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学位論文の要旨	
	

G-quadruplex (G4) is a DNA secondary structure that has been shown to play an 

important role in biological systems. In this study, the biological functions of selected G4 

sequences were studied using luciferase reporter assay. Results have shown that the 

luciferase expression was activated when G4-forming sequences from the Dele and Cdc6 

genes have been cloned in reporter vectors carrying a minimal promoter and the luciferase 
gene, and also have been detected in experiments applying a promoterless reporter vector. 

Furthermore, the activation was decreased by the telomestatin derivative L1H1-7OTD that 

can bind to G4 structure and stabilize it. When Dele-F, Dele-R and Cdc6 CpG islands 

sequence were cloned in the promoterless reporter vector, the luciferase expression was 

activated with Dele-F CGI sequence and was inhibited by Cdc6, indicating that G4 formation 

is significant in these sequences for the transcriptional regulation. In conclusion, Dele and 

Cdc6 G4 DNAs individually possess enhancer and promotor function; however, when studied 

in more complex CpG islands Dele G4 also demonstrates promotor activity, whereas Cdc6 G4 

may possess a dual function of transcriptional regulation.  
DNA methylation has been considered to be a potential biomarker for cancer diagnosis. 

Methylated G4-forming sequences of mouse Dele and human DELE were studied to analyze 

the effect of methylated G4 on transcription. Additionally, a new DNA methylation detection 

system was developed utilizing G4 and i-motif forming sequences, based on the hypothesis 

that methylated G4 and i-motif structures may arrest DNA polymerase activity during 

quantitative polymerase chain reaction (qPCR). The results showed negative correlation 

between PCR amplification efficiency and methylation levels in the G4 and i-motif forming 

sequences. Results have demonstrated that DNA methylation of the G4 and i-motif forming 

sequences can be detected by analyzing the amplification efficiency using qPCR. 
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. Introduction 

1.1 Background 

1.1.1 DNA structure 

DNA structures predominantly take A-, B-, or Z-forms, and most DNAs adopt the 

right-handed duplex B form at neutral pH and physiological salt concentrations [1]. 

Duplex DNA comprises two strands in antiparallel 5' to 3' and 3' to 5' orientations, and 

these are coiled in the double helix structure proposed by Watson and Crick in 1953 [2].  

Strands of double helical DNA are bound by purine–pyrimidine hydrogen bonds 

between adenine (A) and thymine (T), and between guanine (G) with cytosine (C). A:T 

base pairs form two hydrogen bonds and G:C base pairs for three (Figure 1.1), and 

whereas these are usually arrayed in the anti conformation, some bases can rotate by 

approximately 180° about the glycosidic bond to form the syn configuration (Figure 1.2) 

[3]. 

In addition to canonical base pairs, G:G and C:C interactions have been described 

and can lead to different DNA structures. The flexibility of double helix DNA allows 

folding into more complex three dimensional structures with three or four strands, 

forming secondary DNA structures, such as G-quadruplex and i-motif [4, 5, 6]. 

Following the human genome project, these alternative DNA structures have received 

increasing research attention. 
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Figure 1.1 Purine and pyrimidine bases are bound by 2 or 3 hydrogen bonds. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 syn and anti conformations of guanine bases about the glycosidic bond 
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1.1.2 G-quadruplex (G4) structures 

G4 DNA structure comprises two or more square planar guanine (G)-tetrads (Figure 

1.3), which are composed of four G bases connected through Hoogsteen hydrogen bonds, 

involving inter- or intramolecular interactions of four DNA strands [5, 7, 8]. When G4 is 

folded, G-tetrads in π–π stacking conformations are usually stabilized by monovalent 

cations, such as potassium K+, which fit between the two tetrads and is surrounded by 8 

guanine O6 oxygen atoms (Figure 1.3) [9, 10, 11, 12].  

 

 

 

 

 

 

Figure 1.3 G-tetrad and G-quadruplex structures stabilized by monovalent cations 
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of both anti and syn configurations [15]. In recent studies, the term antiparallel-type has 

been used to describe G4 structures with two strands in the same direction and two strands 

in the opposite direction, and with base stacking in anti/syn or syn/anti conformations 

(Figure 1.4). In addition, hybrid-type or mixed-type G4 structures have one strand in the 

opposite direction to the other three strands and G base stacking of mixed anti/syn or 

syn/anti and anti/anti or syn/syn conformations (Figure 1.4) [16, 17].  

