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ABSTRACT 
Aberrant expression of Platelet-derived growth factor A (PDGF-A) and PDGF receptor-β 

(PDGFR-β) play critical roles in the angiogenesis and proliferation of several 

malignancies.  In this dissertation I explore the transcriptional regulatory role of the G-

quadruplex-forming regions in the promoters of human PDGF-A and PDGFR-β, and 

identify new targets for developing small molecules to modulate their expression in 

tumors.  For PDGF-A promoter, our studies focus on two essential nuclease 

hypersensitive elements, NHEPDGF-A and 5´-end far upstream 5´-SHS.  The structural 

aspects of the intramolecular G-quadruplexes formed in NHEPDGF-A and the ligands to 

stabilize these secondary DNA structures have been investigated by using single-

stranded and duplex DNA of the NHEPDGF-A.  We demonstrate that the G-quadruplex-

interactive compound, TMPyP4, can selectively inhibit the basal promoter activity of 

PDGF-A, suggesting that the NHEPDGF-A G-quadruplex acts as a repressor in PDGF-A 

transcription.   We also found that the 5´-SHS G-rich strand oligomer can invade the 

NHEPDGF-A and form a unique three-stranded complex in supercoiled plasmids, which is 

facilitated by potassium ions and TMPyP4.  Therefore, we propose a novel molecular 

mechanism for transcriptional silencing of the NHEPDGF-A by 5´-SHS in the PDGF-A 

promoter, in that the formation of G-quadruplex in the NHEPDGF-A provides a platform for 

the G-rich strand of 5´-SHS to invade and form a partial duplex DNA with the C-rich 

strand of the NHEPDGF-A, resulting in displacement of hnRNP K and thus transcription 

silencing.  Prior to the studies describe here, the promoter of human PDGFR-β had not 

been identified.  Herein, we have cloned and characterized the first functional promoter 

of human PDGFR-β gene.  A crucial highly GC-rich region (NHEPDGFR-β) in the human 

PDGFR-β promoter has been identified by its hypersensitivity to the S1 nuclease.  

Further studies demonstrate that stable G-quadruplex structures can form in the G-rich 

strand of NHEPDGFR-β.  The G-quadruplex-interactive molecule, telomestatin, can 

selectively stabilize G-quadruplexes formed in the human PDGFR-β promoter and inhibit 

its expression in Daoy cells.  On the basis of these results, we propose that ligand-

mediated stabilization of the G-quadruplex structure in the proximal promoter region of 

human PDGF-A or PDGFR-β can be used to modulate the expression of these proto-

oncogenes. 
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CHAPTER 1 
INTRODUCTION 

1.1 DNA secondary structure 

 1.1.1 Beyond B-form duplex DNA 

Since Watson and Crick proposed the double helix model as the basis for 

DNA replication [1], extensive studies have been carried out to determine a more 

complete picture of the DNA structure in cells.  It is believed that the great 

majority of DNA is present as a B-form duplex helix, which is built up of Watson-

Crick base pairs between two complementary DNA strands in cells [1].  

Nevertheless, there are exceptions to this uniformity, because duplex DNA may 

transiently form alternative DNA secondary structures within certain sequences, 

fueled by dynamic molecular events.  A number of non-B-form DNA secondary 

structures have been identified, which include left-handed DNA (Z-DNA), 

triplexes (H-DNA and sticky DNA), cruciforms, slipped hairpins, G-quadruplexes 

(G-tetraplexes), and i-motifs (i-tetraplexes) [2�6].  The dynamic polymorphism of 

DNA conformation is determined by DNA sequence, topology due to DNA 

supercoiling, ions, DNA binding proteins, and other modifications on DNA [7].  

Publication of the complete draft of the human genome sequence provided a 

useful map with which to explore the occurrence and frequency of unusual DNA 

secondary structures [8�10].  One surprising conclusion from these studies is 

that only 1�2% of the human genome (~20,000�25,000 genes) codes for 

proteins.  This raises the question of the function of the remaining 98% of non-
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coding genomic DNA [11, 12].  Bioinformatic studies on the human genome 

indicate that guanine-rich (G-rich) and cytosine-rich (C-rich) regions of 

chromosomes, including rDNA, single-copy genes (promoter and coding region), 

recombination sites, and repetitive sequences (satellite and telomeric DNA 

sequences), have the potential to form G-quadruplex structures [13�17]. 

 

 1.1.2 DNA G-quadruplex structures 

DNA G-quadruplex structures have received increased attention since the 

pioneering studies in the late 1980s from the Blackburn and Cech groups, 

showing that G-quadruplexes are capable of being formed from telomeric DNA 

and might be biologically relevant [18,19].  A G-quadruplex is a DNA secondary 

structure that consists of multiple vertically stacked guanine tetrads.  Hoogsteen 

hydrogen bonds between the N1, N7, O6, and N2 guanine bases associate each 

of the four guanines to form a planar G-tetrad (Figure 1.1A) [20,21].  The 

involvement of N7 of guanine in the Hoogsteen base-pairing of a G-tetrad 

protects the site from chemical modification, such as methylation by dimethyl 

sulfate (DMS) [22].  This unique feature makes it possible to distinguish a G-

quadruplex structure from single-stranded or B-form duplex DNA by DMS 

footprinting.  Numerous studies on G-quadruplex structure and function have 

been reported, including some excellent reviews [23�29]. 

DNA G-quadruplexes can differ in their strand stoichiometry, strand 

orientation, and loop arrangement.  G-quadruplexes can be formed by one, two, 
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or four DNA strands, giving rise to intramolecular (unimolecular, Figure 1.1B, D, 

and F) and intermolecular (bimolecular or hairpin dimer, Figure 1.1C, and four-

stranded or linear, Figure 1.1E) G-quadruplex structures [23].  The strand polarity 

polymorphism is one major factor that contributes to the structural variation of G-

quadruplexes.  The strands that form an intermolecular four-stranded G-

quadruplex can orient in different ways.  The four strands, which form the G-

tetrad planes of a G-quadruplex structure, can fold into all parallel, three parallel 

and one antiparallel, adjacent parallel, or alternating antiparallel forms (Figure 

1.1G) [23,27].  Another fundamental source of structural variation of G-

quadruplexes are the loops that connect the guanine tracts in intramolecular G-

quadruplexes.  The number or the assignment of the bases located in the loop 

region can be different, and the loop can connect two guanine tracts either edge-

wise (Figure 1.1D) or mixed edge-wise and diagonally (Figure 1.1B) relative to 

the G-tetrad plane [23,27].  A common motif found in promoter G-quadruplexes is 

an internal loop, which is characterized as a double-chain reversal loop (see 

Figure 1.1F and Figure 1.2). 

Unlike B-form DNA, in which all the bases are found exclusively in the anti 

conformation, the deoxyguanosines can have both syn and anti conformations 

around the glycosidic bond in some G-quadruplex structures (Figure 1.1A, right).  

In most cases, restricted by the strand�s folding pattern and the requirement to 

attain the Hoogsteen hydrogen bonds of a G-tetrad, the deoxyguanosines 

alternate syn-syn-anti-anti (Figure 1.1B, right) or syn-anti-syn-anti (Figure 1.1D, 
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right) within each tetrad in intramolecular G-quadruplexes [23,27].  However, in 

the linear intermolecular G-quadruplex formed by four parallel DNA strands or 

parallel intramolecular G-quadruplex, all the deoxyguanosines have an anti 

conformation (Figure 1.1E and F, right) [23,27].  The organization of the chiral G-

tetrad in the intramolecular G-quadruplexes produces four grooves, which can be 

wide, medium, or narrow [23,27].  If all strands in the G-quadruplex are parallel, 

the four grooves are medium (Figure 1.1E and F, right).  On the other hand, if 

there is one or more antiparallel strand involved in the formation of a G-

quadruplex structure, they can give rise to the formation of wide, medium, and 

narrow grooves.  In the G-quadruplex structures that contain two pairs of 

adjacent parallel strands, the adjacent parallel strands produce medium grooves, 

whereas the adjacent antiparallel strands produce one wide and one narrow 

groove (Figure 1.1 B and C).  In the intermolecular G-quadruplex structure that is 

formed by alternating antiparallel strands, two wide and two narrow grooves are 

produced (Figure 1.1D) [23,27].  The structural variety of G-quadruplex structure 

provides the possibility to design small molecules that can selectively stabilize 

the different G-quadruplex form in by different sequence in the genome. 

G-quadruplexes exhibit a remarkable dependency on alkali cations for 

their formation and stabilization.  K+ and Na+ effectively bind to and stabilize 

many G-quadruplex structures [30].  In general, K+ is more potent than Na+ in 

binding to G-quadruplexes due to the better coordination of K+ with the eight 

carbonyl oxygen atoms present in the adjacent stacked tetrads [30�32].  
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However, the same DNA oligomer may form a different G-quadruplex species in 

the presence of K+ or Na+.  Since K+ and Na+ are the prevalent alkali ions in cells, 

and the intracellular concentration of K+ is about 140 mM, while that of Na+ is 

about 5�15 mM [33,34], physiological conditions are favorable for the formation 

of a G-quadruplex. 

Most of the published studies on G-quadruplexes have been carried out 

using synthetic oligomers, restriction fragments, or recombinant plasmids in a 

cell-free system.  It has been particularly difficult to obtain convincing evidence of 

the existence of G-quadruplex structures in vitro by investigating these tiny 

segments of DNA chromosomes in the intact cell.  However, studies have shown 

that G-quadruplexes do indeed have biological relevance and functional roles in 

living cells.  Evidence for the formation of DNA/RNA G-quadruplexes in cells has 

been published in the past decade.  One compelling piece of evidence comes 

from a study of the high-affinity antibody specific for the G-quadruplex formed by 

Stylonychia telomeric DNA [35].  The identification of proteins specific for G-

quadruplex DNA, including MyoD, the tetrahymena G-quadruplex binding protein, 

and other telomeric proteins, provides further evidence for the existence of G-

quadruplex DNA in cells [28,29,36�39].  The properties and biological roles of G-

quadruplex-interactive proteins have been fully discussed in Michael Fry�s review 

[40].  Recent publications demonstrating the high density of putative G-

quadruplex-forming regions in genomic regions adjacent to transcriptional start 

sites also support the biological significance of these structures [13�17].  Studies 
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from our group have shown that a G-quadruplex can be formed within the 

promoter region of c-MYC and stabilized by a small molecule in living cells, which 

results in transcriptional repression of c-MYC [41�44].  It is now believed that 

certain GC-rich regions of gene promoters can transiently unwind and form 

single-stranded DNA conformations in superhelical conditions [45].  Notably, the 

guanine tracts of a G-rich strand can form G-quadruplex structures, and the 

cytosine tracts in the complementary strand may either form i-motif structures or 

remain as a single-stranded DNA loop. 

In this chapter, recently published contributions on the occurrence of G-

quadruplex structures in the promoter regions of some important genes and their 

implications in the regulation of gene transcription will be summarized. 
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Figure 1.1  (A) Left:  Schematic drawing of a G-tetrad with a centrally placed metal ion.  Right:  

syn and anti conformations of the guanine base around the glycosidic bond.  (B), (D), and (F) 

Examples of the topologies of intramolecular G-quadruplex structures.  (C) Example of the 

topology of an intermolecular bimolecular G-quadruplex structure.  (E) Example of an 

intermolecular four-stranded linear intermolecular G-quadruplex structure.  (F) Strand polarity 

polymorphism of different G-quadruplex structures. 
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1.2 Formation of intramolecular G-quadruplexes within promoter regions 

G-quadruplex-forming motifs have been found in the promoter regions of a 

number of human genes, including the important protooncogenes c-MYC [41�

44], VEGF [45], HIF-1α [46], Ret [47], KRAS [48], Bcl-2 [49,50], c-Kit [51�55], 

PDGF-A [56], and c-Myb [57], as well as a list of genes discussed in references 

17, 41, and 58.  Genes such as Rb [59�62], in which the G-quadruplex is in the 

5´-coding region, have not been included.  These polypurine/polypyrimidine 

motifs are located in the GC-rich regions of promoters and contain four or more 

runs of two or more contiguous guanines in the G-rich strand.  The GC-rich 

region in the proximal region of these promoters is usually hypersensitive to 

nucleases and may form an altered structure with a single-stranded character, 

which is often a feature of transcriptionally active genes [45].  Compelling data 

suggest that intramolecular G-quadruplexes form within the promoter regions of 

some genes and play a critical role in transcriptional regulation (see later).  G-

quadruplexes that form in the promoter region of oncogenes have recently 

emerged as promising targets for the development of anticancer drugs [42].  It 

has been reported that the G-rich DNA sequences derived from the 

polypurine/polypyrimidine regions of the c-MYC, VEGF, HIF-1α, Ret, Bcl-2, c-Kit, 

and KRAS promoters form three-tetrad G-quadruplex structures in vitro [41�55], 

while PDGF-A and c-Myb form different types of G-quadruplex structures [56,57]. 

Here we will summarize some examples of intramolecular G-quadruplex 

structures that form in these promoter regions and, in some cases, their 



 

24

proposed biological roles in the control of gene transcription.  Examples of 

intermolecular G-quadruplexes, most notably in the MyoD promoter [63], have 

also been documented in a recent review for a description of these structures 

and their biological significance [64]. 

 

 1.3 Formation of three-tetrad G-quadruplexes in gene promoters  

The formation of three-tetrad G-quadruplex structures in the 

polypurine/polypyrimidine regions of the c-MYC, VEGF, HIF-1α, Ret, c-Kit, 

KRAS, and Bcl-2 promoters has been observed in cell-free systems (Figure 

1.2A).  Notably, comparison of the G-quadruplex-forming motifs among these 

genes reveals an apparent sequence similarity.  These unique DNA motifs 

provide a general transcriptional regulation mechanism involving interconversion 

between a G-quadruplex, unwound single-stranded DNA, and duplex DNA.  One 

remarkable characteristic of these polypurine/polypyrimidine sequences is that 

the 3´-end of each sequence is composed of an identical motif (G3N1G3), which is 

capable of forming a single-nucleotide double-chain-reversal loop (Figure 1.2B).  

It is proposed that this G3N1G3 motif is evolutionally selected to serve as a core-

stabilizing G-quadruplex face around which to assemble the different 

intramolecular G-quadruplex structures.  The middle loop, which bridges the 

second and third G-tracts (3´�5´), is a larger loop, containing between 2 and 9 

nucleotides.  The sequence of the loop at the 5´-end of the structure contains 

slightly more variation than the 3´-end loop, but in the majority of cases so far 
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investigated, the 5´-end loop is composed of a single nucleotide.  The size of this 

variant 5´-end loop plays a critical role in determining the loop folding and strand 

orientations of G-quadruplex structures in the different promoters.  We thus 

propose that the general motif G3N1G3N2�9G3N1G3 (Bcl-2 being an exception) 

(where N represents the nucleotide(s) located in the G-quadruplex loop regions) 

is a common indicator for the potential of a G-rich DNA oligomer to form a three-

tetrad intramolecular G-quadruplex with 3´- and 5´-end single-nucleotide double-

chain reversal loops and a larger central loop.  A second c-Kit G-quadruplex-

forming region (c-Kit87up) also contains a 5´-end G3N1G3 motif and forms a 

intramolecular parallel G-quadruplex, but its folding pattern is more complex than 

that described here (see later) [53].  The importance of a single-nucleotide loop 

on the thermodynamic stability and topology of intramolecular G-quadruplexes 

has been noted previously by us [44, 47,49], the Ebbinghaus group [46], and 

others, including the Fox group [65] and the Balasubramanian group [66].  In the 

latter study, UV melting and CD studies showed that G-quadruplexes containing 

two single-nucleotide loops are constrained to form a parallel double-chain 

reversal structure [66].  For a G-quadruplex-forming sequence with a combined 

loop length of five nucleotides, G-quadruplexes containing two single-nucleotide 

loops are more stable than G-quadruplexes with only one single-nucleotide loop 

[66].  
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Figure 1.2  (A) Comparison of three-tetrad G-quadruplex-forming motifs (G3N1�3G3N2�9G3N1G3) 

within selected gene promoters.  (B) One face of a three-tetrad G-quadruplex, showing a double-

chain reversal loop containing one base. 
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 1.3.1 G-quadruplexes formed in the c-MYC Promoter 

c-MYC is an important oncoprotein and transcription factor and plays an 

essential role in cell proliferation and induction of apoptosis [67,68].  

Overexpression of c-MYC is associated with a significant number of human 

malignancies, including breast, colon, cervix, and small-cell lung cancers, 

osteosarcomas, glioblastomas, and myeloid leukemias [69�73].  c-MYC 

transcription is under the complex control of multiple promoters.  The nuclease 

hypersensitivity element III1 (NHE III1) in the proximal region of the c-MYC 

promoter (�142 to �115 base pairs) controls 80�90% of the total transcriptional 

activity of this gene [74�78].  The 27-base-pair core sequence of the wild-type c-

Myc NHE III1 (c-MYC Pu27-mer) has an unusual strand asymmetry:  the coding 

strand is a homopyrimidine tract and the noncoding strand is a homopurine tract.  

The sequence of the G-rich strand of c-MYC Pu27-mer is shown in Figure 1.3A.  

The sensitivity of NHE III1 to S1 nuclease, together with selective blocking of c-

MYC transcription by a G-rich DNA oligomer, which can invade the NHE III1 

duplex DNA, suggests that the NHE III1 is involved in a slow equilibrium between 

a typical duplex helix structure and an unwound non-B-form DNA structure [77�

79].  Earlier studies on the atypical structure of the c-MYC NHE III1 led to a 

hypothetical model wherein the NHE III1 might adopt a tandem H-DNA structure 

that involves two intramolecular pyrimidine-purine-pyrimidine triplexes [80].  It 

was speculated that special transcription factors could activate c-MYC 

expression by recognizing and stabilizing the H-DNA conformation of the NHE 
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III1.  However, the formation of pyrimidine-purine-pyrimidine triplexes requires low 

pH, so this is unlikely to occur in living cells.  There is no evidence to prove the 

existence or determine the biological function of H-DNA in the c-MYC promoter in 

cells.  The observation that there are five consecutive G-tracts in the c-MYC 

Pu27-mer led to the realization that this strand can adopt an intramolecular G-

quadruplex structure.  Earlier studies from the Simonsson group showed that this 

G-rich strand can readily form a G-quadruplex structure under physiological 

conditions and that the formation of this structure is K+ dependent [81].  It was 

also postulated that the C-rich strand of the c-MYC NHE III1 might adopt an i-

motif structure (see later) [82,83].  Although the formation of an i-motif structure 

requires acidic conditions, which makes their physiological relevance less 

compelling, we speculate that they may form in vitro under the driving force of 

negative superhelicity and/or G-quadruplex formation in the complementary 

strand, and there is some evidence for this in the VEGF promoter [45]. 

Considerable efforts have been made to determine the biological role of 

the putative G-quadruplex structures in the c-MYC Pu27-mer in vitro.  By 

extending our previous studies on the mechanistic basis of the effects of the G-

quadruplex-interactive agent TMPyP4 on telomerase activity, we were 

fortuitously able to collect the first direct evidence of the formation of a G-

quadruplex structure in the c-MYC Pu27-mer and its function as a silencer 

element to regulate c-MYC expression in cells [41].  We have previously shown 

that TMPyP4 can inhibit telomerase in both a cell-free system and living cells 
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[84,85].  Subsequently, a cDNA microarray was performed to compare the gene 

expression profiles in HeLa cells after treatment with TMPyP4 and its positional 

isomer TMPyP2 [86].  (TMPyP2 lacks the ability to bind to the G-quadruplex 

structure because of the restricted rotation around the meso bonds in this 

molecule [87].)  Most intriguingly, our data showed that TMPyP4, but not 

TMPyP2, can specifically downregulate c-MYC expression, as well as several 

genes downstream of c-MYC [86].  We also confirmed that TMPyP4 decreases 

c-MYC expression at the RNA and protein levels in MIA PaCa-2 and HeLa S3 

cells [86].  This suggests that the unique effects of TMPyP4 on c-MYC 

expression may be mediated through interaction with a G-quadruplex structure 

formed in the c-MYC promoter.   TMPyP4 has a greater affinity for the c-MYC G-

quadruplex than duplex DNA by about 20 fold [88].  However, considering the 

overwhelming abundance of duplex versus G-quadruplex, it is surprising that we 

see such selectivity.  In order to explain this unexpected selectivity, we propose 

the following.  First, the apparent selectivity is affected by the dynamic 

equilibrium that exists between duplex, partially unwound single-stranded 

conformation, and secondary DNA structures such as G-quadruplex and i-motifs.  

This equilibrium is determined by the magnitude of the negative superhelicity 

resulting from transcriptional activation and the presence of proteins or ligands, 

which trap out the various forms (duplex, single-stranded, or G-quadruplex), 

together with proteins such as NM23-H2, which may sequentially trap out 

partially unfolded forms of the G-quadruplex in a step-wise manner.  A high K+ 
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concentration or drugs that stabilize the G-quadruplex will shift the equilibrium 

toward the G-quadruplex, which is of course the silenced form.  In fact, 

enzymatic and chemical footprinting studies carried out in supercoiled plasmids 

show that the presence of G-quadruplex-stabilizing drugs or a high K+ 

concentration shifts the equilibrium toward the secondary DNA structures [45].  

Once formed, the G-quadruplex is likely to act as a thermodynamic sink for 

TMPyP4, which binds tightly to the G-quadruplex with a relatively slow off-rate.  

When released, the TMPyP4 is trapped locally by the abundance of partially 

unwound or duplex DNA from which it has a relatively fast off-rate and can then 

rebind to the G-quadruplex.  While the hemi-intercalated TMPyP4 bound into 

duplex DNA is unlikely to have a significant effect on enzymatic processes such 

as transcription or replication, binding to and stabilizing the c-MYC G-quadruplex 

by TMPyP4 is likely to have a much more profound effect on the equilibrium 

between a fully folded G-quadruplex and partially unfolded state required for 

conversion of the silenced form to the transcriptionally active form.  Thus, we 

propose that it is the preferential trapping of the silenced G-quadruplex form by 

TMPyP4, which shifts this equilibrium between silenced and transcriptionally 

active form, that gives rise to an apparent higher selectivity of TMPyP4 than 

would otherwise be seen.  Later, we showed that single G-to-A mutations in the 

c-MYC Pu27-mer, which destabilize the G-quadruplex-forming unit, result in a 3-

fold increase in basal transcriptional activity of the c-MYC promoter [41].  This 
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provided compelling evidence to confirm the intracellular formation of G-

quadruplex structures and define their functions. 

The critical role of G-quadruplex structures in the regulation of c-MYC 

expression and their potential as targets for small molecules to modulate c-MYC 

expression triggered considerable interest in studying the structural details of G-

quadruplexes in the c-Myc promoter.  Multiple biophysical and biochemical 

experimental methods have been applied to determine the biologically relevant 

G-quadruplex structure of the c-MYC Pu27-mer, including circular dichroism 

(CD), electrophoretic mobility shift assay (EMSA), DNA polymerase stop assay, 

DMS footprinting, mutational analysis, and nuclear magnetic resonance (NMR) 

(reviewed in reference 42).  Comparative CD analysis of the c-MYC Pu27-mer, 

the HIV aptamer T30695, the thrombin binding aptamer (TBA), and the d(GGA)4 

oligomer of the heptad-tetrad structure has been made to infer the topology of c-

MYC G-quadruplex structures [44].  The chair-type antiparallel G-quadruplex 

structure of TBA (Figure 1.3B) has been proposed on the basis of NMR and X-

ray crystallography [89,90], and a similar type G-quadruplex structure of T30695 

was misassigned by NMR studies [91].  The CD spectrum of the c-MYC Pu27-

mer is clearly different from TBA (Figure 1.3B).  Moreover, the CD spectra of the 

c-MYC Pu27-mer and T30695 are coincident with the d(GGA)4 oligomer, which 

has been unequivocally shown by NMR to form a parallel-stranded heptad-tetrad 

structure [92,93] (Figure 1.3B).  Thus, we were able to predict that the G-rich 

strands of the c-MYC Pu27-mer and T30695 form intramolecular parallel-
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stranded G-quadruplex structures.  Indeed, NMR studies on the G-quadruplex 

formed by the DNA sequences derived from the c-MYC Pu27-mer [94] published 

back to back with our independent results [44] confirm that it is an intramolecular 

parallel-stranded G-quadruplex. 

The five G-tracts in the c-MYC Pu27-mer have the potential to form 

multiple different G-quadruplex structures.  In a previous study, we were able to 

separate two types of G-quadruplex structures in native gel by EMSA [41].  The 

DMS footprinting data identified the guanines involved in the formation of these 

two types of G-quadruplex structures.  We proposed one type of G-quadruplex 

structure as G3N1�2G3N1�2G3N1�2G3, which is formed by the four consecutive 3´-

end runs of guanines, while the other type of G-quadruplex structure, designated 

G3N1G3N6G3N1G3, is formed by the first, second, fourth, and fifth G-tracts of the 

c-MYC Pu27-mer (5´�3´) [see Figure 1.2A, labeled as c-MYC (1:2:1) and c-MYC 

(1:6:1)].  It has been shown that the G-quadruplex structures formed from the 

four consecutive 3´-end G-tracts of the c-MYC Pu27-mer in K+ solution are the 

predominant G-quadruplex structures isolated from the native gel [41].  Using a 

DNA polymerase stop assay with a series of single-guanine mutation sequences 

(G to A) derived from the c-MYC Pu27-mer, it was shown that the 5´-end run of 

guanines (G2�G5) is not required for formation of a stable G-quadruplex 

structure [44].  The degeneracy resulting from multiple G-tracts is somewhat 

analogous to different conformational forms of protein kinases, where only one 

form is catalytically active.  Stabilization of the inactive conformational form, 



 

33

whether it is one conformation of a protein kinase or the minor G-quadruplex, 

may turn out to be an important concept for future drug targeting of G-quadruplex 

elements in promoters, since in each case the alternative conformations may 

have quite different biological functions. 

Since the two four-guanine G-tracts (G11�G14 and G20�G23) in the c-

MYC Pu27-mer have more guanines than required for the formation of a stable 

three-tetrad G-quadruplex core, it is assumed that there may be a degeneracy in 

the use of these two guanine runs that results in guanine slippage and the 

formation of different loop isomers (G3N1�2G3N1�2G3N1�2G3).  On the basis of 

DMS footprinting, mutational analysis, and a DNA polymerase stop assay, we 

were able to identify four loop isomers formed by the four consecutive 3´-end G-

tracts of the c-MYC Pu27-mer (Figure 1.3C, upper panel) [44].  Dual-mutant 

studies and partial-protection patterns confirmed that guanine slippage could 

occur between G11 and G14 (and/or G20 and G23) in the c-MYC Pu27-mer, 

such that one guanine is involved in G-tetrad formation and the other guanine is 

located within a loop (Figure 1.3C, upper panel).  Although all the guanines of the 

four 3´-end G-tracts in the c-MYC Pu27-mer are involved in the formation of G-

tetrads, it is unlikely that all four isomers occur in equal proportion.  The DMS 

footprinting and EMSA studies show that the 1:2:1 loop isomer ([a] isomer in 

Figure 1.3C) is the predominant isomer within the mixture.  A luciferase reporter 

assay study proved that all four dual mutant loop isomers are biologically 
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relevant to c-MYC transcriptional control and that each of these parallel G-

quadruplex structures acts as a repressor element in the c-MYC NHE III1 [44].   

The formation of a parallel-stranded propeller-type G-quadruplex within 

the four biologically relevant 3´-end guanine runs in the c-MYC Pu27-mer has 

been confirmed by NMR spectroscopic studies from the Patel and Yang groups 

[94,95].  Using a 22-mer sequence [c-MYC (1:2:1), Figure 1.3D] that is derived 

from the four 3´-end guanine runs of the c-MYC Pu27-mer, Patel et al. have 

defined the folding pattern of an intramolecular parallel-stranded propeller-type 

G-quadruplex in K+-containing solution (Figure 1.3D).  In similar experiments, 

Yang et al. used a sequence with dual G-to-T mutations at positions 14 and 23 

[c-MYC (1:2:1)-G14T/G23T, Figure 1.3D], which represents the predominant loop 

isomer formed from the four 3´-end guanine runs of the c-MYC Pu27-mer, for 

their NMR structure determination.  Both groups verified a parallel-stranded G-

quadruplex with 1:2:1 side loops in K+-containing solution, and both NMR studies 

revealed the same predominant G-quadruplex structure for the four 3´-end 

guanine runs of the c-MYC Pu27-mer, which consists of three G-tetrads formed 

by four intramolecularly linked parallel DNA strands with all anti guanines and 

linked by three double-chain reversal side loops.  Interestingly, Patel�s group also 

observed the formation of an intramolecular G-quadruplex by using a mutated 

sequence [c-MYC (1:6:1)-G11T�G14T, Figure 1.3D] derived from the c-MYC 

Pu27-mer [94].  This mutated sequence, in which the third G-tract in the c-MYC 

Pu27-mer is substituted with a T-tract (Figure 1.3D), directs the formation of a 
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G3N1G3N6G3N1G3 G-quadruplex.  The c-MYC (1:6:1)-G11T�G14T NMR study 

unequivocally confirmed that this sequence forms an intramolecular parallel-

stranded G-quadruplex structure with a large six-nucleotide loop.  The 

identification of two stable c-MYC G-quadruplex structures by NMR confirms that 

the c-MYC Pu27-mer can potentially form multiple G-quadruplex structures in 

cells. 

