for 5 min each and blocked 

for 1 hr at room temperature with 5% skim milk.  It is important to block the remaining surface of 

the membrane with skim milk to prevent nonspecific binding of the detection antibodies during 

subsequent steps. 
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After blocking, the membrane was washed three times with 1X TBST each for 5 min. Then, 

the membrane was incubated overnight with primary antibodies at 40c. Primary antibody was 

prepared with 5% BSA in TBST.  As a loading control, GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase) was used.  This is because GAPDH gene is often stably and constitutively 

expressed at high level in most tissues and cells and it is considered a housekeeping gene and 

mostly used as loading control.  All the buffers are listed in Table 3.5. 

All the antibodies (PIK3CD and GAPDH) were rabbit monoclonal antibodies and were 

purchased from cell signaling technology (www. cellsignal.com) from U.SA (Table 3.6).  

Antibodies were diluted with company recommended antibody dilution solution (1:1000) and 

handled as per standard procedures.  The membrane was washed three times with 1X TBST for 5 

min each and secondary antibody was added at a recommended dilution of 1:2000.  Anti-rabbit 

IgG, HRP-linked (Horseradish peroxidase) antibody from cell signaling HRP-conjugated 

secondary antibody was utilized in conjugation with specific chemiluminescent substrate to 

generate the light signal. We used AmershamTM ECLTM prime western blotting chemiluminescent 

detection reagent from GE Healthcare, Life science to detect out target protein.  Chemiluminescent 

system has emerged as the best western blot detection method because of hazard elimination ability 

Table 3.5 List of Buffers and Solutions for Western Blot 

 

Buffers and Solutions Components 

SDS-PAGE Electrophoresis Running Buffer 

(10x) (1L) 

30.3 g Trisbase (FW 121.1) 

144 g glycine (FW 75.07) 

10 g SDS 

 

Transfer Buffer without SDS (10x) (1L) 30.3 g Trisbase, 

144 g glycine 

Medium stripping buffer (1L) PH 2.2 15 g glycine 

1 g SDS 

10 mL Tween 20 

TBS 10x (concentrated Tris-buffered saline) 

 

24 g Tris base (formula weight: 121.1 g) 

88 g NaCl (formula weight: 58.4 g) 

Dissolve in 900 mL distilled water 

pH to 7.6 with 12 N HCl 

TBST (1L) (0.1% Tween 20) 100 mL of TBS 10x or PBS 10x 

900 mL distilled water 

1 mL Tween 20 
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associated with radioactive materials and also the toxic chromogenic substrate can easily be 

stripped for subsequent re probing and it yields good sensitivity with short reaction times.  The 

secondary antibody binding membrane was then washed three times with 1X TBST and incubated 

with detection kit for 1 min at room temperature.  The image was then analyzed with Gel Doc 

machine with CCD camera compartment. 

 

3.4.3 Metabolic Activity Assay 

Metabolic activity assay provides a homogeneous, fluorometric method for estimating the number 

of viable cells present in multi well plates.  The indicator dye resazurin was used to measure the 

metabolic capacity of cells which is an indicator of cell viability (Bueno et al., 2002).  Viable cells 

retain the ability to reduce blue colored resazurin into pink colored and highly red fluorescent 

resorufin (Bueno et al., 2002; Chen et al., 2015).  Non-viable cells rapidly lose metabolic capacity, 

do not reduce the indicator dye, and thus do not generate a fluorescent signal.  After transduction, 

puromycin selected cells were cultured in 96 well plate (2000 cell/100 ul).  After 72 hours of 

culture, cells were removed from 37°C incubator and 10 μl/well resazurin were added.  Cells were 

transferred into the incubator for 1-4 hrs. Every one-hour, fluorescence data were collected at 

560/590nm (excitation/emission).  Fluorescence of hTERT overexpressing cells was compared to 

fluorescence of GMP cells.  Fluorescence data were normalized with corresponding sh-RFP 

control.  All the target genes were validated initially with resazurin assay.  Based on the cell 

viability results, one target gene was narrowed down for further experiments. 

