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ABSTRACT 

 

Unusual DNA secondary structures, especially G-quadruplexes and i-motifs, play 

important roles in gene transcriptional regulation and have been identified as novel drug 

targets. In this dissertation, I explored their formation in the human VEGF and RET 

promoters and their roles in gene transcriptional regulation. VEGF is a key regulator of 

angiogenesis and is up-regulated in many types of tumors. A poly-guanine/poly-cytosine 

(polyG/polyC) tract in its proximal promoter (-85 to -50 base pairs relative to the 

transcription starting site) is essential for both basal and inducible VEGF expression. I 

demonstrated that the guanine-rich (G-rich) and cytosine-rich (C-rich) strands in the 

VEGF proximal promoter are able to form G-quadruplex and i-motif structures, 

respectively. The major G-quadruplex formed by the VEGF G-rich sequence is an 

intramolecular parallel G-quadruplex containing three G-tetrads and a 1:4:1 arrangement 

of three double-chain-reversal loops (two single-base loops and one loop with four 

bases). The complementary C-rich sequence in the same region forms an intramolecular 

i-motif containing six semiprotonated cytosine-cytosine+ base pairs and a 2:3:2 loop 

configuration (two double-base loops and one loop with three bases). The G-

quadruplexes formed by the native VEGF G-rich and its derivative sequences were also 

confirmed by NMR. In addition, various transcription factors including Sp1, hnRNP K, 

CNBP and nucleolin, which recognize different DNA structural elements including 

single-stranded, double-stranded or G-quadruplex/i-motif DNA in the VEGF proximal 
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promoter, have been confirmed by EMSA, siRNA and chromatin immunoprecipitation 

(ChIP) assay, suggesting that the DNA in the VEGF proximal promoter region is capable 

of undergoing transitions between those three structures. Based on my studies, I have 

proposed a model to describe how various transcription factors recognize different DNA 

structures in the VEGF proximal promoter to regulate transcription. In the proximal 

promoter of another important oncogene RET, I demonstrated that the guanine-rich strand 

forms an intramolecular parallel G-quadruplex containing three G-tetrads and a 1:3:1 

arrangement of three double-chain-reversal loops. The complementary cytosine-rich 

strand forms an i-motif structure containing six semiprotonated cytosine-cytosine+ base 

pairs and a 2:3:2 loop configuration. Moreover, G-quadruplex-interactive compounds 

TMPyP4 and telomestatin were shown to further stabilize the RET G-quadruplex 

structure.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 G-quadruplex and I-motif Structures 

DNA exists in a variety of forms of conformation. Normally, DNA is organized 

into a right-handed helical structure called B-DNA. Under specific conditions, certain 

DNA sequences can form other conformations (also called non-B-DNA, unusual or 

alternative DNA structures), namely A-DNA, Z-DNA, cruciforms, triplex DNA, G-

quadruplex, and i-motif DNA. Structural transition from normal B-DNA to other DNA 

forms can occur within certain DNA sequences and be functionally significant. Recently, 

interest in G-quadruplex and i-motif DNA structures is accelerating because of their 

prevalent occurrence in the human genome and their biological relevance. 

1.1.1 G-quadruplex 

In 1962, David Davies and coworkers at the National Institutes of Health (NIH) 

discovered that four guanines are able to form a G-quartet through Hoogsteen hydrogen 

bonding (1) (Figure 1.1). The planar G-tetrads can stack together to form a G-quadruplex 

structure, a four-stranded DNA secondary structure (Figure 1.1). G-quadruplexes are 

extremely stable due to their extensive hydrogen-bonding network and stacking force 

between G-tetrads (2). 

The stabilities of G-quadruplexes are also affected by cations. Monovalent 

cations, such as K+ and Na+, are prevalent in the cell and have been shown to stabilize G-  
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Figure 1.1.  Schematic diagram of a G-quadruplex and an i-motif structure.  (A) Four 
guanines form a G-tetrad through Hoogsteen bonds, and three G-tetrads form a parallel 
G-quadruplex structure in the c-Myc promoter.  (B) Hemiprotonated cytosine–cytosine 
base pair.  Two C+–C base pairs form an intermolecular i-motif structure.
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quadruplex structures by coordinating with carbonyl oxygen atoms (3). The Hoogsteen-

bonded four guanines provide a binding cavity for metal ions (3). The Na+ is able to fit 

either into the binding cavity of the planar G-tetrad or sandwiched between two layers of 

G-tetrads. However, K+, which is too large to fit into the binding cavity of a G-tetrad 

plane, is sandwiched between two layers of G-tetrads. G-quadruplexes formed in the 

presence of K+, more than Na+, are thought to be biological relevant because, in 

mammalian cells, the intracellular K+ concentration (140 mM) is much more higher than 

that of Na+ (5-15 mM) (4). 

G-quadruplexes vary in several different key characteristics, including strand 

stoichiometry, strand orientation, loop connectivity, and glycosidic torsion angle. Based 

on the number of DNA strands involved in the formation of a G-quadruplex, the G-

quadruplex structure can be an intramolecular G-quadruplex (a single strand), or 

intermolecular G-quadruplex (two or four strands) (Figure 1.2). Generally, intramolecular 

G-quadruplexes are believed to be more biologically relevant. On the basis of their strand 

orientation, G-quadruplexes can be classified into three categories: parallel, anti-parallel, 

and mixed parallel/anti-parallel. For an intramolecular G-quadruplex, there are three 

loops connecting its four strands. All loops fall into one of these categories: edgewise, 

diagonal or double-chain-reversal loop (Figure 1.2). While edgewise loops connect two 

adjacent anti-parallel strands, diagonal loops cross over G-quadruplexes to connect two 

adjacent anti-parallel strands, whereas, double-chain-reversal loops connect two adjacent 

parallel strands (3). In terms of glycosidic torsion angles, guanines involved in formation 
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Figure 1.2. Different G-quadruplex structures. (A) A parallel four-stranded G-quaruplex; 
(B) two-stranded G-quadruplexes; (C) single-stranded G-quadruplexes with different 
loops indicated with arrows and labels. 
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of G-tetrads can be in both syn and anti conformation, whereas, bases in normal B-DNA 

are exclusively in anti conformation (5). 

1.1.2 I-motif 

Compared to the discovery of G-quadruplexes, the i-motif was observed very 

recently such that, in 1993, the DNA sequence d(TCCCCC) forms a tetrameric DNA 

structure with semi-protonated cytosine+-cytosine base pairs, called i-motif (6). This led 

to the investigation of i-motifs formed by many cytosine-rich (C-rich) sequences from 

telomeres or gene promoters (7-12). Studies showed that DNA sequences containing 

consecutive runs of cytosines, at slightly acidic pH (pH 5.8), are capable of forming 

intermolecular or intramolecular i-motif structures (Figure 1.1) (7-12).  The two parallel-

stranded C–C+ (one cytosine must be hemiprotonated at the N3 position) base-paired 

duplexes intercalate into each other in an anti-parallel orientation (Figure 1.1). I-motif 

structures are the only known nucleic acid structures which have involved base 

intercalation (7).  

Similar to G-quadruplex structures, i-motif structures can be formed 

intermolecularly or intramolecularly dependent on the number of DNA strands involved 

(Figure 1.3). The DNA strand d(TCC) containing only one cytosine repeat forms an i-

motif tetramer (Figure 1.3 a). The DNA strand 5mCCT3AC2 containing two cytosine 

repeats fold into an i-motif dimer (Figure 1.3 b), whereas, the DNA strand containing 

four cytosine repeats fold into an i-motif monomer, or intramolecular i-motif (Figure 1.3 

c). 
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Figure 1.3 Schematic showing of intermolecular and intramolecular i-motif structures. (a) 
Four strands (b) two strands, and (c) one strand. The strand orientation (5’ to 3’) is shown 
by triangles representing cytosines. DNA sequences are shown below their structures. 
Reproduce from reference (6) with permission from Elsevier. 
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1.2 Elements Involved in the Formation of DNA Secondary Structures 

 One may wonder how unusual DNA secondary structures including G-

quadruplexes and i-motifs are able to arise from normal B-DNA. Especially, since DNA 

in the cell is packed into nucleosomes and chromatin structure in which short tracts of 

DNA (~200 bp) wrap around a histone octamer that consists of two copies each of H2A. 

H2B, H3, and H4 (13).  Indeed, chromatin is a highly flexible structure that undergoes 

dynamic changes through chromatin remodeling during the course of transcriptional 

activation. 

1.2.1 Chromatin Remodeling  

 The chromatin and its subunits nucleosome have dynamic features that provide 

regulatory flexibility for many events such as transcription and replication.  In the 

transcriptional or replicational inactive state, the chromatin is in a hetero-chromatin state, 

where DNA is highly packaged and inaccessible to DNA transaction machinery. 

However, in the events of transcription and DNA replication, local DNA elements are 

affected by chromatin remodeling proteins, such as acetyltransferases and SWI/SNF 

complexes, to remodel the hetero-chromatin to a euchromatin structure in which local 

regions of DNA are accessible to DNA transaction machinery (13). The 

acetyltransferases and SWI/SNF complex have different mechanisms of action in 

chromatin remodeling and may act synergistically (14). Acetyltransferases disrupt 

chromatin structure by posttranslational modification of the histone proteins through 

acetylation of lysine residues within its amino-terminal domains, and promote structural 

transitions at the mononucleosome level that facilitate access of transcription factors to 
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DNA (13,14). SWI/SNF complex remodels chromatin structure by hydrolyzing ATP 

molecules and using the energy of ATP hydrolysis to disrupt the interaction between 

DNA and histones (13,14). 

 1.2.2 DNA Superhelicity and Secondary Structures 

DNA is a very long molecule and in order for it to be transcribed or replicated, the 

two DNA strands need to be separated to provide templates for DNA or RNA synthesis 

(15-17). Moreover, DNA in cells is constrained from free rotating by tethering to cellular 

structures. Therefore, when polymerase moves along its DNA template, it will cause the 

DNA before the polymerase to be positively supercoiled, whereas, leave the DNA behind 

the polymerase to be negatively supercoiled (15,16,18) (See Figure 1.4). Even through 

topoisomerases are responsible for releasing both negative and positive superhelicity, it 

takes at least 30 min for topoisomerases to completely remove the superhelicity 

generated, providing an opportunity for the formation of alternative DNA structures in 

the negatively supercoiled DNA (18). Because DNA needs to undergo a structural change 

to remain at a low energy state, the free energy of DNA negative supercoiling is used in 

the opening of the double-stranded DNA and facilitates the formation of alternative (non-

B) DNA structures such as Z-DNA and quadruplexes, which will affect protein binding 

to these regions (17). Therefore, the DNA superhelicity generated in the processes of 

DNA transcription and replication is necessary and important for DNA secondary 

structure formation. Finally, DNA supercoiling  can propagate across large distances and 

affect a distant point in cis, therefore, activating or deactivating an adjacent gene (15).  
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Figure 1.4 Superhelicity and DNA secondary structures. 1. DNA transaction machinery 
moves downstream, causing the DNA downstream overwinding, and the DNA upstream 
underwinding. 2. The underwinding DNA starts melting. 3. The underwinding DNA 
exists in single-stranded form. 4. The single-stranded DNA is converted to other DNA 
secondary structures. 
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1.3 Examples of G-quadruplex and I-motif Formation in Telomere and Oncogenes 

1.3.1 G-quadruplex in Telomeres 

At the ends of all eukaryotic chromosomes of every vertebrate, there are tandem 

repeats of guanine-rich sequences, called telomeres. In humans, the tandem repeat 

sequence is TTAGGG, typically several kilobases (kb) long. The terminal 100-150 

nucleotides of the 3’-end of most telomeres are single-stranded. Telomeres are believed 

to be responsible for maintaining the integrity of the genome. Telomeres are added to the 

chromosome ends by telomerase, a unique RNA-containing enzyme that mediates RNA-

dependent synthesis of telomeric repeats. High levels of telomerase expression have been 

found in human stem cells and in over 85% of cancer cells, but not in normal somatic 

cells (19). 

Many studies have indicated that the sequence of (TTAGGG)4 is able to form 

intramolecular G-quadruplex structures (20-22). The G-quadruplexes formed by the 

human telomere sequence has been studied by NMR spectroscopy and X-ray 

crystallography (20-23). The formation and stabilization of G-quadruplexes in telomeres 

have been shown to inhibit the telomerase activity (24). Thus, the telomeric G-

quadruplex has been an attractive target for cancer drug development. 

1.3.2 G-quadruplex in Gene Promoters 

In addition to the study of the G-quadruplex and i-motif structures in the telomere 

sequences, their formation in various promoter sequences has also been demonstrated. G-

quadruplex structures have been reported to form in the promoters of c-MYC, VEGF, Bcl-

2, RET, PDGFa, HIF1a, K-ras, RB and others (8,10,25-31).  
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The human c-Myc oncogene encodes a transcription factor involved in the 

regulation of thousands of genes (32) and its overexpression has been implicated in the 

pathogenesis of many types of cancers, including carcinomas of the breast, colon, and 

cervix, as well as small-cell lung cancer, glioblastomas and myeloid leukemias (33-35). 

The c-Myc oncogene is tightly regulated by utilizing four promoters. There is a nuclease 

hypersensitive element III1 (NHE) ( -142 to -115 base pairs upstream relative to the 

transcription starting site of P1 promoter) that controls 80-90% of its promoter activity 

(26). The Simonsson group demonstrated that a 27-base-long oligonucleotide Pu27 

corresponding to the G-rich strand in the c-Myc NHE III1 is able to form intramolecular 

G-quadruplex structures in the presence of K+ at physiological condition in vitro (25).  

Previous work in our lab demonstrated that the c-Myc G-quadruplex acts as a silencer 

element in c-Myc transcriptional regulation (26). A G-quadruplex-interactive compound, 

TMPyP4, is able to stabilize the c-Myc G-quadruplex structure in vitro and 

downregulates the c-Myc mRNA and protein levels in vivo (26). This provides the first 

evidence that the G-quadruplex in the c-Myc promoter is a silencer element in 

transcriptional regulation.  

The Pu27 contains five runs of guanines and can form multiple loop isomers by 

choosing different guanine repeats. The nuclear magnetic resonance (NMR) structures of 

c-Myc G-quadruplex were solved by Patel and Yang groups (36,37). The Patel group 

demonstrated that wild-type Pu27 forms multiple G-quadruplex structures and its 1D 

NMR spectra showed a very broad peak at the imino proton region 10-12 ppm, which are 

characteristic chemical shifts for G-quadruplexes (36). Its derivative sequences, Myc-
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2345 and Myc-1245, which have the first and third run of guanines modified 

respectively, showed well-resolved spectra at the imino proton region. The NMR 

structures of Myc-2345 and Myc-1245 both showed an intramolecular propeller-type 

parallel-stranded G-quadruplex. Their overall folding topologies are very similar and 

both contain a parallel three G-tetrad core and three double-chain-reversal loops. The 

difference between these two G-quadruplexes lies in that Myc-2345 has two bases in the 

central loop, whereas Myc-1245 has six bases in the central loop. The G-quadruplex 

formed by Myc-2345 is much more stable (15˚C higher melting temperature) than that 

formed by Myc-1245, which may be due to its relatively longer central loop (6 bases). 

The Yang group also demonstrated that the predominant G-quadruplex formed by the 3’-

side four runs of guanines of sequence Pu27 is a parallel G-quadruplex with similar 

folding topology as that of Myc-2345 (37). Importantly, the Yang group reported that the 

5’ and 3’-end flanking residues fold-back and cap both the top and bottom end of the G-

quadruplex by stacking force (37).  

The bcl-2 oncogene codes for an anti-apoptotic protein which is overexpressed in 

a variety of cancers including B-cell and T-cell lymphomas, breast, prostate, cervical, 

colorectal, and non-small cell lung carcinomas (38). In the proximal promoter of bcl-2 

gene, there are multiple runs of guanines which are critical for its promoter activity. Our 

lab demonstrated that the guanine-rich strand of this region is able to form multiple G-

quadruplexes (28). Among them, the G-quadruplex formed by the central four runs of 

guanines is the most stable one. Structural characterization demonstrated that the G-

quadruplex formed by the central four runs of guanines in the bcl-2 promoter is a mixed 
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parallel/anti-parallel G-quadruplex (28). More importantly, G-quadruplex-interactive 

agents bind to different G-quadruplexes formed in the bcl-2 promoter with different 

affinities, suggesting that it is possible to selectively target an individual G-quadruplex 

(28). The NMR structure of the bcl-2 G-quadruplex has been solved by Yang group and 

clearly demonstrates that the bcl-2 G-quadruplex is a mixed parallel/anti-parallel G-

quadruplex with two edgewise loops and one double-chain-reversal loop (38). 

Even though the formation of G-quadruplexes in single-stranded DNA has been 

extensively studied, no report has ever been published demonstrating their occurrence in 

duplex DNA, or supercoiled plasmid. In the proximal promoter of the human VEGF 

gene, there is a polypurine/polypyrimidine region which is essential for basal or inducible 

VEGF promoter activity. Plasmid footprintings with DNase I and S1 nuclease revealed 

that the guanine-rich (G-rich) strand in the polypurine/polypyrimidine region of the 

VEGF proximal promoter forms an unusual DNA secondary structure and is protected 

against cleavage by both nucleases, suggesting a non-B-DNA and non-single-stranded 

structure (27). Furthermore, results of circular dichroism and polymerase stop assay, 

which are commonly used to determine the formation of a G-quadruplex, indicated the G-

rich strand in the VEGF proximal promoter is able to fold into the G-quadruplex structure 

(27). This is the first evidence that, under certain conditions, such as the presence of high 

concentrations of K+ or G-quadruplex-interactive agents, G-quadruplexes can form in a 

supercoiled plasmid (27). Among the five runs of guanines in the G-rich strand of the the 

VEGF proximal promoter, the fifth run of guanine is involved in the formation of an 

intermolecular G-quadruplex, whereas, the first four runs of guanines form an 
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intramolecular parallel G-quadruplex with three layers of G-tetrads and three double-

chain-reversal loops of length 1:4:1 respectively (39). G-quadruplex-interactive agents, 

TMPyP4 and Se2SAP, are able to stabilize the VEGF G-quadruplex in a concentration-

dependent manner in vitro (39). Furthermore, these G-quadruplex-interactive agents 

dramatically downregulate the VEGF mRNA level in multiple cancer cell lines, including 

HEC1a (endometrial cancer cell) and MDA-MB-231 (breast cancer cell), suggesting a 

novel strategy to inhibit VEGF expression by targeting the G-quadruplex formed in its 

promoter (39).  

1.3.3 I-motifs in Telomeres and Gene Promoters   

The X-ray crystallographic analysis of d(C4) reveals a four-stranded structure 

composed of two intercalated duplexes. Each duplex is composed of two parallel strands 

which are held together by hemiprotonated C-C+ base-pairs, and the two duplexes are 

intercalated into each other in opposite direction (40). The crystal structure of d(C3T) 

shows that covalently bonded cytosines are in a right-handed twist of ~17oC.  In addition, 

crystals of d(C3T) grown at pH 6 were identical of that grown at pH 7, suggesting 

hemiprotonated cytosine-cytosine base-pairs occurs even at neutral pH, thus enhancing 

the possibility of the formation of i-motif in vivo and its biologically relevance (41). 

NMR studies of the human telomeric C-rich sequence [CCCTAA]3CCC and telomeric 

DNA of Tetrahymena, d[CCCCAA]3CCCC, have been reported to form intramolecular i-

motif structures at slightly acidic pH (9).  

The C-rich strand in the NHE region of the human c-Myc promoter has been 

demonstrated to form an intramolecular i-motif structure at slightly acidic pH (between 
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pH 6 and 7) (42). Among the multiple pyrimidine-rich sequences studied in the human c-

Myc NHE, Py16 was shown to form a bimolecular i-motif, whereas, Py22, 27 and 33 all 

form intramolecular i-motif structures (10).  

1.4 Biological Roles of G-quadruplexes 

Even though the formation of G-quadruplexes in vitro has been extensively 

studied, their formation and biological significance in vivo start emerging. Telomeres in 

the macronuleus of the ciliate protozoan Stylonychia lemnae contains a G-overhang 

consisting of 16 nucleotides, T4G4T4G4. Antibodies specific for telomeric G-quadruplex 

DNA react with the Stylonychia lemnae macronuclei, where extensive DNA 

reorganization and DNA elimination processes take place (43). After knockout of 

telomere end-binding proteins (TEBPs), which bind to the guanine-rich overhang of 

telomeres and facilitate the formation of G-quadruplexes, the binding of antibodies 

specific for telomeric G-quadruplexes is lost, reinforcing the idea that G-quadruplexes are 

formed in vivo (44). In addition, the fact that G-quadruplex-interactive agents are able to 

cause telomere shorting and cell senescence indirectly supports the formation of G-

quadruplexes in vivo (45). The biological roles of G-quadruplexes will be discussed in the 

following.  

1.4.1 Telomere Protection and Elongation 

Telomeres in eukaryote chromosome termini have tandem long repeats of a short 

sequence motif containing a guanine-rich strand in a 5’ to 3’ direction toward the 

chromosome terminus (46). The guanine-rich strand usually extends over the 

complementary strand and exists in a form of 3’ single-stranded overhang (46). 
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Maintaining the integrity of the 3’-overhang is essential for cell survival because the 3’ 

overhang maintains the genome integrity and prevents telomere end-end fusion and 

erosion that can cause genomic instability and cell senescence (47). Molecular 

mechanisms of how the 3’ overhang is protected have been proposed. The first 

mechanism requires the 3’ overhang to fold back and form a G-G hairpin structure and 

two such hairpin structures from two different chromosomes can dimerize to form a G-

quadruplex structure (46). The second proposed mechanism involves the formation of 

intramolecular G-quadruplexes in the 3’ overhang of telomeres (46). This process is 

likely to happen during replication when long single-stranded G-rich tails are expected to 

be transiently present (48). Another mechanism is called the t-loop model. The human 

telomeric binding protein TRF2 can remodel telomeric DNA into a large duplex loop (t-

loop) in vitro (46,49). For the formation of the t-loop structure in the telomere DNA, the 

3’ overhang folds back, invades into the duplex DNA region, displaces one DNA strand , 

thus forms a three-stranded DNA displacement loop (46).  

The formation of G-quadruplexes may also be implicated in telomere elongation. 

Blackburn and colleagues proposed a model of telomere elongation which includes steps 

of sequential binding, polymerization, and translocation (50). Telomerase recognizes the 

3’-ends of telomeres and the RNA template of telomerase hybridizes with the most 3’-

end nucleotides of a telomeric primer (telomeric DNA), and the primers is elongated to 

complete one telomeric repeat. Translocation can reposition primers with RNA template 

to initiate the next round of elongation. Nucleotides are added after the 3’-end of 

telomeres.  The telomere elongation requires the base-pairing between the telomere DNA 
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and the RNA template of telomerase. However, once the telomere DNA folds into the G-

quadruplex structure instead of linear DNA, it can not serve as a binding site for the RNA 

of telomerase. Therefore, the formation of G-quadruplexes may contribute to the 

regulation of telomere length in vivo (51).  

1.4.2 Transcriptional Regulation 

The proximal promoter regions of many important genes, such as c-Myc, bcl-2, 

VEGF, PDGFa, c-MYB, Rb and RET and others, contain highly polypurine 

(polyG)/polypyrimidine (polyC) sequences. Usually, the proximal promoter regions of 

these genes are nuclease hypersensitive and essential for their promoter activity. The 

formation of G-quadruplexes in these promoters has been reported in physiological 

condition in vitro. The G-quadruplex that is most studied and well-understood is that of 

c-Myc formed in the NHE of c-Myc proto-oncogene, locating -142 to -115 base pairs 

upstream of the P1 promoter. The c-Myc gene is overexpressed in nearly 60% cancers, 

including colorectal cancer, breast cancer, cervix carcinoma, small-cell lung cancer, 

glioblastoma, and myeloid leukemia (26). The NHE region in the c-Myc promoter 

controls 85-90% of the total c-Myc promoter activity. The G-rich strand in this region has 

been demonstrated to form a G-quadruplex and acts as a silencer element (26). Previous 

studies from our lab demonstrated that a G to A mutation, when destabilizes the G-

quadruplex, increases the c-Myc promoter activity by three-fold. Furthermore, TMPyP4 

is able to stabilize the c-Myc G-quadruplex in vitro and inhibits its promoter activity in 

vivo (26). 
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 The biological role of G-quadruplexes in the regulatory sequences of muscle-

specific genes has also been extensively studied. MyoD, a basic helix-loop-helix (bHLH) 

myogenic regulatory factor, is critical for skeletal muscle development (52). MyoD is 

able to form homodimers and hetrodimers with bHLH factor E47 (or E12) after 

dimerization mediated through helix-loop-helix interactions (52,53). The MyoD-E47 

heterodimer has a strong affinity for the E-box motif, a double-stranded DNA-binding 

site present in many copies in the promoters or enhancers of muscle-specific genes and 

activates transcription (53). However, MyoD homodimer binds more tightly to the G-rich 

strand of the E-box than to the double-stranded E-box motif (53,54). Circular dichroism 

spectroscopy and DMS footprinting of the G-rich strand in the E-box suggest that the G-

rich strand is able to form an intermolecular G-quadruplex (53). It is postulated that, 

during transcription, the pairing of two proximate guanine repeats could form a hairpin 

structure and potentially leads to the formation of an intramolecular G-quadruplex. The 

formation of G-quadruplexes in the regulatory region of muscle-specific gene promoters 

may trap MyoD homodimer and decrease the chance of MyoD forming a heterodimer 

with E47, thus repressing transcription activation (53).  

1.4.3 Other Functions 

G-quadruplexes are also related to genomic stability and disease (55). In the 

human fragile X syndrome, a significant expansion of a d(CGG)n repeat is located in the 

5’-end untranslated region of the first exon in the FMR1 gene promoter (56). In normal 

individuals, the d(CGG)n is 6-52 repeats long and every 9-11 of them are interspersed by 

a single d(AGG) trinucleotide (56). In individuals having fragile X syndrome 
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prematuration or maturation, the d(CGG)n in the FMR-1 gene promoter are 100-200 or 

200-2000 repeats long, respectively (56). CGG-repeats are able to form non-B DNA 

structures, such as hairpins and G-quadruplexes (56,57). In FMR-1 gene, the tandem 

repeat d(CGG) was shown to be able to form G-quadruplexes and cause polymerase 

slippage, resulting in expansion of d(CGG) repeats and silencing of FMR-1 gene, 

resulting in the fragile X syndrome (56). 

G-quadruplexes can be formed in many places throughout human genome, such 

as the telomeres, promoters, ribosomal DNA (rDNA), and immunoglobulin heavy-chain 

regions (55). G-quadruplex structures, which are extremely stable once formed, are not 

substrates of most enzymes including S1 and DNase I nucleases that are active on single-

stranded or duplex DNA. Instead, G-quadruplexes require specific enzymes, such as 

RecQ-family helicases, to unfold them. Otherwise, G-quadruplexes may block DNA 

transcription and replication and cause genomic mutations (55). Interestingly, many 

helicases, such as Escherichia coli RecQ, Saccharomyces cerevisiae SgS1p, human 

RecQ-family helicases BLM and WRN, have been found to unwind G-quadruplexes (55). 

The mutation or loss of RecQ helicase WRN protein in humans causes Werner syndrome, 

a genetic disorder which is characterized by premature aging and the development of 

malignancy. Hence, the failure of processing G-quadruplexes is linked with genomic 

instability and diseases (55).  

1.5 G-quadruplex as Drug Target and G-quadruplex-interactive Compounds 

In humans, the telomeric DNA repeat (TTAGGG) is 5 kb to 15 kb long. In normal 

cells, 50-500 bp of the repeat is lost after each cycle of DNA replication and the telomere 
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becomes shortened with each cell division. Ultimately, the telomere becomes too short to 

function, thus causing cells to apoptosis and die. However, in approximately 90% of 

cancers, but not normal somatic cells, telomerase is active and responsible for the 

maintenance of the telomere length. It has been demonstrated that the conversion of a 

single-stranded DNA to a four-stranded DNA structure (G-quadruplex) inhibits 

telomerase activity in vitro, and telomerase inhibition leads to cell death (58). Therefore, 

the telomeric G-quadruplex has been an attractive target for cancer drug development. In 

addition, G-quadruplex structures have been demonstrated to form in many oncogene or 

growth-related gene promoters, such as c-Myc, Bcl-2, PDGF-A, c-myb, VEGF and RET, 

and serve as an important element of on/off gene switch in transcriptional regulation. 

Previous studies in our lab have demonstrated that a small-molecule G-quadruplex-

interactive compound, TMPyP4, downregulates c-Myc transcription through targeting a 

specific G-quadruplex formed in the NHE region of the c-Myc promoter (26). Thus, 

targeting G-quadruplexes in the promoters of many oncogenes and growth-related genes 

has become another novel strategy for cancer drug development.  

A number of G-quadruplex-interactive agents have been developed (Figure 1.5). 