While the G-rich strand of the c-MYC Pu27-mer can adopt several G-

quadruplex structures, the complementary C-rich strand may form an i-motif 

structure.  An i-motif structure is a tetraplex structure formed by intercalated 

cytosine+�cytosine base pairs between two parallel duplexes, which interact into 

each other in an antiparallel orientation.  By employing CD and ultraviolet 

absorption spectroscopy in combination with EMSA, it has been shown that the 

C-rich strand of c-MYC NHE III1 can associate to form an intramolecular i-motif at 

moderately acidic or even neutral pH [83].  Normally, because of the requirement 

for acidic pH (i.e., ≤ 5.5), i-motif structures would not be considered to have 

biological relevance.  However, in vitro, other factors, such as torsional stress, 

may play an equal or more important role in maintaining the i-motif structure at 

more physiological conditions.  Preliminary data from our lab suggest that this i-

motif may play a role in both silencing and remodeling events in c-MYC 

transcription in conjunction with a G-quadruplex structure (unpublished data from 

Laurence Hurley�s lab). 
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Figure 1.3 
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Figure 1.3- continued 
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Figure 1.3  (A) Promoter structure of the c-MYC gene, showing the c-MYC Pu27-mer sequence 

of the guanine-rich strand upstream of the P1 promoter [41].  (B) CD spectra of the d(GGA)4 

oligonucleotide, the c-MYC Pu27-mer, the T30695 oligonucleotide, and the thrombin binding 

aptamer (TBA). (C) Proposed structures of the four different c-MYC G-quadruplex loop isomers, 

in which dual G-to-T mutations at positions 11, 14, 20, and 23 result in defined loop isomers.  The 

upper row shows the four proposed isomers and the lower row shows the results of dual G-to-T 

mutations.  In this and subsequent Figures, guanines = red, cytosines = yellow, thymines = blue, 

and adenines = green.  (D) Schematic structures of c-MYC (1:2:1), c-MYC (1:2:1)-G14T/G23T, 

and c-MYC (1:6:1)-G11T�G14T determined by NMR in K+ solution.   
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 1.3.2. Proof of concept that TMPyP4 targets G-quadruplexes to modulate 

c-MYC gene expression 

The biological significance of the intramolecular G-quadruplex structures 

formed in c-MYC NHE III1 has been evaluated for c-MYC transcriptional inhibition 

by TMPyP4 in Ramos and CA46, two Burkitt�s lymphoma cell lines [41].  The 

Ramos cell line retains the c-MYC NHE III1 during translocation, whereas the 

CA46 cell line loses this element, together with the P1 and P2 promoters [41,96].  

As anticipated, in the CA46 cell line TMPyP4 had no effect on c-MYC 

transcriptional activation, whereas in the Ramos cell line, TMPyP4, but not 

TMPyP2, lowered c-MYC mRNA level [41] (Figure 1.4A).  This result further 

confirms that TMPyP4 mediates its transcriptional inhibitory effect on c-MYC by 

interaction with the G-quadruplex formed in the c-MYC NHE III1.  Recently, Ou et 

al. have confirmed the results of these experiments using a structurally distinct 

group of quindolines that bind to the c-MYC G-quadruplex and selectively inhibit 

c-MYC expression in the Ramos cell line [97].  We have proposed a model in 

which the transcriptionally active forms (duplex or single-stranded DNA 

conformations) are in equilibrium with the silenced form (G-quadruplex structure), 

and this can be maintained in the silenced form in the presence of TMPyP4, 

which shifts the equilibrium away from the transcriptionally active form [41,42] 

(Figure 1.4B).  Our studies and those of Ou et al. on the G-quadruplex structures 

formed in the c-MYC promoter highlight the importance of secondary DNA 
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structures in controlling gene expression and their utility as a receptor for 

external control of gene expression by small molecules. 

The role of proteins in the control of gene expression through secondary 

DNA structures has been addressed by Fry [40].  In the case of c-MYC, at least 

four proteins are involved that bind to single-stranded DNA (hnRNP K and 

CNBP) [98,99], duplex DNA (Sp1) [99], and either single-stranded or duplex DNA 

(NM23-H2) [100,101].  Because the c-MYC G-quadruplex is a very stable 

species, it would seem necessary to identify proteins that unfold the G-

quadruplex or more likely trap out transiently unwound DNA species in a step-

wise manner.  NM23-H2 may function in this regard [100,101].  The formation of 

the secondary DNA species from the duplex DNA may be mediated by negative 

superhelicity generated as a consequence of transcription [102].  In a very recent 

article from the Levens lab, the first direct evidence for the involvement of 

transcriptionally generated torsion superhelicity in unpairing DNA, which 

mediates the formation of non-B-DNA in the c-MYC promoter, has been elegantly 

demonstrated [102].  This experimental verification of the role of transcriptionally 

generated negative superhelicity, even in the presence of topoisomerases, 

provides a critical link in how secondary DNA structures can be generated from 

otherwise stable duplex DNA.  This is an extremely important observation, which 

counters the commonly voiced concern that it is energetically very unfavorable 

for DNA secondary structures to emerge from stable duplex DNA.  Additional 

support for this concept comes from the observation that single-stranded DNA 
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binding proteins, such hnRNP K and CNBP, are important transcriptional factors 

involved in activation of c-MYC transcription. 
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Figure 1.4  (A) Diagram of the rearrangements involved in the Ramos and CA46 Burkitt�s 

lymphoma cell lines (modified from ref. 72).  Downward arrows indicate the breakage and 

rejoining points between chromosomes 14 and 8 for each translocation.  RT-PCR for c-MYC and 

β-actin in Ramos (lanes 1�3) and CA46 (lanes 4�6) cell lines after no treatment (lanes 1 and 4) 

and treatment with 100 µM TMPyP2 (lanes 2 and 5) and TMPyP4 (lanes 3 and 6) for 48 hr.  (B) 

Model for the activation and repression of c-MYC gene transcription involving the conversion of 

the paranemic secondary DNA structures (gene off) to purine and pyrimidine single-stranded 

DNA forms for transcriptional activation.  hnRNP K and CNBP are single-stranded DNA binding 

proteins involved in transcriptional activation.  Interaction of the parallel G-quadruplex structure 

with TMPyP4 stabilizes the gene-off form by conversion to the proposed double-loop G-

quadruplex structure that stabilizes the silencer element and results in transcriptional repression 

[42]. 
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 1.3.3 G-quadruplexes formed in the VEGF promoter 

VEGF is an important angiogenic switch in starving cancer cells, and their 

survival often depends upon increased expression of this gene [103].  The 

polypurine/polypyrimidine tract in the proximal promoter region of the human 

vascular endothelial growth factor (VEGF) gene not only contains multiple 

binding sites for transcription factors, but also consists of five runs of at least 

three contiguous guanines (Figure 1.5A), corresponding to the general motif for 

the formation of an intramolecular G-quadruplex (Figure 1.2A) [45,103�105].  In 

duplex DNA oligomers we have observed the progressive unwinding of the 

duplex DNA containing the VEGF polypurine/polypyrimidine tract into single-

stranded oligomers in the presence of K+, TMPyP4, or telomestatin.  This 

suggests that the G-tracts of the VEGF promoter can transiently adopt G-

quadruplex structures, which can be trapped out and stabilized by high 

concentrations of K+, TMPyP4, or telomestatin under physiological conditions 

[45].  Subsequent footprinting studies with DNase I and S1 nuclease on the 

supercoiled plasmid containing the human VEGF promoter region revealed a 

long protected region, including the G-quadruplex-forming region, in the 

presence of K+ and telomestatin [45].  The 3´-side residue of the G-quadruplex-

forming region in the VEGF promoter has been shown to be hypersensitive to S1 

nuclease (arrows in Figure 1.5B), suggesting the formation of a G-quadruplex 

structure within the VEGF promoter.  In contrast, the mutant plasmid that 

contains the specific point mutations to abolish the G-quadruplex-forming ability 
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in the VEGF proximal promoter does not present the same hypersensitivity 

toward DNase I or S1 nuclease in the polypurine/polypyrimindine region (Figure 

1.5C).  Collectively, these data provide first evidence that both supercoiled 

conformation and the wild-type G-quadruplex-forming sequence are required for 

the formation of nuclease hypersensitivity regions in the 

polypurine/polypyrimindine region.  Subsequently, it was demonstrated that the 

CD spectrum of the G-rich strand in the VEGF promoter reveals a parallel-

stranded G-quadruplex structure [45].  The formation of a G-quadruplex structure 

in this promoter has been further confirmed by a DNA polymerase stop assay, 

which shows a K+-dependent arrest of DNA polymerase extension through the 

template DNA containing the VEGF G-tract sequence (unpublished data).  The 

presence of two arrest sites in the DNA polymerase stop assay suggests that two 

different G-quadruplex structures, made up of different runs of G-tracts, can be 

formed by the G-rich strand of the VEGF promoter.  DMS footprinting was 

performed on the VEGF wild-type sequence containing the G-tracts, along with 

several site-mutation sequences, and the results indicate that the DNA 

secondary structures formed in the VEGF promoter are three-tetrad G-

quadruplexes (unpublished data).  Se2SAP has been shown to inhibit VEGF 

transcription in various human cell lines [106]. 
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Figure 1.5 (A) Promoter structure of the VEGF gene.  The polypurine/polypyrimidine sequence is 

shown, together with the five GC boxes [45].  (B) Plasmid footprinting of the VEGF promoter 

region with S1 nuclease.  The footprinting of the top strand of the supercoiled plasmid is shown in 

the left panel.  The densitometric scanning of the S1 footprinting on top strand is shown in the 

right panel.  Lane 1 = no salt, lane 2 = 100 mM KCl, lane 3 = 1 µM telomestatin.  Arrows indicate 

the sites that are hypersensitive to S1 nuclease at the 3´-side of the G-quadruplex-forming region 

[45].  Guanines in bold are those associated with the quadruplex.  (C) Plasmid footprinting of the 

top strand of the mutant VEGF promoter region with DNase I and S1 nuclease. The plasmid was 

incubated in the absence of salt (lanes 1 and 4), in the presence of 100 mM K+ (lanes 2 and 5), or 

with 1 µM K+ (lanes 3 and 6) at 37 °C for 1 hour before treating with nuclease [45].  Guanines in 

bold are those associated with the quadruplex.  Asterisks indicate mutated guanines (G to A). 
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 1.3.4 G-quadruplexes form in the HIF-1α promoter 

The formation of G-quadruplex structures has been observed in the 

promoter region of HIF-1α, which is an important transcription factor for 

regulating VEGF expression, and is overexpressed in many tumors [107�109].  

The importance of the polypurine/polypyrimidine tract in the proximal promoter 

region of HIF-1α in gene transcriptional regulation has been confirmed by the 

observation that mutagenesis of this region results in lowering basal HIF-1α 

expression [46].  To investigate G-quadruplex formation in the 

polypurine/polypyrimidine tract of the HIF-1α promoter, Ebbinghaus et al. 

analyzed G-rich DNA oligomers derived from this region using EMSA, CD, DNA 

polymerase stop assay, and DMS footprinting.  The characteristics of the CD 

spectrum of the native G-tract sequence of the HIF-1α promoter suggest that this 

sequence forms an intramolecular parallel-stranded G-quadruplex structure in 

the presence of K+, and the DNA polymerase stop assay shows that TMPyP4 

and telomestatin are capable of binding to and stabilizing the G-quadruplex [46].  

In K+-containing buffer, DMS footprinting of the G-rich oligomer shows protection 

of all four runs of guanines, which is consistent with the formation of an 

intramolecular three-tetrad G-quadruplex with a central six-nucleotide loop [46] 

(Figure 1.6).  The HIF-1α G-quadruplex structure, an intramolecular parallel-

stranded three-tetrad G-quadruplex with a six-nucleotide central loop, is related 

to the general G-quadruplex-forming motif G3N1G3N2�9G3N1G3 (Figure 1.2A).  
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This also suggests that the G-quadruplex structure formed in the HIF-1α 

promoter may play a role in regulating HIF-1α gene expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 DMS footprinting on the G-rich DNA oligomer derived from the HIF-1α promoter in the 

absence (�) or presence (+) of 140 mM K+.  The sequence of the HIF-1α G-rich oligomer is 

shown adjacent to the gel.  Open circles indicate the guanines that are fully protected, and the 

solid circles indicate the guanines that are cleaved [46]. 
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 1.3.5 G-quadruplexes form in the RET promoter 

The RET proto-oncogene encodes a receptor-type tyrosine kinase that 

has been implicated in the development of several human cancers, especially 

thyroid cancer [110].  The two GC boxes in the proximal promoter region of RET 

are essential for its basal promoter activity (Figure 1.7A) [111,112].  The five 

polypurine/polypyrimidine tracts contained within this promoter element (Figure 

1.7A) are very dynamic in nature and have the ability to adopt different non-B-

form DNA secondary structures.  We have shown that in this region the G-rich 

strand can fold into a G-quadruplex structure, while the C-rich strand can adopt 

an i-motif structure [47].  DNA polymerase stop assay studies demonstrate that, 

in the presence of 100 mM K+, the five G-tracts in the G-rich strand of RET have 

the ability to adopt two different intramolecular G-quadruplex structures [47].  

One of these produces a Taq polymerase arrest site at G19 near the 3´-end of 

the core sequence (Figure 1.7B), whereas the other produces an arrest site at 

G14 immediately before the second 3´-end G-tract.  The G-quadruplex that is 

responsible for the arrest site at G19 is the major arrest product formed in the 

DNA polymerase stop assay, suggesting that it is the major G-quadruplex 

structure formed in the RET proximal promoter element.  Comparative CD and 

DMS footprinting studies have revealed that this structure is a parallel-stranded 

intramolecular structure containing three G-tetrads (Figure 1.7B).  K+, TMPyP4, 

and telomestatin can further stabilize this G-quadruplex structure.  By applying 

CD spectroscopy and Br2 footprinting, we have demonstrated that the 
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complementary C-rich strand of the RET proximal promoter element forms an i-

motif structure in vitro (Figure 1.7C) [47].  On the basis of these experimental 

studies, we constructed a molecular model for the potential DNA secondary 

structures formed in the duplex polypurine/polypyrimidine sequence of the RET 

promoter that comprises a stable intramolecular G-quadruplex and an i-motif 

structure having minimum symmetrical loop sizes of 1:3:1 and 2:3:2, respectively 

[47] (Figure 1.7D). 
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Figure 1.7  (A) Promoter structure of the RET gene.  Two GC boxes are highlighted. Five 

guanine tracts (I, II, III, IV, V) are indicated with braces [47].  (B) Proposed G-quadruplex 

structure for the G-rich DNA oligomer of the RET promoter.  The sequence of this G-rich strand 

DNA is shown under the structure, together with the pol stop sites (arrows).  (C) Cytosine+�

cytosine base pair in the i-motif (left).  Schematic structure of an i-motif formed in the C-rich DNA 

oligomer of the RET promoter (right).  The sequence of this C-rich strand DNA is shown under 

the structure.  (D) Molecular model of the RET promoter sequence (�66 to �19) with i-motif, G-

quadruplex, and duplex DNA regions (adenine, green; guanine, red; thymine, blue; cytosine, 

yellow; potassium ions, white).  The symmetrical arrangement of RET C-rich and G-rich 

sequences is shown below the model. 
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Figure 1.7- continued 
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 1.3.6 G-quadruplexes form in the KRAS Promoter 

Activating mutants of KRAS are found in many human cancers [113].  The 

nuclease hypersensitive polypurine/polypyrimidine elements (NHPPE) in the 

mouse and human KRAS promoters are critical for gene transcription [114].  This 

is another compelling example of the parallel-stranded intramolecular G-

quadruplex serving as a silencer element in the promoter region of an oncogene 

comes from the mouse KRAS promoter study by Cogoi and Xodo [48].  

Consecutive runs of guanines in the mouse gene KRAS promoter, and possibly 

the human gene, suggest that it may assume an intramolecular G-quadruplex 

structure (Figure 1.2A).  CD and EMSA studies on the G-rich strands of the 

mouse and human KRAS NHPPE show that the structural characteristics of a 

DNA secondary structure formed in NHPPE are consistent with those of an 

intramolecular parallel-stranded G-quadruplex structure [48].  The two arrest 

sites in the DNA polymerase stop assay of the template containing the G-

quadruplex-forming motif of the mouse KRAS NHPPE indicate the formation of 

two different G-quadruplex structures from different runs of guanines.  On the 

basis of DMS footprinting results on the G-rich DNA sequences of mouse KRAS 

NHPPE, along with CD, EMSA, and the DNA polymerase stop assay, two 

different parallel intramolecular three-tetrad G-quadruplex structures have been 

proposed.  One of these structures consists of two one-base external loops and 

one nine-base external loop [KRAS m(1:9:1)], while the other consists of two 

one-base external loops and one five-base external loop [KRAS m(1:5:1)] (Figure 
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1.2A) [48].  These sequences closely resemble those found in the c-Myc G-

quadruplexes.  Thus, the folding topology of this structure is assumed to be 

similar to the c-MYC G-quadruplexes.  DMS footprinting of the human KRAS G-

quadruplex-forming motif did not reveal a clear picture.  It has been shown that 

TMPyP4 can stack to the external G-tetrad of mouse KRAS G-quadruplexes and 

increase the Tm by ~20 °C.  Transfection experiments show that the stabilization 

of the mouse KRAS G-quadruplexes with TMPyP4 results in the strong inhibition 

of mouse KRAS promoter activity, but TMPyP2 does not show any significant 

effect on KRAS transcription [48].  Cogoi and Xodo also describe the isolation of 

a nuclear protein that recognizes and binds to KRAS duplex DNA using the G-

quadruplex-forming sequence of the mouse KRAS NHPPE.  Furthermore, the 

transfection of KRAS G-quadruplex-forming oligomers in 293 cells induces 

inhibition of mouse KRAS promoter activity up to 40% of control [48].  All of these 

cellular assay data strongly suggest that a G-quadruplex structure forms within 

the mouse KRAS NHPPE and serves as a silencer in regulating KRAS 

transcription in living cells. 
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 1.3.7 Typical and non-typical G-quadruplexes formed in the c-Kit 

promoter 

The receptor tyrosine kinase c-Kit is overexpressed in a number of 

cancers [115].  Recently two conserved G-quadruplex-forming sequences have 

been identified in the human c-Kit promoter [51,52].  They are both located within 

a nuclease hypersensitive region of the promoter, suggesting that they can form 

non-B-form DNA structures [116,117].  One G-quadruplex-forming unit (c-Kit21) 

(Figure 1.2A) is located within �140 to �160 base pairs upstream of the 

transcription initiation site, while the other (c-Kit87up) (Figure 1.8) is found 

between �87 and �109 [51,52].   

One-dimensional NMR studies and ultraviolet thermal melting analysis 

have confirmed that both c-Kit21 and c-Kit87up can form intramolecular G-

quadruplexes in solution [51].  In the presence of 100 mM K+, the CD spectrum of 

c-Kit21 has a strong positive signal peak at 263 nm with a negative peak at 245 

nm [52], which is characteristic of a parallel folded G-quadruplex structure.  The 

c-Kit87up sequence in a 50 mM K+ solution showed a CD spectrum with a 

minimum absorbance at 240 nm and a maximum absorbance at 262 nm, which 

is also consistent with the spectrum of a parallel G-quadruplex [55].  On the basis 

of these studies, both c-Kit21 and c-Kit87up are expected to form parallel G-

quadruplexes in the presence of K+. 

Single-molecular fluorescence resonance energy transfer studies 

demonstrated that in the c-Kit21 less than 1% of the molecules in a duplex DNA 
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molecule show real dynamic fluctuations and therefore interconversion between 

duplex and G-quadruplex is relatively rare [54].  We speculate that the negative 

superhelicity is probably required for efficient conversion.  In a recent paper, the 

Balasubramanian group at Cambridge has shown that a group of 3,8,10-

trisubstituted isoalloxazines show selective binding to the c-Kit21 G-quadruplex 

and inhibit c-Kit expression in MCF-7 and HGC-27 cells at 5 µM [118]. 

The c-Kit87up sequence contains four three-guanine tracts separated by 

linkers having one base and two sets of four bases (Figure 1.8).  Since this motif, 

having only one (G3N1G3) sequence, would be expected to form a mixed 

parallel/antiparallel structure, it was surprising that the c-Kit87up sequence might 

form a conventional parallel-stranded three-tetrad G-quadruplex structure.  

Moreover, a mutational analysis of the predicted loop regions between the G-

tracts showed that none of the mutated sequences could form a similar G-

quadruplex structure under the physiological conditions that coincided with the 

native sequences [51].  This suggested that the c-Kit87up G-quadruplex may 

contain an unusual arrangement of guanines.  An NMR-derived solution structure 

of the G-quadruplex structure formed by the c-Kit87up sequence in K+ solution 

has recently been reported (Figure 1.8) [53].  This study revealed a highly 

unusual G-quadruplex folding topology with several unique characteristics.  This 

structure is composed of three G-tetrads, and the glycosidic conformations of all 

of the guanines are anti, both features that are consistent with the G-tetrad core 

containing all parallel G-tracts.  One remarkable feature of the structure is the 
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participation of an isolated single guanine (G10) in the formation of a G-tetrad, 

despite the presence of four three-guanine tracts in the sequence.  There are 

four loops in the structure to bridge three consecutive G-tracts and a fourth G-

tract made up of two consecutive guanines and one guanine from a different 

region of the sequence (i.e., G2�G4, G6�G8, and G21�G22, with G10 providing 

the additional guanine) (Figure 1.8).  This unique arrangement of four loops leads 

to the formation of a snapback parallel-stranded G-quadruplex core.  The NMR 

structure of c-Kit87up also revealed that three Watson-Crick base pairs (A1:T12, 

A16:G20, and G17:A19) contribute to the stabilization of this unique structure 

[53].  The involvement of most of the residues within the 22-nucleotide sequence 

in the formation of this unique stable G-quadruplex structure confirms the 

previous mutational analysis data, which showed that the loop regions play 

critical roles in c-Kit G-quadruplex formation [53].  This unique scaffold for the c-

Kit87up G-quadruplex may provide a platform for designing G-quadruplex-

interactive agents that specifically target the G-quadruplex in the c-Kit promoter 

[53].  A bioinformatic study also shows that the 22-nt c-Kit87up sequence is 

unique within the human genome [55]; furthermore, none of structurally closely 

related sequences are found immediately upstream of transcriptional start sites. 

 

 

 

 



 

57

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Schematic structure and folding topology of a c-kit87up G-quadruplex determined by 

NMR [53].  Sequence for c-kit87up is shown below the structure.  Guanines in red are those 

involved in tetrad formation. 
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 1.3.8 Mixed parallel/antiparallel G-quadruplexes form in the Bcl-2 

promoter 

The bcl-2 (B-cell CLL/lymphoma 2) gene product is a mitochondrial 

membrane protein that exists in delicate balance with other related proteins and 

is involved in the control of programmed cell death, functioning as an apoptosis 

inhibitor [119].  In the Bcl-2 promoter, one region of particular interest is the GC-

rich region located in the nuclease hypersensitive region �1490 to �1451 

upstream of the P1 promoter [120].  This polypurine/polypyrimidine tract has 

been shown to be critically involved in the regulation of Bcl-2 gene expression.  

The core sequence of the polypurine/polypyrimidine tract in the Bcl-2 P1 

promoter (Bcl-2 Pu39WT) contains seven runs of at least two contiguous 

guanines separated by one or more bases (Figure 1.9A), which is different to the 

proposed general G-quadruplex-forming motif G3N1G3N2�9G3N1G3.  A DNA 

polymerase stop assay was used to investigate the ability of the G-rich strand in 

Bcl-2 Pu39WT to form intramolecular G-quadruplex structures [49].  Three primer 

extension arrest sites, which increased in a K+-dependent manner, were 

observed, which indicates that Bcl-2 Pu39WT has the capability to form three 

separate but overlapping intramolecular G-quadruplex structures.  Subsequent 

studies using this assay show that the G-quadruplex-interactive agents TMPyP4, 

Se2SAP, and telomestatin can stabilize the Bcl-2 G-quadruplex structures, with 

individual selectivity toward one or more of the three G-quadruplex structures 
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[49].  The formation of multiple intramolecular G-quadruplex structures in Bcl-2 

Pu39WT was also confirmed by EMSA and DMS footprinting [49]. 

To identify the guanine tracts involved in the formation of each of the three 

different Bcl-2 G-quadruplex structures, a mutational analysis of the seven G-

tracts in Bcl-2 Pu39WT was carried out.  These studies confirm that three 

different G-quadruplex structures (Bcl-2 3´G4, Bcl-2 MidG4, Bcl-2 3´G4) could 

form by using three different sets of five consecutive G-tracts within Bcl-2 

Pu39WT (Figure 1.9A).  As shown in Figure 1.9A, the Bcl-2 3´G4 contains five 

consecutive G-tracts (G8�G10, G11/G12, G13�G17, G18�G20, and G21�G24) 

at the 3´-end of the G-quadruplex-forming region; the Bcl-2 5´G4 utilizes five 

consecutive G-tracts at the 5´-end (G1�G4, G5�G7, G8�G10, G11/G12, and 

G13�G17); and the Bcl-2 MidG4 is constructed using the five internal 

consecutive G-tracts (G5�G7, G8�G10, G11/G12, G13�G17, and G18�G20) of 

the Bcl-2 Pu39WT.  Based upon the relative amount of K+ required to produce a 

primer extension arrest, the Bcl-2 MidG4 is the most stable G-quadruplex 

structure and subsequent DMS footprinting confirmed this [49].  Like Bcl-2 3´G4 

and Bcl-2 5´G4, Bcl-2 MidG4 has the ability to form different loop isomers 

because one of its G-tracts contains five guanines.  This was confirmed by 

studies using a series of dual G-to-T mutation sequences within the five-guanine 

G-tract in Bcl-2 MidG4.  The mutant sequence, which contains G-to-T mutations 

in the two 5´-end guanines in the five-guanine tract (MidG4-G15T/G16T, 

sequence shown in Figure 1.9B), generates the most stable G-quadruplex 
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structure, based on the minimal amount of K+ required to produce a DNA 

polymerase arrest [49].  Although the Bcl-2 Pu39WT closely resembles the 

general three-tetrad G-quadruplex-forming motif G3N1G3N2�9G3N1G3, which has 

been found in c-MYC, Ret, VEGF, HIF1-α, RET, c-Kit21, and KRAS (Figure 1.2), 

the CD spectrum of Bcl-2 Pu39WT resembles most closely that of the 

Tetrahymena telomeric sequence d(T2G4)4 by displaying an absorption maximum 

at 264 nm and a broad shoulder at 295 nm, which is different from the typical 

spectra of parallel or antiparallel intramolecular G-quadruplexes represented by 

c-MYC and TBA sequences respectively (see Figure 1.3B and reference 53).  

The mixed parallel/antiparallel G-quadruplex structure of the Tetrahymena 

telomeric sequence in Na+-containing buffer has been well defined by NMR 

studies [121].  This suggests that the Bcl-2 Pu39WT forms a mixed 

parallel/antiparallel G-quadruplex structure. 

On the basis of mutational analysis, we proposed that the dual mutant Bcl-

2 MidG4-G15T/G16T (Figure 1.9B) is the ideal NMR candidate to determine the 

structure of the major G-quadruplex formed in the Bcl-2 promoter.  The 

unambiguous results from the NMR studies demonstrate a novel folding of Bcl-2 

MidG4-G15T/G16T into an intramolecular G-quadruplex structure with mixed 

parallel/antiparallel G-strands [50].  This unique G-quadruplex structure contains 

three G-tetrads connected with a single-nucleotide double-chain reversal side 

loop and two lateral loops, and four grooves of different widths (Figure 1.9B).  

The loop conformations of the NMR structure fully agree with CD and DMS 
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footprinting data.  The complementary C-rich strand of the Bcl-2 MidG4 has been 

examined primarily by molecular absorption and CD and found to form two 

intramolecular i-motif structures formed maximally at pH 4 and 6 [122].  Although 

the precise biological function of the G-quadruplexes and i-motifs in the Bcl-2 

promoter still need to be explored, we suspect that the presence of these 

structures within the Bcl-2 promoter play a critical role in regulating gene 

transcription. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

62

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.9  (A) Diagram of the promoter region of the Bcl-2 gene.  Shown in the inset is the core 

sequence of the G-quadruplex-forming region in the Bcl-2 promoter.  Guanine tracts are 

underlined.  Different groups of five contiguous G-tracts (Bcl-2 3´G4, Bcl-2 MidG4, Bcl-2 5´G4,) 

within the G-rich strand are indicated with braces [49].  (B) G-quadruplex folding pattern of the 

Bcl-2 MidG4-G15T/G16T determined by NMR [50]. 
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1.4 Formation of four-tetrad G-quadruplexes in the PDGF-A promoter 

Overexpression of PDGF activity has been implicated in the pathogenesis 

of a number of serious diseases, including cancer, as well as other disorders 

characterized by excessive cell growth, such as atherosclerosis and various 

fibrotic conditions [123].  The proximal 5´-flanking region of the human platelet-

derived growth factor A (PDGF-A) promoter contains one nuclease 

hypersensitive element (NHE) (�120 to �33) that accounts for 80% of basal 

promoter activity [124�126].  This GC-rich region is structurally dynamic and 

capable of adopting non-B-DNA conformations.  The importance of the unwound 

paranemic structure of the NHE in PDGF-A promoter activity was confirmed by 

demonstration that a single-stranded oligomer, derived from the G-rich strand (�

74 to �51), inhibits the promoter activity of PDGF-A [127].  This G-rich strand 

contains five runs of contiguous guanines, each run separated by one base, and 

this motif has some similarity to that of the G-quadruplex-forming region in the c-

MYC promoter.  By analogy, the G-rich strand of the PDGF-A NHE has the 

potential to form a G-quadruplex under physiological conditions.  The formation 

of four-tetrad G-quadruplex structures in the NHE of PDGF-A promoter and its 

role in the PDGF-A transcription will be fully addressed in chapters 2 and 3. 

