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ABSTRACT 

Guanine-rich nucleic acid sequences adopt a four stranded secondary structure referred to 

as a G-quadruplex (GQ). These structures, when adopted by RNA sequences, have been 

shown to modulate several biochemical processes, especially translation. The RNA GQ 

structures are widely perceived as translation repressors although a few recent reports 

suggest that they are sometimes essential for translation. The presence of GQ structures 

in IRES elements was known to be essential for cap-independent translation initiation. 

We investigated the mechanism of how these structures aid IRES-mediated translation 

initiation wherein we observed that an independently folding RNA GQ domain in the 

internal ribosome entry site (IRES) of human VEGF mRNA directly recruits the 40S 

ribosomal subunit thereby controlling non-canonical translation initiation. These findings 

provide a unique and defined role of an RNA structure in the cap-independent translation 

initiation by cellular IRESs explaining a hitherto unknown mechanism for the necessity 

of a GQ structure in IRES function. Furthermore, we employed RNA engineering to 

demonstrate that RNA GQ function is dependent on the context in which such domains 

are located. Additionally, we also report a strategy for harnessing the natural ability of 

RNA GQs to inhibit translation by rationally inducing RNA: DNA hybrid GQ on a 

targeted mRNA to knockdown endogenous gene expression. Targeted RNA: DNA hybrid 

GQ structures were induced at the 5'-untranslated region (UTR) and the protein coding 

region of the eIF-4E mRNA by partially modified extraneous DNA sequences. We 

observed the formation of a stable induced GQ in vitro at a physiologically relevant salt 
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concentration. The rationally designed GQ inducing sequences resulted in anti-

proliferation of HeLa cells in a dose-dependent manner. Also, inducing GQ in the 5'-UTR 

and the protein-coding region of eIF-4E mRNA in HeLa cells resulted in a 30% and 60% 

inhibition of the endogenous protein expression respectively. The above strategy opens 

up a new avenue of anti-cancer RNA therapeutics.                                               .

                           .
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CHAPTER ONE 

1.       INTRODUCTION 

  

1.1       DISCOVERY OF G-QUADRUPLEXES 

Since the discovery of the structure of the DNA double helix by Watson and Crick, DNA 

has largely been thought to exist as a right-handed double-stranded helix for a 

considerable period of time (Watson and Crick, 1953). The discovery of the canonical 

DNA double helix structure comprised of Watson-Crick base pairing has provided the 

basis for our understanding of the genetic code. However, since then, the discovery of 

several non-canonical DNA structures was observed to regulate several cellular 

processes, thereby establishing their importance in the regulation of diverse cellular 

functions. In 1910, Bang et al. demonstrated that high concentrations of guanylic acid 

(GMP) can form gels in aqueous solution (Bang, 1910). Almost fifty years later the G-

quadruplex (GQ) structure was discovered based on X-ray diffraction studies. It was 

observed that each guanine residue in the G-quartet acts as both acceptor and donor of 

two hydrogen bonds by Hoogsteen base pairing (Gellert et al., 1962). Thereafter studies 

revealed that G-rich repeat sequences in the human telomere were capable of forming GQ 

structures in vitro (Wang and Patel, 1993). It was also established that these GQ 

structures in the telomere regions inhibit the telomerase activity, which is often 

overexpressed in cancer cells thus conferring them with immortality (Zahler et al., 1991).  

Thereafter bioinformatics reported that G-rich sequences capable of forming GQ    
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 structures were prevalent throughout the entire human genome (Huppert and 

Balasubramanian, 2005; Todd et al., 2005; Eddy and Maizels, 2008; Mani et al., 2009; 

Neidle, 2009), especially in some of the key growth regulatory genes and oncogenes 

(Simonsson et al., 1998; Siddiqui-Jain et al., 2002; Sun et al., 2005; Cogoi and Xodo, 

2006; Dexheimer et al., 2006). Bioinformatics studies revealed the existence of 376,000 

putative quadruplex-forming sequences (PQS) in the entire human genome and 

significant enrichment of PQS in the promoter regions (Huppert and Balasubramanian, 

2005; 2007). The PQS can be described as G-rich sequences with at least four stretches of 

G residues where each stretch comprises at least two G residues. Thus, typical PQSs’ are 

defined as G2+ N1-7 G2+ N1-7 G2+ N1-7 G2+. The numbers of tiers in the GQ are limited by 

the number of contiguous G residues in the shortest G-stretch. The prevalence of the PQS 

in the promoter regions of several clinically important genes suggested a role of these 

structures in transcriptional regulation. Moreover, the high frequency of PQSs in the 

promoter regions of proto-oncogenes and other clinically significant genes suggested they 

might be involved in transcriptional regulation of the genes and thereby might play an 

important role in cancer regulation. The regulation of transcription by GQ structures in 

the promoter regions of clinically significant genes such as C-MYC, BCL-2, C-KIT, K-

RAS has been well established (Siddiqui-Jain et al., 2002; Sun et al., 2003; De Armond et 

al., 2005; Cogoi and Xodo, 2006; Dai et al., 2006; Fernando et al., 2006) and can be 

potential targets for chemotherapeutics (Balasubramanian and Neidle, 2009). G-

quadruplexes present in the immunoglobulin heavy chain switch regions, mutational 

hotspots have been implicated in the maintenance of chromosomal integrity and 
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regulation of replication, transcription and recombination processes (Simonsson, 2001). 

The functional association between GQ structures in telomeres, oncogenes, and cancer, 

targeting DNA GQs for therapeutic intervention has been an active area of research (De 

Cian et al., 2008; Huppert, 2008; Monchaud and Teulade-Fichou, 2008; Nielsen and 

Ulven, 2010; Zhang et al., 2014b). 

Like the DNA GQs, RNAs can also adopt such structures. Apparently, there is no 

physicochemical barrier towards the formation of RNA GQ structures (Kim et al., 1991; 

Cheong and Moore, 1992). In fact, the probability of GQ formation by RNA is higher 

than their DNA counterparts due to the absence of a competing complementary strand 

and RNA GQ structures were observed to be more stable than their DNA counterparts 

(Cheong and Moore, 1992; Sacca et al., 2005; Kumari et al., 2007a). Early evidence of 

GQ formation in RNA was observed in a 19 nucleotide G-rich sequence present in the 3′ 

terminus of 5S rRNA of E. coli (Kim et al., 1991). The UG4U sequence motif was 

proposed to form a parallel stranded tetraplex structure containing four stacked G-tetrads 

and, at least, one U quartet based on NMR and molecular dynamics data (Cheong and 

Moore, 1992). The RNA GQ structures are extremely stable wherein it was observed that 

the exchange of the imino protons in the quartets with the solvent occurred over an 

extensive period at physiological temperature. Thereafter, a GQ structure was reported to 

be present in the 3′-untranslated region (UTR) of the insulin-like growth factor II (IGF II) 

mRNA located just downstream of the endonucleolytic cleavage site (Christiansen et al., 

1994). A computational survey found GQ forming sequences to be enriched within 

mRNA processing sites and in the 5′-UTRs of mRNAs of genes related to cancer 
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(Kostadinov et al., 2006). Bioinformatics studies suggested that there are approximately 

3000 5′-UTRs that had, at least, one RNA PQS (Kumari et al., 2007a; Huppert et al., 

2008). Thereafter, several studies further established the role of RNA GQs in the 

regulation of translation. RNA GQ structures in the 5′-UTR have been shown to repress 

translation of several clinically important genes such as NRAS, Zic-1, VEGF, TRF2, 

ERS1, THRA, and BCl-2 (Kumari et al., 2007a; Arora et al., 2008; Balkwill et al., 2009; 

Morris and Basu, 2009; Gomez et al., 2010; Shahid et al., 2010). These GQ motifs 

exhibited a dual mode of regulation wherein several naturally occurring RNAs have been 

shown to have an inhibitory effect on translation as well as to be essential for translation 

(Bonnal et al., 2003; Morris et al., 2010; Agarwala et al., 2013; Agarwala et al., 2014). 

Subsequently, several studies reported the presence of RNA GQs and their functional 

significance in the coding region, micro-RNA biogenesis, long non-coding RNAs and 

telomeric ends (Arora and Suess, 2011; Ji et al., 2011; Jayaraj et al., 2012; Beaudoin and 

Perreault, 2013; Endoh et al., 2013a; Martadinata and Phan, 2013; Mirihana Arachchilage 

et al., 2015).  

A lingering question in the field of GQ research until recently whether these 

structures actually formed in vivo. Almost all the studies on GQ structures and their 

regulatory role presented the evidence of GQ by several biochemical and biophysical 

methods albeit under in vitro conditions. Eventually, the skepticism was put to rest with 

evidence of intracellular formation of GQ structures by both DNA and RNA. A single 

chain fragment antibody (BG-4) specific for GQ structures was used for the visualization 
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of GQs in human cells by immunofluorescence microscopy (Biffi et al., 2013; Biffi et al., 

2014). 

 

1.2      STRUCTURE OF G-QUADRUPLEXES 

The GQ structures are non-canonical four stranded secondary structures found in 

nucleic acid sequences rich in guanine residues. Four guanines can form a square planar 

tetrad in which each guanine serves as both a hydrogen bond donor and acceptor (Fig. 

1.1). The pairing of the N1 on the first guanine with the O6 on the second guanine along 

with the pairing of N2 on the first guanine with the N7 on the second guanine results in 

eight hydrogen bonds per G-quartet known as Hoogsteen base pairing. Two or more of 

these G-quartets stack upon each other to form the GQ structure (Smith and Feigon, 

1992). The GQ structures are stabilized by monovalent cations interacting with the 

carbonyl oxygen atoms located at the center of G-quartet stacks which results in the more 

stable stacking of tetrads (Neidle and Balasubramanian, 2006). These monovalent cations 

stabilize the GQ structure in the order K
+
> Na

+
> Li

+
 (Burge et al., 2006). 
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Figure 1.1- Structure of the G-quartet: The G-quartet is a square planar orientation of 

four guanine residues that interact with each other by Hoogsteen bonds (blue dotted). The 

monovalent ion in the central cavity coordinates with the carbonyl oxygen and stabilizes 

the quartet.  

 

The GQ structures exhibit diverse topologies depending on whether it is RNA or 

DNA, the presence of monovalent cation (K
+
 or Na

+
), and glycosidic bond conformation 

(syn or anti) (Fig. 1.2). The number of nucleic acid molecules involved in the formation 

of GQ structures results in variants such as, unimolecular (intramolecular) (Fig. 1.3 a & 

b), bimolecular (Fig. 1.3 c) or tetramolecular (Fig. 1.3 d) structures; relative orientation of 

the strands leading to parallel (Fig. 1.3 b), antiparallel (Fig. 1.3 a) or a hybrid (Fig. 1.3 d) 

structures; the number of stacking G-quartets and the nucleotide sequence (Keniry, 2001; 

Neidle and Balasubramanian, 2006; Patel et al., 2007). 

 

Figure 1.2- Glycosidic bond conformation: Conformation of the glycosidic 

bond between the base and the sugar ribose sugar in the nucleic acid influences the 

topology of the GQ. 
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The GQ structures adopt uni-, bi-, or tetra-molecular forms consisting of one, two, 

or four strands respectively (Neidle and Balasubramanian, 2006). The unimolecular GQ 

structures are also known as intramolecular structures; however, the intermolecular 

structure can be more diverse depending upon the molecularity of the strands involved in 

the formation of the GQ structure. For an intramolecular GQ to form at least four 

stretches of guanosines, with a minimum of two G residues in tandem in each stretch is 

required. A typical gap between two consecutive G-stretches can range from one to seven 

nucleotides (Neidle and Balasubramanian, 2006). Four G-stretches are required for 

intramolecular GQ formation; three gaps form the loops when the sequence adopts a GQ 

structure. The length of the loop and the nucleotide composition plays a crucial role in 

determining the stability of the GQ structures (Risitano and Fox, 2004; Cevec and Plavec, 

2005; Rachwal et al., 2007a; b; Rachwal et al., 2007c; Guedin et al., 2010; Pandey et al., 

2013). Moreover, the orientation of these strands also determines the topological 

classification of the GQ structure. A GQ is termed parallel if the polarities of all the 

strands are oriented in the same direction (Fig. 1.2 b) with respect to one another. In 

contrast, if each strand has an opposite polarity with respect to the two adjacent strands, 

the quadruplex is termed anti-parallel (Fig. 1.2 a, c and d) (Neidle and Balasubramanian, 

2006). 
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Figure 1.3- Different topological variants of GQ structures: The GQ structures form 

several conformational variants depending on the number of strands and quartets, the 

orientation of the strands. 

 

1.2.1    RNA G-Quadruplex Structure 

The formation of secondary and tertiary structures within the 5′-UTRs of mRNAs have 

been shown to play important roles in the regulation of gene expression (Gray and 

Hentze, 1994; Mignone et al., 2002). Several studies on RNA secondary structures with 

canonical purine/pyrimidine base pairing such as hairpin, loops, bulges, pseudoknots and 

kissing complexes with functional implications have been reported in the literature 

(Svoboda and Di Cara, 2006; Jambhekar and Derisi, 2007; Bevilacqua and Blose, 2008; 

McManus and Graveley, 2011). Guanine-rich sequences of both RNA and DNA can form 

GQ structures via hydrogen bonding between Watson-Crick and major-groove base edges 

(Neidle and Balasubramanian, 2006). However, the formation of GQ by RNA is 
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relatively more favorable compared to its DNA counterpart due to the absence of a 

competing complementary strand that often restricts the formation of GQ in DNA. RNA 

GQ structures are more thermodynamically stable, compact and less hydrated compared 

to their DNA counterpart (Arora and Maiti, 2008; Arora and Maiti, 2009; Joachimi et al., 

2009; Zhang et al., 2010; Zhang et al., 2011). In fact, it has been suggested that the 2′-OH 

of RNA has stabilizing effects on RNA GQs, possibly through extended hydrogen 

bonding interactions with phosphate and oxygen backbone atoms, O4′ sugar oxygen and 

H-bond acceptors such as the N2 groups of quartet-forming guanines. The higher stability 

of RNA GQ is attributed to the 2′-OH group of the ribose sugar which acts as a scaffold 

for an ordered network of water molecules and extensive bonding (Tang and Shafer, 

2006). The significance of the 2′-OH group was well established when it was observed 

that substituting the hydroxyl group by other chemically modified analogs resulted in the 

destabilization of GQ structure (Sacca et al., 2005). The presence of the 2′-OH group in 

the RNA GQ exerts conformational constraints on the GQ topology that prevent the syn-

conformation. The syn-configuration is a prerequisite in GQ for antiparallel topology. 

The hydroxyl group restricts orientation of the base about the glycosidic bond to the anti-

conformation thereby imparting a C3′-endo puckering and limiting the topology of the 

RNA GQ to the parallel conformation (Tang and Shafer, 2006). Although the topology of 

RNA GQ is less dependent on other environmental conditions, the formation of only 

parallel conformation reduces their topological diversity (Zhang et al., 2010; Zhang et al., 

2011). 
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The substitution of thymine with uracil in the loop of a GQ structure revealed that 

removal of methyl group stabilizes the stacking interactions and releases the structured 

water molecules. By instituting the thymine to uracil substitution, the authors also 

suggested the importance of loop residues in RNA GQ stability (Olsen and Marky, 2009). 

In addition, various independent studies have demonstrated the effect of varying loop 

lengths and composition on the stability of the GQ structure (Hazel et al., 2004; Risitano 

and Fox, 2004; Cevec and Plavec, 2005; Sacca et al., 2005; Hazel et al., 2006; Guedin et 

al., 2008; Guedin et al., 2010). The stability of all three G-quartets was found to 

contribute equally to the stability of RNA GQ structures (Agarwala et al., 2015a) as 

opposed to the more important middle quartet in DNA GQ (Lee and Kim, 2009; 

Tomasko et al., 2009). Recently, studies on folding dynamics suggested that RNA GQ 

formation with two G-quartets show positive cooperativity, high dependence on K
+
 

concentration and very few intermediate states (Mullen et al., 2012). 

Although the DNA GQ structures have been thoroughly studied by several NMR 

and crystallography reports (Kang et al., 1992; Smith and Feigon, 1992; Hud et al., 1996; 

Neidle and Read, 2001; Parkinson et al., 2002; Matsugami et al., 2003), relatively fewer 

studies have been conducted on RNA GQs (Collie et al., 2010). The NMR spectrum of an 

RNA GQ was first reported for sequence R14 (GGAGGUUUUGGAGG) present in 

mRNAs of immunoglobulin regions (Liu et al., 2000). Crystal structures suggest that 2′-

OH group and the rigid  C3′-endo  sugar  puckering in RNA redefine the hydration 

structure in grooves and hydrogen bonding patterns (Collie et al., 2010). Thereafter, the 

crystal structure of TERRA GQ complexed with the small molecule acridine also 
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revealed that the same 2′-OH group of ribose sugar interacts with the acridine (Collie et 

al., 2010; Collie et al., 2011). Structural studies on RNA GQ using NMR and X-ray 

crystallography were performed only on intermolecular RNA GQs, however so, detailed 

structural insight on the intramolecular RNA GQ structures are still lacking. 

 

1.3      FUNCTIONS OF RNA G-QUADRUPLEX STRUCTURES 

Although the initial focus of research has been on DNA GQs and their role in 

biology, in recent years the role of RNA GQs as regulatory elements of gene expression 

has been widely established (Fig. 1.3). The RNA GQs located in the 5′-UTR of mRNAs 

were found to be involved in translational regulation. However, reports of RNA GQ 

structures and their involvement in transcriptional regulation, splicing, mRNA transport, 

miRNA maturation amongst others widened the functional impact of the RNA GQ 

structures. 

 

1.3.1    Translational regulation  

The first example of translational repression by an RNA GQ was reported in the 

5′-UTR of the human NRAS proto-oncogene transcript (Kumari et al., 2007a). 

Subsequently GQs present in the 5′ UTR of the human Zic-1(Arora et al., 2008), NRAS 

(Kumari et al., 2007a), exon C of human and bovine ESR (estrogen receptor α) (Derecka 

et al., 2010),  MT3-MMP (Membrane-type 3 matrix metalloproteinase) (Morris and Basu, 

2009), Bcl2 (B-cell lymphoma 2) (Shahid et al., 2010), TRF-2 (Telomeric repeat binding 

factor 2) (Gomez et al., 2010), ADAM-10 (Lammich et al., 2011), and cyclin D3 (Weng 
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et al., 2012) were also observed to repress translation. The first translational upregulation 

by RNA GQs in the 5′-UTR of mRNA was associated with the cap-independent 

translation of FGF-2 and VEGF (Bonnal et al., 2003; Morris et al., 2010). Thereafter 

evidence of GQ structures 

 

Figure 1.4- Functions of RNA GQ structures: The RNA GQ structures regulate gene 

expression by influencing several different mRNA dependent cellular processes. 

 

augmenting the translation in cap-dependent translation initiation was observed in TGFβ2 

and FOXE3 (Forkhead box E3) (Agarwala et al., 2013; Agarwala et al., 2014). By 

contrast, the evidence of GQ structures in the 3ʹ-UTR in translation modulation has been 

sparse. The presence of a GQ structure in the 3′-UTR of proto-oncogene PIM1 transcript 

inhibits translation, although the mechanism of inhibition is unclear (Arora and Suess, 

2011). Nevertheless, the GQ structures in the 3′-UTR are more versatile in their ability to 

modulate end processing, transcription termination, alternative polyadenylation, and 

mRNA localization amongst others. RNA GQ structures suppress translation when 
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present in open reading frame  (ORF), that correlates with the stability of the structure 

(Endoh et al., 2013b). The GQ structure present in the ORF of human estrogen receptor α 

was shown to pause translational elongation and thereby influence protein misfolding 

leading to proteolysis (Endoh et al., 2013a; Endoh et al., 2013c).  

 

1.3.2    3′ End processing and alternative polyadenylation  

One of the foremost observations of RNA GQ function was initiated with the 

discovery of a GQ structure immediately downstream of an endonucleolytic cleavage site 

in the 3′-UTR of IGF2 mRNA (Christiansen et al., 1994; Nielsen and Christiansen, 

1995). Thereafter, GQ formation was observed to be critical for maintaining the 

efficiency of 3′-end processing of p53 following UV irradiation-mediated DNA damage. 