These molecules usually have planar structures and bind to G-quadruplexes through 

stacking force. However, exactly how the G-quadruplex-interactive compounds bind to 

G-quadruplex structures is not yet definite. Haq and colleagues showed that cationic 

porphyrins intercalate between G-tetrads (59), while other research suggested they end-

stack on terminal G-tetrads (60,61). Recently published NMR and crystal structures of G-

quadruplex-interactive compounds binding to G-quadruplexes definitively illustrated that 
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G-quadruplex-interactive agents preferentially stack on the terminal G-tetrads (62-64). 

Molecular modeling of these compounds binding to G-quadruplexes in our lab also 

suggests terminal stacking is more preferred than intercalation because, for intercalation, 

many compounds are too bulky to fit between two G-tetrads without disrupting of G-

quadruplexes. Furthermore, the Wilson group has characterized a new type of G-

quadruplex-interactive compound, DB832, which may target G-quadruplex structures in 

their grooves, rather than bind by end-stacking (65). Interestingly, the stoichiometry for 

distinct G-quadruplex-interactive compounds can be different. For TMPyP4, a NMR 

structural study showed that one TMPyP4 molecule stacks on the 5’-end G-tetrad of the 

c-Myc G-quadruplex (62). A similar study with distamycin and a four-stranded parallel 

G-quadruplex suggested two molecules of distamycin stack on each of the terminal G-

tetrads (63). For daunomycin, the crystal structure of daunomycin and telomeric G-

quadruplex structures suggested that three daunomycin molecules are held together in 

one layer and tightly stack onto the end of the 5’-end G-tetrad of one G-quadruplex (64).  
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Figure 1.5 G-quadruplex-interactive compounds 
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1.6 Tumor Angiogenesis and Anti-angiogenesis Therapy 

1.6.1 VEGF and Tumor Angiogenesis 

For a tumor to grow over a certain size (2-3 mm3), it needs to build its own blood 

supply network from pre-existing ones, called angiogenesis, to establish blood flow into 

the tumor, by which, bringing oxygen and nutrients and removing metabolic waste 

products (66). Without angiogenesis and new blood vessel formation, most solid tumors 

stop growing and enter a dormant state (67). In 1962, Folkman and colleagues first 

observed new blood vessels sprouting from pre-existing ones that surround implanted 

tumor cells (68). Later, studies demonstrated that new blood vessels sprouts are elicited 

even if a tumor implant is enclosed in a Millipore filter chamber that prevents the passage 

of cells (67). Therefore, tumor angiogenesis is mediated by diffusible message released 

from tumor cells to nearby endothelial cells (69,70). On the basis of this, VEGF (vascular 

endothelial growth factor or vascular permeability factor, VPF) was first isolated in 1983 

and was shown to be mitogenic to endothelial cells and stimulate rapid formation of new 

capillaries in animals (71,72). Following the discovery of VEGF, many molecules 

implicated in angiogenesis have been discovered, including acidic fibroblast growth 

factor (FGF), transforming growth factor (TGF)-α, TGF-β, tumor-necrosis factor (TNF)-

α and others (73). Even though these factors show angiogenesis activity in bioassays, 

they do not function physiologically (74). Therefore, VEGF family members are the key 

regulators of tumor angiogenesis.  

VEGF (also referred to VEGF-A) belongs to a gene family that includes VEGF-

B, C, D and placental growth factor (73). Although VEGF-A is involved in blood vessel 
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angiogenesis, VEGF-C and D are involved in lymphatic angiogenesis (75). The VEGF-A 

mRNA undergoes alternative splicing leading to the production of four homodimeric 

proteins, with each monomer having 121, 165, 189 and 206 amino acids, respectively 

(76). Evidence has shown that VEGF165 is the most physiologically relevant isoform (77).  

VEGF exerts its biologic effect by binding to its transmembrane tyrosine kinase 

receptors present on the cell surface. These receptors include VEGFR-1 (Flt-1), VEGFR-

2 (KDR/Flk-1), VEGFR-3 (Flt-4) and neuropilin receptor (NRP-1). VEGFR-1 and -2 are 

mainly expressed on vascular endothelial cells, whereas VEGFR-3 (Flt-4) is expressed on 

lymphatic and vascular endothelium, and the neuropilin receptor (NRP-1) is expressed on 

vascular endothelium and neurons (78). Binding of VEGF to the extracellular domain of 

its receptor initiates dimerization and autophosphorylation of the intracellular receptor 

tyrosine kinases resulting in activation of a cascade of downstream proteins. VEGFR-2 

appears to be the main receptor responsible for mediating the proangiogenic effects of 

VEGF (79). 

1.6.2 Anti-angiogenesis Therapy 

Although many steps are involved in the activation of vascular vessel growth, 

including endothelial cell proliferation, migration and tubule formation, VEGF signaling 

represents a rate-limiting step (73). Given the importance of VEGF and its receptors in 

tumor angiogenesis, much effort has been invested into targeting this signal transduction 

pathway over the last few decades (67). Strategies to inhibit VEGF signal transduction 

pathway include binding of the VEGF protein and blockade of the VEGF receptor.  
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a. Neutralizing Antibodies against VEGF 

Anti-VEGF Antibody (bevacizumab). Bevacizumab (Avastin, Genentech) is a 

recombinant humanized monoclonal antibody which binds to and neutralizes all 

biologically active isoforms of VEGF, thus inhibiting the function of VEGF (80). This 

humanized antibody was demonstrated to inhibit capillary endothelial cell proliferation in 

response to VEGF and have antitumor effects in sarcoma and breast cancer cell lines 

(80,81)  Furthermore, the addition of Bevacizumab to front-line chemotherapy in 

metastatic colorectal cancer patients has led to a significantly prolonged overall survival 

(82). Bevacizumab was approved by the US Food and Drug Administration (FDA) in 

February 2004 for the first-line treatment of metastatic colorectal cancer in combination 

with 5-fluorouracil-based chemotherapy, makes Bevacizumab the first approved agent to 

target tumor angiogenesis (83).  

VEGF Trap. VEGF trap (Aflibercept, Regeneron, Inc) is a soluble receptor to 

VEGF. VEGF trap is a high-affinity anti-VEGF compound, engineered by combining 

portions of the human VEGF receptor Flt-1 and KDR extracellular domains to the Fc 

portion of a human immunoglobulin G (84). VEGF Trap serves as a decoy protein that 

prevents VEGF-A from binding to its natural receptors, Flt-1 and KDR. VEGF Trap has a 

much higher affinity (100- to 1000-fold) for circulating VEGF than for monoclonal 

antibodies (84). Preclinical studies have shown that VEGF trap has antitumor activity 

(85). In several studies, VEGF trap was shown to significantly decrease tumor size in 

xenograft models (85). Immunohistochemical staining showed a dramatic decrease in 

tumor vasculature in the VEGF trap-treated mice (85). In a phase II randomized, double-
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blind trail, VEGF trap was given as a single agent to patients with recurrent platinum-

resistant epithelial ovarian cancer. Preliminary results demonstrated that VEGF trap 

showed anti-tumor activity by an 8 percent partial response rate and 77% stable disease in 

heavily pretreated patients who failed multiple other treatments (86).  

b. Small-molecule VEGF Receptor Inhibitors 

An alternative approach to inhibit VEGF signal transduction utilizes small-

molecule tyrosine kinase inhibitors. By binding to the ATP-binding pocket in kinases, 

these agents inhibit both the VEGF receptors and other receptors in the split kinase 

domain superfamily of receptor tyrosine kinases (87). 

SU011248. SU011248 (Sunitinib, Pfizer) is an orally bioavailable small molecule 

tyrosine kinase inhibitor of VEGFR-1, PDGFR, and c-kit. SU011248 does not inhibit 

epidermal growth factor receptor and inhibits the FGF receptor only at very high 

concentrations (88). In biochemical assays, SU11248 demonstrated competitive 

inhibition against VEGFR-1 and PDGFR-β with Kd values of 0.009 µM and 0.008 µM, 

respectively (88). In in vivo experiments, mice bearing tumors expressing VEGFR-2 or 

PDGFR-β on the tumor cells indicated significant inhibition of VEGF and PDGFR 

phosphorylation and downstream signaling in SU011248-treated animals (88). 

Investigation in mouse xenograft models demonstrated growth inhibition of various 

implanted solid tumors and dramatic reduction of microvessel density, an indicator of 

tumor angiogenic activity (88). In a phase II study, 63 patients with metastatic renal 

cancer who received SU011248 demonstrated a response rate of 33%. Notably, an 

additional large percentage of patients (37%) had disease stabilization for more than 3 
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months (89). SU011248 has been approved for treating two types of cancers: 

gastrointestinal stromal tumor and advanced renal cell carcinoma. 

PTK787/ZK222584 (vatalanib). PTK787/ZK222584 (Vatalanib, Novartis) is an 

oral, selective inhibitor of VEGFR-1, VEGFR-2, and PDGFR-β tyrosine kinases (90). In 

the preclinical study, PTK787 showed inhibition effects on VEGF-induced endothelial 

cell proliferation, migration, and survival (90). PTK787 demonstrated inhibition of both 

VEGF- and PDGF-induced vascularization in a growth factor implant model and reduced 

vascularization induced by tumors implanted into nude mice (90). In a phase II clinical 

trial in patients with metastatic gastrointestinal stromal tumors, 13% showed partial 

response and 53% had stable disease for 3 months or longer (91). 

BAY 43-9006(sorafenib). Activating mutations of the Ras family of oncogenes 

have been observed in solid tumors. Activated Ras promotes cell proliferation through 

the Raf/MEK/ERK pathway by binding to and activating Raf kinase (79). BAY 43-9006 

(Sorafenib, Bayer Pharmaceuticals) is an orally bioavailable Raf kinase inhibitor. BAY 

43-9006 has also demonstrated direct inhibition of VEGFR-2, VEGFR-3, and PDGFR-β 

(89). Xenograft models treated with BAY 43-9006 demonstrated significant inhibition of 

tumor angiogenesis, as measured by anti-CD31 immunostaining (79,92). In a phase II 

clinical trial in 41 patients with renal cell carcinoma, 30% of patients had stable disease 

and 40% showed response upon treatment with Bay 43-9006 (89).  

c. Aptamers 

Aptamers are small oligonucleotides (RNA and DNA) that can bind to protein 

targets with high affinity and specificity (93). Aptamers can be used for diagnostics, 
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therapeutics, biosensors, and tools for probing fundamental cellular processes. Compared 

to monoclonal antibody, aptamers are non-immunogenic even in excess of therapeutic 

doses (94). By contrast, peptides and antibodies are often highly immunogenic. In 2004, 

Pegaptanib, an aptamer targeting VEGF-165, the VEGF isoform responsible for 

pathological neovascularization and vascular permeability, was approved by US FDA for 

ocular vascular disease. This is the first therapeutic aptamer that was approved for use in 

humans (93). Pegaptanib has been shown to bind to heparin binding site on VEGF and 

prevent VEGF from interacting with its receptors (95). 

 

1.7 Research Objectives 

The goal of my studies is to characterize unusual DNA secondary structures in the 

VEGF and RET promoter and how they interact with transcription factors and proteins to 

modulate VEGF gene transcription. Furthermore, how to drug target these unusual DNA 

secondary structures is explored. 

1.7.1 Study of Unusual DNA Secondary Structures in the VEGF Proximal Promoter   

Previous studies in our laboratory demonstrated that G-quadruplex-interactive 

compounds can stabilize the G-quadruplex formed in VEGF proximal promoter and 

inhibit the VEGF mRNA level in different cancer cells. In addition, plasmid footprinting 

suggested that unusual DNA secondary structures can form in the VEGF proximal 

promoter. My studies of unusual DNA secondary structures in the VEGF proximal 

promoter are: 
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a. Characterization of unusual DNA secondary structures formed by the G-rich 

and C-rich strands in the VEGF proximal promoter. Using biochemical and biophysical 

techniques, the G-quadruplex and i-motif structures formed by the G-rich and C-rich 

strand respectively are investigated.  

b. NMR study of VEGF G-quadruplexes. The predominant VEGF G-quadruplex 

is investigated using 1D NMR. The guanines involved in G-quadruplex formation are 

studied after site-specific N15 labeling. 

c. Identification of transcription factors or proteins involved in the interaction of 

B-DNA, single-strand DNA, and unusual DNA secondary structure. From our study, it is 

known that the DNA in the VEGF proximal promoter can exist in three states: normal B-

DNA, single stranded DNA, and unusual DNA secondary structures, such as G-

quadruplex and i-motif structures. Transcription factors recognizing these different 

structural elements are investigated. 

 

1.7.2 Study of Unusual DNA Secondary Structures in the RET Proto-oncogene 

Proximal Promoter 

The RET proto-oncogene is implicated in the development of several human 

cancers, especially thyroid cancer. A G/C-rich region in the RET proximal promoter (-59 

to -25 relative to the transcription start site) is essential for its promoter activity. My 

studies of the unusual DNA secondary structures are: 

a. Characterization of unusual DNA secondary structures formed in the RET 

proto-oncogene using biochemical and biophysical techniques.  
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b. Drug targeting these unusual DNA secondary structures. Small-molecule G-

quadruplex-interactive compounds are shown to stabilize RET G-quadruplex.  
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CHAPTER 2 

INTRAMOLECULARLY FOLDED G-QUADRUPLEX AND I-MOTIF 

STRUCTURES IN THE PROXIMAL PROMOTER OF THE VASCULAR 

ENDOTHELIAL GROWTH FACTOR GENE 

 

2.1 Introduction 

VEGF, a key regulator of angiogenesis, plays an important role in tumor survival, 

growth, and metastasis(1,2) and is overexpressed in many types of human cancers, 

including glioma, renal cell carcinoma, and ovarian and pancreatic cancer(3-6).  VEGF 

expression is regulated by many external stimuli, such as hypoxia(7-9), growth 

factors(10,11), hormones(12), and cytokines(13,14).  Also, the loss or inactivation of 

tumor suppressor genes(15,16) and the activation of oncogenes(17) are reported to cause 

VEGF upregulation.  Studies on the molecular mechanism of VEGF gene expression 

have defined major cis-acting elements and transcription factors involved in the 

regulation of this expression(18-20).  These studies showed that a polyG/polyC tract in 

the VEGF proximal promoter region (–85 to –50 base pairs relative to the initiation of 

transcription; see Figure 2.1) is essential for basal and inducible VEGF expression.  This 

polyG/polyC tract contains three potential Sp1 binding sites (Figure 2.1).  It was reported 

that the deletion of this polyG/polyC tract dramatically decreases the basal promoter 

activity by about 90% and abolishes VEGF expression induced by platelet-derived 

growth factor in NIH3T3 cells(18).  In another report, the deletion of this polyG/polyC  
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Figure 2.1.  Schematic diagram of the proximal promoter region of the human VEGF 
gene, with the location and base sequence of the polyG/polyC tract in this region shown.  
Three Sp1 binding sites are enclosed in boxes, and the four runs of guanines are 
underlined.  The DNase I and S1 nuclease hypersensitive sites are indicated with filled 
circles and arrowheads, respectively. 
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tract totally abrogated VEGF promoter activity in PANC-1 cancer cells(19).  Given the 

importance of this tract for VEGF promoter activity, I examined the DNA sequence of 

this region and found that the G-rich strand contains four consecutive runs of guanines 

separated by one or two cytosine bases, and the C-rich strand contains four consecutive 

runs of cytosines separated by one or two guanine bases.  These sequences are consistent 

with the general motifs that form G-quadruplex and i-motif structures. 

DNA sequences containing consecutive runs of guanines are known to form inter- 

or intramolecular G-quadruplex structures.  These are four-stranded structures consisting 

of stacked G-tetrads having a planar association of four guanines held together by 

Hoogsteen hydrogen bonding(21-25).  DNA sequences containing consecutive runs of 

cytosines, at slightly acidic pH, are capable of forming intermolecular or intramolecular 

four-stranded i-motif structures.  The two parallel-stranded C–C+ (one cytosine must be 

hemiprotonated at the N3 position) base-paired duplexes intercalate into each other in an 

antiparallel orientation.  G-quadruplex and i-motif structures have been extensively 

studied and have been shown to form in the telomeric ends of eukaryotic 

chromosomes(26-30) and in the G- and C-rich sequences located in the proximal 

promoter regions of c-Myc(21,31,32), KRAS(30,33), Rb(34), and RET(35) genes.  In the 

present study, I demonstrate the formation of these structures in the VEGF promoter. 

Within supercoiled plasmid DNA, the G-rich strand in the polyG/polyC tract of 

the VEGF proximal promoter is very dynamic and able to adopt non-B-DNA 

conformations, which are resistant to cleavage by both DNase I and S1 nuclease, in the 

presence of K+ or the G-quadruplex-interactive agent telomestatin(36).  Results from a 
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polymerase stop assay and CD studies of the G-rich strand in this region show the 

formation of an intramolecular parallel G-quadruplex structure(36).  In this article, the 

most thermodynamically stable G-quadruplex formed by the G-rich strand in the VEGF 

proximal promoter is studied using mutational analysis, CD melting, DMS footprinting, 

and a polymerase stop assay. 

Here, I demonstrate the formation of both G-quadruplex and i-motif structures in 

the VEGF proximal promoter and characterize their structures using biochemical and 

biophysical techniques.  The sequences that form these G-quadruplex and i-motif 

structures in promoter regions have been compared to provide additional insight into the 

conservation of these elements. 

2.2 Materials and Methods 

Materials 

The oligonucleotides used in this work were purchased from Biosearch 

Technologies (Novato, CA), and their sequences are listed in Table 1. 

Circular Dichroism Spectroscopy 

CD spectra were recorded on a Jasco-810 spectrophotometer (Jasco, Easton, MD) 

at room temperature (~25 °C), using a quartz cell of 1 mm optical path length, an 

instrument scanning speed of 100 nm/min, with a response time of 1 s, and over a 

wavelength range of 200–350 nm.  Each spectrum was recorded three times, smoothed, 

and baseline-corrected for signal contributions from used buffers. 

For the G-quadruplex study, the oligonucleotides were diluted to a strand 

concentration of 10 µM in 50 mM Tris-HCl, pH 7.4, with an appropriate concentration of 
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KCl.  In the Tm experiment with 20 mM KCl, the molar ellipticities at 262 nm at different 

temperatures (4 °C–95 °C) were recorded and plotted against temperatures. 

For the i-motif study, the oligonucleotides were diluted to a strand concentration 

of 10 µM in 50 mM Tris-acetate at appropriate pHs. To determine the transition mid-

point of the VEGF i-motif structure, the molar ellipticities at 288 nm against pHs were 

plotted and the mid-point was determined.  

DMS Footprinting 

The oligonucleotides were 5´-end-labeled with 32P and purified by micro-spin 

column 6.  The 32P-labeled oligonucleotides were treated with 2% DMS for 5 min in 

either the absence of KCl or the presence of 100 mM KCl.  The DMS-treated 

oligonucleotides were loaded on a 16% non-denaturing polyacrylamide gel to separate 

the single-stranded DNA and intramolecular G-quadruplex from other intermolecular G-

quadruplexes by their different electrophoretic mobilities.  The DNA were recovered and 

subjected to piperidine cleavage (as detailed in ref 21). 

 

Polymerase Stop Assay 

The polymerase stop assay templates were designed by placing the VEGF 

proximal promoter G-rich sequence, or the various mutant G-rich sequences, in a 

polymerase stop assay cassette, as described previously(37).  5´-end-labeled primer p28 

d(TAATACGACTCACTATAGCAATTGCGTG) and template DNA were annealed in 

an annealing buffer (50 µM Tris-HCl, pH 7.5, 10 µM NaCl) by heating at 95 °C for 5 

min and slowly cooling to room temperature.  The primer-annealed template 
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oligonucleotides were purified by electrophoresis using a 12% non-denaturing 

polyacrylamide gel.  The purified primer template oligonucleotides were used in a primer 

extension assay with Taq DNA polymerase, as described previously(37).  

Native Polyacrylamide Gel Electrophoresis  

The pHs of PAGE gel solution in 1× Tris-Acetate-EDTA and running buffer (1× 

Tris-acetate-EDTA) were both adjusted to pH 5.0.  10,000 cpm of 32P-labeled IM1 or 

T24 in 50 mM Tris-acetate, pH 5.0, was heated at 95 °C for 5 min, cooled to room 

temperature, and incubated at room temperature for 2 h before loading on a 20% non-

denaturing PAGE gel. 
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Table 2.1. Oligonucleotides used in this study 
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2.3 Results 

2.3.1 Formation of G-quadruplex Structures in the G-rich Strand of the VEGF 

Proximal Promoter 

We have reported that the G-rich strand of the VEGF proximal promoter is able to 

form a unusual DNA secondary structure in the presence of KCl or G-quadruplex-

interactive-agents, such as TMPyP4 and telomestatin (36).  The G-rich strand of the 

VEGF proximal promoter (-85 to -50) contains five runs of guanines (Figure 2.1). Our 

previous work has shown that the 5’-end four runs of guanines are involved in the 

formation of an intramolecular G-quadruplex, whereas, the fifth run of guanine is 

involved in the formation of intermolecular (38). Therefore, I focused on the study of the 

G-quadruplex formed by the first four runs of guanines.  In the presence of 100 mM KCl, 

the CD spectrum of the wild-type G-rich sequence in the VEGF proximal promoter (WT, 

Table 1A) exhibits a characteristic positive peak at 264 nm and a negative peak at 240 

nm, suggesting that it forms a parallel G-quadruplex structure (Figure 2.2 A) (35,36). 

To resolve the G-quadruplex structure formed by this strand, DMS footprinting 

was performed to identify guanines involved in the G-tetrads, by their resistance to 

methylation at position N7 due to Hoogsteen hydrogen bonding (21).  In this process, G-

quadruplex-forming oligonucleotides were subjected to DMS treatment in the absence or 

presence of KCl. The DMS-treated samples were resolved on a non-denaturing 

polyacrylamide gel and the intramolecularly folded DNA samples were recovered from  
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Figure 2.2.  CD and DMS footprinting of the wild-type VEGF G-rich strand (WT) and 
other mutant sequences.  (A) CD spectrum of WT in the presence of 100 mM KCl.  (B) 
DMS footprinting of WT, C9T, C9A, C10T, and C10A in the absence of KCl (–) or in 
the presence of 100 mM KCl (+). (C) DMS footprinting of G11/12T.  The AG and TC 
sequencing reactions for WT are shown on the left of (B). 
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the gel and subjected to piperidine cleavage. In the absence of KCl, the DMS methylation 

pattern of the guanines along the WT sequence is consistent with an unstructured DNA 

form (Figure 2.2 B, lane 3), whereas in the presence of 100 mM KCl, some guanines 

were well-protected against DMS methylation, while others showed enhanced 

methylation and subsequent cleavage (Figure 2.2 B, lane 4).  The DMS footprinting 

pattern of WT in the presence of 100 mM KCl demonstrated a signature for G-

quadruplex formation where four tracts of three guanines (G2–G4, G6–G8, G13–G15, 

and G17–G19) form the four strands of a G-quadruplex with a 1:4:1 loop arrangement 

(two 1-base loops and one 4-base loop) consisting of C5, C9–G12, and C16, respectively 

(defined as G-quadruplex I; see Figure 2.3 B).  Unexpectedly, G14, which is located in 

the run of five guanines (G11–G15), showed only modest methylation by DMS, which is 

consistent with our previous observation(38). 

In an attempt to understand the reactivity mechanism of G14 to DMS and to 

extend our previous study(38), I first determined whether the two cytosines in the central 

loop (C9 and C10) are involved in cleavage at G14 by forming possible C–G base pairs.  

Sequences containing C-to-T or C-to-A mutations (C9T, C9A, C10T, and C10A in Table 

1A) in the central loop were examined first.  In the presence of 100 mM KCl, the CD 

spectra of these sequences are similar to that of oligonucleotide WT (data not shown), 

suggesting that they all form parallel G-quadruplexes. DMS footprinting results showed 

that methylation at G14 still persists (Figure 2.2 B, lanes 6, 8, 10, and 12), with some 

decrease in oligomers C9T and C10A compared to the WT sequence.  DMS footprinting 

of an oligomer with G-to-T mutations at positions 11 and 12 (G11/12T in Table 1A), 
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which forms a parallel G-quadruplex based on CD (data not shown), revealed that 

methylation at G14 disappeared (Figure 2.2 C).  This experiment demonstrates that the 

modest reactivity to DMS at G14 in the WT sequence is dependent on the presence of the 

two guanines in the loop. Thus, the modest reactivity of G14 to DMS comes from either 

the alternative use of the five consecutive guanines in forming G-quadruplexes (see 

below) or other possible interplay among G14, G11, and G12.  However, a clear 

explanation for the reactivity of G14 to DMS requires detailed information on the VEGF 

G-quadruplex by NMR or X-ray crystallography.  

 

2.3.2 DMS Footprinting, Polymerase Stop Assay, and CD Studies Show that There 

Are Two Equilibrating G-quadruplex Loop Isomers, of which the 1:4:1 Form Is the 

Most Stable 

In the G-rich strand of the VEGF proximal promoter, the third run of guanines 

contains five guanines (G11–G15), but only three consecutive guanines are required to 

form a G-quadruplex.  In principle, different loop isomers using these five guanines are 

able to form by using three different contiguous guanines, i.e., G11–G13, G12–G14, or 

G13–G15.  To evaluate this hypothesis, I designed several mutant sequences (G11T, 

G12T, G14T, and G14A in Table 1A).  The CD spectra of these four sequences in the 

presence of 100 mM KCl all demonstrated parallel G-quadruplex formation (data not 

shown).  In the presence of KCl, DMS footprinting of G11T and G12T showed that four 

runs of three guanines (G2–G4, G6–G8, G13–G15, and G17–G19) are well protected 

against DMS methylation and subsequent cleavage, while the other guanines (G1, G12,  
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Figure 2.3. (A) DMS footprinting of oligonucleotides G11T, G12T, G14T and G14A in 
the absence of KCl (–) or in the presence of 100 mM KCl (+).  The sequence of G11T is 
shown to the right of the gel.  For the other sequences, only the mutated region of G11–
G15 is shown.  The mutation sites in each sequence are indicated with an asterisk.  (B) 
The two different folding patterns (1:4:1 and 1:2:3) for the VEGF G-quadruplexes 
inferred from this data. 
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and G20 in G11T, and G11 and G20 in G12T) showed enhanced DMS methylation and 

subsequent cleavage (Figure 2.3 A, lanes 2 and 4).  Overall, the G-quadruplex structures 

formed by these mutants at the 5´-end of the run of five guanines (G11T and G12T) use 

the same three G-tetrads, with a 1:4:1 arrangement of loops, as those formed by the WT 

oligomer (defined as G-quadruplex I; Figure 2.3 B).  For sequences G14T and G14A, we 

saw a different DMS footprinting pattern:  the three contiguous guanines at the 5´-end of 

the third run of guanines (G11–G13) were well protected against DMS methylation 

(Figure 2.3 A, lanes 6 and 8), suggesting that guanines G11–G13 are involved in G-

quadruplex formation.  DMS footprinting of G14T and G14A in the presence of 100 mM 

KCl demonstrated a pattern of G-quadruplex formation where G2–G4, G6–G8, G11–

G13, and G17–G19 form the four strands that connect the three tetrads, with a 1:2:3 

arrangement of loops composed of C5; C9 and C10; and G14, G15, and C16, respectively 

(defined as G-quadruplex II; Figure 2.3 B). 

The stabilities of G-quadruplexes I and II were compared using a polymerase stop 

assay (Figure 2.4 A).  Very significant stop products were seen for the sequences that 

form G-quadruplexes using the three guanines at the 3´-end (G13–G15) of the five 

guanine run with increasing concentrations of KCl (Figure 2.4 A, Pol-WT, Pol-G11T, 

Pol-G12T, Pol-G11/12T), whereas only minor stop products were observed for the 

sequences that form G-quadruplexes using the three guanines at the 5´-end (G11–G13) 

(Figure 2.4 A, Pol-G14T and Pol-G14A).  It is concluded that the G-quadruplex structure 

(G-quadruplex I) formed using the three 3´-end guanines (G13–G15), which forms a 

1:4:1 loop isomer species, is more stable than the one (G-quadruplex II) formed using the  
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Figure 2.4. (A) Polymerase stop assay of Pol-WT, Pol-G11T, Pol-G12T, Pol-G11/12T, 
Pol-G14T, and Pol-G14A with increasing concentrations of KCl.  The primer site, stop 
product site, and full-length product site are indicated with arrows.  Sequencing reactions 
of guanine for each sequence are indicated at the top of each lane (G).  (B) The 
polymerase stop assay cassette sequence is shown with a box indicating the different G-
quadruplex sequences studied.  The primer site and stop site product are shown with 
arrows.  The G-quadruplex sequences are shown below the polymerase stop assay 
cassette sequence, with their Tm on the right. 
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three 5´-end guanines (G11–G13).  This is further confirmed by CD melting experiments, 

which showed that the G-quadruplex structures with the 1:4:1 loop arrangement (G11T, 

G12T, G11/12T) have higher Tm (64–67 °C vs. 57–61 °C) than the G-quadruplexes with 

the 1:2:3 loop arrangement (G14T and G14A) (Figure 2.4 B). 