 

 

 



 

64

1.5 Formation of two-tetrad G-quadruplexes in the c-Myb promoter 

The proto-oncoprotein c-Myb is a critical transcriptional factor for 

proliferation, differentiation, and survival of hematopoietic progenitor cells [128].  

The overexpression of c-Myb has been observed in many leukemias and some 

solid tumors [129�131].  c-Myb transcription is under the strict control of several 

transcription factors and cis-elements in the gene promoter.  The human c-Myb 

promoter contains a GC-rich region with three imperfect copies of (GGA)4 located 

17 base pairs downstream of the transcription initiation site (Figure 1.10A) [57].  

This region plays a crucial role in regulating c-Myb transcription.  A DNA 

secondary structure of d(GGAGGAGGAGGA), containing four tandem repeats of 

a GGA triplet sequence, has been determined under physiological K+ conditions 

by NMR [92,93].  This sequence folds into an intramolecular DNA secondary 

structure composed of a guanine tetrad (T) and a G(:A):G(:A):G(:A):G heptad 

(H), with four parallel G�G segments [92] (Figure 1.10B, top left structure).  Two 

d(GGA)4 sequences can form an intermolecular G-quadruplex consisting of a 

dimer tetrad:heptad:heptad:tetrad (T:H:H:T) stabilized through a stacking 

interaction between the heptads (Figure 1.10B, left), and a d(GGA)8 forms an 

intramolecular T:H:H:T structure (Figure 1.10B, right) [93].  By sequence 

analogy, the G-rich strand of the GGA repeat sequence in the c-Myb promoter 

has the potential to form several different T:H:H:T G-quadruplex structures.  DMS 

footprinting and CD spectroscopy analysis confirm that the intramolecular 

T:H:H:T G-quadruplex structure is formed within the GGA repeat region of the c-
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Myb promoter, and any two of the three GGAGGAGGAGG repeats can form this 

dimer structure (T:H:H:T) [57].  Mutational studies on the (GGA)4 repeats in 

combination with a DNA polymerase stop assay show that there are three stable 

intramolecular T:H:H:T G-quadruplexes formed by the whole core (GGA)4 repeat 

sequence of the c-Myb promoter [57].  This most-preferred intramolecular 

T:H:H:T G-quadruplex structure is formed with two consecutive 5´-end (GGA)4 

repeats.  On the basis of luciferase reporter studies, deletion of one or two 

(GGA)4 repeats increases c-Myb promoter activity (Figure 1.10C) [57].  However, 

deletion of all three (GGA)4 repeats results in complete abrogation of c-Myb 

promoter activity, indicating the dual roles of the c-Myb (GGA)4 repeats as both a 

transcriptional repressor and an activator [57].  It is speculated that equilibrium 

between transcription factor binding and T:H:H:T G-quadruplex formation plays a 

critical role in the regulation of c-Myb transcription.  An analysis of the c-Myb 

(GGA)4 repeats reveals several consensus binding sites for the Myc-associated 

zinc finger protein (MAZ).  EMSA and DNase I footprinting studies confirm that 

MAZ can bind to both double-stranded DNA and the intramolecular T:H:H:T G-

quadruplexes in the c-Myb promoter [57].  The transfection of MAZ expression 

plasmid and forced overexpression of MAZ in cells result in a decrease of c-Myb 

promoter activity, indicating that MAZ is a repressor of the c-Myb promoter.  

However, it is still not clear if MAZ functions as a transcription factor by binding to 

duplex DNA or to the G-quadruplex structures [57]. 
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Figure 1.10 (A) Promoter structure of the c-Myb gene and the location of key transcription 

factors; shown in the inset is the sequence of three (GGA)4  repeats downstream of the 

transcriptional initiation site of the c-Myb promoter.  (B) The intermolecular and intramolecular 

T:H:H:T G-quadruplexes formed by d(GGA)4 and d(GGA)8.  (C) Luciferase activity driven by the 

wild-type and GGA-deleted c-Myb promoter constructs in CCRF-CEM cells.  Deletion of R1, R2, 

R3, or both R1 and R2 from the c-myb promoter increases luciferase activity in CCRT-CEM cells.  

The R1, R2, and R3 deletion mutant pMybDelR1/2/3 markedly reduces luciferase activity (* P 

value < 0.01) [57].   
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Figure 1.10- continued 
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1.6 Future Direction 

In this charpter I have described the diversity of G-quadruplex structures 

formed in the promoter regions of a number of important oncogenes.  These 

intramolecular G-quadruplexes consist of two, three, or four tetrads, but in the 

most part form parallel G-quadruplexes in which at least one of the faces is made 

up of three tetrads with a one-base double-chain reversal loop that provides 

considerable thermal stability, which is a hallmark of promoter G-quadruplexes.  

In all the cases described here, the region that forms the G-quadruplexes has 

been shown to have importance in the control of gene expression.  In one case 

(VEGF), a requirement for superhelicity and the precise sequence for formation 

of a stable G-quadruplex has been shown to be necessary for G-quadruplex 

formation in plasmid DNA.  In a second case (PDGF-A), the G-quadruplex can 

coexist within a duplex region.  Both of these examples are important in 

validating the role of G-quadruplex in the control of gene expression.  Finally, 

direct evidence that small molecules which target these G-quadruplexes in the 

case of c-Myc can repress gene expression is critical for proof of concept that 

this is a valid approach to modulation of gene expression. 

Bioinformatic studies showing a concentration of putative G-quadruplex-

forming elements either upstream or downstream of the transcription start site 

provide additional support for the biological relevance of these structures in 

transcriptional control.  Our observation that these sequences conform in large 

part to conserved sequences (Figure 1.2A) further supports this premise.  A 
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recent paper [132], which �challenges� the idea that G-quadruplex-forming 

sequences upstream of the transcription start site are likely to be involved in 

transcriptional control based on a predominance of methylation sites and Sp1 

binding sites in this region, appears to us largely to disregard the evidence 

presented in papers published by us and groups in Europe and Asia that are 

discussed in this review. 

Most often these G-quadruplexes exist as a mixture of loop isomers that 

can generally be trapped out by appropriate substitution of loop guanines with 

other bases.  The region of most diversity is in the central loop (see Figure 1.2A), 

where both loop size (2�9 bases) and composition are different in the examples 

so far examined.  Adenines and guanines predominate within this loop, perhaps 

reflecting the need for cytosines to form i-motif structures on the opposite strand.  

c-Myb is an example of a G-quadruplex structure where two tetrads suffice for 

stability.  The heptad structure and its dimer formation explain the stability of Myb 

in the double-chain reversal.  One of the c-Kit G-quadruplexes is the most 

surprising, containing an isolated guanine together with a two-guanine tract to 

form one side of the tetrad.  Last, for PDGF-A, where a four-tetrad G-quadruplex 

replaces the three-tetrad G-quadruplex, a two-base double-chain reversal loop is 

required. 

Those G-quadruplexes so far examined appear to act as silencer 

elements in the promoter regions, and therefore stabilization should lead to 

inhibition of oncogene expression, which has been most clearly shown for c-Myc.  
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In the case of RET, the folding pattern of the accompanying i-motif has been 

inferred from footprinting and base substitution studies. 

The publication of further examples will help define the requirements for 

stability of these G-quadruplexes in promoter regions, and subsequent examples 

of ligands that bind to these structures and inhibit gene expression will further 

validate the concept that drug modulation of gene expression can be achieved by 

targeting these structures.  In a recent international meeting on G-quadruplexes 

held in Louisville, Kentucky (April 21�24, 2007), scientists from Cylene 

Pharmaceuticals reported that a first-in-class G-quadruplex-interactive 

compound, aptly named Quarfloxin, is in phase II clinical trials [133].  This 

compound, a fluoroquinolone derived from QQ58 [134], is proposed to bind to G-

quadruplexes in rDNA, which displaces nucleolin from its binding sites on the 

non-template strand.   

The biggest challenge to be faced by the G-quadruplex community 

involved in drug targeting will be specificity.  However, in this regard we are at 

the same point as in the early development of kinase inhibitors, where similar 

reservations were expressed.  We believe that this challenge will be successfully 

met and G-quadruplex-interactive compounds will assume their place in 

molecular therapeutics.  The specificity challenge is really at two levels, the first 

being discrimination between G-quadruplexes and other forms of DNA, most 

notably duplex DNA.  Compounds that interact with G-quadruplexes generally do 

so through binding to external faces of the quadruplexes in pockets created by 
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adjacent bases, which may provide capping structures.  This is loosely 

analogous to intercalation between bases pairs in duplex, but both the electronic 

and steric constraints are quite different.  For example, intercalation between 

base pairs is expected to be much more constrained by rigid features of a 

dinucleotide base pair than by flexible capping structures that are likely to exist in 

the G-quadruplex structures.  Moreover, the positively charged center of a tetrad 

and its size and shape are quite different to adjacent base pairs.  The second 

level of selectivity is between different G-quadruplexes, which itself has two 

levels of discrimination, between different folding patterns, e.g., c-MYC, Bcl-2, 

and c-kit87up, and between G-quadruplexes having the same folding pattern, 

e.g., c-MYC, VEGF, Hif-1α, RET, and KRAS.  For the former, the different 

juxtaposition of the loops to the external tetrads should provide opportunities for 

discrimination, whereas in the latter the heterogeneity of the central loop (see 

Figure 1.2) is a potential opportunity.  Consequently, the design strategy to 

develop selective agents should be in two steps:  first, consideration of the 

�intercalation� binding pocket and its steric and electronic characteristics, and 

second, placement of side chains to achieve selectivity through interactions with 

the loops and different sized grooves in the stacked tetrads. 
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CHAPTER 2 

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 

 

2.1 Introduction 

Platelet-derived growth factor (PDGF), which was originally isolated from 

human platelets, is composed of four polypeptide chains designated A, B, C and 

D.  These polypeptide chains make up five biologically active dimeric PDGF 

isoforms:  PDGF-AA, -AB, -BB, -CC, and -DD, which exert their effects through 

two tyrosine kinase receptors, PDGFR-a and PDGFR-b (1�3).  PDGF-A and 

PDGF-B are considered to be major mitogens for a variety of mesenchymal cell 

types.  They play critical roles in normal embryonic development, cellular 

differentiation, and wound healing (1�4).  The overactivity of the PDGFs has 

been implicated in the pathogenesis of a number of diseases characterized by 

excessive cell growth, including cancer, atherosclerosis, and various fibrotic 

conditions (3,5,6).  Significantly augmented expression of the PDGF-A gene has 

been observed in a number of human tumor cell lines and tissues, particularly in 

gliomas, sarcomas, and ostoastrocytomas (6�10).  Abnormal PDGF-A 

expression is linked to accelerated malignant cell growth through autocrine and 

paracrine pathways (1,6,11).  For these reasons, PDGF signaling pathways are 
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important targets for anticancer therapeutics; specifically, inhibitors of PDGF-A 

gene expression could be valuable in the treatment of some cancers. 

Transcription of the PDGF-A gene is controlled by several positive and 

negative regulatory elements located in the promoter region and the 5´-distal 

upstream region of the gene (Figure 2.1A) (12�14).  An important, highly 

guanine- and cytosine-rich region located at nucleotides �120 to �33 within the 

PDGF-A promoter accounts for 80% of basal promoter activity.  This GC-rich 

region was originally identified by its sensitivity to the single-strand-specific 

endonuclease S1 nuclease and has been termed the nuclease hypersensitive 

element (NHE) (12�14).  PDGF-A is also subject to transcriptional repression by 

two discrete S1 nuclease hypersensitive (SHS) elements.  One is located within 

the 5´-distal region (�1418 to �1338) of the promoter (5´SHS), while the other is 

located within the first intron (+1605 to +1630, intron SHS) (14�17).  Multiple 

transcription factors bind to and regulate PDGF-A genes through the NHE region, 

such as Sp1, Egr-1, Wilms� tumor protein (WT1), GC factor 2 (GCF2), nuclear 

factor 1-X (NF1-X), and the metastasis suppressor protein NM23 (17�23).  This 

region is structurally dynamic and capable of adopting non-B-DNA conformations 

(24).  The importance of the unwound paranemic structure of NHE in PDGF-A 

promoter activity was confirmed by demonstrating that a single-stranded 

oligomer, derived from the guanine-rich strand (�74 to �51), inhibits the promoter 

activity of PDGF-A (24).  It is believed that the equilibrium between the B-form 

DNA, the single-stranded DNA, and intramolecular secondary DNA structures is 
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instrumental in the determination of the binding of transcription factors to the 

NHE region of PDGF-A (NHEPDGF-A).  However, the molecular details of the 

unwinding of secondary structures in the NHEPDGF-A are poorly understood. 

Tandem repeats of the guanine-tract (G-tract) sequence adopt specific 

intramolecular G-quadruplex structures in the telomeres and in the promoters of 

several important genes, such as c-MYC, KRAS, Bcl-2, and VEGF (25�28).  The 

basic building block, the G-tetrad, and examples of folding patterns are shown in 

Figure 2.1B.  The involvement of G-quadruplex structures in cellular processes, 

such as transcriptional control of c-MYC expression, has stimulated the 

development of anticancer drugs that are selective for G-quadruplexes.  The G-

rich strand of NHEPDGF-A contains five contiguous guanine runs, each separated 

by one base.  The G-tract motif in NHEPDGF-A has some similarity to the G-tract 

motif in the NHE region of c-MYC (NHEc-MYC).  However, in NHEc-MYC the 

minimum number of guanines in any run is three rather than four, and NHEPDGF-A 

contains a very long run of 13 contiguous guanines at the 5´-end (see sequences 

in Figure 2.1A) (25,29).  Since the G-rich strand of NHEc-MYC is known to form G-

quadruplex structures, by analogy the G-rich strand of NHEPDGF-A has the 

potential to form G-quadruplex structures under physiological conditions.  

Consequently, these G-quadruplex structures may play an important role in 

modulating the expression of PDGF-A.  In this charpter, we examine the in vitro 

formation and properties of G-quadruplex structures within the G-rich strand of 

NHEPDGF-A, including its transcriptional modulation by TMPyP4. 
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Figure 2.1.  (A) Promoter structure of PDGF-A and locations of the important NHEs.  The core 

sequences of the 5´SHS, the G-rich strand of the NHE, and the intron SHS are shown.  The 

locations of these core sequences are cited in the map.  TSS = transcriptional start site.  (B) 

Structure of a G-tetrad and examples of the folding patterns of known intramolecular G-

quadruplexes. 
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2.2 Materials and Methods 

Oligodeoxynucleotides, enzymes, materials, and drugs 

DNA oligomers (sequences shown in Table 2.1) were obtained from 

Sigma Genosys and Biosearch Technologies, Inc.  All DNA oligomers were 

PAGE-purified and dissolved in double-distilled water before use.  The extinction 

coefficient that manufacturers provided for a given DNA sequence was 

calculated using the nearest-neighbor method (31).  When the DNA oligomers 

folds into a G-quadruplex, the base stacking results in hyperchromicity.  Thus, 

the extinction coefficients of DNA oligomers that can form DNA secondary 

structures need to be corrected for the hyperchromicity.  To address this issue, 

we used UV/vis thermal denaturation techniques to determine the high-order 

structural hyperchromicity of the G-quadruplex-forming DNA oligomers (32).  The 

UV experiments were carried out on a Cary 300 Bio UV-visible 

spectrophotometer.  Cells with optical path lengths of 1 mm were used, and the 

temperature of the cell holder was controlled by an external circulating water bath 

(Varian).  The UV melting experiment were done by collecting spectra every 5 

degrees as the sample heated up from 20 °C to 100 °C, and monitoring the 

absorption change at λmax.  The plateau at the top of the melting curve (usually 

20 °C above the respective Tm) was extrapolated back to 20 °C to obtain the 

hyperchromicity.  The extinction coefficient for G-quadruplex-forming DNA 

oligomer was corrected by using the following equation:  Є260(Q) = Є260(N)/(1 + 

(%hyperchromicity/100)).  Є260(Q) represents the extinction coefficient for the G-
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quadruplex-forming DNA oligomer, and Є260(N) represents the extinction 

coefficient for the non-structured single-stranded DNA oligomers.  The corrected 

Є260(Q) values for important DNA oligomers in our study are as follows:  PDGF-A 

Pu48, 533680 M�1cm�1; PDGF-A Pu60, 672353 M�1cm�1; PDGF-A Pu90, 

1000303 M�1cm�1; PA-5W, 379701 M�1cm�1; PA-Mut1, 360524 M�1cm�1; PA-

Mut2, 369612 M�1cm�1; c-MYC Pu27, 354938 M�1cm�1; TBA, 151770 M�1cm�1; 

Bcl-2 Pu38WT, 453766 M�1cm�1.  Acrylamide:bisacrylamide (29:1) solution and 

ammonium persulfate were purchased from Bio-Rad, and N,N,N´,N´-

tetramethylethylenediamine was purchased from Fisher.  T4 polynucleotide 

kinase and Taq DNA polymerase were purchased from Promega.  [γ-32P]ATP 

was purchased from NEN Dupont.  TMPyP2, TMPyP4, and Se2SAP were 

synthesized in our laboratory.  Telomestatin was kindly provided by Dr. Kazuo 

Shin-ya (University of Tokyo, Japan).  Stock solutions of telomestatin and 

Se2SAP (10 mM) were made using DMSO (10%) and double-distilled water, 

respectively.  Further dilutions to working concentrations were made with double-

distilled water immediately prior to use. Plasmid pGL3-basic, pRL-TK, and dual 

luciferase assay kits were purchased from Promega. 

Circular dichroism spectroscopy 

CD spectra were recorded on a Jasco-810 spectropolarimeter (Easton, 

MD) using a quartz cell of 1-mm optical path length and an instrument scanning 

speed of 100 nm/min, with a response time of 1 s, over a wavelength range of 

200�330 nm.  All DNA samples were dissolved and diluted in Tris-HCl buffer (50 
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mM, pH 7.6), and where appropriate, the samples also contained different 

concentrations of KCl and/or NaCl. The DNA strand concentrations were 5 µM, 

and the CD data represent four averaged scans taken at an experimental 

temperature (25 °C to 110 °C).  All CD spectra are baseline-corrected for signal 

contributions due to the buffer. 

Labeling and purification of DNA oligomers 

The DNA oligomers were 5´-end-labeled with [γ-32P]ATP using T4 

polynucleotide kinase for 1 h at 37 °C.  The labeling reaction was inactivated by 

heating the samples at 90 °C for 8 min after the addition of 1.5 µl of 0.5 M EDTA.  

The 5´-end labeled DNA was then purified using a Bio-Spin 6 chromatography 

column (Bio-Rad).  The labeled DNA was further purified by running a 12% 

denatured polyacrylamide gel that contained 8.0 M urea. 

Preparation of intramolecular G-quadruplex structures by EMSA 

The 5´-end 32P-labeled single-stranded DNA oligomer was incubated in 

Tris-HCl buffer (50 mM, pH 7.6) containing different concentrations of KCl and/or 

NaCl for 1 h at room temperature.  The denatured marker DNA oligomers were 

prepared separately before the EMSA.  The control DNA oligomers were heated 

at 95 °C for 15 min, and then were immediately putted on the ice to be directly 

cooled down to 4 °C before loading the gel.  The secondary structures of the 

DNA oligomers were obtained by heating the stock solutions at 90 °C for 10 min 

and then slowly cooling to room temperature over 4 h.  The monomolecular G-

quadruplex structure of the G-rich strand of the NHE was isolated by 
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nondenatured gel electrophoresis in the presence of 10 mM NaCl and KCl in 

Tris-Borate-EDTA buffer.  Electrophoresis of the DNA was conducted at 150 V.  

The different mobility shift DNA bands were cut from the nondenatured gel and 

soaked in double-distilled water.  The double-stranded 60-mer NHE was 

obtained first by annealing equal amounts of 60-mer G-rich strand (Pu60-mer, 5´-

end 32P-labeled) and C-rich strand (Py60-mer) in annealing buffer (10 mM Tris-

HCl, pH 7.5, 10 mM NaCl), heating the mixtures at 75 °C for 15 min, and then 

slowly cooling the DNA sample to room temperature.  The major double-stranded 

DNA band was isolated from a 12% native polyacrylamide gel.  For inducing the 

formation of G-quadruplexes in the duplex DNA, the double-stranded 60-mer 

NHE was incubated in different concentrations of KCl buffers at room 

temperature for at least 1 h, then heated at 65 °C and allowed to slowly cool to 

room temperature over 4 h. 

Taq polymerase stop assay 

The DNA primer 5´-d(TCGACTCTAAGCAAATGCGTCGAG)-3´ was 5´-

end-labeled with 32P as described above.  The labeled primer was annealed to 

the DNA template (sequence shown in Table 2.1) by using the aforementioned 

protocol.  The DNA complex formed by annealing the primer to the template was 

purified using gel electrophoresis on a 12% native polyacrylamide gel.  The 

purified DNA was then diluted to a concentration of 0.2 nM and mixed with the 

reaction buffer (10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, 1.5 µg/µl BSA) and 

0.1 mM dNTPs.  Where appropriate, KCl, NaCl, and/or drugs were also added.  
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The reaction mixtures were incubated for 1 h at room temperature, allowing the 

alkali metal ions or drugs to stabilize the G-quadruplexes.  Taq DNA polymerase 

was then added, and samples were incubated for 30 min at 60 °C for polymerase 

extension.  The polymerase extension reaction was stopped by adding 20 µL 

stop buffer (10 mM EDTA, 10 mM NaOH, 0.1% xylene cyanole, 0.1% 

bromophenol blue in formamide solution), and the samples were analyzed on a 

16% denatured polyacrylamide gel (33). 

DMS footprinting 

Each band of interest was excised from the EMSA and soaked in 1XTris-

Borate-EDTA buffer containing 10 mM NaCl and KCl.  The samples were then 

vigorously agitated at room temperature for 3 h in water.  The solutions were 

filtered and 50,000 cpm per reaction of DNA solution was further diluted with 0.1 

X TE (10 mM Tris, 1 mM EDTA, pH 7.5) to a total volume of 90 µl per reaction.  

Following the addition of 1 µl calf thymus DNA (0.1 µg/µl), the reaction mixture 

was incubated with 1 µl of 25% dimethyl sulfate solution (DMS:ethanol; 1:4, 

vol/vol) for 5 or 10 min.  Each reaction was stopped by adding 18 µl of stop buffer 

(3 M b-mercaptoethanol:water:NaOAc; 1:6:7, vol/vol/vol).  After ethanol 

precipitation and washing, the piperidine cleavage reaction was performed by 

heating the samples to 90 °C for 30 min in 30 µl piperidine.  The samples were 

separated on a 20% denatured polyacrylamide gel and visualized on a 

phosphorimager (Storm 820).  DMS analysis of random unstructured control 
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DNA oligomer was performed in the same way by using heat-denatured (quick 

cooling on ice) 5´-end-labeled oligomer (25). 

Imaging and quantitation 

The dried gel was exposed on a phosphor screen.  Imaging and 

quantitation were performed using a phosphorimager (Storm 820) and 

ImageQuant 5.1 software from Amersham Biosciences. 

PDGF-A promoter regions plasmid construction 

The DNA sequence of the �222 to +119 region of the PDGF-A promoter, 

relative to the transcriptional start site (5,6), was obtained by PCR-amplifying 

human genome DNA extracted from HPDE-6 cells (NucleoSpin DNA Kit, 

Macherey-Nagel) with the primer pair (5´-GGGGCTTTGATGGATTTAGC-3´ and 

5´-CCTGAGGGCGGCGCAAGGCCG-3´).  This fragment was subcloned into the 

multiple cloning sites region, between HindIII and ScaI, of the pGL3-basic vector 

(Promega), which is a promoter-less plasmid containing the firefly luciferase 

reporter gene.  The resultant clone pA361 was characterized by DNA 

sequencing, and the correct orientation of the insert was verified by restriction 

enzyme analysis. 

Cell Culture, transient transfection, and dual luciferase assay 

Human normal pancreatic cell line HPDE-6 were cultured in Keratinocyte-

SFM medium, containing 100 U/ml penicillin, 100 µg/ml streptomycin, 200 mM L-

glutamine, bovine pituitary extract, epidermal growth factor, and 10% FBS 

(GIBCO).  Human pancreatic cancer MIA PaCa-2 cells were cultured in 
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Dulbecco�s Modified Eagle�s Medium, containing 100 U/ml penicillin, 100 mg/ml 

streptomycin, 200 mM L-glutamine, and 10% FBS (Mediated Inc).  Cells were 

maintained in a logarithmic phase of growth.  For transfection experiments, MIA 

Paca-2 cells were seeded in 6-well dishes with a concentration of 2 x 105 cells 

per well.  Each well was co-transfected with 2 µg of constructed plasmids PA-361 

and 25 ng of pRL-TK with TransFectin (Invitrogen).  pRL-TK (Promega), 

containing a renilla luciferase gene driven by the herpes simplex virus thymidine 

kinase promoter, was used as a control for transfection efficiency.  The pGL3-

promoter vector was used as a positive control of luciferase expression.  The 

expression of firefly luciferase, with respect to that of renilla luciferase, was 

determined by dual luciferase assay (Promega), 24 h after transfection (as 

described by the manufacturer).  Cell lysate (20 µl) was mixed with 100 µl of 

reconstituted luciferase assay reagent, and light output was measured for 12 s 

with a FB12 Luminometer (Berthold).  To test effects of the G-quadruplex-

interactive agents on human PDGF-A promoter activity, varying concentrations of 

Telomestatin, SeSAP2, TMPyP4 or TMPyP2 (up to 50 µM) were co-transfected 

with constructed plasmid and pRL-TK into MIA Paca-2 cells.   Then, the cells 

were subjected to dual luciferase assay after 24-hour treatment. 
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Table 2.1.  Oligodeoxynucleotides used in PDGF-A G-quadruplex study. 

DNA oligomer Sequence (5´ → 3´) 

PDGF-A Pu48 GGAGGC GGGGG GGGGG GGGCG GGGGC GGGGG CGGGG 

GAGGG GCGCG GC 

PDGF-A Pu60 CCGGG GAGGC GGGGG GGGGG GGGCG GGGGC GGGGG 

CGGGG GAGGG GCGCG GCGGC GGCGG 

PDGF-A Py60 CCGCC GCCGC CGCGC CCCTC CCCCG CCCCC GCCCC 

CGCCC CCCCC CCCCC GCCTC CCCGG 

PDGF-A Pu90 TGCGG GTCCC AGGCC CGGAA TCCGG GGAGG CGGGG 
GGGGG GGGGC GGGGG CGGGG GCGGG GGAGG GGCGC 

GGCGG CGGCG GCTAT AACCC 

Templatea  CGGG GAGGC GGGGG GGGGG GGGCG GGGGC GGGGG 
CGGGG GAGGG GCGCG GTTAG TCAGA CCTCG ACGCA 

TTTGC TTAGA GTCGA 

Primerb TCGAC TCTAA GCAAA TGCGT CGAG 

c-MYC Pu27 TGGGG AGGGT GGGGA GGGT GGGG AAGG 

TBA GGTT GGTG TGGT TGG 

Bcl-2 Pu39WT AGGGG CGGGC GCGGG AGGAA GGGGG CGGGA GCGGGG 

CTG 

PA-5W AGGC GGGGG GGGGG GGGCG GGGGC GGGGG CGG 

PA-Mut1 AGGC GGGGG GGGGG GGGCT GGGGC TGGGG CGG 

PA-Mut2 AGGC GGGGG GGGGG GGGCA GGGGC AGGGG CGG 
aTemplate used in Taq DNA polymerase stop assay. 
bPrimer used in Taq DNA polymerase stop assay. 
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2.3 Results 

 2.3.1 The G-rich Strand of the PDGF-A NHE Forms Intramolecular G-

quadruplex Structures 

Since signature CD spectra have been determined for several well-defined 

G-quadruplex structures in solution, comparative CD analysis can provide 

primary evidence for the existence of G-quadruplex structures in an unknown 

DNA sequence and also provide insight into the topology of G-quadruplexes (33�

43).  To determine the potential presence of G-quadruplex structures within the 

G-rich strand of NHEPDGF-A, we used CD to analyze the purine strand Pu48-mer, 

which represents the whole core sequence of G-rich strand of NHEPDGF-A (�40 to 

�87 in the PDGF-A promoter).  Figure 2.2A (blue line) shows that Pu48-mer 

exhibited a CD spectrum characterized by a maximum positive ellipticity at 266 

nm, a negative band at 240 nm, and a minor positive band at 212 nm.  This 

spectrum is similar to that of the guanine-rich DNA oligomer Pu27-mer of NHEc-

MYC (red line in Figure 2.2.A), which forms intramolecular parallel G-quadruplex 

structures that have been well characterized by NMR, CD, and DMS footprinting 

studies (29,37,44).  To further identify the topology of the G-quadruplex 

structures formed in Pu48-mer, I compared the CD spectrum of Pu48-mer to two 

other DNA sequences, the thrombin binding aptamer (TBA) (black line in Figure 

2.2.A) and the Bcl-2 Pu39WT (green line in Figure 2.2.A).  The chair-type 

antiparallel G-quadruplex structure of TBA has been proposed on the basis of 

NMR and X-ray crystallography (45), and it has a signature CD spectrum 
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characterized by a positive maximum band around 290 nm, a negative band at 

265 nm, and a smaller positive band at 246 nm.  The hybrid parallel/antiparallel 

G-quadruplex structure of Bcl-2 Pu39WT was solved by NMR (46).  The CD 

spectrum of this hybrid G-quadruplex structure shows a major positive band at 

about 265 nm with a negative band at 240 nm, which is similar to the parallel G-

quadruplex.  However, it has a unique pronounced shoulder absorption between 

280 and 300 nm, which is not observed in the CD spectrum of the parallel G-

quadruplex (27).  The CD spectrum of the Pu48-mer is quite different from those 

of Bcl-2 Pu39WT and TBA, and it resembles most closely that of the c-MYC 

Pu27-mer.  Collectively, these data suggest that the major G-quadruplex 

structure in the Pu48-mer is a parallel structure. 