 

Table 3.6 List of Antibodies for Western Blot 

Antibody Description Supplier Address 

   

Anti-PIK3CD antibody Rabbit mAb, recognizes 

PIK3C δ protein, M.W. 110 

kDa,  

Cell Signaling Technology 

Entrez-Gene ID #5293 

UniProt ID #00329 

GAPDH  Rabbit mAb Antibody, 

detects GAPDH proteins, 

M.W 37 kDa 

Entrez-Gene ID #2597 

UniProt ID # P04406 
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3.4.4 Cell Death Assay for hTERT Overexpressing Cell Lines 

About 1 x 105 of puromycin resistant cells (GMP and hTERT overexpressing cells) were seeded 

in a well of 6-well cell culture dish in 3 mL culture medium and cultured for 72 hours.  Both 

floating and adhered cells were harvested together.  The cells were stained with 7-AAD (BD 

Biosciences) and prepared for flow cytometry with CytoFLEX (Beckman Coulter) platform 

according to the manufacturer’s protocol.  7-Aminoactinomycin D (7-AAD) is 

a fluorescent chemical compound and it intercalates with double-stranded DNA (Liu et al., 1991).  

CytoExpert Software package (that comes with the instrument) was used to set the experiment and 

get the percentage of dead cells in the PIK3CD KD (Knocked Down) targeted hTERT cell 

population.  Cells treated with 10X Permeabilization Buffer (Thermo Fisher Scientific) were used 

as positive control for dead cells.  Cell death for PIK3CD targeting shRNA in hTERT 

overexpressing cells was compared to the GMP cells and normalized with control shRNA. 

 

3.4.5 Microscopy for hTERT Overexpressing Cell Lines 

About 2000 of puromycin resistant cells (GMP and hTERT overexpressing) were seeded in a well 

of 96-well cell culture dish in 100 µL culture medium and images were taken from day 1 to day 5.  

For each condition there were at least 3 biological replicates and experiment was repeated at least 

3 times.  All the images were taken by using the ImageXpress Micro XLS Wide field automated 

fluorescence microscope. 

 

3.5 Validation of PIK3CD as a Target of PPARγ 

3.5.1 PIK3CD Expression in Cell Lines 

GMP and hTERT overexpressing cells were treated with PPARγ agonist: 15-Deoxy-Δ12,14-

prostaglandin J2 (15d-PGJ2) at a concentration of 10 µM and 20 µM for 48 hrs.  15d-PGJ2 is a 

metabolite of the eicosanoid prostaglandin J2, and is described as the most potent natural ligand 

for PPARγ with reported IC50 of 22 µM in Human MCF-7, MDA-MB-231 and MDA-MB-468 

breast carcinoma cell lines (Venkatachalam et al., 2009).  15d-PGJ2 inhibits the proliferation of 

cancer cells (Toyoda et al., 2002; Venkatachalam et al., 2009).   About 2 x 106 cells were seeded 

at day 1 and treated with 15d-PGJ2 on the following day.  

https://en.wikipedia.org/wiki/Fluorescence
https://en.wikipedia.org/wiki/Chemical_compound
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3.5.1.1 Preparation of Lysate from Cell Culture and Western Blot  

After 48 hrs treatment with 20 µM 15d-PGJ2, proteins were isolated using RIPA cell lysis buffer.  

The extract was then used for western blot analyses as per the protocol outlined in section 3.5.2.2.1 

and 3.5.2.2.2. 
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4.0 Results 

4.1 Expression Study of hTERT in Multiple Malignancies 

From Cancer Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcga/) database it is observed 

that the expression of hTERT in cancer patients is differentially regulated between normal tissues 

and the tumor tissues.  We found significantly higher mRNA expression for hTERT compared to 

normal tissue across 24 different types of cancers (Fig 4.1).  For example, in bladder carcinoma, 

breast cancer and colon cancer patients, hTERT expression was higher than in normal patients.  