 

2.3.3 The C-rich Strand of the VEGF Proximal Promoter Forms an Intramolecular 

I-motif Structure 

To determine whether an i-motif structure is formed by the C-rich strand of the 

VEGF proximal promoter, CD spectra of IM1 (Table 1B), a sequence identical to the C-

rich strand of the VEGF proximal promoter, were collected at different pHs.  As shown in 

Figure 2.5 A, at acidic pH (≤ 5.9), there is a characteristic positive peak at 288 nm and a 

negative peak at 265 nm, with crossover at 276 nm, indicating the formation of an i-motif 

structure. At pH >7, the positive peak sharply decreases, showing that the i-motif stability 

decreases with increasing pH.  This indicates that an unstructured DNA forms at neutral 

pH due to the deprotonation and the disruption of C–C+ base-pairing.  The transition mid-

point pH was determined to be pH 5.8 by plotting the molar ellipticity at 288 nm versus 

pHs (Figure 2.5 B).  

Native PAGE was used to differentiate between the formation of intramolecular 

and intermolecular i-motif structures(31,39,40).  A 24-mer dT oligonucleotide, T24 

(Table 1B), was used as a control in this experiment.  T24 and IM1 were first subjected to 

electrophoresis on a denaturing PAGE gel at pH 8.3, where it was found that IM1 ran as a 

single band with a similar mobility to T24, which is similar in size to IM1 (Figure 2.5 C).   



 

 

60

 
 
 

Figure 2.5.  (A) CD spectra of IM1 at room temperature in 50 mM Tris-acetate buffer at 
different pHs (8.0–4.4).  (B) pH dependence of the molar ellipticity at 288 nm from (A).  
(C) IM1 and T24 on denaturing PAGE gel at pH 8.3 (left) and on a non-denaturing 
PAGE gel at pH 5.0 (right).  (D) CD spectra of IM1–IM5 at pH 5.5. 
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Subsequently, the same oligomers were run on a native PAGE gel at pH 5.0, conditions at 

which IM1 forms an i-motif structure as determined by CD.  The result in Figure 2.5 C 

shows that IM1 travels as one band faster than T24, suggesting that under acidic 

conditions, IM1 adopts an intramolecular structure. 

If an intramolecular i-motif structure is formed, all four runs of cytosines should 

be involved in i-motif formation.  Therefore, mutations within each run of cytosines 

should disrupt this formation.  To test this, a single C-to-T mutation, double C-to-T 

mutations, or triple C-to-T mutations were introduced in the middle of runs of three 

cytosines, four cytosines or five cytosines, respectively, to disrupt the cytosine repeats 

and determine their involvement in i-motif formation.  CD spectra of these different 

mutant sequences (IM2–IM5, Table 1B) and IM1 at pH 5.5 were determined.  When 

compared to the CD spectra of IM1, the i-motif signature peaks (288 nm) of IM2–IM5 

were all dramatically decreased (Figure 2.5 D), suggesting that each run of cytosines 

contributes to base-pairing during i-motif formation, which further supports an 

intramolecular i-motif formation. 

 

2.3.4 Determination of the Cytosines Involved in the Formation of the 

Intramolecular I-motif by CD Analysis 

CD analysis of wild-type and mutant sequences was previously used to 

characterize the i-motif structure formed by the C-rich strand on the 5´-end of the Rb 

gene(34).  In the C-rich sequence of the VEGF promoter, only the third run contains three 

cytosines.  Therefore, it was assumed that there would be only three cytosines in each run 
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involved in the i-motif structure.  To identify which three cytosines are involved in the 

hemiprotonated C–C+ pairing of the i-motif, selective C-to-T mutations were introduced 

at specific positions on the wild-type C-rich sequence (IM6–IM12, Table 1B).  The CD 

spectra of these sequences were collected and compared with that of IM1.  IM6 and IM7 

were designed so that the C at either the 5´-end (IM6) or the 3´-end (IM7) of the first run 

of cytosines was mutated to T.  The results show that the mutation at the 3´-end (IM7) 

produces a greater reduction in molar ellipticity at 288 nm in comparison to the mutation 

at the 5´-end (IM6) (Figure 2.6 A), suggesting that the C at the 3´-end is more important 

for i-motif structure formation.  Using the same procedure, it was shown that in the 

second run of cytosines, the central three cytosines are more important for i-motif 

formation (Figure 2.6 B), and in the fourth run of cytosines, the C at the 3´-end is more 

critical for i-motif formation (Figure 2.6 C).  On the basis of these results, the cytosines 

of IM1 involved in i-motif formation are proposed to be C2–C4, C7–C9, C13–C15, and 

C18–C20 (Figure 2.6 D).  
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Figure 2.6.  CD spectra of IM1 and IM6 and IM7 (A), IM1 and IM8–IM10 (B), and IM1 
and IM11 and IM12 (C).  The cytosines predicted to be involved in i-motif formation are 
underlined (D). 
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2.3.5 Determination of the Predominant I-motif Structure Formed by the C-rich 

Strand by Br2 Footprinting 

As we previously reported, Br2 footprinting can be used to unambiguously 

determine the identity of the cytosine residues involved in base pairings and 

intercalations to form i-motif structures(35).  As shown in Figure 2.7, lane 3, C2–C4, C7–

C9, C13–C15, and C18–C20 are well protected, suggesting that these cytosines are 

involved in base pairing and intercalation, whereas cytosine residues C6, C10, and C17 

showed enhanced reactivity toward Br2, suggesting that these three residues are located in 

loop regions.  The cytosines involved in base pairing and intercalation determined by Br2 

footprinting are the same as those determined by CD analysis.  On the basis of the results 

of CD analysis and Br2 footprinting, a model folding pattern for the VEGF i-motif is 

proposed, which involves six hemiprotonated C–C+ base pairs formed from four 

consecutive antiparallel cytosine stretches with a 2:3:2 loop arrangement.  Since there are 

two very narrow grooves and two very wide grooves in an i-motif(41), it is speculated 

that the two 2-base loops run across narrow grooves and the 3-base loop runs across a 

wide groove.  The predominant i-motif formed by the C-rich strand of the VEGF 

promoter adopts an antiparallel i-motif folding pattern similar to that found in the human 

telomeric C-strand, as determined by NMR(41).  
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Figure 2.7.  Autoradiogram and densitometric scanning of the autoradiogram from a Br2 
footprinting experiment to determine cytosine residues involved in base pairing and 
intercalation in the intramolecular i-motif folded form.  Lane 1 represents the pyrimidine-
specific reaction used to generate sequencing marker.  Lanes 2 and 3 represent reaction 
without and with Br2 (0.5 mM) in ddH2O, respectively.  On the right is shown the 
predicted folding pattern of the predominant i-motif structure formed by IM1 based on 
the results of the Br2 footprinting experiment shown on the left. 
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2.4 Discussion 

VEGF is one of the most important angiogenic factors and is overexpressed in 

many types of tumors(42).  VEGF and its receptors have been attractive targets for anti-

angiogenesis therapy in the last decade(43).  In 2004, Bevacizumab, a humanized anti-

VEGF antibody, was approved by the FDA as a first-line therapy for colorectal cancer 

treatment, and there now are small-molecule VEGF receptor inhibitors in different stages 

of clinical trials(44).  Our previous study showed that the polyG/polyC region in the 

VEGF proximal promoter is very dynamic and able to unwind into single-stranded DNA 

and then fold into secondary DNA structures, such as G-quadruplexes(36). In this article, 

I have characterized the unique DNA secondary structures formed in the VEGF proximal 

promoter.  The G-rich strand of the VEGF proximal promoter was shown to form a 

parallel G-quadruplex structure with three G-tetrads and three double-chain reversal 

loops containing 1, 4, and 1 bases. From the complementary C-rich strand, an i-motif is 

formed with six C–C+ base pairs and three loops containing 2, 3, and 2 bases.   

The four consecutive runs of guanines in the G-rich strand of the polyG/polyC 

tract in the VEGF proximal promoter have four, three, five, and four guanines, 

respectively.  If three consecutive guanines are randomly selected from each run of 

guanines to form a G-quadruplex, twelve different loop isomers could possibly be formed 

by the VEGF wild-type G-rich sequence.  However, the results of our study revealed that 

a 1:4:1 loop isomer is the predominant configuration formed by this sequence.  Results 

from the polymerase stop assay show that the 1:4:1 loop isomer is much more efficient 

than the 1:2:3 loop isomer in arresting DNA synthesis (Figure 2.4 A), suggesting that the 
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1:4:1 loop isomer may be more biologically relevant.  The CD melting experiments 

confirmed that the 1:4:1 loop isomer has greater stability (4–10 °C) than the 1:2:3 loop 

isomer (Figure 2.4 B).  To enhance the production of the 1:2:3 loop isomer, a mutation is 

required at G14. 

The major folding difference between these two loop isomers is that the 1:4:1 

loop isomer possesses a G3N1G3 motif on the 3´- and 5´-ends, in contrast to a single 

G3N1G3 motif in the 1:2:3 loop isomer.  Since it is known that a double-chain reversal 

with two edges, each made up of three guanines and connected through a 1-base loop, is 

very stable and is found in a variety of promoter G-quadruplexes, it is easy to rationalize 

why the 1:4:1 loop isomer would predominate over the 1:2:3 loop isomer(23,24,35,36,45-

47). While the pathway to the 1:4:1 loop isomer is presumably through the intermediacy 

of two distinct 3´ and 5´ 1-base loop faces, we speculate that the 1:2:3 loop isomer occurs 

when one 2-base loop forms directly adjacent to a 1-base loop, thus requiring a 3-base 

loop to complete the G-quadruplex. 

The DMS hypersensitivity of G14 is a unique feature of the VEGF G-quadruplex-

forming element.  Interpretation of the DMS footprinting pattern shows that G14 should 

reside in the central tetrad of the G-quadruplex.  As such, it was completely unexpected 

that this guanine would be hypersensitive to DMS (Figure 2.2 B).  This hypersensitivity 

is in sharp contrast to the well-protected guanines at the adjacent positions (13 and 15) 

and implies that G14 must exist at some point in a non-Hoogsteen base-paired state, 

making this residue more accessible to attack by DMS.  The DMS footprinting results of 

a series of oligomers containing mutant VEGF G-rich sequences suggest that G14 
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hypersensitivity to DMS is dependent upon the presence of G11 and G12 (Figure 2.2 C), 

but not cytosines C9 and C10 (Figure 2.2 B).  However, why G14 is hyperreactive to 

DMS is not clear at this point, and further biophysical studies will be required to define 

this anomaly.  

A small but growing number of promoter elements that have been shown to form 

G-quadruplexes, as well as a more limited number of i-motif-forming sequences, have 

been characterized by chemical footprinting and CD, and in a few cases NMR studies 

have been carried out(21,23,35,48-50).  For those human promoter elements that have 

been shown to be critical for transcriptional activation, it is informative to compare the 

G-quadruplex-forming sequences and their folding patterns.  The sequences for the 3-

tetrad group are shown in Figure 2.8 A.  (Only the predominant G-quadruplex-forming 

sequence of each promoter is shown.)  The similarities are striking.  All the G-

quadruplexes, with the exception of Bcl-2, have both a 3´- and a 5´-end G3N1G3 motif 

and all form parallel G-quadruplex structures(22,24,35).  The exception, Bcl-2, has a 3-

base loop at the 5´-side and forms a mixed parallel/antiparallel folding pattern(23,51).  

However, what is strikingly different in these structures is the central loop, which differs 

both in size (2–7 bases) and base composition.   

Outside the class of G-quadruplexes containing three tetrads are a number of 

structures that have either two or four tetrads (see Figure 2.8 B).  In the case of platelet-

derived growth factor -A (PDGF-A), there are four tetrads requiring two bases to form a 

double-chain reversal loop on the 3´- and 5´-sides(48), so this is a simple incremental 

variation on the three-tetrad class that also folds to form parallel G-quadruplexes  
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Figure 2.8.  Comparison of truncated G-quadruplex-forming sequences (A and B) and i-
motif-forming sequences (C) within selected gene promoters. 
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containing three double-chain reversal loops.  Myb and Rb are composed of only two 

tetrads, and while Myb still forms a parallel-stranded G-quadruplex, it requires a heptad 

on one face to maintain stability(52).  In contrast, the Rb forms a basket G-quadruplex 

with a mixed parallel/antiparallel structure(34). 

In addition to that described here for VEGF, folding patterns for the i-motifs have 

been assigned for only RET and Rb, so the data set is more limited.  VEGF and RET are 

the same with regard to loop size (2:3:2) but differ in the number of i-motif C–C+ 

hemiprotonated base pairs, i.e., six for VEGF and five for RET.  Preliminary modeling 

studies suggest that the 2:3:2 loop configuration is the minimum required for bridging the 

antiparallel runs of cytosines.  Rb conforms to this rule, having loop sizes of 2:4:2, but in 

this case only four C–C+ base pairs, which may also be the minimum required for i-motif 

stability.  So while the number of C–C+ base pairs varies from four to six, the 3´- and 5´-

end lateral-loop bases are two for each of these i-motifs; but in all cases the constituent 

bases in the central lateral loop are different. The biological role of i-motif formation on 

the complementary C-rich strand in the VEGF promoter has yet to be determined. 

Previous studies from the Levens lab have shown that heterogeneous ribonucleoprotein 

particle protein K (hnRNP K) is able to bind to the C-rich strand, called CT element, in 

the NHE III1 region of the c-Myc oncogene promoter, and activates c-Myc 

transcription(53,54). Therefore, the formation of an i-motif structure on the C-rich strand 

of the VEGF promoter could prevent hnRNP K binding to the single-strand to activate 

transcription. Thus, i-motif formation on the C-rich strand could be a silencing element 

for DNA transcriptional regulation.  
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Finally, we have also observed that G-quadruplex-interactive agents are able to 

stabilize the VEGF G-quadruplex in vitro and downregulate VEGF mRNA levels in 

cancer cells(38), suggesting that targeting the G-quadruplex formed in the VEGF 

promoter is a feasible strategy to modulate VEGF expression at the transcriptional level.  

Therefore, targeting DNA secondary structures in the VEGF promoter could be a novel 

approach to anti-angiogenesis drug discovery in cancer therapy. 
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CHAPTER 3 

NMR STUDY OF THE VEGF G-QUADRUPLEXES 

 

3.1 Introduction 

  In the previous chapter, we have studied the G-quadruplexes formed in the G-rich 

strand of the VEGF proximal promoter using CD and DMS footprinting. The G-rich 

strand of the VEGF proximal promoter has been demonstrated to predominantly form an 

intramolecular parallel G-quadruplex structure with a core of three stacked G-tetrads and 

three double-chain reversal loops composed of 1, 4 and 1 bases respectively (1). This G-

quadruplex is called a 1:4:1 loop isomer. On the other hand, the mutation of G14 to T 

results in the formation of a 1:2:3 loop isomer, which is an intramolecular parallel G-

quadruplex with a core of three stacked G-tetrads and three double-chain reversal loops 

composed of 1, 2, and 3 bases respectively (1). Even though the overall conformations of 

these two loop isomers are very similar, the structural details, especially the loop regions, 

of these two different loop isomers are still unknown. A unique feature of the VEGF G-

quadruplex is that, in the predominant formed 1:4:1 loop isomer, guanine 14 (G14), 

which is located in one of the G-tetrads, showed unexpected hyperreactivity toward DMS 

methylation in the DMS footprinting experiment (1). CD spectra and DMS footprintings 

of both native and mutant G-quadruplex-forming sequences in the VEGF proximal 

promoter suggested that the reactivity of G14 to DMS comes from either the alternative 

use of the five consecutive guanines in forming G-quadruplexes or other possible 

interplay among G14, G11 and G12. Still, there is no definite answer yet for the cause of 
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the G14 reactivity to DMS. Here, we intend to explore these questions by NMR studies 

of VEGF G-quadruplexes. 

NMR spectroscopy has been extensively used in the study of other G-quadruplex 

structures. The NMR studies of G-quadruplexes formed in the telomeric sequence (2-4) 

or in different gene promoter regions including c-Myc (5,6), Bcl-2 (7) and c-kit (8,9), 

have revealed a number of novel structural features of different G-quadruplexes including 

their conformations, loop and flanking sequences (5,6), and drug recognitions (10). 

Therefore, complementary to the techniques we routinely use including circular 

dichroism spectroscopy and chemical footprinting, NMR spectroscopy has been a 

powerful tool in the studies of G-quadruplexes and their interactions with drugs. 

The aim of this NMR study of the VEGF G-quadruplexes is to provide 

preliminary understanding of the unique structural features of different VEGF G-

quadruplex loop isomers. In addition, the NMR structures of different G-quadruplexes 

may provide a hint to explain the unexpected reactivity of G14 to DMS in our previous 

DMS footprinting experiments (1). 

  

3.2 Materials and Methods 

 

Oligonucleotides 

The unlabeled DNA oligonucleotides were ordered from Biosearch (Novato, CA). 

The labeled DNA oligonucleotides were synthesized on an ExpediteTM 8909 Nucleic 

Acid Synthesis System (Applied Biosystem, Inc.) using β-cyanoethylphosphoramidite 
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solid-phase chemistry in DMT-on mode. The oligonucleotides were deprotected and 

cleaved from the solid support columns by treatment with ammonium hydroxide and 

overnight incubation at 55˚C. The crude oligonucleotides were purified and detritylated 

using micropure II columns (Biosearch, CA) according to the manufacturer’s 

instructions. 6% 1,2,7-15N, 2-13C-labeled guanine phosphoramidite was used for site-

specific labeling DNA synthesis. The DNA oligonucleotides were then dialyzed 

sequentially against double-distilled water, 10 mM NaOH, 150 mM NaCl, and water. The 

DNA oligonucleotides were lyophilized and dissolved in an appropriate solution for 

NMR experiments.  

Samples in D2O were prepared by dissolving the lyophilized samples in D2O, 

incubating for 1 hr to allow for the deuterium exchange and lyophilized. After repeating 

this process three times, the samples were dissolved in 99.96% D2O. Samples in water 

were prepared in 10%/90% D2O/H2O solution. The final DNA samples were prepared in 

75 mM KCl solution in 20 mM K-phosphate buffer (pH 7.0). Typically, the strand 

concentration of the NMR samples was 0.1-2 mM. The samples were annealed by 

heating at 95˚C for 5 min and then slowly cooling to room temperature.  

 

Circular Dichroism 

Circular dichroism (CD) spectra were recorded on a Jasco-810 spectrophotometer 

(Jasco, Easton, MD) at room temperature (~25 °C), using a quartz cell of 1 mm optical 

path length, an instrument scanning speed of 100 nm/min, with a response time of 1 s, 

and over a wavelength range of 200-350 nm. Each spectrum was recorded three times, 
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smoothed, and baseline-corrected for signal contributions from the solvent buffers used. 

Samples were prepared at a strand concentration of 10 µM in 50 mM Tris-HCl, pH 7.4, 

with 50 mM KCl. In the Tm experiments, the molar ellipticities at 262 nm at different 

temperatures (20˚C - 95˚C) were recorded and plotted against temperatures. 
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Figure 3.1. DNA sequences of the G-rich strand and its derivatives from the VEGF 
proximal promoter. The four runs of guanines are highlighted in red with each guanine 
numbered. 
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3.3 Results 

3.3.1 Screening of VEGF G-quadruplex-forming Sequences for NMR Study 

 To screen candidate sequences for NMR structural characterization, the 1D NMR 

spectra of different length of native VEGF G-quadruplex-forming sequences (See Figure 

3.1 for sequence), 20-mer (VG20), 22-mer (VG22) and 24-mer (VG24), were obtained to 

find the optimum length of DNA sequence for the structural characterization of VEGF G-

quadruplexes. The 1D NMR spectrum of the 20-mer native sequence VG20 in potassium 

solution showed a broad envelope with some fine lines at 10-12 ppm, indicating the 

presence of multiple G-quadruplex structures (Figure 3.2). The 1D NMR spectra of the 

22-mer sequence VG22 and 24-mer sequence VG24 in a same buffer condition showed a 

broad envelope with better resolution at 10-12 ppm compared to that of VG20, indicating 

both VG22 and VG24 have a higher tendency than VG20 to form a well-resolved G-

quadruplex. For the simplicity of structural characterization, the shorter sequence VG22 

was used as the starting sequence for structural characterization. 

 The native 22-mer sequence VG22 gave a broad envelope at 10-12 ppm, 

indicating the presence of multiple G-quadruplex structures (Figure 3.3). Therefore, 

modifications in the 22-mer sequence were made to isolate individual loop isomers. The 

spectrum of sequence VG22_1112T (See Figure 3.1 for sequence) with dual G-to-T 

mutations at 11 and 12 positions showed well-resolved imino proton peaks at 10-12 ppm, 

as did sequence VG22_1415T with G to T mutations at positions 14 and 15 (Figure 3.3). 

However, VG22_1115T did not give a spectrum with a well-resolved imino proton 

region (Figure 3.3). From our previous studies (1), VG22_1112T is capable of forming a  
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Figure 3.2. One-dimensional proton spectra of VG20, VG22 and VG24. (A) The full 
spectra of VG20, VG22 and VG24. (B) The imino proton region of VG20, VG22 and 
VG24. Experimental conditions: strand concentration, 0.7 mM; temperature, 25˚C, 70 
mM KCl; potassium phosphate, 20 mM, pH 7.0. 
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Figure 3.3. One-dimensional proton spectra of VG22, VG22_1112T, VG22_1415T 
and VG22_1115T. (A) The full spectra of VG22, VG22_1112T, VG22_1415T and 
VG22_1115T. (B) The imino proton region of VG22, VG22_1112T, VG22_1415T 
and VG22_1115T. Experimental conditions: strand concentration, 0.7 mM; 
temperature, 25˚C; 70 mM KCl; potassium phosphate, 20 mM, pH 7.0. 
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1:4:1 loop isomer, while VG22_1415T forms a 1:2:3 loop isomer. The search for a 

modified VEGF G-quadruplex-forming sequence that is able to form a 1:3:2 loop isomer 

by replacing guanines at positions 11 and 15 with T is still under investigation. 

3.3.2 Circular Dichroism Studies on the VEGF Native and Modified Sequences 

Circular dichroism (CD) spectroscopy is generally used to determine the strand 

orientation of a G-quadruplex structure, especially to distinguish parallel and antiparallel 

G-quadruplex structures with positive peaks at ~260 nm or ~295 nm, respectively. The 

CD spectra for the native and modified VEGF sequences (Figure 3.4 A) in the presence 

of 50 mM K+ are consistent with G-quadruplex formation. A maximum positive 

absorbance was observed at around 262 nm, which corresponds to the formation of 

parallel G-quadruplexes.  

 To compare the stabilities of the G-quadruplex structures formed by the VEGF 

native and modified sequences, the CD melting curves of the G-quadruplex structures in 

the presence of 50 mM K+ were determined by monitoring the molar ellipticity at 262 nm 

(Figure 3.4 B). The results showed that the melting temperature of the native VEGF 

sequence is around 84˚C, whereas the melting temperature of modified sequences 

VG_1112T and VG_1415T are around 77˚C and 73˚C, respectively, suggesting the 

native sequence forms the most stable G-quadruplex. 
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Figure 3.4. VG22 and its derivative sequences form stable G-quadruplexes. (A) The 
CD spectra of VG22, VG22_1112T, VG22_1415T and VG22_1115T in the presence 
of 50 mM K+. (B) The CD melting curves and melting temperatures (Tms) of VG22, 
VG22_1112T, VG22_1415T and VG22_1115T in the presence of 50 mM K+.  
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3.3.3 Sequence VG22_1112T Forms an Intramolecular G-quadruplex Structure 

 The VG22_1112T readily aggregates at high concentrations (strand concentration 

over 2 mM). A sample of VG22_1112T in potassium solution (100 mM) at strand 

concentrations over 2 mM showed a markedly increased background and propensity to 

aggregate after annealing at 95˚C for 5 min. Therefore, we ran our experiments at low 

DNA strand concentration (< 1.5 mM).  

 The imino proton peaks of VG22_1112T at 10-12 ppm are very sharp, with a total 

of 12 peaks with similar peak intensities (Figure 3.3 B) as expected for the 12 G-tetrad 

guanines, indicating a single G-quadruplex exists. 1D proton spectra of VG22_1112T at 

various temperatures (20˚C - 80˚C) indicate that the G-quadruplex structure formed by 

VG22_1112T is very stable since, even at 80˚C, some imino proton peaks at 10-12 ppm 

still exist (Figure 3.5A). With increasing temperatures, the intensities of peaks associated 

with G-quadruplex structures were decreased (Figure 3.5 A) and a new peak (Figure 3.5 

B, labeled “I”) appeared between 1.5 to 2.5 ppm when the temperature was above 65˚C. 

The intensity of the new peak (Figure 3.5 B, labeled as “I”) kept growing with increasing 

temperatures, indicating that this peak is associated with unfolded structures. In the same 

region 1.5-2.5 ppm, another peak labeled as “II” (Figure 3.5 B) kept decreasing with 

increasing temperatures, suggesting peak II is associated with G-quadruplex structures. 

Therefore, two peaks I and II (Figure 3.6 A) between 1.5-2.5 ppm were selected to 

represent unfolded and folded (G-quadruplex) species, respectively, for following 

determination of the stoichiometry of the G-quadruplex formed by VG22_1112T. The 

NMR stoichiometry titration experiment (11) was carried out at 75˚C using a range of  
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Figure 3.5. Variable-temperature study of VG22_1112T by NMR. (A) The imino 
proton regions of its 1D spectra at 10-12 ppm with increasing temperatures (25˚C to 
80˚C) are shown. (B) The proton region at 0-3.5 ppm of VG22_1112T with increasing 
temperature. Peaks I and II representing unfolded and folded structures are labeled 
with arrows. Experimental conditions: 20 mM K-Phosphate, 70 mM KCl, pH 7.0. 
 



 

 

84

 

 
 

Figure 3.5 - Continued 
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Figure 3.6. VG22_1112T forms a monomeric G-quadruplex. (A) The extended region 
of the 1D 1H NMR spectra of VG22_1112T at various concentrations with peaks I and 
II (see labels) representing unfolded and folded structures. Experimental conditions: 
75˚C, 20 mM K-phosphate, 70 mM KCl, pH 7.0. (B) The imino regions of 1D 1H 
NMR of VG22_1112T at strand concentrations of 0.1 and 0.7 mM. Experimental 
conditions: 25˚C, 20 mM K-phosphate, 70 mM KCl, pH 7.0. (C) Determination of 
stoichiometry by NMR titration for VG22_1112T in K+ solution. Peak I and II in 
Figure 3.6A were selected to represent folded and unfolded structural species 
respectively. A double logarithmic plot of concentrations of the two species for 
different dilutions is a straight line with a slope of 1.04, suggesting that the G-
quadruplex formed is a monomeric G-quadruplex. 
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DNA concentrations from 0.01 mM to 0.7 mM. The NMR spectra of VG22_1112T at 

strand concentrations of 0.7 mM and 0.01 mM are identical (Figure 3.6 B), indicating that 

the same NMR structure is formed in this concentration. A double logarithmic plot of 

concentrations of the two species I and II (Figure 3.6 C) for different concentrations is a 

straight line with a slope equal to one, suggesting a monomeric G-quadruplex formation. 

 

3.4 Discussion 

 The VEGF proximal promoter region (-85 to -50 base pairs relative to the 

transcription starting site) is essential for its promoter activity (12,13). The G-rich 

sequence in this region has been demonstrated to form a G-quadruplex structure both in 

single-stranded and plasmid DNA (1,14,15). Our previous studies (1) suggested that the 

G-rich sequence of the VEGF proximal promoter forms a parallel G-quadruplex 

containing three G-tetrads with a loop size of 1:4:1. However, G14, which is located in 

one of the G-tetrads showed unexpected hyperreactivity to DMS in footprinting 

experiments, indicating a unique feature of the VEGF G-quadruplex. The mutation of 

G11 or G12 to T eliminates the G14 hyperreactivity to DMS. G14 is located in a run of 

five guanines, and therefore, besides the 1:4:1 loop isomer, other loop isomers may exist 

and contribute to the hyperreactivity of G14 to DMS methylation. For instance, in the 

1:2:3 loop isomer, G14 is located in a loop region and is accessible to DMS methylation. 

The first aim of this study is to solve the NMR structure of the major VEGF G-

quadruplex, the 1:4:1 loop isomer, and other loop isomers. The second aim of this study 

is to explain the hyperreactivity of G14 to DMS methylation.  
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 In the study of VEGF G-quadruplexes, we observed that flanking sequences are 

very critical for the folding of G-quadruplexes. For instance, VG20, which has no 

flanking sequences at both its 5’- and 3’-end, showed a very broad envelope at 10-12 

ppm, whereas, VG22 and VG24, both having native flanking sequences at both 5’- and 3’ 

ends, showed much improved peak resolution in the same region, indicating that extra 

bases at both ends of these two sequences may prevent misfolding or facilitate the 

uniform folding of G-quadruplex structures. In addition, VG20 sequence showed a 

markedly increased background and readily aggregates to a gel form after annealing at 

95˚C, suggesting this sequence has a higher tendency to form higher-ordered structures. 