DNA oligomers folding into intramolecular G-quadruplex structures 

migrate faster than nonstructured single-stranded DNA and the corresponding 

intermolecular dimers in a native gel (47,48).  Thus, it is possible to isolate the 

intramolecular G-quadruplex structure from the other DNA structures by native 

gel electrophoresis.  To determine whether the G-quadruplexes formed by Pu48-

mer in our CD studies are intra- or intermolecular, we analyzed the 

electrophoretic mobilities of different concentrations of Pu48-mer in the presence 

of 50 mM KCl.  When the DNA concentration was 15 µM or lower (Figure 2.2.B, 

lanes 2�4), the major DNA species of Pu48-mer migrated in an 8% native 

polyacrylamide gel much faster than the corresponding denatured Pu48-mer that 

represents the random linear DNA structure (Figure 2.2.B, lane 1 as control).  
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These results suggest that the Pu48-mer folds into a compact intramolecular G-

quadruplex at low DNA concentrations.  However, when the DNA concentration 

was 20 µM, more than 40% of the Pu48-mer was found as a slowly migrating 

species, which is presumed to represent higher-order intermolecular DNA 

complexes (Figure 2.2.B, lane 5).  Since the concentration of the DNA oligomer 

used in our CD studies is 5 µM, it is reasonable to assume that the G-

quadruplexes formed in these conditions are intramolecular.  
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Figure 2.2.  (A) Comparative CD spectra of three known G-quadruplex-forming sequences with 

the PDGF-A Pu48-mer.  Blue line = PDGF-A Pu48-mer (25 mM KCl), red line = c-Myc Pu27-mer 

(parallel G-quadruplex in 25 mM KCl), green line = Bcl-2 Pu39WT (mixed parallel/antiparallel G-

quadruplex in 100 mM KCl), black line = thrombin binding aptamer (TBA) (antiparallel G-

quadruplex in 100 mM KCl).  All CD data were obtained with a 5 µM strand concentration at 25 

°C.  Comparison of sequences of these two DNA oligomers is shown under the CD spectra.  (B) 

Native gel electrophoresis indicating the formation of intramolecular G-quadruplex structures by 

Pu48-mer.  The fast mobility major band represents the intramolecular G-quadruplex and the 

slow mobility bands represent the higher-order intermolecular G-quadruplexes.  (C) Effect of 

alkali metals on the Pu48-mer CD spectrum.  Effect of KCl (red line) and NaCl (blue line) on the 

ellipticity signal compared to the signal in the absence of salt (black line).  All CD data were 

obtained with a 5 µM strand concentration at 25 °C.   
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 2.3.2 K+ facilitates the formation of intramolecular G-quadruplexes in 

the G-rich strand of NHEPDGF-A 

To examine the effects of the alkali metal ions (K+ and Na+) on the 

formation of G-quadruplexes in the G-rich strand of NHEPDGF-A, we monitored the 

CD spectra of Pu48-mer in the presence of either 100 mM KCl or 100 mM NaCl.  

These CD spectra showed similar parallel G-quadruplex characteristics.  

However, a dramatic increase in the elliptic intensity was observed with the 

sample that was pre-incubated with 100 mM KCl (Figure 2.2.C, red line), while 

100 mM NaCl only slightly increased the magnitude of the CD signal around 

280�300 nm (Figure 2.2.C, blue line) as compared to the spectrum of DNA in the 

Tris-HCl buffer alone (Figure 2.2.C, black line).  This indicates that K+ or Na+ can 

increase the formation of the PDGF-A Pu48-mer G-quadruplex, but a more 

significant effect occurs with K+.  K+ can strongly increase the formation of 

parallel G-quadruplex structure of Pu48-mer; however, Na+ might induce the 

formation of hybrid parallel/antiparallel G-quadruplex structure of Pu48-mer.  

Further evidence that K+ stabilizes the Pu48-mer G-quadruplex structure was 

obtained by comparing the melting curve of Pu48-mer in the absence or 

presence of KCl.  We monitored the CD spectra of Pu48-mer as a function of 

temperature and then plotted the ellipticity at 266 nm versus temperature to 

generate a melting curve.  The full melting curve of Pu48-mer in Tris-HCl (50 

mM, pH 7.2) showed a Tm of 75 °C (data not shown).  This high Tm suggests 

that intramolecular Pu48-mer G-quadruplex structures are very stable.  
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Surprisingly, in the presence of 25 mM KCl, the Pu48-mer still showed a 

detectable parallel G-quadruplex CD signal at 110 °C.  Because of the high-

temperature limit of our CD instrument, we could not obtain a full melting curve 

for the Pu48-mer in 25 mM KCl.  This result implies that K+ can significantly 

stabilize the Pu48-mer G-quadruplex and increase its Tm. 

The specific stabilizing effect of K+ on the formation of G-quadruplexes in 

the NHEPDGF-A was confirmed by Taq polymerase stop assay.  This assay is a 

useful tool to investigate the capability of G-rich DNA sequences to form stable 

G-quadruplex structures in vitro, based on the assumption that a stable DNA 

secondary structure in the DNA template is able to stop primer extension by the 

DNA polymerase (32).  A cassette template DNA containing the Pu48-mer of 

NHEPDGF-A was annealed with a labeled primer, which subsequently was 

extended with Taq polymerase in the presence of increasing concentrations of 

KCl or NaCl.  A full-length product was synthesized in the presence of NaCl 

(Figure 2.3, lanes 3�5); however, upon replacement of NaCl by KCl to the 

reaction, two major premature primer extension products were produced and 

designated as the 5´-end stop product and the 3´-end stop product (Figure 2.3, 

lanes 7�9).  Both of these arrest products increased in a K+-dependent manner 

but were not affected by Na+.  Thus, the K+-specific block to DNA synthesis is not 

due to general effects of alkali ions.  Collectively, these results suggest that the 

G-rich strand of NHEPDGF-A has the capacity to form two separate intramolecular 

parallel G-quadruplex structures that are preferentially stabilized by K+. 
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Figure 2.3.  Effect of K+ and Na+ on the formation of the NHEPDGF-A G-quadruplex in a Taq 

polymerase stop assay.  Two stop products are designated as the 5´-end product and the 3´-end 

stop product.  The corresponding arrest sites are indicated on the core G-tract sequence. 
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 2.3.3 Formation of multiple G-quadruplex structures in the G-rich 

strand of NHEPDGF-A 

The G-rich strand of NHEPDGF-A is composed of five G-tracts and has the 

potential to form multiple G-quadruplexes structures, based on the assumption 

that each G-tract has an equal possibility of participating in the formation of G-

quadruplexes.  The Taq polymerase stop assay in Figure 2.3 showed that two 

significant stop products are formed within the NHEPDGF-A.  This indicates that at 

least two major, stable intramolecular G-quadruplex structures are formed by 

different G-tracts in the G-rich strand of NHEPDGF-A.  The Taq polymerase arrest 

sites for these two major stop products were determined by sequencing the 

template DNA.  The arrested site for the 3´-end stop product corresponded to 

G41 in the PDGF-A Pu48-mer (core sequence of NHEPDGF-A, as shown under the 

gel in Figure 2.3).  The arrest product at G41 suggest that bases G37�G41 must 

form a stable cap structure on the 3´-end of the G-quadruplex.  The arrested site 

for the 5´-end stop product corresponded to G25 in the Pu48-mer (Figure 2.3).  

This indicates that the three consecutive runs of guanines at the 5´-end of Pu48-

mer (G1 to G25) form the G-quadruplex structure of the 5´-end stop product.  

One structural characteristic of particular interest is that the 13-mer G-tract must 

provide the two runs of presumably four guanines at the 5´-end of the G-

quadruplex. 

Native polyacrylamide gel electrophoresis of Pu48-mer, which was pre-

incubated with 100 mM KCl, shows two fast migrating bands (Figure 2.4A, bands 
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1 and 2) that move faster than the denatured unstructured linear DNA species 

(band 3).  These high-mobility species are presumed to represent compact 

intramolecular G-quadruplex structures.  The close mobility and broadness of two 

intramolecular G-quadruplexes (bands 1 and 2) indicate that the Pu48-mer may 

form multiple similarly structured intramolecular G-quadruplexes. 

To further probe the structures of the two intramolecular G-quadruplexes, 

a DMS footprinting experiment was carried out.  Since N7 of guanine in a G-

tetrad is involved in Hoogsteen bonding and is inaccessible to alkylation by DMS, 

we can identify those guanine bases engaged in the formation of a G-quadruplex 

structure.  The DMS methylation pattern produced by band 3 was consistent with 

a linear single-stranded DNA (Figure 2.4.B, lane 5).  For bands 1 and 2 (Figure 

2.4.B, lanes 1�4), the DMS protection patterns suggested the formation of 

intramolecular G-quadruplexes.  As shown in Figure 2.4.B (lanes 1 and 2), full 

DMS protection occurred within the four runs of guanines (G3�G4, G8�G10, 

G16�G19, and G22�G25) of band 1.  For band 1, the DMS protection of the two 

four-guanine G-tracts (G16�G19, G22�G25) at the 3´-end of the NHEPDGF-A is 

clear, while the remaining two G-tracts within the run of 13 guanines at the 5´-

end of the NHEPDGF-A are less well defined.  Within the long run of 13 guanines 

there are two runs of guanines that are clearly protected:  a run of two guanines 

(G3�G4) and three guanines (G8�G10).  Partial protection of the intervening run 

of guanines (G5�G7) occurs between these two fully protected regions, and 

likewise G11 is partially protected.  The first guanine involved in the formation of 
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the G-tetrad at the 3´-end of band 1 is G25.  This corresponds to the arrest site 

for the 5´-end stop product in the Taq polymerase stop assay (Figure 2.3).  For 

band 2 (lanes 3 and 4), most guanines within the two 5´-runs of guanine (G1�

G13 and G15�G19), with the exception of G1 and G2, were partially protected 

from DMS methylation, with only two runs of guanines (G22�G25 and G27�G30) 

showed full protection (Figure 2.4.B, lanes 3 and 4).  These somewhat ill-defined 

N7 methylation protection patterns do not provide straightforward insight into the 

specific G-quadruplex structures for the DNA species in bands 1 and 2.  Most 

probably these ill-defined bands result from mixtures of multiple intramolecular G-

quadruplexes existing in dynamic equilibrium (see Discussion). 
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Figure 2.4.  The EMSA (A) and DMS footprinting (B) of intramolecular G-quadruplex structures of 

PDGF-A Pu48-mer.  In (A), high-mobility bands 1 and 2 represent compact intramolecular G-

quadruplex structures, and band 3 represents linear DNA, which was fully denatured by heating.  

In (B), DMS footprinting of band 1 (lanes 1 and 2), band 2 (lanes 4 and 5), and band 3 (lane 3) 

from (A).  Open circles indicate the guanines that are fully protected, partially open circles 

indicate the guanines that are partially protected, and arrowheads indicate the guanines that are 

cleaved. 
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2.3.4 Formation of a G-quadruplex within the double-stranded DNA of 

NHEPDGF-A 

To date, all well-characterized G-quadruplex structures have been 

determined by studying single-stranded DNA in vitro (25�29,34,35,40,41).  To 

investigate the potential for G-quadruplex formation within the duplex DNA of 

NHEPDGF-A, we used CD to study a 90-base-pair duplex DNA, derived from the �

24 to �113 region of the PDGF-A promoter, that contained about 20 base pairs 

flanking each side of the NHE core sequence.  Significantly, the CD spectrum of 

the NHE 90-bp double-stranded DNA exhibited an almost identical CD spectrum 

to the parallel G-quadruplex formed in the single-stranded DNA (Figure 2.2.A, 

blue line), which is characterized by a positive ellipticity maximum at 266 nm and 

a negative minimum at 240 nm (Figure 2.5.A).  This CD spectrum is substantially 

different from the CD signal of B-form duplex DNA, which typically has an 

ellipticity maximum absorption around 275�280 nm and zero ellipticity at 258 nm.  

In addition, the CD bands of B-form DNA are much weaker (33,49,50).  This CD 

profile of the NHE 90-bp double-stranded DNA indicates that a dominant 

intramolecular parallel G-quadruplex is formed within the duplex DNA of 

NHEPDGF-A.  To determine the stability of this G-quadruplex structure, we 

monitored the CD spectra of the NHE 90-bp double-stranded DNA over a 25�100 

°C temperature range.  Notably, the DNA sample still generated very strong 

parallel G-quadruplex CD signals, even above 100 °C (Figure 2.5.A).  This 
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indicates that the G-quadruplex structure formed in the NHE duplex DNA is very 

stable. 

To identify the G-quadruplex structure formed in the NHE duplex DNA, a 

60-bp double-stranded DNA of NHE (�33 to �92 in the PDGF-A promoter), which 

was shown to have better resolution for DMS footprinting than the 90-bp double-

stranded DNA, was used.  The CD spectrum of purified NHE 60-mer double-

stranded DNA was consistent with that of the NHE 90-bp double-stranded DNA 

(data not shown).  EMSA was performed to isolate the duplex DNA species 

containing the G-quadruplex structure, which was 5´-end 32P-labeled in the G-

rich and C-rich strands.  Two bands (Figure 2.5.B, bands 1 and 2) were observed 

in both duplex DNA samples (lanes 2 and 3) pre-incubated with 100 mM KCl.  

These bands were duplex DNA species, since they both migrated differently to 

the single-stranded intramolecular G-quadruplex species.  The duplex DNA 

species containing the partially unwound region was less compact than the linear 

duplex DNA and as expected showed slower migration in EMSA.  Thus band 1 

corresponds to the duplex DNA species containing the G-quadruplex structure, 

while band 2 corresponds to the fully linear duplex DNA.  By coincidence, this 

band migrates at the same point as the presumed dimer intermolecular species 

from the Pu60-mer.  However, it cannot correspond to this species since the 

NHE 60-bp duplex DNA labeled on the C-rich strand also gives this species.  

Bands 1 and 2 were both extracted and subjected to DMS footprinting.  The full 

DMS cleavage pattern of band 2 confirmed that it was a linear duplex DNA 
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(Figure 2.5.C, lanes 3 and 4).  A distinct DMS protection pattern among three 

runs of guanines (G3�G11, G16�G19, and G22�G25) was observed for the G-

rich strand of band 1 (Figure 2.5.C, lanes 1 and 2).  Although it is not quite as 

well defined as the DMS footprinting patterns of the G-quadruplex species 

obtained from single-stranded DNA (see Figure 2.4B, lanes 1 and 2), the DMS 

footprinting pattern of band 1 corresponds very closely to that of the single-

stranded species associated with the 5´-end product seen in the Taq polymerase 

stop assay. 
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Figure 2.5.  (A) Effect of temperature (25�100 °C) on the CD spectrum of 90-bp duplex DNA 

containing NHEPDGF-A.  At 100 °C, 90-bp duplex DNA of NHEPDGF-A still generated a strong G-

quadruplex CD signal.  (B) Nondenatured gel analysis of 60-mer G-rich single-stranded DNA of 

NHEPDGF-A (lane 1) and 60-bp double-stranded DNA of NHEPDGF-A (lanes 2 and 3).  In lanes 1 and 

2, the G-rich strand was 5´-end-radiolabeled with 32P, and the C-rich strand was 5´-end-

radiolabeled with 32P in lane 3.  (C) DMS footprinting for G-rich strands of 60-bp duplex DNA 

band 1 (lanes 1 and 2) and band 2 (lanes 3 and 5).  Lane 5 shows the CT sequencing on the G-

rich strand of the 60-bp duplex DNA of NHEPDGF-A.  Open circles indicate the guanines that are 

fully protected, partially open circles indicate the guanines that are partially protected, and 

arrowheads indicate the guanines that are cleaved. 
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 2.3.5 Mutation of guanines in the loops leads to dramatic 

destabilization of the PDGF-A G-quadruplexes 

A full mutational analysis of the three consecutive 5´-runs of guanines provided 

further insight into the sequence requirements for stability of the NHEPDGF-A G-

quadruplexes.  In accordance with the DMS footprinting studies on the predicted 

mixture of loop isomers (see Discussion), nine sets of mutants (sequence as 

shown in Figure 2.6 A), in which the individual loop isomers were selected for, 

were compared by the relative intensity of the CD at 285 nm.  In all cases, the 

mutant sequences that are predicted to form defined loop isomers showed lower 

stability.  Surprisingly, all these guanine mutant isomers showed a significant 

decrease in parallel G-quadruplex signals and an increase in antiparallel signals 

(Figure 2.6 B and C).  This shows that these mutants predominantly form 

antiparallel or hybrid parallel/antiparallel G-quadruplex structures, which is 

different from the biologically relevant NHEPDGF-A G-quadruplex.  Among these 

guanine mutant isomers, the most surprising results originated from two dual 

mutants, PA-Mut7 and PA-Mut8 (Figure 2.6.A).  These two mutant oligomers 

were designed to provide dual G-to-T or G-to-A base mutations at G15 and G21 

in the core sequence of NHEPDGF-A.  PA-Mut7 and PA-Mut8 were chosen 

because they revealed cleavage sites in the DMS footprinting of PDGF-A Pu48 

and duplex 60-bp DNA of NHEPDGF-A (Figures 2.4.B and 2.5.C).  Therefore, G15 

and G21 are not required for G-tetrad formation, and it was predicted that a 

mutation at these positions would not affect the stability or folding of the G-
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quadruplex in the NHEPDGF-A.  Unexpectedly, PA-Mut1 and PA-Mut2 both showed 

a significant decrease in ellipticity at 212 nm and 266 nm, and an increase in the 

antiparallel shoulder absorption between 280 and 300 nm, compared with the 

wild-type sequence of the three consecutive 5´-runs of guanines of NHEPDGF-A 

(PA-5W) (Figure 2.6.D).  Substitution of other loop-position guanines with other 

bases also resulted in the same changes in CD. 
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Figure 2.6.  (A) Sequences of the wild-type sequence of the three 5´-end runs of guanines and 

mutations sequences.  (B) Comparative CD spectra of the wild-type sequence of the three 5´-end 

runs of guanines and the mutations sequences Mut1-4 in the presence of 100 mM KCl.  (C) 

Comparative CD spectra of the wild-type sequence of the three 5´-end runs of guanines and the 

mutations sequences Mut5-9 in the presence of 100 mM KCl.  (D) Comparative CD spectra of the 

wild-type sequence of the three 5´-end runs of guanines and G15/G21 double mutations 

sequences in the presence of 100 mM KCl.  Black line = wild type sequence PA-5W, red line = 

double G-to-T mutations sequence PA-Mut1, blue line = double G-to-A mutations sequence PA-

Mut2.  All CD data were obtained with a 5 µM strand concentration at 25 °C.  Comparison of 

sequences of these three DNA oligomers is shown under the CD spectra. 

 

 

 

 

 



 

102

 

 

            B 

 

            

 

 

 

         C 

 

 

 

 

 

         D 

 

 

 

 

 

Figure 2.6- continued 
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 2.3.6 Stabilization of the G-quadruplexes in the NHEPDGF-A with small 

molecules 

One important goal of our studies is to identify small molecules with the 

ability to specifically modulate PDGF-A gene expression through stabilization or 

modification of the biologically relevant G-quadruplex structures in the NHEPDGF-

A.  To gain further insight into the selective action of G-quadruplex-interactive 

agents with the NHEPDGF-A sequence, three well-established G-quadruplex-

interactive agents, TMPyP4, telomestatin, and Se2SAP (Figure 2.7.A), were 

evaluated by a Taq polymerase stop assay with a DNA template containing the 

whole core sequence of the G-rich strand of NHEPDGF-A.  TMPyP2 (Figure 2.7.A), 

a positional isomer of TMPyP4 that lacks the ability to insert or stack into the G-

tetrad structures (51), served as the negative control compound in our studies.  

Since there was a considerable amount of 5´-end stop products formed in the 

absence of drugs and KCl (Figure 2.7.B, lane 2), we used an elevated primer 

extension temperature (60 °C) to partially destabilize the arresting G-quadruplex 

structure and thereby permit a larger window for drug stabilization of the G-

quadruplex structures.  The pausing at the 5´-end stop product in the absence of 

G-quadruplex-interactive ligands and KCl at a high temperature of 60 °C is 

another indication that the G-quadruplex structure in the 5´-end product is more 

stable than other possible G-quadruplex structures formed by the G-rich strand of 

NHEPDGF-A (Figure 2.7B, lane 2).  This suggests that the 5´-end G-quadruplex is 
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the primary G-quadruplex structure formed in NHEPDGF-A, corresponding to the 

one formed in the NHE duplex DNA (Figure 2.5.C). 

The results in Figure 2.7.B (lanes 2�7) and Figure 2.7.C (a) show that 

TMPyP2 had a negligible effect on the formation of polymerase stop arrest 

products.  When the concentration of drugs was 0.05 µM and lower (Figure 

2.7.B, lanes 8 and 9), TMPyP4 significantly increased stabilization of the 5´-end 

stop products in a concentration-dependent manner, but telomestatin and 

Se2SAP only marginally increased the formation of 5´-end stop products (lanes 

13, 14, 19, and 20 in Figure 2.7.B).  In contrast, when the concentration of all 

three drugs was 0.5 µM and higher, decreased formation of the 5´-end stop 

products was observed for all three G-quadruplex-interactive drugs, because of 

the accumulation of the 3´-end stop product.  TMPyP4 achieved the maximum 

stabilizing effect on the 5´-end stop products at a concentration of 0.05 µM 

(Figure 2.7.B and 2.7.C (b)).  The Taq polymerase stop assay also showed that 

these three G-quadruplex-interactive drugs induced formation of the 3´-end stop 

products at high drug concentrations (≥0.5 µM).  A concentration-dependent 

increase in stabilization of the 3´-end stop products was also observed for all 

three drugs.  However, telomestatin and Se2SAP are more selective at 

stabilizing the 3´-end stop product; both achieved the best stabilizing effect on 

the 3´-end G-quadruplex at a concentration of 1 µM (Figure 2.7.B and 2.7.C (c 

and d)).  In addition, at drug concentrations of 1�2.5 µM, TMPyP4 exhibited 
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preferential binding for duplex DNA over the G-quadruplex structures (lane 12 in 

Figure 2.7.B). 
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Figure 2.7.  (A) Structures of the G-quadruplex-interactive compounds TMPyP4, telomestatin, 

and Se2SAP, and the control compound TMPyP2.  (B) The Taq polymerase stop assay was used 

to compare the stabilization of the NHEPDGF-A G-quadruplex by TMPyP2 (lanes 3–7), TMPyP4 

(lanes 8�12), telomestatin (lanes 13�17), and Se2SAP (lanes 18�22) by using increasing 

concentrations of drugs (0.01, 0.05, 0.5, 1, and 2.5 µM) at 60 °C.  Lane 1 is control, and lane 2 is 

without drug.  (C) The ratios of the major arrest products of each sample to the total product was 

plotted against drug concentrations. 
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Figure 2.7.  Continued 
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2.3.7 TMPyP4 selectively inhibits the promoter activity of the NHEPDGF-A 

In light of our results demonstrating that the duplex DNA of NHEPDGF-A can 

form a G-quadruplex structure, we sought to determine if stabilization of this G-

quadruplex structure affects PDGF-A transcription in vivo. Therefore, we 

constructed pGL3-Basic derivative (pA361) in which the human genomic DNA 

fragment containing the proximal promoter region of PDGF-A (�218 to +142, 

relative to the transcriptional start site) was inserted upstream of the firefly 

luciferase reporter gene.  When transfected into MIA PaCa-2 human pancreatic 

cancer cells, pA361 drove luciferase expression into these cells.  Thus, the 

PDGF-A proximal promoter, which contains the complete NHEPDGF-A core 

sequence, can drive transcription in vivo.  Furthermore, RT-PCR studies 

demonstrated significantly higher PDGF-A expression in MIA PaCa-2 cells than 

in the normal pancreatic cell line HPDE-6 (data not shown). 

Since TMPyP4 at low concentrations selectively stabilized the biologically 

relevant G-quadruplex structure (the 5´-end stop product) formed by duplex 

NHEPDGF-A DNA in vitro, we directly assessed its specific biological effects on 

PDGF-A transcription.  MIA PaCa-2 cells were co-transfected with plasmids 

pA361 and pRL-TK as an internal control and treated with varying concentrations 

of TMPyP4 or TMPyP2.  We measured the expression of firefly luciferase relative 

to the renilla luciferase of pRL-TK by dual luciferase assay, 24 h after 

transfection.  At all concentrations used, TMPyP4 reduced the expression of 

firefly luciferase activity by inhibiting the promoter activity of NHEPDGF-A, whereas 
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TMPyP2 had no significant effect on the firefly luciferase activity (Figure 2.8).  

We found that 10 µM TMPyP4 could reduce the expression of firefly luciferase to 

about 50% of the control, indicating that the stabilization of the G-quadruplex has 

a strong repression effect on promoter activity of NHEPDGF-A.  This data suggests 

that the stable G-quadruplex structure formed locally in the human PDGF-A 

promoter at NHE is likely to behave as a transcription repression in vivo. 

 

 

Figure 2.8.  Dual luciferase assay to determine the effect of TMPyP4 and TMPyP2 on the 

transcriptional activity of PDGF-A basal promoter containing the NHE.  The comparative firefly 

luciferase expression (firefly/renilla) of TMPyP2 and TMPyP4 is shown in the histograms.  The 

values are the average of three independent experiments.  Error bars are ± SE. 
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2.4 Discussion 

Up-regulation of PDGF activity has been implicated in the pathogenesis of 

a number of serious diseases, including cancer, as well as other disorders 

characterized by excessive cell growth, such as atherosclerosis and various 

fibrotic conditions (3,5,6), as described in the Introduction.  One strategy to block 

PDGF signaling pathways is to target the PDGF receptors.  Employment of this 

strategy led to the discovery of selective PDGF antagonists (5,52,53).  For 

example, the PDGF receptor kinase inhibitor STI-571 (Gleevec) has been 

approved for clinical use for the treatment of certain tumors (53�55).  Because 

the PDGF-A polypeptide is short in length, it has not been thought of as 

druggable anticancer target.  However, another viable strategy for targeting 

PDGF signaling pathways in tumors is to decrease PDGF-A expression by 

inhibiting its promoter activity.  Transcription of PDGF-A is under the strict control 

of NHEPDGF-A in the promoter.  The unwound paranemic NHEPDGF-A structure 

plays an important role in regulating transcription factors that bind to the PDGF-A 

promoter.  The G-rich strand of NHEPDGF-A, which contains five G-tracts with each 

G-tract separated from the neighboring G-tract by a single intervening base, is 

anticipated to form G-quadruplex structures under physiological conditions.  

Therefore, the NHEPDGF-A G-quadruplex structure is potentially involved in 

transcriptional control of PDGF-A expression, perhaps as the silencer element.  

Consequently, the search for compounds that have selectivity for binding to the 

NHEPDGF-A G-quadruplex and that inhibit PDGF-A gene expression might well be 
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valuable in the treatment of some cancers and other disorders, as described 

above. 