The abbreviation for each cancer in the axis label is as described in the TCGA portal.  
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Fig 4.1 Expression Study of hTERT in Multiple Malignancies.  Expression scores for hTERT 

in 24 different types of cancer and normal tissue from TCGA.  The numbers in X-axis labels denote 

the number of patient samples in each cancer type.  The normal and tumor conditions are plotted 

in X-axis and expression data are plotted in Y-axis.  Statistical significance of the difference in 

expression between the normal and tumor samples are depicted for each cancer type.  The 

expression data provided by ‘TCGA’ showed mRNA expression levels which were analyzed using 

RNA Seq V2 and were normalized using RSEM normalization according to ‘TCGA’ standards.  

The abbreviation of each cancer in the axis label is as described in the TCGA portal. 
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4.2 Metabolic Activity Assay in hTERT Overexpressing Cell Line 

Metabolic activity in GMP and hTERT overexpressing cells was estimated by Rezasurin assay, as 

described in section (3.4.3).  Upon transduction with shRNAs for PIK3CA, more metabolic 

activity (For shRNA1 27% and shRNA2 74%) was observed in the hTERT overexpressing cells 

when compared to the GMP cells for both shRNA1 and shRNA 2 (Fig 4.2).  This implies that the 

number of viable hTERT overexpressing cells after PIK3CA shRNA transduction.  Hence, 

knocked down of PIK3CA leads to lesser number of viable hTERT overexpressing cells in cell 

culture compared to GMP.   So, we infer that PIK3A is not a synthetic dosage lethal partner of 

hTERT based on metabolic activity assay.  Similarly, transduction with shRNAs for PIK3CB into 

GMP and hTERT overexpressing cells leads to lesser number of viable hTERT overexpressing 

cells compared to parental GM cells based on metabolic activity (For shRNA1 11% and shRNA2 

60%) (Fig 4.2).   

Fig 4.2 Metabolic Activity Assay for Validation of PIK3CA, PIK3CB, PIK3CD and PIK3CG 

as SDL Partner of hTERT.  Bar diagram showing comparison of fluorescence of resazurin 

between GMP and hTERT overexpressing cells after targeting PIK3CA, PIK3CB, PIK3CD and 

PIK3CG.  For each gene two shRNAs were used and data was normalized with shRFP control. 

Percentage of fluorescence was plotted in Y-axis against respective shRNAs plotted in X-axis.  

Knocked down and matching control cells were seeded and cultured for 72 hours before staining 

and measuring fluorescence in the spectrophotometer.  The experiments were done in triplicates, 

means ± standard deviation (error bars).  *P < 0.05 (Student’s t-test) and N=3.  
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Fig 4.3 Expression Study of a PIK3A, PIK3CB, PIK3CD, PIK3CG mRNAs.  Amplification 

plots (A) and melt curves (B) showing specificity and purity of the amplicon of the mRNA in 

qPCR study.  In the melt curves, temperatures are plotted in X-axis and Derivative Reporter (-

Rn) values are plotted in Y-axis.  Amplification plot and melt curve are presented for three 

technical replicates from the sample.  In the amplification plot, cycle numbers are plotted in X-

axis, and ΔRn (normalized SYBR Green fluorescence, Rn) values are plotted in Y-axis.   
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  For gene PIK3CG, transduction with PIK3CG shRNAs in GMP and hTERT 

overexpressing cells showed more metabolic activity in hTERT overexpressing cells than GMP 

cells for both the shRNAs implying more number of viable cells in hTERT compared to GMP (For 

shRNA1 15%) (Fig 4.2).  Since, PIK3CA, PIK3CB, and PIK3CG were not able to reduce 

metabolic activity in hTERT overexpressing cells when compared to parental GM cells the data 

suggests that they are not SDL partners of hTERT. 

Interestingly, after transduction of shRNAs for PIK3CD, we observed significant reduction 

in metabolic activity for both the shRNAs in hTERT overexpressing cells when compared to GM 

parental cells (For shRNA1 10% and shRNA2 20%) (Fig 4.2).  This suggests that PIK3CD is a 

possible SDL partner of hTERT based on resazurin assay in cell culture condition in hTERT 

overexpressing cells under investigation.  In order to confirm if the shRNAs target the genes of 

interest we performed the qPCR and western blot as detailed below.  Also, further validations were 

performed by cell death assay and imaging experiments for confirming the SDL interaction of 

PIK3CD with hTERT.  These experimental findings are explained in section 4.4 and 4.5. 