The GQ interacts with hnRNP H/F protein and maintains the expression of p53, causing 

apoptosis as a consequence of DNA damage (Decorsiere et al., 2011). Recently it was 

observed that GQs located in the 3′-UTR of LRP5 and FXR1 increase the efficiency of 

alternative polyadenylation leading to the generation of several short transcripts. 

Production of these short transcripts was further implicated in impairing miRNA 

regulation of FXR1 mRNA (Beaudoin and Perreault, 2013). 

 

1.3.3    Mitochondrial transcription termination 

The GQ structures were observed to modulate the termination of transcription of 

the mitochondrial light strand in a mechanism similar to Rho-independent transcription 
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termination in prokaryotes, wherein the GQ substitutes for the hairpin loop formed in 

bacterial mRNA (Wanrooij et al., 2010; Wanrooij et al., 2012).   

 

1.3.4    mRNA localization  

The GQ structures in the 3′ UTR of PSD-95 and CaMKIIa are required for their 

localization from soma to dendrites of cortical neurites. These GQs in the 3′-UTR act as 

structural “zipcodes” assisting the process of mRNA localization in neurons 

(Subramanian et al., 2011).  It was further demonstrated that depletion of  fragile X 

mental retardation protein (FMRP) was not enough to eliminate the transport of these 

mRNA thereby refuting the previously accepted role of FMRP in transporting the RNA 

to the neurites. Bioinformatics analyses revealed the presence of PQS of which 30% are 

highly conserved in the 3′- UTR of dendritic mRNAs, suggesting that the GQs act as 

neurite-targeting elements and are important for the establishment and maintenance of 

cell polarity (Subramanian et al., 2011). 

 

1.3.5    Alternative Splicing 

The GQ structures in the intronic regions of mRNA act as cis-regulatory elements 

in alternative splicing. The hnRNP F binds to a PQS in the pre-mRNA and is essential in 

splicing of the scr N1 exon (Min et al., 1995).  Genome-wide studies indicated that G-

rich tracts in introns of many genes have potential to adopt GQs and thereby can affect 

the splicing and expression patterns of these genes (Kostadinov et al., 2006). 

Subsequently, the role of GQs in the regulation of alternative splicing was observed in 
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several physiologically important genes such as B-tropomyosin, hTERT, FMR1, BACE-

1, and PAX9 (Sirand-Pugnet et al., 1995; Gomez et al., 2004; Didiot et al., 2008; Fisette 

et al., 2012; Ribeiro et al., 2015). The effect of GQ in alternative splicing in p53 is unique 

wherein the GQ is located in an intron (intron 3) that affects the alternative splicing of 

another intron (intron 2). Furthermore, the GQ in p53 did not completely alter the 

splicing pattern but fine-tuned the relative abundance of the splice variants of p53, 

leading to differential expression of transcripts encoding distinct p53 isoforms (Marcel et 

al., 2011). The regulation of the cell cycle, apoptosis, and p53 target genes is affected by 

the relative expression of the various isoforms. 

 

1.3.6    Biogenesis of miRNAs 

The pre-miRNA structures are stem-loop structures which are processed by Dicer 

to form the matured miRNAs. It has been well established that the stem-loop structure is 

essential for Dicer to act upon pre-miRNAs and cleave them to form mature 

miRNAs.(MacRae et al., 2007) Recently our laboratory reported the presence of a PQS in 

pre-miRNA 92b which in the presence of physiological levels of K
+
 ions adopts a GQ 

structure thereby impeding the Dicer-dependent maturation of the miRNA. The study 

also reported that such GQ forming sequences are prevalent in pre-miRNA (16%) and 

suggested that the GQ structures play an important role in gene expression by influencing 

the miRNA maturation (Mirihana Arachchilage et al., 2015). A similar mechanism has 

been observed in miRNA in global analyses where cells were treated with a GQ 

destabilizing ligand TmPyP4 (Pandey et al., 2015). 
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1.4  INTERACTION OF PROTEINS WITH RNA G-QUADRUPLEX  

              STRUCTURES 

Reports on proteins binding to RNA GQ’s are relatively less compared to 

examples of DNA GQ binding proteins (Fry, 2007). The binding of FMRP and FMR2P 

to RNA GQ are probably the most extensively studied cases. These proteins are 

associated with two forms of mental diseases: the Fragile X Mental Retardation 

syndrome (FXS) and the FRAXE-associated mental retardation (FRAXE) respectively 

(Melko and Bardoni, 2010). The FMRP protein interacts using the arginine–glycine–

glycine (RGG) box motif which has a high affinity and specificity for RNA GQ motif 

(Darnell et al., 2001; Blackwell et al., 2010). Studies revealed that the RNA targets of 

FMRP contain several PQS in their 5′-UTR, coding regions and 3′-UTR (Schaeffer et al., 

2001; Todd et al., 2003; Castets et al., 2005; Menon and Mihailescu, 2007; Westmark 

and Malter, 2007). Microtubules Associated Protein 1b (MAP1B) and the catalytic 

subunit of Protein Phosphatase 2A (PP2Ac), which are known FMRP targets, revealed 

the presence of one or more GQ structures in their 5′-UTR (Darnell et al., 2001; Castets 

et al., 2005). FMRP binds to these motifs in MAP1B mRNA and inhibits its translation 

during active synaptogenesis in neonatal brain development thereby regulating normal 

development of dendritic spines (Lu et al., 2004). FMRP also downregulates PP2Ac 

mRNA translation by binding with its 5′-UTR GQs (Castets et al., 2005). Additionally, a 

report showed that the longer (CGG)n sequences in 5′-UTR of FMR1 gene in FXS form 
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GQ structures, blocking the migration of the 40S subunit and thereby becoming an 

impediment of translation of FMR1 mRNA. Indeed, expression of the quadruplex 

disrupting proteins hnRNP A2 or CBFA were shown to alleviate this translational block 

(Khateb et al., 2007). RNA targets of FMRP harboring GQ in their 3′-UTR PSD95 and 

Sem3F mRNAs have been reported (Todd et al., 2003; Menon and Mihailescu, 2007; 

Melko and Bardoni, 2010; Evans et al., 2012). Interestingly, FMRP was found to regulate 

its own activity by binding to the GQ present in the coding region of its mRNA and 

inhibiting its translation by a negative feedback loop (Schaeffer et al., 2001).  

Helicase proteins are also known to interact and unwind GQ structures in RNA. 

RHAU is a DEAH box containing RNA helicase that unwinds both RNA and DNA GQ 

structures (Vaughn et al., 2005; Creacy et al., 2008; Lattmann et al., 2010; Lattmann et 

al., 2011; Meier et al., 2013; Booy et al., 2014). This helicase remodels the GQs located 

in the 5′-end of telomerase RNA and resolves GQs increasing the expression of Yin Yang 

1 gene (Booy et al., 2012; Huang et al., 2012). Alternatively, RHAU was reported to bind 

to the GQ present in the 3′-UTR of PITX1 mRNA and suppress its expression via a 

unique miRNA-mediated gene regulation (Booy et al., 2014). Another helicase DHX9 

was reported to unwind both RNA and DNA GQs (Chakraborty and Grosse, 2011). The 

increasing repertoire of GQ resolving helicases enables us to understand the mechanism 

of unfolding and equilibrium between folded and unfolded states of this structure. 

Recently, transcriptome scale ribosomal profiling of helicase eIF4A-dependent 

transcripts revealed the enrichment of 5′-UTR sequences with a propensity to form RNA 
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GQs, indicating the probable role of this factor in the unwinding of this secondary 

structure during the translation process (Wolfe et al., 2014).  

In addition, TLS/FUS- telomere-binding protein was observed to bind telomeric 

DNA GQ and TERRA RNA GQ via its RGG domain to form a ternary complex. The 

GQs serve as a scaffold for recruitment of these proteins to the telomere, thereby 

regulating telomere length by histone modifications of telomere (Takahama and Oyoshi, 

2013; Takahama et al., 2013). Protein pull-down followed by MALDI-TOF mass 

spectrometry identified the proteins interacting with GQs located in 5′-UTR of MMP6 

and ARPC2 mRNAs. The identified proteins were predominantly comprised of ribosomal 

proteins, heterogeneous nuclear ribonucleoproteins, nucleolin and splicing factors (von 

Hacht et al., 2014). Similarly, by a pull-down strategy, a wide array of proteins 

interacting with GQ forming TERRA RNA was identified by MALDI-TOF MS (Deng et 

al., 2009; de Silanes et al., 2010). The shelterin proteins TRF1 and TRF2 were shown to 

be capable of binding directly to TERRA. Moreover, proteins belonging to the hnRNP 

class were also found enriched in the pool of binding partners (Deng et al., 2009). 

 

1.5       TARGETING RNA GQ STRUCTURES FOR THERAPEUTICS   

Modulation of biochemical processes by targeting nucleic acid secondary 

structure with small molecules is a promising strategy to regulate gene expression (Collie 

and Parkinson, 2011; Sissi et al., 2011). Small molecule ligands interacting with GQ can 

act by either stabilizing or destabilizing the GQ thereby reinforcing or reducing its 
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function. Furthermore, these ligands can also interfere with the interaction of trans-acting 

factors with the GQ, thereby modulating the activity of the structure (Bugaut and 

Balasubramanian, 2012). The GQ structures at the telomeric ends and promoter regions 

have been extensively studied as targets of small molecule ligands (Ohnmacht and 

Neidle, 2014). Several small molecule ligands such as porphyrin, acridine, pentacridium, 

quinacridine, telomestatin, naphthalene diiamide, bisquinolium and their derivatives bind 

selectively and stabilize DNA GQ structures (Phan et al., 2006; Xu, 2011). Several 

clinically important genes harbor RNA GQ and, therefore, selective targeting of these 

structures to regulate gene expression, is a promising strategy towards drug discovery for 

various diseases. Initially, it was observed that a naphthalene diamide derivative was 

more selective towards RNA GQ compared to its DNA counterpart (Collie et al., 2009). 

Thereafter, three natural alkaloids namely nitidine, palmatine, and jatrorrizine were 

observed to interact with the 5′-UTR RNA GQ of Bcl2 with high affinity (Tan and Yuan, 

2013). Pyridostatin is a known molecule to stack over the terminal G-quartets of DNA 

GQ stabilizing the structure to cause growth arrest in cancer cells by inducing extensive 

DNA damage (Rodriguez et al., 2012). Another derivative carboxypyridostatin exhibits 

preferential binding and selectivity towards RNA GQ (Di Antonio et al., 2012).  

It was observed that pyridine-2,6-bis-quinolino-dicarboxamide derivative RR82 

and the para-fluorophenyl substituent at pyridine C4 RR110 (Fig. 1.4) are potent 

binders and stabilizers of RNA GQ present in the 5′-UTR of NRAS mRNA and foster the 

inhibition of NRAS gene expression (Bugaut et al., 2010). Moreover, three other 
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bisquinolium derivatives PhenDC3, PhenDC6 and 360A (Fig. 1.4) with similar binding 

affinities towards RNA and DNA GQs also have been used for small molecule-mediated 

gene regulation (Gomez et al., 2010; Shahid et al., 2010; Halder et al., 2011; Marcel et 

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

 

Figure 1.5- Ligands known to interact specifically with RNA GQ structures  

 

 

Studies indicate that the same small molecule might elicit varied effect under 

different contexts. TmPyP4 is a cationic porphyrin that was observed to have no RNA 

GQ selectivity and thereby, did not inhibit NRAS translation (Bugaut et al., 2010). 

However, it was conclusively shown to destabilize RNA GQ present in 5′-UTR of MT3-

MMP relieving the repressive role of the GQ (Morris et al., 2012). Moreover, TmPyP4 

also has been shown to distort RNA GQ structures formed by r(GGGGCC)n repeats in 
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the C9orf72 gene thereby interfering with their interaction with trans-acting factors 

(Zamiri et al., 2014).  

The small molecules observed to bind to GQ structures are predominantly 

positively charged with a large planar aromatic core, which neutralizes the negatively 

charged phosphates of the backbone, and maximizes π-stacking interactions with the 

quartets of GQ respectively. Often the ligands possess positively charged side chains with 

functional groups to interact with the loops and the grooves of the GQ structure (Collie 

and Parkinson, 2011). The small molecules binding to RNA GQs in most cases also 

interact with DNA GQs. Moreover, the limited conformational variation amongst RNA 

GQ structures also renders selective targeting of a transcript containing GQ much more 

challenging. Since it has been already established that these structures play an opposing 

effect on the expression of several genes and their functions are so varied, the non-

specific targeting of RNA GQ is not practical for therapeutic purposes. However, 

contrary to the current notion that the GQ interacting small molecules might bind non-

specifically to several GQ structures, it was observed that when a library of RNA GQ 

forming sequences with varying loop sequence but fixed loop length were screened for 

their binding to kanamycin A, only a few sequences actually were identified to bind to 

the ligand (Mirihana Arachchilage et al., 2014).  

Present research on ligands has been mostly focused on small molecules with 

planar aromatic rings to induce π-stacking interactions with the GQ structures. An 

alternative strategy to target specific GQ structures would be to design and explore 
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ligands that specifically bind to grooves, loops and other regions of GQ, considering that 

these are the only variable regions amongst the RNA GQ structures. Exploiting the 

effects of the 2ʹ hydroxyl group of the ribose on RNA GQ structure can form the basis for 

ligand design for discerning the differences between DNA and RNA GQs (Xu and 

Komiyama, 2012).  

 

1.6       MODULATION OF TRANSLATION BY GQ STRUCTURES PRESENT IN  

            THE 5′-UTR  

The role of RNA GQ structures in the regulation of translation was first 

highlighted in the case of an RNA GQ located in the 5′-UTR of the proto-oncogene 

NRAS. The authors discovered an 18 nucleotide (nt.) motif highly conserved both in 

position (near the 5′-cap) and sequence among various species (Kumari et al., 2007a). 

The sequence was observed to fold into a very stable GQ structure as identified by in 

vitro analysis via circular dichroism (CD) and UV-melting experiments. In vitro, dual 

luciferase reporter assay showed that there was a 3.7-fold enhancement in activity of both 

a mutant and the deletion plasmid over the wild type indicating that this particular 

structure had an inhibitory effect on translation. Bioinformatics analyses indicated that 

~3000 transcripts have at least one PQS in their 5′-UTRs (Kumari et al., 2007a; Huppert 

et al., 2008). Subsequently, in another study, the positional (in the context of the entire 5′-

UTR) and stability effect of GQ on the translational repression of the genes was 

investigated wherein it was demonstrated that the GQ structures repress translation when 

situated relatively close to the 5′-end of the mRNA (Kumari et al., 2008).  The study 
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suggested that shifting this motif in NRAS 5′-UTR to a position far away from the cap 

region causes loss of its function, however, it was also observed that the positional shift 

does not alter the function of RNA GQ structures (Kumari et al., 2008; Halder et al., 

2009). The difference in the outcome of shift may be attributed to the different mRNAs 

or different experimental setups that were employed for the studies. Furthermore, the 

position specific role of GQ structures at the 5′ end of naturally occurring mRNAs was 

evaluated wherein it was observed that GQ structures inhibited gene expression in 

AKTIP (AKT interacting protein) and CTSB (Cathepsin B), but augmented protein 

production in FOXE3. The study concluded that GQ structures exhibit varied functions in 

different genes and probably is influenced by neighboring sequences, trans-factors, and 

intracellular conditions (Agarwala et al., 2014). Moreover, the thermodynamic stability of 

the RNA GQ dictated the repressive effect on translation. It was reported that 

translational repression is correlated directly to the number of quartets and inversely to 

the GQ loop length flanking the Shine-Dalgarno (SD) sequence (Wieland and Hartig, 

2007). Thereafter, the inhibition of translation in eukaryotic cells by an RNA GQ motif in 

the 5′-UTR of Zic-1 was reported (Arora et al., 2008). The evolutionarily conserved GQ 

motif from the 5′-UTR of the mRNA from the zinc-finger protein of the cerebellum 1 

(Zic-1) repressed translation up to 80%, without affecting the mRNA expression in HeLa 

cells (Arora et al., 2008). Subsequently, additional studies reported the presence of GQ 

forming sequences within the 5′-UTRs of mRNA of several human genes which inhibits 

translation (Halder et al., 2009; Morris and Basu, 2009; Gomez et al., 2010). The genes 

studied were all observed to be clinically significant genes that included the extremely 
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stable GQ motif matrix metalloproteinase MT3-MMP (Morris and Basu, 2009), the 

estrogen receptor ESR1 (Derecka et al., 2010), the apoptotic regulator BCL2 (Shahid et 

al., 2010), THRA (Beaudoin and Perreault, 2010) and the telomere shelterin protein 

TRF2 (Gomez et al., 2010). In most of the above studies and in another report where 

several GQ forming sequences present in the 5′-UTR were studied, it was observed that 

the GQ forming sequences when present in 5′-UTRs exhibit translational repression 

activity (Halder et al., 2009). It has been suggested that the mechanism of translation 

inhibition by the GQ structures might be similar to that of other stable secondary 

structures in the 5′-UTR, which interfere with association of trans-acting factors for 

translation initiation, block the screening mechanism of the 43S preinitiation complex or  

may  recruit  some inhibitory factors repressing mRNA translation (Bugaut and 

Balasubramanian, 2012; Agarwala et al., 2015b).  

Interestingly, GQ structures that acted as essential elements, thereby augmenting 

translation compared to their mutant counterparts, were observed only in case of non-

canonical cap-independent translation initiation (Bonnal et al., 2003; Morris et al., 2010). 

A GQ structure in conjunction with two stem-loop structures located within the FGF-2 

IRES was observed to be essential for translation initiation (Bonnal et al., 2003). In our 

lab, a unique flexible GQ structure required in the IRES A of hVEGF was observed to be 

essential for cap-independent translation initiation (Morris et al., 2010).  
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Figure 1.6- Role of GQ structures in the 5ʹ-UTR:  The existing hypothesis on the 

regulation of translation by RNA GQ structures was that the GQ structure in 5ʹ-UTR 

inhibits translation except when they are present in the context of an IRES. 

It was widely believed that the GQ structures in the 5′-UTR of mRNAs repress 

translation except when they are present in an IRES element wherein they augment 

translation (Fig.1.5) (Bugaut and Balasubramanian, 2012). The presence of multiple G-

tracts in the IRES-A suggested the possibility of a flexible GQ switch in response to 

biological stimuli. Our lab was interested in understanding the mechanism by which the 

GQ structure in the IRES of hVEGF mRNA modulates translation. On mutation or 

deletion of the GQ forming sequence, cap-independent translation is significantly 

repressed. The cellular IRESs are known to recruit the translation factors independent of 

the 5′-cap (Jackson et al., 2010a; Komar et al., 2012). We hypothesized that the GQ 

structure might be involved in recruiting some factors of the translation apparatus or the 

40S ribosomal subunits. Furthermore, it was also likely that the deletion of the segment 

could bring about change in the folding of the other regions of the IRES thereby 

rendering it dysfunctional. We also wanted to investigate the context dependency of the 

GQ structures in the 5′-UTR of mRNAs. The fact that GQ structures play a different role 
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in the case of different gene expression can be specific to that gene context or can be that 

the GQ motif is independent of the context and can play the same role in any gene when 

inserted in the 5′-UTR. The importance of GQ structures in translation regulation was 

well established at the beginning of this work. We wanted to apply the translation 

regulation potential of GQ structures in a targeted fashion to manipulate the regulation of 

specific genes involved in diseases. We hypothesized that we can specifically target a 

gene by inducing GQ structures in the 5ʹ-UTR and the protein-coding region of the 

mRNA, and thereby modulate the expression of the gene. The strategy entailed two 

contiguous G stretches with more than 3 Gs in each stretch either in the native mRNA 

sequence at the 5′-UTR region and in the coding sequences.
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CHAPTER TWO 

 

"Adapted with permission from: D. Bhattacharyya, P. Diamond, S. Basu, An 

Independently folding RNA G-quadruplex domain directly recruits the 40S ribosomal 

subunit, Biochemistry, 54 (2015) 1879-1885. Copyright (2015) American Chemical 

Society." 