 

 

 

 

 

 

 

Figure 1.4 Parallel-, antiparallel-, and hybrid-type G4 structure orientations; guanine bases 

are colored red and blue for syn and anti conformations, respectively. 
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Nucleotides between pairs of G runs are involved in the formation of loops in G4 

structures, and connect the strands as edge-wise lateral, diagonal, double-chain reversal, or 

propeller and V-shaped loops. Lateral loops connect neighboring antiparallel strands, 

whereas diagonal loops connect opposing antiparallel strands, propeller loops connect 

neighboring parallel strands, and V-shaped loops connect the corners of two G-tetrads that 

are missing a column [18, 19]. Critically, loops in G4 structures may act as targets for small 

ligand molecules [20]. 

Generally, G4 structures form on sequences with tracts of two or more G bases and 

loops of one or more nucleotides between the tracts. Accordingly, putative intrastrand G4-

forming sequences can be predicted using computational algorithms, such as 

Gx+Ny1Gx+Ny2 GxNy3Gx, where x ≥ 2 and Nyi represents loop sequences [21], although 

these can vary in length, location, and numbers of strands involved in the folding process. 

Several studies report methods for detecting G4 forming sequences in silico and in vitro 

throughout the genome [22], and numerous intramolecular G4 structures have been 

identified. In addition, few approaches have been developed to identify motifs that contain 

G tracks on both strands of duplex DNA and form intermolecular G4 structures [23, 24].  

Although G4 structures are thermodynamically more stable than their duplex 

counterparts [25], they are often temporary and are formed in equilibrium with duplexes, 

unless they are stabilized by factors such as ligands. Under pathological conditions such as 

cancer, this equilibrium is pushed in favor of folding or unfolding of the G4 structure, 

leading to overexpression or suppression of corresponding genes [26]. 
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The vast topological diversity of G4 structures with differing folding patterns and 

loop lengths produces specific molecular properties, and these require dedicated 

investigations to target and manipulate structures of therapeutic value. 
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1.1.3 G4 location 

Telomeric G4 structures have been studied in the human genome and in genomes 

of various other organisms, and have been shown to form telomeric repeats in vitro in NMR 

and X-ray crystal structure determinations [11]. Moreover, in genome-wide surveys, about 

376,000 putative quadruplex sequences were identified in the human genome [27]. Among 

these, G-rich sequences are found upstream of proto-oncogene promoters, such as those of 

c-MYC [28], c-KIT [29], VEGF [14], BCL-2 [30], and RET [31], and the RAS genes HRAS 

[32, 33] and KRAS. [34]. In silico analyses have also demonstrated that sequences with the 

potential to form G4 motifs are enriched in ribosomal DNA, immunoglobulin heavy-chain 

switch regions, and CpG islands (CGIs) [35, 36, 37, 38], suggesting widespread regulatory 

roles [39]. 
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1.1.4 G4 functions 

G4 structures in telomeres have been shown to inhibit telomerase activities, which 

maintain telomere lengths and have been associated with more than 85% of cancers [40]. 

G4 structures also affect gene expression levels, and G4-forming sequences in promoter 

regions have been found to play functional roles in the suppression of proto-oncogenes [41, 

42], such as c-MYC [28, 43, 44, 45, 46], BCL-2 [47, 48], VEGF [49], and RET [31]. 

G4 structures and transcriptional regulation 

A study using mutational analyses show that two neighboring DNAs upstream of 

the HRAS promoter repress transcription by forming G4 structures [32]. In addition, 

mutation of G4-forming sequences destabilizes G4 structures in the nuclease 

hypersensitivity element III1 (NHEIII1) of the c-MYC promoter, resulting three-fold 

increases in basal transcription [28, 43]. In other studies, three individual G4 structures 

were identified in a GC-rich region upstream of the P1 promoter of BCL-2 [48] and partial 

mutation of G to A in the ensuing sequences disrupted G4 structures and increased bcl-2 

transcription by two-fold [47].  

G4 structures have also been associated with increased transcription. Specifically, 

mutation of a p32 G4-forming sequence, originally located in the P1 promoter of the Bcl-

2 gene, led to reduced transcriptional activity of mutated vectors in comparison with the 

native vectors [50], suggesting transcription activation by this G4 structure. Furthermore, 

in the insulin-linked polymorphic region (ILPR), G4 structures comprising two repeated 

consensus sequences [51, 52] activated transcription and single or double mutations 

reduced promoter activity [53, 54, 55]. In addition, the G4-forming c-myb GGA repeat 
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region reportedly acted as both transcriptional repressor and activator. Moreover, one or 

two deletions of (GGA)4 motifs increased c-myb promoter activity, whereas deletion of all 

three regions eliminated promoter activity [56]. These regulatory activities of G4 structures 

suggest the potential of these structures as targets in therapeutic strategies for numerous 

human diseases, including cancer [57].  