 

Figure 4.4 Evaluation of Knocked Down of PIK3CA, PIK3CB, PIK3CD and PIK3CG.  (A) 

Bar diagram showing expression of PIK3CA, PIK3CB, PIK3CD and PIK3CG in GMP and hTERT 

overexpressing cells.  The shRNA names are plotted in X-axis and critical threshold (Ct) values are 

plotted in Y-axis.  Knocked down and matching control cells were seeded and cultured for 72 hours 

before qPCR.  The experiments were done in triplicates, means ± standard deviation (error bars).  

*P < 0.05 (Student’s t-test) and N=3. 
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4.3 PIK3C Family ShRNA Assays 

4.3.1 Quantitative Real-time PCR 

The specific silencing of target genes with the designed shRNAs was quantified by qPCR assay. 

GMP cells were transduced with the corresponding shRNAs for PIK3CA, PIK3CB, PIK3CD and 

PIK3CG expressing lentivirus followed by puromycin selection.  To specifically amplify target 

RNAs, we designed divergent primers, which amplify target RNAs.  We then performed reverse 

transcription PCR (RT-PCR) of total RNA samples and analyzed the amplicon sizes.  From this 

experiment, we observed that the target mRNAs had higher Ct values than the corresponding 

control mRNAs (shRFP) indicating lesser expression of targeted RNAs (PIK3CA, PIK3CB, 

PIK3CD and PIK3CG) compared to control i.e shRFP-transduced GMP cells (Fig. 4.4).  This 

implies that shRNAs cause significant reduction in expression level of all the four target mRNA 

hits (PIK3CA, PIK3CB, PIK3CD, PIK3CG).  Here, it is important to mention that RT-PCR did 

not show any primer dimer, indicating that the amplicons were useful for qPCR analysis.  The 

qPCR amplification plots showed single types of amplicons, indicating the primer sets specifically 

amplified target mRNAs.  Additionally, absence of primer dimer or any other product was 

confirmed from melt curves (Fig. 4.3).  

 

4.3.2 Western Blot Results 

Our metabolic activity assay showed that PIK3CD is the SDL partner of hTERT, so we performed 

a western blot for PIK3CD after silencing with the shRNAs to check if there is a decrease in 

expression of PIK3CD at the protein level in GM parental cell line when compared to shRFP 

Figure 4.5 Evaluation of Knocked Down of PIK3CD with Western Blot.  Western blot image 

of PIK3CD after knocked down of PIK3CD with the respective shRNAs in the GMP cells.  

GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) was used a loading control.  PIK3CD 

M.W. 75 kDa and GAPDH M.W. 37 kDa.   The experiments were done in triplicates and N=3. 
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transduced cells (Fig 4.5).  Our results show that a decrease in expression of PIK3CD when GMP 

cells are transduced with the either shRNA1 or shRNA2. 

Hence, the qPCR and western blot experiments confirm that the shRNAs are silencing the gene of 

interest in GMP cells.  

 

4.4 Cell Death Assay in hTERT Overexpressing Cell Line   

The metabolic activity assay shows that only PIK3CD knock down (KD) significantly reduces 

metabolic activity in hTERT overexpressing cells (Fig 4.2) compared to GMP.  In order to further 

confirm if PIK3CD is a SDL partner of hTERT, we performed cell death assay using 7AAD.  7-

AAD (7-amio-actinomycin-D) is a fluorescent chemical compound and it intercalates with double-

stranded DNA in non-viable cells as 7-AAD can enter these cells through the leaky cell membrane.  

7-AAD intercalates with double-stranded DNA in compromised cells with non-intact cell 

membrane.  The protocol for this experiment is described in section 3.4.4.  