 

2. AN INDEPENDENTLY FOLDING RNA G-QUADRUPLEX DOMAIN 

DIRECTLY RECRUITS THE 40S RIBOSOMAL SUBUNIT 

2.1 ROLE OF GQ STRUCTURES IN CAP-INDEPENDENT TRANSLATION 

INITIATION 

RNA G-quadruplexes (GQ) are secondary structures which when present in the 

5′-untranslated (UTR) region of an mRNA can act as both necessary elements and 

repressors of translation (Bonnal et al., 2003; Kumari et al., 2007a; Morris and Basu, 

2009; Morris et al., 2010; Agarwala et al., 2013). The role of GQ structures in 

translational modulation depends on the relative position of the GQ structure (Bugaut and 

Balasubramanian, 2012). However, it is well established that in the majority of the cases 

GQ structures inhibit translation as was observed in several clinically significant mRNAs 

such as NRAS, ZIC1, BCL-2, TRf2 and MT3-MMP (Kumari et al., 2007a; Arora et al., 

2008; Morris and Basu, 2009; Gomez et al., 2010; Shahid et al., 2010). Comprehensive 

analyses of six different GQ forming sequences in the 5′-UTR region in mRNA amongst 

many potential GQ forming sequences in the transcriptome suggested that in general, the 

GQ structures act as translation repressors (Beaudoin and Perreault, 2010). Alternatively, 

when present in the context of an IRES (Internal Ribosomal Entry Site), for example, in



 
 

28 
 

 the cases of FGF and VEGF the GQ structures act as essential elements for translation 

initiation (Bonnal et al., 2003; Morris et al., 2010). Nevertheless, the mechanism by 

which the GQ structures play such context-dependent regulatory role is unknown. 

Translation initiation by IRESs involves a cap-independent mechanism wherein 

the 40S ribosomal subunit or other IRES trans-acting factors (ITAFs) are recruited 

directly onto the mRNA, thereby rendering the requirement of the 5′-cap and some 

initiation factors unessential (Komar et al., 2012). The IRES-mediated translation 

initiation, although initially observed in viral mRNAs, has also been identified in many 

cellular mRNAs (Hellen and Sarnow, 2001; Jackson et al., 2010b). This non-canonical 

translation initiation was primarily observed in viral mRNAs and thereafter in several 

cellular mRNAs. The fundamental difference between these two mechanisms is the 

requirement for a 5ʹ-cap that is added onto the mRNAs prior to translation. The 

eukaryotic cytoplasmic mRNAs go through an enzymatic post-transcriptional 

modification known as the capping of the 5ʹ end of the mRNA. The mRNA cap structure 

plays a critical role in translation initiation, RNA processing, and nuclear export (Lewis 

and Izaurflde, 1997). The mitochondrial and the chloroplast mRNAs are generally not 

capped (Monde et al., 2000; Temperley et al., 2010). 

The general structural features of the 5′ cap of eukaryotic of mRNAs are the 

terminal m
7
G and the penultimate nucleotide are joined by an inverted 5′-5′ linkage 

through a triphosphate bridge (Fig. 2.1). The canonical method of translation initiation 

requires a 5ʹ-cap for orchestrating the assembly of translation initiation machinery. It was 
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observed that several viral mRNAs were capable of initiating translation even in the 

absence of the 5ʹ-cap. These RNAs bypassed the canonical initiation process by 

recruiting the 40S subunit of the ribosomes in a highly structured region in their 5′-UTR. 

These regions were termed as internal ribosome entry sites (IRESs) and the process was 

termed IRES-mediated translation initiation or cap-independent translation initiation 

[163].  

 

Figure 2.1- The 5ʹ-cap structure:  The base of the first nucleotide in the mRNA is a 

guanosine methylated at the seventh position and joined to the next nucleotide by a non-

canonical 5ʹ-5ʹ triphosphate link. 
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 The occurrences of IRESs were initially observed in two picornaviruses namely 

the Poliovirus (PV) and Encephalomyocarditis virus (EMCV) (Jang et al., 1988; Pelletier 

and Sonenberg, 1988). Thereafter IRESs have been discovered in many other viral 

mRNAs such as Hepatitis C virus (HCV)(Tsukiyama-Kohara et al., 1992), Foot and 

Mouth Disease virus (FMDV)(Martinez-Salas et al., 2001), classic Swine Fever 

virus(Rijnbrand et al., 1997), and Human Immunodeficiency virus envelope mRNA 

(Locker et al., 2011). Although the mechanism by which the viral IRESs initiate 

translation varies, the common theme amongst all these is their ability to recruit the 40S 

ribosomal subunit internally regardless of the presence or absence of the 5′-cap. The 

mode of translation initiation by the viral IRESs can be broadly classified into four types 

(Fig. 2.2). 

 

Figure 2.2- The classification of viral IRESs: Schematic representation of the four 

different mechanisms of cap-independent translation initiation by the viral IRESs 

(Jackson et al., 2010b). 
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Thereafter several IRESs in cellular mRNAs with a range of activities were also 

discovered which included several growth factors such as fibroblast growth factor (FGF), 

(Bonnal et al., 2003; Martineau et al., 2004) platelet-derived growth factor B (PDGF-B) 

(Bernstein et al., 2002), vascular endothelial growth factor (VEGF) (Stein et al., 1991) 

and oncogenes such as C-MYC (Stoneley et al., 1998; Stoneley et al., 2000), and protein 

kinase p58 (Tinton et al., 2005). The presence of IRESs in cellular mRNAs allows the 

cell to modulate its translation and the protein repertoire in response to stress, cell cycle 

and other stimuli (Plank and Kieft, 2012). It has been suggested that the cellular mRNAs 

follow the picornavirus initiation mechanism (Jackson et al., 2010b). More detailed 

investigations of the cellular IRES mechanism are required before we can attribute a 

common mechanism to all cellular mRNA IRES-mediated translation initiation. 

The 5′-UTR of human vascular endothelial growth factor (hVEGF) encompasses 

two IRES elements (Huez et al., 1998). The human VEGF is a key physiological and 

pathological angiogenic growth factor. An increase in VEGF protein level is not only 

linked to normal physiological conditions, such as embryonic development, wound 

repair, adaptation to hypoxia but also in pathological conditions such as proliferative 

retinopathies, arthritis, psoriasis, and tumor angiogenesis (Ferrara and Davis-Smyth, 

1997; Bastide et al., 2008; Arcondeguy et al., 2013). The 5′-UTR of hVEGF contains two 

independently functioning IRESs (A and B) of which the IRES A is a 294-nucleotides 

(nt)-long fragment (745 to 1038 from 5′-end of the mRNA) immediately upstream of the 

canonical AUG translation start site (Huez et al., 1998; Miller et al., 1998; Stein et al., 

1998). The VEGF IRESs were shown to play a key role in upregulation of VEGF under 
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hypoxic stress (Stein et al., 1998; Bornes et al., 2007). The presence of a tunable GQ 

structure in the IRES A was determined to be necessary for optimum cap-independent 

translation initiation (Morris et al., 2010). Translation initiation by IRESs involves a cap-

independent mechanism wherein the 40S subunit and other IRES trans-acting factors 

(ITAFs) are recruited directly onto the mRNA, rendering the 5′-cap and some of the 

initiation factors to be non-essential (King et al., 2010; Perard et al., 2010; Komar and 

Hatzoglou, 2011; Martinez-Salas et al., 2012).  

Our investigations on structure mapping of the hVEGF IRES A revealed that it 

forms a very stable and well-defined secondary structure under physiologically relevant 

salt concentrations. Considering the essential role of the GQ domain in IRES A function, 

we hypothesized that it plays a key role in IRES A mediated translation initiation by 

interacting with the 40S subunit.  

 

2.2      MATERIALS AND METHODS 

2.2.1    Plasmid constructions 

The transcribable plasmid pVFIRESA and bicistronic plasmids hVEGFbicis 

containing the wild-type IRES A sequence were constructed as previously described 

(Morris et al., 2010). The schematic representation (Scheme 2.1) of the hVEGFbicis 

plasmid shows the design of the plasmid wherein the firefly luciferase gene is regulated 

by the IRES-mediated translation initiation and the Renilla luciferase is translated by the 

canonical translation initiation.  The primers for deletion mutation were purchased from 
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Integrated DNA Technologies, Inc. The deletions of the specific domains were performed 

by QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Tech) as per 

manufacturer’s protocol. Plasmids were purified by Pure Yield™ Plasmid Miniprep 

System (Promega), and successful deletion was confirmed by sequencing at The Plant 

Microbe Genomic Facility (OSU).  

 

Scheme 2.1- Design of the hVEGFbicis: The plasmid was designed to transcribe a 

single mRNA with both the reporter genes. The Renilla luciferase (LR) is translated by a 

canonical cap-dependent translation initiation. The translation of the second reporter gene 

firefly luciferase (LF) can only be initiated by an actively functioning IRES. 

 

2.2.2    In vitro transcription and radiolabeling of IRES A and mutant RNAs 

The 294 nt long IRES A and the mutants of the hVEGF mRNA were transcribed 

using plasmid pVFIRESA and its mutant variants  (Morris et al., 2010). The transcribed 

RNA was purified by 6 % denaturing polyacrylamide gel electrophoresis (PAGE). The 

RNA bands were harvested by tumbling the gel slices at 4 °C in elution buffer (300 mM 

NaCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM EDTA). The eluent was phase 
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concentrated using 2-butanol and subsequently precipitated from the aqueous phase by 

ethanol. 

The 5′-phosphates of the in vitro transcribed RNA were enzymatically removed 

by Calf intestinal alkaline phosphatase (CIP, NEB). The RNA was extracted by phenol-

chloroform and precipitated with 70% ethanol. The CIP treated RNA was 5′-end 

radiolabeled by T4 polynucleotide kinase (PNK, NEB), [γ-
32

P] ATP (Perkin Elmer) and 

incubated for 1 hour at 37 °C. The commercially obtained DNA sequences were directly 

radiolabeled with T4 PNK as the 5′-phosphate is absent. The reaction was stopped by the 

addition of an equal volume of stop buffer (7 M urea, 10 mM Tris-HCl, pH 7.5 and 0.1 

mM EDTA). The radiolabeled full-length RNA was isolated by 6 % denaturing PAGE. 

The radiolabeled RNA was then extracted from the gel via the crush and soak method as 

described previously. 

 

2.2.3    Structure mapping analyses 

The 5′-end radiolabeled RNA (60000 cpm) was dissolved in 10 mM Tris-HCl (pH 

7.5), 0.1 mM EDTA, 2.5 mM MgCl2 in the presence of 100 mM KCl or 100 mM LiCl 

and heated to 70 °C for 10 minutes and slow cooled to room temperature. Once reactions 

attained the appropriate temperature, the RNA was digested with 0.1 U of Ambion® 

RNase T1 (Life Technologies), 0.005 µg of Ambion® RNase A for 5 minutes at 37 °C, 

1.4×10
-4

 U of RNase One
TM 

(Promega) for 5 minutes at 37 °C. The reactions were 

terminated by using an equal volume of stop buffer (7 M urea, 10 mM Tris-HCl, pH 7.5, 
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and 0.1 mM EDTA). Treated RNA was electrophoresed on a 6 % denaturing 

polyacrylamide gel electrophoresis (PAGE, dried on Whatman paper, and exposed to a 

phosphorimager screen. The gel images were then visualized by scanning the screen on a 

Typhoon Phosphorimager FLA 9500 (GE Healthcare, Life Sciences). 

2.2.4   Filter binding assay 

The filter binding assay for assessing the apparent binding constants of the 

interaction of 40S ribosomal subunit was performed using a previously published 

protocol (Kieft et al., 2001). The salt washed 40S ribosomal subunits isolated from rabbit 

reticulocyte lysate (RRL) were a kind gift from Dr. W. C. Merrick (Case Western 

Reserve University) and 30S ribosomal subunits (bacterial) were kindly provided by Dr. 

S. A. Strobel (Yale University). The radiolabeled RNAs (1000 cpm) with an approximate 

concentration of 1 ×10
-3

 nM were folded in the presence of the binding buffer (20 mM 

Tris-HCl, 100 mM CH3COOK, 200 mM KCl, 2.5 mM MgCl2, 1 mM DTT). The RNAs 

were then incubated with increasing concentrations of 40S subunit at 37 °C for 20 

minutes. The filter binding assay was performed using a Supor® Membrane (0.45 μm) on 

the top of a Nitrocellulose filter which in turn was placed on top of a Hybond™-N+ filter 

supported by a filter paper. The Supor membrane was added to remove any aggregate, 

however, none was observed. The filters were presoaked in binding buffer assembled in a 

Minifold-I Dot-Blot System. 
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Scheme 2. 2: Arrangement of the membranes in the dot-blot apparatus 

 The reaction mixtures were added to the wells of the Dot Blot apparatus under vacuum. 

The membranes were air dried and exposed to a phosphorimager screen. The blot images 

were then visualized by scanning the screen on a Typhoon Phosphorimager FLA 9500 

(GE Healthcare, Life Sciences).  

 

 

              

 

 

 

0 504 252 99 49.5 9.9 4.95 0.99  0.504 0.099 
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Figure 2.3: Imaging of the filter binding assay: (a) Image of the Nitrocellulose filter paper. 

U31-40 were used to calculate the background. The concentration of the 40S in nM in the table 

above. (b) Image of the Hybond N+ filter paper. U75-80 were used to calculate the background. 

 

The fraction of RNA bound (θ) was calculated as follows:  

Fraction bound (θ) = RNA in nitrocellulose/ (RNA in nitrocellulose+ RNA in hybond 

N+).  

We calculated the apparent Kd by two different equations. Firstly, the data were 

fit to a Langmuir isotherm described by the equation  

θ= [X] / ([X]+Kd)                                                                                   Equation 2.1 

in Origin, where θ is a fraction of RNA bound to 40S as measured from the 

fraction retained on the nitrocellulose membrane and [X] is the 40S subunit 

concentration. The assumption is that 40S concentration is much greater than the 

concentration of RNA. The Kd is given by the concentration of the 40S where the value 

0 504 252 99 49.5 9.9 4.95 0.99  0.504 0.099   (b) 
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fraction bound (θ) is equal to 0.5. The fraction bound did not reach 1 and can be a 

limitation of the method. But we did observe the plateau suggesting saturation of the 

RNA. Because of the experimental situation, we have termed the Kd as apparent Kd. The 

results of the Kd determination by this equation are included in Appendix I along with 

method 2 and a comparison of the values. 

Furthermore, we also determined the Kd by using the equation  

θ= Ymax [X] / ([X]+Kd)          Equation 2.2 

plotted in Origin assuming the cooperativity (n=1), that there was no cooperativity. The 

Ymax here gives the filter binding efficiency. We ignored the values of Ymax less than 0.5 

since at the highest experimental concentration of the 40s the fraction bound (θ) was not 

even 0.5.  

 

2.2.5    Footprinting of 40S ribosomal subunit interaction with the IRES A 

The 5′-end radiolabeled RNA (150, 000 cpm) was dissolved in 30 mM HEPES 

(pH 7.5), 2.5 mM MgCl2 and 100 mM KCl and heated to 70 °C for 10 minutes and slow 

cooled to room temperature. The folded RNA was then incubated with 100 nM of 40S 

ribosomal subunit at 37 °C for 20 minutes. The RNAs were then treated with 0.1 U of 

RNase T1 for 3 minutes at 37 °C and the reaction was stopped by adding 1% SDS, and 

then phenol-chloroform extracted followed by ethanol precipitation. The precipitated 

RNA was then dissolved in formaldehyde loading buffer, counted by a scintillation 
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counter and normalized for uniform loading in each well, electrophoresed on a 6 % 

denaturing PAGE, dried on Whatman paper and exposed to a phosphorimager screen. 

The gel images were then visualized by scanning the screen on a Typhoon 

Phosphorimager FLA 9500 (GE Healthcare, Life Sciences). 

 

2.2.6    Cell culture and transfection of reporter plasmid 

HeLa cells were grown in 96-well plates in Dulbecco’s modified Eagle's medium 

(DMEM) with low glucose supplemented with 10 % fetal bovine serum and 1 % 

antibiotics at 37 °C in 5% CO2 in a humidified incubator. The plasmids were transfected 

with Lipofectamine-2000 for 6 hours. After 24 hours, dual luciferase assay was 

performed with Dual-Glo® Luciferase Assay System as per manufacturer’s protocol and 

the luminescence signals read by the SpectraMax M4 plate reader (Molecular Devices, 

LLC). The ratio of the Firefly and Renilla luciferase luminescence were calculated and 

normalized to the ratio of the wild-type plasmid. 

 

2.3.      RESULTS 

2.3.1    Secondary structure mapping of the IRES A by enzymatic footprinting. 

The IRES A forms a very stable secondary structure since is highly enriched with 

G and C residues (~76 %). A more detailed analysis of the secondary structure of the 

IRES A was conducted via a series of enzymatic structure mapping (Fig. 2.4 a). The 
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updated secondary structure of the IRES A that incorporated the constraints derived from 

structure mapping data was created with the help of Mfold (Zuker, 2003) with the 40S 

subunit interacting region traced on the folded RNA structure (Fig. 2.4 b). We determined 

that the GQ is a stable structure formed within the 40S subunit binding region given the 

strong protection detected in enzymatic (Fig. 2.5 d) and chemical structural mapping 

(Morris et al., 2010). 

2.3.2 The 40S ribosomal subunit interacts with the 5′-proximal end of IRES-A.  

          The predominance of guanine (G) residues in the 294 nt long IRES A constituting 

about 45 % of the total number of residues rendered RNase T1 to be the enzyme of 

choice for structure mapping and footprinting analyses. RNase T1 cleaves single-stranded 

G residues in RNA, however, the G residues involved in base pairing to form secondary 

structures, GQ structures, and tertiary interactions are protected from undergoing 

cleavage (Takahashi K., 1982). Mapping of IRES A-40S ribosomal subunit interaction by 

enzymatic footprinting clearly indicates a region of about 60 nt protected from RNase T1 

cleavage in the 5′-proximal end of the 294 nt long IRES A (Fig. 2.5 a & b). 
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Figure 2.4- The Secondary structure of IRES A: (a) A detailed enzymatic structural 

mapping to deduce the secondary structure of IRES A. No enzyme (lane 1), RNase T1 

(lane 2), RNase A (lane 3) and RNase One (lane 4) were used to probe the secondary 

structure. (b) The information was used to generate the secondary structure of the IRES A 

in human VEGF with the help of Mfold (RNA folding and hybridization software). The 

updated secondary structure of the hVEGF IRES A, including the GQ structure in domain 

2 (D2).  

Interestingly this region harbors the 17 nt long GQ forming region consisting of five 

stretches of G residues, which are resistant to RNase T1 cleavage in the presence of K
+
 

(Fig. 2.5 d). 

(a) 

(b) 
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Figure 2.5- The IRES A interacts with 40S ribosomal subunit: (a) RNase T1 

footprinting of IRES A in the presence of 40S subunit protects a segment of the IRES A 

from cleavage (745-805). The protected region is enlarged on the sides. (b) The bands 

were quantified by ImageQuant and normalized to the lane without 40S ribosomal 

subunit, which indicates the G residues protected from cleavage (blue bars). (c) The 40S 

ribosomal subunit binds to the IRES A with a strong affinity (Kd = 6.3 ± 0.6 nM) as 

observed by filter binding assay whereas there was no binding observed with 30S 

ribosomal subunit. (d) The 40S interacting region in IRES A comprises of a 17 nt 

sequence that adopts GQ structure at physiologically relevant K
+
 concentrations. 

 

To investigate the binding affinity of the IRES A to the 40S ribosomal subunit we 

used filter-binding assay to determine the apparent equilibrium dissociation constant (Kd) 

of 40S subunit-IRES A complex and used the bacterial 30S ribosomal subunit as a 

control. The IRES A was incubated with increasing concentrations (0.1 nM to 500 nM) of 

either the 40S or 30S salt washed ribosomal subunits. The RNA bound to the 40S or 30S 

ribosomal subunit stays with the nitrocellulose membrane while the unbound RNA binds 

to the positively charged membrane underneath. The equilibrium dissociation constant 

(Kd) was calculated by plotting the fraction of bound RNA (θ) to the 40S subunit vs. the 

40S subunit concentration and data were fitted to the equation    . The Kd of the IRES A-

40S subunit complex was determined to be 6.3 ± 0.6 nM (Fig. 2.5 c) 

Our results precisely trace the region of interaction of a cellular IRES and 40S 

subunit and their apparent binding affinity in the absence of other ITAFs. The direct 

association of the 40S subunit to an IRES has been observed only in some type of viral 

IRESs and our finding suggests that IRES A-mediated translation initiation is similar to 

that mechanism of initiation (Kieft et al., 2001; Kieft, 2008). Prior to this report, the 

potential interaction of 40S subunit to a cellular IRES was observed only in case of c-Src 
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kinase although its binding affinity and the precise region important for the interaction 

are not known (Allam and Ali, 2010). Overall, the cellular VEGF IRES A has the distinct 

ability to directly recruit the 40S ribosomal subunit with a low nanomolar binding 

constant.  