In the present study, we demonstrated that the G-rich strand of NHEPDGF-A, 

located within the proximal promoter region of PDGF-A, is able to form two stable 

intramolecular parallel G-quadruplex structures (3´-end and 5´-end G-

quadruplexes) that are potentially involved in transcriptional regulation.  The 

formation of these G-quadruplex structures is K+-dependent.  The DMS 

footprinting patterns of the G-quadruplexes formed by PDGF-A Pu48 and Pu60 

imply that these structures most contain at least four G-tetrads, and this is 

supported by the CD data in Figure 2.2.A, in which the molar ellipticity is greater 

for the PDGF-A G-quadruplex than for the c-Myc G-quadruplex.  Significantly, an 

intramolecular G-quadruplex that has a similar folding pattern to the 5´-end G-

quadruplex found in single-stranded DNA of NHEPDGF-A can be formed within the 

duplex DNA of NHEPDGF-A.  In view of the protocol for formation of the duplex 

containing the G-quadruplex, the G-quadruplex obtained within the duplex DNA 

of NHEPDGF-A probably forms prior to the formation of the duplex species.  Thus, 

the species formed in the annealing is hybridization of the single-stranded G-rich 

strand already containing the G-quadruplex with the single-stranded C-rich 

strand.  This is unlikely to be the same mechanism for formation of G-quadruplex 

structure within the duplex DNA in in vivo situations where superhelicity is 

involved (see below).  Nevertheless, this is the first time that we have been able 

to isolate the duplex DNA containing a G-quadruplex structure in vitro.  This 
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unique structure is likely to represent the dominant biologically relevant G-

quadruplex structure formed in the PDGF-A promoter.  It has been proposed that 

superhelicity of genomic DNA may play an important role in determining the 

presence of such an interconversion (56,57).  The functional analysis of the 

PDGF-A promoter revealed that the NHEPDGF-A adopted a non-B-DNA 

conformation and was hypersensitive to the S1 nuclease in the supercoiled 

plasmids (13�16).  This provides further evidence that the formation of a G-

quadruplex in the NHEPDGF-A can compete with the superhelical duplex 

conformation in vivo.  The implication of the formation of a stable G-quadruplex in 

duplex DNA is that the C-rich strand forms a single-stranded DNA loop, which 

may be in equilibrium with an i-motif structure. 

The folding pattern of the biologically relevant G-quadruplex structure 

formed by the three consecutive G-tracts (G1�G25) at the 5´-end of NHEPDGF-A 

duplex DNA most likely represents a mixture of different loop isomers. Of 

particular interest, the 13-mer G-tract (G1�G13) must provide the two runs of 

guanines at the 5´-end.  The flanking regions of NHEPDGF-A are also made up of 

polypurine and polypyrimidine elements, which may have a significant impact on 

the propensity to form the G-quadruplex in the G-rich strand of NHEPDGF-A double-

stranded DNA.  The overall folding patterns of the parallel G-quadruplex structure 

in NHEPDGF-A duplex DNA has been defined by its characteristic CD spectra, 

which demonstrates that it has a unique double-chain reversal structure.  

Previously, examples of G-quadruplexes consisting of double-chain reversals in 
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promoter regions have been confined to three tetrads with a single base in the 

internal loop.  This is the first example of a G-quadruplex with four tetrads and a 

two-base internal loop.  The DMS footprinting pattern of the G-quadruplex in 

NHEPDGF-A duplex DNA reveals that the 3´-face of this G-quadruplex structure has 

two runs of four guanines, which are separated by a two-base (CG) internal loop.  

A molecular model of the four G-tetrads in the NHEPDGF-A G-quadruplex structure 

shows that a two-base internal loop is the minimum required to bridge two runs of 

four guanines (Figure 2.9.A).  The opposite 5´-face of this G-quadruplex structure 

is constructed from the run of thirteen contiguous guanines, in which the DMS 

footprinting pattern predicts a mixture of at least four double-chain reversal loop 

isomers (Figure 2.9.B).  Loop isomers �a,� �b,� and �c� in Figure 2.9.B have a two-

base internal loop on the 5´-face dictated by the demonstrated DMS cleavages of 

G11, G12, and G13 (�a� isomer), G12 and G13 (�b� isomer), and G1 and G2 (�c� 

isomer) in the core sequence of NHEPDGF-A (see Figure 2.4.B).  Finally, the 

cleavage of G5, G6, and G7 predicts loop isomer �d�.  By analogy with the c-Myc 

parallel G-quadruplex structure, in which the double-chain reversal loops on the 

opposite face are sufficient to stabilize a third intervening loop size of six bases, 

the double-chain reversals in the NHEPDGF-A G-quadruplex can stabilize a third 

internal loop of up to five bases (as predicted in loop isomer �a� in Figure 2.9.A) 

(37).  Two views of a molecular model of loop isomer a having the predicted 

folding pattern are shown in Figure 2.9.A. 
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Figure 2.9.  (A) Proposed folding patterns of the four different loop isomers formed in the core 

sequence of NHEPDGF-A.  Guanines = red, cytosines = yellow.  (B) Model of the biologically 

relevant NHEPDGF-A G-quadruplex (loop isomer 5´-(2,5,2)-3´), which contains two 2-base double-

chain reversal loops and one 5-base intervening loop (guanines = red, cytosines = yellow, K+ ions 

= white).  For clarity, hydrogen atoms have not been shown.  In the left panel, the two 2-base 

double-chain reversal loops are shown on each side of model, and in the right panel, the model 

has been rotated to show the 5-base intervening loop on the right side of model. 
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A surprising finding illustrated by the CD results shown in Figure 2.6.B for 

two dual mutant oligomers is that base changes even in potential loop positions 

result in destabilization and apparent dramatic changes in the folding patterns.  

This is in contrast to the c-Myc G-quadruplex, where elimination of the 

redundancy in loop isomers by judicial G-to-T mutations does not dramatically 

change the stability or folding patterns of the parallel-stranded G-quadruplex 

(37).  The effects of G-to-N mutations in the NHEPDGF-A G-quadruplexes are not 

limited to the run of 13 contiguous guanines, but also occur when the 3´ terminal 

guanines in the two runs of 5 guanines (G15 and G21) are mutated to thymines 

or adenines.  On the basis of DMS cleavage results, these guanines are 

predicted to be predominantly in the loops, implying that the dynamic equilibrium 

between different loop isomers is an important feature of both stability and 

formation of the parallel-stranded species.  This phenomenon may be uniquely 

linked to the 13 contiguous guanines in this promoter sequence. 

An important aim of our research program is to identify small molecules 

that can selectively modulate PDGF-A transcription by stabilizing or modifying 

the unique G-quadruplex structures formed by NHEPDGF-A.  Therefore, we 

examined the affinities of three well-known G-quadruplex-interactive drugs 

(TMPyP4, Se2SAP, and telomestatin) for the NHEPDGF-A G-quadruplex.  The 

results of our Taq polymerase stop assays revealed that these three drugs 

preferentially interact with and stabilize the 5´-end NHEPDGF-A G-quadruplex, 

which has a similar folding pattern to the biological G-quadruplexes formed in the 
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NHEPDGF-A duplex DNA at low concentrations.  TMPyP4 exhibited stronger 

selectivity than either Se2SAP or telomestatin for stabilization of the 5´-end stop 

product.  Thus, TMPyP4 appeared to be an ideal candidate for modulating 

PDGF-A transcription.  Our data confirms that, in cells, TMPyP4 can specifically 

downregulate PDGF-A promoter activity by interacting with the NHEPDGF-A G-

quadruplex.  Because TMPyP4, and not TMPyP2, inhibits PDGF-A proximal 

promoter activity, this is strong evidence that G-quadruplexes exist in vivo and 

that NHEPDGF-A G-quadruplex structures act as transcriptional silencers for PDGF-

A. 
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CHAPTER 3 

INTRAMOLECULAR G-QUADRUPLEX FORMATION IN THE NUCLEASE 

HYPERSENSITIVE ELEMENT OF THE PDGF-A PROMOTER FACILITATES 

INVASION OF THE 5´-SILENCER ELEMENT TO REPRESS GENE 

TRANSCRIPTION  

 

3.1 Introduction 

PDGF-A is an important mitogen in cells [1�4], and abnormal PDGF-A 

expression is linked to the angiogenesis, proliferation, and progression of several 

malignancies [5-11].  The amount of PDGF-A in vivo has been shown to be 

regulated at several different points, including gene transcription, RNA splicing, 

mRNA stability, and translation [12-17].  Among these regulatory mechanisms, 

gene transcription initiation is a primary component in controlling PDGF-A 

expression that responds to the stimulation or inhibition of a variety of growth 

factors and cytokines [18,19].  Transcriptional regulation of PDGF-A is governed 

by a complex interaction of positive and negative regulatory elements in the 

promoter region, which provide the timing and cell-specificity patterns of gene 

expression in diverse biological processes (for summary, see [18]). 

The PDGF-A promoter exhibits an extensive paranemic DNA structure 

distinct from classical duplex helical B-form DNA [18, 20].  Several important 

single-stranded regions within the promoter have been revealed due to their 

sensitivity to S1 nuclease in supercoiled plasmids [13, 21-24].  Previous studies 
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have demonstrated that a nuclease hypersensitive element is located �120 to �

33 within the PDGF-A promoter (NHEPDGF-A) (Figure 3.1) and accounts for 80% 

of basal promoter activity [12,13, 24].  We have recently demonstrated that the 

G-rich strand of NHEPDGF-A can form G-quadruplex structures within duplex DNA 

under physiological conditions [20].  G-quadruplex-interactive agents can 

selectively stabilize these structures and inhibit PDGF-A promoter activity [20].  It 

is proposed that the dynamic equilibrium between the single-stranded DNA 

conformation, G-quadruplex structures, and the B-form duplex DNA of the 

NHEPDGF-A plays an important role in modulating PDGF-A transcription [20].  

Additionally, PDGF-A transcription is repressed by two S1 nuclease 

hypersensitive silencer elements (SHS).  One is located within the first intron 

(+1605 to +1630, intron SHS) [23], while the other lies within the 5´-distal 

promoter region (�1418 to �1388, 5´-SHS) [21] (Figure 3.1).  The 5´-SHS and 

intron SHS elements bear considerable sequence identity, including an identical 

polypurine/polypyrimidine motif (5´-GGGGAGGGG-3´).  Mutational analysis of 

the 5´-SHS suggests that the core sequence 5´-GGGGAGGGGG-3´ and two 

flanking inverted repeats (5´-GACGT-3´ and 5´-TGCAG-3´) (Figure 3.1) are 

required for full silencer function of the 5´-SHS [21].  However, the mechanism 

for inhibition of transcriptional activity by 5´-SHS has yet to be identified.   

To perform transcriptional modulation, the far distal cis-element (silencer 

or enhancer) needs to be brought into close proximity to the promoter [25, 26].  

This cis-acting distal effect is affected by protein factors and the topology of the 
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DNA [25, 26].  Since 5´-SHS and NHEPDGF-A are both hypersensitive to S1 

nuclease, these two regions may assume non-B-form DNA structures during 

gene transcription.  A previous study has shown that a DNA oligomer derived 

from the G-rich strand (�74 to �51) of the PDGF-A promoter can anneal to the C-

rich strand of NHEPDGF-A and inhibit the PDGF-A promoter activity [27].  This 

indicates that the unwound NHE PDGF-A may serve as a platform for the far distal 

cis-element to interfere with PDGF-A transcriptional initiation.  In this study, we 

investigated the potential for interaction of paranemic DNA structures between 

5´-SHS and NHEPDGF-A and their possible roles in the regulation of promoter 

activity.  Preliminary experiments to determine the involvement of hnRNP K in 

silencing PDGF-A promoter activity by 5´-SHS were carried out, and our studies 

provide solid evidence for the formation of intramolecular G-quadruplex 

structures within the supercoiled plasmid.   
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Figure 3.1 Promoter structure of PDGF-A and locations of core sequences of the important S1 

nuclease hypersensitive sites.  The core sequences of the G-rich strands of 5´-SHS, NHEPDGF-A, 

and intron SHS are shown.  TSS = transcriptional start site.  The important G-tracts of these 

elements are underlined. 
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3.2 Materials and Methods  

Oligodeoxynucleotides, enzymes, materials, and drugs 

DNA oligomers (sequences shown in Table 3.1) were obtained from 

Biosearch Technologies, Inc.  All DNA oligomers were PAGE-purified and 

dissolved in double-distilled water before use.  Acrylamide:bisacrylamide (29:1) 

solution and ammonium persulfate were purchased from Bio-Rad, and 

N,N,N´,N´-tetramethylethylenediamine was purchased from Fisher.  T4 

polynucleotide kinase and Taq DNA polymerase were purchased from Promega.  

[γ-32P]ATP was purchased from NEN Dupont.  TMPyP2, and TMPyP4 were 

synthesized in our laboratory.  Telomestatin was kindly provided by Dr. Kazuo 

Shin-ya (University of Tokyo, Japan).  Stock solution of telomestatin (10 mM) 

was made using DMSO (10%) and double-distilled water.  Further dilutions to 

working concentrations were made with double-distilled water immediately prior 

to use. Plasmid pGL3-basic and pGL-promoter were purchased from Promega. 

PDGF-A promoter region plasmid construction 

The construction of plasmid PA361 containing the PDGF-A proximal 

promoter region is described in reference 20.  The 1.8 kb DNA sequence of the 

human PDGF-A promoter containing the NHEPDGF-A and 5´-SHS [12] was 

obtained by PCR-amplifying human genome DNA extracted from HPDE-6 cells 

with the primer pair 5´-GAGTCCGGCTCTTTCCAGAAGC-3´ and 5´-

CCTGAGGGCGGCGCAAGGCCG-3´.  This fragment was subcloned into the 

multiple-cloning sites of the pGL3-basic vector (Promega).  The resultant clone, 
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PA-full-1.8, was characterized by DNA sequencing, and the correct orientation of 

the insert was verified by restriction enzyme analysis. 

Labeling and purification of oligodeoxyribonucleotides 

DNA oligomers were 5´-end-labeled with [γ-32P]ATP using T4 

polynucleotide kinase for 1 h at 37 °C.  The labeling reaction was inactivated by 

heating the samples at 90 °C for 8 min after the addition of 1.5 µL of 0.5 M 

EDTA.  The 5´-end-labeled DNA was then purified using a Bio-Spin 6 

chromatography column (Bio-Rad).  The labeled DNA was further purified by 

running a 12% denatured polyacrylamide gel that contained 8.0 M urea. 

Isolation by EMSA of the three-stranded complex formed by SHS G-rich 

and NHE duplex DNA 

The 5´-end 32P-labeled single-stranded SHS G-rich-strand oligomer (1 × 

105 cpm) was incubated with unlabeled 60-bp NHE duplex DNA in Tris-HCl buffer 

(50 mM, pH 7.6) containing different concentrations of KCl or G-quadruplex-

interactive drugs for 1 h at room temperature.  The DNA mixture was heated at 

65 °C for 10 min and then slowly cooled to room temperature over 2 h.  The DNA 

sample was then isolated by 12% nondenatured gel electrophoresis in the 

presence of 10 mM NaCl and KCl in Tris-borate-EDTA buffer.  Electrophoresis of 

the DNA was conducted at 150 V.  The different mobility shift DNA bands were 

cut from the nondenatured gel and soaked in Tris-borate-EDTA buffer with 10 

mM NaCl and KCl.  As a control, the unlabeled single-stranded SHS G-rich-
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strand oligomer and the 5´-end 32P-labeled 60-bp NHE duplex DNA were pre-

incubated and subjected to the same experiment under the same conditions. 

Oligomer�plasmid complex formation 

500 ng plasmids were pre-incubated with different concentrations of KCl 

or G-quadruplex-interactive agents in 20 µL of 10 mM Tris-HCl buffer (pH 7.4), 

10 mM NaOAc (pH 4.5), and 0.09 mM EDTA buffer at room temperature for 1 h.  

The 5´-end 32P-labeled single-stranded SHS G-rich-strand oligomer (1 × 105 

cpm) was then mixed with the plasmid mixture and incubated at room 

temperature for 1�2 h.  Samples were separated on 1% agarose gels at 4 °C in 

the 1 × TAE buffer containing 10 mM NaCl and 10 mM KCl for 3 h at 5V/cm.  The 

gels were dried and autoradiaographed for analysis. 

DMS footprinting 

Each band of interest was excised from the EMSA and soaked in 1´ Tris-

Borate-EDTA buffer containing 10 mM NaCl and KCl.  The samples were then 

vigorously agitated at room temperature for 3 h in water.  The solutions were 

filtered and 50,000 cpm per reaction of DNA solution was further diluted with 0.1´ 

TE (10 mM Tris, 1 mM EDTA, pH 7.5) to a total volume of 90 µL per reaction.  

Following the addition of 1 µL calf thymus DNA (0.1 µg/µL), the reaction mixture 

was incubated with 1 µL of 25% dimethyl sulfate solution (DMS:ethanol; 1:4, 

vol/vol) for 5 or 10 min.  Each reaction was stopped by adding 18 µL of stop 

buffer (3 M β-mercaptoethanol:water:NaOAc; 1:6:7, vol/vol/vol).  After ethanol 

precipitation and washing, the piperidine cleavage reaction was performed by 
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heating the samples to 90 °C for 30 min in 30 µL piperidine.  The samples were 

separated on a 20% denatured polyacrylamide gel and visualized on a 

phosphorimager (Storm 820).  DMS analysis of random unstructured control 

DNA oligomer was performed in the same way by using heat-denatured (quick 

cooling on ice) 5´-end-labeled oligomer [28]. 

S1 nuclease sensitivity assay 

For in vitro footprinting of the human PDGF-A proximal promoter region 

with S1 nuclease, the luciferase reporter plasmid PA361 (containing the �222 to 

+119 region of the PDGF-A promoter) was incubated with S1 nuclease (1 unit of 

S1 nuclease per µg of plasmid) for 5 min at 37 °C.  Digested plasmid DNA was 

extracted with phenol and chloroform-isoamyl alcohol, then precipitated with 

100% ethanol, and resuspended in double-distilled water after vacuum drying.  

To map the S1 nuclease cleavage site, the nicked plasmid was PCR-amplified 

using the 32P-labeled sequencing primers RV3 and GL2 (Promega) with a 

Thermo Sequenase Cycle Sequencing kit (USB). 

Imaging and quantitation 

The dried gel was exposed on a phosphor screen.  Imaging and 

quantitation were performed using a phosphorimager (Storm 820) and 

ImageQuant 5.1 software from Amersham Biosciences. 

EMSA for hnRNP K binding to NHE 

32P-labeled single-stranded or double-stranded DNA NHEPDGF-A were pre-

incubated with different concentrations of KCl, G-quadruplex-interactive agents, 
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or unlabeled G-rich-strand oligomer of 5´-SHS at room temperature for 30 min.  

The DNA samples were then pre-incubated with varying amounts of recombinant 

hnRNP K (Amprox) in the protein EMSA buffer (12 mM HEPES, 4 mM Tris-HCl 

pH 7.4, 1 mM EDTA, 5% glycerol, 1 mM DTT, 0.5 mg BSA, and 1.5 mM MgCl2) 

for ~30 min at 4 °C in a total volume of 20 µL.  To separate the protein�DNA 

complexes from free DNA, the reactions were run-out on 5% nondenatured 

polyacrylamide gels in the presence of 0.5× TBE at 4 °C for ~1 h at 150 V. 
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3.3 Results 

3.3.1 K+ facilitates the invasion of 5´-SHS G-rich strand into the NHEPDGF-

A within the supercoiled plasmid.  

To determine whether the 5´-SHS G-rich strand can invade into the 

NHEPDGF-A of the PDGF-A promoter, the 5´-end 32P-labeled 12-base DNA 

oligomer SHS-12Gss, derived from the core G-tract sequence of the 5´-SHS 

(Table 3.1), was incubated with PA361, a plasmid containing the NHEPDGF-A, and 

assayed for invasion formation in an agarose gel.  The results show that the 

SHS-12Gss co-migrated with the supercoiled PA361 as a complex, which has 

similar mobility to the 2 kb DNA marker (Figure 3.2, lanes 4�6).  Invasion of SHS-

12Gss into the PA361 plasmid increased in a KCl-dependent manner.  However, 

in several experiments repeated under identical conditions, the supercoiled 

vector plasmid pGL3-basic, which lacked the NHEPDGF-A, failed to form 

complexes with the SHS-12Gss, even in the presence of 100 mM KCl (for 

example, see Figure 3.2, lane 8).  This implies that SHS-12Gss specifically 

annealed to the NHEPDGF-A.  Since our previous studies showed that KCl could 

significantly facilitate G-quadruplex formation in the G-rich strand of NHEPDGF-A 

[20], this led us to propose that it is the formation of a G-quadruplex in the 

NHEPDGF-A within a supercoiled plasmid that provides a platform for invasion of 

this region by the G-rich strand of the 5´-SHS. 

The size of the linearized plasmid PA361 is about 5.3 kb [20].  The results 

in Figure 3.2 show that neither relaxed nor linearized plasmid, which is 
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postulated to migrate around the 5 kb DNA marker in the agarose gel, formed 

observable complexes with SHS-12Gss.  This result demonstrates that 

supercoiling is a requirement for invasion.  The importance of supercoiling is also 

demonstrated by the lower invasion efficiency into plasmid molecules, which 

have less supercoiling (Figure 3.2, LSC vs. HSC, lane 4�6).  Neither the C-rich 

strand of 5´-SHS (SHS-12Css, complementary to SHS-12Gss) nor the double-

stranded SHS-12ds can anneal to the PA361 under identical conditions (data not 

shown).  This evidence, along with our previous studies on the G-quadruplex 

structure of NHEPDGF-A [20], suggest that the G-rich strand of 5´-SHS can anneal 

to the single-stranded C-rich strand of the NHEPDGF-A while the G-rich strand of 

NHEPDGF-A assumes a G-quadruplex structure within a supercoiled plasmid.  In 

conclusion, the formation of the oligomer�plasmid complex requires negative 

supercoiling, the G-rich strand of 5´-SHS, and the G-quadruplex-forming region 

NHEPDGF-A.   
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Table 3.1 Oligodeoxynucleotides used in the PDGF-A SHS silencer study. 
 

DNA oligomer Sequence (5´ → 3´) 

SHS-12G TGGGGAGGGGGC 
SHS-12C GCCCCCTCCCCA 
SHS-34GSS GGGAGAGACGTGGGGAGGGGGCCTGCAGGTGTGT 
SHS-34CSS ACACACCTGCAGGCCCCCTCCCCACGTCTCTCCC 
NHE-60GSS CCGGG GAGGC GGGGG GGGGG GGGCG GGGGC 

GGGGG CGGGG GAGGG GCGCG GCGGC GGCGG 
NHE-60CSS CCGCC GCCGC CGCGC CCCTC CCCCG CCCCC GCCCC 

CGCCC CCCCC CCCCC GCCTC CCCGG 
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Figure 3.2  Agarose gel analysis of stable oligomer�plasmid complexes formed between the 

supercoiled plasmid PA361 and oligomer SHS-12Gss.  Lane 1, the 32P-labeled SHS-12Gss in the 

absence of PA361; lanes 2�6, the 32P-labeled SHS-12Gss was pre-incubated with PA361 in 

reaction buffer containing different concentrations of KCl; lane 7, DNA marker; lane 8, the 32P-

labeled SHS-12Gss was pre-incubated with negative control plasmid pGL-3 Basic in the 

presence of 100 mM KCl.  The major bands around the 2 kb DNA marker position represent the 

oligomer�plasmid complexes formed by the incorporation of SHS-12Gss into the high negative 

supercoiled plasmid.  L.S.C. = low supercoiling; H.S.C. = high supercoiling. 
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3.3.2 G-quadruplex-stabilizing compounds facilitate the invasion of the 

5´-SHS G-rich strand into the NHEPDGF-A within the supercoiled plasmid. 

In our previous study, we demonstrated that TMPyP4 and telomestatin 

could selectively stabilize NHEPDGF-A G-quadruplex structures using the Taq 

polymerase stop assay [20].  Furthermore, TMPyP4 shows a strong ability to 

inhibit the PDGF-A promoter activity in cells [20].  Conversely, the positional 

isomer TMPyP2, which lacks the ability to stabilize G-quadruplex structures, 

does not adversely affect PDGF-A basal promoter activity [20].  The structures of 

these three compounds are shown in Figure 3.3 A.  To determine the effect of 

stabilization of G-quadruplexes in the NHEPDGF-A on the invasion of the G-rich 

strand of 5´-SHS into supercoiled plasmids, TMPyP2, TMPyP4, and telomestatin 

were incubated with SHS-12Gss and PA361 in 10 mM KCl and then assayed for 

complex formation by electrophoresis.  10 mM KCl was sufficient to stabilize the 

G-quadruplex structure formed in the NHEPDGF-A and still provides a large window 

for determining the effects of drugs on the difference of 5´-SHS G-rich-strand 

invading into the supercoiled plasmid.  The data in Figure 3.3 B show that while 

TMPyP2 did not have significant effect on the formation of the SHS-12Gss�

PA361 complex even up to 25 µM (lanes 2�4), TMPyP4 increases the 

invasiveness of SHS-12Gss in a dose-dependent manner (lanes 5�7).  As shown 

in Figure 3.3 C (lanes 2�7), telomestatin can also facilitate the invasion of SHS-

12Gss into supercoiled PA361 in a dose-dependent manner.  Our data show that 

the extent of invasion of the 5´-SHS G-rich strand into the NHEPDGF-A of the 
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supercoiled plasmid is dependent on the G-quadruplex-stabilizing ability of 

TMPyP4 and telomestatin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.3  (A) Structures of TMPyP2, TMPyP4, and telomestatin.  (B) Effects of TMPyP2 and 

TMPyP4 on oligomer�plasmid complex formation.  Lanes 2�4, the 32P-labeled SHS-12Gss was 

pre-incubated with PA361 in the presence of different concentrations of TMPyP2; lanes 5�7, the 
32P-labeled SHS-12Gss was pre-incubated with PA361 in the presence of different concentrations 

of TMPyP4.  (C) The effect of telomestatin on oligomer�plasmid complex formation.  Lanes 2�7, 

the 32P-labeled SHS-12Gss was pre-incubated with PA361 in the presence of different 

concentrations of telomestatin; lane 8, DNA marker. 
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3.3.3 The presence of the 5´-SHS element in the same supercoiled 

plasmid as the NHEPDGF-A inhibits invasion of exogenous 5´-SHS G-rich 

oligomer into the plasmid. 

To determine whether the 5´-SHS can interact intramolecularly with the 

NHEPDGF-A within one plasmid molecule, we constructed the pGL3-basic 

derivative PA-full-1.8.  This plasmid contains the entire human PDGF-A promoter 

(�1688 to +142 relative to the transcriptional start site of PDGF-A [12]), and as 

such is an element that includes both the 5´-SHS and NHEPDGF-A in the same 

plasmid molecule.  The same molar ratio of SHS-12Gss was pre-incubated with 

either the PA-full-1.8 or PA361 (lacks 5´-SHS) plasmid under identical conditions.  

In contrast to the results in lanes 2�4 of Figure 3.4 showing a KCl-dependent 

invasion of the SHS-12Gss into the supercoiled PA361, the SHS-12Gss did not 

invade into the plasmid PA-full-1.8, even in the presence of the highest 

concentration of KCl (Figure 3.4, lanes 6�8).  This clearly demonstrates that the 

presence of 5´-SHS and NHEPDGF-A in the same plasmid, as is naturally found in 

the wild-type promoter, can prevent the invasion of exogenous SHS-12Gss into 

the unwound NHEPDGF-A region.  These data imply that the 5´-SHS and NHEPDGF-

A elements may directly interact intramolecularly within the same plasmid or 

region of chromatin in cells to compete with exogenous invasion of the SHS. 
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Figure 3.4. Comparison of the invasion of 32P-labeled SHS-12Gss into plasmids, PA361 and PA-

full-1.8.  Lanes 1 and 5 represent the control 32P-labeled SHS-12Gss without plasmid; lanes 2�4, 
32P-labeled SHS-12Gss incubated with the supercoiled PA361 in the presence of increasing K+; 

lanes 6�8, as for lanes 2�4, but with the PA-full1.8; lane 9, DNA marker. 
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3.3.4 The G-rich strand of 5´-SHS anneals to the C-rich strand of 

NHEPDGF-A to form a duplex opposite to the G-quadruplex structure. 