Very likely, the flanking sequences of VG22 and its derivative sequences have decreased 

their propensity of aggregation. It is significant that VG22 derivative sequences, which 

showed well-resolved NMR spectra for structural characterization, have native flanking 

sequences at both 5’- and 3’-ends. Therefore, the addition of these flanking sequences 

should reflect the actual structural features of the VEGF G-quadruplex structures. 

Multiple conformations of G-quadruplexes are possible in the native VEGF G-

rich sequence. As anticipated, the 1D NMR spectrum of the native VEGF G-rich 

sequence, VG22, in potassium solution showed a broad envelope at 10-12 ppm, 

suggesting multiple conformers coexist. To solve the NMR structures of the VEGF G-

quadruplexes, we introduced modifications in the native G-rich sequence to isolate the 

different loop isomers. The modified sequence VG22_1112T, which has been 

demonstrated by our previous DMS footprinting experiment to form a major 1:4:1 loop 

isomer, showed well-resolved NMR spectra with the anticipated twelve imino proton 
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peaks in the imino proton region at 10-12 ppm. Further, the NMR titration experiment 

demonstrated that the VG_1112T forms an intramolecular G-quadruplex structure. 

Likewise, VG22_1415T with dual G to T mutations at guanines 14 and 15, showed a 

well-resolved NMR spectrum in the imino proton region at 10-12 ppm. From our 

previous studies (1), VG22_1415T would form a 1:2:3 loop isomer. To obtain a 1:3:2 

loop isomer, G to T mutations were introduced at guanines 11 and 15. The spectrum of 

VG_1115T showed enhanced resolution in the imino proton region at 10-12 ppm 

compared to that of VG22. The structural characterizations of the different loop isomers 

are ongoing. In summary, three loop isomers can be isolated by dual G-to-T mutations at 

specific guanines. It is significant that both VG22_1112T and VG22_1415T showed 

well-resolved NMR spectra and were selected for further NMR analysis. VG22_1112T 

forms a 1:4:1 loop isomer and VG22_1415T forms a 1:2:3 loop isomer. In the 1:2:3 loop 

isomer, G14 is located in a loop region and shows reactivity to DMS methylation (1). 

Therefore, the structural characterization of these two loop isomers may provide useful 

information on the hyperreactivity of G14 to DMS methylation. 

 From our previous DMS footprinting experiments and this NMR studies, it is 

apparent that slight modifications on the G-quadruplex-forming sequence can have 

dramatic effects on the folding of the final G-quadruplex structures. The mutation of 

specific guanines can lead to the formation of different loop isomers. For instance, the 

VEGF G-quadruplex-forming sequence predominantly forms a 1:4:1 loop isomer in a K+-

containing buffer (1). After changing G14 to T or A, a 1:2:3 loop isomer was observed 

(1). Not only modifications at guanine positions, but also alterations in the 5’- and 3’-end 
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flanking sequences of G-quadruplex-forming sequences can have very striking effects on 

the formation of G-quadruplex structures. For instance, the 1D NMR of VG20_1112T in 

potassium solution showed a broad envelope and very poor spectra in the imino proton 

region at 10-12 ppm, suggesting that multiple G-quadruplex structures were formed. 

However, after the addition of one native C at the 5’-end of VG20_1112T and one native 

T at its 3’-end, the spectrum of the new sequence, VG22_1112T, showed very sharp and 

well-resolved peaks in the imino proton region. Our NMR titration experiment suggested 

that a single intramolecular G-quadruplex was formed by VG22_1112T. From our 

published results (1) and specific-labeling experiments, G1 and G20 do not participate in 

G-quadruplex formation. Therefore, VG22_1112T has a 5’ CG flanking sequence and a 

3’ GT flanking sequence. Presumably, the 5’ CG and 3’ GT flanking sequences act as 

capping structures by stacking on the 5’- and 3’-end G-tetrads. These observations 

indicate that flanking sequences at both the 5’- and 3’-ends of G-quadruplex-forming 

sequences play important roles in the folding of G-quadruplex structures. Thus, the 

conformation of a G-quadruplex is determined by many factors in combination including 

guanine repeats, loop regions and flanking sequences. Importantly, characterization of 

both loop regions and flanking sequences can be considered for the future design of G-

quadruplex-interacting compounds to selectively target different G-quadruplex species 

and loop isomers. 
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CHAPTER 4 

 

DISTINCT TRANSCRIPTION FACTORS RECOGNIZE DIFFERENT DNA 

STRUCTURE ELEMENTS IN THE VEGF PROXIMAL PROMOTER 

 

 

4.1 Introduction 

A polypurine/polypyrimidine tract in the VEGF proximal promoter region (-85 to 

-50 bp relative to the transcription starting site) has been shown to be essential for its 

promoter activity (1,2). Normally, the DNA in this region exists in duplex form. Under 

certain circumstances, unusual DNA secondary structures such as G-quadruplexes and i-

motifs have been shown to form in this region in vitro (3,4). The G-quadruplex and i-

motif formed by the G-rich and C-rich strands respectively in the VEGF proximal 

promoter have been characterized in vitro (4).  To switch from duplex DNA to unusual 

DNA secondary structures, the duplex DNA needs to undergo unwinding and transiently 

exist in a single-stranded form. Therefore, three different DNA structural elements, i.e., 

duplex DNA, single-stranded DNA and unusual DNA secondary structures, potentially 

exist in the VEGF proximal promoter. To finally address how these DNA structures are 

involved in the transcriptional regulation of VEGF, we were interested in identifying 

proteins or transcription factors that specifically recognize these different DNA structural 

elements.  
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 From a literature search, Sp1, hnRNP K, CNBP and nucleolin were selected as 

candidate transcription factors involved in the transcriptional regulation of VEGF. The 

involvement of Sp1, a duplex DNA binding transcription factor, in the transcriptional 

regulation of VEGF has been extensively studied (1,2). There are three Sp1 binding sites 

in the proximal promoter region from -85 to -50 bp upstream of the transcription starting 

site that are essential for VEGF promoter activity (1,2). The mutation of Sp1 binding sites 

dramatically decreases VEGF promoter activity (1,2). In contrast, reports of proteins 

binding to single-stranded DNA or unusual DNA secondary structures in the VEGF 

proximal promoter region have not been made. Heterogeneous nuclear ribonucleoprotein 

K (hnRNP K) has been shown to preferentially bind to single-stranded DNA over RNA 

or double-stranded DNA (5). The binding of hnRNP K to the pyrimidine-rich strand 

upstream of the P1 promoter within the human c-Myc gene activates transcription (5). On 

the other hand, cellular nucleic acid binding protein (CNBP), also called zinc finger 

protein 9 (ZNF9), has been shown to bind to the purine-rich strand upstream of the P1 

promoter in the human c-Myc gene and stimulate transcription (6). Lastly, nucleolin was 

studied to investigate whether it is involved in the transcriptional regulation of VEGF by 

recognizing VEGF G-quadruplexes. Nucleolin is a multifunctional protein and is 

involved in chromatin structure, rDNA transcription, rRNA maturation, ribosome 

assembly and nucleocytoplasmic transport (7). Previous studies have also shown that 

nucleolin is able to bind to G-quadruplex structures with high affinity (8,9).  

In this study, I investigated whether these transcription factors are involved in the 

transcriptional regulation of VEGF by recognizing different DNA structural elements.  
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4.2 Materials and Methods 

Oligonucleotides and Radiolabeling 

 Oligonucleotides were ordered from Biosearch Technologies (Novato, CA) and 

their sequences are listed in Table 1. The oligonucleotides were 5’-end labeled with [γ-

32P]ATP and purified on a 16% denaturing polyacrylamide gel. 

Cells, Antibodies, Proteins, and siRNAs  

A498 cells were grown in 150 mm plastic cell culture dishes in RPMI 1640 media 

supplemented with 10% FBS at 37˚C, 5% CO2.  

The antibodies used for Western blots and ChIP assays included monoclonal 

mouse anti-RNA polymerase II (Covance, MMS-126R), polyclonal rabbit anti-hnRNP K 

(Santa Cruz, sc-25373), polyclonal mouse anti-ZNF9 (Abnova, H00007555-A01), 

monoclonal mouse anti-nucleolin (Santa Cruz, sc-8031), and polyclonal rabbit anti-Sp1 

(Upstate, 07-645).  

The proteins used for EMSA included Sp1 (Promega, WI), hnRNP K (Amprox, 

CA), CNBP (also ZNF9, Abnova), and nucleolin (recombinant protein in our lab). 

The siGENOME silencing RNA smart pools targeting ZNF9 (MU-019778-00-

0002), hnRNP K (MU-011692-00-0002), nucleolin (L-003854-00) and Sp1 (L-026959-

00) were purchased from Dharmacon research (Lafayette, CO). 

siRNA Transfection   

A498 cells were seeded into 6-well plates one day prior to transfection. At the 

time of transfection with siRNAs, the cells were about 90% confluent in 2 ml of complete 
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RPMI medium. Transfections of siRNAs were performed using siLentFect lipid (Bio-

Rad, Hercules, CA) in a serum-containing medium according to the manufacturer’s 

protocol. Controls included transfection reagent without any siRNA, or with non-

targeting siRNA. 48 hours after transfection, the cells were harvested for examining both 

the mRNA and protein levels of a targeted gene.  

RNA Isolation and cDNA Synthesis  

Cells in 6-well plates were treated with siRNAs and collected after 48 hours. 

Total RNA was isolated by using the Nucleospin RNA II kit (Macherey-Nagel, 

Bethlehem, PA) following the manufacturer’s protocol with on-column DNase I 

digestion to remove genomic DNA. One microgram of total RNA was reverse-

transcribed in a total volume of 20 µl using the iScript cDNA synthesis kit (Bio-Rad, 

Hercules, CA), following the manufacturer’s instructions. The iScript reverse 

transcriptase is a modified MMLV-derived reverse transcriptase and the iScript reaction 

mix is provided with both oligo (dT) and random hexamer primers. After reverse 

transcription, the cDNA was diluted 2× in 10 mM Tris-HCl (pH 8.0). 

Quantitative Real-time PCR  

cDNA was subjected to real-time PCR using Mastermix SYBR green (Bio-Rad, 

Hercules, CA) and the MyiQ real-time detection system (Bio-Rad, Hercules, CA). Each 

reaction consisted of 1x Mastermix, SYBR green, 40 nM of both sense and antisense 

primers, 2 µl of cDNA, and H2O to a final volume of 20 µl. Primers for real-time PCR 

are as follows: hnRNP K: Forward (5’-GACTTTGACTGCGAGTTGAGG-3’) and 

reverse (5’-GCTGATGGTGGTTTGAGTG-3’); CNBP: Forward (5’-
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GCTGTGGTGAGTCTGGTCATC-3’) and reverse (5’- TCTCGCTCTCTCTTGGGCTC-

3’); Nucleolin: Forward (5’- CCACACCAGGCAAAGCATTG-3’) and reverse (5’-

TCCTCCTCTTCATCACTGTCTTCC-3’); Sp1: Forward (5’- 

AGTGGGGCAGGTTCAGAAG -3’) and reverse (5’- TTGGCAAGACGGGCAATGC -

3’); VEGF: Forward (5’-CCAGCAGAAAGAGGAAAGAGGTAGC-3’) and reverse (5’-

CCCCCAAAAGCAGGTCACTC-3’); Actin: Forward (5’-

CTGGAAGCCTGAAGGTGACA-3’) and reverse (5’-

AAGGGACTTCCTGTAACAACGCA-3’). Thermal cycler conditions included 

incubation at 95˚C for 3 min followed by 40 cycles of 95˚C for 15 s and an appropriate 

annealing temperature for 50 sec. The annealing temperatures for the different primers 

are: hnRNP K and CNBP primers, 55˚C; Sp1, 60˚C; VEGF, 57˚C; and Actin primers, 

55˚C-60˚C. Amplification of one specific product for each reaction was confirmed by 

melting curve analysis. For melting curve analysis to be performed the products were 

heated from 20 to 95 ˚C over 20 min after the 40 cycles. 

Western Blotting   

Cells were lysed by the addition of lysis buffer (0.15 M NaCl, 5 mM EDTA, 1% 

Triton X100, 10 mM Tris-HCl, pH 7.4, and the Roche complete protease inhibitor 

cocktail). The protein concentration was determined using a BCA protein assay (Bio-

Rad). 30 µg of total proteins of each sample were separated on a SDS-PAGE (12%) 

under reducing conditions. The proteins were transferred to nitrocellulose membranes. 

Following transfer, the membranes were blocked in 5% nonfat milk in Tris-buffered 

saline Tween-20 (TBST) and probed with primary antibody against hnRNP K (Santa 
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Cruz, sc-25373), ZNF9 (Abnova, H00007555-A01), nucleolin (Santa Cruz, sc-8031), and 

Sp1 (Upstate, 07-645). After incubation of the membrane with anti-rabbit horseradish 

peroxidase conjugate for 1 hour at room temperature, detection was performed using an 

Phototope-HRP Western blot detection system (Cell Signaling, Danvers, MA) as 

described by the manufacturer.  

EMSA   

All oligonucleotides were labeled using [γ-32P] ATP and T4 polynucleotide kinase 

(New England) and purified by electrophoresis on a 16% denaturing polyacrylamide gel. 

Purified 32P-labeled DNA probe (4000 counts per min/ng), 100 nanograms of purified 

protein, and 6.7 µl of buffer D (20 mM HEPES-KOH, 20% glycerol, 0.2 mM EDTA, 0.1 

M KCl, 0.5 mM PMSF, 1 mM DTT, pH 7.9) were mixed in a total volume of 10 µl in the 

presence of 0.02 µg/µl of poly dI:dC, 1.25 µg/µl of BSA, 1 mM dithiothreitol, and 1 mM 

MgCl2.  The mixture was incubated at room temperature for 1 hour, then loaded onto a 

pre-run 4.5% native polyacrylamide gel in 0.5x TBE buffer, and subjected to 

electrophoresis at 10 mA for an appropriate time. The gel was dried and exposed for 

autoradiography. 

Chromatin Immunoprecipitation Assay (ChIP)   

The chromatin immunoprecipitation assays were performed as described 

previously (10) with slight modifications. A498 cells were cultured to a count of 1 x 107 

in 150 mm dishes. Cells were then cross-linked by the addition of formaldehyde to a final 

concentration of 1%. After incubation on a shaking platform for 10 min at room 

temperature, the cell cross-linking reaction was stopped by adding glycine to a final 
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concentration of 0.125 M and continuing to rock and spin for 5 min. After cross-linking, 

the cells were harvested and then washed three times with 25 ml phosphate-buffered 

saline (PBS). Cells were resuspended with swelling buffer (10 mM potassium acetate, 15 

mM magnesium acetate, 0.1 M Tris-HCl, pH 7.6) containing protease inhibitors (1 mM 

phenylmethlysulfonyl fluoride (PMSF), 0.01 mg/ml aprotinin, 0.01 mg/ml leupeptin) and 

incubated on ice for 20 min, and then Dounce homogenized. After centrifugation at 

2500×g for 5 min, nuclei were resuspended in nuclei lysis buffer (10 mM EDTA, 1% 

SDS, 50 mM Tris-HCl, pH 8.0 and protease inhibitors) and incubated on ice for 10 min. 

The nuclei samples were sonicated with a BioRuptor sonicator for 20 min of 15 s pulses 

and 1 min interval at high output to obtain DNA length of approximately 500 bp, which 

was confirmed by agarose gel electrophoresis. After sonication, the resulting chromatin 

was precleared by the addition of blocked/washed Staphylococcus aureus protein A-

positive cells and incubated for 15 min at 4 ˚C. After centrifugation at 14,000 rpm for 5 

min at 4˚C, the precleared chromatin supernatant was immunoprecipitated with 

antibodies to RNA polymerase II, hnRNP K, CNBP, nucleolin or Sp1 in turn. After 

sample incubation at 4˚C overnight, protein-antibody complexes were collected by 

addition of blocked/washed Staphylococcus aureus protein A-positive cells and following 

centrifugation at 14,000 rpm for 4 min at 4˚C. Pellets were then washed twice by 

suspension with 1x dialysis buffer (2 mM EDTA, 0.2% Sarkosyl, 50 mM Tris-HCl, pH 

8.0). Pellets were then washed with IP wash buffer (500 mM LiCl, 1% Igepal, 1% 

Deoxycholic acid, 100 mM Tris-HCl, pH 9.0) three times. After the last centrifugation, 

pellets were resuspended in IP elution buffer (50 mM NaHCO3, 1% SDS) to elute 
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antibody/protein/DNA complexes. Protein/DNA complexes were reverse cross-linked by 

the addition of NaCl to a final concentration of 0.2 M and incubated at 67˚C overnight. 

The reverse cross-linked samples were purified using a Qiagen PCR purification kit 

according to the manufacturer’s instructions and used for PCR. The PCR primers used to 

amplify the VEGF proximal promoter region are forward primer (5’-

GGTCGAGCTTCCCCTTCA-3’) and reverse primer (5’-GATCCTCCCCGCTACCAG-

3’) (11). The PCR primers used to amplify the HIF1a binding site in the far upstream 

region of the VEGF promoter are forward primer (5’-GGAACAAGGGCCTCTGTCTG-

3’) and reverse primer (5’-GAGAAGAATTTGGCACCAAG-3’). Forty cycles of the 

PCR program, 95˚C for 30 seconds, 52˚C for 30 seconds, and 72˚C for 30 seconds, were 

carried out in the presence of 2 mM magnesium chloride using Taq polymerase 

(Fermentas, Glen Burnie, Maryland). The VEGF proximal promoter region is very GC-

rich. Thus 6% DMSO and 1 M betaine were added to enhance the amplification of this 

region.  

4.3 Results 

4.3.1 Sp1, hnRNP K, CNBP and Nucleolin Recognize Different DNA Structural 

Elements in the VEGF Proximal Promoter 

 In the VEGF proximal promoter region, -85 to -50 relative to transcription starting 

site, there is a polypurine/polypyrimidine region that has three putative Sp1 binding sites 

(Figure 4.1 A). To confirm that Sp1 interacts with the duplex DNA in the VEGF 

proximal promoter region (-85 to -50 relative to transcription starting site), EMSA was 

performed using a 32P-labeled 47-mer double-stranded oligonucleotide covering the -85 
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to -50 region of the VEGF gene promoter. In the presence of Sp1, one major shifted 

DNA-protein complex was observed (Figure 4.1 B, lane 1), indicating that Sp1 interacts 

with the polypurine/polypyrimidine region in the VEGF proximal promoter. Furthermore, 

the mutation of the Sp1 binding sites by introducing multiple G to A mutations in the 

putative Sp1 binding sites resulted in the loss of the major shifted DNA-protein 

complexes (Figure 4.1 B, lane 3; Figure 4.1 C), suggesting that Sp1 specifically interacts 

with the wildtype polypurine/polypyrimidine sequence in the VEGF proximal promoter (-

85 to -50 relative to transcription starting site).  
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Figure 4.1. EMSA of Sp1 with the VEGF proximal promoter wildtype (WT) and mutant 
(MT17) sequences. (A) The WT and MT17 sequences used for EMSA are shown at the 
bottom with putative Sp1 binding sites boxed. (B) The Sp1 binding activity of the VEGF 
proximal promoter wildtype (WT) and MT17 sequences. For each sequence, reactions 
were carried out both in the presence of Sp1 (+) and absence of Sp1 (-). (C)The 
quantification of Sp1 binding to WT and MT17 sequences.  
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Figure 4.2. The EMSA of hnRNP K and CNBP with the G-rich or C-rich strand of the 
VEGF proximal promoter. (A) The binding activity of hnRNP K and CNBP to the 
VEGF 47-mer G-rich and C-rich strand, G47 and C47. The reactions were carried out 
in the presence (labeled as “+”) or the absence (label as “-”) of proteins. Shifted 
protein-DNA complex A and B is labeled on the right. (B) The sequences of G47 and 
C47. 



 

 

101

The interactions of CNBP and hnRNP K with the G and C-rich strands of the 

VEGF proximal promoter have not been reported. To study whether CNBP and hnRNP K 

recognize the G and C-rich strands respectively in the VEGF proximal promoter, EMSA 

was performed using the 32P-labeled 47-mer G-rich strand or C-rich strand in the VEGF 

proximal promoter. The result shows that hnRNP K specifically interacts with the C-rich 

strand (Figure 4.2 A, lane 6, band A) but not with the G-rich strand (Figure 4.2 A, lane 

3), whereas, CNBP specifically interacts with the G-rich strand (Figure 4.2 A, lane 2, 

band B) but not with the C-rich strand in the VEGF proximal promoter (Figure 4.2 A, 

lane 5).  

 Nucleolin has been reported to bind to G-quadruplex structures (8,9). To test 

whether nucleolin is able to bind to the VEGF G-quadruplex, an EMSA of nucleolin and 

the wildtype G-rich strand of the VEGF proximal promoter was performed. A strong 

binding activity was discovered between nucleolin and the wildtype G-rich strand of the 

VEGF proximal promoter (Figure 4.3 A, lane 2). However, for mutant sequence, MT4, 

with a G to A mutation at one key guanine position to knockout the G-quadruplex 

formation, a significant decrease of the protein-DNA complex was observed (Figure 4.3 

A, lane 4), indicating nucleolin most likely interact with the VEGF G-quadruplex 

structure instead of any single-stranded G-rich sequences. To further confirm that 

nucleolin interacts with the VEGF G-quadruplex, a DNA polymerase stop assay was 

performed as previously described (4) using the G-rich strand of the VEGF proximal 

promoter as the DNA template with increasing concentrations of nucleolin. Without 

nucleolin, the DNA polymerase bypassed the G-rich region and no stop product was  
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Figure 4.3. Nucleolin interacts with the VEGF G-quadruplex. (A) EMSA of VEGF 
wildtype G-rich strand (G47) and mutant G-rich strand (MT4) with nucleolin. MT4 
has one G to A mutation introduced at one key guanine position to disrupt G-
quadruplex-forming ability. The sequences for both G47 and MT4 are shown below 
the gel. The mutation site in MT4 is shown with an arrow. (B) The DNA polymerase 
stop assay using the VEGF G-rich strand as a template with increasing concentrations 
of nucleolin (0, 0.1, 0.5, and 1.0 µg). Lane “G” represents the sequence reaction for 
guanines with the same template. Full length and stop products are shown with arrows 
on the right. Sequence for the template of VEGF DNA polymerase stop assay is 
shown below with stop product and full-length product sites labeled.  
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observed (Figure 4.3 B, lane 2). However, upon the addition of nucleolin to the reaction, 

a significant amount of arrested stop product appears at immediately 3’ to the guanine 

repeat I (Figure 4.3 B) in a nucleolin concentration-dependent manner (Figure 4.3 B, lane 

3-5), suggesting nucleolin both interacts and stabilizes the VEGF G-quadruplex to arrest 

DNA synthesis. 

4.3.2 Individual Knockout of Sp1, hnRNP K, CNBP and Nucleolin with siRNAs 

Decreases VEGF Transcription 

To further address the question whether transcription factors, Sp1, hnRNP K, 

CNBP and nucleolin, are involved in the VEGF transcription in cells, each transcription 

factor was knocked out by treating A498 cells with individual gene-specific siRNA. The 

knockout effect after 48 hours treatment with individual siRNAs was confirmed by 

examining both the mRNA and protein levels of the siRNA-targeted genes with realtime 

PCR and Western blot respectively. The results show that each siRNA specifically 

knocked out its targeted gene at both the mRNA and protein levels (Figure 4.4). CNBP 

was not detected in the Western blot, suggesting this protein is not abundant in the cell 

line used. 

Next, the effects of siRNA-mediated knockout of individual transcription factors 

on VEGF expression were examined in A498 cells. Compared to the VEGF mRNA levels 

in the untreated and non-targeting siRNAs treated cells, the knockout of hnRNP K or 

CNBP downregulats VEGF mRNA level by 20% and 40%, respectively (Figure 4.5). 

Significantly, siRNAs targeting Sp1 or nucleolin reduces VEGF mRNA level by around  
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Figure 4.4. The knockout of individual transcription factors, hnRNP K, CNBP, 
nucleolin or Sp1, at both mRNA and protein levels. (A) The relative mRNA levels of 
each transcription factor after knockout using gene specific siRNAs compared to the 
untreated  and non-targeting siRNA samples. (B) The protein levels of each 
transcription factor measured by Western blot after siRNAs knockout. Proteins 
detected are shown on the right. Lane 1: untreated, no siRNA; Lane 2: non-targeting 
siRNA; lane 3: hnRNP K siRNA; Lane 4: CNBP siRNA; Lane 5: nucleolin siRNA; 
Lane 6: Sp1 siRNA. 
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Figure 4.5. The involvement of transcription factors hnRNP K, CNBP, nucleolin and 
Sp1 in the transcriptional regulation of VEGF. After the knockout of individual 
transcription factors, hnRNP K, CNBP, nucleolin or Sp1, by treating cells with gene-
specific siRNAs, the relative VEGF mRNA levels of gene-specific siRNAs treated cells 
are compared to that of the untreated and non-targeting siRNA cells. 
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60% (Figure 4.5). Therefore, these transcription factors not only interact with the VEGF 

proximal promoter in vitro, but also affect VEGF transcription in cells. 

 

4.3.3 Sp1, hnRNP K, CNBP and Nucleolin Interact with the VEGF Proximal 

Promoter in Cells 

To determine whether these transcription factors directly bind to the VEGF 

proximal promoter in vivo, chromatin immunoprecipitation (ChIP) assays were 

performed. This technique allows for the detection of proteins that are associated with a 

DNA sequence in cells. In our study, I performed ChIP assays in A498 cells to 

investigate whether these transcription factors specifically bind to the VEGF proximal 

promoter region (-85 to -50 relative to transcription starting site). After the cross-linking 

of protein-DNA by formaldehyde, the DNA-protein complexes were immunoprecipitated 

with antibodies against RNA polymerase II, hnRNP K, CNBP, Sp1 and IgG. The 

antibody against RNA polymerase II was included in the ChIP assays to serve as a 

positive control. As shown in Figure 4.6 A, immunoprecipitation with hnRNP K, CNBP, 

nucleolin, Sp1, or RNA polymerase II antibodies in turn, followed by PCR using primers 

that amplify a region (-199 to +3 bp relative to transcription starting site) spanning the 

VEGF proximal promoter region yielded a 202 bp band. In contrast to this, 

immunoprecipitation with IgG resulted in the loss of this band, demonstrating the 

specificity of the interaction between these transcription factors and the VEGF proximal 

promoter. The specific interaction between these transcription factors and the VEGF 

proximal promoter was further confirmed when PCR amplification of the HIF1a binding  
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Figure 4.6. The Chromatin immunoprecipitation (ChIP) assay of hnRNP K, CNBP, 
nucleolin, and Sp1, in the VEGF promoter in A498 cell line. Controls for the ChIP 
assays included IgG (negative antibody control), RNA Pol II antibody (positive 
antibody control) and input (PCR performed with genomic DNA). (A) The PCR 
amplification of the VEGF proximal promoter region (-199 to +3 bp relative to 
transcription starting site). (B) The PCR amplification of the HIF1a binding site (-975 
to -969 relative to transcription starting site) far upstream of the VEGF promoter.  
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site (-975 to -969 relative to transcription starting site) far upstream of the VEGF 

promoter revealed no enrichment for DNA sequences in this region (Figure 4.6 B).  

 
 

4.4 Discussion 

 DNA in the promoters of many genes has been shown to exist in non-B-DNA 

structures (3,12-17). In the process of transcription or replication, local DNA undergoes 

unwinding and transiently exists in a single-stranded form. If the DNA sequences are 

consistent with G-quadruplex or i-motif-forming sequences, they can fold into these 

unusual DNA secondary structures. These DNA secondary structures can serve as a 

regulatory element in gene transcription (17). Our goal in this study was to identify any 

transcription factors that specifically recognize different DNA structures and explore how 

they modulate VEGF transcription. 

The results of EMSA, siRNA and ChIP assays revealed that Sp1, hnRNP K, 

CNBP and nucleolin bind to the region spanning -85 to -50 bp upstream of the VEGF 

gene promoter by interacting with different DNA structural elements. Consistent with 

previous reports (1,2), Sp1 was shown to interact with duplex DNA in this region and 

positively regulate VEGF transcription. CNBP and hnRNP K specifically bind to the G-

rich and C-rich strands respectively in the VEGF proximal promoter, and positively 

regulate VEGF transcription. To our knowledge, this is the first report of these two 

transcription factors being involved in the transcription regulation of VEGF. CNBP is a 

small protein, 19 kDa, that contains seven cysteine- cysteine -histidine-cysteine zinc 

finger motifs and is able to bind to single-stranded and double-stranded nucleic acids 
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(18). CNBP has been shown to bind to the CT(cytosine/thymidine-rich)-element in the P1 

promoter of the human c-Myc gene and to an element in the human β-myosin heavy-

chain gene (19). CNBP acts as a trans-activator of the c-Myc gene and a repressor of the 

β-myosin heavy-chain gene (19). The mechanism of how CNBP plays opposite roles in 

different gene promoters is still unclear. On the other hand, hnRNP K has an apparent 

molecular weight of 65 kDa and was first identified as a component of multiprotein 

hnRNP complexes (20), which are involved in different stages of mRNA biogenesis such 

as pre-mRNA processing and mRNA transport from the nucleus to the cytoplasm (21). 

hnRNP K has a highly conserved motif, the KH domain, which is commonly considered 

as an RNA binding domain even though some KH proteins have been shown to bind to 

both DNA and RNA (5). hnRNP K has been shown to interact with DNA and RNA and 

is involved in chromatin remodeling (22), transcription (5,23-25), splicing (22) and 

translation processes (26,27). Importantly, hnRNP K was shown to function as a 

transcription factor and bind preferentially to sequence-specific single-stranded DNA as 

opposed to double-stranded DNA or RNA (5). Transfection and in vitro transcription 

assays suggested that hnRNP K activates c-Myc transcription through the CT-element (5). 