Molecular interactions of G4 structures 

Targeting of G4 structures using proteins and small molecules has been shown to 

affect transcription in several studies. In particular, human cellular nucleic binding protein 

(CNBP) reportedly bound specifically to the single strand G-rich sequence of the c-Myc 

NHE III1 region in vitro, and subsequently promoted the formation of G4 structures [43]. 

Moreover, overexpression of NM23-H2 strongly activated transcription of the c-myc gene 

by nearly 300% and interactions of CNBP and NM23-H2 also increased c-Myc 

transcription. These data indicate that increases in c-Myc expression following 

overexpression of CNBP is prompted by recruitment of NM23-H2 to the c-Myc NHE III1 

promoter due to their strong interaction suggesting the potential of CNBP as an anticancer 

target. In contrast, binding of the cationic porphyrin TMPyP4 to the c-MYC G4 repressed 

promoter activity [45]. Additionally, nucleolin has been identified as a c-MYC G4 binding 

protein that represses c-MYC expression [46] and HRAS transcription was dramatically 

inhibited by the G4 DNA ligand ATPD-1, which binds HRAS quadruplexes with high 

affinity. Accordingly, in the presence of abrogating point mutations of G4s, ATPD-1 

repressed transcription by only 50% [32], whereas transcription of the HRAS promoter was 

activated by the zinc-finger protein MAZ, which lifted the transcriptional blockade caused 
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by the neighboring G4 at hras-1 and hras-2. Other studies also demonstrate that targeting 

of G4 sequences using quindoline derivatives stabilized G4 structures, leading to reduced 

Bcl-2 [47] and VEGF [49] transcription and decreased angiogenesis. In addition, the G4 

ligands TMPyP4 and telomestatin reportedly stabilized G4 structures of the RET proto-

oncogene promoter and reduced gene expression [31]. 

 In a previous study, 1998 G4-forming sequences were identified in a mouse CGIs 

microarray using the fluorescent-labeled G4 ligand L1Cy5-7OTD [58]. Subsequent CD 

spectroscopy and DMS footprinting analyses confirmed the formation of 10 G4-forming 

sequences that were randomly selected. Thus, the aim of this study is to analyze the 

regulatory functions of these 10 G4 DNAs and to investigate the transcriptional effects of 

binding the telomestatin derivative G4 ligand L1H1-7OTD to G4 structures (Figure 1.5). 
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Figure 1.5 Structure of the telomestatin derivative G4 ligand L1H1-7OTD that binds to 

G4 structures through stacking 
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1.1.5 DNA methylation 

DNA methylation is an epigenetic mechanism that occurs by the attachment of a 

methyl group to a DNA base (Figure 1.6) [59]. Methylation of the O6-position of the G 

base (6 mG) has been associated with DNA damage and cancer [60, 61]. In addition, 6 mG 

reportedly induced structural conformational changes in G4 structures of human telomeres 

[62]. In mammalian genomes, methylation of cytosine is common in CGIs, and these are 

found in around 72% of promoters [63, 64] and have important roles in transcriptional 

regulation. Low rates of methylation, or hypomethylation, have been associated with 

overexpression of some oncogenes in cancer cells [65]. Conversely, hypermethylation in 

CGIs can inhibit the transcription of tumor suppressor genes, leading to tumorigenesis [66, 

67] (Figure 1.7). These epigenetic observations have inspired several research groups to 

exploit DNA methylation patterns of some genes as biomarkers for cancer therapeutics [68, 

69, 70]. 

Several methods have been developed to detect DNA methylation, such as sodium bisulfite 

method, and techniques using methylated DNA ligands have been widely reported. Sodium 

bisulfite modification involves the conversion of unmethylated C residues into uracil, 

which is then recognized as thymine in polymerase chain reaction (PCR) experiments. 

Concomitantly, methylated C residues remain unconverted and are amplified by specific 

primers. In these experiments, DNA is initially linearized using restriction enzymes, and is 

then denatured under alkaline conditions in the presence of sodium bisulfite/hydroquinone 

(pH 5.0) at 50°C for 16 or 40 h under mineral oil. The resulting solutions are then dialyzed 

at 4°C in large volumes of sodium acetate/hydroquinone, and unreacted bisulfite is 
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removed. Bisulfite-reacted DNA is then dried under vacuum and resuspended in buffer and 

ammonium acetate is added after incubation at room temperature for 10 min [66, 71]. 