It has been shown that the G-rich DNA oligomers may bind in the major 

groove of polypurine/polypyrimidine regions of double-stranded DNA to form a 

linear intermolecular triplex structure (Figure 3.5 A) [29, 30].  In this triplex 

structure, the additional G-rich strand binds to the G-rich strand of the duplex 

DNA via Hoogsteen or reverse Hoogsteen hydrogen bonds (see structures in 

Figure 3.5 A) [29, 30].  However, on the basis of our previous study [20] and the 

results described here, we expected that the G-rich strand of 5´-SHS would 

anneal specifically to the C-rich strand of NHEPDGF-A duplex DNA, while the G-

rich strand would form a G-quadruplex structure as shown in the model in Figure 

3.5 B. 

To differentiate between these possibilities, a 60-bp NHEPDGF-A double-

stranded element (�33 to �92 in the PDGF-A promoter) (NHE-60ds) and a 34-

base single-stranded 5´-SHS G-rich oligomer (SHS-34Gss) were incubated and 

subjected to EMSA to isolate the three-stranded DNA species.  (See Table 3.1 

for sequences of SHS-34Gss, SHS-34Css, NHE-60Gss, and NHE-60Css.  Note 

that NHE-60ds comprises NHE-60Gss and NHE-60Css).  One new high-mobility 

band was seen when the NHE-60ds was pre-incubated with the 32P-labeled 

SHS-34Gss in the presence of 100 mM KCl (Figure 3.5 C, band 1 in lane 2).  As 

anticipated, band 1 migrated at the same position as band 2 (Figure 3.5 C, lane 

6), which was formed by the unlabeled SHS-34Gss pre-incubated with the 32P-
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labeled NHE-60ds.  These two bands are therefore identified as three-stranded 

DNA species containing both the SHS-34Gss and NHE-60ds species.  Both 

bands migrated significantly slower than SHS-34Gss (Figure 3.5 C, band 3, lanes 

1 and 2), SHS-34ds (Figure 3.5 C, band 4, lanes 3 and 4), and NHE-60ds (Figure 

3.5 C, band 5, lanes 5 and 6).  If the 5´-SHS G-rich strand can form a triplex with 

the NHEPDGF-A double-stranded DNA, on the basis of the characteristics of triplex 

DNA, it is predicted that the G-rich strand of NHEPDGF-A will also be able to form a 

triplex with the 5´-SHS double-stranded DNA [29, 30].  However, the 32P-labeled 

34-bp 5´-SHS double-stranded DNA failed to form a triplex with the G-rich strand 

of NHEPDGF-A under the same conditions (Figure 3.5 C, lane 4).  Therefore the 

three-stranded complex formed by the 5´-SHS G-rich strand and NHEPDGF-A is 

unlikely to be an intermolecular triplex structure.  Furthermore, the three-stranded 

complex was not observed when the 32P-labeled SHS-34Css was incubated with 

NHE-60ds (data not shown).   

DMS footprinting has been used to differentiate between guanines that are 

involved in Hoogsteen hydrogen bond formation in a DNA secondary structure 

from guanines found in single-stranded DNA or duplex DNA [31].  Bands 1, 2, 3, 

and 5 in Figure 3.5 C were extracted and subjected to DMS footprinting.  Bands 

1 and 3 contain the 5´-end 32P-labeled SHS-34Gss.  Based on the results shown 

in Figure 3.5 C, band 1 represents the three-stranded complex, and band 3 

represents the single-stranded SHS-34Gss.  The DMS footprinting pattern of 

band 1 demonstrates that the 5´-GGGAGGGGG-3´ core motif of SHS-34Gss 
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was moderately cleaved (Figure 3.5 D, lanes 1 and 2). Since the EMSA study 

excluded the possibility of the formation of triplex DNA between the 5´-SHS G-

rich strand and NHEPDGF-A, the DMS footprinting pattern of band 1 may be due to 

the 5´-GGGGAGGGGG-3´ of SHS-34Gss binding to the NHEPDGF-A duplex DNA 

by Watson-Crick base pairs.  As anticipated, the SHS-34Gss in band 3 was also 

unprotected to DMS footprinting, consistent with a linear single-stranded DNA 

(Figure 3.5 D, lanes 3 and 4).  Significantly, some reduction in cleavage of the 5´-

GGGGAGGGGG-3´ element relative to the flanking sequence occurs in the 

three-stranded complex corresponding to band 1 (Figure 3.5 D, lanes 1 and 2).  

Clearly, the 5´-GGGGAGGGGG-3´ region in the three-stranded complex is much 

less cleaved relative to the same region in SHS-34Gss (compare lanes 1 and 3), 

while the extent of cleavage of the flanking region of both complex and single-

stranded forms is much more comparable.  This data is consistent with the 5´-

GGGGAGGGGG-3´ region in the three-stranded complex being in the form of a 

duplex molecule because it is expected to be less reactive than single-stranded 

DNA. 

The G-rich strand of NHEPDGF-A duplex DNA in bands 2 and 5 was 5´-end 

32P-labeled.  Band 2 represents the three-stranded complex and band 5 

represents the NHEPDGF-A duplex (see Figure 3.5 C).  For the three-stranded 

complex (band 2), following a 3 min exposure to DMS (lane 1, Figure 3.5 E), a 

distinct full DMS protection of the three 5´-end guanine runs (G1�G13, G15�G19, 

and G21�G25) on the G-rich strand of NHEPDGF-A was observed.  The 
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unambiguous DMS footprinting pattern of this G-rich strand in the three-stranded 

complex of band 2 corresponds to the biologically relevant G-quadruplex 

structure previously identified within the duplex DNA of the NHEPDGF-A [20].  This 

G-quadruplex is formed from three contiguous G-tracts at the 5´-end of the 

NHEPDGF-A (G1�G13, G15�G19, G21�G25) [20].  Given that the 5´-SHS G-rich 

strand and NHEPDGF-A is not likely to form a triplex DNA in the EMSA, the DMS 

protection of band 2 is due to the formation of intramolecular G-quadruplexes in 

NHE-60ds.  For band 5, the G-tracts G9�G13, G15�G19, and G21�G23 of 

NHEPDGF-A received partial protection after treatment with DMS (lane 4 in Figure 

3.5 E).  This indicates that a small population of NHEPDGF-A duplex DNA 

molecules forms G-quadruplex structures, but most remain in duplex form.  The 

relative strength of DMS protection pattern shown in band 2 (lane 2) compared to 

band 5 (lane 4) demonstrates that the invasion of SHS-34Gss into the NHEPDGF-A 

duplex DNA considerably stabilizes the G-quadruplex structure in the G-rich 

strand compared to the duplex form.  The invasion of the 5´-SHS G-rich strand 

into NHEPDGF-A to form three-stranded complex has been shown to be 

superhelicity-dependent, intact-NHEPDGF-A-dependent, KCl-dependent, and be 

facilitated by the G-quadruplex-interactive agents.   Along with our EMSA and 

DMS footprinting data, it suggests that the three-stranded complex formed by 

SHS-34Gss and NHE-60ds is not a triplex DNA, and the SHS-34Gss forms a 

partial duplex DNA with the looped-out NHE-60Css. 
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Figure 3.5  (A) Triplex formation: the third DNA strand (red) binds in the major groove of the 

double helix.  Hydrogen-bonding of base triplets formed by the G-rich strand and the 

polypurine/polypyrimidine duplex DNA is shown in the mid and right panels. (B) Model of three-

stranded complex formed by the G-rich strand of 5´-SHS and NHEPDGF-A double-stranded DNA.  

The G-rich strand of 5´-SHS forms a partial duplex DNA with the looped-out C-rich strand by 

Watson-Crick bonding, and the G-rich strand of NHEPDGF-A forms a stable G-quadruplex.  (C) 

Native gel analysis of the formation of three-stranded complexes by the G-rich strand of 5´-SHS 

and NHEPDGF-A double-stranded DNA.  Lanes 1 and 2 contain the 5´-end 32P-labeled SHS-34Gss. 

In lanes 3 and 4, the G-rich strand (SHS-34Gss) of 5´-SHS 34-bp duplex DNA are 5´-end 32P-

labeled, and in lanes 5 and 6, the G-rich strand of NHEPDGF-A double-stranded DNA was 5´-end 
32P-labeled.  Bands 1 through 5 are defined in the text.  (D) DMS footprinting of SHS-34Gss in 

band 1 (lanes 1 and 2) and band 3 (lanes 3 and 4), which were extracted from the gel in (C). The 

core G-tract motif of 5´-SHS is shown in the middle.  (E) DMS footprinting for the G-rich strands of 

NHEPDGF-A 60-bp duplex DNA in band 2 (lanes 1�3) and band 5 (lanes 4�6) from (C).  The core 

G-tract sequence of NHEPDGF-A is shown to the right of the gel. Open circles indicate the guanines 

that are fully protected, and partially open circles indicate the guanines that are partially 

protected. 
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Figure 3.5 �continued  
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3.3.5 Invasion of the 5´-SHS G-rich strand into the S1-sensitive region in 

the NHEPDGF-A in plasmid DNA dramatically changes the pattern of S1 

cleavage on the C-rich strand within this region. 

The important cis-elements, 5´-SHS and NHEPDGF-A, in the PDGF-A 

promoter have been previously identified by their hypersensitivity to S1 nuclease 

[13, 21, 22, 24].  We have used primer extension to precisely determine the S1 

hypersensitive sites in PA361.  The major S1-sensitive sites are located within a 

60-bp region of NHEPDGF-A in the PA361, which corresponds to �94 to �35 in the 

PDGF-A promoter (lanes 2�4 in Figure 3.6).  Moreover, the sensitivity to S1 in 

NHEPDGF-A is strand-specific and occurs predominantly on the C-rich strand, 

since S1 nuclease cleavage is far less frequent on the G-rich strand) (data not 

shown), which is consistent with previous studies [21�24, 27].  This preferential 

cleavage of the NHEPDGF-A C-rich strand by S1 suggests that this strand assumes 

a single-stranded conformation that is recognized and cleaved by S1 nuclease, 

while the G-rich strand may form a stable G-quadruplex structure that is resistant 

to nicking by S1 nuclease.  The five-cytosine tract (�92 to �88) and thirteen-

cytosine tract (�83 to �71) at the 3´-end of the C-rich strand of NHEPDGF-A are 

hypersensitive to S1 (lanes 2�4 in Figure 3.6).  There is a shift of the S1 

nuclease�sensitive sites within these two C-tracts in the plasmid sample pre-

incubated with the highest concentration of KCl, as well as increases of 

sensitivity to S1 in the �45 to �37 and �69 to �65 regions of the NHEPDGF-A (lane 

4 in Figure 3.6) as comparing with the moderate sensitivities to S1 under the 
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lower concentration of KCl (25 and 50 mM) (as show in the increased-intensity 

autoradiagrams of lanes 2 and 3, left panel of Figure 3.6).    These data suggest 

that a high concentration of KCl can increase the formation of G-quadruplexes in 

the 3´-end of the G-rich strand and further increase C-rich strand loop-out, 

resulting in significant increase in the length of the C-rich strand that is sensitive 

to S1. The thirteen-cytosine tract of NHEPDGF-A remains as the major 

hypersensitive region to S1 under all used concentrations of KCl (lane 2 -4, 

Figure 3.6), indicates that this region retains a paranemic DNA structure in the 

NHEPDGF-A in the presence of supercoiling.   

S1 nuclease footprinting experiments were then carried out to determine 

the effect of binding of the 5´-SHS G-rich strand to the NHEPDGF-A in the 

supercoiled plasmid.  S1 digestion of PA361 was carried out after pre-incubating 

the plasmid with the SHS-12Gss in the presence of 100 mM KCl.  Upon addition 

of the SHS-12Gss, the 5´ nuclease hypersensitive sites within four regions in the 

C-rich strand of NHEPDGF-A (�92 to �88, �83 to �71, �69 to �65, �45 to �37,) were 

significantly decreased, while a new S1-hypersensitive site appeared at the 5´-

end of the 13-cytosine tract (�71 to �70) (Figure 3.6, lane 5).  Thus, in the 

presence of the SHS-12Gss, the S1 nuclease sensitive site is shifted to the 5´-

side just outside of this region, which is in accord with the data in Figure 3.5, 

where the binding site for the 5´-SHS G-rich strand is the thirteen-cytosine tract 

at the 3´-end of the C-rich strand of NHEPDGF-A.  Significantly, the S1 nuclease 
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protection site on the C-rich strand is opposite to the site of the major G-

quadruplex formed in the G-rich strand [20]. 
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Figure 3.6 Identification of S1 nuclease hypersensitive sites in the C-rich strand of NHEPDGF-A 

within supercoiled plasmid PA361 by PCR with specific 32P-labeled primer.   Lane 1, without S1 

nuclease treatment; lanes 2�4, the plasmid PA361 was pre-incubated with KCl prior to digestion 

by S1 nuclease; lane 5, PA361 was pre-incubated with SHS-12Gss and100 mM KCl before S1 

digestion; lane 6, the cytosine sequencing reaction on the C-rich strand of NHEPDGF-A in the 

plasmid PA361.  The core sequence of NHEPDGF-A double-stranded DNA is shown on the right of 

the gel.  Comparison of the S1 hypersensitive sites of lane 4 and 5 is show in the right panel.  

The solid bars indicate the positions of S1-hypersensitive sites in the C-rich strand of NHEPDGF-A.  

The increased-intensity autoradiagrams for the S1-sensitive sites in lanes 2 and 3 are shown in 

the box in the left panel. 
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3.3.6 hnRNP K specifically binds to the single-stranded C-rich strand of 

NHEPDGF-A and can be displaced by invasion of the 5´-SHS G-rich strand 

Previous studies have shown that hnRNP K can bind to the C-rich strand 

of c-MYC NHE and activate c-MYC transcription [32, 33].  On the basis of 

similarities of the sequences and the biological roles of the NHEs of c-Myc and 

PDGF-A promoters [20, 28, 34], we propose that hnRNP K may be involved in 

the regulation of PDGF-A transcription.  EMSAs were conducted with single-

stranded DNA probes derived from both strands of the NHEPDGF-A for hnRNP K 

binding.  The C-rich oligomer NHE-60Css can form a distinct DNA�protein 

complex with hnRNP K in vitro (Figure 3.7A, lanes 2 and 3); however, the G-rich 

oligomer NHE-60Gss does not form a DNA�protein complex with hnRNP K 

under the same conditions (Figure 3.7A, lanes 5 and 6).  The NHE-60ds probes 

were also incubated with hnRNP K in the presence of different concentrations of 

KCl.  The results show that hnRNP K could bind to NHEPDGF-A duplex DNA in a 

KCl-dependent manner (Figure 3.7B, lanes 3 and 4).  This is presumably due to 

the ability of KCl to facilitate the formation of G-quadruplexes in the G-rich strand 

of NHEPDGF-A with resulting looping out of the C-rich strand.  In a 100 mM KCl 

solution, unlabeled SHS-12Gss can partially prevent hnRNP K binding to the 

NHEPDGF-A duplex DNA at a 10-fold molar excess (0.1 nmol), which is shown by 

the significant reappearance of a non-protein-bound duplex DNA probe in the 

EMSA gel (Figure 3.7 C, lanes 6�9).  Collectively, these data suggest that 

annealing of the SHS-12Gss to the C-rich strand of the paranemic NHEPDGF-A can 
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block hnRNP K binding to the G-quadruplex-induced looping out of the C-rich 

strand. 
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Figure 3.7 EMSA of hnRNP K binding to the single-stranded and double-stranded probes derived 

from NHEPDGF-A.  (A) hnRNP K was incubated with the 32P-labeled C-rich strand (NHE-60Css, 

lanes 2 and 3) and G-rich strand (NHE-60Gss, lanes 5 and 6) of NHEPDGF-A.  Lanes 1 and 4 are 

the DNA probes (NHE-60Css and NHE-60Gss) in the absence of hnRNP K.  (B) hnRNP K was 

incubated with 60-bp NHEPDGF-A double-stranded DNA in the presence of incremental 

concentrations of KCl (lanes 2�4).  Lane 1 represents the NHEPDGF-A double-stranded DNA probe 

in the absence of hnRNP K.  (C) Effect of the unlabeled competitors (G-rich strand of 5´-SHS) on 

hnRNP K binding to NHEPDGF-A double-stranded DNA (lane 4-9).  Bands corresponding to DNA�

protein complexes and the free probes are labeled.  Lane 1, 32P-labeled NHE-60ds; lane 2, 32P-

labeled NHE-60ds with unlabeled SHS-12G; lane 3, 32P-labeled NHE-60ds with hnRNP K. 
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3.4 Discussion 

As described in the introduction, abnormal expression of PDGF-A is 

associated with angiogenesis and proliferation in a number of malignancies and 

as such is a potential target for antitumor agents.  However, the prime reason we 

undertook this study was that there was some intriguing data [20,21,23] 

suggesting the complex involvement of a G-quadruplex in the NHEPDGF-A element 

proximal to the transcriptional start site and a second element located either 3´or 

5´ distal to this element.  These distal elements, named SHS elements, are also 

S1 nuclease hypersensitivity elements and were identified as silencer elements.  

In a recently published paper [20], we have demonstrated that the proximal 

NHEPDGF-A can form a stable G-quadruplex, even within the context of duplex 

DNA, thus producing a single-stranded DNA loop on the C-rich strand (see 

Figure 3.8).  Although a mixture of G-quadruplexes occurs in the context of 

single-stranded DNA of NHEPDGF-A, a single major G-quadruplex forms in the 

context of duplex, which uses a run of thirteen consecutive guanines of NHEPDGF-

A to form one face of the G-quadruplex involving most likely two runs of four 

guanines with an intervening internal 2-base loop [20].  The remaining faces are 

constructed from the two 3´ adjacent runs of five guanines.  A second important 

finding in this chapter is that the G-quadruplex-interactive agent TMPyP4 was 

able to suppress PDGF-A promoter activity in MiaPaCa cells, thus implicating the 

G-quadruplex as a component of the silencer element [20]. 
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In the present chapter we have sought to define the interaction of the 5´-

SHS with the proximal NHEPDGF-A in the context of linear duplex and supercoiled 

DNA and also the potential role of hnRNP K in the transcriptional activation.  To 

determine the importance of the G-quadruplex in the interaction of the 5´-SHS 

with the NHEPDGF-A, we have used ionic conditions (K+) and the G-quadruplex-

interactive agents TMPyP4 and telomestatin.  Our initial experiments using a 

supercoiled plasmid containing the NHEPDGF-A demonstrate that the single-

stranded G-rich strand from the 5´-SHS can successfully invade the plasmid.  

Furthermore, this invasion is dependent upon the presence of the NHEPDGF-A and 

supercoiling and is enhanced in the presence of conditions (G-quadruplex-

interactive compounds and K+) that facilitate G-quadruplex formation.  Duplex or 

the C-rich strand of the 5´-SHS failed to invade the plasmid.  Since in these 

experiments the invasion oligomer is added exogenously, we sought to 

determine the importance of an internally located 5´-SHS by comparing the 

efficiency of invasion by the exogenous SHS in two different supercoiled 

plasmids either containing or lacking the 5´-SHS element.  Since the presence of 

an internally located 5´-SHS prevents invasion of the exogenously added single-

stranded 5´-SHS, this strongly suggests an intraplasmid interaction between the 

5´-SHS and the NHEPDGF-A prevents this invasion. 

To define the nature of the complex between the 5´-SHS and the 

NHEPDGF-A, we isolated the three-strand invasion complex between the G-rich 

single-stranded 5´-SHS and a 60-mer duplex complex that contained the G-
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quadruplex and looped-out single-stranded C-rich strand.  DMS footprinting 

clearly showed a complex containing a G-quadruplex and duplex consisting of 

the single-stranded 5´-SHS (G) and NHEPDGF-A (C).  As far as we are aware, this 

is the first complex of this type to be characterized that is clearly different from 

triplex DNA.  Since this complex was characterized outside the context of the 

supercoiled plasmid, we sought evidence of its existence in the supercoiled 

plasmid by probing with S1 nuclease.  In accord with occurrence of a single-

stranded C-rich template in the presence of the G-quadruplex, the C-rich strand 

was cleaved preferentially by S1 nuclease.  Upon addition of the G-rich single-

stranded 5´-SHS to the supercoiled plasmid, the S1 nuclease region is shifted to 

just outside the looped-out element, presumably due to formation of duplex DNA, 

which is formed directly opposite the G-quadruplex on the other strand. 

This model for the invasion complex between the 5´-SHS and the 

NHEPDGF-A element provides an explanation for how the 5´-SHS could silence 

PDGF-A expression and how this could be facilitated by TMPyP4.  Our 

experiments reported here show that the transcriptional factor hnRNP K can bind 

to the NHEPDGF-A through interaction with the single-stranded C-rich element.  

Upon invasion of the G-rich single-stranded 5´-SHS to form the duplex, the 

hnRNP K is displaced, and thus presumably transcription is silenced (Figure 3.8).  

In chromatin, there would presumably be an intramolecular invasion of the 5´-

SHS into the NHEPDGF-A to silence gene expression, which would be facilitated by 

the stabilization of the G-quadruplex by TMPyP4. 
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Figure 3.8 Proposed model for transcriptional regulation of PDGF-A expression.  Shown at the 

top is the binding of double-stranded DNA-binding protein Sp1 or single-stranded DNA-binding 

protein Pur-α to the NHE in the PDGF-A promoter, driving gene transcription. The middle panel 

shows the conversion of duplex B-form DNA conformations of NHE and 5´-SHS to the paranemic 

non-B-form DNA conformations.  The bottom panel represents how the G-rich strand of 5´-SHS 

invades into the NHE and complements the looped-out NHE C-rich strand.  This further stabilizes 

the major quadruplex structure in the G-rich strand of the NHE and prevents binding of 

transcriptional activators to this region, resulting in gene silencing.   
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The intramolecular interaction between the 5´-SHS and the NHEPDGF-A 

would presumably require superhelicity to generate the intermediate single-

stranded forms as well as DNA bending and binding proteins to bring them in 

proximity for silencing of gene expression.  Compelling evidence for the real-time 

involvement of transcriptionally generated supercoiling in generating single-

stranded and secondary DNA forms in the c-MYC promoter has recently been 

published [35].  This proposal is in accord with the data shown here in which 

supercoiling in plasmids facilitates the formation of the invasion complex. 

Sequencing analysis identified a conserved binding site (5´-GAGGAA-3´) 

for transcription factor Pu.1 in the PDGF-A promoter.  This is located at �488 to �

482 in the PDGF-A promoter, which is between the 5´-SHS and NHEPDGF-A 

elements.  Pu.1 belongs to the ETS transcription factor family [36].  One 

intriguing character of Pu.1 is that it can induce a directed bend in the DNA, 

which is approximately 24 degrees away from the binding site of Pu.1 [37, 38].  In 

a preliminary study, co-transfection of Pu.1 expression vector with the PDGF-A 

promoter construct PA-Full-1.8 resulted in the inhibition of the promoter activity of 

NHEPDGF-A in Mia Paca-2 cells (unpublished results).  Conversely, the Pu.1 

expression vector did not show any significant effect on the SV40 promoter 

activity of pGL-promoter vector in the co-transfected experiment (data not 

shown).  This suggests that Pu.1 specifically acts as a negative regulator in 

PDGF-A transcription.  Last, Pur-α plays an immediate role in transcriptional 
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activation of PDGF-A expression by binding to the G-rich strand of NHEPDGF-A 

[39]. 

G-quadruplexes have now been implicated in the silencing of gene 

expression in a number of important cancer genes, including c-MYC [28,34], Ret 

[40], Bcl-2 [41], VEGF [42], Hif-1α [43], c-kit [44,45], KRAS [46], and Myb [47].  

The fate of the other strand has not been nearly so well characterized.  In 

principle, the C-rich strand could just simply loop out as suggested here for 

PDGF-A or might form an i-motif under the torsional stress imposed by the 

superhelicity, as suggested for RET [40].  What is unique about the system 

described here is that the G-quadruplex is not only directly implicated as a 

silencing element by displacement of Pur-α, but is a means to direct the invasion 

of a remote silencer element, which constitutes a novel mechanism for 

transcriptional regulation (Figure 3.8).  In accord with this conclusion is the 

observation that both G-rich single-stranded oligonucleotides and G-quadruplex-

interactive compounds can bind to the NHEPDGF-A to silence gene expression 

[20,27]. 
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CHAPTER 4 

MOLECULAR CLONING OF THE HUMAN PDGFR-β PROMOTER AND DRUG 

TARGETING OF THE G-QUADRUPLEX-FORMING REGION TO REPRESS 

PDGFR-β EXPRESSION 

 

4.1 Introduction 

The PDGF dimers AA, AB, BB, CC, and DD exert their cellular effects 

through two tyrosine kinase α- and β-receptors [1�5].  Binding of these dimers to 

the PDGFR-α or PDGFR-β results in receptor auto-phosphorylation and activates 

the major signal transduction pathways downstream of receptor tyrosine kinases, 

including Ras-MAPK, phosphatidyl inositol 3-phosphate, and phospholipase C-γ 

[1,3,5�7].  The activated PDGF receptor also mediates an increase in the 

intracellular Ca2+ concentration [6,7].  The PDGFR-β signaling pathway is an 

essential component in the control of the growth, survival, motility, and 

differentiation of cells, particularly connective tissue [1,5,8].  Overactivity of 

PDGF-BB or PDGFR-β contributes to the development of certain diseases 

characterized by excessive cell growth, including fibrotic disorders, 

atherosclerosis, and malignancies [8�12].  In solid tumors, PDGFR-β signaling 

participates in various processes, including autocrine stimulation of tumor cell 

growth, recruitment of tumor stroma fibroblasts, angiogenesis, metastasis, and 

the increase of interstitial fluid pressure [10,11,13].  The PDGFR-β signaling 

pathway has been implicated as an important therapeutic target for cancer 
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treatment and has been evaluated in different animal disease models, as well as 

in clinical trials [10�14].  STI1571 (Gleevec), a compound that was designed 

specifically for inhibition of the BCR-ABL tyrosine kinase, has shown multiple 

effects on tumor growth, many of which are a result of the drug�s inhibitory effect 

on the PDGFR-β pathway [15�19].  A study of the B16 mouse melanoma tumor 

model has shown that the increased tumor growth rate associated with PDGF-

DD production was not seen in mice expressing an attenuated PDGFR-β and 

was thus dependent on host PDGFR-β signaling [20].  This demonstrates that 

down-regulating PDGFR-β expression in tumor cells is predicted to reduce the 

cellular response to PDGF-BB or PDGF-DD, resulting in inhibition of tumor 

growth.   

For most genes, transcriptional initiation is the major control point for gene 

expression.  Dysfunction of transcriptional initiation causes abnormal gene 

expression.  An essential requirement for understanding deregulation of gene 

expression in the disease process is a comprehensive knowledge of the 

sequence of the gene promoter, since this determines the combinatorial control 

of gene expression by different transcriptional factors.  The mouse PDGFR-β 

promoter has been isolated and thoroughly characterized [21�23].  Multiple 

transcription factors have been found that bind to the mouse PDGFR-β promoter 

and regulate mouse PDGFR-β expression, such as Sp1, c-Myc, p73α, p53, NF-

Y, and Arf [24�31].  However, the functional promoter of human PDGFR-β has 
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not been cloned or characterized, and consequently the molecular mechanisms 

governing the transcription of the human PDGFR-β are not understood.  

For these reasons, we have cloned the human PDGFR-β promoter and 

initiated characterization of this promoter.  An important S1 nuclease 

hypersensitive region that responds to basal promoter activity of human PDGFR-

β has been identified.  Furthermore, the results from our study show that this S1-

sensitive region can assume unique DNA secondary structures that can be 

targeted by a G-quadruplex-interactive molecule to modulate human PDGFR-β 

transcription in plasmid transfection experiments and in human cancer cells. 
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4.2 Materials and Methods 

Oligodeoxynucleotides, enzymes, materials, and drugs 

DNA oligomers (sequences shown in Table 4.1) were obtained from 

Sigma Genosys and Biosearch Technologies, Inc.  All DNA oligomers were 

PAGE-purified and dissolved in double-distilled water before use.  

Acrylamide:bisacrylamide (29:1) solution and ammonium persulfate were 

purchased from Bio-Rad, and N,N,N´,N´-tetramethylethylenediamine was 

purchased from Fisher.  T4 polynucleotide kinase and Taq DNA polymerase 

were purchased from Promega.  [γ-32P]ATP was purchased from NEN Dupont.  

TMPyP2, TMPyP4, and Se2SAP were synthesized in our laboratory.  

Telomestatin was kindly provided by Dr. Kazuo Shin-ya (University of Tokyo, 

Japan).  Stock solutions of telomestatin and Se2SAP (10 mM) were made using 

DMSO (10%) and double-distilled water, respectively.  Further dilutions to 

working concentrations were made with double-distilled water immediately prior 

to use.  Plasmid pGL3-basic, pRL-TK, and dual luciferase assay kits were 

purchased from Promega. 

Cell culture and DNA and RNA isolation 

The human normal pancreatic cell line HPDE-6 was cultured in 

Keratinocyte-SFM medium, containing 100 U/mL penicillin, 100 µg/mL 

streptomycin, 200 mM L-glutamine, bovine pituitary extract, epidermal growth 

factor, and 10% FBS (GIBCO).  Human medulloblastoma Daoy cells (ATCC) 

were cultured in Eagle�s minimum essential medium, containing 100 U/mL 
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penicillin, 100 µg/mL streptomycin, 200 mM L-glutamine, and 10% FBS at 37 °C 

in a humidified atmosphere of 95% air and 5% CO2.  Cells were maintained in a 

logarithmic phase of growth.  The isolation of total cellular DNA was carried out 

with cells at subconfluency using a NucleoSpin DNA Kit (Macherey-Nagel), and 

the total cellular RNA was extracted using a NucleoSpin RNA II Kit (Macherey-

Nagel). 