 

2.3.3. The independently folding GQ domain in hVEGF IRES A determines the 40S 

ribosomal subunit recruitment
 

Thereafter we sought to precisely identify the RNA segment that determines the 

IRES A-40S subunit interaction. To accomplish the goal, the putative 40S interacting 

region in the IRES A was divided into three different segments with the central one being 

the GQ forming region (D2) and its 5′ flanking region (D1) and the 3′ flanking segment 

(D3). Deletion mutants were prepared by site-directed mutagenesis of a transcribable 

plasmid pVFIRESA and used for in vitro transcription of the wild-type IRES A and the 

mutants ΔD1, ΔD2, ΔD3 and ΔD123 (Fig. 2.6). The apparent equilibrium dissociation 

constants (Kd) of the 40S ribosomal subunits to the mutants were observed to be 7.3 ± 1.0 

nM for ΔD1 and 8.4 ± 1.1 nM for the ΔD3 mutant respectively. The GQ forming region 

was determined to be the key determinant in the binding of the 40S subunit since the 

deletion of that domain (D2) resulted in extensive weakening of the binding, which 

precluded us from measuring the apparent Kd for the mutants ΔD2 and ΔD123, indicating 

D2’s indispensability in 40S subunit recruitment (Fig. 2.7). 
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5′- G
745

CUAGCUCGGGCCGGGAGGAGCCGCAGCCG
774

GAGGAGGGGGAGG 

AGG
790

AAGAAGAGAAGGAAG
805

AGGAGAGGGGGCCGCAGUGGCGACUCGGCGC

UCGGAAGCCGGGCUCAUGGACG
858

GGUGAGGCGGCGGUGUGCGCAGACAGUGC

UCCAGCCGCGCGCGCUCCCC
907

AGGCCCUGGCCCGGGCCUCGGGCCGGGGAGG

AAGAGUAGCUCGCCGAGGCGCCGAGGAGAGCGGGCCGCCCCACAGCCCGAGC

CGGAGAGGGAGCGCGAGCCGCGCCGGCCCCGGUCGGGCCUCCGAAACCAUG-3′            

 

 Figure 2.6- Nomenclature of the domains in the IRES A:  The 40S subunit interacting 

region of the IRES A was divided into three regions, wherein the central GQ forming 

domain was designated D2 (green). The 5′-region flanking the D2 was named D1 (blue) 

and the 3′- flanking region was named D3 (red). The 50 nt (858-907) long D4 (orange) 

region was previously reported to be essential for IRES-mediated translation initiation, is 

not a part of the 40S ribosomal subunit binding.  

 

The filter binding results along with the footprinting confirm the interaction of the 40S 

ribosomal subunit specifically to a particular region in the IRES A and annuls the 



 
 

47 
 

possibility of non-specific interaction. The evidence suggests an unprecedented role of a 

GQ structure. 
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ΔD3 0.64 8.4 ± 1.1 

ΔD2 0.42 63.5 ± 6.3 

ΔD123 0.30 50.8 ± 6.6 

 

Figure 2.7- The 40S ribosomal subunit binds to the GQ in IRES A: The 40S 

ribosomal subunit dissociation constants (Kd) as was calculated from the isotherms of the 

mutants indicate substantial loss of binding affinity in the absence of GQ i.e. D2 domain. 

The dissociation constants for ΔD2 and ΔD123 could not be determined (n.d) at the 



 
 

48 
 

highest 40S concentrations used for the assay. * n.d indicates Kd could not be determined 

at 500 nM 40S ribosomal subunit concentration. 

 

The formation of the GQ structure was confirmed in the mutants ΔD1 and ΔD3 

by RNase T1 structure mapping in the presence of K
+
 and Li

+
. The formation of the GQ 

structure was observed by its protection from the RNase T1 cleavage in the presence of 

K
+
. The D2 domain’s ability to form the GQ structure in spite of the deletion of one or 

both of the flanking regions (Fig. 2.8 a & b) established its true independence in terms of 

adopting the GQ structure.  

      

(a) 



 
 

49 
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Figure 2.8- Structure mapping and ribosome footprinting of ΔD1 and ΔD3: The D2 

domain forms a GQ structure despite the deletion of D1 and D3 domains in ΔD1 (a) and 

ΔD3 (c) mutants. Moreover, RNase T1 footprinting of ΔD1 and ΔD3 mutants in the 

presence of 40S subunits indicates that it interacts with the mutant IRESs in ΔD1 and 

ΔD3 (b & d).  

The region of interaction of the 40S subunit with the mutants ΔD1 and ΔD3 was 

further confirmed by footprinting (Fig. 2.8 b & d). The region of protection indicated the 

area of interaction of the mutant IRESs with the 40S subunit and was consistent with the 

pattern observed for the wild-type IRES A except for the deleted segments. Additionally, 

mutants ΔD2 and ΔD123, which lacked the D2 domain, showed no significant structural 

differences between the Li
+
 versus the K

+
 treated samples (Fig. 2.9 a & b) and also 

showed no interaction with the 40S subunit (Fig. 2.9 c & d) due to the absence of the key 

GQ domain. The structure mapping of D2 domain also suggests that there was no 

(d) 



 
 

51 
 

significant change in the overall secondary or tertiary structure of IRES A based upon the 

relatively unchanged nature in the band pattern. Interestingly, a previously identified 50 

nt region (858-907) termed D4, was reported to be important for optimal IRES activity 

(Bonnal et al., 2003). We ascertained to be not involved in the 40S recruitment (Fig. 2.10 

c) as the mutant ΔD4 interacts with the 40S subunit with an affinity (Kd = 8.5 ± 1.6 nM) 

which is similar to the Kd value of the wild-type IRES A (Huez et al., 1998). However, 

deletion of the D2 domain in the ΔD4 mutant to form the ΔD24 practically eliminated its 

ability to interact with the 40S subunit (Fig. 2.10 c). Notably, the deletion of the 50 nt D4 

domain did not affect the formation of the GQ structure (Fig. 2.10 a). We also verified 

the 40S ribosome binding affinity of a previously described mutant wherein four G 

residues in the D2 domain were mutated to uridines in order to disrupt the G-stretches 

required for adoption  

                                            

(a) (b) 
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Figure 2.9- Structure mapping and ribosome footprinting of ΔD2 and ΔD123: 

Deletion of D2 domain resulted in no significant difference in their overall secondary 

structure (a & b) between the lanes containing Li
+
 and K

+
. The 40S subunit footprinting 

also showed no protected region in either ΔD2 or ΔD123 (c & d). 

 

of a GQ structure. The mutant which was previously established not to adopt a GQ 

structure was unable to bind to the 40S ribosomal subunits further confirming the 

requirement of the GQ structure for interaction with the 40S (Fig 2.10 c) (Morris et al., 

2010). Importantly, we established that the D2 segment folds: i) independently to form 

the GQ structure despite the deleted flanking regions, ii) independent of the overall IRES 

A secondary structure, and iii) is the key determinant of the 40S subunit interaction. 

(c) (d) 
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 Ymax Kd 

ΔD4 0.71 8.5 ± 1.6 

ΔD24 0.28 4.6 ± 0.1 

4 mutant 0.45 24.6 ± 10.1 

 

Figure 2.10- Structure mapping and ribosome binding of ΔD4 and ΔD24: (a) 

Indicates the structure mapping of the ΔD4 mutant and the formation of GQ structure by 

the G-residues in the D2 domain highlighted by blue color. Simultaneous deletion of both 

D2 and D4 (b) in ΔD24 mutant disables GQ formation as observed by structural 

mapping. (c) The D4 region plays no role in interacting with the 40S subunit since the 

deletion of the domain did not alter the binding affinity significantly. However, the 

deletion of both D2 and D4 domains impaired the 40S-IRES binding completely. 

 

2.3.4   The D2 domain is essential for optimal IRES A-mediated translation 

initiation 

The next key question that needed to address was the functional relevance of the 

GQ-40S interaction and the role of different regions of IRES A in the regulation of cap-

independent translation. To test that we constructed IRES A mutants similar to the ones 

described above but in the context of the dual luciferase bicistronic plasmid hVEGFbicis 

(Morris et al., 2010). The plasmid was designed (Scheme 2.1) in a way such that one 

reporter gene (Firefly luciferase) was translated in a cap-independent manner by IRES A 

whereas the other reporter gene (Renilla luciferase) initiates translation in the canonical 

pathway serving as the control (Morris et al., 2010; Bhattacharyya et al., 2014). 

Previously we knocked down eIF-4E, the cap-binding protein essential for canonical 

translation initiation and when bicistronic plasmid hVEGFbicis activity was measured, a 

sharp decrease in the Renilla/Firefly luciferase luminescence was observed. This 
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indicates that the cap-dependent translation initiation of the Renilla was inhibited 

specifically on knocking down eIF-4E, which in turn suggests the bicistronic nature of 

the construct (Bhattacharyya et al., 2014). It turned out that lack of the GQ domain 

(mutants ΔD2 and ΔD123) significantly decreased the IRES A activity (Fig. 2.11; 

p<0.001). The slight decrease in the activity of the ΔD1 mutant could be explained by its 

observed peripheral involvement in 40S binding. We also observed an increase in cap-

independent translation in the case of the ΔD3 mutant despite the deletion of the entire 

region responsible for 40S binding. In previous reports deletion of functional elements 

has been observed to only partially disrupt the activity and in some cellular IRESs was 

found to upregulate the activity (Willis and Stoneley, 2004). Furthermore, deletion of the 

D4 domain yielded significant translation repression compared to the wild-type IRES A 

as was reported previously, and so did the deletion of both the D2 and D4 domains (Fig. 

2.11).  

Interestingly the decrease in translation by the mutants ΔD4 and ΔD24 were not 

significantly different from each other. Although the deletion of D2 and D4 resulted in 

repression of translation initiation by 40% and 60 % respectively. The effect was not 

observed to be additive when both the regions were deleted. It is possible that although 

the D2 domain is primarily responsible for 40S ribosomal subunit 
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Figure 2.11- Relative IRES activity of the mutants: The D2 and D4 domains are 

essential for IRES-mediated translation: Hela cells were transfected with the bicistronic 

plasmid and the reporter gene activity measured 24 hours post-transfection. The IRES A 

activity was significantly (p<0.001) decreased due to deletion of the GQ forming D2 

domain from the sequence. 

recruitment whereas the D4 domain recruits another ITAFs and hence their effect is, 

therefore, the IRES-mediated translation initiation is at its maximum with the presence of 

both the domains and deletion of either of them impairs translation initiation. 

   Our structure mapping analyses also suggest that variable numbers of G-tracts are 

utilized to form the GQ in ΔD1, WT, and ΔD3 (Fig 2.5 d, 2.8 a and c). These 

observations indicate the tunability of the GQ might also be of some importance along 

with the functional elasticity of the IRES and perhaps the role played by yet to be 

identified regulatory elements within the hVEGF IRES. Overall, our data indicate that the 
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independently folding GQ domain is essential for direct interaction of the IRES A with 

the 40S subunit and for optimal IRES function. 

 

2.4       DISCUSSION 

It has been suggested that stable GQ structures in 5′-UTR interfere with the 

formation of the 43S pre-initiation complex or interrupt the scanning mechanism (Bugaut 

and Balasubramanian, 2012) and in the coding region, GQs were shown to stall the 

ribosome movement along the mRNA leading to premature termination of translation and 

consequently inhibit protein synthesis (Endoh et al., 2013a). Thus, the GQs in mRNAs 

are almost exclusively translation inhibitors except when present in the context of a 

cellular IRES element in 5-UTR whereas it plays an essential role. However, the 

underlying mechanism of how the GQ structures play an essential role in the context of 

the cellular IRES was not understood. Our findings explain the hitherto undefined 

mechanistic role of a GQ structure present within a cellular IRES in the cap-independent 

translation initiation. The presence of about 3000 putative GQ forming sequences in the 

5′-UTR poses the question if this interaction is generic for all GQ structures (Kumari et 

al., 2007a; Huppert et al., 2008). Our findings, when taken in conjunction with the current 

knowledge on cap-independent translation initiation in cellular IRESs, indicate that the 

40S subunit interactions with the GQ structure appear to be of direct functional relevance, 

only in the context of an IRES function. The association of the 40S to GQ structures 

alone may not warrant canonical translation initiation due to the requirement of other 
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factors for such a process. The discovery of GQ structures in the 5′-UTR, that augments 

translation of TGFβ2 which is not known to harbor any IRES, further complicates the 

mechanistic paradigm of the GQ structure (Agarwala et al., 2013). 

 There is yet to be any identification of a common sequence or structural motif that 

can predict the presence of cellular IRESs. In several instances the canonical stem-loop 

secondary structures in viral and cellular IRESs have been directly implicated for their 

role in 40S ribosomal subunit binding, however, a non-canonical structural domain 

directly playing that role has not been reported previously to the best of our knowledge. 

The GQ domain in hVEGF IRES A is probably the singular domain identified in any 

IRES that not only folds into the GQ structure independent of the surrounding native 

sequences and structures but also appears to ‘single-handedly’ determine the interaction 

with the 40S ribosomal subunit. There are only two types of viral IRESs, Type 3 (HCV-

like) and Type 4 (Dicistroviridae) that can directly interact with 40S subunit (Hellen, 

2009). The structural details of those IRESs indicate that Type 4 IRESs have 

independently folding regions consisting of stem-loops and pseudoknots that determine 

the interaction with the 40S ribosomal subunit (Kieft, 2008; Jackson et al., 2010b). Thus, 

hVEGF IRES A most likely belongs to either Type 3 or Type 4 viral IRESs. It should be 

noted that although, functionally important, the pseudoknot domain alone is insufficient 

for recruiting the 40S subunit, unlike the GQ domain in IRES A. However, it is 

interesting that GQ and pseudoknot, two unrelated non-canonical RNA structures, are 

crucial for cellular and viral IRES functions respectively. Most of the viral IRESs except 

for Type 4 IRESs involve other canonical translation initiation factors for cap-



 
 

59 
 

independent translation (Jackson et al., 2010b). Similarly in cellular IRESs of c-myc and 

N-myc, canonical translation initiation factors such as eIF-4A and eIF3 were observed to 

be essential for IRES-mediated translation initiation (King et al., 2010).  Furthermore, 

several ITAFs that are observed to be heterogeneous ribonucleoproteins are known to 

facilitate cellular IRES-mediated translation (Komar and Hatzoglou, 2011). The 

requirement of the canonical translation initiation factors along with other ITAFs and 

their interaction with the GQ or other domains in the IRES A requires further 

investigation to elucidate the mechanism of IRES A-mediated translation initiation 

completely. 

The post-transcriptional regulation of VEGF is highly complex and consists of 

almost all known regulatory processes, some of which are involved in cross-talking 

(Arcondeguy et al., 2013). The VEGF mRNA harbors two IRESs that are capable of 

initiating translation independent of each other (Huez et al., 1998). The cellular IRESs are 

known to be active under physiological conditions when the canonical translation 

initiation is impaired such as mitosis, hypoxia, nutritional stress and cell differentiation 

(Komar and Hatzoglou, 2011; Komar et al., 2012). The context of the IRES-mediated 

translation initiation in VEGF is of paramount importance with its established role in 

wound healing, angiogenesis, and cancer (Ferrara and Davis-Smyth, 1997; Huppert, 

2010; Arcondeguy et al., 2013). More importantly, most of the aforementioned 

conditions that induce IRES-mediated translations are highly relevant to angiogenesis 

that results in new blood vessels under hypoxic conditions and tumorigenesis. The 

identification of a GQ structure that plays a central role in the translation regulation of 
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VEGF expression opens up the possibility of modulation of GQ structures by small 

molecules that can be an effective strategy to regulate VEGF expression for anticancer 

therapeutics.  

 

Scheme 2.3- Schematic representation of the interaction of GQ motif in IRES A with 

the 40S ribosomal subunit. 
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CHAPTER THREE 
 

3. ENGINEERED DOMAIN SWAPPING INDICATES CONTEXT 

DEPENDENT FUNCTIONAL ROLE OF RNA G-QUADRUPLEXES.  

3.1.      DOMAIN ENGINEERING OF BIOMOLECULES 

Rational engineering of biomolecules can be a powerful strategy for 

understanding rules governing the formation of complex structures and ultimately 

correlate such knowledge to function. Protein engineering is a far more practiced science 

compared to RNA engineering, and thus examples of RNA engineering are rather sparse. 

A key reason for the dearth of RNA engineering might be due to lack of clearly defined 

interchangeable modules or domains that could maintain their functional topology in 

different contexts. Some of the best-known examples of RNA engineering are the 

designer riboswitches, where known RNA structural modules were combined to achieve 

complex constructs with novel function (Tang and Breaker, 1997; Soukup and Breaker, 

1999). Additional examples include RNA domain swapping in the non-template RNA 

domains of the Telomerase enzyme established the regulatory role played by those 

sequences (Bhattacharyya and Blackburn, 1997). The majority of the RNA engineering 

works include riboswitches and ribozymes, which probably are the most well-

characterized classes of RNA containing well-defined structural domains with precise 

functions. Due to the scarcity of well-defined, transplantable and independently folding 

functional domains in RNA, and the impact of the overall structure on the 
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functionality limits RNA engineering attempts. RNA domain swapping typically shows 

conservation of the native function of the domain in a non-native context. In contrast, we 

employed RNA engineering to demonstrate functional deviation of a G-quadruplex (GQ) 

that is contingent upon its context-dependent location, which is opposite of their native 

functional role.                                  .                                                               

The GQ structures are secondary structures formed by G-rich sequences wherein 

four G residues interact by Hoogsteen base pairing to form a square planar G-quartet. The 

quartets stack upon each other to form a G-Q structure (Gilbert and Feigon, 1999; 

Parkinson et al., 2002; Neidle and Balasubramanian, 2006). The GQ structures present in 

RNA came into focus with the discovery of a GQ structure in the 5′-untranslated region 

(5′-UTR) of NRAS was observed to inhibit translation (Kumari et al., 2007a). Thereafter 

several reports on RNA GQ structures in the 5′-UTR, coding region and the 3′-UTR 

associated with varied functions translation regulation, transcription termination, pre-

mRNA processing, RNA targeting, and RNA turnover were published (Millevoi et al., 

2012).  The majority of the reports on the functional effect of GQ structures in the 5′-

UTR have been associated with translation repression of genes such as, NRAS, ZiC1, 

MT3-MMP amongst others, thus regulating protein synthesis (Kumari et al., 2007a; 

Arora et al., 2008; Morris and Basu, 2009). A bioinformatics analysis of putative GQ 

forming sequence followed by comprehensive in vitro and in vivo analysis ascribed the 

GQ structures in 5′-UTR to be translation repressors (Beaudoin and Perreault, 2010). The 

report of GQ structures acting as essential elements was first observed in an internal 

ribosomal entry site (IRES) in the cases of FGF and VEGF (Bonnal et al., 2003; Morris et 
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al., 2010). Initially, it was perceived that the GQ structures generally inhibit translation 

except when they are present in the context of an IRESs (Bugaut and Balasubramanian, 

2012). However, the GQ structures present in non-IRES 5ʹ-UTRs were observed to be 

necessary for translation of mRNAs such as TGFβ2 and FOXE3 (Agarwala et al., 2013; 

Agarwala et al., 2014).  Moreover, it was also observed that inducing GQ structures 

resulted in inhibition of targeted genes (Ito et al., 2011; Bhattacharyya et al., 2014). In 

spite of so many examples of GQ mediated translation regulation, the mechanism by 

which similar structures play a different role is not clear and has perplexed researchers 

until now. This renders the GQ structures an ideal target for RNA engineering by 

swapping these motifs to delineate their mechanistic role especially in light of the 

recently published report of an independently folded GQ functional domain 

(Bhattacharyya et al., 2015). Here we investigated the context-dependent role of GQ 

structures by an RNA engineering approach wherein we swapped motifs that have been 

established biophysically and biochemically to adopt a GQ structure and were 

functionally relevant due to either acting as an inhibitor or as a necessary element for 

translation.  