Consequently, bisulfite assays are time consuming and expose the starting materials to low 

pH and high temperature, which can cause damage or loss [72, 73, 74]. Moreover, 

preparation of specific ligand molecules can be difficult and requires an additional step for 

ligand binding to methylated DNA [75, 76, 77]. Thus, more convenient methods for 

determining DNA methylation levels are eagerly awaited. 
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Figure 1.6 Methylation of cytosine base 

 

 

 

 

 

 

 

Figure 1.7 Methylation of promoter DNA inhibits transcription 
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1.1.6 G4 and DNA methylation 

Stabilizing G4 structures that form near proto-oncogene promoters can influence 

gene expression [78] and several studies show increased stability of G4 structures 

following methylation. Specifically, C-5-methylation reportedly increased the thermal 

stability of G4 structure in P1 promoter of the anti-apoptotic factor bcl-2 and inhibited 

extension reactions of DNA polymerase [79]. Although methylation of G4 structures also 

prevented PCR amplification of template DNA in a previous study [80], the effects of 

methylated G4 structures on transcription have not been investigated directly. 
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1.1.7 i-motif structures 

Complementary strands of G-rich sequences that form G4 structures are cytosine 

(C)-rich sequences that form quadruplex structures known as intercalated (i)-motifs (Figure 

1.8) [6]. These secondary DNA structures comprise two parallel-stranded DNA duplexes 

in an antiparallel orientation with intercalated C:C+ base pairs. These i-motifs tend to fold 

and stabilize under acidic conditions [81, 82], and the resulting sensitivity to changes in 

pH can be exploited in nanotechnology applications. Studies are still limited about 

transcriptional functions of i-motif structures, but few have suggest that i-motif role may 

resemble that of G4s. The VEGF i-motif forming sequence [76] contains a binding site for 

the transcriptional factor Sp1, which plays a significant role in VEGF transcription [83]. 

Similar i-motifs have also been identified in association with BCL-2 and RET genes [79, 

31], and methylation of i-motif structures has been shown to increase base-pairing energies 

of proton-bound dimers of cytosine (C+·C) [84, 85], leading to greater stability of the 

structure.  
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Figure 1.8 Schematic of an i-motif structure with the intercalating hydrogen bonding 

between cytosine bases; C:C+ 
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1.2 Objective 

The main objective of this doctoral thesis is to analyze structural and functional 

properties of G4 structures, and to determine their effects on transcription. To this end, ten 

G4 forming sequences were randomly selected from CGIs of mouse genome and were 

cloned into luciferase reporter vectors (chapter 2). The effects of G4 formation on 

transcription were then analyzed using luciferase reporter assays after transfecting 

mammalian cells with wild-type and mutant G4 vectors. In these experiments, G4 

structures were stabilized with L1H1-7OTD and the transcriptional effects were 

determined. Subsequently, circular dichroism (CD) spectroscopy analyses of G4 structures 

were performed in the presence and absence of L1H1-7OTD. In further experiments 

(chapter 3), the effects of methylated G4 structures on transcription were investigated using 

reporter assays. Finally, in hypothesis, PCR amplification efficiency decreases in the 

presence of methylated G4 and i-motif structures; therefore, methylated G4/i-motif 

forming sequences were used in a novel DNA methylation detection system based on 

amplification efficiency using qPCR (Chapter 4).  
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. Identification of transcriptionally regulating 

G4 structures in Dele and Cdc6 CpG islands  

2.1 Background and aims 

G4 structures are secondary DNA structures with reported biological roles. In this 

study, 10 sequences were randomly selected from previously identified G4-forming 

sequences in mouse CpG islands, and their transcriptional effects were analyzed using 

luciferase reporter assays. Among these 10 G4 DNAs, the effects of Dele and Cdc6 G4 

DNAs were the strongest, and further reporter assays of Dele and Cdc6 G4 DNA constructs 

were associated with corresponding topological data from CD experiments. 
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2.2 Materials and methods 

2.2.1 Selection of G4-forming sequences 

To analyze transcriptional activities of G4 structures, wild-type and mutant 

constructs of the 10 selected G4 forming sequences were prepared and cloned into 

luciferase reporter vectors. These sequences were from Jard2, Foxa2, Chd4, Med4, Bmi1, 

Wt1, Sp130, Cdc6, and Dele genes (Table 2.1). Each sequence was constructed with 

additional bases on 3’ ends to form SfiI recognition site after cloning on the SfiI site on the 

reporter vector.  

Dele G4 DNA 

The Dele G4-forming sequence was found on two divergently overlapping genes, 

Dele and 1700086O06Rik, located on mouse chromosome 18 (Figure 2.1); therefore, the 

Dele G4 sequence was used in forward and reverse directions (Dele-F G4 and Dele-R G4). 