Figure 4.6 Cell Death Assay for Knocked Down of PIK3CD kills hTERT Overexpressing 

Cells.  A. Histograms showing percentage of cell death of hTERT overexpressing cells in 

comparison to GMP cells.  B. Bar diagram showing comparison of cell death between GMP and 

hTERT overexpressing cells after targeting PIK3CD (after PIK3CD knock down).  Percentage of 

cell death is plotted in Y-axis against respective shRNAs plotted in X-axis. All the data were 

normalized with shRFP control.   Knockdown and matching control cells were seeded and cultured 

for 72 hours before staining and flow cytometry.  The experiments were done in triplicates, means 

± standard deviation (error bars).  *P < 0.05 (Student’s t-test) and N=3. 
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Upon 7-AAD staining and flow cytometry, it was observed that transduction with shRNAs 

for PIK3CD causes a significant increase in cell death in hTERT overexpressing cells compared 

to GMP cells (For shRNA1 23% and shRNA2 58%) (Fig. 4.6).  

 

4.5 Imaging in hTERT Overexpressing Cell Line 

We further performed fluorescence imaging experiment to visualize the effect of SDL interaction 

between PIK3CD and hTERT after shRNA transduction.   

We used GFP (Green fluorescent protein) expressing and RFP (Red Fluorescent protein) 

expressing GMP and hTERT overexpressing cells.  GFP and RFP cells are normally used for 

fluorescence microscopy.  The protocol for this experiment is described in section 3.4.5.  Images 

were taken after 72 hours by using ImageXpress Micro XLS Wide field automated fluorescence 

microscope.  Images were analyzed by using meta express software.  All the data were normalized 

with corresponding GFP and RFP expressing shRFP control respectively.   

Fig 4.7 Fluorescence Microscopy with Green Fluorescent Protein (GFP) Expressed GMP and 

hTERT Overexpressing Cells for Validation of PIK3CD is a Synthetic Dosages Lethal (SDL) 

Partner of hTERT.  Bar diagram in the left shows cell number count in GMP and hTERT 

overexpressing cells after targeting PIK3CD with the respective florescence imaging on the right 

side.  In the left figure, percentage of cell count is plotted in Y-axis against the corresponding 

shRNAs in X-axis.   Knocked down and matching control cells were seeded and cultured for 72 

hours before taking images.  All the data and images were collected from Meta Express software.  

The experiments were done in triplicates, means ± standard deviation (error bars).  *P < 0.05 

(Student’s t-test) and N=3.  
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Interestingly, a significant decrease in cell number was observed in both GFP and RFP 

expressing cells for hTERT overexpressing cells when compared to GM parental cells (Fig 4.7 & 

Fig 4.8).   For GFP expressing cells, normalized fluorescence data shows less cell count in hTERT 

overexpressing cells compare to parental cells for both the shRNAs (For shRNA1 20% and 

shRNA2 60%) (Fig 4.7).  Specifically, for shRNA2, we observed less cell count than shRNA1.  

For RFP expressing cells, normalized fluorescence data also shows less cell count in hTERT 

overexpressing cells for both the shRNAs (For shRNA1 50% and shRNA2 55%) (Fig 4.8).  

Hence, all the validation experiments, suggest that PIK3CD may be a potential SDL partner 

of hTERT in the cell lines under investigation.    

Fig 4.8 Fluorescence Microscopy with Red Fluorescent Protein (RFP) Expressed GMP and 

hTERT Overexpressing Cells for Validation of PIK3CD is a Synthetic Dosages Lethal (SDL) 

Partner of hTERT.  Bar diagram in the left shows cell number count in GMP and hTERT 

overexpressing cells after targeting PIK3CD with the respective florescence imaging on the right 

side.  In the left figure, percentage of cell count is plotted in Y-axis against the corresponding 

shRNAs in X-axis.   Knocked down and matching control cells were seeded and cultured for 72 

hours before taking images.  All the data and images were collected from Meta Express software.  

The experiments were done in triplicates, means ± standard deviation (error bars).  *P < 0.05 

(Student’s t-test) and N=3.  
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4.6 PIK3CD a New Target of PPARγ 

PIK3CD is a potential target of PPARγ based on computational predictions.  However, no 

validations are available to the best of my knowledge.  Hence, we analyzed the changes in protein 

level expression of PIK3CD after treatment with 15d-PGJ2 (a natural PPARγ ligand).  

It was observed that treatment with 20 µM 15d-PGJ2 for 48 hrs downregulates the 

expression of PIK3CD significantly (Fig 4.9) in both GMP and hTERT overexpressing cells.  