 

3.1.      MATERIALS AND METHODS 

3.2.1    Plasmid constructions 
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The transcribable plasmid pVFIRESA and bicistronic plasmids hVEGFbicis 

containing the wild-type IRES A sequence were constructed as previously described 

(Morris et al., 2010). The hVEGFbicis was designed so that the Firefly luciferase 

expression was by IRES-mediated translation and the Renilla luciferase expression was 

by cap-dependent translation initiation (Scheme 2.1). We have previously observed that 

knocking down the eIF-4E expression reduces the expression of Renilla luciferase 

specifically which confirms the true bicistronic nature of the plasmid (Bhattacharyya et 

al., 2014). The primers for deletion mutation were purchased from Integrated DNA 

Technologies, Inc. The deletion of the specific domains was performed by QuikChange 

Lightning Site-Directed Mutagenesis Kit (Agilent Tech) as per manufacturer’s protocol. 

Subsequently, the insertion of the NRAS and M3Q sequence in both the plasmids were 

performed by the same kit using manufacturer’s protocol. Simultaneously the dual 

luciferase plasmid containing the 5′-UTR of MT3-MMP (pwtM3Q) (Morris and Basu, 

2009) was also modified to insert the GQ forming sequence of hVEGF and TGFβ2. 

Plasmids were purified by Pure Yield™ Plasmid Miniprep System (Promega), and 

successful deletion and insertion was confirmed by sequencing at The Plant Microbe 

Genomic Facility (OSU). 

 

3.2.2    In vitro transcription and radiolabeling of IRES A and mutant RNAs 

The 294 nt long IRES A and the mutants of the hVEGF mRNA were transcribed 

using plasmid pVFIRESA and its mutant variants (Morris et al., 2010). The transcribed 
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RNA was purified by 6 % denaturing polyacrylamide gel electrophoresis (PAGE). The 

RNA bands were harvested by tumbling the gel slices at 4 °C in elution buffer (300 mM 

NaCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM EDTA). The eluent was phase 

concentrated using 2-butanol and subsequently precipitated from the aqueous phase by 

ethanol.  

The 5′-phosphates of the in vitro transcribed RNA were enzymatically removed 

by Calf intestinal alkaline phosphatase (CIP, NEB). The RNA was extracted by phenol-

chloroform and precipitated with 70% ethanol. The CIP treated RNA was 5′-end 

radiolabeled by T4 polynucleotide kinase (PNK, NEB), [γ-
32

P] ATP (Perkin Elmer) and 

incubated for 1 hour at 37 °C. The commercially obtained DNA sequences were directly 

radiolabeled with T4 PNK as the 5′-phosphate is absent. The reaction was stopped by the 

addition of an equal volume of stop buffer (7 M urea, 10 mM Tris-HCl, pH 7.5 and 0.1 

mM EDTA). The radiolabeled full-length RNA was isolated by 6 % denaturing PAGE. 

The radiolabeled RNA was then extracted from the gel via the crush and soak method as 

described previously. 

 

3.2.3    Structure mapping of the IRES A by RNase T1 footprinting 

The 5′-end radiolabelled RNA (60000 cpm) was dissolved in 10 mM Tris-HCl 

(pH 7.5), 0.1 mM EDTA, 2.5 mM MgCl2 in the presence of 150 mM KCl or 150 mM 

LiCl and heated to 70 °C for 10 minutes and slow cooled to room temperature over 30 

minutes. Once reactions attained the room temperature, the RNA was digested with 0.1 U 
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of Ambion® RNase T1 (Life Technologies), 0.005 µg of Ambion® RNase A for 5 

minutes at 37 °C, 1.4×10
-4

 U of RNase One
TM 

(Promega) for 5 minutes at 37 °C. The 

reactions were terminated by using an equal volume of stop buffer (7 M urea, 10 mM 

Tris-HCl, pH 7.5, and 0.1 mM EDTA).  

Treated RNA was electrophoresed on a 6 % denaturing PAGE, dried on Whatman 

paper, and exposed to a phosphorimager screen. The gel images were then visualized by 

scanning the screen on a Typhoon Phosphorimager FLA 9500 (GE Healthcare, Life 

Sciences). The quantitative analyses of the lanes in the gel were done using 

ImageQuantTL software. The baseline was determined using the rolling-ball method. The 

peak volumes for each band were then normalized with the total count for each lane. The 

quantitation was done for Lane 2, 4 and 6 of (Fig. 3.2 b) which were the structure 

mapping of VF WT, M3Q, and NRAS in 150 mM K
+
 respectively. Finally, each peak for 

the NRAS and M3Q were divided by the corresponding VF WT to determine if there was 

protection or enhanced cleavage for the band. The quantitative analyses were performed 

on three separate gel images and the standard error calculated (n=3). Significant 

protection or enhanced cleavage was considered only when the ratio was either less than 

0.5 or 2.0 respectively and the bands are highlighted in the histogram. 

 

3.2.4    Filter binding assay 

The salt washed 40S ribosomal subunits isolated from rabbit reticulocyte lysate 

(RRL) were a kind gift from Dr. W. C. Merrick (Case Western Reserve University). The 
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radiolabeled RNAs were folded in the presence of the binding buffer (20 mM Tris-HCl, 

100 mM CH3COOK, 200 mM KCl, 2.5 mM MgCl2, 1 mM DTT). The RNA was then 

incubated with increasing concentrations of 40S subunits at 37 °C for 20 minutes. The 

filter binding assay was performed using a Supor® Membrane (0.45 μm) on the top of a 

Nitrocellulose filter which in turn was placed on top of a Hybond™-N+ filter supported 

by a filter paper. The Supor membrane was added to remove any aggregate, however, 

none was observed. The filters were presoaked in binding buffer assembled in a 

Minifold-I Dot-Blot System. The reaction mixtures were added to the wells of the Dot 

Blot apparatus under vacuum. The membranes were air dried and exposed to a 

phosphorimager screen. The blot images were then visualized by scanning the screen on a 

Typhoon Phosphorimager FLA 9500 (GE Healthcare, Life Sciences). The spots were 

quantified using Quantity One 1-D Analysis Software. To determine the apparent Kd the 

data were fit to a Langmuir isotherm described by the equation θ= Ymax [X] / ([X]+Kd) 

where θ is a fraction of RNA bound to 40S as measured from the fraction retained on the 

nitrocellulose membrane and [X] is the 40S subunit concentration. The results of three 

independent experiments for each labeled RNA are represented in Fig. 1b with the 

standard error (n=9).  

 

3.2.5  Reporter gene assay 

HeLa cells were grown in 96-well plates in Dulbecco’s modified Eagle's medium 

(DMEM) with low glucose (HyClone®) supplemented with 10% fetal bovine serum and 
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1% antibiotics streptomycin and penicillin at 37 °C in 5% CO2 in a humidified incubator. 

The plasmids were transfected by Lipofectamine 2000 as per manufacturer’s protocol for 

8 hours. After 24 hours of the transfection dual luciferase assay was performed with 

Dual-Glo® Luciferase Assay System as per manufacturer’s protocol and the results read 

by the SpectraMax M4 plate reader (Molecular Devices, LLC).  

To estimate the Relative IRES activity of the wild type and the mutants derived 

from the hVEGFBicis, the ratios of Firefly (LF) / Renilla (LR) luciferase expression of the 

plasmids were calculated and thereafter normalized to the VF deletion mutant to highlight 

the translation augmentation compared to the no GQ mutant. Alternatively for estimating 

the Relative gene expression, for the MT3-MMP context, the ratios of Renilla (LR) / 

Firefly(LF) luciferase were calculated. To highlight the translation repression, the values 

were normalized to the GQ deletion mutant to estimate the relative gene expression 

(Morris and Basu, 2009). 

The experiments for each of the relative IRES activity and the relative gene 

expression were repeated thrice with triplicates for every plasmid transfected in each 

experiment. The relative gene expression and the relative IRES activity were calculated 

individually for each experiment. The values of all the experiments were combined to 

estimate the standard error (n=9) and paired t-Test was used for the statistical analyses to 

determine if the expression of the engineered GQ domains were significantly different 

from the deletion mutants. 

 

3.3       RESULTS 
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The 5′-UTR of the MT3-MMP (MMP16) mRNA harbors a GQ forming sequence 

(M3Q) which has been shown to repress translational activity of a reporter mRNA in 

eukaryotic cells by more than fifty percent (Morris and Basu, 2009). The 5′-UTR of the 

MT3-MMP is 282 nt long (Fig. 3.1) and harbors the M3Q sequence (5′-

GGGAGGGAGGGAGAGGGA-3′). It adopts an extremely stable three tier GQ structure 

that doesn’t melt at physiological K
+
 concentration (Morris and Basu, 2009). The 

upregulation of MT3-MMP expression is associated with several cancers and metastasis. 

 The human vascular endothelial growth factor (hVEGF) has been associated with 

several pathological conditions such as progressive tumor development, macular 

degeneration amongst others (Ferrara and Davis-Smyth, 1997; Arcondeguy et al., 2013). 

A previous report established that the presence of a GQ within IRES-A of the 5′-UTR of 

hVEGF is essential for the cap-independent initiation of translation (Morris et al., 2010). 

The IRES A element is a 294 nt long (Fig. 3.1) and is unusually G-rich (45%). The GQ 

forming sequence (5′-GGAGGAGGGGGAGGAGGA-3′) adopts a heterogeneous mix 

two-tiered GQs using multiple G-stretches. The hVEGF GQ  was shown to directly 

interact with the 40S ribosomal subunit and regulates IRES A mediated translation 

initiation  (Bhattacharyya et al., 2015). 

It has been clearly established that these two GQs play opposite roles in 

translational regulation. Interestingly, both GQ forming sequences are 18 nt in length and 

all purine in nature. Hence, they were ideal targets for RNA engineering, to decipher the 



 

70 
 

structural requirement for their activity. Our system provides a unique platform for 

swapping of the modular quadruplex domains for designed RNA engineering. 

The GQ forming NRAS is known to repress translation and the TGFβ2 is known 

to augment translation, were also our motifs of interest (Kumari et al., 2007b; Agarwala 

et al., 2013). The NRAS GQ is a well-characterized sequence (5′-GGG AGG GGC GGG 

UCU GGG-3′)forms a stable parallel GQ with a melting temperature 63±11°C in the 

presence of 1 mM K
+
 and represses translation up to 70% (Kumari et al., 2007a). 

Alternatively, the TGFβ2 sequence (5′-GGGAAAGGGU-GGGAGUCCAAGGG-3′) 

forms a stable parallel GQ with a melting temperature of 64±1°C in presence 25 mM K
+
 

and enhances translation up to 98 % (Agarwala et al., 2013). 

 

Table 3.1- The four GQ forming motifs used in this study for RNA engineering and 

their sequence details and characteristics: The contexts used in this study are that of 

the M3Q harboring 5′-UTR of the MT3-MMP (MMP16), which is 282 nt in length. This 

UTR is not known to harbor any IRES. Alternatively, another context used for this study 

is the 294 nt long IRES A present in the 1038 nt long 5′-UTR of hVEGF mRNA. The 

IRES A is a highly G-rich sequence with about 45% G-residues and total GC content of 

76.2%. 

While swapping, we replaced the VEGF GQ domain required for translation with 

the translation repressors NRAS and M3Q sequences respectively. Our goal was to 

determine the effect of the otherwise translation repression motifs when they are 
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exchanged with a well-defined domain essential for translation. The IRES A folds into a 

very stable secondary structure owing to it’s highly GC enriched sequence (~75%) and 

hence the formation of the GQ structure by the engineered sequences in an alien context 

needed to be confirmed.  

5′- UTR of MT3-MMP (MMP16) context 

5′˗UCUUUGAGCCGGAACCGCCGGUGAACUUAGGCGCCACGUUCCCGGUGACUGACCCC

GGAGGAUGGUGAACAGGAACUACUGCUGACCCUGUCUUCGCCGCUGCCUCUCGGGGGC

UGCCGAGCGCGGGGCCCCUGUCUCCUCCCCUUGCCCGGCUGUGGGUGAACCUGCAGGC

UCCUUACCCACCCGGAGGACUUUUUUUUGAAAGGAAACGAG
213

GGAGGGAGGGAGAGG

GA
230

GAGAGGGAGAAAACGAAGGGGAGCUCGUCCAUCCAUUGAAGCACAGUUCACUAUG

….3′ 

Sequences inserted in the GQ forming region: 

VEGF: 5′-GGAGGAGGGGGAGGAGGA-3′ 

TGFβ2: 5′-GGGAAAGGGUGGGAGUCCAAGGG -3′ 

hVEGF IRES A context:  

5′˗ CUAGCUCGGGCCGGGAGGAGCCGCAGCCG
774

GAGGAGGGGGAGGAGG
790

AAGAAG 

AGAAGGAAGAGGAGAGGGGGCCGCAGUGGCGACUCGGCGCUCGGAAGCCGGGCUCAU

GGACGGGUGAGGCGGCGGUGUGCGCAGACAGUGCUCCAGCCGCGCGCGCUCCCCAGG

CCCUGGCCCGGGCCUCGGGCCGGGGAGGAAGAGUAGCUCGCCGAGGCGCCGAGGAGA

GCGGGCCGCCCCACAGCCCGAGCCGGAGAGGGAGCGCGAGCCGCGCCGGCCCCGGUC

GGGCCUCCGAAACCAUG….3′ 

Sequences inserted GQ forming region: 

M3Q: 5′-GGGAGGGAGGGAGAGGGA-3′ 

NRAS: 5′-GGGAGGGGCGGGUCUGGG-3′ 

 

Figure 3.1- Contexts in which the domain swapping was performed: The 5′- UTR of 

MT3-MMP harbors the translation repressing M3Q sequence (red) which was replaced 

by the translation enhancing VEGF GQ or the TGFβ2 GQ forming sequences. 

Alternatively, the IRES A of hVEGF harbors a translation enhancing GQ (red) which was 

swapped with translation repressing M3Q and NRAS GQ forming sequences. 
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Structure mapping analyses in the presence of 150 mM K
+
 or Li

+
 were performed 

to ensure that the direct replacement of native motif with the NRAS and M3Q did not 

affect GQ formation (Fig. 3.2 a) and the overall IRES structure (Fig. 3.2 b and c). The 

structure mapping data confirmed the formation of GQ by the exchanged motifs in their 

new molecular habitat and no major changes in the cleavage pattern of the G residues by 

RNase T1. The M3Q sequence is known to show some protection from RNase T1 

cleavage even in the absence of K
+
, however, increased protection of the Gs in the 

presence of K
+
 and the susceptibility of the loop to RNase T1 indicate the formation of 

GQ structure (Morris and Basu, 2009). In the case of NRAS, we detected protection of all 

the G stretches in the presence of K
+
 suggesting the formation of GQ.  

 

(a) 
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(b) 
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Figure 3.2- Structure mapping of IRES A with engineered GQ sequences: (a) RNase 

T1 footprinting of the GQ forming sequences inserted in IRES A indicates the formation 

of GQ by the inserted M3Q and NRAS sequence. (b) The structure mapping of the entire 

IRES A with wildtype VEGF (VFWT), M3Q and NRAS GQ motif in the presence of 150 

mM of KCl or LiCl. The quadruplex forming motif (in the box) is enlarged and 

represented in Figure 1a to show the structural changes with the formation of GQ 

structure. (c) The histogram represents the quantitation of the cleavage of the G residues 

in IRES A other than the GQ forming motifs. The results show that there was no 

significant difference in the overall band pattern when the M3Q and the NRAS sequence 

were inserted into the IRES A. The overall ratios of most of the bands were between 0.5 

to 2.0 and mostly around 1.0. The G residues that had a significant change in protection 

(<0.5) or enhanced cleavage (>2.0) are indicated by the red asterisk. 

Previously, we reported that the endogenous GQ domain within the IRES A folds 

independently and can directly interact with the 40S ribosomal subunit (Bhattacharyya et 

al., 2015). This prompted us to test if the IRES A with its engineered GQs still maintains 

its ability to interact with the 40S. We analyzed the binding of 40S subunit to the 

engineered IRES A that included either the NRAS or M3Q motifs respectively. Filter-

binding assay was performed to determine the nitrocellulose filter bound fraction of RNA 

(c) 
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to the 40S ribosomal subunit and the unbound RNA that binds to the positively charged 

Hybond N
+
 membrane underneath. The apparent dissociation constant (Kd) was 

calculated using the equation θ= Ymax [X] / ([X]+Kd), where θ is a fraction of RNA bound 

to 40S as measured by the fraction retained on the nitrocellulose membrane and [X] is the 

40S subunit concentration. We determined that the 40S ribosomal subunit binds to the 

IRES A with a Kd of 6.3 ± 0.6 nM. The deletion of the GQ motif abrogated the 40S 

ribosomal subunit binding. However, when the M3Q and the NRAS GQ motifs were 

inserted the 40S ribosomal subunit binding was restored. The apparent equilibrium 

dissociation constant of the IRES A with the inserted M3Q sequence was the lowest 

indicating the tightest of binding (Kd=10.6 ± 3.1 nM) followed by the NRAS sequence 

(Kd=25.8 ± 3.6 nM). Although the NRAS sequence forms the GQ structure, its interaction 

with the 40S subunit is weaker compared to the other motifs that were tested. It is 

noteworthy that amongst the three sequences, VEGF and M3Q are all purine sequence, 

but NRAS has two all pyrimidine loops. 

Once we established the formation of the GQ structure by M3Q and NRAS 

sequences in the context of the entire hVEGF IRES A and determined their interactions 

with 40S subunits, we proceeded to assess the functional role these structures play in cap-

independent translation initiation. The NRAS and M3Q GQ motifs in IRES A were 

observed to be essential elements compared to that of a deletion mutant wherein the GQ 

forming motif was deleted. The M3Q motif in the IRES had the most enhancing effect 

(85%) followed by the native VEGF sequence (60%) and the NRAS sequence (34%). 
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Figure 3.3- The IRES A with engineered GQ sequences bind to the 40S ribosomal 

subunit: The inserted GQ forming sequences of M3Q and NRAS in IRES A of hVEGF 

were capable of interacting with the 40S ribosomal subunit as the deletion of the GQ 

forming sequence rendered the IRES A incapable of the same interaction. 
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The probable cause for the high enhancing effect might be the exceptional 

stability of the M3Q GQ motif that may facilitate interaction with the 40S subunit. It is 

noteworthy that amongst the three sequences VEGF and M3Q are all purine sequence and 

the NRAS has two all pyrimidine loops of the total three loop regions. The lower level of 

cap-independent translation initiation by the NRAS sequence can be a result of the 

pyrimidines as presumably the stability of the GQ is a not an issue as it is known to form 

a very stable structure. However, the exact role of the pyrimidines in the loops and how 

they may interfere with the IRES A mediated translation initiation requires more 

extensive analyses and is beyond the scope of our present study.  

 

Figure 3.4- The IRES A activity with engineered GQ sequences: The relative IRES A 

activity was dependent on the presence of the GQ forming sequence and was 

significantly (p<0.05) higher compared to the deletion of the GQ sequences. The relative 

IRES activity follows the same pattern to that of the 40S ribosomal subunit binding. 



 

78 
 

 Our studies indicate that the GQ in IRES A is responsible for binding to the 40S 

ribosomal subunit and might be correlated with the flexibility of the motif to adopt 

multiple GQ structures. The possibility of the requirement of a polypurine stretch along 

with the GQ cannot be ignored. We observed correspondence of the 40S subunit binding 

to the activity of the GQ motifs in a bicistronic plasmid. Interestingly during the 

preparation of this manuscript, another study reported that the stabilization of the GQ in 

the IRES reduces the cap-independent translation initiation. In the study, the authors 

replace the VEGF sequence and insert the NRAS sequence in its place and also modified 

the VEGF sequence to form a three-tiered GQ and observed significant downregulation 

of the cap-independent translation. This report is in contrast to our observation wherein 

we observed that the M3Q sequence, which forms an unusually stable GQ, increases the 

cap-independent translation compared to the wild type sequence. However, the data 

reported here resulted from experiments performed by at least three researchers at 

different points in time and consistently suggested the increase in translation with stable 

GQ sequence.(Morris, 2012) Furthermore the fact that increase in the affinity of the 40S 

ribosomal subunit is related to the increase in translation initiation strengthens the 

functional modus operandi of the GQ sequence to modulate cap-independent translation 

and thus providing a mechanistic validation of our results. In addition, it is consistent 

with our previous reports on the role of VEGF IRES A GQ in 40S recruitment and 

translation initiation. 