Cloning of the human PDGFR-β promoter and plasmid construction 

Human genomic DNA was purified from human HPDE-6 cells and used as 

a template for PCR reaction.  Two primers (5´-CCCAGTTATCAGAAAGACTGC-

3´ and 5´-GCCAGCCTCTACCTGTGTCAC-3´) were designed to amplify a 2097 

bp fragment of the 5´ flanking region of human PDGFR-β gDNA.  This fragment 

comprises 1724 base pairs in the 5´ flanking region and the adjacent 373 base 

pairs located at the 5´-end of the first exon.  The 2097-base-pair DNA fragment 

was cloned into Topo-TA cloning vector (Invitrogen) to generate plasmid 

construct hPRB-Topo-2kb for further study.  Five designed primers (5´-

TGCACCCGGTACCGTGTTAG-3´, 5´-GGCAGGGGGTACCTCTACAC-3´, 5´- 

CCTTCTCCCAGCTAGCCCAATCAG-3´, 5´-GGAGGGAGCTAGCAGAGTG-3´, 

and 5´-GTGCCATGGCTAGCGGAGGC-3´), which contained restriction enzyme 

sites, were paired with the same reverse primer (5´-

TGGGCAGCTCGAGCACAGGC-3´) to amplify the different deleted constructs 

(256 bp, 380 bp, 531 bp, 672 bp, and 1215 bp) of the human PDGFR-β promoter 

from hPRB-Topo-2kb.  To analyze the promoter function of the genomic DNA 
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fragments cloned from the upstream region of PDGFR-β cDNA, we used the 

pGL3-basic promoter-reporter fusion system.  These human PDGFR-β promoter 

fragments were generated by subcloning into the XhoI /KpnI or XhoI/NheI 

restriction sites of pGL3-Basic vector to produce the plasmid constructs pGL-

hPRB-A, pGL-hPRB-B, pGL-hPRB-C, pGL-hPRB-D, and pGL-hPRB-E. 

Primer extension 

Primer extension analysis was performed based on a standard protocol as 

previously described [32,33].  The primer PEX56 (5´-

TCTCTGGCTCCAAGTTGCTCAC-3´), complementary to the first exon of 

PDGFR-β genomic DNA (+20 to +41), was 5´-end labeled with [γ-32P]ATP and T4 

polynucleotide kinase.  Approximately 1 × 106 cpm of 32P-labeled primer was 

annealed to 1.5 µg of human mRNA isolated from Daoy cells by heating the 

reaction to 90 °C for 2 min and cooling down to 55 °C over 1 h.  The annealing 

primer and mRNA mixture were extended by incubating with 200 units of reverse 

transcriptase (Fermenta), 1 µL Rnasin (Promega), 1 µL of 10 mM dNTPs, and 5× 

first-strand reaction buffer (Fermenta) at 42 °C for 2 h.  The reaction was then 

precipitated with 100% ethanol, and the pellet was dried and resuspended in 

loading dye.  Samples were heated at 95 °C for 10 min before loading and 

analyzed on a 20% denatured polyacrylamide gel.  A sequencing reaction for 

determining the position of the primer extension product was performed with a 

Thermo Sequenase Cycle Sequencing Kit (USB) according to the manufacturer�s 
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protocol.  The primer PEX56 was also used for the sequencing reaction with the 

plasmid template hPRB-Topo-2kb. 

S1 nuclease sensitivity assay 

For in vitro footprinting of the human PDGFR-β promoter region with S1 

nuclease, the plasmids pGL3-hPRB-E and pGL3-hPRB-B (containing the 1215-

base-pair fragment of the human PDGFR-β promoter) were incubated with S1 

nuclease (1 unit of S1 nuclease per µg of plasmid) for 5 min at 37 °C.  Digested 

plasmid DNA was extracted with phenol and chloroform-isoamyl alcohol, then 

precipitated with 100% ethanol and resuspended in double-distilled water after 

vacuum drying.  To map the S1 nuclease cleavage site, the nicked plasmid was 

PCR-amplified using the 32P-labeled sequencing primers RV3 and GL2 for pGL3 

vector (Promega) and a Thermo Sequenase Cycle Sequencing Kit (USB). 

 

Cell transient transfection and dual luciferase assay 

For transfection experiments, Daoy cells were seeded in 6-well dishes 

with a concentration of 2 × 105 cells per well.  Each well was co-transfected with 

2 µg of constructed plasmids and 25 ng of pRL-TK with Lepofectin (Invitrogen).  

pRL-TK (Promega), containing a renilla luciferase gene driven by the herpes 

simplex virus thymidine kinase promoter, was used as a control for transfection 

efficiency.  The pGL3-promoter vector was used as a positive control of 

luciferase expression.  The expression of firefly luciferase, with respect to that of 

renilla luciferase, was determined using a dual luciferase assay kit (Promega) 24 
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h after transfection (according to the manufacturer�s directions).  Cell lysate (20 

µL) was mixed with 100 µL of reconstituted luciferase assay reagent, and light 

output was measured for 12 s with a FB12 Luminometer (Berthold).  To test the 

effects of G-quadruplex-interactive agents on human PDGFR-β promoter activity, 

varying concentrations of telomestatin, SeSAP2, TMPyP4, or TMPyP2 (up to 50 

µM) were co-transfected with constructed plasmid (hPRB-A) and pRL-TK into 

Daoy cells.  The cells were then subjected to dual luciferase assay after 24-hour 

treatment.  

Circular dichroism spectroscopy 

CD spectra were recorded on a Jasco-810 spectropolarimeter (Easton, 

MD) using a quartz cell of 1-mm optical path length and an instrument scanning 

speed of 100 nm/min, with a response time of 1 s, over a wavelength range of 

200�330 nm.  All DNA samples were dissolved and diluted in Tris-HCl buffer (50 

mM, pH 7.4), and where appropriate, the samples also contained different 

concentrations of KCl and/or NaCl. The DNA strand concentrations were 5 µM, 

and the CD data represent four averaged scans taken at room temperature (25 

°C to 110 °C).  All CD spectra are baseline-corrected for signal contributions due 

to the buffer. 

Labeling and purification of oligodeoxyribonucleotides 

The DNA oligomers were 5´-end-labeled with [γ-32P]ATP using T4 

polynucleotide kinase for 1 h at 37 °C.  The labeling reaction was inactivated by 

heating the samples at 90 °C for 8 min after the addition of 1.5 µL of 0.5 M 
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EDTA.  The 5´-end-labeled DNA was then purified using a Bio-Spin 6 

chromatography column (Bio-Rad).  The labeled DNA was further purified by 

running a 12% denatured polyacrylamide gel that contained 8.0 M urea. 

Taq polymerase stop assay 

The DNA primer 5´-d(TCGACTCTAAGCAAATGCGTCGAG)-3´ was 5´-

end-labeled with 32P as described above.  The labeled primer was annealed to 

the DNA template (sequence shown in Table 4.1) by using the aforementioned 

protocol.  The DNA complex formed by annealing the primer to the template was 

purified using gel electrophoresis on a 12% native polyacrylamide gel.  The 

purified DNA was then diluted to a concentration of 0.2 nM and mixed with the 

reaction buffer (10 mM MgCl2, 0.5 mM DTT, 0.1 mM EDTA, 1.5 µg/µL BSA) and 

0.1 mM dNTP.  Where appropriate, KCl, NaCl, and/or drugs were also added.  

The reaction mixtures were incubated for 1 h at room temperature, allowing the 

alkali metal ions or drugs to stabilize the G-quadruplexes.  Taq DNA polymerase 

was then added, and the samples were incubated for 30 min at 60 °C for 

polymerase extension.  The polymerase extension reaction was stopped by 

adding 2× stop buffer (10 mM EDTA, 10 mM NaOH, 0.1% xylene cyanole, 0.1% 

bromophenol blue in formamide solution), and the samples were analyzed on a 

20% denatured polyacrylamide gel [34]. 

DMS footprinting 

The 100,000 cpm sample was pre-incubated in different salt buffers or 

treated with different drugs at room temperature for 30 min.  The sample was 
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further diluted with 0.1 × TE (10 mM Tris, 1 mM EDTA, pH 7.5) to a total volume 

of 90 µL per reaction.  Following the addition of 1 µL calf thymus DNA (0.1 

µg/µL), the reaction mixture was incubated with 1 µL of 25% dimethyl sulfate 

solution (DMS:ethanol; 1:4, vol/vol) for 5 or 10 min.  Each reaction was stopped 

by adding 18 µL of stop buffer (3 M β-mercaptoethanol:water:NaOAc; 1:6:7, 

vol/vol).  After ethanol precipitation and washing, the piperidine cleavage reaction 

was performed by heating the samples to 90 °C for 30 min in 30 µL piperidine.  

The samples were separated on a 20% denatured polyacrylamide gel and 

visualized on a Storm 820 phosphorimager (Molecular Dynamics).  DMS analysis 

of random unstructured control DNA oligomer was performed in the same way by 

using heat-denatured (quick cooling on ice) 5´-end-labeled oligomer [35]. 

Imaging and quantitation 

The dried gel was exposed on a phosphor screen.  Imaging and 

quantitation were performed using a Storm 820 phosphorimager and 

ImageQuant 5.1 software from Molecular Dynamics. 

Reverse transcriptase polymerase chain reaction (RT-PCR) 

Total RNA was extracted from cultured cells using an RNA II kit 

(NucleoSpin) according to manufacturer�s instructions.  First-strand cDNA 

synthesis was then performed with 200 ng of total RNA using the iScript cDNA 

Synthesis Kit (Bio-Rad).  PCR was performed in triplicate in 25 µL reaction 

volumes containing 200 nM of sense and antisense primers. 1 µL cDNA product 

was used for each PCR reaction in the presence of 4 mM MgCl2, 0.1 mM dNTPs, 



 

163

and 2.5 units Taq polymerase (Promega).  The primers 5´-

AATGTCTCCAGCACCTTCGT-3´ and 5´-AGCGGATGTGGTAAGGCATA-3´ 

were used for the PCR amplification of a 688-base-pair fragment of human 

PDGFR-β cDNA [36].  Primers 5´-CCACCCATGGCAAATTCCATGGCA-3´ and 

5´-TCTAGACGGCAGGTCAGGTCCACC-3´ were used to amplify a 600-base-

pair fragment of human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

cDNA [37].  The PCR protocol was as follows:  initial denaturation at 95 °C for 5 

min; 30 cycles of 95 °C for 40 s, 50.5 °C for 30 s, 72 °C for 60 s; primer extension 

at 72 °C for 1 min, a final extension at 72 °C for 10 min. 15 µL of PCR product 

was analyzed on a 1% agarose gel. 
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Table 4.1 Oligodeoxynucleotides used in the human PDGFR-β promoter study. 

DNA oligomer Sequence (5´ → 3´) 

NHE Pu38-

mer 

GCTGGG AGAAG GGGGG GCGGC GGGGC AGGGA 

GGGTG GA 

Templatea  GC TGGGA GAAGG GGGGG CGGCG GGGCA GGGAG 
GGTGG ATTAG TCAGA CCTCG ACGCA TTTGC TTAGA 

GTCGA 

Primerb TCGAC TCTAA GCAAA TGCGT CGAG 
aTemplate used in Taq DNA polymerase stop assay. 
bPrimer used in Taq DNA polymerase stop assay. 
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4.3 Results 

 4.3.1 Functional promoter region of human PDGFR-β 

The human PDGFR-β is located on chromosome 5q33, and the coding 

region for the pre-mRNA of human PDGFR-β is about 5.5kb [24,38�40, and as 

shown at www.ncbi.nlm.nih.gov/LocusLink].  Typically, the promoter region is 

located in the 5´-flanking region of the first exon of the gene.  Therefore, we used 

the 470-base-pair 5´-end cDNA sequence of human PDGFR-β (GenBank 

accession number BC032224) in a BLAST search of the human genome to 

determine the DNA sequence of this 5´-flanking region (Figure 4.1).  On the basis 

of the results of this search, a series of primers were designed to amplify five 

overlapping DNA fragments in the 5´-flanking region (1215 bp [�1099/+116], 672 

bp [�556/+116], 531 bp [�415/+116], 380 bp [�264/+116], and 256 bp [�

140/+116]) (the sequences of the primers used are underlined in Figure 4.1).  

Each of these constructs contains different lengths of the human PDGFR-β 

promoter region and a 116-base-pair human PDGFR-β coding sequence 

downstream of the major transcription start site, which was determined by primer 

extension assay.  All five fragments were confirmed to have 100% identity with 

the human genome sequence, shown by double-strand DNA sequencing.  

Luciferase reporter constructs were generated by inserting each of these five 

fragments into the pGL3-basic vector in the same orientation in which they drive 

the expression of human PDGFR-β.  These plasmid constructs were designated 
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as pGL-hPRB-A, pGL-hPRB-B, pGL-hPRB-C, pGL-hPRB-D, and pGL-hPRB-E 

(Figure 4.2A). 

 

 

 
Figure 4.1.  DNA sequence of the 5´-flanking region of the human PDGFR-β gene.  The 5´-end 

sequence of exon 1 is shown in blue.  The putative cis-elements in the human PDGFR-β 

promoter are boxed.  Arrows indicate the locations of the two transcription start sites, and the 

major transcription site is numbered as +1.  The ATG start codon is marked by an asterisk at the 

3´-end.  The sequences for primers to amplify different lengths of human PDGFR-β promoter are 

underlined.  The important polypurine/polypyrimidine region in the proximal promoter is 

highlighted in red. 
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These constructs were each subjected to transient transfection assay in 

Daoy cells, in which the PDGFR-β mRNA is highly expressed.  The promoter 

activities of these five reporter constructs in Daoy cells are shown in Figure 4.2B 

as the fold increase in reporter firefly luciferase activity relative to internal control 

renilla luciferase activity.  All the constructs showed a significant increase of 

luciferase activity over the negative control, pGL3-basic (P<0.001) (Figure 4.2B).  

This confirmed that we had cloned the functional promoter region of human 

PDGFR-β.  The minimal functional fragment of the human PDGFR-β promoter, 

which is responsible for the basal promoter activity, was determined to be the 

region �140/+116 in the pGL-hPRB-A.  The pGL-hPRB-B (�264/+116) has a two-

fold increase in promoter activity over pGL-hPRB-A, indicating that there are 

essential regulatory elements located within the �264- to �140-base-pair region.  

The similar promoter activities of pGL-hPRB-B and pGL-hPRB-C (�415/+116) 

suggest that there may not be any important cis-elements within the �264- to �

415-base-pair region.  However, the significant increase of promoter activity of 

pGL-hPRB-D (�556/+116) implies the presence of enhancing elements between 

�415 and to �556 base pairs.  The highest promoter activity is seen with the �

1099/+116 construct (pGL-hPRB-E), indicating the existence of important 

positive cis-elements within the �1099- to �556-base-pair region. 

The program Gene2Promoter (http://www.genomatrix.de/) was used to 

identify the homologues to well-known cis-elements within the human PDGFR-β 

promoter.  Two conserved binding sites for activator protein 1 (AP-1) at �342/�
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336 and �494/�488 (-AGTCAct- in the antisense strand), two conserved SP1 

binding sites at �152/�147 (-GGCGGG- sequence in the antisense strand) and �

87/�82 (-GGCGGG- sequence in the sense strand), and one conserved NFE2 

binding site (-gctgAGTCAct-) overlapping with one of the AP-1 binding sites at �

342/�336, were identified in the human PDGFR-β promoter (Figure 4.1).  While 

there is no classical TATA box in the human PDGFR-β promoter, a consensus 

CAAT box (GGNCAATC) has been identified at �126/�119, which is also the 

conserved binding site for NF-Y.  The CAAT box (�126/�118) and Sp1 binding 

sites (�87/�82) may play critical roles in determining the basal promoter activity 

of human PDGFR-β observed in pGL-hPRB-A.  The Sp1 binding site (�152/�

147) located within a polypurine/polypyrimidine sequence (�165/�132) contains a 

series of contiguous guanine-tracts in the G-rich strand.  The significant increase 

of promoter activity in the pGL-hPRB-B over the pGL-hRPB-A indicates that this 

polypurine/polypyrimidine region plays a critical role in regulating human 

PDGFR-β transcription.  Additionally, two conserved NF-Y binding sites were 

also found at �849/�845 and �802/�798 (Figure 4.1), which may contribute to the 

strong promoter activity observed in the pGL-hPRB-E (Figure 4.2B).   

A specific primer, PEX56 (as described in Materials and Methods), that is 

complementary to human PDGFR-β mRNA was used to identify the transcription 

start site(s) in the primer extension analysis.  The primer extension along the 

total mRNA of Daoy cells generates a predominant band, which corresponds to 

the guanine residue (sense strand) located 171 nt upstream of the ATG start 
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codon and is predicted to be the major transcription start site (Figure 4.2C).  A 

weaker primer extension product located at the T residue (sense strand) 161 nt 

upstream of the ATG codon was also observed (Figure 4.2C).  Thus, 

transcription of human PDGFR-β may start at two sites, located at either 171 nt 

or 161 nt upstream of the start codon.  The major transcription start site is 

denoted as +1, and upstream bases are then numbered negatively.  On the basis 

of our study, a model for the organization of the human PDGFR-β promoter and 

the locations of putative transcription factor binding sites has been proposed 

(Figure 4.2D). 
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Figure 4.2  (A) The promoter-luciferase-reporter constructs containing the indicated region of the 

human PDGFR-β promoter and 5´-UTR.  LUC = luciferase reporter gene.  (B) Deletion analysis of 

human PDGFR-β promoter activity.  A comparative firefly luciferase expression (firefly/renilla) of 

each plasmid construct shown in Figure 4.2A is shown in the bar graph.  The promoter-less 

construct pGL-3 Basic serves as a negative control.  The values are the average of three 

independent experiments.  Error bars are ± SE.  (C) Identification of transcription start sites of the 

human PDGFR-β gene by primer extension.  Lane 1:  Primer extension by PEX56 using the 

human PDGFR-β mRNA as a template.  The transcriptional start sites are shown by arrows to the 

left of this lane.  Lanes 2�5:  sequencing reactions on the sense strand of the human PDGFR-β 

promoter are loaded in the order CGAT.  The bases corresponding to the two transcription start 

sites are indicated on the sequence at the right of the gel by asterisks.  (D) Diagram of the human 

PDGFR-β promoter and location of important putative cis-elements.  The 

polypurine/polypyrimidine region is shown in the inset, and the important G-tracts are underlined. 
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Figure 4.2 �continued 
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4.3.2 The C-rich strand of the polypurine/polypyrimidine region in the 

human PDGFR-β promoter is sensitive to S1 nuclease 

The DNA region that is sensitive to the endonucleases DNase I or S1 

usually assumes non-B-form DNA structures and contains important cis-

elements within chromatin [41�46].  Therefore, we tested the S1 nuclease 

sensitivity of the human PDGFR-β promoter by digesting the plasmids pGL-

hPRB-E and pGL-hPRB-B with S1 nuclease.  One particularly S1-sensitive 

region consistently appeared within the polypurine/polypyrimidine region (�132 to 

�165) of the human PDGFR-β promoter in both plasmids.  Fine-mapping of this 

region in pGL-hPRB-B showed that the major S1-hypersensitive sites lay 

predominantly within four cytosine tracts (�158/�139) of the cytosine-rich (C-rich) 

sense strand in the human PDGFR-β promoter (Figure 4.3, lanes 3 and 4).  

Significantly, the guanine-rich (G-rich) strand of this region is far less sensitive to 

S1 nuclease than the C-rich strand in the supercoiled plasmid under the same 

experimental conditions (Figure 4.3, lane 7).  Consequently, we have designated 

the polypurine/polypyrimidine region (�165 to �132) as NHE (nuclease 

hypersensitive element).  The preferential cleavage of the C-rich strand of NHE 

by S1 nuclease indicates that the NHE under supercoiled torsional stress 

assumes a paranemic DNA structure, in which the C-rich strand retains a single-

stranded conformation that is sensitive to S1 nuclease, whereas the NHE G-rich 

strand most likely forms a DNA secondary structure that is resistant to S1 

nuclease.   



 

173

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3  Identification of S1 nuclease hypersensitive sites in the human PDGFR-β proximal 

promoter.  Lanes 1 and 2 show the cytosine sequencing reactions on the sense strand (C-rich 

strand), and lane 8 shows the guanine sequencing reaction on the antisense strand.  Plasmid 

pGL-hPRB-B was pretreated with different amounts of S1 nuclease before PCR (lanes 3, 4, and 

7), and the S1 nuclease cleavage sites were mapped by PCR using specific 32P-labeled primers.  

Lanes 5 and 6 are the same as 3, 4 and 7 but without S1 nuclease.  The sequences and 

locations of the S1 hypersensitive regions on the G- and C-rich strands are shown on both sides 

of the gel. 
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4.3.3 CD spectroscopy shows that the G-rich strand of NHE form G-

quadruplex structures 

It has been shown that tandem repeats of the G-tract sequence can adopt 

intramolecular G-quadruplex structures in the promoters of several important 

genes, such as c-MYC, Bcl-2, VEGF, HIF1-α, RET, c-Kit, c-Myb, KRAS, and 

PDGF-A [35, 47�57].  The basic building block, the G-tetrad, and examples of 

intramolecular G-quadruplex structures found in the c-MYC, Bcl-2, PDGF-A, and 

c-Myb promoters are shown in Figure 4.4, A and B.  The G-rich strand of NHE in 

the human PDGFR-β promoter contains five guanine runs of three or more 

contiguous bases, each separated by four, four, two, and one bases from the 5´-

end, respectively (sequence shown in Figure 4.2D).  By analogy with the G-

quadruplex-forming region of other promoters, the G-rich region in the NHE has 

the potential to form one or more three-tetrad G-quadruplex structures under 

physiological condition. 

CD spectroscopy has been well established to determine the existence of 

G-quadruplex structures in a DNA sequence and to provide insight into the 

topology of G-quadruplexes [58, 59].  Therefore, the DNA oligomer Pu38-mer, 

which contains the whole core sequence of the G-rich strand of NHE, was 

subjected to CD in the presence of KCl and NaCl (sequence shown in Figure 

4.4C).  Figure 4.4C shows that in the presence of 100 mM KCl Pu38-mer exhibits 

a CD spectrum (red line) characterized by a maximum positive ellipticity at 265 

nm, a negative band at 240 nm, and a minor positive band at 212 nm.  However, 
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the CD also shows extended positive absorption around 290 nm in the presence 

of KCl, suggesting that the Pu38-mer assumes a mixed parallel/antiparallel G-

quadruplex structure in KCl.  In 100 mM NaCl, the CD spectrum of Pu38-mer 

(Figure 4.4C, black line) has pronounced shoulder absorption between 280 and 

300 nm, which is the characteristic signature of a mixed parallel/antiparallel G-

quadruplex structure [49, 60].  Both KCl and NaCl can dramatically increase the 

elliptic intensity of NHE Pu38-mer CD spectra, indicating that alkali metal ions 

can facilitate the formation G-quadruplexes in this sequence.  Under 

physiological conditions (about 140 mM KCl and 5�10 mM NaCl) [61,62], the 

major NHE G-quadruplex in KCl solution is likely to be a mixed 

parallel/antiparallel structure. 

 

 

 

 

 

 

 

 

 

 

 



 

176

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 (A) Structure of a G-tetrad (left) and the parallel intramolecular G-quadruplexes 

formed in c-MYC, shown as a cartoon (right).  (B) Examples of the folding patterns of known 

intramolecular G-quadruplexes formed in Bcl-2, c-Myb, and PDGF-A promoters [49,55,57].  (C) 

Effect of alkali metals (KCl and NaCl) on the PDGFR-β NHE Pu38-mer CD spectra.  The CD 

signals of Pu38-mer in 100 mM KCl, 100 mM NaCl, and water are shown in red, black, and green 

respectively.  All CD data were obtained with a 5 µM DNA concentration at 25 °C.  The sequence 

of NHE Pu38-mer is shown under the CD spectra.   
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Figure 4.4 �continued 

 

 

 

 

 

 

 

 



 

178

4.3.4 KCl facilitates the formation of intramolecular G-quadruplexes in 

the G-rich strand of NHE 

The specific stabilizing effect of alkali metal ions (KCl and NaCl) on the 

formation of G-quadruplexes in the G-rich strand of NHE was further evaluated 

by a Taq polymerase stop assay.  In this assay, the stable G-quadruplex 

structure formed in the G-rich DNA template is able to stop primer extension by 

the DNA polymerase [34].  A cassette template DNA containing the Pu38-mer of 

NHE was annealed with a 32P-labeled primer, which subsequently was extended 

with Taq polymerase under different conditions. In the absence of NaCl or KCl, 

the major portion of primer was extended to form a full-length product, and a 

primary arrest product occurred at G34 (stop product 2) of the Pu38-mer (Figure 

4.5, lane 4).  Upon addition of KCl in the reaction, stop product 2 increased in a 

KCl-dependent manner (Figure 4.5, lanes 8 and 9), but NaCl did not show any 

significant effect on the formation of stop product 2 (Figure 4.5, lanes 5 and 6).  

The different effects between KCl and NaCl indicate that the KCl-specific block to 

DNA synthesis is not due to general effects of alkali ions.  In the presence of 100 

mM KCl, three additional stop products (1, 3, and 4) were produced at A38, G30, 

and G25 (Figure 4.5, lane 9), suggesting that the human PDGFR-β Pu38-mer 

has the capacity to form multiple intramolecular G-quadruplex structures that are 

preferentially stabilized by KCl.  Stop product 1 includes a 5´-GGA tract, 

suggesting that the neighboring GGGAGGG sequence could form a stable 

double-chain reversal structure with a one-base loop [65] that is able to stabilize 
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this species.  The G-quadruplex structure causing the arrest site at G34 is the 

major G-quadruplex structure and is remarkably stable, since it produces an 

arrest product in the Taq polymerase stop assay even in the absence of KCl. 
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Figure 4.5 Effect of increasing concentrations of NaCl and KCl on the stability of G-quadruplex 

structures within the NHE G-rich strand using the Taq polymerase stop assay.  Lanes 1 and 2 

represent the guanine and cytosine sequencing reactions, respectively.  Lane 3 is the 32P-labeled 

primer without Taq polymerase.  The primer extension reaction in lane 4 was performed in the 

buffer without KCl or NaCl.  The samples in lanes 5�9 were pre-incubated with different 

concentrations of KCl or NaCl before the primer extension reaction.  Three primer extension stop 

products are designated as 1, 2, 3, and 4.  The corresponding sites for the stop products are 

indicated on the core G-tract sequence of NHE Pu38-mer at the bottom of gel.   
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4.3.5 DMS footprinting reveals a preference for protection of the 5´-end 

tracts of guanines in the NHE 

The formation of a G-quadruplex can be determined by DMS footprinting 

patterns since N7 of guanine in a G-tetrad is protected from DMS methylation in 

contrast to single-stranded or duplex DNA [63].  The G-rich strand of NHE has 

the potential to form multiple G-quadruplexes by using different combinations of 

G-tracts within the five runs of three or more guanines.  To determine the major 

G-quadruplex structure in the NHE, an incremental series of KCl concentrations 

from 10 to 100 mM and exposure times to DMS from 1 to 6 min were used in the 

DMS footprinting on the Pu38-mer (Figure 4.6).  In the absence of KCl, a fairly 

uniform cleavage of all the G-tracts was found (Figure 4.6, lanes 2 and 3), which 

is consistent with a linear single-stranded DNA.  In the presence of 10 and 50 

mM KCl and at the shortest DMS exposure times (Figure 4.6, lanes 4 and 7), 

selective protection of the 5´-end G-tracts was found (G4�G6, G11�G17, 

G19/20, and G22�G25).  The protection of G4�G6 established that this G-

quadruplex contains three G-tetrads.  The protection of G11�G17 implies a 

double-chain reversal having three tetrads and a one-base internal loop using 

G14.  Therefore, the other two connecting loops in the 3´- and 5´-flanking faces 

of the core G-tetrads must each have four-base loops.  Intriguingly, the guanines 

located in these 4-base loops (G8, G19, and G20) are also protected from DMS 

cleavage, indicating that these bases are also involved in potential Hoogsteen 

base pairing.  The CD study (Figure 4.4C) suggests the formation of a mixed 
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parallel/antiparallel G-quadruplex structure consistent with the size of the loops 

(4:1:4) determined by DMS footprinting [65].  While there is some evidence of 

DMS protection of the 3´ G-tracts (G28�G30, G32�G34, and G36/G37 in lanes 4 

and 7 of Figure 4.6), this protection in more obvious in lane 10 where protection 

from DMS cleavage occurs in the G-tract at the 5´-end (G4�G6) through to 

G36/G37 at the 3´-end.  This suggests that at the highest concentration of KCl 

(100 mM) there is an equilibrium of G-quadruplexes involving different sets of G-

tracts, but the most favored G-quadruplex is that at the 5´-end of the NHE Pu38-

mer. 
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Figure 4.6 DMS footprinting of intramolecular G-quadruplex structures in the NHE.  The Pu38-

mer was incubated in a Tris buffer without KCl (lanes1�3), or in the presence of 10 mM KCl 

(lanes 4�6), 50 mM KCl (lanes 7�9), and 100 mM KCl (lanes 10�12) before treating with DMS.  