 

 

Fig 4.9 Western Blot to Confirm PIK3CD is a Target of PPARγ.  Western blot of PIK3CD after 

treating the GMP and hTERT overexpressing cells with PPARγ agonist 15d-PGJ2 (20 µM) for 48 

hours.  Respective quantification of western blots is also plotted.  GAPDH (Glyceraldehyde-3-

phosphate dehydrogenase) was used a loading control.  PIK3CD M.W. 75 kDa and GAPDH M.W. 

37 kDa. The experiments were done in triplicates and N=3 
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5.0 Discussion  

Telomerase is ribonucleoprotein with reverse transcriptase activity (TERT) that maintains 

chromosome ends (Daniel et al., 2012).  It functions by adding hexameric (TTAGGG)n repeats 

onto telomeric ends of chromosomes leading to their stability (Nandakumar and Cech, 2013).  

Telomerase remains inactive or minimally expressed in most somatic cells and 

increased telomerase expression in somatic cells is reported to be involved in oncogenesis results 

in unlimited cell replication and repression of cell senescence.  90% of human cancers overexpress 

telomerase enzyme activity irrespective of tumor type ( Kyo et al., 2008).  hTERT (Human TERT) 

modulates expression of Wnt/ β-catenin signaling pathway (Shin, 2014) and is also associated with 

the promoter of NF-κB targets: interlukin (IL)-6, tumor necrosis factor α (TNFα) and IL-8 (nuclear 

factor kappa-light-chain-enhancer of activated B cells) which control cell survival (Ghosh et al., 

2012; Akincilar et al., 2016).  c-Myc (an oncoprotein) along with its interacting partners has been 

reported to control the expression of hTERT through the binding to E-box sequences (CACGTG) 

in the promoter of hTERT (Toaldo et al., 2010; Allshire et al.,1989).  The key interacting partners 

of c-myc involved in modulating the expression of hTERT are Mad1, Max and Sp1 (Toaldo et al., 

2010; Horikawa and Barrett, 2003).   

PPARγ is a ligand activated transcription factor.  PPARγ ligands have been extensively 

studied as anti-tumorigenic agents by modulating the expression of target genes, however, their 

usage for cancer treatment still remains debated (Khandekar et al.,2018; Smith et al., 2004; 

Burstein et al., 2003).  Also, the underlying mechanisms and pathways involved in bringing about 

the anti-tumorigenic effect are not completely clear.  Cerbone et al. in 2012 demonstrated that 

CaCo-2 colon cancer cell proliferation was inhibited by PPARγ agonists rosiglitazone and 15d-

PG J2 and this was brought about by reduction in the expression of some growth regulatory genes, 

including c-myc oncogene.  Reports also suggest that the anti-cancer activity of PPARγ is related 

to its ability to inhibit β-Catenin signaling (Vallée and  Lecarpentier, 2018).  Interestingly, hTERT 

has been reported as a target of Wnt/β-Catenin signaling pathway (Hoffmeyer et al., 2012). 

Recently, Guo et al. in 2016 reported that downstream transcriptional target gene of Wnt/β-Catenin 

signaling pathway-TERT- is downregulated by PPARγ activation.  

One of the key growth regulatory pathway that is reported to control all aspects of cancer 

progression that is - cell cycle, survival, metabolism, motility, and genomic instability, 

angiogenesis and inflammatory cell recruitment is the PI3K, AKT and the mechanistic target of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3312932/#R97
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vall%26%23x000e9%3Be%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29706964
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lecarpentier%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=29706964
https://www.sciencedirect.com/science/article/pii/S0378111916301470?via%3Dihub#bb0060
https://www.sciencedirect.com/science/article/pii/S0378111916301470?via%3Dihub#!
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rapamycin (mTOR) (Hanahan & Weinberg, 2011).  PI3K downstream targets have also been 

linked to maintenance of chromosomal stability or to telomere function, which are reported as 

hallmarks of cancer (Hanahan and Weinberg, 2000).  Promising results in animal experiments or 

clinic trails for treatment of variable lymphoma including FL and lymphoid and myeloid have been 

observed for leukemia Inhibitors that block pan-PI3K or PIK3CD activity (Dong et al., 2015; Puri 

et al., 2012; Lannutti et al., 2011; Herman et al., 2010).  Méndez-Pertuz  et al. in 2017 suggested 

that PI3K inhibition induced telomere DNA damage is an alternate mechanism underlying the anti-

cancer effects of PI3K/ATK chemical inhibitors.  Interestingly, there are no reports that suggest a 

link between PIK3CD, PPARγ and Telomerase.  Also, PIK3CA, PIK3CD and PIK3CD are 

predicted as target genes of PPAR gamma in the Harmonizome collection (Rouillard et al., 2016). 