Recently, hnRNP K was shown to bind a single-stranded polypyrimidine element in the 

eukaryotic translation initiation factor 4E (eIF4E) promoter and positively regulate eIF4E 

transcription (24). It is postulated that the hnRNP K may facilitate the melting of 

promoter regions by virtue of its preferential binding to single-stranded DNA (28). 

Moreover, hnRNP K was shown to interact with TATA-binding protein (TBP), 
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suggesting that hnRNP K could recruit TBP and the basal transcription machinery to the 

promoter region, subsequently promoting transcription (25).  

Lastly, this is the first time to demonstrate that nucleolin is capable of interacting 

with G-quadruplex structures formed in the G-rich strand of the VEGF proximal 

promoter and functions as a novel transcription factor in VEGF gene expression. The 

knockout of nucleolin dramatically decreases the VEGF mRNA level, suggesting 

nucleolin positively regulates VEGF transcription. Nucleolin is a multifunctional protein 

and is abundant in the nucleolus where ribosomal RNA (rRNA) transcription, rRNA 

modification, maturation and assembly with ribosomal proteins take place (7). Nucleolin 

is implicated in ribosome biogenesis such as rRNA transcription, rRNA maturation and 

ribosome assembly, and nucleocytoplasmic transport (7). Nucleolin is capable of 

promoting the formation of secondary structures in ribosomal RNA (29) and associate 

with pre-ribosomal particles in vivo (30), suggesting nucleolin is critical for the assembly 

of ribosome structure. Importantly, nucleolin has been shown to interact with G-

quadruplex DNA with high affinity (9). Nucleolin has four RNA-binding domains (RBD) 

and nine Arg-Gly-Gly (RGG) domains at its C-terminus. Both domains are involved in 

interacting with DNA G-quadruplexes (9). Moreover, nucleolin has been shown to be a 

transcription activator of human papillomavirus (HPV) type 18 oncogene by binding to a 

enhancer element in the promoter of HPV18 gene (31), suggesting nucleolin is also 

involved in the transcription of protein-coding genes in addition to its role in ribosome 

biogenesis. The implication of nucleolin being involved in the VEGF transcription 

regulation is that it may play a role in the tumor angiogenesis.  



 

 

111

 This study further supports the concept that DNA in promoter regions is dynamic 

that, under the influence of superhelicity through transcription, it can undergo a 

conformational switch and exist in an open state and further fold into unusual DNA 

secondary structures. The formation of G-quadruplex and i-motif structures have been 

reported in many gene’s promoters, such as c-Myc, bcl-2, PDGFa and others 

(3,4,14,16,17,32). The duplex DNA in the proximal promoters of these genes is capable 

of forming other non-B-DNA secondary structures under superhelicity stress. Even 

though there are plentiful data to support the formation of unusual DNA secondary 

structures in vitro, no direct evidence shows their formation in vivo. The discovery of 

Sp1, hnRNP K, CNBP and nucleolin as factors that recognize different DNA structural 

elements in the VEGF proximal promoter both in vitro and in cells indirectly support both 

the existence of G-quadruplex structures in vivo and the dynamic characteristics of DNA 

in the VEGF proximal promoter. From our study, the DNA in this region equilibrates 

between three states: duplex, single-stranded and G-quadruplex/i-motif DNA. Moreover, 

from siRNA experiment, the knockout of Sp1, hnRNP K, CNBP or nucleolin suppresses 

VEGF mRNA level to different extents, suggesting that all these transcription factors 

positively regulate VEGF transcription. However, at this point, I can not rule out all the 

possibilities that the knockout of these transcription factors may indirectly affect VEGF 

transcription. Based on our results, I have proposed a hypothetical model of how these 

transcription factors together with different DNA structural elements regulate VEGF 

promoter transcription (Figure 4.7). Normally, DNA in the VEGF proximal promoter 

region exists in duplex form. Sp1 binds to the VEGF proximal promoter region and  
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Figure 4.7. The hypothetical model of how different DNA structural elements 
interplay with transcription factors in the VEGF promoter region to regulate VEGF 
gene transcription. In the VEGF proximal promoter, DNA can exists in duplex, single-
stranded, or G-quadruplex/i-motif form. Different transcription factors recognize 
different DNA structural elements. Sp1 binds to duplex DNA in this region and 
activates transcription. CNBP and hnRNP K bind to the G and C-rich strand 
respectively and activate VEGF transcription. Nucleolin recognizes the G-quadruplex 
formed in the VEGF promoter and regulates VEGF transcription. The addition of G-
quadruplex drugs disrupts the nucleolin binding and traps the transcription inactive 
conformation and turns off gene transcription. 
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activates transcription by associating with TBP to recruit RNA polymerase II. In contrast, 

CNBP and hnRNP K can bind to the G-rich or C-rich strand respectively in the VEGF 

proximal promoter and activate transcription. Furthermore, G-quadruplex and i-motif 

structures can form in the transiently opened DNA. Nucleolin can recognize the G-

quadruplex and may recruit other transcription factors to initiate transcription. Once G-

quadruplex-interactive compounds bind and stabilize the G-quadruplex structures, the 

interaction between nucleolin and DNA is disrupted, leading to transcriptional inhibition. 

Our hypothetical model of the DNA structural transition and proteins recognition of 

different DNA structures in the VEGF proximal promoter not only demonstrates the 

elegant regulation of expression of the VEGF gene, but also provides an insight in how to 

modulate transcriptional regulation of VEGF by targeting DNA secondary structures with 

small-molecules. 
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CHAPTER 5 

FORMATION OF PSEUDO-SYMMETRICAL G-QUADRUPLEX AND I-MOTIF 

STRUCTURES IN THE PROXIMAL PROMOTER REGION OF THE RET 

ONCOGENE 

 

5.1 Introduction 

The RET proto-oncogene encodes a receptor-type tyrosine kinase that has been 

implicated in the development of several human cancers, especially thyroid cancer (1-6). 

In particular, the majority of cancer patients diagnosed with multiple endocrine neoplasia 

types 2A and 2B and familial medullary thyroid carcinomas are known to carry germline 

mutations in the exon region, encoding one of three specific cysteine residues found in 

the extracellular domain of the RET protein.  RET protein levels have also been found to 

be overexpressed in medullary thyroid carcinomas and pheochromocytomas (7-10). 

Therefore, the RET protein has been investigated as a potential therapeutic target in 

preclinical approaches for the treatment of RET-associated cancers using small 

molecules, monoclonal antibodies, or gene therapy (3,11). 

A study of the transcriptional regulation of the RET proto-oncogene in a TT cell 

line revealed that the human RET promoter is a TATA-less promoter and has three GC 

boxes corresponding to three Sp1 binding sites in the proximal promoter region (12,13). 

Two of the GC boxes (Figure 5.1) that are located between –59 and –25 relative to the 

transcription start site have been shown to be essential for basal promoter activity 

(12,13). In this region the top and bottom strands are extremely C-rich and G-rich,  
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Figure 5.1.  Schematic diagram of the proximal promoter region of the RET proto-
oncogene.  Two GC boxes are labeled.  Five runs of guanines (I, II, III, IV and V) are 
underlined. 
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respectively (Figure 5.1).  The G-rich and C-rich sequences, which are found in the 

promoter region of genes responsible for cell growth and proliferation, are very dynamic 

in nature and have the ability to adopt different non-B-DNA conformations, such as 

single-stranded DNA and hairpin structures (14,15). More specifically, the G-rich 

sequences can fold into G-quadruplex structures, while the C-rich sequences may adopt i-

motif structures (16,17). A G-quadruplex structure is formed by stacked G-tetrads, a 

planar association of four guanines held together by Hoogsteen bonds (Figure 5.2 A) 

(18). Once the G-quadruplex forms in the G-rich strand, the less stable complementary C-

rich strand has the opportunity to fold into an i-motif structure, a tetrameric structure 

formed of two parallel duplexes through the intercalation of hemiprotonated cytosine–

cytosine base pairs at slightly acidic pH levels (Figure 5.2 B).  Recently it has been 

shown that these putative regions, which also are identified as NHEs, are enriched in the 

upstream regions from transcriptional start site by as much as 24-fold (19). 

G-quadruplex structures have been reported to form in vitro in the human 

telomere ends and the promoters of different oncogenes, such as c-Myc, c-kit, VEGF, Bcl-

2, and Rb (20-31). In addition, the G-quadruplex structure formed by the G-rich sequence 

of the c-Myc promoter has been identified as a repressor element in the regulation of c-

Myc expression.  The compound TMPyP4 has been shown to downregulate the 

expression of c-Myc by inducing and stabilizing G-quadruplex formation to inhibit its 

promoter activity (20). This suggests that these unique secondary DNA structures could  
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Figure 5.2.  Schematic diagram of a G-quadruplex and an i-motif structure.  (A) Four 
guanines form a G-tetrad through Hoogsteen bonds, and three G-tetrads form a parallel 
G-quadruplex structure in the c-Myc promoter.  (B) Hemiprotonated cytosine–cytosine 
base pair.  Two C+–C pairs form an intermolecular i-motif structure. 
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be used as targets for anticancer drug design.  However, the structures and functions of 

these structures are still not fully understood. 

Since the proximal promoter region of the human RET proto-oncogene contains a 

polypurine/polypyrimidine tract, we investigated whether the G-rich and C-rich strands in 

this oncogene are able to form G-quadruplex and i-motif structures. Here we demonstrate 

that the G-rich strand and the complementary C-rich strand in the proximal promoter of 

the RET gene are capable of forming G-quadruplex and i-motif structures in vitro, 

respectively.  Furthermore, G-quadruplex-interactive agents such as TMPyP4 and 

telomestatin are shown to stabilize the G-quadruplex structure formed by the G-rich 

strand of the RET promoter. 

5.2 Materials and Methods 

Materials  

TMPyP4 was purchased from Frontier Scientific, Inc., and dissolved in dimethyl 

sulfoxide.  Telomestatin was kindly provided by Dr. Kazuo Shin-ya (University of 

Tokyo, Japan).  T4 polymerase kinase was purchased from Promega (Madison, WI).  Taq 

DNA polymerase was purchased from Fermentas (Hanover, MD).  The oligonucleotides 

were purchased from Sigma Genosys (Woodlands, Texas). 

Preparation and End-Labeling of Oligonucleotides 

The 5´-termini of single-stranded oligonucleotides were labeled by incubating 

oligonucleotides with T4 polynucleotide kinase and [γ-32P]ATP for 1 h at 37 °C.  The 

labeled DNA was purified with a Bio-Spin 6 chromatography column (BioRad) to 

remove free 32P after inactivation of the kinase by heating at 95 °C for 3 min. 
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RET31 5´-TTTTTAGGGGCGGGGCGGGGCGGGGGTTTTT-3´ 

Myc-1245 5´-TGGGGAGGGTTTTTAGGGTGGGGA-3´ 

RET1 5´-CCGCCCCCGCCCCGCCCCGCCCCTA-3´ 

*See Figure 5.3 for sequences of wild-type RET-Pol1 and RET-Pol2. 

Table 5.1.  Oligonucleotides Used in This Study.* 
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Polymerase Stop Assay   

The polymerase stop assay template was designed by placing the G-rich sequence 

(containing either four or five runs of guanines) or the various mutant G-rich sequences 

in a polymerase stop assay cassette, as described previously (24,29,32-34). 5´-end-labeled 

primer p28 (100 µM) d(TAATACGACTCACTATAGCAATTGCGTG) and template 

DNA (100 µM) were annealed in an annealing buffer (50 µM Tris-HCl, pH 7.5, 10 µM 

NaCl) by heating at 95 °C and slowly cooling down to room temperature.  The primer-

annealed template oligonucleotide was purified by electrophoresis through a 12% native 

polyacrylamide gel. The purified primer-template DNA was used in a primer extension 

assay by Taq DNA polymerase, as described previously (29). 

DMS Footprinting   

The oligonucleotide RET31 was 5´-end-labeled and denatured at 90 °C for 5 min 

before use and cooled slowly down to room temperature in 20 mM Tris-HCl buffer (pH 

7.6) with or without 100 mM KCl. The annealed oligonucleotide (20,000 counts/min) 

was treated with DMS (2.5%) for 5 min. The reaction was stopped by adding the same 

volume of stop buffer (50% glycerol, 1 µg/µL calf thymus DNA).  The sample was 

resolved on a 16% native polyacrylamide gel to separate the single-stranded DNA and 

the intramolecular G-quadruplex from other intermolecular quadruplexes by their 

different electrophoretic mobility.  The DNA was recovered from the gel and treated with 

piperidine (10%) after ethanol precipitation.  The cleaved products were resolved on a 

16% denaturing polyacrylamide gel. 

Br2 Footprinting Experiment   
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The Br2 footprinting experiment was carried out, in accordance with published 

procedure (35), to probe the secondary structure formed by C-rich oligomer DNA 

(RET1).  In brief, RET1 was 5´-end-labeled with 32P using T4 polynucleotide kinase and 

[γ-32P]ATP, and the labeled RET1 was gel-purified using 12% polyacrylamide gel 

electrophoresis under denaturing conditions (7 M urea).  For the Br2 cleavage reaction, 

the purified 5´-end-labeled RET1 was treated for 20 min with molecular Br2 that was 

generated in situ by mixing an equal molar concentration (50 mM) of KBr with KHSO5 

in the same tube.  The reactions were then terminated by adding 50 µL of stop mix 

containing 0.6 M Na-acetate (pH 5.2) and 10 mg/mL calf thymus DNA, and unreacted 

Br2 was removed by ethanol precipitation.  Following ethanol precipitation, the DNA 

pellet was dried and resuspended with 100 µL of freshly diluted 1 M piperidine, and the 

samples were heated at 90 °C for 30 min to induce bromination-specific strand cleavage.  

Following piperidine treatments, the DNA samples were completely dried and 

resuspended with alkaline sequencing gel loading dye and applied to a 20% sequencing 

gel.  The purine- and pyrimidine-specific reactions were carried out using formic acid or 

hydrazine to generate sequencing markers, following published procedure (35). 

CD Spectroscopy   

For the G-quadruplex study, the oligonucleotide RET31 was diluted to a strand 

concentration of 10 µM in Tris-HCl buffer (20 mM, pH 7.6), 100 mM KCl.  For the i-

motif study, the RET1 was diluted to a strand concentration of 10 µM in Tris-acetate 

buffer (50 mM, pH 4.4–8.0).  CD spectra were recorded on a Jasco-810 

spectrophotometer (Easton, MD) at room temperature, using a quartz cell of 1 mm optical 
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path length and an instrument scanning speed of 100 nm/min, with a response time of 1 s 

and over a wavelength range of 200–350 nm.  To determine the transition mid-point of 

the i-motif structure, the molar ellipticity at 288 nm against pH was plotted and the mid-

point was determined.  To determine Tm, the molar ellipticity versus temperature profiles 

(CD melting curves) were measured at 262 nm for the G-quadruplex and at 288 nm for 

the i-motif, using a temperature gradient of 1 °C/min from 4 °C to 95 °C. 

Molecular Modeling of the RET Structure   

Modeling of RET G-quadruplex.  The NMR solution structure of the human c-

Myc promoter quadruplex (PDB code 1XAV) was used as a starting structure (23). 

Necessary replacements and deletions were done using the Biopolymer module within 

the Insight II modeling software (36). The RET G-quadruplex structure was then refined 

as described below. 

Modeling of the i-motif.  The NMR solution structure of the cytidine-rich strand of 

the human telomere (PDB code 1ELN) was used as a starting structure (37). Necessary 

replacements were done and one of the cytosine base pairs was protonated.  The i-motif 

structure was then separately refined. 

Refinement of G-quadruplex and i-motif structures.  Sodium counter ions were 

added to the quadruplex and i-motif models.  The system was soaked in a 10-Å layer of 

TIP3P water molecules (38). The system of quadruplex or i-motif soaked in water was 

then minimized using 5000 steps of Discover 3.0 minimization within Insight II (39). 

This was followed by molecular dynamics simulations with 40 ps equilibration and 100 

ps simulations.  Distances and torsions for hydrogen bonds involving G-quadruplex tetrad 
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bases and i-motif cytosine pairs were restrained by means of the upper-bound harmonic 

restraining function with a force constant of 100 kcal mol–1 Å–2 for distances and 1000 

kcal mol–1 rad–2 for torsions.  Frames were collected after every 100 femtoseconds.  

Trajectories were analyzed on the basis of potential energy.  The lowest potential energy 

frame was minimized using 10,000 steps of Discover 3.0 minimization. 

Modeling and refinement of complete RET structure.  The duplex region of RET 

was built using the Biopolymer module within Insight II, with standard B-DNA 

geometries.  Various regions of the RET sequence were then attached.  Charges and 

potential types were assigned using the Consistent Valence Force Field within Insight II.  

Sodium counter ions were added.  A layer of pre-equilibrated water molecules (10 Å) 

was added around the molecule.  This whole system was then minimized using Discover 

3.0 within Insight II.  Sodium counter ions were added to the quadruplex and i-motif 

models.  The system was soaked in a 10-Å layer of TIP3P water molecules.  This system 

was then refined using a two-stage procedure.  In the first stage, molecular dynamics 

simulations with 40 ps equilibration and 100 ps simulations were performed with 

restraints for distances and torsions for hydrogen bonds involving G-quadruplex tetrad 

bases, i-motif cytosine pairs, and DNA base pairs in the duplex region.  Frames were 

collected after every 100 femtoseconds. Trajectories were analyzed on the basis of 

potential energy.  The lowest potential energy frame was minimized using 10,000 steps 

of Discover 3.0 minimization.  This was followed by a second stage of similar dynamics 

protocol (40 ps equilibration and 100 ps simulations) with no restraints on duplex DNA 
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base pairs, and the restraints on the quadruplex and i-motif were kept intact.  This 

resulted in a final stable structure after minimization. 

 

5.3 Results 

5.3.1 Formation of G-quadruplex Structures in the G-rich Strand of the RET 

Promoter   

To determine if the G-rich strand of the RET promoter could form G-quadruplex 

structures in vitro, a DNA polymerase stop assay was performed, as previously described 

(32). If the DNA template is capable of forming any secondary structures, such as a G-

quadruplex, the elongation of the Taq polymerase will be arrested during primer 

extension because the enzyme is unable to bypass the secondary structures. A DNA 

polymerase stop assay was first performed with the wild-type RET-Pol1 template 

containing five runs of guanines (I, II, III, IV, and V) (Figure 5.3 A).  The results showed 

that in the absence of KCl, there is no arrest of DNA synthesis (Figure 5.3 B, lane 1).  

However, in the presence of KCl (25–100 mM), a significant amount of arrested 

synthesis product appears at the 3´-end of guanine repeat I (Figure 5.3 B, lanes 2–4).  The 

minor stop product at the 3´-end of guanine repeat II indicates the formation of the G-

quadruplex by guanine repeats II–V.  This data suggests that the four consecutive guanine 

repeats I–IV in the G-rich strand of the RET promoter form the major G-quadruplex in 

the presence of K+.  This suggestion is further supported by the presence of the same 

arrested synthesis product in a DNA polymerase stop assay with the wild-type RET-Pol2  
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Figure 5.3.  Taq polymerase stop assay of the G-rich region of the RET promoter. (A) 
The sequences of the RET-Pol1 and RET-Pol2 templates used in the Taq polymerase stop 
assay.  The five runs of guanines are labeled I–V. The full-length product, minor stop 
site, major stop site, and primer site are indicated with arrows.  (B) and (C) show the Taq 
polymerase stop assay with RET-Pol1 and RET-Pol2, respectively, with increasing 
concentrations of KCl (lane 1, 0 mM KCl; lane 2, 25 mM KCl; lane 3, 50 mM KCl, lane 
4, 100 mM KCl).  For both (B) and (C), the full-length product, minor stop site, major 
stop site, and primer site are indicated with arrows on the right.  The sequencing reaction 
for C is shown on the left side of each gel. 
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Figure 5.4. Taq polymerase stop assay with the wild-type template (RET-Pol2) and 
mutant templates.  The wild-type template (RET-Pol2) is shown on the top, with arrows 
indicating the primer site, stop site and full-length product.  The four consecutive runs of 
guanines are underlined in bold, with guanines 3, 8, 13, and 18 indicated.  For mutant 
templates (A3, A8, A13, A18, T3, T8, T13, and T18), the letter refers to the mutated 
nucleotide and the number refers to the position (3, 8, 13, or 18) on RET-Pol2.  For 
example, A3 means a G-to-A mutation at position 3 on RET-Pol2.  The Taq polymerase 
stop assay was carried out in the absence of (–) or in the presence of 100 mM KCl (+).  
Sequencing reactions for G and C are shown on the left side of the gel.  Lanes 1 and 2 are 
reactions with the wild-type template (RET-Pol2).  Lanes 3–18 are reactions with the 
different mutant templates.  The full-length product, stop site, and primer site are 
indicated with arrows on the right. 
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template (Figure 5.3 A), which does not contain guanine repeat V (Figure 5.3 C, lanes 2–

4).  To specifically determine the guanine residues involved in the formation of the G-

quadruplex structure, several point mutations (G-to-A or G-to-T) were introduced at 

positions 3, 8, 13, and 18 within the template DNA and investigated using the polymerase 

stop assay.  As shown in Figure 5.4, a point mutation at these specific guanine positions 

can disrupt the formation of the G-quadruplex structure in the absence or presence of 100 

mM KCl (Figure 5.4, lanes 3–18), which suggests that G3, G8, G13 and G18 are 

involved in the formation of G-tetrads.  Clearly, the results of the polymerase stop assay 

using the two wild-type (RET-Pol1 and RET-Pol2) and eight different mutant templates 

demonstrate that guanine repeats I–IV in the RET proto-oncogene promoter are able to 

form a G-quadruplex structure in the presence of K+. 

 

5.3.2 DMS Footprinting Suggests an Intramolecular G-quadruplex   

DMS footprinting is used to determine which guanines are involved in the 

formation of the G-quadruplex.  The N7 position of each of the guanines involved in the 

formation of a G-quadruplex through Hoogsteen bonding is protected against methylation 

by DMS, which attacks these guanine positions (20). In the absence of potassium, RET31 

(Table 1), a sequence containing guanine repeats I–IV, was cleaved randomly at every 

guanine, which suggests that it is mainly in a unstructured form (Figure 5.5 A, lane 3).  

However, in the presence of 100 mM potassium, some guanines were either partially or 

fully protected from piperidine cleavage (G2–G4, G6–G9, G12–G14, and G16–G19), 

whereas others showed enhanced cleavage (G1, G11, and G20) (Figure 5.5 A, lane 4).  
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On the basis of the DMS footprinting pattern, it is proposed that the G-quadruplex has 

three planar tetrads formed by four runs of guanines, specifically G2–G4, G6–G8, G12–

G14 and G16–G18.  G1, G9, G11, G19 and G20 are most likely located either exterior to 

the G-quadruplex (G1, G19, G20) or in the connecting loops of the G-tetrads (G9, G11) 

since they show cleavage. 

 

5.3.3 The G-rich Strand of the RET Promoter Forms a Stable Parallel G-quadruplex   

CD spectroscopy is generally used to determine the strand orientation of a G-

quadruplex structure, especially to distinguish between parallel and antiparallel G-

quadruplex structures, which have positive peaks at ~260 nm and ~295 nm, respectively 

(25,29-31). Myc-1245 (Table 1), a modified form of the G-rich sequence from the NHE 

III1 in the c-Myc promoter, has been shown by NMR analysis to form a stable 

intramolecular parallel-stranded G-quadruplex containing three double-chain reversal 

loops containing 1, 6, and 1 bases in the connecting loops (21). The CD spectra of myc-

1245 and RET31 in the presence of 100 mM K+ were compared and found to be similar, 

with positive peaks at ~262 nm and small negative peaks at ~240 nm (Figure 5.5 B), 

which are consistent with a parallel G-quadruplex structure. 

To further understand the stability of the G-quadruplex structure formed by 

RET31, the CD melting curve of the structure in the presence of 100 mM K+ was 

determined by monitoring the molar ellipticity at 262 nm.  We found that the melting  
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Figure 5.5.  DMS footprinting, CD spectra, and melting curve of the G-quadruplex 
structure formed by RET31.  (A) DMS footprinting of an intramolecular G-quadruplex 
structure.  Lanes 1 and 2 are the AG and TC sequencing reactions, lane 3 is the DMS 
footprinting in the absence of KCl, and lane 4 is the one in the presence of 100 mM KCl.  
The partial sequence of RET31 is shown to the right of the gel.  The protected guanines 
are indicated by open circles.  Guanines 1, 9, 11, 19, and 20 show enhanced cleavage 
(closed circles) and partial protection (semi-open circles).  (B) The superimposition of the 
CD spectrum of RET31 and that of myc-1245.  (C) The CD melting curve of the G-
quadruplex structure.  (D) The proposed G-quadruplex structure formed by RET31 
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temperature in the presence of 100 mM K+ is ~80 °C (Figure 5.5 C), which suggests that 

the G-quadruplex structure is a very stable secondary structure (Figure 5.5 D). 

5.3.4 G-quadruplex-interactive Agents Stabilize the G-quadruplex Structure in the 

RET Promoter  

The DNA polymerase stop assay using RET-Pol2 (Figure 5.3 C) as a DNA 

template was performed to evaluate the ability of the G-quadruplex-interactive agents 

TMPyP4 and telomestatin to stabilize the G-quadruplex structure formed by the G-rich 

strand of the RET promoter region.  TMPyP4 is a cationic porphyrin that has been shown 

to interact specifically with G-quadruplex structures (28,40). Telomestatin is a natural 

product and has been shown to be a potent telomerase inhibitor through interaction with 

G-quadruplex structures in the human telomeric sequence (41,42). Our results revealed 

that TMPyP4 and telomestatin both stabilize the G-quadruplex in RET-Pol2 in the 

presence of 10 mM KCl/NaCl in a concentration-dependent manner (Figure 5.6).  It is 

worthwhile to note that the concentration of potassium (10 mM) required to stabilize the 

RET G-quadruplex structures in the presence of TMPyP4 or telomestatin was much lower 

than that (100 mM) required to stabilize the RET G-quadruplex structures without 

TMPyP4 or telomestatin.  These G-quadruplex-interactive agents might have a 

synergistic effect with potassium ions in stabilizing RET G-quadruplex structures by 

binding to them through external stacking at the ends of the G-quadruplexes rather than 

through intercalation between the G-tetrads. 
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Figure 5.6. DNA polymerase stop assay using RET-Pol2 as the template with the 
addition of increasing concentrations of TMPyP4 (0, 1, 2, and 5 M) and telomestatin 
(0, 0.1, 0.5, and 2 M) in 10 mM KCl/NaCl. Sequencing reactions for G and C are 
shown on the left side of the gel. (B) CD spectra of RET31 with increasing 
concentrations of TMPyP4 from 1 mol equivalence to 4 mol equivalence in Tris-HCl 
buffer (20 mM, pH 7.6) and 10 mM KCl. (C) CD spectra of RET31 with increasing 
concentrations of telomestatin from 1 mol equivalence to 4 mol equivalence in Tris-
HCl buffer (20 mM, pH 7.6) and 10 mM KCl. 



 

 

132

 

5.3.5 Formation of an I-motif structure in the C-rich strand of the RET Promoter              

 CD spectroscopy is widely used to determine the formation of i-motif structures 

because their CD spectra show a positive peak at ~290 nm (43). The CD spectra of RET1 

(Table 5.1), whose sequence is identical to the region of the C-rich strand of the human 

RET promoter, were collected at different pHs (from 4.4 to 8.0).  As shown in Figure 5.7 

A, at acidic pH levels (<6.3), the spectra have positive peaks at ~288 nm and negative 

peaks at ~264 nm, which are indicative of i-motif structure formation (16,26,44), while at 

pH levels greater than 7, the positive peaks decrease and shift to ~280 nm.  The transition 

mid-point at pH 6.4 (± 0.2) was determined by plotting the molar ellipticity at 288 nm 

versus pH (Figure 5.7 B). 