The vertical solid lines on the left of the gel indicate the seven runs of two or more guanines.  The 

DMS footprinting patterns of the intramolecular G-quadruplex structure of lanes 4, 7 and 10 are 

indicated on the core sequence of NHE Pu38-mer to the left of the gel.  Open circles indicate the 

guanines that are fully protected, quarter-filled circles indicate the guanines that are strongly 

protected, and half-filled circles indicate the guanines that are weakly protected. 
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4.3.6 Stabilization of the G-quadruplex in the NHE with small molecules 

Several studies have shown that certain small molecules can modulate 

gene transcription by stabilizing the biologically relevant G-quadruplexes formed 

in gene promoters [35,48,53,56,57,65].  Therefore, we used the Taq polymerase 

stop assay to evaluate the abilities of three well-known G-quadruplex-interactive 

agents, TMPyP4, telomestatin, and Se2SAP (Figure 4.7A) to stabilize the G-

quadruplexes in the NHE.  TMPyP2, a positional isomer of TMPyP4, that lacks 

the ability to bind to G-quadruplex structures [64], served as the negative control 

in our studies.  The results in Figure 4.7B (lanes 5�9) show that TMPyP2 has a 

negligible effect on the formation of stop products; however, upon the addition of 

G-quadruplex-interactive agents in the reaction, four premature primer extension 

products were produced, which were designated as stop product 1, 2, 3, and 4.  

When the concentration of drugs was 0.5 µM, TMPyP4 and Se2SAP 

preferentially stabilized stop products 2 and 4 that correspond to the arrest sites 

at G34 and G25 in the NHE Pu38-mer (Figure 4.7B, lanes 12 and 22).  When the 

drug concentration is 1 µM and higher, TMPyP4 bound to the duplex DNA 

(Figure 4.7B, lanes 13 and 14).  Telomestatin stabilized all four premature stop 

products at a drug concentration of 0.5 µM.  However, telomestatin preferentially 

stabilized the G-quadruplex structures associated with stop products 1, 3 and 4 

(A38, G34, and G25) (Figure 4.7B, lane 17) at 0.5 µM and the major stop product 

1 (A38) at 1 µM (Figure 4.7B, lane 18), which is a different pattern to TMPyP4 

and Se2SAP.  A graphical comparison of the relative intensities of the arrest 
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products for telomestatin and Se2SAP at concentrations of 0.5 and 1 µM is 

shown in Figure 4.7C.  Overall, these data show that telomestatin has a different 

pattern of stop product stabilization than TMPyP4 and Se2SAP. 
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Figure 4.7 (A) Structures of the G-quadruplex-interactive compounds TMPyP4, telomestatin and 

Se2SAP, and the control compound TMPyP2.  (B) The Taq polymerase stop assay was used to 

compare the stabilization of the PDGFR-β NHE G-quadruplex by TMPyP2 (lanes 5�9), TMPyP4 

(lanes 10�14), telomestatin (lanes 15�19), and Se2SAP (lanes 20�24) by using increasing 

concentrations of drugs (0.01, 0.05, 0.5, 1, and 2.5 µM) at 60 °C.  Lanes 1 and 2 are sequencing 

reactions on the template. Lane 3 is labeled primer, and lane 4 is without drug.  The four primer 

extension stop products are designated as 1, 2, 3, and 4.  The corresponding arrest sites are 

indicated on the core G-tract sequence of NHE Pu38-mer below the gel.  (C) Graphical 

representation of autoradiograms showing the effects of Se2SAP and telomestatin on the 

formation of stop products in the Taq polymerase stop assay from (B) at concentrations of 0.5 

and 1 µM (upper and lower diagrams respectively).  The Taq polymerase stop products are 

indicated by arrows at the bottom of the Figure.   
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Figure 4.7 �continued 
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4.3.7 Telomestatin produces a dose-dependent repression of luciferase 

expression mediated by the human PDGFR-β promoter and PDGFR-β 

expression in Daoy cells 

To directly assess the specific biological effects of G-quadruplex-

interactive agents on human PDGFR-β promoter activity, Daoy cells were co-

transfected with plasmids pGL-hPRB-B and pRL-TK (internal control), which then 

were treated with incremental concentrations of TMPyP2, TMPyP4, Se2SAP, 

and telomestatin.  As anticipated, TMPyP2 did not show any significant effect on 

the promoter activity of the pGL-hPRB-B (Figure 4.8A).  However, TMPyP4, 

Se2SAP, and telomestatin produced either an inverted (TMPyP4 and Se2SAP, 

Figure 4.8B and C) or more a more typical dose-dependent inhibition 

(telomestatin, Figure 4.8D) on the promoter activity of human PDGFR-β.  The 

different effects of these three G-quadruplex-interactive agents on the human 

PDGFR-β promoter activity may be due to the selectivity of these compound 

toward different G-quadruplex isomers formed in the promoter and their ability to 

stabilize the biologically relevant G-quadruplex.  In the absence of additional data 

on the function of the different G-quadruplexes in the human PDGFR-β promoter, 

it is difficult to rationalize the biphasic effects of TMPyP4 and Se2SAP.  

Significantly, telomestatin reduced human PDGFR-β promoter activity by about 

70% of the control at a concentration of 25 µM (Figure 4,8D).  These results 

prompted us to determine the effect of telomestatin on human PDGFR-β 

transcription in human cancer cells.   
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Over-expression of PDGFR-β has been observed in medulloblastoma 

cells [66,67].  Indeed, we confirmed that expression of PDGFR-β in a 

medulloblastoma cell line (Daoy) is higher than that in normal tissue and in 

certain cancer cell lines, such as HPDE-6 and Mia PaCa-2 (unpublished results).  

To directly assess the effect of telomestatin in the inhibition of human PDGFR-β 

transcription, we used semi-quantitative RT-PCR to analyze the change of 

PDGFR-β mRNA levels in telomestatin-treated Daoy cells.  In triplicate 

experiments, Daoy cells that were treated with telomestatin for 24 h, showed a 

reproducible reduction in PDGFR-β mRNA levels (Figure 4.8E).  At a 

concentration of 5 µM, telomestatin completely inhibited PDGFR-β expression in 

Daoy cells (Figure 4.8E, lanes 10�12), without affecting GAPDH expression.  

This result is consistent with the previous luciferase assay (Figure 4.8D) showing 

that telomestatin mediates it transcriptional inhibitory effect on human PDGFR-β 

transcription by specifically stabilizing one or more of the G-quadruplex 

structures formed in the NHE. 
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Figure 4.8 Determination of the effects of the G-quadruplex-interactive agent on the 

transcriptional activity of human PDGFR-β basal promoter containing the NHE determined by the 

dual luciferase assay.  The effects of TMPyP2 (A), TMPyP4 (B), Se2SAP (C) and telomestatin 

(D) on the human PDGFR-β basal promoter activity are shown as the comparative firefly 

luciferase expression (firefly/renilla) in each histogram.  The values are the average of three 

independent experiments.  Error bars are ± SE.  (E) The effect of telomestatin on mRNA levels of 

human PDGFR-β and GAPDH in Daoy cells.  Lanes 1�3, no drug-treatment; lanes 4�6, the cells 

were treated with 0.1 µM telomestatin; lanes 7�9, 1 µM telomestatin treatment; lanes 10�12 5 µM 

telomestatin treatment.  Drug-treatment time was 24 h. 
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Figure 4.8 �continued 
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4.4 Discussion 

PDGFR-β is an important tyrosine kinase receptor that plays a critical role 

in the growth of a number of solid tumors.  Aberrant expression of PDGFR-β has 

been observed in several malignancies, such as dermatofibrosarcoma, 

glioblastoma, endocrine pancreatic tumor, and medulloblastoma [19,66�69].  To 

cast light on the mechanisms that controls expression of PDGFR-β, we have 

cloned and characterized the first functional promoter of the human PDGFR-β 

gene.  Our studies show that the human PDGFR-β promoter does not have a 

TATA box.  Two transcriptional start sites have been identified in the human 

PDGFR-β promoter.  This observation is in accordance with numerous reports 

indicating that TATA-box-less promoters usually drive the initiation of mRNA 

transcription from multiple sites [70,71].  The human PDGFR-β promoter 

identified by our study has a low sequence identity with the mouse PDGF-β 

promoter [21�23].  Numerous studies have shown that Sp1, NF-Y, c-MYC, p73α, 

and p53 are involved in the regulation of mouse PDGFR-β promoter activity [25�

30].  The same (Sp1 and NF-Y) but also different (AP-1) consensus sequences 

of important transcription factor binding sites are also found in the human 

PDGFR-β promoter.  The CAAT box and the NHE located in the proximal 

promoter region of human PDGFR-β are predicted to be essential for the 

promoter activity of human PDGFR-β.  However, the biological roles of some of 

these putative cis-elements in regulating human PDGFR-β transcription still need 

to be determined. 
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A functional analysis of the human PDGFR-β promoter reveals that the 

polypurine/polypyrimidine region, designated as NHE (�158/�139), likely adopts 

a non-B-DNA conformation and is hypersensitive to S1 nuclease in supercoiled 

plasmids.  The S1-hypersensitive sites are localized predominantly on the C-rich 

stand of the human PDGFR-β NHE, and the complementary G-rich strand is 

resistant to S1 nuclease, suggesting that the G-rich strand of NHE forms an 

unusual DNA structure such as a G-quadruplex structure and the C-rich strand 

assumes a partially single-stranded loop in supercoiled plasmids.  Studies from 

our group show that G-quadruplex-forming regions in the proximal promoters of 

VEGF and PDGF-A are also sensitive to nucleases and can form G-quadruplex 

structures in supercoiled plasmids [50,65].  It has been shown that the 

transcription-induced negative superhelicity in the c-MYC promoter plays a 

critical role in driving the interconversion between duplex and non-B-form 

conformation and by implications in other promoters having NHEs [72,73].  

Furthermore, the DMS footprinting and Taq polymerase stop assays show that 

the G-rich strand of the human PDGFR-β NHE can form stable G-quadruplex 

structures under physiological conditions.  Along with the compelling observation 

from the Levens group [72], our studies using supercoiled plasmids, which 

mimics the effect of transcriptionally induced negative superhelicity, suggest that 

the G-quadruplex structures generated under negative superhelical stress in the 

polypurine/polypyrimidine regions of gene promoters, such as VEGF and 
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PDGFR-β, may play a more general role in control of gene expression containing 

these elements [50, 73, 74]. 

There is an intriguing relationship between the different patterns and 

potencies of PDGFR-β transcriptional repression by telomestatin vs. Se2SAP 

and TMPyP4 (see Figure 4.8), and the hierarchy of binding of these ligands to 

the different G-quadruplexes as determined by the polymerase stop assay 

(Figure 4.7).  Telomestatin shows a clear dose dependency for inhibition of 

luciferase activity in contrast to the effects of TMPyP4 and Se2SAP (Figure 4.8).  

The KCl dependency experiment (Figure 4.5) shows a clear preference for the G-

quadruplex corresponding to stop product 2.  The same stop product is favored 

by Se2SAP and TMPyP4.  In sharp contrast, telomestatin favors stop products 1 

and 3, both of which are less favored than stop product 2 produced by Se2SAP 

and TMPyP4.  Thus telomestatin stabilizes the G-quadruplexes that are not 

favored by KCl or the other G-quadruplex-interactive compounds.  It would 

appear that drug stabilization of those G-quadruplexes that are inherently less 

likely to form under physiological conditions produces a potent inhibition of 

luciferase expression.  It is likely that the differential binding of telomestatin and 

Se2SAP to G-quadruplexes associated with stop products 1-4 is dependent on 

the heterogeneity of the folding patterns, loop size, and capping structures within 

these structures.  These different ligands may be mimicking the effect of natural 

recognition elements such as protein, which can also differentially regulate 

PDGFR-β gene expression.  Compelling data show that intramolecular G-
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quadruplexes that form within the promoters of some oncogenes, such as c-

MYC, PDGF-A, VEGF, c-Kit, and KRAS, and small molecules, which bind to 

these G-quadruplexes, have been shown to inhibit transcriptional activation 

[35,53,56,57,74].  Here, we demonstrate that the G-quadruplex formed in the 

human PDGFR-β NHE is a negative regulator and can be stabilized by small G-

quadruplex-interactive agents, some of which result in repressing PDGFR-β 

transcription.  The use of small G-quadruplex-interactive agents to repress 

PDGFR-β transcription is an alternative approach to target the PDGFR-β 

pathway.  This new strategy may be useful in treating drug-resistant tumors, 

which are caused by the PDGFR-β kinase mutants.   

One generic character of the G-quadruplex-forming regions in the 

oncogene promoters is that these regions also contain consensus-binding sites 

for Sp1, which is a key player in regulating gene transcription [65, 75-79].  

Therefore, it is not surprising that we also identified a conserved Sp1 binding site 

within the NHE of the human PDGFR-β promoter.  As has been correctly pointed 

out, Sp1 consensus binding sites and G-quadruplex-forming elements are often 

coincident [79].  However, rather than interpreting this as an argument against 

the biological relevance of G-quadruplexes in mediating a role in the central of 

gene expression, we suggest that this provide a gene specific way of eliminating 

a ubiquitous transcription factor like Sp1 from promoter regions which are 

actively undergoing transcription.  
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On the basis of this new insight of the human PDGFR-β promoter and 

previous studies on c-MYC and PDGF-A promoters, we propose a model in 

which the G-quadruplex derived from the purine strand of the NHE and the 

transcription factor Sp1 are involved in the repression and activation of PDGFR-β 

transcription respectively (Figure 4.9).  In this model, the active transcriptional 

form (B in Figure 4.9) is in equilibrium with the silenced form (C and D in Figure 

4.9).  The Sp1 binds to the duplex conformation of NHE; the transcriptional 

machinery is recruited to the proximal promoter region, initiating the transcription 

(A to B in Figure 4.9).  However, as transcription proceeds, the transcriptionally 

generated negative superhelical torsion can topologically convert the duplex NHE 

region into single-stranded conformation (B to C in Figure 4.9) and displace the 

Sp1, and this turns off transcription.  As the transcriptionally generated negative 

superhelicity increases, this energetically drives the formation of secondary DNA 

structures such as G-quadruplexes (C to D in Figure 4.9). The dynamic 

interconversion between duplex and G-quadruplex conformation provide a real 

time transcriptional feedback mechanism to regulate the human PDGFR-β 

transcription.  Further more the silenced form of the NHE can be frozen in the 

presence of telomestatin, which shifts the equilibrium away from the active 

transcription form (D to E in Figure 4.9).  The precise detail of the structures of 

the different G-quadruplexes, and their complexes with telomestatin and 

TMPyP4, are still undefined.  These studies are ongoing, as is the development 

of more drug-like molecules for potential clinical utility. 
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Figure 4.9 Model for the activation and repression of human PDGFR-β gene transcription in 

supercoiled DNA, involving the conversion of the duplex species (A) to the transcriptionally active 

species (B) via duplex (A) and are partially single-stranded species (C), or the G-quadruplex-

containing silenced species (D).  Sp1 and NF-Y are double-stranded DNA binding proteins 

involved in transcriptional activation of NHE in the promoter.  Interaction of the G-quadruplex 

structure in the NHE with telomestatin stabilizes the gene-off form to maintain transcriptional 

repression (D). 
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CHAPTER 5 

CONCLUSIONS 

For a long time, DNA has been viewed as a non-specific target for 

cytotoxic agents in cancer therapeutics.  Despite of the enormous efforts that 

have been put into finding a small therapeutical effective molecule to specifically 

modulate gene expression, this objective has not been achieved.  It has been 

found that the polypurine/polypyrimidine regions in the promoter of numerous 

human genes, including the important proto-oncogenes c-MYC, Bcl-2, c-MYB, 

VEGF, HIF1-α, Ret, KRAS, c-Kit, c-Myb, and PDGF-A, can assume stable G-

quadruplex structures in vitro [1-13].  Accumulated data confirm that the 

intramolecular G-quadruplex structure play a critical role in control of on/off gene 

switches during transcription [13].  The G-quadruplex structures formed in 

promoters have emerged as attractive molecular targets to specifically modulate 

gene expression on the basis of their diversities and unique molecular 

recognition properties in contrast to duplex DNA [2,13].  Intriguingly, our 

investigation of polypurine/polypyrimidine regions in the promoters of human 

PDGF-A and PDGFR-β lead to the identification of stable G-quadruplex 

structures formed in these two promoters.   Furthermore, the unique G-

quadruplex structures formed in the promoters of PDGF-A and PDGFR-β can be 

selectively stabilized by different G-quadruplex-interactive agents, which lead to 

transcriptional repression in cancer cells. 
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The nuclease hypersensitive element (NHEPDGF-A) in the proximal 5´-

flanking region of the human PDGF-A promoter is critical for gene transcription.  

In our studies of the PDGF-A promoter, the complexity of the G-quadruplex-

forming motif of the NHEPDGF-A led to the identification of two intramolecular 

parallel G-quadruplex structures in the single-stranded DNA oligomer of the 

NHEPDGF-A.  These structural isomers are in dynamic equilibrium and can be 

differentially stabilized by G-quadruplex-interactive compounds in vitro.  It is 

notable that only one major parallel G-quadruplex structure was identified within 

the double-stranded DNA of NHEPDGF-A.  We demonstrate that this major 

structure is a parallel four-tetrad intramolecular G-quadruplex structure.  We are 

the first group to successfully identify and characterize the G-quadruplex formed 

in duplex DNA, which is also most likely the first biologically relevant G-

quadruplex structure identified in the PDGF-A promoter.  The transfection study 

shows that TMPyP4 can significantly reduce the basal promoter activity of 

PDGF-A, which is due to the selective stabilization of major G-quadruplex formed 

in the NHEPDGF-A.  Our studies confirm that the intramolecular G-quadruplex 

formed in the NHEPDGF-A acts as a silencer element in regulating PDGF-A 

transcription in cells.   

Apart from the NHEPDGF-A, another important S1 nuclease hypersensitive 

region involved in the PDGF-A transcriptional regulation is the 5´-end far 

upstream silencer element 5´-SHS.  Prior to this investigation there was lack of 

information about the mechanism behind the transcriptional silencing effect of 5´-
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SHS.  In this dissertation, I demonstrate that KCl and the G-quadruplex-

interactive compounds, TMPyP4 and telomestatin, can significantly facilitate the 

invasion of 5´-SHS G-rich DNA strand into the NHEPDGF-A of supercoiled 

plasmids.  EMSA and DMS footprinting studies confirm that the G-rich strand of 

5´-SHS anneals specifically to the C-rich strand of the NHEPDGF-A, while the G-

rich strand of NHEPDGF-A forms a G-quadruplex structure within the context of 

duplex DNA.  Invasion of the 5´-SHS G-rich strand into the NHEPDGF-A not only 

prevents S1 nuclease cleavage of the run of thirteen cytosines within the 

supercoiled plasmid, but also interferes with the binding of hnRNP K to the C-rich 

strand of the NHEPDGF-A.  On the basis of these results, we propose a molecular 

mechanism for transcriptionally silencing PDGF-A promoter activity by 5´-SHS 

such that the G-rich strand of 5´-SHS invades and base-pairs to the looped-out 

C-rich strand of the NHEPDGF-A, which results in further stabilization of the major 

G-quadruplex structure in the G-rich strand of the NHEPDGF-A and prevention of 

transcriptional activators binding to the C-rich strand of the NHEPDGF-A.  This 

unique model for the invasion complex between the 5´-SHS and the NHEPDGF-A 

element provides an explanation for how the 5´-SHS could silence PDGF-A 

expression and how this could be facilitated by TMPyP4.   Along with the study of 

the mechanism of 5´-SHS, I also collected convincing evidence of the formation 

of intramolecular G-quadruplex structure in the NHEPDGF-A within supercoiled 

plasmids.    
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In last decade, major studies on the PDGFR-β transcription are based on 

the mouse PDGFR-β promoter.  It was not clear whether these mouse studies 

could precisely elucidate the regulatory mechanism of human PDGFR-β 

transcription.  To investigate the human PDGFR-β transcription, I have cloned 

and characterized the first functional promoter of human PDGFR-β gene.  I 

demonstrate that the polypurine/polypyrimidine region (NHEPDGFR-β) in the human 

PDGFR-β promoter is crucial for basal promoter activity.  The NHEPDGFR-β is 

hypersensitive to S1 nuclease and likely to assume a non-B-form DNA 

secondary structure within supercoiled plasmids.  The NHEPDGFR-β contains a 

series of runs of three or more guanines that can form a number of different of G-

quadruplex structures, which have been assessed by our studies in this 

dissertation.  Unlike TMPyP4 that can preferentially stabilize the major G-

quadruplex in PDGF-A promoter, telomestatin has been shown to be more potent 

in selectively stabilizing the G-quadruplex structures in the human PDGFR-β 

promoter.  In Daoy cells, telomestatin is able to significantly suppress the human 

PDGFR-β basal promoter activity as well as the human PDGFR-β mRNA level.  

The unique activity of telomestatin against human PDGFR-β is most likely due to 

its ability to facilitate the formation and stabilization of the unique intramolecular 

G-quadruplex structure formed in the human PDGFR-β promoter in cells.  I 

conclude that the NHEPDGFR-β G-quadruplex structure is a negative regulator in 

human PDGFR-β transcription.   
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Most of the published studies on G-quadruplexes have been carried out 

using synthetic oligomers in a cell-free system.  It is particularly difficult to obtain 

convincing evidence of the existence of intramolecular G-quadruplex structure 

within the supercoiled chromosome in intact cells.  Herein, I demonstrate that the 

C-rich strand of the NHE regions of human PDGF-A and PDGFR-β promoters 

assume partial single-stranded conformation and are hypersensitive to S1 

nuclease, while the G-rich strand can form stable G-quadruplex structures in 

supercoiled plasmids under physiological conditions.  Notably, the studies from 

Levens� group show that the transcription-induced negative superhelicity in the c-

MYC promoter plays a critical role in driving the interconversion between duplex 

and non-B-form conformation and by implication in other promoters having NHEs 

[14,15].  On the basis of our studies using supercoiled plasmids along with the 

observation from Levens� group, it is believed that the NHE region in the gene 

promoter is in equilibrium between the active transcriptional form (B-form DNA or 

unwound single-stranded conformation) and the silence form (G-quadruplex/i-

motif) in vivo.  This dynamic structural transition within the NHE provides a 

generic real-time mechanism to regulate transcription.  The use of small G-

quadruplex-interactive agents to disrupt this equilibrium is a new approach to 

modulate the transcription of some important oncogenes in tumors. 

In summary, we determine the biologically relevant intramolecular G-

quadruplex structures formed in the NHE regions of the human PDGF-A and 

PDGFR-β promoters. The biological effects of G-quadruplex-interactive 
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compounds, which interact quite preferentially with different intramolecular G-

quadruplex structures formed in the human PDGF-A and PDGFR-β promoters, 

have been investigated.  The results from this dissertation provide strong 

evidence to support that intramolecular G-quadruplex can form within the 

supercoiled DNA in cells.  I have proposed a general mechanism that the 

stabilization of G-quadruplex structures by small molecules can modulate PDGF-

A and PDGFR-β expression.  The negative regulators, G-quadruplex structures 

in the NHEs of human PDGF-A and PDGFR-β, are promising alternative targets 

to specifically suppress the PDGF signaling pathways in cancers.
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APPENDIX A 

PUBLICATION AND MANUSCRIPTS 
 
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.  Yong Qin, Evonne M. Rezler, Vijay Gokhale, Daekyu Sun, Laurence 

H. Hurley. Nucleic Acids Res. 2007;35(22):7698-713. 

Abstract 

The proximal 5'-flanking region of the human platelet-derived growth factor A 

(PDGF-A) promoter contains one nuclease hypersensitive element (NHE) that is 

critical for PDGF-A gene transcription. On the basis of circular dichroism (CD) 

and electrophoretic mobility shift assay (EMSA), we have shown that the 

guanine-rich (G-rich) strand of the DNA in this region can form stable 

intramolecular parallel G-quadruplexes under physiological conditions. A Taq 

polymerase stop assay has shown that the G-rich strand of the NHE can form 

two major G-quadruplex structures, which are in dynamic equilibrium and 

differentially stabilized by three G-quadruplex-interactive drugs. One major 

parallel G-quadruplex structure of the G-rich strand DNA of NHE was identified 

by CD and dimethyl sulfate (DMS) footprinting. Surprisingly, CD spectroscopy 

shows a stable parallel G-quadruplex structure formed within the duplex DNA of 

the NHE at temperatures up to 100 degrees C. This structure has been 

characterized by DMS footprinting in the double-stranded DNA of the NHE. In 

transfection experiments, 10 microM TMPyP4 reduced the activity of the basal 

promoter of PDGF-A approximately 40%, relative to the control. On the basis of 

these results, we have established that ligand-mediated stabilization of G-

quadruplex structures within the PDGF-A NHE can silence PDGF-A expression. 
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Structures, folding patterns, and functions of intramolecular DNA G-quadruplexes 

found in eukaryotic promoter regions. Yong Qin, Laurence H. Hurley.  Biochimie. 

2008 Feb 29; [Epub ahead of print] 

Abstract 

In its simplest form, a DNA G-quadruplex is a four-stranded DNA structure that is 

composed of stacked guanine tetrads. G-quadruplex-forming sequences have 

been identified in eukaryotic telomeres, as well as in non-telomeric genomic 

regions, such as gene promoters, recombination sites, and DNA tandem repeats. 

Of particular interest are the G-quadruplex structures that form in gene promoter 

regions, which have emerged as potential targets for anticancer drug 

development. Evidence for the formation of G-quadruplex structures in living cells 

continues to grow. In this review, we examine recent studies on intramolecular G-

quadruplex structures that form in the promoter regions of some human genes in 

living cells and discuss the biological implications of these structures. The 

identification of G-quadruplex structures in promoter regions provides us with 

new insights into the fundamental aspects of G-quadruplex topology and DNA 

sequence-structure relationships. Progress in G-quadruplex structural studies 

and the validation of the biological role of these structures in cells will further 

encourage the development of small molecules that target these structures to 

specifically modulate gene transcription. 
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Molecular cloning of the human PDGFR-B promoter and targeting the G-

quadruplex-forming region to repress PDGFR-B expression. Yong Qin, Denise 

Tye, Mary Guzman, Laurence H. Hurley. Preparing (2008). 

Abstract 

Aberrant expression of platelet-derived growth factor receptor β (PDGFR-β) has 

shown a strong correlation with the angiogenesis, proliferation, and progression 

of several malignancies.  Thus, PDGFR-β is considered a potential target for 

cancer therapeutics.  As a first step toward understanding the mechanism that 

controls expression of PDGFR-β, we have cloned and characterized the first 

functional promoter of the human PDGFR-β gene.  Luciferase reporter gene 

assays have shown that the promoter is located immediately upstream of the first 

extron of human PDGFR-β.  The major transcription initiation site was mapped 

by primer extension.  Promoter deletion experiments demonstrate that the 

proximal, highly GC-rich region (�165 to �139) of the human PDGFR-β promoter 

is crucial for basal promoter activity.  This region is sensitive to S1 nuclease and 

likely to assume a non-B-form DNA secondary structure within supercoiled 

plasmid.  The G-rich strand in this region contains a series of runs of three or 

more guanines that can form a number of different of G-quadruplex structures, 

which have been subsequently assessed by CD and DMS footprinting.  A Taq 

polymerase stop assay was used to show that G-quadruplex-interactive drugs 

could selectively stabilize these G-quadruplex structures in the human PDGFR-β 

promoter.  In transfection experiments, telomestatin was shown to reduce the 

human PDGFR-β basal promoter activity by about 70%, relative to the control.  

Further study showed that the PDGFR-β mRNA level in Daoy cells is significantly 

decreased after treatment with 1 µM telomestatin for 24 hours.  On the basis of 

these results, we propose that ligand-mediated stabilization of G-quadruplex 

structures in the proximal promoter region of human PDGFR-β can be used to 

modulate the expression of this oncogene. 
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Intramolecular G-quadruplex fomation in the nuclease hypersensitive element of 

the PDGF-A promoter facilitates invasion of the 5�-silencer element to repress 

gene transcription. Yong Qin, Laurence H. Hurley.  Preparing (2008). 

Abstract 

Transcription of the platelet-derived growth factor A-chain gene (PDGF-A) is 

regulated by multiple polypurine/polypyrimidine cis-elements.  Our previous 

studies have shown that the G-rich strand of the nuclease hypersensitive 

element (NHE) within the proximal PDGF-A promoter can form a stable 

intramolecular G-quadruplex structure and play a crucial role in PDGF-A 

transcription.  The 5´-distal S1 nuclease hypersensitive silencer (5´-SHS) 

upstream of the PDGF-A promoter has been shown to repress the promoter 

activity of NHE.  We now demonstrate that KCl and the G-quadruplex-interactive 

compounds TMPyP4 and telomestatin can significantly facilitate the invasion of 

5´-SHS G-rich DNA strand into the NHE of supercoiled plasmids.  EMSA and 

DMS footprinting studies confirm that the G-rich strand of 5´-SHS anneals 

specifically to the C-rich strand of the NHE, while the G-rich strand of NHE forms 

a G-quadruplex structure within the context of duplex DNA.  Invasion of the 5´-

SHS G-rich strand into the NHE not only prevents S1 nuclease cleavage of the 

run of thirteen cytosines within the supercoiled plasmid, but also interferes with 

the binding of hnRNP K to the C-rich strand of the NHE.  On the basis of these 

results, we propose a molecular mechanism for transcriptionally silencing PDGF-

A promoter activity by 5´-SHS such that the G-rich strand of 5´-SHS can invade 

and base-pair to the looped-out C-rich strand of the NHE, which results in further 

stabilization of the major G-quadruplex structure in the G-rich strand of the NHE 

and prevention of binding of transcriptional activators to the NHE region. 
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