The gene Dele encodes the protein death ligand signal enhancer, which is essential for the 

induction of death receptor-mediated apoptosis via caspase activation. In contrast, the gene 

1700086O06Rik encodes an as yet uncharacterized protein. 
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Table 2.1 G4 DNA sequences for reporter assays  

Guanine runs that form G4 structures are shown in red and mutation sites are highlighted 

in yellow 

  
Name Sequences 

Jard2 
5’     GTGAGGCTAGGGGGTGGTGGTGGTGGGGGTGAGGAAGGGAAAGAT CGG 

TTG CACTCCGATCCCCCACCACCACCACCCCCACTCCTTCCCTTTCTA 

3’ 

3’ 5’ 

Jard2 MT 
5’     GTGAGGCTAGGGGGTGGTGGTGGTTTTGGTGAGGAAGGGAAAGAT CGG 

TTG CACTCCGATCCCCCACCACCACCAAAACCACTCCTTCCCTTTCTA 

3’ 

3’ 5’ 

Foxa2 
5’     CTCCCTTCACCGGTACCCGCCCCCCCACCTCTAGCCTTCCTGGAC CGG 

TTG GAGGGAAGTGGCCATGGGCGGGGGGGTGGAGATCGGAAGGACCTG 

3’ 

3’ 5’ 

Foxa2 MT 
5’     CTCCCTTCACCGGTACCCGCCCCAAAACCTCTAGCCTTCCTGGAC CGG 

TTG GAGGGAAGTGGCCATGGGCGGGGTTTTGGAGATCGGAAGGACCTG 

3’ 

3’ 5’ 

Chd4 
5’     TAAAGAGGAGGGTGGCGGTAGTGGAGGGGGGGGTTGGAGTTGGTT CGG 

TTG ATTTCTCCTCCCACCGCCATCACCTCCCCCCCCAACCTCAACCAA 

3’ 

3’ 5’ 

Chd4 MT 
5’     TAAAGAGGATTTTGGCGGTAGTGGAGGGGGGGGTTGGAGTTGGTT CGG 

TTG ATTTCTCCTAAAACCGCCATCACCTCCCCCCCCAACCTCAACCAA 

3’ 

3’ 5’ 

Ntpcr 
5’     CTTGTGTGTCGGGAAGGGGGGGGGGGGAGCGTTGGAAACGCATGC CGG 

TTG GAACACACAGCCCAACCCCCCCCCCCCTCGCAACCTTTGCGTACG 

3’ 

3’ 5’ 

Ntpcr MT 
5’     CTTGTGTGTCGGGAATTTGGGGGGGGGAGCGTTGGAAACGCATGC CGG 

TTG GAACACACAGCCCAAAAACCCCCCCCCTCGCAACCTTTGCGTACG 

3’ 

3’ 5’ 

Med4 
5’     ACTTGGGTAGGCGGGCTTGGGAGGCTCCGTTGGACGTGGGGTCTA CGG 

TTG TGAACCCATCCGCCCGAACCCTCCGAGGCAACCTGCACCCCAGAT 

3’ 

3’ 5’ 

Med4 MT 
5’     ACTTGGGTATTCGGGCTTGGGAGGCTCCGTTGGACGTGGGGTCTA CGG 

TTG TGAACCCATAAGCCCGAACCCTCCGAGGCAACCTGCACCCCAGAT 

3’ 

3’ 5’ 

Bmi1 
5’     CACTCTTTTTGGGGTTGGGACTGAGGTGGCGGTCACGCGAGGATC CGG 

TTG GTGAGAAAAACCCCAACCCTGACTCCACCGCCAGTGCGCTCCTAG 

3’ 

3’ 5’ 

Bmi1 MT 
5’     CACTCTTTTTGTTGTTGGGACTGAGGTGGCGGTCACGCGAGGATC CGG 

TTG GTGAGAAAAACAACAACCCTGACTCCACCGCCAGTGCGCTCCTAG 

3’ 

3’ 5’ 

Wt1 
5’     AGTAGGGAGCTTTGGAATGAGGGATTAACACTTTGGGGGACTTAGTC CGG 

TTG TCATCCCTCGAAACCTTACTCCCTAATTGTGAAACCCCCTGAATCAG 

3’ 

3’ 5’ 

Wt1 MT 
5’     AGTATTTAGCTTTGGAATGAGGGATTAACACTTTGGGGGACTTAGTC CGG 

TTG TCATAAATCGAAACCTTACTCCCTAATTGTGAAACCCCCTGAATCAG 

3’ 

3’ 5’ 

Sp130 
5’     AGGGGTAGGTTGGGTGGTAAGAGGTGGTAAGCGGAGCGGCTGCTG CGG 

TTG TCCCCATCCAACCCACCATTCTCCACCATTCGCCTCGCCGACGAC 

3’ 