In a separate set of experiments, we inserted the GQ motif of VEGF and TGFβ2 

in a dual luciferase plasmid containing the entire 5ʹ-UTR of MT3-MMP to test how GQs 
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that are known to be required for translation act when placed within a molecule where the 

wild type GQ plays an inhibitory role. The translation repressing M3Q (GQ forming) 

domain in the sequence was swapped with the GQ forming motifs of the VEGF and 

TGFβ2 required for translation. The VEGF and TGFβ2 are well established GQ motifs 

that are essential for translation initiation (Morris et al., 2010; Agarwala et al., 2013). 

Although VEGF GQ motif was observed to augment translation in the context of an 

IRES, the TGFβ2 mRNA is not known to harbor any IRES as per our knowledge. In line 

with the studies reported above, which indicate that the otherwise repressive GQ motifs 

play the role of essential elements in the context of the VEGF IRES A, the role of 

essential elements in the context of repressive GQ motif was intended for investigation. 

 

Figure 3.5- The engineered GQ sequences in 5′-UTR of MT3-MMP repress 

translation: The inserted GQ forming sequences of VEGF and TGFβ2 in the 5′-UTR of 
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MT3-MMP repressed translation significantly (p<0.05) compared to the deletion of any 

GQ forming sequence. 

 The activity of luciferase assay indicates that the M3Q GQ motif repressed the 

translation by 60%, the TGFβ2 GQ motif repressed by 45% and the VEGF motif 

repressed by 35%. The repressive activities can be correlated to the stability of the GQ 

structures. The M3Q is an extremely stable GQ structure perhaps the most stable of the 

GQ motifs followed by TGFβ2 and the least stable being the two-tiered VEGF GQ. 

 

3.4       DISCUSSION 

Several research groups have widely studied the role of GQs in translation. The 

ability of a non-canonical structure to substantially modulate translation efficiency relates 

to considerable effect on gene expression. This led us to induce GQ structures to 

modulate translation, wherein we observed the similar level of downregulation of the 

target gene (Bhattacharyya et al., 2014). The presence of GQ structures in translation 

repression can be explained by the fact that these structures may disrupt the assembly of 

the initiation factors when present proximal to the 5′-cap. These extremely stable 

structures can also disrupt the scanning mechanism by the 43S preinitiation complex 

when present in the 5ʹ-UTR (Bugaut and Balasubramanian, 2012). Thus, the mechanism 

of repression by the GQ resembles that used by other stable secondary structures within 

the UTR (Kozak, 1991). In contrast, the mechanism utilized by GQ structures to facilitate 

translation initiation is intriguing. We have reported previously the GQ when present in 

the context of an IRES directly recruits 40S ribosomal subunit thus explaining the 
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mechanistic reason for their existence, for example in human VEGF IRES A 

(Bhattacharyya et al., 2015). However, it remains to be established that if this is a 

universal mechanism for all translationally essential GQ elements. Moreover, it is quite 

possible that these structures can interact with different protein factors, which in turn may 

upregulate translation.  

 

Scheme 3.1-Schematic representation of engineered domain swapping: GQ motif is 

not associated with a defined inherent function, exhibit considerable structural integrity 

irrespective of a non-native context but display significant functional adaptability. 
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CHAPTER FOUR 

"Adapted with permission from: D. Bhattacharyya, K. Nguyen, S. Basu, Rationally 

induced RNA: DNA G-quadruplex structures elicit an anticancer effect by inhibiting 

endogenous eIF-4E expression, Biochemistry, 53 (2014) 5461-5470. Copyright 2014 

American Chemical Society." 

4. RATIONALLY INDUCED RNA: DNA G-QUADRUPLEX STRUCTURES 

ELICIT ANTI-CANCER EFFECT BY INHIBITING ENDOGENOUS eIF-4E 

EXPRESSION 

4.1       INTRODUCTION 

RNA GQs have been associated with several functional roles, such as telomere 

maintenance, transcription termination, the pre-mRNA processing including splicing and 

polyadenylation, RNA turnover and mRNA targeting (Millevoi et al., 2012). RNA GQ 

structures in the 5′-UTR are functionally significant in repressing translation of several 

pathologically important genes such as NRAS, MT3-MMP, TRF2, ERS1, THRA, and 

BCl-2 (Rogers et al., 1999; Kumari et al., 2007a; Balkwill et al., 2009; Morris and Basu, 

2009; Gomez et al., 2010; Shahid et al., 2010). The role of GQ structures in the 5′-UTR 

of an mRNA in the regulation of translation generally varies with the position and the 

stability of the structures (Wieland and Hartig, 2007; Kumari et al., 2008; Bugaut and 

Balasubramanian, 2012). The presence of a GQ in the 5′-UTR has been mostly observed 

to repress translation with the exception of transforming growth factor β2 (TGFβ2) 

(Agarwala et al., 2013) and when present in an IRES.(Bonnal et al., 2003; Morris et al., 

2010). Recently it was reported that RNA GQ structures within the protein coding 

sequence of hERα represses translation which result in expression of a truncated protein
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that readily undergoes proteolysis (Endoh et al., 2013a). Therefore, the wide range of 

functional roles of RNA GQ structures makes them attractive therapeutic targets and 

indeed they have been targeted by several small molecule ligands. For example, small 

molecules have been used to modulate translation either by disrupting the RNA GQs to 

revert their repressive effects or stabilize the GQs to enhance repression (Kumari et al., 

2007a; Huppert et al., 2008; Balasubramanian and Neidle, 2009; Satyanarayana et al., 

2010; Morris et al., 2012). However, the targeting of RNA GQs by small molecules for 

regulation of specific genes is rather challenging due to the low level of structural 

variation within RNA GQs, as they are known to almost exclusively adopt parallel 

conformation (Bugaut and Balasubramanian, 2012). Hence, additional novel and rational 

design approaches are crucial for targeting specific endogenous RNA GQs.  

GQ structures are formed when two or more G-quartets stack upon each other and 

in the center the oxygen lone pair of the carbonyl groups coordinates with metal cations, 

typically K
+ 

(Neidle and Balasubramanian, 2006). A G-quartet is formed by four guanine 

bases arranged in a square planar pattern with Hoogsteen hydrogen bonding. The 

formation of an intramolecular G-quadruplex (GQ) requires, at least, four stretches of 

guanines with each containing two or more contiguous guanine residues. While 

unimolecular GQs require four stretches of Gs provided by a single strand, bimolecular 

GQs, need only two stretches of guanines in a strand for interaction with a targeting 

strand, which would provide in trans two additional guanine stretches. Therefore, a 

bimolecular GQ structure could be selectively induced in a target mRNA sequence to 

repress translation if it is strategically located, such as within the 5′-UTR or the protein 
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coding region of an mRNA (Scheme 4.1) and contains two stretches of Gs. A previous 

report described the use of a short G-rich RNA (5′-GGGCCCGGG-3′ and 5′-

GGGUUAGGG-3′) to inhibit expression of an engineered reporter gene via formation of 

an intermolecular RNA GQ in the 5′-UTR and in the coding sequence (Ito et al., 2011). 

However, such an approach potentially can be extremely nonspecific given the high 

propensity of occurrence of the sequence G(3-4)N(1-5)G(3-4) in the transcriptome where N 

can be any nucleotide. In another report, inducing the formation of a GQ structure in a 

target RNA sequence with a guanine-tethered oligonucleotide has been observed to block 

the reverse transcriptase activity in vitro (Hagihara et al., 2010), where the mechanism of 

action is rather unclear.  

 

 

Scheme 4.1- Schematic representation of targeted induction of GQ in eIF-4E mRNA 

in the 5′- UTR and the protein-coding region.  
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Human eukaryotic initiation factor-4E (eIF-4E) is an essential factor for 

translation initiation, which often is designated as an oncogene and is overexpressed in 

several cancer cell types (Mamane et al., 2004; Hsieh and Ruggero, 2010; Carroll and 

Borden, 2013). It is a component of the eIF-4F complex and by binding to the 7-methyl 

guanosine cap structure at the 5′-end of mRNAs, it provides the critical interface between 

mRNA, recruitment of eIF-4A and eIF-4G, and the 40S ribosomal subunit (Sonenberg et 

al., 1979).  eIF-4E is the least abundant among translation initiation factors and thereby 

acts as the rate-limiting agent in translation initiation. Additionally, the eIF-4E repression 

by drugs, antisense oligonucleotides, and siRNA inhibits growth in various cancer cells 

such as gastric, breast carcinomas and mesothelioma cells which make it a good target for 

downregulation of its expression for therapeutic application (Jacobson et al., 2013). The 

eIF-4E mRNA harbors sequences both in the 5′-UTR and in the coding sequence, which 

are ideal targets for rational induction of GQs. We designed a bifunctional 

oligonucleotide that contained i) two G-stretches of three contiguous guanines each and 

ii) a segment that would guide the G-stretches to its target mRNA. 

Our studies on inducing GQ structures within the 5′-UTR and the coding region 

of eIF-4E mRNA showed that targeted induction of GQ could be a powerful strategy for 

the selective regulation of gene expression for therapeutic application. 

 

4.2.      MATERIALS AND METHODS 

 

4.2.1    In vitro transcription of a segment of 5′-UTR of human eIF4E mRNA  
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A 36 nt fragment of the eIF-4E mRNA was in vitro transcribed and purified by 

15% denaturing polyacrylamide gel electrophoresis (PAGE). The RNA band was 

harvested via the crush and soak method by tumbling the gel slices at 4 °C in elution 

buffer (300 mM NaCl, 10 mM Tris-HCl (pH 7.4), and 0.1 mM EDTA). The eluent was 

phase concentrated using 2-butanol and subsequently precipitated from the aqueous phase 

by ethanol. The RNA pellet was dissolved in 10 mM Tris-HCl (pH 7.5) and 0.1 mM 

EDTA unless mentioned otherwise. 

 

4.2.2.   DNA Oligonucleotides 

Modified and unmodified DNA oligonucleotides for in vitro characterization and 

cell studies were purchased from Integrated DNA Technologies, Inc. 

Modified DNA oligonucleotides used for cell studies 

  ON1 C*G*TTTAGGCAATCAA GGGAG*G*G 

 Scrambled Quadruplex 1 (SQ1) C*G*TTTAGGCAATCAA GACCG*A*C 

 ON2 A*C*CTTTCCTTGTATA GGGAG*G*G 

 Scrambled Quadruplex 2 (SQ2) A*C*CTTTCCTTGTATA GACCG*A*C 

 Scrambled Duplex (SD) N*N*NNNNNNNNNNNNN GGGAG*G*G 

 Scrambled Whole (SW) N*N*NNNNNNNNNNNNNNNNNN*N*N 

Table 4.1- DNA oligonucleotide sequences used in the study. An asterisk (*) denotes 

phosphorothioate modification which renders the oligonucleotides exonuclease resistant. 

 

4.2.3.   Folding of the oligonucleotides to form induced GQ 
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The induced GQ structure was formed by mixing equimolar amounts of RNA and 

ON1 in 150 mM KCl or LiCl, 10 mM Tris-HCl and 0.1 mM EDTA (pH 7.5). The target 

RNA and ON1 were also folded individually in the same buffer and salt concentrations. 

The solutions were heated to 95 °C and cooled to 25 °C with a gradient of 15 °C/10 

minutes in a thermocycler. 

 

4.2.4.   Circular Dichroism (CD) spectroscopy 

The CD spectra were recorded using a Jasco J-810 spectropolarimeter using a cell 

with 0.1 cm path length. The oligonucleotides and induced GQ were folded as mentioned 

above. The spectrum of the only buffer was subtracted from the individual samples for 

background correction. For the nuclease digestion assay, induced GQ structures formed 

in 150 mM K
+
 were treated with 3 units of DNase 1 and RNase T1 and the CD spectra 

were observed after every 5 minutes for 15 minutes at 37 °C.  

 

4.2.4.1    Analysis of the thermal melting curves obtained by CD spectroscopy:  

The melting curves indicate a change in molar ellipticity at 263 nm with varying 

the temperature from 25 °C to 97 °C at a rate of 20 °C per hour in the CD 

spectropolarimeter. We calculated the thermodynamic parameters by two different 

methods. 

Method 1 
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In this method, we calculated the thermodynamic parameters and Tm values were 

calculated in a way previously described. (Marky and Breslauer, 1987) In brief, we 

obtained the melting data from CD machine after smoothing (adaptive). We then 

calculated the fraction folded (α) using the equation  

                           

           
                                                                       Equation 4.1 

where Au(T) and Af(T) corresponds to the upper and lower baseline values, respectively. 

We assumed that the low temperature baseline represents a completely folded state and 

the higher temperature baseline represents the unfolded form, the Van’t Hoff enthalpy 

can be calculated using a simple two-state model (Folded ↔ Unfolded).  

We generated a scattered plot with the alpha value vs the temperature and fit the curve 

Boltzmann fitting. Thereafter we differentiated the Boltzman fit to generate the 1st 

derivative plot and get the Tm value at α=0.5, using the Origin Software. The equation 

used for the fit was  

 y = A2 + (A1 - A2)/(1+ exp
(x-xo)/dx

),                                                                 Equation 4.2 

where, 

A1 denotes the top asymptote (alpha~ 1); initial value 

A2 denotes the bottom asymptote (alpha ~ 0); final value 

x0 is the is the midpoint of the fit (~ Tm) 

dx is the slope/ temperature constant 

Thereafter we calculate the ΔH using the equation given below: 
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                                                      Equation 

4.3                                    

molecular n=1, bimolecular n=2, tetramolecular n=4). The (dα/dT)T=Tm value is 

obtained from the Origin at the Tm value. The ΔS is calculated assuming ΔG= 0 and 

T=Tm where ΔS=ΔH/Tm and the ΔG37 is calculated from the above values as ΔG37=ΔH-

TΔS. 

Method 2: 

Simultaneously, we calculated the thermodynamic parameters using the van’t 

Hoff plot as described earlier in a previously published method (Mergny and Lacroix, 

2003). To derive the Tm, in this case, we calculated the median of the upper and lower 

baselines as follows 

 median (T) = (Au(T) + Af(T))/2                                                           Equation 4.4 

where Au(T) and Af(T) corresponds to the upper and lower baseline values, 

respectively. The fraction folded was calculated similarly given by equation 1. The 

molecularity of the reaction must be known. In our case for a bimolecular equilibrium, 

similar to that of the not self-complementary duplex oligonucleotide we determined the   

Ka according to the following equation  

R+D   RD    

 

where the total strand concentration 

 

Ctot = [R] + [D] + 2[RD] 
 

The fraction of strands folded, α = 2[RD] / C 

 

and (1- α) = ([R] + [D]) / C 
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We define  Ka= [RD]/ [R][D] 

 

In our case since we used equal total concentrations of R and D,  

 

Ka =   2α/ Ctot (1-α)
2
                                                                                           Equation 4.5 

 

Thereafter the van’t Hoff plot was created by plotting the lnKa vs 1/T in K
-1

. The 

analysis interval was restricted to 0.15 < α < 0.85 where Ka values are most precise. By 

definition, the free Gibbs enthalpy may be written as: 

ΔG =yRT ln(Ka) = ΔH  ((T × ΔS)                                                                     Equation 4.6 

 

And can, therefore, be derived as  

 

ln(Ka) = [−ΔH/R] × [(1/T) + ΔS/R]                                                                   Equation 4.7 

 

we assume that the ΔH and ΔS are independent of temperature and therefore the van’t 

Hoff representation of ln(Ka) versus 1/T gives a straight line with a slope of − ΔH /R 

and a Y-axis intercept of ΔS /R.  

Thereafter we determined the thermodynamic parameters and compared to that 

determined by method 1. The determination of the thermodynamic parameters and the 

comparison are included in Appendix II of the dissertation. Herein we discussed the 

results obtained from Method 1 since it has been regularly used in our laboratory and 

published articles. 

 

4.2.5.   Isothermal titration calorimetry 

The DNA/RNA-binding reactions were conducted using a Microcal, Inc. VP-ITC 

as previously published (Lang and Schwarz, 2007). The experiment was performed by 

titrating 7 μL aliquots of 100 μM ON1 into a 10 μM solution of target RNA. The 
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titrations were 3 minutes apart. The titration run was continued until the addition of the 

titrant gave no appreciable heat response, where the reaction should be past the saturation 

point. Heats of dilution of the titrant into just the buffer solution were determined and 

subsequently subtracted from the binding isotherm. The calorimetric titration data was 

analyzed and were fit using Origin software from Microcal Inc. that uses a non-linear 

least squares minimization method. The resulting fit of the data gives observed apparent 

equilibrium constant, K, the enthalpy of binding, the binding entropy and the 

stoichiometric ratio of the reaction, N. The ΔG was calculated using ΔG= ΔH – TΔS 

 

4.2.6     Radiolabeling of RNA and DNA Oligonucleotides  

 The RNA and DNA oligonucleotides were radiolabeled using the same method 

as described before (Morris and Basu, 2009). In brief, in vitro transcribed RNA was 

enzymatically removed by Calf intestinal alkaline phosphatase (CIP, NEB). The CIP 

treated RNA and commercially obtained DNA were 5′-end radiolabeled by T4 

polynucleotide kinase (PNK, NEB), [γ-32P] ATP (Perkin Elmer). The radiolabeled full-

length RNA and ON1 were isolated by 15% denaturing PAGE and then extracted as 

described previously. 

 

4.2.7.   Native gel electrophoretic mobility shift assay  

The 5′-end radiolabeled RNA, DNA and RNA and DNA (10000 cpm) were 

mixed with 40 picomoles of unlabeled samples in 150 mM KCl and 150 mM LiCl in 10 

mM Tris-HCl pH 7.5 and 0.1 mM EDTA in a total volume of 10 µL. The 
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oligonucleotides were folded and the induced GQ was formed using the same procedure 

as mentioned above. The complexes were resolved by 13% native polyacrylamide gel 

electrophoresis at 5-6 °C in Tris-borate-EDTA buffer. The gel was exposed to a 

phosphorimager screen and then visualized by Typhoon Phosphorimager FLA 9500 (GE 

Healthcare, Life Sciences). 

 

4.2.8.   RNase T1 structure mapping  

The 5′-end radiolabeled RNA was dissolved in 10 mM Tris-HCl (pH 7.5), 0.1 

mM EDTA in the presence of 150 mM KCl or 150 mM LiCl and unlabeled ON1 in 

increasing concentrations (0-5 µM) were folded as mentioned above. Once reactions 

attained the appropriate temperature, the RNA was digested with 0.02 U of Ambion® 

RNase T1 (Life Technologies) for 1 minute at 37 °C. The reactions were terminated by 

using an equal volume of stop buffer (7 M urea, 10 mM Tris-HCl, pH 7.5, and 0.1 mM 

EDTA). Treated RNA was electrophoresed on a 12% denaturing PAGE, dried on 

Whatman paper, and exposed to a phosphorimager screen and visualized by a Typhoon 

Phosphorimager FLA 9500 (GE Healthcare, Life Sciences). 

 

4.2.9.    Dimethyl Sulfate (DMS) Footprinting  

 The 5′-end radiolabeled ON1 was prepared in 10 mM Tris-HCl (pH 7.5), 0.1 mM 

EDTA in the presence of 150 mM KCl with 5 µM of unlabeled DNA. The induced GQ 

structure was formed as mentioned before with equimolar unlabeled RNA.  The samples 

were treated with 1% DMS at room temperature for 2 minutes. The reactions were 
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stopped by adding stop buffer (2 M β-mercaptoethanol, 300 mM sodium acetate, 250 

µg/mL salmon sperm DNA) in an 11:1 ratio and ethanol precipitated. The DNA pellets 

were then dried and cleaved by the addition of 70 μl of 10% piperidine and incubating at 

90 °C followed by removal of the piperidine by vacuum drying. The pellets were 

dissolved in urea loading buffer and the fragments separated on a 15% denaturing 

polyacrylamide gel. The gel was dried and exposed to a phosphorimager screen and then 

visualized by scanning the screen on a Typhoon Phosphorimager FLA 9500 (GE 

Healthcare, Life Sciences). 

 

4.2.10. Plasmid construction  

 A 43 nt segment of the 5′-UTR of eIF-4E mRNA was inserted into the 

psiCHECK-2 plasmid upstream of the Renilla luciferase gene (hRluc) by insertion 

mutagenesis and the plasmid henceforth will be referred to as psiC2-4E-UTR (Fig. 4.6 a). 