We next examined the stability of the i-motif structure formed by RET1 at three 

different pH levels (pH 4.4, pH 5.5, and pH 6.3).  The CD melting curves of the i-motif 

structure formed by RET1 were collected by monitoring the molar ellipticity at 288 nm in 

a temperature range from 4 °C to 95 °C (Figure 5.7 C).  By plotting the molar ellipticity 

at 288 nm against temperature, the Tm levels of RET31 at pH 4.4, pH 5.5, and pH 6.3 

were determined to be 70.1 °C, 51.3 °C, and 38.7 °C, respectively, which shows that the 

stability of the i-motif structure is pH dependent and that the acidic pH is able to stabilize 

the i-motif structure. 
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Figure 5.7.  CD spectra of RET1 recorded at room temperature in Tris-acetate buffer 
(50 mM).  (A) Fifteen spectra were collected, and selected spectra at pH 4.35, pH 
5.50, pH 6.00, pH 6.50, pH 7.10, and pH 8.00 are shown.  (B) pH dependence of the 
molar ellipticity at 288 nm (C) The CD melting curves of RET1 at three different pH 
values. 
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The oligonucleotide RET1 (Figure 5.8 A) contains four cytosine repeats 

comprising four consecutive cytosines, corresponding to the sequence motifs that are 

generally known to fold into the i-motif intramolecularly at acidic pH levels.  In this 

study, Br2 protection experiments were carried out to identify the specific cytosine 

residues of RET1 that are involved in base pairings and intercalations to form the i-motif 

structure.  Br2 is known to react selectively with the (5,6) double bond of the cytosine 

within DNA, resulting in 5-bromodeoxycytidine (35). In particular, Br2 reacts with the 

cytosine residues in a single-stranded region 10-fold higher than those in duplex DNA 

(35).  Therefore, we presumed that the cytosine residues in the loop regions of the i-motif 

structure would be more reactive to Br2 than other cytosine residues involved in base 

pairing and intercalation, allowing us to deduce specific cytosine residues required for 

base pairing and intercalation in i-motif structure.  As shown in the autoradiogram in 

Figure 5.8 B, we found that three consecutive cytosine residues within the first and third 

cytosine repeats were protected from bromination by Br2, while two consecutive cytosine 

residues were protected from bromination within the second and fourth cytosine repeats 

(red letters in Figure 5.8 A) at acidic pH (5.2).  Interestingly, other cytosine residues 

adjacent to the cytosine residues protected from bromination within the same repeat 

showed enhanced reactivity to Br2, suggesting their location in the loop regions of the i-

motif.  However, reactivity of Br2 toward cytosine residues appears to be uniform under 

alkaline condition (pH = 8.0), which is unfavorable for the formation of i-motif structures 

(compare lane 3 to lane 1 in Figure 5.8 B).  On the basis of the results from Br2  
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Figure 5.8.  Br2 footprinting of the unimolecular i-motif structures formed by RET1.  
(A) Sequence of RET1 oligonucleotide used in Br2 protection experiments.  (B) 
Autoradiogram of 20% denaturing PAGE experiment to determine cytosine residues 
involved in base pairing and intercalation to form intramolecular i-motif structures.  
Lanes AG and TC represent the purine- and pyrimidine-specific reactions, 
respectively, to generate sequencing markers.  Lanes 1–3 represent reactions without 
Br2, with Br2 at pH 5.2, and with Br2 at pH 8.0, respectively.  (C) Summary of Br2 
cleavage.  The open circles represent the protected cytosine residues, while closed 
circles represent enhanced cleavage at the cytosine residues.  (D) Folding pattern of 
the proposed i-motif structure formed by RET1. Red=guanine, yellow=cytosine, 
blue=thymine, green=adenine. 
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footprinting, we deduced the base-pairing and intercalation topology of the i-motif 

formed by the intramolecular folding of the RET1sequence (Figure 5.8, C and D).  We 

propose that one parallel double helix is formed by three C+–C base pairings between the 

first and third cytosine-repeat forms of RET1, while the other is formed by two C+–C 

base pairings between the second and fourth cytosine repeats, to maximize π-stacking. 

 

5.4 Discussion 

In this report, we describe the formation of the DNA secondary structures by both 

the G-rich and C-rich stands of the polypurine/polypyrimidine tracts within the RET 

proximal promoter region.  Evidence of the formation of the intramolecular G-

quadruplexes by the G-rich strand of the RET promoter region initially came from the 

results of DMS footprinting experiments carried out with RET31 in the presence of K+.  

Further CD spectroscopic study revealed that the CD spectrum of RET31 was almost 

superimposed with that of myc-1245, which was shown to form a parallel G-quadruplex 

by NMR study, suggesting that the RET31 would also form a parallel G-quadruplex 

structure.  The G-quadruplex adopted by myc-1245 involves a core of three stacked G-

tetrads formed by four parallel G-stretches with all anti conformations in the nucleosides 

and three double-chain reversal loops bridging the three G-tetrad layers (21). On the basis 

of the CD and DMS footprinting of RET31, we proposed a model of the G-quadruplex 

(Figure 5.5 D) consisting of three tetrads with four parallel strands connected by three 

double-chain reversal loops containing 1, 3, and 1 nucleotides, respectively.  The 

principle differences between RET31 and myc-1245 are the size (3 versus 6) and base 
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composition in the central loop.  However, among four guanine repeats of RET31, three 

contain four guanines (G1–G4, G6–G9, and G11–G14) and the remaining repeat contains 

five guanines (G16–G20).  Therefore, in each run of guanines, the three guanines 

associated with the tetrads can use either the three guanines at the 5´-end (e.g., G1, G2, 

and G3) or the three at the 3´-end (e.g., G2, G3, and G4), a phenomenon termed guanine 

slippage (25,45). For stability, two 3:1:3 double-chain reversals are preferentially formed.  

For this reason, the proposed G-quadruplex structure is probably the major form of the G-

quadruplex structures formed by RET31.  However, minor structures are still possible.  

The RET guanine-rich promoter sequence belongs to the growing number of consensus 

promoter sequences in which at least one G3NG3 motif is found within this element to 

provide stability to the overall G-quadruplex structure (Figure 5.9) (25). 

In this study, I also demonstrated, on the basis of the RET1 CD spectra, that the 

C-rich strand of the polypurine/polypyrimidine tracts of the RET promoter is capable of 

forming an i-motif structure at acidic pH in vitro.  Similar observations have been made 

in previous studies using the C-rich strands of centromeric and telomeric regions of 

human chromosomes, as well as the promoter regions of the human c-Myc and Rb genes 

(16,17,26,43,46). In the present study, detailed information on the i-motif topology of 

RET1 was obtained from the results of Br2 protection experiments, allowing us to deduce 

the cytosine residues involved in base pairing and intercalation to form i-motif structures 

by RET1.  On the basis of the results from CD and Br2 protection experiments, the model 

structure for the RET i-motif was built, involving five C+–C base pairs by four 

antiparallel C-stretches and three loops bridging four C-stretches (see Figure 5.8 D).  Our  
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Figure 5.9.  Comparison of truncated G-quadruplex-forming sequences within selected 
gene promoters. 
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prediction of an antiparallel i-motif model for RET1 is also based on a similar CD 

spectrum observed in i-motif structures of the human telomeric C-strand determined by 

NMR in previous studies (37,47,48). Interestingly, cytosine residues adjacent to those 

protected from Br2 showed enhanced reactivity toward Br2, suggesting that they are bases 

contained in linker loops connecting the tetrads, since Br2 protection experiments have 

been successfully used to probe the presence of C-bulges or unpaired cytosine residues in 

double-stranded DNA  (35). In summary, our results from both CD and Br2 protection 

experiments strongly suggest that the C-rich sequence from the RET promoter could fold 

intramolecularly into regular i-motif structures rather than unusual ones.  In addition, the 

results from our Br2 protection experiments suggest that this chemical footprinting 

technique can be a very useful tool for easy and rapid examination of unique DNA 

structures involving C+–C base pairing in i-motif structures, analogous to the DMS 

footprinting technique used to characterize G-quadruplex structures.  A composite 

structure of the G-quadruplex and i-motif within a duplex region is shown in Figure 5.10. 

Figure 5.10 A shows the molecular model of the RET promoter sequence (–66 to 

–19) with G-quadruplex, i-motif, and adjacent duplex regions.  Both the G-quadruplex 

and i-motif are conveniently connected with the duplex region at their respective 5´- and 

3´-ends without undue distortion of the overall structure.  This topological arrangement 

results in a structure such that G-tetrads of the quadruplex are parallel to the direction of 

the base pairs (in the duplex region), while C+–C pairs in the i-motif are perpendicular to 

the duplex.  The duplex junction region on each side of the quadruplex and i-motif is 

structurally deformed.  Four base pairs on each side of this region are present as single-  



 

 

140

 
 

 

Figure 5.10.  (A) Symmetrical arrangement of RET C-rich and G-rich sequences, 
indicating loop bases and bases participating in the formation of i-motifs and G-
quadruplexes (boxes). (B) Stable low energy model of the RET promoter sequence (–
66 to –19) with i-motif, G-quadruplex, and duplex DNA regions, displayed as capped 
sticks (adenine = green, guanine = red, thymine = blue, and cytosine = yellow) with 
potassium ions as CPK model (white).  Hydrogen atoms are not shown for clarity.  
The corresponding RET promoter sequence is shown below the model.  DNA bases 
involved in i-motif and G-quadruplex structure formation are shown in red.   
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stranded helical bases rather than conventional B-DNA base pairs.  This allows the 

structure the degree of flexibility required for the formation and stability of the 

quadruplex and i-motif within the duplex sequence.  The G-quadruplex and i-motif 

structures are both stable, and the presence of G19 as a capping structure provides 

additional stability to the G-quadruplex, as compared to the i-motif. 

Figure 5.10 B shows the RET G-rich and C-rich sequences, indicating the bases 

participating in the formation of secondary structures (G-tetrad or C+–C base pair) and 

loop bases.  Significantly, this symmetrical arrangement of bases uses a minimal number 

of base pairs to give a maximum number of G-tetrads and cytosine–cytosine base pairs to 

give rise to stable secondary structures.  A total of 17 bases form three G-tetrads and 

three loops (1:3:1 loop sizes) in the G-quadruplex.  Similarly, 17 bases on the 

complimentary C-rich strand form five C+–C base pairs and three loops (2:3:2 loop sizes) 

in the i-motif.  These are the minimum number of bases in the loops required to give rise 

to the formation of stable G-quadruplex and i-motif structures on the complimentary 

strands.  It is tempting to speculate that Nature has selected this precise sequence to 

maximize G-quadruplex and i-motif stability while still preserving three Sp1 binding 

sites on duplex DNA.  Transcriptional factors, such as hnRNP K, that might bind to the 

single-stranded elements have not yet been explored. 

Targeting DNA secondary structures, specifically a G-quadruplex, in the 

promoter region is a novel strategy to interfere with oncogene expression, as 

demonstrated in our previous study of the G-quadruplex in the c-Myc promoter (20). In 

the c-Myc promoter, the polypurine/polypyrimidine region has been shown to be very 
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dynamic and able to easily adopt non-B-DNA conformations, such as single-stranded 

DNA, under transcriptionally associated torsional strain in vivo (14). In the event of 

replication or transcription, the local and transient unwinding of duplex DNA can occur, 

thus exposing the single-stranded DNA in the GC-rich region of a promoter and allowing 

G-quadruplex and i-motif structures to form.  Recently, the polypurine/polypyrimidine 

tracks in the proximal promoter regions of genes, such as c-Myc, VEGF, Bcl-2, c-kit, and 

Rb, which are generally associated with cell growth and proliferation, have been shown 

to form G-quadruplex and/or i-motif structures in vitro (15,16,20,22,24-26). These 

unique DNA secondary structures provide additional opportunity and selectivity versus 

duplex DNA for drug targeting.  Previous work in our laboratory has shown that small 

molecules capable of stabilizing G-quadruplexes in the promoter region of the c-Myc 

oncogene are able to downregulate its transcription in vivo (12,13). The formation of the 

G-quadruplex or i-motif in the polypurine/polypyrimidine tracts of the RET promoter in 

vivo and its role in the transcriptional regulation have yet to be determined. 
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CHAPTER 6 

CONCLUSIONS 

 

 In this dissertation, I have studied the formation of G-quadruplex and i-motif 

DNA in the promoters of human VEGF and RET gene. Studies on VEGF expression have 

demonstrated that a polypurine/polypyrimidine tract (-85 to -50 base pairs relative to the 

transcription starting site) in the proximal promoter region is critical for its promoter 

activity. In this region, the polypurine strand contains four runs of guanines separated by 

one or two non-guanine bases, which is consistent with the general motif capable of 

forming G-quadruplex structures. On the other hand, the polypyrimidine strand contains 

four runs of cytosines and is consistent with the general i-motif forming sequences. In 

this dissertation, I was interested to know whether G-quadrurplex and i-motif structures 

are able to form in this region, what transcription factors recognize different DNA 

structural elements in the VEGF proximal promoter, and how various transcription 

factors and DNA structural elements together regulate VEGF transcription.  

 By using CD, DMS footprinting, I have demonstrated that the G-rich strand in the 

VEGF promoter predominantly forms an intramolecular parallel G-quadruplex containing 

a core of three G-tetrads and a 1:4:1 arrangement of three double-chain reversal loops in 

the presence of 100 mM K+ as well as other loop isomers such as 1:2:3 loop isomer. The 

1:4:1 loop isomer is the most thermodynamically stable conformation among other loop 

isomers. The 1:4:1 and 1:2:3 loop isomers share most structural characteristics except for 

loop regions. The 1:4:1 loop isomer has both a 5’-end and 3’-end G3N1G3 motif. After 
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comparing with other G-quadruplex-forming sequences and their folding patterns, it is 

apparent that 1:n:1 (two single-base loops and one loop has variable number of bases) 

loop isomers are preferentially formed in the presence of K+. The formation of different 

loop isomers by the VEGF G-rich sequence has also been demonstrated by NMR studies 

of the native and derived VEGF G-rich sequence in the K+ solution. Furthermore, the 

complementary C-rich strand in this region has been demonstrated to form an 

intramolecular i-motif structure containing six hemiprotonated C-C+ base pairs and a 

2:3:2 arrangement of loops at slightly acidic pH (pH 5.8). Our group has also 

demonstrated that G-quadruplex-interactive compounds, TMPyP4 and telomestatin, are 

able to stabilize the VEGF G-quadruplex in vitro and in cells, suggesting that targeting 

the G-quadruplex formed in the VEGF proximal promoter can be a novel strategy for 

modulating VEGF expression. 

 Even though there is tremendous amount of evidence for the formation of these 

unusual DNA secondary structures in many gene promoters in vitro, direct confirmation 

for their existence in vivo is still to be obtained. To answer this question, I have initiated 

an exploration of novel transcription factors binding to the VEGF proximal promoter 

region. Using EMSA, I have demonstrated that Sp1, hnRNP K, CNBP and nucleolin 

interact with different structural elements in this region. Sp1 mainly interact with the 

duplex DNA, whereas, hnRNP K and CNBP specifically interacts with the C-rich and G-

rich strand respectively. Nucleolin specifically interacts with the G-quadruplex DNA 

formed by the VEGF G-rich strand. Further, I have demonstrated that these transcription 

factors positively regulate VEGF transcription. More importantly, using ChIP assay, I 



 

 

145

have demonstrated that these transcription factors specifically interact with the VEGF 

proximal promoter region, not with any other regions along this promoter. To our 

knowledge, this is the first time to demonstrate the interaction of hnRNP K, CNBP and 

nucleolin with different DNA structural elements in the VEGF proximal promoter both in 

vitro and in cells, and confirm their involvement in VEGF transcriptional activation. On 

the basis of these results, I have proposed a model to describe the DNA structural 

transitions between duplex, single-stranded and G-quadruplex/i-motif DNA in the VEGF 

proximal promoter and how distinct forms of DNA interact with different transcription 

factors to regulate VEGF transcription. Sp1 binds to the duplex DNA in the VEGF 

proximal prompter and turn on the transcription. hnRNP K and CNBP can specifically 

recognize the C- and G-rich strand in this region, respectively, and activate VEGF 

transcription. Nucleolin interacts with the G-quadruplex structure formed in the G-rich 

strand in this region and may positively regulate VEGF transcription. The clear role of 

nucleolin in VEGF transcription is still under investigation. G-quadruplex-interactive 

compounds can stabilize the G-quadruplex structure and disrupt any transcription factor 

binding, and therefore inhibit VEGF transcription.  

 In the proximal promoter (-59 to -25 base pairs relative to the transcription 

starting site) of another important oncogene RET, a polypurine/polypyrimidine tract is 

essential for its gene promoter activity. The G-rich strand in this region contains five runs 

of guanines, and the C-rich strand in the same region contains five runs of cytosines. I 

have demonstrated that, in the K+ solution, the 3’-end four runs of guanines form the 

major G-quadruplex, which has been demonstrated to be an intramolecular parallel G-
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quadruplex containing a core of three G-tetrads and a 1:3:1 arrangement of three double-

chain reversal loops. G-quadruplex-interactive compounds TMPyP4 and telomestatin can 

stabilize this G-quadruplex in a concentration-dependent manner in vitro. In addition, I 

have demonstrated that the complementary C-rich strand forms an intramolecular i-motif 

structure in vitro.  

 From the studies of unusual DNA secondary structures, G-quadruplex and i-motif, 

in the promoters of VEGF and RET, it is apparent that the G/C-rich region in the 

promoter of many gene promoters can undergo a structural transition and adopt non-B-

DNA structures. These non-B-DNA secondary structures play important roles in gene 

transcriptional regulation, and therefore, targeting these unique DNA secondary 

structures has been a novel strategy to specifically modulate gene expression in drug 

development.     
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can be targeted by G-quadruplex–interactive agents. Molecular Cancer 
therapeutics, 2008, 7: 880-889,  
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Laurence H. Hurley. Formation of pseudosymmetrical G-quadruplex and i-motif 
structures in the proximal promoter region of the RET oncogene. Journal of the 
American Chemical Society, 2007, 129 (33): 10220-10228. 

 
5. Daekyu Sun, Kexiao Guo, Jadrian J. Rusche, and Laurence H. Hurley. 

Facilitation of a structural transition in the polypurine/polypyrimidine tract within 
the proximal promoter region of the human VEGF gene by the presence of 
potassium and G-quadruplex-interactive agents. Nucleic Acids Research. 2005, 
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ABSTRACTS 
 

In vitro and in vivo footprinting of the promoter region of the human vascular 
endothelial growth factor gene is consistent with G-quadruplex formation 

 
Kexiao Guo, Daekyu Sun, Jadrian J. Rusche and Laurence H. Hurley. Presented at the 
2005 Annual Meeting of the American Association for Cancer Research. Anaheim, CA. 
 
The proximal promoter region of the vascular endothelial growth factor (VEGF) gene 
consists of a polypurine (guanine)/polypyrimidine (cytosine) tract, which is known to be 
very dynamic in its conformation. We hypothesize that there could be a conformational 
transition between B-type DNA, melted DNA, and G-quadruplex structures within this 
polypurine/polypyrimidine tract present in the human VEGF promoter. To probe the 
possible transition from B-type DNA structures to alternate structures at the promoter 
region of the VEGF gene, we carried out in vitro and in vivo footprinting experiments on 
the VEGF promoter region with DNase I, S1 nuclease, and dimethyl sulfate (DMS) in 
this study. In vitro footprinting of the VEGF promoter region with DNase I and S1 
nuclease revealed a long protected region including G-rich sequences, indicating the 
possible transition from B-DNA to unusual types of DNA structures at the VEGF 
promoter region. Interestingly, a striking hypersensitivity to both nucleases was found in 
the presence of KCl and telomestatin at the 3'-side residue of the predicted G-quadruplex-
forming region, which could be the junction site separating the G-quadruplex from 
adjacent normal B-DNA. Footprint changes by both DNase I and S1 nuclease were 
significantly enhanced after the addition of KCl and telomestatin, indicating altered 
conformation of the VEGF proximal promoter region surrounding G-rich sequences 
under the conditions that favor the transition of B-type DNA structure to the G-
quadruplexes. Our DMS-based genomic footprinting analysis of the VEGF promoter also 
provides strong evidence for possible alterations in DNA conformation with changes in 
this gene expression after exposure to TMPyP4 using A498 cells. The VEGF promoter is 
not well protected prior to TMPyP4 treatment, but following TMPyP4 treatment at the 
concentration that effectively inhibits the VEGF gene expression, most DMS-protected 
sites fall within (or close to) G-rich sequences consisting of four sets of 3-5 guanine 
repeats, forming a stable G-quadruplex structure in in vitro studies. Collectively, our 
results provide evidence that specific G-quadruplex structures can be formed in the 
VEGF promoter region, and that the transcription of these genes can be controlled by 
ligand-mediated G-quadruplex stabilization. 
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Formation of G-quadruplex and i-motif structures in the proximal promoter region 
of the RET oncogene 

 
Kexiao Guo, Alan Pourpak, Kara Beetz-Rogers, Laurence Hurley and Daekyu Sun. 
Presented at the 2007 Annual Meeting of the American Association for Cancer Research. 
Los Angeles, CA. 
 
A polypurine/polypyrimidine-rich sequence within the proximal promoter region of the 
human RET oncogene has been shown to be essential for RET basal transcription. 
Specifically, the polypurine-rich strand within this region consists of five consecutive 
runs of guanines, which is consistent with the general motif capable of forming an 
intramolecular G-quadruplex. Here, we demonstrate that in the presence of 100 mM K+, 
this sequence has the ability to adopt an intramolecular G-quadruplex structure in vitro. 
Moreover, comparative circular dichroism and DMS footprinting studies revealed the 
presence of a parallel-type intramolecular G-quadruplex structure containing three G-
tetrads. The G-quadruplex-interactive agents, TMPyP4 and telomestatin, further stabilize 
the G-quadruplex structure. In addition, we demonstrate the complementary C-rich strand 
is capable of forming an i-motif structure in vitro as suggested by CD spectroscopy and 
chemical footprinting. Together, our results indicate that a G-quadruplex and i-motif 
structures can form within the proximal promoter region of the human RET oncogene, 
which could potentially play a role in the regulation of gene transcription. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

150

DNA structural polymorphism in the proximal promoter of the vascular endothelial 
growth factor gene 

 
Kexiao Guo, Vijay Gokhale, Laurence H. Hurley, and Daekyu Sun. Presented at the 
2008 Annual Meeting of the American Association for Cancer Research. San Diego, CA. 
 
Vascular endothelial growth factor (VEGF) plays an important role in tumor 
angiogenesis. A polyguanine/polycytosine (polyG/polyC) tract in the proximal promoter 
of the VEGF gene is essential for its promoter activity. Because this polyG/polyC tract is 
very dynamic in nature, it is able to unwind into single-stranded DNA and adopt non-B-
DNA conformations, which potentially play a role in VEGF transcriptional regulation. In 
this study, we characterized the secondary structures that are formed in the guanine-rich 
(G-rich) and cytosine-rich (C-rich) strands of this tract using various biochemical and 
biophysical techniques. It was revealed that, in the presence of 100 mM KCl, the G-rich 
strand is able to adopt two parallel G-quadruplex loop isomers containing three G-tetrads 
with three double-chain-reversal loops of either 1:4:1 or 1:2:3. Our CD melting 
experiment and polymerase stop assay suggested that the G-quadruplex containing 1:4:1 
double-chain-reversal loops is the more thermodynamically stable conformation that the 
G-rich strand readily adopts. This provides strong evidence that the sequences and sizes 
of the loops are critical for the formation and stability of G-quadruplexes. Our molecular 
model showed that the guanines at the 5’-end and the 3’-end of the G-quadruplex provide 
a stable capping structure. The complementary C-rich strand is able to form an 
intramolecular i-motif structure at slightly acidic pH, which involves six C-C+ base pairs 
and three loops of 2:3:2. One guanine and cytosine in one of the loops stabilize the i-
motif by stacking interactions. Taken together, our results demonstrate that the G-
quadruplex and i-motif structures are able to form in the G-rich and C-rich strands 
respectively of the polyG/polyC tract in the VEGF proximal promoter under conditions 
that favor the transition of B-DNA to non-B-DNA conformations. These unique 
secondary structures may be novel targets for anti-angiogenesis therapy in cancer. 

 
  

 

 

 

 

 



 

 

151

APPENDIX B 

PERMISSION TO USE COPYRIGHTED MATERIAL 

 

Reprinted with permission from: 

 

Kexiao Guo, Vijay Gokhale, Laurence H. Hurley, and Daekyu Sun. Nucleic Acids 

Research, 2008, 36 (14): 4598-4608. Copyright © 2008 Oxford University Press. 

 

Kexiao Guo, Alan Pourpak, Kara Beetz-Rogers, Vijay Gokhale, Daekyu Sun, and 

Laurence H. Hurley. Journal of the American Chemical Society, 2007, 129 (33): 10220-

10228. Copyright © 2007 American Chemical Society. 

 

Maurice Guéron and Jean-Louis Leroy. Current Opinion in Structural Biology, 2000, 10 

(3): 326-331. Copyright © 2000 Elsevier. 



 

 

152

CHAPTER 1 REFERENCES: 
 
1. Gellert, M., Lipsett, M.N. and Davies, D.R. (1962). Helix formation by guanylic 

acid. Proc Natl Acad Sci U S A, 48, 2013-2018. 
 
2. Huppert, J.L. (2007). Four-stranded DNA: cancer, gene regulation and drug 

development. Philos Transact A Math Phys Eng Sci, 365, 2969-2984. 
 
3. Davis, J.T. (2004). G-quartets 40 years later: from 5'-GMP to molecular biology 

and supramolecular chemistry. Angew Chem Int Ed Engl, 43, 668-698. 
 
4. Patel, D.J. (2002). Structural biology: a molecular propeller. Nature, 417, 807-

808. 
 
5. Simonsson, T. (2001). G-quadruplex DNA structures--variations on a theme. Biol 

Chem, 382, 621-628. 
 
6. Gehring, K., Leroy, J.L. and Gueron, M. (1993). A tetrameric DNA structure with 

protonated cytosine.cytosine base pairs. Nature, 363, 561-565. 
 
7. Gueron, M. and Leroy, J.L. (2000). The i-motif in nucleic acids. Curr Opin Struct 

Biol, 10, 326-331. 
 
8. Guo, K., Pourpak, A., Beetz-Rogers, K., Gokhale, V., Sun, D. and Hurley, L.H. 

(2007). Formation of Pseudosymmetrical G-Quadruplex and i-Motif Structures in 
the Proximal Promoter Region of the RET Oncogene. J Am Chem Soc, 129, 
10220-10228. 

 
9. Leroy, J.L., Gueron, M., Mergny, J.L. and Helene, C. (1994). Intramolecular 

folding of a fragment of the cytosine-rich strand of telomeric DNA into an i-
motif. Nucleic Acids Res, 22, 1600-1606. 

 
10. Xu, Y. and Sugiyama, H. (2006). Formation of the G-quadruplex and i-motif 

structures in retinoblastoma susceptibility genes (Rb). Nucleic Acids Res, 34, 949-
954. 

 
11. Leroy, J.L. and Gueron, M. (1995). Solution structures of the i-motif tetramers of 

d(TCC), d(5methylCCT) and d(T5methylCC): novel NOE connections between 
amino protons and sugar protons. Structure, 3, 101-120. 

 
12. Ahmed, S., Kintanar, A. and Henderson, E. (1994). Human telomeric C-strand 

tetraplexes. Nat Struct Biol, 1, 83-88. 
 



 

 

153

13. Wolffe, A.P. and Guschin, D. (2000). Review: chromatin structural features and 
targets that regulate transcription. J Struct Biol, 129, 102-122. 

 
14. Fry, C.J. and Peterson, C.L. (2001). Chromatin remodeling enzymes: who's on 

first? Curr Biol, 11, R185-197. 
 
15. Liu, L.F. and Wang, J.C. (1987). Supercoiling of the DNA template during 

transcription. Proc Natl Acad Sci U S A, 84, 7024-7027. 
 
16. Kouzine, F., Sanford, S., Elisha-Feil, Z. and Levens, D. (2008). The functional 

response of upstream DNA to dynamic supercoiling in vivo. Nat Struct Mol Biol, 
15, 146-154. 

 
17. Lavelle, C. (2008). DNA torsional stress propagates through chromatin fiber and 

participates in transcriptional regulation. Nat Struct Mol Biol, 15, 123-125. 
 
18. Salceda, J., Fernandez, X. and Roca, J. (2006). Topoisomerase II, not 

topoisomerase I, is the proficient relaxase of nucleosomal DNA. Embo J, 25, 
2575-2583. 

 
19. Shay, J.W. and Wright, W.E. (1996). Telomerase activity in human cancer. Curr 

Opin Oncol, 8, 66-71. 
 
20. Luu, K.N., Phan, A.T., Kuryavyi, V., Lacroix, L. and Patel, D.J. (2006). Structure 

of the human telomere in K+ solution: an intramolecular (3 + 1) G-quadruplex 
scaffold. J Am Chem Soc, 128, 9963-9970. 

 
21. Li, J., Correia, J.J., Wang, L., Trent, J.O. and Chaires, J.B. (2005). Not so crystal 

clear: the structure of the human telomere G-quadruplex in solution differs from 
that present in a crystal. Nucleic Acids Res, 33, 4649-4659. 

 
22. Dai, J., Carver, M., Punchihewa, C., Jones, R.A. and Yang, D. (2007). Structure 

of the Hybrid-2 type intramolecular human telomeric G-quadruplex in K+ 
solution: insights into structure polymorphism of the human telomeric sequence. 
Nucleic Acids Res, 35, 4927-4940. 