3’ 5’ 

Sp130 MT 
5’     AGGGGTAGGTTTTGTGGTAAGAGGTGGTAAGCGGAGCGGCTGCTG CGG 

TTG TCCCCATCCAAAACACCATTCTCCACCATTCGCCTCGCCGACGAC 

3’ 

3’ 5’ 

Cdc6 
5’     TGGGGAGGCTGGGTGGAGGACAAAGTAGAAATAAAAATACGGAAGTAGAT CGG 

TTG ACCCCTCCGACCCACCTCCTGTTTCATCTTTATTTTTATGCCTTCATCTA 

3’ 

3’ 5’ 

Cdc6 MT 
5’     TGGGGAGGCTTTTTGGAGGACAAAGTAGAAATAAAAATACGGAAGTAGAT CGG 

TTG ACCCCTCCGAAAAACCTCCTGTTTCATCTTTATTTTTATGCCTTCATCTA 

3’ 

3’ 5’ 

Dele-F 
5’     ATAGCGCCAGTGGGTGGGCTTAGATCTGGGAAGGGCGGGACAGAG CGG 

TTG TATCGCGGTCACCCACCCGAATCTAGACCCTTCCCGCCCTGTCTC 

3’ 

3’ 5’ 

Dele-F MT 
5’     ATAGCGCCAGTGGGTGGGCTTAGATCTGGGAATTTCGGGACAGAG CGG 

TTG TATCGCGGTCACCCACCCGAATCTAGACCCTTAAAGCCCTGTCTC 

3’ 

3’ 5’ 

Dele-R 
5’     CTCTGTCCCGCCCTTCCCAGATCTAAGCCCACCCACTGGCGCTAT CGG 

TTG GAGACAGGGCGGGAAGGGTCTAGATTCGGGTGGGTGACCGCGATA 

3’ 

3’ 5’ 

Dele-R MT 
5’     CTCTGTCCCGAAATTCCCAGATCTAAGCCCACCCACTGGCGCTAT CGG 

TTG GAGACAGGGCTTTAAGGGTCTAGATTCGGGTGGGTGACCGCGATA 

3’ 

3’ 5’ 
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Figure 2.1 G4-forming sequence, located on the divergently overlapping Dele and 

1700086O06Rik genes, was used as Dele-F in the forward direction and as Dele-R in the 

reverse direction. 
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2.2.2 Plasmid construction 

Wild-type and mutant G4 DNAs were cloned into the SfiI sites of the minimal 

promoter containing vector pGL4.23 [luc2/minP] (Figure 2.2) and the promoterless vector 

pGL4.10 [luc2] (Figure 2.3; Promega Corporation, Madison, WI, USA). Ligated plasmids 

were then amplified by the transformation of E. coli DH5α competent cells (TOYOBO, 

Osaka, Japan). Next, plasmids were extracted using PureYield Plasmid Miniprep System 

(Promega Corporation, Madison, WI, USA). In order to eliminate the least possibility of 

the plasmids to get methylated, which may consequently interfere with transcription of G4 

regions, E. coli HST04 dam-/dcm- competent cells (Takara, Tokyo, Japan) was 

transformed by the plasmids to prepare DNA methylation-free plasmids.). All plasmids 

were sequenced to confirm target sequences using a 3730xl DNA analyzer (Thermo Fisher 

Scientific, Waltham, MA, USA).  
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Figure 2.2 Minimal promoter containing vector pGL4.23  

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Promoterless vector pGL4.10   
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Dele and Cdc6 CGIs were amplified from C57BL/6 mouse genomic DNA, via 

PCR, using the primers shown in Table 2.2. PCR products were then purified using Wizard 

SV Gels and PCR Clean-Up System kit (Promega Corporation, Madison, WI, USA) and 

were then digested using SfiI (NEB, Ipswich, MA, USA). Products were then cloned into 

the SfiI site of pGL4.10 [luc2] and the plasmids were prepared as described above. 

Successfully ligated vectors were discriminated from the unmodified pGL4 luciferase 

reporter vector according to the absence of the SfiI cleavage site after insertion of the G4 

sequence. Ligation was subsequently confirmed by digesting 0.5 μg of the ligated product 

with 10 U of Sfi1 in a reaction volume of 10 μL at 50°C for 1 h. Products were then 

electrophoresed on 1% agarose gels, and ligation was confirmed according to migration of 

DNA bands. Positively screened vectors were then sequenced by MACROGEN, Japan. To 

construct mutant-type G4 vectors, site-directed mutagenesis was performed using KOD -

plus- mutagenesis kits (TOYOBO, Osaka, Japan) according to the manufacturer’s protocol 

with the primers for mutants shown in table 2.2. 
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Table 2.2 Primer sequences used for CGI vector construction and site-directed 

mutagenesis 

Mutation sites are shown in bold. 