Primers were designed and ordered from Integrated DNA Technologies (IDT). Insertion 

mutagenesis was performed by QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent Tech) as per manufacturer’s protocol and successful insertion into the plasmid 

was confirmed by sequencing at The Plant Microbe Genomic Facility (Ohio State 

University).  The hVEGF-Bicis plasmid was constructed as previously mentioned 

(Morris et al., 2010). 

 

4.2.11  Reporter gene assay 
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HeLa cells were grown in 96-well plates in Dulbecco’s modified Eagle's medium 

(DMEM) with low glucose (HyClone®) supplemented with 10% fetal bovine serum and 

1% antibiotics streptomycin and penicillin at 37 °C in 5% CO2 in a humidified incubator. 

The plasmids psiC2-4E-UTR and hVEGFBicis were transfected by Lipofectamine 2000 

as per manufacturer’s protocol for 8 hours and then treated with 25 M of ON1 and SW. 

After 24 hours of treatment of the ON1, dual luciferase assays were performed with 

Dual-Glo® Luciferase Assay System as per manufacturer’s protocol and the results read 

by the SpectraMax M4 plate reader (Molecular Devices, LLC). In both cases, psiC2-4E-

UTR and hVEGFBicis, the ratios of Renilla (LR)/Firefly(LF) luciferase expression were 

normalized with untreated expression levels. 

 

4.2.12    Quantitative RT-PCR 

  HeLa cells were grown in 6-well plates in DMEM as described above. 25 M of 

DNA oligonucleotides were added while seeding the cells. Total cellular RNA was 

extracted from HeLa cells using a TriPure Isolation Reagent (Roche Applied Sciences) as 

per manufacturer’s protocol. The cDNA was synthesized using qScript™ cDNA 

SuperMix (Quanta Biosciences). The glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) and eIF-4E mRNAs were subjected to qRT-PCR using a Perfecta® SYBR® 

Green Super Mix (Quanta Biosciences) on an Eppendorf Mastercycler® RealPlex2 in the 

presence of appropriate set of primers. The relative mRNA levels were estimated by the 

comparative Ct method (Livak method). (Livak and Schmittgen, 2001; Schmittgen and 

Livak, 2008) 
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4.2.13   Western blotting 

 HeLa cells were grown as above and treated with 25 µM of oligonucleotides for 

24 hours. Proteins were extracted from the cells with RIPA buffer (sc-24948, Santa 

Cruz), 50 µg of protein lysate was separated by 12% SDS–PAGE. The proteins were 

detected by mouse monoclonal eIF-4E antibody (P-2, sc-9976) at 1:200 dilution and 

GAPDH (G-9, sc-365062) antibody at 1:5000 dilution. Horseradish peroxidase–

conjugated goat anti-mouse IgG (sc-2005) was used as secondary antibody at 1:1000 

dilutions. Proteins were visualized by Western Blotting Luminol Reagent (sc-2048) in 

ChemiDoc-It®TS2 Imager (UVP, LLC)  

 

4.2.14  Cell Viability assay  

HeLa cells were seeded in a 96 well plate at 10,000 cells per well and treated with 

increasing concentrations of the oligonucleotides and incubated for 24 hours. CellTiter 

96® Aqueous Non-Radioactive Cell Assay (Promega) was used to assess the cell 

viability by measuring the absorbance at 490 nm, as per manufacturer’s protocol. The cell 

viability percentages calculated were normalized with untreated controls. The data were 

fitted using dose-response curve with a variable Hill slope to determine the EC50 value in 

Origin 8.  

 

4.3      RESULTS 

 

http://www.scbt.com/datasheet-24948-ripa-lysis-buffer.html
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4.3.1   RNA and DNA oligonucleotides associate to form a parallel induced hybrid 

GQ structure  

In order to determine the formation of induced GQ structures in vitro, we chose a 

fragment of the 5′-UTR of eIF-4E, which had the requisite characteristics to participate in 

induced GQ formation. A 36 nucleotide fragment from the human eIF-4E mRNA, which 

included a GGGAGGG sequence, was used for the initial biophysical and biochemical 

characterizations. The targeting DNA oligonucleotide ON1 (Table 4.1) and the target 

RNA were mixed in equimolar amounts (5 µM) in the presence of physiologically 

relevant K
+
 ion concentration (150 mM), which was followed by heating and slow 

cooling to form possible higher order structures.  

The sharp increase in molar ellipticity (55%) at 263 nm and a significant decrease 

(50%) at 240 nm of the CD spectrum (Fig. 4.1 a) in the presence of an equimolar amount 

of DNA and RNA are indicative of the formation of an induced parallel hybrid (RNA: 

DNA) GQ. The formation of the induced GQ is further alluded to by the fact that when 

individual ellipticity values of 5 µM of DNA and 5 µM RNA were added, it showed a 

considerably lower intensity than the highest observed intensity of the induced GQ 

spectrum at 263 nm (Fig. 4.1 a).  Parallel RNA: DNA hybrid GQ structures have been 

observed before (Hagihara et al., 2010) and might be due to the involvement of the RNA 

strand, as RNA GQs always adopts parallel GQ structures (Wanrooij et al., 2012). The 

CD spectra also suggest that the target RNA alone forms some higher order structure, 

which can potentially be due to the formation of an all RNA intermolecular GQ.  



 
 

97 
 

 The formation of the bimolecular RNA: DNA hybrid GQ should result in a larger 

complex than either the unstructured RNA or the DNA individually and hence can be 

observed by native gel electrophoretic mobility shift in a gel. The electrophoretic 

mobility shift assay was performed with radiolabelled RNA and DNA in the presence of 

150 mM of Li
+
 or K

+
. To maintain the oligonucleotide concentration at 5 µM during the 

CD experiments, the radiolabeled RNA and ON1 were mixed with their unlabeled 

versions. 

 

            

  

          

(a) 
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Figure 4.1- In vitro formation of induced GQ: (a) CD spectra of induced GQ 

formation. The spectral pattern of the individual oligonucleotides concentration of 5 µM 

of DNA (―) and RNA (―) are shown in brown and green solid lines respectively. The 

induced GQ formed by the 5 µM of RNA and DNA (―) exhibits an increase in the 263 

nm absorbance compared to the trace (- -) of the added CD spectrum of individual 

oligonucleotides. (b) The native gel mobility shift assay shows the association of RNA 

and DNA in the presence of K
+
 and Li

+
 (Lane 1 and 2). 

The mobility shift assay results (Fig. 4.1 b, lanes 1 and 2) clearly indicate the 

association of RNA and DNA in the presence of K
+
 and Li

+
 respectively. The higher 

order structure formed by RNA in the presence of K
+
 is probably a bimolecular GQ (lane 

5) which corroborates with our CD data. Based on the observation of reduced mobility 

bands, the ON1 in the presence of K
+
 (Lane 3) very likely forms various higher order 

species. The CD data in combination with the gel mobility shift data indicate an 

association of ON1 with the target RNA to form a parallel induced GQ.  

 

(b) 
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4.3.2   Enzymatic and chemical footprinting data indicate the formation of an 

induced GQ and the duplex structures in tandem  

 The formation of the induced GQ structure was further confirmed by both 

enzymatic and chemical footprinting. RNase T1 cleaves single-stranded G-residues in 

RNA and protection of the G-residues from the cleavage suggests that they are very 

likely involved in duplex or quadruplex formation. The residues G 7-9 and G 11-13 of the 

target RNA are designed to be involved in induced GQ structure with the ON1, while the 

residues G 16 and G 20 would form the duplex (Fig. 4.2 a).  

The cleavage (Fig. 4.2 b) of all the G-residues in the 36 nt 5′-radiolabeled RNA 

was observed in lane 2 in the presence of Li
+
. The monovalent cation Li

+
 was used as a 

control as it has been well established that Li
+
 does not stabilize GQ structures. On 

addition of the DNA oligonucleotide, ON1 (1-5 µM) in the presence of K
+
, complete 

protection was observed both in the putative quadruplex and duplex regions respectively 

(Fig. 4.3b, lanes 4, 5 and 6). The complete protection pattern persisted in the presence of 

K
+
 even at the lowest ON1 concentration (1 µM). However, when the K

+
 was swapped 

with Li
+
, band protection in the GQ region (G 7-9) decreased even in the presence of 

highest used concentration of ON1 (5 µM). The protection of a subset of residues (G 11-

13) persisted which might be due to structural hindrance caused by the proximal duplex 

region. Thus, the RNase T1 footprinting results clearly indicate the formation of induced 

RNA: DNA hybrid GQ and the duplex structures in the presence of K
+
, while in Li

+
 the 

induced GQ structure is significantly destabilized. We did observe a few G residues in 

the RNA only lane that showed slight protection in the GQ forming region in presence of 
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K
+
 (Lane 3), which can be explained by the formation of intermolecular GQ structures by 

the RNA as was previously suggested based on the observations made during CD and gel 

mobility shift assays. 

To further confirm the formation of induced GQ structure, we performed dimethyl 

sulfate (DMS) footprinting on the radiolabeled ON1 in presence and absence of the 

unlabeled target RNA. DMS methylates the N7 position of guanine residues and N3 

position of adenine (Maxam and Gilbert, 1977). Since the N7 position of the G is 

involved in the Hoogsteen base-paring to form the quartets in a GQ, their protection is an 

indication of the formation of such a structure. The DMS modified all of the G and A 

residues in the ON1 (Fig. 4.2 c, lane 2). However when the induced GQ structure is 

formed in the presence of unlabeled target RNA, the A-residues in the ON1 are resistant 

to methylation, as the N3 in the Watson-Crick face of A is involved in duplex formation. 

The G-residues in the induced GQ forming region (G 16-18, G 20-21) are strongly 

protected due to the formation of induced GQ structure in the presence of 150 mM K
+
 

(Fig. 4.2 c, lane 3 and lane 4) compared to equimolar Li
+
(Fig. 4.2 c, lane 6 and lane 7). 

Thus, RNase T1 and DMS footprinting confirm the formation of an induced RNA: DNA 

hybrid GQ structure in the presence of physiologically relevant concentration of K
+
 ions. 
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Figure 4.2- Enzymatic and chemical structure mapping of induced GQ: (a) 

Schematic representation of the association of the target RNA sequence with the ON1. 

The G-residues are numbered for both the RNA and the DNA that are involved in the 

induced GQ and the duplex formation.  The induced GQ and the duplex regions are 

indicated by separate boxes. (b) Image of a gel showing RNase T1 footprinting of the 5′-

radiolabeled target RNA in presence and absence of targeting oligonucleotide ON1 in K
+
 

and Li
+
. The formation of induced GQ is shown by the protection of the GQ forming 

residues (G-7, 8, 9, 11, 12, 13) in lanes 4, 5 and 6 in the presence of ON1 and K
+
. In the 

presence of Li
+
 (lane 7), the induced GQ is destabilized as observed by the reappearance 

(no protection) of the bands. (c) DMS footprinting of the 5′-radiolabeled ON1 in absence 

and presence of the target RNA and K
+
 (lanes 3 and 4) clearly shows the increased 

protection compared to Li
+
 ion (lanes 6 and 7)  in the induced GQ forming region in the 

presence of both RNA and DNA. 

 

4.3.3   The induced GQ structure is stable at physiological temperature and is 

resistant to nuclease digestion  
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Once the formation of the induced GQ structure was established by enzymatic and 

chemical footprinting, the stability of the structure was analyzed under the exact same 

conditions that are amenable to induced GQ formation i.e. 150 mM K
+
, 5 µM of each of 

RNA and ON1. CD melting experiments were performed by monitoring changes in CD 

intensity at 263 nm. The Tm of the structure was observed to be 59.6 ± 0.8 °C that is in 

agreement with the Tm of previous studies on similar structures (Hagihara et al., 2010). 

The annealing and melting curves (Fig. 4.3) showed reversible characteristic, which 

suggests that the molecules were at thermodynamic equilibrium.  

The Tm values calculated from van’t Hoff plots and by first-derivative analyses 

agreed with each other. Thermodynamic parameters from the melting curves were 

calculated based on a two-state model that considers only the folded and unfolded states 

of the molecules. In the presence of 150 mM K
+
, the Gibbs free energy (ΔG°) at 37 °C 

was calculated to be -19.2 ± 1.4 kJ/mole indicating a stable induced GQ. The calculated 

ΔH° of -283.6±24.8 kJ/mole and ΔS° of -0.9±0.1 kJ mol
-1 

K
-1

 values (Table 4.2) compare 

well with previously reported values for GQs (Rachwal et al., 2007a). Thus, the free 

energy of formation of induced GQ is solely driven by the favorable change in enthalpy. 
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Figure 4.3- Stability of induced GQ: The normalized CD melting profile of the induced 

GQ structure formed assuming a two-state model. The melting profile was monitored by 

the change in molar ellipticity at 263 nm over a temperature range of 25°C to 97°C. The 

result represents three continuous cycles of melting and cooling and followed by melting 

respectively. Error bars indicate the standard error of the mean of fraction folded (α). 

 

. The stoichiometry (N) of the induced GQ formation by Isothermal Titration 

Calorimetry (ITC) was measured to be 1.15 ± 0.026. The 1:1 association of the target 

RNA and ON1 oligonucleotide conforms well to the expected formation of a bimolecular 

induced GQ structure presumably with a duplex in tandem.   
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Thermodynamic parameters of induced GQ formation 

 Tm (°C) 
N 

(stoichiometry) 
ΔH° (kJ/mol) 

ΔS° 

(kJ mol

-1

 K

-1

) 

ΔG°
37

 

(kJ/mol) 

CD  

 

59.6 ± 0.8 

 

 

 

-284± 25 

 

-0.85 ± 0.08 

 

-19.2 ± 1.4 

ITC  

(at 25 °C) 
 1.15 ± 0.03 -73 ± 3        0.12    -38.55  

Table 4.2- Thermodynamic parameters of induced GQ formation: Thermodynamic 

parameters calculated from CD melting experiments, first derivative analysis and 

Isothermal Titration Calorimetry Data represented as mean ± standard error of the mean 

(SEM). 

The 1:1 association of RNA and DNA oligos conforms well to the expected 

formation of a bimolecular induced GQ structure presumably with a contiguous duplex. 

The stoichiometry also eliminates the possibility of a tetramolecular induced GQ and 

intermolecular GQs among RNAs or DNAs. The difference in the enthalpy and free 

energy values amongst the ones calculated using van’t Hoff parameters and the values 

obtained by ITC may be due to the fact that the CD melting monitors only the GQ 

structure and assumes a two-state model while the isothermal calorimetry provides a 

more comprehensive picture of the thermodynamics of induced GQ formation in its 

entirety comprising of both the duplex and the quadruplex. 

We also tested the induced GQ structure for its ability to resist nuclease digestion 

because nucleases will be less effective in cleaving a compact structure. The induced GQ 

structure formed in 150 mM of K
+
 with 5 µM of RNA and ON1 each was treated 

successively with DNase 1 and RNase T1. There were no significant quantitative and 

qualitative changes of the CD spectrum even after 15 minutes of incubation at 37 °C (Fig. 
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4.5). The results described above suggest that the target RNA and ON1 associate in a 1:1 

stoichiometry to form an induced GQ and this duplex is inaccessible to nucleases at 

physiological temperature. 

 

Figure 4.4: Calorimetric data for the titration of the formation of induced GQ. Binding 

isotherms were obtained from the integration of raw data and fitted to a “one-site” model 

 

 

4.3.4    Induced GQ structures specifically downregulate the expression of a targeted 

gene in a reporter plasmid 

 The GQ structures when present within an mRNA modulate its translation. Thus, 

a GQ structure artificially induced on an mRNA in a targeted fashion might be able to 

downregulate its translation. The prerequisites for GQ induction on the target mRNA is 
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the lack of endogenous PQS and an IRES, but the presence of at least two G-stretches. A 

search for an optimum target resulted in human eIF-4E mRNA as it contains all the 

needed characteristics for studying induced GQ formation. To test whether induced GQ 

 

 

Figure 4.5- The induced GQ is resistant to nucleases: CD spectra of the induced GQ 

structure formed by in vitro transcribed RNA and ON1 in 150 mM K
+
 before and after 

being treated with either DNase1 or both DNase1 and RNase T1 enzymes. 

 

structures can modulate gene expression in cells, a dual luciferase reporter plasmid was 

constructed with a 43 nt fragment from the 5′-UTR of human eIF-4E mRNA inserted just 

upstream of the Renilla luciferase gene (Fig. 4.6 a). The plasmid was then transfected 

into HeLa cells and the cells were treated with DNA oligonucleotides (Table 4.1) for 24 

hours following which the dual luciferase activities were measured. The DNA 
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oligonucleotides contained phosphorothioate modification at two nucleotides on both 

ends to provide resistance against exonucleases (Dias and Stein, 2002). The 

phosphorothioate modification is not known to interfere with the formation of GQ 

structures.(Sacca et al., 2005) The ON1 reduced the expression of the reporter gene by 

~44 % compared to the untreated cells (Fig. 4.6 a). The whole scrambled control (SW) 

had no significant change in the expression of the reporter gene. The results indicate that 

GQ structures repressed translation when induced in the 5′-UTR of reporter plasmids and 

the repression level is in the range similar to what was observed previously for naturally 

occurring intramolecular RNA GQ structures (Bugaut and Balasubramanian, 2012).   

 It is well established that IRES-dependent translation does not require eIF-4E for 

initiation (Pestova et al., 2001; Jackson et al., 2010a; Perard et al., 2010; Komar et al., 

2012; Plank and Kieft, 2012). Thus, the downregulation of eIF-4E that is known to affect 

the cap-dependent translation initiation should not affect IRES-driven (cap-independent) 

translation initiation. The bicistronic reporter plasmid hVEGFBicis (Fig. 4.6 b) expresses 

the Renilla luciferase by cap-dependent translation initiation whereas the Firefly 

luciferase by cap-independent translation under the influence of human vascular 

endothelial growth factor (hVEGF) IRES A (Morris et al., 2010). The hVEGFBicis was 

used to observe the effect of the induced GQ structures on endogenous eIF-4E expression 

with the expectation that the lowering of eIF-4E level would negatively affect cap-

dependent translation initiation while the cap-independent translation would remain 

unaffected (Fig. 4.6 b). 
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As hypothesized, HeLa cells transfected with the plasmid when treated with ON1 

exhibited downregulation of cap-dependent translation as was measured by lowering of 

the Renilla/Firefly activity. However, Renilla/Firefly ratio did not show any change when 

the cells were treated with the control oligonucleotide SW most likely due to its lack of 

effect on eIF-4E expression. The inhibition of cap-dependent translation by induced GQ 

formation ON1 established the target specificity of the strategy.  

 

 

4.3.5   Targeted induction of GQ structure downregulates the endogenous human 

eIF-4E expression by translation repression  

 A reporter construct with an insert derived from the naturally occurring eIF-4E 

transcript showed reduced reporter gene expression in cancer cells when treated with 

ON1, presumably via induced GQ formation, which indicates that the region within eIF-

4E is a viable target for induction of GQ. In a separate assay, reduction in the expression 

of the transcript under cap-dependent translation initiation was observed in a dual 

luciferase reporter gene assay while the cap-independent translation initiation remained 

unaltered, which provided a strong indirect evidence that endogenous eIF-4E expression 

was inhibited. This prepared the deck for a direct measurement of the effect of induced 

GQ formation on endogenous eIF-4E expression level.  

 



 
 

109 
 

 

Figure 4.6- Induced GQ targeting eIF-4E downregulates reporter gene expression: 

(a) The repression of reporter gene Renilla luciferase in psiC2-4EUTR by formation of 

induced GQ structures by ON1 compared to the untreated and whole scrambled (SW) 

oligonucleotide (SW) treated cells (b) cells transfected with hVEGFBicis plasmids 

exhibited repression of cap-dependent translation initiation when treated with ON1. The 

ratios of Renilla (LR)/Firefly (LF) luciferase expression was normalized to untreated 

expression levels in both assays. Data represented as mean ± SEM, and the significance 

of the data was determined by t-test analysis (p < 0.0005). 