 
23. Parkinson, G.N., Lee, M.P. and Neidle, S. (2002). Crystal structure of parallel 

quadruplexes from human telomeric DNA. Nature, 417, 876-880. 
 
24. Mergny, J.L. and Helene, C. (1998). G-quadruplex DNA: a target for drug design. 

Nat Med, 4, 1366-1367. 
 
25. Simonsson, T., Pecinka, P. and Kubista, M. (1998). DNA tetraplex formation in 

the control region of c-myc. Nucleic Acids Res, 26, 1167-1172. 



 

 

154

26. Siddiqui-Jain, A., Grand, C.L., Bearss, D.J. and Hurley, L.H. (2002). Direct 
evidence for a G-quadruplex in a promoter region and its targeting with a small 
molecule to repress c-MYC transcription. Proc Natl Acad Sci U S A, 99, 11593-
11598. 

 
27. Sun, D., Guo, K., Rusche, J.J. and Hurley, L.H. (2005). Facilitation of a structural 

transition in the polypurine/polypyrimidine tract within the proximal promoter 
region of the human VEGF gene by the presence of potassium and G-quadruplex-
interactive agents. Nucleic Acids Res, 33, 6070-6080. 

 
28. Dexheimer, T.S., Sun, D. and Hurley, L.H. (2006). Deconvoluting the structural 

and drug-recognition complexity of the G-quadruplex-forming region upstream of 
the bcl-2 P1 promoter. J Am Chem Soc, 128, 5404-5415. 

 
29. Qin, Y., Rezler, E.M., Gokhale, V., Sun, D. and Hurley, L.H. (2007). 

Characterization of the G-quadruplexes in the duplex nuclease hypersensitive 
element of the PDGF-A promoter and modulation of PDGF-A promoter activity 
by TMPyP4. Nucleic Acids Res, 35, 7698-7713. 

 
30. De Armond, R., Wood, S., Sun, D., Hurley, L.H. and Ebbinghaus, S.W. (2005). 

Evidence for the presence of a guanine quadruplex forming region within a 
polypurine tract of the hypoxia inducible factor 1alpha promoter. Biochemistry, 
44, 16341-16350. 

 
31. Cogoi, S. and Xodo, L.E. (2006). G-quadruplex formation within the promoter of 

the KRAS proto-oncogene and its effect on transcription. Nucleic Acids Res, 34, 
2536-2549. 

 
32. Li, Z., Van Calcar, S., Qu, C., Cavenee, W.K., Zhang, M.Q. and Ren, B. (2003). 

A global transcriptional regulatory role for c-Myc in Burkitt's lymphoma cells. 
Proc Natl Acad Sci U S A, 100, 8164-8169. 

 
33. Pelengaris, S., Rudolph, B. and Littlewood, T. (2000). Action of Myc in vivo - 

proliferation and apoptosis. Curr Opin Genet Dev, 10, 100-105. 
 
34. Spencer, C.A. and Groudine, M. (1991). Control of c-myc regulation in normal 

and neoplastic cells. Adv Cancer Res, 56, 1-48. 
 
35. Marcu, K.B., Bossone, S.A. and Patel, A.J. (1992). myc function and regulation. 

Annu Rev Biochem, 61, 809-860. 
 
36. Phan, A.T., Modi, Y.S. and Patel, D.J. (2004). Propeller-type parallel-stranded G-

quadruplexes in the human c-myc promoter. J Am Chem Soc, 126, 8710-8716. 



 

 

155

37. Ambrus, A., Chen, D., Dai, J., Jones, R.A. and Yang, D. (2005). Solution 
structure of the biologically relevant G-quadruplex element in the human c-MYC 
promoter. Implications for G-quadruplex stabilization. Biochemistry, 44, 2048-
2058. 

 
38. Dai, J., Chen, D., Jones, R.A., Hurley, L.H. and Yang, D. (2006). NMR solution 

structure of the major G-quadruplex structure formed in the human BCL2 
promoter region. Nucleic Acids Res, 34, 5133-5144. 

 
39. Sun, D., Liu, W.J., Guo, K., Rusche, J.J., Ebbinghaus, S., Gokhale, V. and 

Hurley, L.H. (2008). The proximal promoter region of the human vascular 
endothelial growth factor gene has a G-quadruplex structure that can be targeted 
by G-quadruplex-interactive agents. Mol Cancer Ther, 7, 880-889. 

 
40. Chen, L., Cai, L., Zhang, X. and Rich, A. (1994). Crystal structure of a four-

stranded intercalated DNA: d(C4). Biochemistry, 33, 13540-13546. 
 
41. Kang, C.H., Berger, I., Lockshin, C., Ratliff, R., Moyzis, R. and Rich, A. (1994). 

Crystal structure of intercalated four-stranded d(C3T) at 1.4 A resolution. Proc 
Natl Acad Sci U S A, 91, 11636-11640. 

 
42. Simonsson, T., Pribylova, M. and Vorlickova, M. (2000). A nuclease 

hypersensitive element in the human c-myc promoter adopts several distinct i-
tetraplex structures. Biochem Biophys Res Commun, 278, 158-166. 

 
43. Schaffitzel, C., Berger, I., Postberg, J., Hanes, J., Lipps, H.J. and Pluckthun, A. 

(2001). In vitro generated antibodies specific for telomeric guanine-quadruplex 
DNA react with Stylonychia lemnae macronuclei. Proc Natl Acad Sci U S A, 98, 
8572-8577. 

 
44. Paeschke, K., Simonsson, T., Postberg, J., Rhodes, D. and Lipps, H.J. (2005). 

Telomere end-binding proteins control the formation of G-quadruplex DNA 
structures in vivo. Nat Struct Mol Biol, 12, 847-854. 

 
45. Riou, J.F., Guittat, L., Mailliet, P., Laoui, A., Renou, E., Petitgenet, O., Megnin-

Chanet, F., Helene, C. and Mergny, J.L. (2002). Cell senescence and telomere 
shortening induced by a new series of specific G-quadruplex DNA ligands. Proc 
Natl Acad Sci U S A, 99, 2672-2677. 

 
46. Han, H. and Hurley, L.H. (2000). G-quadruplex DNA: a potential target for anti-

cancer drug design. Trends Pharmacol Sci, 21, 136-142. 
 
47. Sandell, L.L. and Zakian, V.A. (1993). Loss of a yeast telomere: arrest, recovery, 

and chromosome loss. Cell, 75, 729-739. 



 

 

156

48. Wellinger, R.J., Wolf, A.J. and Zakian, V.A. (1993). Saccharomyces telomeres 
acquire single-strand TG1-3 tails late in S phase. Cell, 72, 51-60. 

 
49. Griffith, J.D., Comeau, L., Rosenfield, S., Stansel, R.M., Bianchi, A., Moss, H. 

and de Lange, T. (1999). Mammalian telomeres end in a large duplex loop. Cell, 
97, 503-514. 

 
50. Greider, C.W. and Blackburn, E.H. (1989). A telomeric sequence in the RNA of 

Tetrahymena telomerase required for telomere repeat synthesis. Nature, 337, 331-
337. 

 
51. Zahler, A.M., Williamson, J.R., Cech, T.R. and Prescott, D.M. (1991). Inhibition 

of telomerase by G-quartet DNA structures. Nature, 350, 718-720. 
 
52. Berkes, C.A. and Tapscott, S.J. (2005). MyoD and the transcriptional control of 

myogenesis. Semin Cell Dev Biol, 16, 585-595. 
 
53. Yafe, A., Etzioni, S., Weisman-Shomer, P. and Fry, M. (2005). Formation and 

properties of hairpin and tetraplex structures of guanine-rich regulatory sequences 
of muscle-specific genes. Nucleic Acids Res, 33, 2887-2900. 

 
54. Walsh, K. and Gualberto, A. (1992). MyoD binds to the guanine tetrad nucleic 

acid structure. J Biol Chem, 267, 13714-13718. 
 
55. Maizels, N. (2006). Dynamic roles for G4 DNA in the biology of eukaryotic cells. 

Nat Struct Mol Biol, 13, 1055-1059. 
 
56. Weisman-Shomer, P., Cohen, E. and Fry, M. (2000). Interruption of the fragile X 

syndrome expanded sequence d(CGG)(n) by interspersed d(AGG) trinucleotides 
diminishes the formation and stability of d(CGG)(n) tetrahelical structures. 
Nucleic Acids Res, 28, 1535-1541. 

 
57. Chen, X., Mariappan, S.V., Catasti, P., Ratliff, R., Moyzis, R.K., Laayoun, A., 

Smith, S.S., Bradbury, E.M. and Gupta, G. (1995). Hairpins are formed by the 
single DNA strands of the fragile X triplet repeats: structure and biological 
implications. Proc Natl Acad Sci U S A, 92, 5199-5203. 

 
58. Kim, M.Y., Gleason-Guzman, M., Izbicka, E., Nishioka, D. and Hurley, L.H. 

(2003). The different biological effects of telomestatin and TMPyP4 can be 
attributed to their selectivity for interaction with intramolecular or intermolecular 
G-quadruplex structures. Cancer Res, 63, 3247-3256. 

 



 

 

157

59. Haq, I., Trent, J.O., Chowdhry, B.Z. and Jenkins, T.C. (1999). Intercalative G-
Tetraplex Stabilization of Telomeric DNA by a Cationic Porphyrin. J. Am. Chem. 
Soc., 121, 1768-1779. 

 
60. Han, H., Langley, D.R., Rangan, A. and Hurley, L.H. (2001). Selective 

interactions of cationic porphyrins with G-quadruplex structures. J Am Chem Soc, 
123, 8902-8913. 

 
61. Seenisamy, J., Rezler, E.M., Powell, T.J., Tye, D., Gokhale, V., Joshi, C.S., 

Siddiqui-Jain, A. and Hurley, L.H. (2004). The dynamic character of the G-
quadruplex element in the c-MYC promoter and modification by TMPyP4. J Am 
Chem Soc, 126, 8702-8709. 

 
62. Phan, A.T., Kuryavyi, V., Gaw, H.Y. and Patel, D.J. (2005). Small-molecule 

interaction with a five-guanine-tract G-quadruplex structure from the human 
MYC promoter. Nat Chem Biol, 1, 167-173. 

 
63. Cocco, M.J., Hanakahi, L.A., Huber, M.D. and Maizels, N. (2003). Specific 

interactions of distamycin with G-quadruplex DNA. Nucleic Acids Res, 31, 2944-
2951. 

 
64. Clark, G.R., Pytel, P.D., Squire, C.J. and Neidle, S. (2003). Structure of the first 

parallel DNA quadruplex-drug complex. J Am Chem Soc, 125, 4066-4067. 
 
65. Wilson, W.D. and Sugiyama, H. (2007). First International Meeting on 

Quadruplex DNA. ACS Chem Biol, 2, 589-594. 
 
66. Siemann, D.W., Chaplin, D.J. and Horsman, M.R. (2004). Vascular-targeting 

therapies for treatment of malignant disease. Cancer, 100, 2491-2499. 
 
67. Folkman, J. (1971). Tumor angiogenesis: therapeutic implications. N Engl J Med, 

285, 1182-1186. 
 
68. Folkman, M.J., Long, D.M., Jr. and Becker, F.F. (1962). Tumor growth in organ 

culture. Surg Forum, 13, 81-83. 
 
69. Greenblatt, M. and Shubi, P. (1968). Tumor angiogenesis: transfilter diffusion 

studies in the hamster by the transparent chamber technique. J Natl Cancer Inst, 
41, 111-124. 

 
70. Ehrmann, R.L. and Knoth, M. (1968). Choriocarcinoma. Transfilter stimulation of 

vasoproliferation in the hamster cheek pouch. Studied by light and electron 
microscopy. J Natl Cancer Inst, 41, 1329-1341. 



 

 

158

71. Senger, D.R., Galli, S.J., Dvorak, A.M., Perruzzi, C.A., Harvey, V.S. and Dvorak, 
H.F. (1983). Tumor cells secrete a vascular permeability factor that promotes 
accumulation of ascites fluid. Science, 219, 983-985. 

 
72. Folkman, J., Merler, E., Abernathy, C. and Williams, G. (1971). Isolation of a 

tumor factor responsible for angiogenesis. J Exp Med, 133, 275-288. 
 
73. Ferrara, N., Gerber, H.P. and LeCouter, J. (2003). The biology of VEGF and its 

receptors. Nat Med, 9, 669-676. 
 
74. Klagsbrun, M. and D'Amore, P.A. (1991). Regulators of angiogenesis. Annu Rev 

Physiol, 53, 217-239. 
 
75. Karkkainen, M.J., Makinen, T. and Alitalo, K. (2002). Lymphatic endothelium: a 

new frontier of metastasis research. Nat Cell Biol, 4, E2-5. 
 
76. Tischer, E., Mitchell, R., Hartman, T., Silva, M., Gospodarowicz, D., Fiddes, J.C. 

and Abraham, J.A. (1991). The human gene for vascular endothelial growth 
factor. Multiple protein forms are encoded through alternative exon splicing. J 
Biol Chem, 266, 11947-11954. 

 
77. Keyt, B.A., Berleau, L.T., Nguyen, H.V., Chen, H., Heinsohn, H., Vandlen, R. 

and Ferrara, N. (1996). The carboxyl-terminal domain (111-165) of vascular 
endothelial growth factor is critical for its mitogenic potency. J Biol Chem, 271, 
7788-7795. 

 
78. Houck, K.A., Leung, D.W., Rowland, A.M., Winer, J. and Ferrara, N. (1992). 

Dual regulation of vascular endothelial growth factor bioavailability by genetic 
and proteolytic mechanisms. J Biol Chem, 267, 26031-26037. 

 
79. Rini, B.I. and Small, E.J. (2005). Biology and clinical development of vascular 

endothelial growth factor-targeted therapy in renal cell carcinoma. J Clin Oncol, 
23, 1028-1043. 

 
80. Presta, L.G., Chen, H., O'Connor, S.J., Chisholm, V., Meng, Y.G., Krummen, L., 

Winkler, M. and Ferrara, N. (1997). Humanization of an anti-vascular endothelial 
growth factor monoclonal antibody for the therapy of solid tumors and other 
disorders. Cancer Res, 57, 4593-4599. 

 
81. Yang, J.C. (2004). Bevacizumab for patients with metastatic renal cancer: an 

update. Clin Cancer Res, 10, 6367S-6370S. 
 
82. Hurwitz, H., Fehrenbacher, L., Novotny, W., Cartwright, T., Hainsworth, J., 

Heim, W., Berlin, J., Baron, A., Griffing, S., Holmgren, E. et al. (2004). 



 

 

159

Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic 
colorectal cancer. N Engl J Med, 350, 2335-2342. 

 
83. Ellis, L.M. (2005). Bevacizumab. Nat Rev Drug Discov, Suppl, S8-9. 
 
84. Melnikova, I. and Golden, J. (2004). Targeting protein kinases. Nat Rev Drug 

Discov, 3, 993-994. 
 
85. Riely, G.J. and Miller, V.A. (2007). Vascular endothelial growth factor trap in 

non small cell lung cancer. Clin Cancer Res, 13, s4623-4627. 
 
86. W. P. Tew, N.C., I. Ray-Coquard, A. Oza, J. del Campo, G. Scambia, D. Spriggs. 

(2007), Journal of Clinical Oncology, 2007 ASCO Annual Meeting Proceedings 
Part I. Vol 25, No. 18S (June 20 Supplement), 2007: 5508. 

 
87. Rini, B.I. (2007). Vascular endothelial growth factor-targeted therapy in renal cell 

carcinoma: current status and future directions. Clin Cancer Res, 13, 1098-1106. 
 
88. Mendel, D.B., Laird, A.D., Xin, X., Louie, S.G., Christensen, J.G., Li, G., 

Schreck, R.E., Abrams, T.J., Ngai, T.J., Lee, L.B. et al. (2003). In vivo antitumor 
activity of SU11248, a novel tyrosine kinase inhibitor targeting vascular 
endothelial growth factor and platelet-derived growth factor receptors: 
determination of a pharmacokinetic/pharmacodynamic relationship. Clin Cancer 
Res, 9, 327-337. 

 
89. van Spronsen, D.J., Mulders, P.F. and De Mulder, P.H. (2005). Novel treatments 

for metastatic renal cell carcinoma. Crit Rev Oncol Hematol, 55, 177-191. 
 
90. Wood, J.M., Bold, G., Buchdunger, E., Cozens, R., Ferrari, S., Frei, J., Hofmann, 

F., Mestan, J., Mett, H., O'Reilly, T. et al. (2000). PTK787/ZK 222584, a novel 
and potent inhibitor of vascular endothelial growth factor receptor tyrosine 
kinases, impairs vascular endothelial growth factor-induced responses and tumor 
growth after oral administration. Cancer Res, 60, 2178-2189. 

 
91. H. Joensuu, F.D.B., P. Coco, T. De Pas, C. Spreafico, P. Bono, T. Jalava, D. 

Laurent, P. Casali. (2006), Journal of Clinical Oncology, 2006 ASCO Annual 
Meeting Proceedings Part I. Vol 24, No. 18S (June 20 Supplement), 2006: 9531. 

 
92. Rini, B.I. (2005). VEGF-targeted therapy in metastatic renal cell carcinoma. 

Oncologist, 10, 191-197. 
 
93. Ng, E.W., Shima, D.T., Calias, P., Cunningham, E.T., Jr., Guyer, D.R. and 

Adamis, A.P. (2006). Pegaptanib, a targeted anti-VEGF aptamer for ocular 
vascular disease. Nat Rev Drug Discov, 5, 123-132. 



 

 

160

94. White, R.R., Sullenger, B.A. and Rusconi, C.P. (2000). Developing aptamers into 
therapeutics. J Clin Invest, 106, 929-934. 

 
95. Jellinek, D., Green, L.S., Bell, C. and Janjic, N. (1994). Inhibition of receptor 

binding by high-affinity RNA ligands to vascular endothelial growth factor. 
Biochemistry, 33, 10450-10456. 

 

CHAPTER 2 REFERENCES: 
 
 
 

1. Weidner, N., Semple, J.P., Welch, W.R. and Folkman, J. (1991). Tumor 
angiogenesis and metastasis--correlation in invasive breast carcinoma. N Engl J 
Med, 324, 1-8. 

 
2. Ferrara, N. (1996). Vascular endothelial growth factor. Eur J Cancer, 32A, 2413-

2422. 
 
3. Plate, K.H., Breier, G., Weich, H.A. and Risau, W. (1992). Vascular endothelial 

growth factor is a potential tumour angiogenesis factor in human gliomas in vivo. 
Nature, 359, 845-848. 

 
4. Takahashi, A., Sasaki, H., Kim, S.J., Tobisu, K., Kakizoe, T., Tsukamoto, T., 

Kumamoto, Y., Sugimura, T. and Terada, M. (1994). Markedly increased 
amounts of messenger RNAs for vascular endothelial growth factor and placenta 
growth factor in renal cell carcinoma associated with angiogenesis. Cancer Res, 
54, 4233-4237. 

 
5. Boocock, C.A., Charnock-Jones, D.S., Sharkey, A.M., McLaren, J., Barker, P.J., 

Wright, K.A., Twentyman, P.R. and Smith, S.K. (1995). Expression of vascular 
endothelial growth factor and its receptors flt and KDR in ovarian carcinoma. J 
Natl Cancer Inst, 87, 506-516. 

 
6. Itakura, J., Ishiwata, T., Friess, H., Fujii, H., Matsumoto, Y., Buchler, M.W. and 

Korc, M. (1997). Enhanced expression of vascular endothelial growth factor in 
human pancreatic cancer correlates with local disease progression. Clin Cancer 
Res, 3, 1309-1316. 

 
7. Ladoux, A. and Frelin, C. (1993). Hypoxia is a strong inducer of vascular 

endothelial growth factor mRNA expression in the heart. Biochem Biophys Res 
Commun, 195, 1005-1010. 



 

 

161

8. Minchenko, A., Salceda, S., Bauer, T. and Caro, J. (1994). Hypoxia regulatory 
elements of the human vascular endothelial growth factor gene. Cell Mol Biol 
Res, 40, 35-39. 

 
9. Forsythe, J.A., Jiang, B.H., Iyer, N.V., Agani, F., Leung, S.W., Koos, R.D. and 

Semenza, G.L. (1996). Activation of vascular endothelial growth factor gene 
transcription by hypoxia-inducible factor 1. Mol Cell Biol, 16, 4604-4613. 

 
10. Pertovaara, L., Kaipainen, A., Mustonen, T., Orpana, A., Ferrara, N., Saksela, O. 

and Alitalo, K. (1994). Vascular endothelial growth factor is induced in response 
to transforming growth factor-beta in fibroblastic and epithelial cells. J Biol 
Chem, 269, 6271-6274. 

 
11. Gille, J., Swerlick, R.A. and Caughman, S.W. (1997). Transforming growth 

factor-alpha-induced transcriptional activation of the vascular permeability factor 
(VPF/VEGF) gene requires AP-2-dependent DNA binding and transactivation. 
Embo J, 16, 750-759. 

 
12. Buteau-Lozano, H., Ancelin, M., Lardeux, B., Milanini, J. and Perrot-Applanat, 

M. (2002). Transcriptional regulation of vascular endothelial growth factor by 
estradiol and tamoxifen in breast cancer cells: a complex interplay between 
estrogen receptors alpha and beta. Cancer Res, 62, 4977-4984. 

 
13. Li, J., Perrella, M.A., Tsai, J.C., Yet, S.F., Hsieh, C.M., Yoshizumi, M., Patterson, 

C., Endege, W.O., Zhou, F. and Lee, M.E. (1995). Induction of vascular 
endothelial growth factor gene expression by interleukin-1 beta in rat aortic 
smooth muscle cells. J Biol Chem, 270, 308-312. 

 
14. Cohen, T., Nahari, D., Cerem, L.W., Neufeld, G. and Levi, B.Z. (1996). 

Interleukin 6 induces the expression of vascular endothelial growth factor. J Biol 
Chem, 271, 736-741. 

 
15. Mukhopadhyay, D., Tsiokas, L. and Sukhatme, V.P. (1995). Wild-type p53 and v-

Src exert opposing influences on human vascular endothelial growth factor gene 
expression. Cancer Res, 55, 6161-6165. 

 
16. Pal, S., Datta, K. and Mukhopadhyay, D. (2001). Central role of p53 on regulation 

of vascular permeability factor/vascular endothelial growth factor (VPF/VEGF) 
expression in mammary carcinoma. Cancer Res, 61, 6952-6957. 

 
17. Grugel, S., Finkenzeller, G., Weindel, K., Barleon, B. and Marme, D. (1995). 

Both v-Ha-Ras and v-Raf stimulate expression of the vascular endothelial growth 
factor in NIH 3T3 cells. J Biol Chem, 270, 25915-25919. 



 

 

162

18. Finkenzeller, G., Sparacio, A., Technau, A., Marme, D. and Siemeister, G. 
(1997). Sp1 recognition sites in the proximal promoter of the human vascular 
endothelial growth factor gene are essential for platelet-derived growth factor-
induced gene expression. Oncogene, 15, 669-676. 

 
19. Shi, Q., Le, X., Abbruzzese, J.L., Peng, Z., Qian, C.N., Tang, H., Xiong, Q., 

Wang, B., Li, X.C. and Xie, K. (2001). Constitutive Sp1 activity is essential for 
differential constitutive expression of vascular endothelial growth factor in human 
pancreatic adenocarcinoma. Cancer Res, 61, 4143-4154. 

 
20. Abdelrahim, M., Smith, R., 3rd, Burghardt, R. and Safe, S. (2004). Role of Sp 

proteins in regulation of vascular endothelial growth factor expression and 
proliferation of pancreatic cancer cells. Cancer Res, 64, 6740-6749. 

 
21. Siddiqui-Jain, A., Grand, C.L., Bearss, D.J. and Hurley, L.H. (2002). Direct 

evidence for a G-quadruplex in a promoter region and its targeting with a small 
molecule to repress c-MYC transcription. Proc Natl Acad Sci U S A, 99, 11593-
11598. 

 
22. Seenisamy, J., Rezler, E.M., Powell, T.J., Tye, D., Gokhale, V., Joshi, C.S., 

Siddiqui-Jain, A. and Hurley, L.H. (2004). The dynamic character of the G-
quadruplex element in the c-MYC promoter and modification by TMPyP4. J Am 
Chem Soc, 126, 8702-8709. 

 
23. Dexheimer, T.S., Sun, D. and Hurley, L.H. (2006). Deconvoluting the structural 

and drug-recognition complexity of the G-quadruplex-forming region upstream of 
the bcl-2 P1 promoter. J Am Chem Soc, 128, 5404-5415. 

 
24. De Armond, R., Wood, S., Sun, D., Hurley, L.H. and Ebbinghaus, S.W. (2005). 

Evidence for the presence of a guanine quadruplex forming region within a 
polypurine tract of the hypoxia inducible factor 1alpha promoter. Biochemistry, 
44, 16341-16350. 

 
25. Rankin, S., Reszka, A.P., Huppert, J., Zloh, M., Parkinson, G.N., Todd, A.K., 

Ladame, S., Balasubramanian, S. and Neidle, S. (2005). Putative DNA 
quadruplex formation within the human c-kit oncogene. J Am Chem Soc, 127, 
10584-10589. 

 
26. Williamson, J.R., Raghuraman, M.K. and Cech, T.R. (1989). Monovalent cation-

induced structure of telomeric DNA: the G-quartet model. Cell, 59, 871-880. 
 
27. Sundquist, W.I. and Klug, A. (1989). Telomeric DNA dimerizes by formation of 

guanine tetrads between hairpin loops. Nature, 342, 825-829. 



 

 

163

28. Gehring, K., Leroy, J.L. and Gueron, M. (1993). A tetrameric DNA structure with 
protonated cytosine.cytosine base pairs. Nature, 363, 561-565. 

 
29. Ahmed, S., Kintanar, A. and Henderson, E. (1994). Human telomeric C-strand 

tetraplexes. Nat Struct Biol, 1, 83-88. 
 
30. Manzini, G., Yathindra, N. and Xodo, L.E. (1994). Evidence for intramolecularly 

folded i-DNA structures in biologically relevant CCC-repeat sequences. Nucleic 
Acids Res, 22, 4634-4640. 

 
31. Simonsson, T., Pribylova, M. and Vorlickova, M. (2000). A nuclease 

hypersensitive element in the human c-myc promoter adopts several distinct i-
tetraplex structures. Biochem Biophys Res Commun, 278, 158-166. 

 
32. Simonsson, T., Pecinka, P. and Kubista, M. (1998). DNA tetraplex formation in 

the control region of c-myc. Nucleic Acids Res, 26, 1167-1172. 
 
33. Cogoi, S. and Xodo, L.E. (2006). G-quadruplex formation within the promoter of 

the KRAS proto-oncogene and its effect on transcription. Nucleic Acids Res, 34, 
2536-2549. 

 
34. Xu, Y. and Sugiyama, H. (2006). Formation of the G-quadruplex and i-motif 

structures in retinoblastoma susceptibility genes (Rb). Nucleic Acids Res, 34, 949-
954. 

 
35. Guo, K., Pourpak, A., Beetz-Rogers, K., Gokhale, V., Sun, D. and Hurley, L.H. 

(2007). Formation of Pseudosymmetrical G-Quadruplex and i-Motif Structures in 
the Proximal Promoter Region of the RET Oncogene. J Am Chem Soc, 129, 
10220-10228. 

 
36. Sun, D., Guo, K., Rusche, J.J. and Hurley, L.H. (2005). Facilitation of a structural 

transition in the polypurine/polypyrimidine tract within the proximal promoter 
region of the human VEGF gene by the presence of potassium and G-quadruplex-
interactive agents. Nucleic Acids Res, 33, 6070-6080. 

 
37. Han, H., Hurley, L.H. and Salazar, M. (1999). A DNA polymerase stop assay for 

G-quadruplex-interactive compounds. Nucleic Acids Res, 27, 537-542. 
 
38. Sun, D., Liu, W.J., Guo, K., Rusche, J.J., Ebbinghaus, S., Gokhale, V. and 

Hurley, L.H. (2008). The proximal promoter region of the human vascular 
endothelial growth factor gene has a G-quadruplex structure that can be targeted 
by G-quadruplex-interactive agents. Mol Cancer Ther, 7, 880-889. 



 

 

164

39. Pataskar, S.S., Dash, D. and Brahmachari, S.K. (2001). Intramolecular i-motif 
structure at acidic pH for progressive myoclonus epilepsy (EPM1) repeat 
d(CCCCGCCCCGCG)n. J Biomol Struct Dyn, 19, 307-313. 

 
40. Mathur, V., Verma, A., Maiti, S. and Chowdhury, S. (2004). Thermodynamics of 

i-tetraplex formation in the nuclease hypersensitive element of human c-myc 
promoter. Biochem Biophys Res Commun, 320, 1220-1227. 

 
41. Leroy, J.L., Gueron, M., Mergny, J.L. and Helene, C. (1994). Intramolecular 

folding of a fragment of the cytosine-rich strand of telomeric DNA into an i-
motif. Nucleic Acids Res, 22, 1600-1606. 