Primer  Sequences (5’-3’) 

Dele-F CGI Forward ATTGGCCTAACTGGCCAGGGTGCTCTAGGTTCACCA 

 Reverse ATTGGCCGCCGAGGCCTCCCCTTGGACCTAAGCTCT 

Dele-R CGI Forward ATTGGCCTAACTGGCCTCCCCTTGGACCTAAGCTCT 

 Reverse ATTGGCCGCCGAGGCCAGGGTGCTCTAGGTTCACCA 

Cdc5 CGI Forward ATTGGCCTAACTGGCCATGAGCAAAGGTAGCCCAGT 

 Reverse ATTGGCCGCCGAGGCCCTGCTCAAAACTAGCCAGCA 

Dele CGI MT Forward CGGGACAGAGGGAGCGAGG 

 Reverse AAATTCCCAGATCTAAGCCCACCCACT 

Cdc5 CGI MT Forward TGGAGGACAAAGTAGAAATAAAAATACG 

 Reverse AAAAGCCTCCCCACCGTTGCC 
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2.2.3 Cell culture 

NIH3T3 cells were cultured in dulbecco modified eagle medium (DMEM) medium 

(Sigma-Aldrich, St. Louis, Missouri, USA) containing 10% fetal bovine serum (Sigma-

Aldrich, St. Louis, Missouri, USA) and 1 × Penicillin-Streptomycin-L-Glutamine Solution 

(Wako, Tokyo, Japan) at 37°C in 5% CO2. Cells were passaged at about 90% confluence 

after 2–3-days culture (Figure 2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Transfection methods for reporter assays with and without the ligand 

Ligand was added after one day and on the day of transfection in methods [A] and [B], 

respectively.  
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2.2.4 Luciferase reporter assays 

NIH3T3 cells were transfected with 100 ng of the firefly luciferase reporter vector 

and 100 ng of the Renilla luciferase control vector using the transfection reagent 

Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the 

manufacturer’s protocol. After 48 h, cells were lysed and luciferase activities were 

measured using Dual-Luciferase Reporter Assay System kit (Promega Corporation, 

Madison, WI, USA) and SPARK 10M microplate reader (TECAN, Männedorf, 

Switzerland). Firefly luciferase expression levels in cells were determined as the ratio of 

firefly to Renilla luciferase activity and expression levels were normalized to those of 

pGL4.10 or pGL4.23 luciferase reporter vectors (Figure 2.4, 2.5). All reporter assays were 

performed in triplicate.  

 

 

Figure 2.5 Schematic of cell transfection and luciferase protein expression 
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The transcriptional effects of the G4 ligand were investigated using two methods. 

In method A (Figure 2.4 A), 100 ng of firefly luciferase reporter vector and 100 ng of 

Renilla control vector were transfected into NIH3T3 cells using Lipofectamine 3000. After 

24 h, culture media were refreshed and cells were exposed to 10 µM L1H1-7OTD for a 

further 24 h prior to determining luciferase activity as described above. In method B 

(Figure 2.4 B), culture media were changed and cells were exposed to 10 µM L1H1-7OTD 

prior to transfection with 100 ng of firefly luciferase reporter vector and 100 ng of the 

Renilla control vector in the presence of 10 µM L1H1-7OTD using Lipofectamine 3000. 

Luciferase expression levels were determined in the presence or absence of L1H1-7OTD 

and were normalized to those of the pGL4.23 luciferase reporter vector in the presence or 

absence of L1H1-7OTD. All reporter assays were performed in triplicate. 
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2.2.5 CD spectroscopy  

Wild-type and mutant Dele and Cdc6 G4 oligonucleotides were purchased from 

Macrogen, South Korea (Table 2.3) and prepared in distilled water to create stock solutions 

(100 µM). Oligonucleotides were then diluted to 15 µM in TK buffer containing 50 mM 

Tris-HCl and 100 mM KCl (pH 7.5) prior to use in experiments. Oligonucleotides were 

denatured at 95°C for 3 min, were cooled to room temperature for 30 min, and were then 

diluted to 10 µM and incubated in the presence or absence of 10 µM L1H1-7OTD for 10 

min. CD spectra were then measured using a J-1500 CD Spectrometer (JASCO, Tokyo, 

Japan) at 220–320 nm using a 1 mm path-length cuvette in 5°C increments from 20°C to 

95°C. Baseline spectra were corrected for signal contributions of the buffer with and 

without the G4 ligand. CD melting analyses were performed with wild-type Dele and Cdc6 

G4 DNAs, and molar ellipticities were measured concomitantly in 1°C intervals at 264 nm 

and 262 nm, respectively.  