The human eIF-4E gene produces three transcripts wherein sequence amenable to 

induced GQ formation in the 5′-UTR region is present in two of the three transcripts 

whereas a similar sequence was present in the coding region of all three transcripts (Table 

4.3). The targeting oligonucleotides ON1 and ON2 consist of two functional segments, a 

guiding sequence (GS) that is designed to hybridize to the target mRNA forming a duplex 
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and two G-rich stretches to induce GQ by enlisting two G-stretches from the target RNA. 

The 15 nt duplex region formed by ON1 and the target RNA can elicit an antisense 

mechanism potentially causing an inhibition of translation either by an RNase H-

mediated degradation of the targeted mRNA or a translation blockade (Flanagan et al., 

1996; Dias and Stein, 2002; Chan et al., 2006). 

TARGET SEQUENCE  TARGET 
REGION 

POSITION OF TARGETS IN THE TRANSCRIPT 

Transcript 1 Transcript 2 Transcript 3 

GGGAGGGUUGAUUGCCUAAACG ON1 5′- UTR 951-972 951-972 Not present 

GGGAGGGUAUACAAGGAAAGGU 
 

ON2 
Protein 
coding  
region 

2061-2082 
(
1524

AUG) 
2154-2175 
(
1524

AUG) 
718-739 
(
121

AUG) 

Table 4.3: The target sequences for inducing GQ by ON1 and ON2 in the 5′- UTR 

and the coding region and their position in the human eIF-4E transcript  

 

Intramolecular GQ structures repress translation via a translation blockade and 

mostly with unaltered mRNA levels. It was, therefore, necessary to determine the effects 

of each of the functional regions in isolation and in combination and appropriate controls 

were designed to address both of those issues (Table 4.1). In one of the controls the 

quadruplex forming region was scrambled (SQ1) keeping the duplex region unaltered, in 

the second the duplex forming region was scrambled (SD) keeping the segment that 

would participate in GQ formation unchanged and finally, one was designed in which the 

entire sequence was scrambled (SW). HeLa cells were treated with partially modified 

ON1, ON2, and various control oligonucleotides without any delivery vehicle. The 

endogenous levels of eIF-4E were measured by Western Blotting (Fig. 4.7 a) using 

GAPDH as a control and showed a 30% reduction in the eIF-4E levels in ON1 treated 
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samples and 60% reduction in ON2 treated samples based upon densitometric analysis by 

Image J software (Fig. 4.7 b). The effects of the duplex forming sequences (SQ1 and 

SQ2) on eIF-4E levels were not evident from the measured protein levels. The effect of 

control oligonucleotides SW and SD on protein levels were also insignificant (t-test 

analyses). The targeted downregulation of the eIF-4E by induced GQ forming 

oligonucleotides and near absence of any effect in the control samples increased our 

confidence in the success of such targeted repression strategy.  

 

 

Figure 4.7- Induced GQ downregulates endogenous eIF-4E protein expression: 

eIF4E protein levels in HeLa cells treated with ON1, ON2, and various control 

oligonucleotides. (a) Western blot of the eIF-4E protein expression levels when treated 

with various oligonucleotides. (b) Histogram representing densitometry analysis of the 

western blot images from three independent experiments was performed using Image J 

software. The eIF-4E bands were normalized with corresponding GAPDH bands to 

(a) 

(b) 
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correct for experimental loading errors. Data represented as mean ± SEM and the 

significance of the data was determined by t-test analysis. (p<0.01) 

 

To investigate if the reduction of protein levels was because of translation 

repression in contrast to RNase H-mediated digestion, quantitative reverse transcription 

PCR was performed to estimate the mRNA levels when the cells are treated with the 

targeting and control oligos (Fig. 4.8). Although the protein level of the ON1 treated cells 

showed about 30% reduction, the mRNA level of ON1 treated cells was not reduced and, 

in fact, it was 37% higher than the untreated. However, the SQ1 and SQ2 treated cells 

showed ~30% and ~20% reductions respectively in the mRNA levels. The ON2, SW, and 

SD treated cells had no significant change in the eIF-4E mRNA levels compared to 

untreated cells. The ON1 sequence targets the 5′-UTR of eIF-4E mRNA that leads to 

translation repression via formation of a stable secondary structure on the mRNA. It has 

been previously reported that formation of a stable secondary structure on the 5′-UTR of 

some AU-rich mRNAs result in stabilization of the mRNAs (Curatola et al., 1995). Given 

that eIF-4E mRNA harbors AU-rich elements in its 3′-UTR, it is likely that the GQ 

formation on its 5′-UTR stabilized the mRNA resulting in its higher expression level. In 

addition, it is clear from the data that the repression in protein level has negligible if any 

contribution from the classic RNase H-mediated antisense effect.  

 

4.3.6    Targeting endogenous eIF-4E mRNA by GQ inducing sequences inhibits 

proliferation of human cancer cells  



 
 

113 
 

 Eukaryotic initiation factor-4E (eIF-4E) is essential for initiation of cap-

dependent translation and protein synthesis. Because of its least abundance among 

translation initiation factors, eIF-4E acts as the rate limiting agent in translation initiation 

(Mamane et al., 2004; Jacobson et al., 2013). The repression of endogenous eIF-4E levels 

by induced GQ structures led us to investigate their effects on cell proliferation. We used 

ON1 and ON2 to determine their anti-proliferative activities in HeLa cells. Cells were 

grown in the presence of targeting and the control oligonucleotides and cell viability were 

observed by MTS assay after 24 hours of treatment. Induced GQ forming 

oligonucleotides ON1 and ON2 had a dose-dependent antiproliferative effect on the 

cancer cells with EC50 values of 15 µM and 5.4 µM respectively (Fig. 4.9 a).  

 

 

Figure 4.8- Induced GQ structures do not alter mRNA levels: To investigate the 

mechanism of induced GQ mediated effect on protein production that can be either due to 

mRNA degradation or by translation arrest or a combination of both, eIF-4E mRNA 



 
 

114 
 

levels were measured by qRT-PCR in ON1, ON2 and control oligonucleotides treated 

HeLa cells.  

 

The control oligonucleotides SQ1, SQ2, SW and SD did not exhibit any 

significant loss of cell viability (Fig. 4.9 b) suggesting a lack of any antisense mechanism 

in downregulation of eIF-4E expression. The anti-proliferative action of GQ inducing 

ON1 and ON2 agrees well with their effect on the downregulation of endogenous eIF-4E 

levels. Interestingly targeted induction of GQ in the coding regions had more robust 

effect in terms of both repressions of protein expression and inhibition of cell 

proliferation. Thus, rationally targeted induced GQ formation not only downregulates a 

gene of choice but also effects antiproliferative activity on human cancer cells.  

 

 

(a) 
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Figure 4.9- The Anti-proliferative effect of induced GQ structures on cancer cells: 

The dose-response effect of increasing concentrations of ON1, ON2 and control 

oligonucleotides on HeLa cell viability. (a) The EC50 value of ON1 was observed to be 15 

µM and ON2 to be 5.4 µM when the data were fitted using dose-response curve with 

variable Hill slope. (b) The control oligonucleotides exerted no significant effect on the 

HeLa cell proliferation. Data represented as mean ± SEM  

 

4.4       DISCUSSION 

The purpose of this study is to establish that the expression of an endogenous 

targeted gene can be modulated at the translational level by inducing RNA: DNA hybrid 

GQ structures. It is suggested that in the case of cap-dependent translation initiation, the 

formation of an RNA GQ in the 5′-UTR might act as a hindrance to the 5′-3′ scanning of 

the 43S pre-initiation complex which in turn downregulates the translation (Bugaut and 

Balasubramanian, 2012). Additionally, the formation of a GQ within the coding region 

(b) 
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has been shown to result in aborted translation resulting in truncated protein products 

(Endoh et al., 2013a). At least four G-stretches must be available for a GQ formation and 

the G-stretches can be provided by one or more strands, which determine the 

molecularity of the GQ. The stability of the GQ structures depends on the number of 

quartets among other factors, for example, it is well known the stability of three-tiered 

GQ structure is more stable than the two-tiered GQs (Pandey et al., 2013) and the 

majority of the GQs discovered so far are three-tiered. The propensity of occurrence of 

potential RNA: DNA hybrid GQ enabling sequences are significantly higher compared to 

potential intramolecular GQ forming sequences and such structures have been known to 

be formed naturally during transcription (Zheng et al., 2013; Zhang et al., 2014a). Hence, 

we decided to induce a GQ structure that i) would be stable under normal physiological 

conditions of temperature and K
+
 concentrations and ii) mimic naturally occurring 

structures and mechanisms in cells.  

The formation of a stable induced GQ structures was comprehensibly determined 

by a diverse set of biochemical and biophysical methods. Induction of the GQ would 

downregulate the target eIF-4E level that in turn would adversely affect canonical 

translation initiation. We first used a dual reporter based assay in which we introduced a 

segment from the 5′-UTR of the eIF-4E mRNA and it harbored two G-stretches of three 

guanines each. An extraneous DNA sequence (ON1) rationally targeted to the introduced 

sequence was able to downregulate the reporter gene. Since the introduced reporter 

plasmid contained sequences inherent to eIF-4E mRNA, when the cells were treated with 

ON1 sequence, it also should downregulate the endogenous eIF-4E level. We assumed 
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that under such condition of lower eIF-4E level both Renilla luciferase gene and the 

control Firefly luciferase gene were affected similarly.  The downregulation of eIF-4E 

was further suggested by the observation of a decrease in the ratio of expression of two 

genes in a bicistronic construct where the translation of the mRNA under the canonical 

control of translation initiation was normalized to the IRES-controlled one.  

The true test for any gene expression inhibition strategy is to be able to 

downregulate an endogenous gene in cellulo. We used human cervical cancer cells to test 

our strategy and to our knowledge, the effect of repression of eIF-4E in such cell line is 

not known.  The eIF-4E sequence allowed us to target two different regions of the 

transcripts. The ON1 that targeted the 5′-UTR of eIF-4E showed a little over 30% 

repression while about 60% inhibition was observed in the presence of ON2 that targeted 

the coding region of the transcripts. A possible reason for the enhanced repressive effect 

of ON2 may be due to the fact that there are three eIF-4E transcripts and the target 

segment for ON1 only occurs in two of them, while the ON2 target exists in all three 

transcripts. We established that the repression of eIF-4E occurs at the translation level 

from the qRT-PCR results. We also observed that the levels of eIF-4E mRNA were 

increased with ON1 treatment. The eIF-4E mRNA harbors AU-rich (ARE) elements in 

its 3′-UTR (Topisirovic et al., 2009). Previous reports have suggested that translational 

repression of ARE embedded reporter RNAs containing stable secondary structures 

increased the half-life of those mRNAs thus increasing the mRNA level (Curatola et al., 

1995; Barreau et al., 2005). Thus, the presence of the stably induced GQ structure may 

have caused translation blockade resulting in increased eIF-4E mRNA level. 
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The differential effects of ON1 and ON2 on translation repression of eIF-4E may 

also be due to the unrelated mechanism of inhibition. While the ON1 is expected to cause 

translation blockade by interfering with ribosome scanning that affects its ability to 

efficiently start protein synthesis, induced GQ formation in the protein coding region by 

ON2 might act by early termination of protein synthesis thereby leading to proteolysis of 

the truncated protein product and decrease in the eIF-4E expression. We are able to draw 

this inference based upon a previous report that has demonstrated that GQ structures 

when present in open reading frame slow down or temporarily stalls the translation 

elongation followed by proteolysis (Endoh et al., 2013a). The data suggest a lack of any 

classic RNase H-dependent antisense mechanism. For example, the SQ1 and SQ2 control 

sequences showed a weak downregulation of mRNA which did not translate into 

lowering of protein expression or cell growth inhibition. The ON2 showed ~60% 

reduction of protein expression but SQ2 did not show any lowering of protein expression.  

Thus, the duplex alone failed to elicit any response at the protein level or on cell growth. 

The oligonucleotide sequences used in the report showed low micromolar EC50 values. 

Since our primary goal was to establish a proof of concept of the strategy, we did not 

employ any external delivery vehicle for the oligonucleotides while treating the cells. We 

relied solely on the natural ability of the oligonucleotides to enter the cells and elicit their 

responses. We believe that use of a delivery method would lower the EC50 values of the 

oligonucleotides.  

The strategy described in this work enables us to utilize multiple targets within an 

mRNA independently yet simultaneously. In fact, our studies on targeting both the 5′-
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UTR and the protein coding region of eIF-4E mRNA simultaneously by ON1 and ON2 

resulted in the moderate synergistic effect on anti-proliferation of cancer cells (data not 

shown). Thus, targeting of multiple sites within transcripts of a gene using this approach 

may greatly enhance the efficacy of lowering of gene expression.
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CHAPTER FIVE 

5.         CONCLUSION 

The non-canonical secondary structures observed in G-rich regions of both DNA 

and RNA called the GQ structures were observed to be responsible for regulation of 

several key biochemical processes in the cell. More specifically these structures in the 5ʹ-

UTR of mRNA have been shown to modulate translation by several research groups. 

During the initial days of the dissertation, it was widely believed that the GQ structures in 

the 5ʹ-UTR of mRNA repress translation except when they are present in internal 

ribosome entry sites where they augment translation.  

During the course of our research, we discovered a novel mechanism of cap-

independent translation initiation in a cellular IRES. A GQ, a non-canonical RNA 

secondary structure, regulated this IRES dependent inititation. The finding is unique by 

the nature of its interaction and thereby provides us a mechanistic explanation of the 

enhancing role of RNA GQs in the IRESs. However, it still remains to be established if 

these GQ structures always augment the IRES-mediated translation by recruiting the 40S 

ribosomal subunit. This instance of the recruitment of the 40S ribosomal subunit by a GQ 

domain in cap-independent translation initiation contributes to our nascent understanding 

of the structural basis of a key aspect of cellular IRES function. RNA GQ structures are 

known to play diverse roles in several biochemical processes such as pre-mRNA 

polyadenylation, splicing, mRNA targeting, transcription termination among several 
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others (Millevoi et al., 2012), and a GQ’s direct role in interacting with the 40S subunit 

adds on to that list of functions. Given the well-established involvement of hVEGF in 

metastasis and tumor angiogenesis, the GQ located within its 5′-UTR can potentially be a 

new antitumor target. Because of hVEGF’s normal physiological role, potentially it can 

also be a pro-angiogenic target if a ligand can stabilize the GQ domain. Furthermore, the 

GQ forming sequence can be a viable target for antisense thereby destabilizing the GQ to 

reduce hVEGF translation. 

During the course of our work, we also observed that the GQ structures escape 

their native function and adopt an alternate function based on the molecular context in 

which they are present, making it an apparent general structure-function relationship 

phenomenon. Furthermore, a GQ motif that is not associated with a defined inherent 

function, exhibits considerable structural integrity irrespective of a non-native context but 

displays significant functional adaptability. Although there is considerable structural 

heterogeneity including subtle differences among GQ structures, it appears that a degree 

of modularity is sufficient to fulfill their context-dependent functional role in spite of 

some variation in their primary sequence alluding to the flexibility in the structural 

requirement. 

We were also able to induce GQ structures by specifically targeting the eIF-4E 

mRNA and thereby repress the translation of the eIF-4E which resulted in anti-

proliferation of cancer cells. The anti-proliferative effects of induced GQs provide us 

with an additional tool for rational drug design against diseases such as cancer. It is 

widely accepted that there is no magic bullet for several diseases including cancer. Thus, 
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novel approaches are required to provide alternatives in conjunction with current 

strategies to fight such diseases. The GQ structures are known to modulate myriad of  

cellular processes, such as mRNA splicing, editing, transcription termination, the 

formation of induced GQ structures can potentially modulate such processes in a targeted 

fashion if appropriate target sites are available. Future studies would include delivery of 

the oligonucleotides to enhance the efficacy of the oligonucleotides.  The above concept 

opens up a new strategy for targeted modulation of endogenous gene expression. Here we 

demonstrate our capability to hraness and emulate the power of a naturally occurring 

mechanism for rational control of gene expression. 

The work in the dissertation collectively demonstrates the structural plasticity of a 

non-canonical RNA secondary structure and the adaptive flexibility in its function to 

modulate translation.                                                                                                             .
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CHAPTER SIX

6.      APPENDIX I 

6.1    Alternative analyses of 40S ribosome binding to the IRES A 

The 40S binding curves were calculated and plotted using two different equations. 

The plots were created in Origin. The Ymax here determines the filter binding efficiency 

and the constructs that did not achieve the Ymax of at least 0.5 are highlighted. These are 

the constructs, which are weak binders to the 40S ribosomal subunit. In this section, we 

report the values obtained by analyzing the curves using the both the equations and 

comparison of the values.  

Constructs Method 2  
Method 1  

(Kieft et al., 2001) 

Ymax Kd Kd 

IRES A  0.71 6.3 ± 0.6 29.0 ± 5.7 

ΔD1 0.56 7.3 ± 1.0 108.40 

ΔD3 0.64 8.4 ± 1.1 55.30 

ΔD4 0.71 8.5± 1.6 33.60 

M3Q ins 0.85 10.6 ± 3.1 18.0 ± 4.9 

NRAS ins 0.71 25.8 ± 3.6 88 ± 18 

ΔD123 0.30 50.8 ± 6.6 n. d 

IRES A + 30S 0.30 n. d n. d 

ΔD24 0.28 4.6 ± 0.1 n. d 

ΔD2 0.42 63.5 ± 6.3 n. d 

4 mutant 0.45 24.6 ± 10.1 n. d 

 

Table 6.1:  Comparison of the binding constants derived by two different methods. 
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 CHAPTER SEVEN 

7.  APPENDIX II 

7.1 Analyses of the melting curves of Induced GQ  

The temperature-dependent CD spectra of three independent trials were analyzed 

by two methods detailed in Section 4.2.4.1. As discussed before we observed that the 

formation of the induced GQ was driven by the enthalpy of the induced GQ formation. 

Analysis by the second method suggests the same. Interestingly the average ΔG37 

calculated by the 2
nd

 method was lower than the 1
st
 method and much comparable to what 

was observed by isothermal titration calorimetry.  

 

 

(a) 
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(b) 

    

 

 

(c) 

 

Figure 7.1 The vant’t Hoff plots: The van’t Hoff plots of the three trials (a, b and) were 

constructed by plotting the calculated ln (Ka) vs the 1/T. The slope represents -ΔH/R and 

the intercept is equal to ΔS/R. The ΔH is enthalpic and the ΔS are the entropic change of 

the induced GQ formation.  
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Figure 7.2: Determination of the melting temperature by method 2: The temperature 

where the median of the top and bottom baselines intersect the temperature-dependent 

CD spectrum was determined to be melting temperature (Tm). 

 

Sample dα/dT Tm(°C) Tm (K) ΔHVH (kJ/mol) 
ΔS 

(kJ/mol*K) 
ΔG37 

(kJ/mol) 

T1 -0.05 58.68 331.83 -264 -0.794 -17 

T2 -0.05 61.30 334.45 -254 -0.760 -18 

T3 -0.06 58.92 332.07 -333 -1.003 -22 

Average -0.05 59.63 332.78 -284 -0.852 -19 

SEM 0.00 0.84 0.84 25 0.076 1 

 

Table 7.1: Thermodynamic parameters calculated by Method 1: Thermodynamic 

parameters calculated by the first method. 

 

 

Tm 
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Sample Tm (°C) ΔHVH (kJ/mol) ΔS (kJ/mol*K) ΔG37(kJ/mol) 

T1 59.00 -188 -0.463 -44 

T2 59.50 -159 -0.373 -43 

T3 59.50 -346 -0.939 -55 

Average 59.33 -231 -0.592 -47 

SEM 0.20 71 0.215 4 

 

Table 7.2 Thermodynamic parameters calculated by Method 2: Thermodynamic 

parameters calculated by the second method. The Tm was determined by the median 

intersecting the temperature-dependent CD spectra. 

 

 

Thermodynamic 
parameters 

Method 1 Method 2 

T1 T2 T3 T1 T2 T3 

Tm (°C) 58.68 61.30 58.92 59.00 59.50 59.50 

ΔH VH (KJ/mol) -264 -254 -333 -188 -159 -346 

ΔS (KJ/mol*K) -0.794 -0.760 -1.003 -0.463 -0.373 -0.939 

ΔG37(KJ/mol) -17 -18 -22 -44 -43 -55 

 

Table 7.3: Comparison of the thermodynamic parameters: The thermodynamic 

parameters calculated by two different methods. The calculated Gibbs free energies were 

lower by the 2
nd

 method.
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