However, only PIK3CD was predicted as a target of PPAR gamma in our lab.  Based on the above 

background, we investigated the effect of silencing of PIK3C family genes in cells that overexpress 

telomerase and an isogenic cell line that does not over express telomerase.  Towards this end, we 

investigated the SDL interaction between hTERT and PIK3C family genes in two isogenic 

GM00847 fibroblast cell lines one overexpressing hTERT and another parental.  We expect that 

the SDL relation of PIK3C family genes will be broadly applicable across many tumor types that 

overexpress hTERT in varying degrees.  Our first goal was to evaluate and identify genes that on 

silencing will result in more metabolic activity in GMP cells and less in GMhTERT by doing 

resazurin assay and correlate it to cell viability.  We observed that PIK3CD is the only gene which 

on knock down shows less metabolic activity in hTERT over-expressing cells.  The other PIK3C 

family genes show more cell viability in GMhTERT cells in bothe shRNA1 and shRNA2 (Figure 

4.2).  Our qPCR data further confirms that our shRNAs are targeting the respective PIK3C family 

genes and the silencing effects are caused by target-specific RNAi-mediated gene silencing as 

compared to the effects caused by nonspecific stimulation of the innate immune system or off-

target effects (Whitehead et al., 2011).  Since, our results show significant reduction in metabolic 

activity of telomerase overexpressing cells on treatment with shRNAs against PIK3CD and this 

effect is not observed in cells that do not over-express telomerase, we assume that PIK3CD and 

telomerase are SDL partners.  The effect of PIK3CD knockdown on protein expression was also 

confirmed by western blot (Figure 4.5).  However, it is important to mention that the heterogeneity 

among the cancer cell lines and cancer types may affect SDL interaction. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=M%26%23x000e9%3Bndez-Pertuz%20M%5BAuthor%5D&cauthor=true&cauthor_uid=29097657
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Single biochemical readouts are generally not recommended to be used as unmistakable 

indicators of a precise death process.  Moreover, besides loss of essential bioenergetic functions 

and metabolism, several other factors influence avoidance, initiation, and execution of cell death 

at multiple levels (Jin and El-Deiry., 2005).  Hence, we evaluated the effect of knockdown by 

using cell death assay.  It was observed that transduction with shRNAs for PIK3CD causes a 

significant increase in cell death in hTERT overexpressing cells confirming our assumption that 

PIK3CD and telomerase are SDL partners.   

We further used the color coded derivatives of the two isogenic cell lines, one labelled with 

GFP and another labelled with RFP to further confirmed our assumption by imagining.  It was 

observed from our imaging results that there is significant decrease in cell number for hTERT 

overexpressing cells upon silencing of PIK3CD suggesting again that PIK3CD is a SDL partner 

of hTERT.   

We further investigated if PIK3CD is a target of PPARγ.  Our data shows a decrease in the 

expression of PIK3CD on treatment of 15d-PGJ2, an agonist of PPARγ.  Interestingly, we 

observed that there is more cell death in telomerase over expressing cells as compared to the 

isogenic cell line, on treatment with PPARγ agonist 15d-PGJ2.  These results suggest for a possible 

interaction between PPARγ and telomerase through PIK3CD.  Interestingly, PI3K pathway has 

been reported to contribute to the invasive properties and apoptosis resistance in pancreatic cancers 