 
42. Ferrara, N. and Davis-Smyth, T. (1997). The biology of vascular endothelial 

growth factor. Endocr Rev, 18, 4-25. 
 
43. Ferrara, N. and Alitalo, K. (1999). Clinical applications of angiogenic growth 

factors and their inhibitors. Nat Med, 5, 1359-1364. 
 
44. Gschwind, A., Fischer, O.M. and Ullrich, A. (2004). The discovery of receptor 

tyrosine kinases: targets for cancer therapy. Nat Rev Cancer, 4, 361-370. 
 
45. Bugaut, A. and Balasubramanian, S. (2008). A sequence-independent study of the 

influence of short loop lengths on the stability and topology of intramolecular 
DNA G-quadruplexes. Biochemistry, 47, 689-697. 

 
46. Risitano, A. and Fox, K.R. (2004). Influence of loop size on the stability of 

intramolecular DNA quadruplexes. Nucleic Acids Res, 32, 2598-2606. 
 
47. Qin, Y. and Hurley, L.H. (2008). Structures, folding patterns, and functions of 

intramolecular DNA G-quadruplexes found in eukaryotic promoter regions. 
Biochimie. 

 
48. Qin, Y., Rezler, E.M., Gokhale, V., Sun, D. and Hurley, L.H. (2007). 

Characterization of the G-quadruplexes in the duplex nuclease hypersensitive 
element of the PDGF-A promoter and modulation of PDGF-A promoter activity 
by TMPyP4. Nucleic Acids Res, 35, 7698-7713. 

 
49. Ambrus, A., Chen, D., Dai, J., Jones, R.A. and Yang, D. (2005). Solution 

structure of the biologically relevant G-quadruplex element in the human c-MYC 
promoter. Implications for G-quadruplex stabilization. Biochemistry, 44, 2048-
2058. 

 
50. Phan, A.T., Modi, Y.S. and Patel, D.J. (2004). Propeller-type parallel-stranded G-

quadruplexes in the human c-myc promoter. J Am Chem Soc, 126, 8710-8716. 



 

 

165

51. Dai, J., Chen, D., Jones, R.A., Hurley, L.H. and Yang, D. (2006). NMR solution 
structure of the major G-quadruplex structure formed in the human BCL2 
promoter region. Nucleic Acids Res, 34, 5133-5144. 

 
52. Matsugami, A., Okuizumi, T., Uesugi, S. and Katahira, M. (2003). Intramolecular 

higher order packing of parallel quadruplexes comprising a G:G:G:G tetrad and a 
G(:A):G(:A):G(:A):G heptad of GGA triplet repeat DNA. J Biol Chem, 278, 
28147-28153. 

 
53. Takimoto, M., Tomonaga, T., Matunis, M., Avigan, M., Krutzsch, H., Dreyfuss, 

G. and Levens, D. (1993). Specific binding of heterogeneous ribonucleoprotein 
particle protein K to the human c-myc promoter, in vitro. J Biol Chem, 268, 
18249-18258. 

 
54. Michelotti, E.F., Michelotti, G.A., Aronsohn, A.I. and Levens, D. (1996). 

Heterogeneous nuclear ribonucleoprotein K is a transcription factor. Mol Cell 
Biol, 16, 2350-2360. 

 

CHAPTER 3 REFERENCES: 

1. Guo, K., Gokhale, V., Hurley, L.H. and Sun, D. (2008). Intramolecularly folded 
G-quadruplex and i-motif structures in the proximal promoter of the vascular 
endothelial growth factor gene. Nucleic Acids Res, 36, 4598-4608. 

 
2. Ambrus, A., Chen, D., Dai, J., Bialis, T., Jones, R.A. and Yang, D. (2006). 

Human telomeric sequence forms a hybrid-type intramolecular G-quadruplex 
structure with mixed parallel/antiparallel strands in potassium solution. Nucleic 
Acids Res, 34, 2723-2735. 

 
3. Phan, A.T., Kuryavyi, V., Luu, K.N. and Patel, D.J. (2007). Structure of two 

intramolecular G-quadruplexes formed by natural human telomere sequences in 
K+ solution. Nucleic Acids Res, 35, 6517-6525. 

 
4. Dai, J., Punchihewa, C., Ambrus, A., Chen, D., Jones, R.A. and Yang, D. (2007). 

Structure of the intramolecular human telomeric G-quadruplex in potassium 
solution: a novel adenine triple formation. Nucleic Acids Res, 35, 2440-2450. 

 
5. Ambrus, A., Chen, D., Dai, J., Jones, R.A. and Yang, D. (2005). Solution 

structure of the biologically relevant G-quadruplex element in the human c-MYC 
promoter. Implications for G-quadruplex stabilization. Biochemistry, 44, 2048-
2058. 

 



 

 

166

6. Phan, A.T., Modi, Y.S. and Patel, D.J. (2004). Propeller-type parallel-stranded G-
quadruplexes in the human c-myc promoter. J Am Chem Soc, 126, 8710-8716. 

 
7. Dai, J., Chen, D., Jones, R.A., Hurley, L.H. and Yang, D. (2006). NMR solution 

structure of the major G-quadruplex structure formed in the human BCL2 
promoter region. Nucleic Acids Res, 34, 5133-5144. 

 
8. Rankin, S., Reszka, A.P., Huppert, J., Zloh, M., Parkinson, G.N., Todd, A.K., 

Ladame, S., Balasubramanian, S. and Neidle, S. (2005). Putative DNA 
quadruplex formation within the human c-kit oncogene. J Am Chem Soc, 127, 
10584-10589. 

 
9. Phan, A.T., Kuryavyi, V., Burge, S., Neidle, S. and Patel, D.J. (2007). Structure 

of an unprecedented G-quadruplex scaffold in the human c-kit promoter. J Am 
Chem Soc, 129, 4386-4392. 

 
10. Phan, A.T., Kuryavyi, V., Gaw, H.Y. and Patel, D.J. (2005). Small-molecule 

interaction with a five-guanine-tract G-quadruplex structure from the human 
MYC promoter. Nat Chem Biol, 1, 167-173. 

 
11. Phan, A.T., Gueron, M. and Leroy, J.L. (2001). Investigation of unusual DNA 

motifs. Methods Enzymol, 338, 341-371. 
 
12. Finkenzeller, G., Sparacio, A., Technau, A., Marme, D. and Siemeister, G. 

(1997). Sp1 recognition sites in the proximal promoter of the human vascular 
endothelial growth factor gene are essential for platelet-derived growth factor-
induced gene expression. Oncogene, 15, 669-676. 

 
13. Shi, Q., Le, X., Abbruzzese, J.L., Peng, Z., Qian, C.N., Tang, H., Xiong, Q., 

Wang, B., Li, X.C. and Xie, K. (2001). Constitutive Sp1 activity is essential for 
differential constitutive expression of vascular endothelial growth factor in human 
pancreatic adenocarcinoma. Cancer Res, 61, 4143-4154. 

 
14. Sun, D., Liu, W.J., Guo, K., Rusche, J.J., Ebbinghaus, S., Gokhale, V. and 

Hurley, L.H. (2008). The proximal promoter region of the human vascular 
endothelial growth factor gene has a G-quadruplex structure that can be targeted 
by G-quadruplex-interactive agents. Mol Cancer Ther, 7, 880-889. 

 
15. Sun, D., Guo, K., Rusche, J.J. and Hurley, L.H. (2005). Facilitation of a structural 

transition in the polypurine/polypyrimidine tract within the proximal promoter 
region of the human VEGF gene by the presence of potassium and G-quadruplex-
interactive agents. Nucleic Acids Res, 33, 6070-6080. 

 



 

 

167

CHAPTER 4 REFERENCES: 
 
1. Shi, Q., Le, X., Abbruzzese, J.L., Peng, Z., Qian, C.N., Tang, H., Xiong, Q., 

Wang, B., Li, X.C. and Xie, K. (2001). Constitutive Sp1 activity is essential for 
differential constitutive expression of vascular endothelial growth factor in human 
pancreatic adenocarcinoma. Cancer Res, 61, 4143-4154. 

 
2. Finkenzeller, G., Sparacio, A., Technau, A., Marme, D. and Siemeister, G. 

(1997). Sp1 recognition sites in the proximal promoter of the human vascular 
endothelial growth factor gene are essential for platelet-derived growth factor-
induced gene expression. Oncogene, 15, 669-676. 

 
3. Sun, D., Guo, K., Rusche, J.J. and Hurley, L.H. (2005). Facilitation of a structural 

transition in the polypurine/polypyrimidine tract within the proximal promoter 
region of the human VEGF gene by the presence of potassium and G-quadruplex-
interactive agents. Nucleic Acids Res, 33, 6070-6080. 

 
4. Guo, K., Gokhale, V., Hurley, L.H. and Sun, D. (2008). Intramolecularly folded 

G-quadruplex and i-motif structures in the proximal promoter of the vascular 
endothelial growth factor gene. Nucleic Acids Res, 36, 4598-4608. 

 
5. Tomonaga, T. and Levens, D. (1995). Heterogeneous nuclear ribonucleoprotein K 

is a DNA-binding transactivator. J Biol Chem, 270, 4875-4881. 
 
6. Michelotti, E.F., Tomonaga, T., Krutzsch, H. and Levens, D. (1995). Cellular 

nucleic acid binding protein regulates the CT element of the human c-myc 
protooncogene. J Biol Chem, 270, 9494-9499. 

 
7. Ginisty, H., Sicard, H., Roger, B. and Bouvet, P. (1999). Structure and functions 

of nucleolin. J Cell Sci, 112 ( Pt 6), 761-772. 
 
8. Dapic, V., Abdomerovic, V., Marrington, R., Peberdy, J., Rodger, A., Trent, J.O. 

and Bates, P.J. (2003). Biophysical and biological properties of quadruplex 
oligodeoxyribonucleotides. Nucleic Acids Res, 31, 2097-2107. 

 
9. Hanakahi, L.A., Sun, H. and Maizels, N. (1999). High affinity interactions of 

nucleolin with G-G-paired rDNA. J Biol Chem, 274, 15908-15912. 
 
10. Toth, J. and Biggin, M.D. (2000). The specificity of protein-DNA crosslinking by 

formaldehyde: in vitro and in drosophila embryos. Nucleic Acids Res, 28, e4. 
 
11. Bradbury, D., Clarke, D., Seedhouse, C., Corbett, L., Stocks, J. and Knox, A. 

(2005). Vascular endothelial growth factor induction by prostaglandin E2 in 
human airway smooth muscle cells is mediated by E prostanoid EP2/EP4 



 

 

168

receptors and SP-1 transcription factor binding sites. J Biol Chem, 280, 29993-
30000. 

 
12. Seenisamy, J., Rezler, E.M., Powell, T.J., Tye, D., Gokhale, V., Joshi, C.S., 

Siddiqui-Jain, A. and Hurley, L.H. (2004). The dynamic character of the G-
quadruplex element in the c-MYC promoter and modification by TMPyP4. J Am 
Chem Soc, 126, 8702-8709. 

 
13. Cogoi, S. and Xodo, L.E. (2006). G-quadruplex formation within the promoter of 

the KRAS proto-oncogene and its effect on transcription. Nucleic Acids Res, 34, 
2536-2549. 

 
14. Dexheimer, T.S., Sun, D. and Hurley, L.H. (2006). Deconvoluting the structural 

and drug-recognition complexity of the G-quadruplex-forming region upstream of 
the bcl-2 P1 promoter. J Am Chem Soc, 128, 5404-5415. 

 
15. Xu, Y. and Sugiyama, H. (2006). Formation of the G-quadruplex and i-motif 

structures in retinoblastoma susceptibility genes (Rb). Nucleic Acids Res, 34, 949-
954. 

 
16. Guo, K., Pourpak, A., Beetz-Rogers, K., Gokhale, V., Sun, D. and Hurley, L.H. 

(2007). Formation of Pseudosymmetrical G-Quadruplex and i-Motif Structures in 
the Proximal Promoter Region of the RET Oncogene. J Am Chem Soc, 129, 
10220-10228. 

 
17. Siddiqui-Jain, A., Grand, C.L., Bearss, D.J. and Hurley, L.H. (2002). Direct 

evidence for a G-quadruplex in a promoter region and its targeting with a small 
molecule to repress c-MYC transcription. Proc Natl Acad Sci U S A, 99, 11593-
11598. 

 
18. Rajavashisth, T.B., Taylor, A.K., Andalibi, A., Svenson, K.L. and Lusis, A.J. 

(1989). Identification of a zinc finger protein that binds to the sterol regulatory 
element. Science, 245, 640-643. 

 
19. Flink, I.L. and Morkin, E. (1995). Alternatively processed isoforms of cellular 

nucleic acid-binding protein interact with a suppressor region of the human beta-
myosin heavy chain gene. J Biol Chem, 270, 6959-6965. 

 
20. Swanson, M.S. and Dreyfuss, G. (1988). Classification and purification of 

proteins of heterogeneous nuclear ribonucleoprotein particles by RNA-binding 
specificities. Mol Cell Biol, 8, 2237-2241. 

 
21. Dreyfuss, G., Matunis, M.J., Pinol-Roma, S. and Burd, C.G. (1993). hnRNP 

proteins and the biogenesis of mRNA. Annu Rev Biochem, 62, 289-321. 



 

 

169

22. Bomsztyk, K., Denisenko, O. and Ostrowski, J. (2004). hnRNP K: one protein 
multiple processes. Bioessays, 26, 629-638. 

 
23. Miau, L.H., Chang, C.J., Shen, B.J., Tsai, W.H. and Lee, S.C. (1998). 

Identification of heterogeneous nuclear ribonucleoprotein K (hnRNP K) as a 
repressor of C/EBPbeta-mediated gene activation. J Biol Chem, 273, 10784-
10791. 

 
24. Lynch, M., Chen, L., Ravitz, M.J., Mehtani, S., Korenblat, K., Pazin, M.J. and 

Schmidt, E.V. (2005). hnRNP K binds a core polypyrimidine element in the 
eukaryotic translation initiation factor 4E (eIF4E) promoter, and its regulation of 
eIF4E contributes to neoplastic transformation. Mol Cell Biol, 25, 6436-6453. 

 
25. Michelotti, E.F., Michelotti, G.A., Aronsohn, A.I. and Levens, D. (1996). 

Heterogeneous nuclear ribonucleoprotein K is a transcription factor. Mol Cell 
Biol, 16, 2350-2360. 

 
26. Ostareck, D.H., Ostareck-Lederer, A., Wilm, M., Thiele, B.J., Mann, M. and 

Hentze, M.W. (1997). mRNA silencing in erythroid differentiation: hnRNP K and 
hnRNP E1 regulate 15-lipoxygenase translation from the 3' end. Cell, 89, 597-
606. 

 
27. Collier, B., Goobar-Larsson, L., Sokolowski, M. and Schwartz, S. (1998). 

Translational inhibition in vitro of human papillomavirus type 16 L2 mRNA 
mediated through interaction with heterogenous ribonucleoprotein K and 
poly(rC)-binding proteins 1 and 2. J Biol Chem, 273, 22648-22656. 

 
28. Tomonaga, T. and Levens, D. (1996). Activating transcription from single 

stranded DNA. Proc Natl Acad Sci U S A, 93, 5830-5835. 
 
29. Sipos, K. and Olson, M.O. (1991). Nucleolin promotes secondary structure in 

ribosomal RNA. Biochem Biophys Res Commun, 177, 673-678. 
 
30. Bourbon, H.M., Bugler, B., Caizergues-Ferrer, M., Amalric, F. and Zalta, J.P. 

(1983). Maturation of a 100 kDa protein associated with preribosomes in Chinese 
hamster ovary cells. Mol Biol Rep, 9, 39-47. 

 
31. Grinstein, E., Wernet, P., Snijders, P.J., Rosl, F., Weinert, I., Jia, W., Kraft, R., 

Schewe, C., Schwabe, M., Hauptmann, S. et al. (2002). Nucleolin as activator of 
human papillomavirus type 18 oncogene transcription in cervical cancer. J Exp 
Med, 196, 1067-1078. 

 
32. Qin, Y., Rezler, E.M., Gokhale, V., Sun, D. and Hurley, L.H. (2007). 

Characterization of the G-quadruplexes in the duplex nuclease hypersensitive 



 

 

170

element of the PDGF-A promoter and modulation of PDGF-A promoter activity 
by TMPyP4. Nucleic Acids Res, 35, 7698-7713. 

 

CHAPTER 5 REFERENCES: 

1. Takahashi, M., Buma, Y., Iwamoto, T., Inaguma, Y., Ikeda, H. and Hiai, H. 
(1988). Cloning and expression of the ret proto-oncogene encoding a tyrosine 
kinase with two potential transmembrane domains. Oncogene, 3, 571-578. 

 
2. Jhiang, S.M. (2000). The RET proto-oncogene in human cancers. Oncogene, 19, 

5590-5597. 
 
3. Kodama, Y., Asai, N., Kawai, K., Jijiwa, M., Murakumo, Y., Ichihara, M. and 

Takahashi, M. (2005). The RET proto-oncogene: a molecular therapeutic target in 
thyroid cancer. Cancer Sci, 96, 143-148. 

 
4. Arighi, E., Borrello, M.G. and Sariola, H. (2005). RET tyrosine kinase signaling 

in development and cancer. Cytokine Growth Factor Rev, 16, 441-467. 
 
5. Kouvaraki, M.A., Shapiro, S.E., Perrier, N.D., Cote, G.J., Gagel, R.F., Hoff, A.O., 

Sherman, S.I., Lee, J.E. and Evans, D.B. (2005). RET proto-oncogene: a review 
and update of genotype-phenotype correlations in hereditary medullary thyroid 
cancer and associated endocrine tumors. Thyroid, 15, 531-544. 

 
6. Cho, N.H., Lee, H.W., Lim, S.Y., Kang, S., Jung, W.Y. and Park, C.S. (2005). 

Genetic aberrance of sporadic MEN 2A component tumours: analysis of RET. 
Pathology, 37, 10-13. 

 
7. Takaya, K., Yoshimasa, T., Arai, H., Tamura, N., Miyamoto, Y., Itoh, H. and 

Nakao, K. (1996). Expression of the RET proto-oncogene in normal human 
tissues, pheochromocytomas, and other tumors of neural crest origin. Journal of 
Molecular Medicine, 74, 617-621. 

 
8. Santoro, M., Rosati, R., Grieco, M., Berlingieri, M.T., D'Amato, G.L., de 

Franciscis, V. and Fusco, A. (1990). The ret proto-oncogene is consistently 
expressed in human pheochromocytomas and thyroid medullary carcinomas. 
Oncogene, 5, 1595-1598. 

 
9. Sawai, H., Okada, Y., Kazanjian, K., Kim, J., Hasan, S., Hines, O.J., Reber, H.A., 

Hoon, D.S. and Eibl, G. (2005). The G691S RET polymorphism increases glial 
cell line-derived neurotrophic factor-induced pancreatic cancer cell invasion by 
amplifying mitogen-activated protein kinase signaling. Cancer Res, 65, 11536-
11544. 



 

 

171

10. Veit, C., Genze, F., Menke, A., Hoeffert, S., Gress, T.M., Gierschik, P. and Giehl, 
K. (2004). Activation of phosphatidylinositol 3-kinase and extracellular signal-
regulated kinase is required for glial cell line-derived neurotrophic factor-induced 
migration and invasion of pancreatic carcinoma cells. Cancer Res, 64, 5291-5300. 

 
11. Putzer, B.M. and Drosten, M. (2004). The RET proto-oncogene: a potential target 

for molecular cancer therapy. Trends in Molecular Medicine, 10, 351-357. 
 
12. Andrew, S.D., Delhanty, P.J., Mulligan, L.M. and Robinson, B.G. (2000). Sp1 

and Sp3 transactivate the RET proto-oncogene promoter. Gene, 256, 283-291. 
 
13. Munnes, M., Patrone, G., Schmitz, B., Romeo, G. and Doerfler, W. (1998). A 5'-

CG-3'-rich region in the promoter of the transcriptionally frequently silenced RET 
protooncogene lacks methylated cytidine residues. Oncogene, 17, 2573-2583. 

 
14. Michelotti, G.A., Michelotti, E.F., Pullner, A., Duncan, R.C., Eick, D. and 

Levens, D. (1996). Multiple single-stranded cis elements are associated with 
activated chromatin of the human c-myc gene in vivo. Mol Cell Biol, 16, 2656-
2669. 

 
15. Rangan, A., Fedoroff, O.Y. and Hurley, L.H. (2001). Induction of duplex to G-

quadruplex transition in the c-myc promoter region by a small molecule. J Biol 
Chem, 276, 4640-4646. 

 
16. Simonsson, T., Pribylova, M. and Vorlickova, M. (2000). A nuclease 

hypersensitive element in the human c-myc promoter adopts several distinct i-
tetraplex structures. Biochem Biophys Res Commun, 278, 158-166. 

 
17. Ahmed, S., Kintanar, A. and Henderson, E. (1994). Human telomeric C-strand 

tetraplexes. Nat Struct Biol, 1, 83-88. 
 
18. Williamson, J.R., Raghuraman, M.K. and Cech, T.R. (1989). Monovalent cation-

induced structure of telomeric DNA: the G-quartet model. Cell, 59, 871-880. 
 
19. Huppert, J.L. and Balasubramanian, S. (2007). G-quadruplexes in promoters 

throughout the human genome. Nucleic Acids Res, 35, 406-413. 
 
20. Siddiqui-Jain, A., Grand, C.L., Bearss, D.J. and Hurley, L.H. (2002). Direct 

evidence for a G-quadruplex in a promoter region and its targeting with a small 
molecule to repress c-MYC transcription. Proceedings of the National Academy 
of Sciences of the United States of America, 99, 11593-11598. 

 



 

 

172

21. Phan, A.T., Modi, Y.S. and Patel, D.J. (2004). Propeller-type parallel-stranded G-
quadruplexes in the human c-myc promoter. Journal of the American Chemical 
Society, 126, 8710-8716. 

 
22. Rankin, S., Reszka, A.P., Huppert, J., Zloh, M., Parkinson, G.N., Todd, A.K., 

Ladame, S., Balasubramanian, S. and Neidle, S. (2005). Putative DNA 
quadruplex formation within the human c-kit oncogene. J Am Chem Soc, 127, 
10584-10589. 

 
23. Ambrus, A., Chen, D., Dai, J., Jones, R.A. and Yang, D. (2005). Solution 

structure of the biologically relevant G-quadruplex element in the human c-MYC 
promoter. Implications for G-quadruplex stabilization. Biochemistry, 44, 2048-
2058. 

 
24. Sun, D., Guo, K., Rusche, J.J. and Hurley, L.H. (2005). Facilitation of a structural 

transition in the polypurine/polypyrimidine tract within the proximal promoter 
region of the human VEGF gene by the presence of potassium and G-quadruplex-
interactive agents. Nucleic Acids Res, 33, 6070-6080. 

 
25. Dexheimer, T.S., Sun, D. and Hurley, L.H. (2006). Deconvoluting the Structural 

and Drug-Recognition Complexity of the G-Quadruplex-Forming Region 
Upstream of the bcl-2 P1 Promoter. J Am Chem Soc, 128, 5404-5415. 

 
26. Xu, Y. and Sugiyama, H. (2006). Formation of the G-quadruplex and i-motif 

structures in retinoblastoma susceptibility genes (Rb). Nucleic Acids Res, 34, 949-
954. 

 
27. Laurence H. Hurley, A., Siddiqui-Jain. (2005). Developing therapeutics to target 

oncogenes. genetic engineering news, 25, 26. 
 
28. Han, F.X., Wheelhouse, R.T. and Hurley, L.H. (1999). Interactions of TMPyP4 

and TMPyP2 with Quadruplex DNA. Structural Basis for the Differential Effects 
on Telomerase Inhibition. J. Am. Chem. Soc., 121, 3561-3570. 

 
29. Rezler EM, S.J., Bashyam S, Kim MY, White E, Wilson WD, Hurley LH. (2005). 

Telomestatin and diseleno sapphyrin bind selectively to two different forms of the 
human telomeric G-quadruplex structure. J Am Chem Soc., 26, 9439-9447. 

 
30. Gray, D.M., Gray, C.W., Mou, T.C. and Wen, J.D. (2002). CD of single-stranded, 

double-stranded, and G-quartet nucleic acids in complexes with a single-stranded 
DNA-binding protein. Enantiomer, 7, 49-58. 

 
31. Fernando, H., Reszka, A.P., Huppert, J., Ladame, S., Rankin, S., Venkitaraman, 

A.R., Neidle, S. and Balasubramanian, S. (2006). A conserved quadruplex motif 



 

 

173

located in a transcription activation site of the human c-kit oncogene. 
Biochemistry, 45, 7854-7860. 

 
32. Han, H., Hurley, L.H. and Salazar, M. (1999). A DNA polymerase stop assay for 

G-quadruplex-interactive compounds. Nucleic Acids Research, 27, 537-542. 
 
33. Grand, C.L., Han, H., Munoz, R.M., Weitman, S., Von Hoff, D.D., Hurley, L.H. 

and Bearss, D.J. (2002). The cationic porphyrin TMPyP4 down-regulates c-MYC 
and human telomerase reverse transcriptase expression and inhibits tumor growth 
in vivo. Mol Cancer Ther, 1, 565-573. 

 
34. Seenisamy, J., Bashyam, S., Gokhale, V., Vankayalapati, H., Sun, D., Siddiqui-

Jain, A., Streiner, N., Shin-Ya, K., White, E., Wilson, W.D. et al. (2005). Design 
and synthesis of an expanded porphyrin that has selectivity for the c-MYC G-
quadruplex structure. J Am Chem Soc, 127, 2944-2959. 

 
35. Ross, S.A. and Burrows, C.J. (1996). Cytosine-specific chemical probing of DNA 

using bromide and monoperoxysulfate. Nucleic Acids Res, 24, 5062-5063. 
36. Insight II 2005L. Molecular Modeling Software, Accelrys Inc.,, 9685 Scranton 

Rd., San Diego, CA 92121. 
 
37. Phan, A.T., Gueron, M. and Leroy, J.L. (2000). The solution structure and internal 

motions of a fragment of the cytidine-rich strand of the human telomere. J Mol 
Biol, 299, 123-144. 

 
38. William L. Jorgensen, J.C., and Jeffry D. Madura. (1983). Comparison of simple 

potential functions for simulating liquid water. The Journal of Chemical Physics, 
79, 926-935. 

 
39. Discover 3 Insight II, L. Molecular Modeling Software, Accelrys Inc.,, 9685 

Scranton Rd., San Diego, CA 92121. 
 
40. Wheelhouse, R.T., Sun, D., Han, H., Han, F.X. and Hurley, L.H. (1998). Cationic 

Porphyrins as Telomerase Inhibitors: the Interaction of Tetra-(N-methyl-4-
pyridyl)porphine with Quadruplex DNA. J. Am. Chem. Soc., 120, 3261-3262. 

 
41. Shin-ya, K., Wierzba, K., Matsuo, K., Ohtani, T., Yamada, Y., Furihata, K., 

Hayakawa, Y. and Seto, H. (2001). Telomestatin, a novel telomerase inhibitor 
from Streptomyces anulatus. J Am Chem Soc, 123, 1262-1263. 

 
42. Kim, M.Y., Vankayalapati, H., Shin-Ya, K., Wierzba, K. and Hurley, L.H. 

(2002). Telomestatin, a potent telomerase inhibitor that interacts quite specifically 
with the human telomeric intramolecular g-quadruplex. J Am Chem Soc, 124, 
2098-2099. 



 

 

174

43. Gehring, K., Leroy, J.L. and Gueron, M. (1993). A tetrameric DNA structure with 
protonated cytosine.cytosine base pairs. Nature, 363, 561-565. 

 
44. Kanehara, H., Mizuguchi, M., Tajima, K., Kanaori, K. and Makino, K. (1997). 

Spectroscopic evidence for the formation of four-stranded solution structure of 
oligodeoxycytidine phosphorothioate. Biochemistry, 36, 1790-1797. 

 
45. Seenisamy, J., Rezler, E.M., Powell, T.J., Tye, D., Gokhale, V., Joshi, C.S., 

Siddiqui-Jain, A. and Hurley, L.H. (2004). The dynamic character of the G-
quadruplex element in the c-MYC promoter and modification by TMPyP4. J Am 
Chem Soc, 126, 8702-8709. 

 
46. Gallego, J., Chou, S.H. and Reid, B.R. (1997). Centromeric pyrimidine strands 

fold into an intercalated motif by forming a double hairpin with a novel T:G:G:T 
tetrad: solution structure of the d(TCCCGTTTCCA) dimer. J Mol Biol, 273, 840-
856. 

 
47. Leroy, J.L., Gueron, M., Mergny, J.L. and Helene, C. (1994). Intramolecular 

folding of a fragment of the cytosine-rich strand of telomeric DNA into an i-
motif. Nucleic Acids Res, 22, 1600-1606. 

 
48. Han, X., Leroy, J.L. and Gueron, M. (1998). An intramolecular i-motif: the 

solution structure and base-pair opening kinetics of d(5mCCT3CCT3ACCT3CC). 
J Mol Biol, 278, 949-965. 

 