(Farrow and Evers, 2003).  Farrow and Evers examined the effect of activation of PPARγ on the 

expression of the tumor suppressor PTEN and PI3K activity in AsPC-1 human pancreatic cancer 

cells using Rosiglitazone.  They observed that rosiglitazone increases PTEN expression causing a 

concurrent decrease in the levels of phosphorylated Akt thereby indicating inhibition of PI3K 

activity.  Since, PIK3CD was SDL partner of hTERT and hTERT has been reported to be 

downregulated by PPARγ activation, we investigated PIK3CD as a target of PPARγ using 15d- 

PGJ2 as a ligand.  Interestingly, PIK3CD is downregulated by activation of PPARγ as observed 

by western blot (Figure 4.9).  Complementary experiments with GW9662 (inhibitor of PPARγ) 

also confirmed our hypothesis (Supplementary figure1).    

PI3K pathway is commonly found activated in tumor cells.  Bellon and Nicot in 2017 

suggested on the important role of the PI3K pathway in transcriptional regulation of hTERT and 

highlighted the importance of the PI3K regulatory pathway for telomerase expression in cancer 

cells.  Our results are in agreement with Bellon and Nicot and further endorse on the important 
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contribution of PIK3CD in cell death in hTERT over expressing cells.  However, these data need 

to be further validated fir hTERT activity and the exact pathway of action from PPAR gamma to 

PIK3CD to hTERT needs validation and deciphering. 

Hence, in conclusion, we propose a SDL interaction between two genes PIK3CD and 

telomerase, both of which are over expressed in several cancer types.  From the above 

investigations, we propose that silencing PIK3CD by shRNAs could be a potential therapeutic 

option for treating cancers.  Moreover, if successful, this option will also overcome the limitations 

associated with small molecule drugs and provide improved clinical outcomes for cancer 

therapeutics.  This is because small molecule drugs generally affect the normal cells also and cause 

a lot of side-effects. 
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6.0 Future Work 

 
 The current investigations suggest that there is a SDL interaction between PIK3CD and 

hTERT.  However, the effect of knocked down of PIK3CD on hTERT expression needs to 

be investigated.  Here, it would be interesting to evaluate the effect of PIK3CD knockdown 

on telomeric length, telomere protecting proteins and effect of PIK3CD on replication 

status by doing telomeric repeat amplification (TRAP) assay.  

 The effect of 15d-PGJ2 on the expression of PTEN expression and its effect on PI3K/AKT 

pathway needs investigation.  

 The effect of silencing of other partners of PI3K (PIK3CA, PIK3CB, PIK3CG) needs to 

be evaluated and confirmed in other cancer cell lines. 

 Further Confirmation of PIK3CD as a target PPARγ with CHIP assay.  For checking 

protein-DNA interactions within the cell, chromatin immunoprecipitation (ChIP) assay is 

used which is very powerful and useful technique.  

 Full length and 5’ deletion constructs of the human PIK3CD promoter tagged to luciferase 

reporter gene can be constructed and the expression of PIK3CD can be confirmed and also 

the PPRE site can be identified.  

 PIK3CD has an FDA approved inhibitor.  It will be interesting to see if SDL works with 

idealisib and search for other inhibitors. This is because tyrosine kinase inhibitors usually 

have multiple targets and have side-effects. 

 The effects of combination of 15d-PGJ2 and PIK3CD knockdown needs to be investigated. 

Initial experiments from our lab showed that 15d-PGJ2 is enhancing the killing of hTERT 

overexpressing cells after knock down of PIK3CD (supplementary Fig 2).  This needs re-

confirmation. 

 Once these above investigations have been executed, the experiments need to be carried 

out using cancer cell lines.  The best responding tumors may be established in mice by 

xenograft or PDX and the effect of silencing of PIK3CD, PPARγ activation and the 

combined effect of   silencing of PIK3CD and PPARγ activation can be studied. 

 Further confirmation of SDL interaction of PIK3CD and hTERT with CRISPR/Cas9 

mediated genome editing tools.  CRISPR/Cas9 tool is very efficient because the cell's 
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genome can be cut at a desired location, allowing existing genes to be removed by 

delivering the guide RNA (gRNA) with Cas9 nuclease into a cell. 

 If successful, these investigations may lead to a novel therapeutic option that is toxic to 

cancer cells and has very little side-effects. 
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