To determine Tm values, the molar ellipticity at 25°C was set as 100%, and the 

molar ellipticity at 95°C was set as 0%. Molar ellipticities were normalized by curve fitting 

using GhraphPad Prism7 software, and Tm values were calculated as the temperatures 

corresponding to 50% normalized molar ellipticity. 
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Table 2.3 G4 DNA sequences used in CD Spectroscopy 

Mutation sites are shown in bold. 

Name Sequences (5′–3′) 

Mouse Dele G4 GGGTGGGCTTAGATCTGGGAAGGGCGGG 

Mouse Dele G4 MT GGGTGGGCTTAGATCTGGGAATTTCGGG 

Mouse Cdc6 G4 GGGGAGGCTGGGTGGAGG 

Mouse Cdc6 G4 MT GGGGAGGCTTTTTGGAGG 
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2.3 Results 

2.3.1  Dele and Cdc6 G4-forming sequences activate reporter gene expression 

Plasmids for reporter assay experiments were constructed using G4 DNA 

sequences from Jard2, Foxa2, Med4, Chd4, Ntpcr, Bmi1, Wt1, Sp130, Cdc6, and Dele 

genes and luciferase reporter vectors with a minimal promoter containing a TATA-box 

promoter element. Plasmid constructs were confirmed using gel shift assays and 

sequencing of the reporter vector. 

Reporter vectors were transfected into NIH3T3 cells and luciferase gene expression 

was measured after 48 h culture. Luciferase activities were normalized to those of the 

Renilla luciferase expressing vector pGL4.74 and all measurements were performed in 

triplicate. These experiments (Figure 2.6) demonstrated greater expression values for 

Cdc6, Dele-F, and Dele-R G4 DNAs than for the other G4 DNAs.  

To determine the transcriptional effects of G4 structures, mutant vectors were 

designed by replacing single guanine run with thymine. These guanines were reported to 

be strongly associated with G4 formation, by DMS footprinting results in a previous study 

[58]. 

Comparisons of expression levels of G4-forming sequences and mutant sequences 

demonstrated significant differences for Foxa2, Med4, Chd4, Ntpcr, Cdc6, Dele-F and, 

Dele-R, but not for Jard2, Bmi1, Wt1, and Sp130 (Figure 2.6). These results indicate that 

Foxa2, Med4, Chd4, Ntpcr, Cdc6, Dele-F, and Dele-R G4 DNA sequences may possess an 

enhancer activity on the luciferase reporter vector, suggesting the formation of specific G4 

structures that may enhance the transcription. In particular, wild-type Cdc6 and Dele G4 
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DNAs have highly activated the transcription with a high significant difference (P < 

0.0001) compared with corresponding mutants, while the activity was with lower 

significance in Foxa2 and Med2 (P < 0.01) and Chd4 and Ntpcr (P < 0.001); therefore, 

Cdc6 and Dele G4 DNAs were selected to perform further analysis. 
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Figure 2.6 Luciferase reporter assays of enhancer activities of G4 DNA sequences  

G4-forming sequences were cloned into the pGL4.23 vector, which has a minimal 

promoter. Blue bars represent wild-type constructs and red bars represent the mutant 

constructs. Luciferase activities relative to the pGL4.23 vector are shown as means ± 

standard deviations (SD; n = 3); *P < 0.01, **P < 0.001, ***P < 0.0001  
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In addition to interactions between enhancers and promoters, promotor–promotor 

interactions are considered feasible [86], indicating that some promoters can also act as 

enhancers for other gene promoters. Therefore, to investigate whether Dele and Cdc6 G4 

DNAs possess promoter activities, reporter assays were performed using promoterless 

vectors. These experiments demonstrated that Dele-F, Dele-R, and Cdc6 G4 DNAs 

activated luciferase expression (Figure 2.7) and that protein expression is decreased by 

thymine mutations in the G4 region. These results indicated that Dele and Cdc6 G4 DNAs 

play regulatory roles as transcriptional promoters and enhancers, and suggest that the 

formation of secondary structures is essential for these effects. 
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Figure 2.7 Reporter assays of promoter activities of Cdc6, Dele-F, and Dele-R G4 DNAs 

G4-forming sequences were cloned into the promoterless vector pGL4.10. Blue bars 

represent wild-type and red bars represent mutant vectors. Luciferase activities are 

presented as means ± SD relative to the pGL4.10 vector (n = 3) and differences were 

identified using t-test; ***P < 0 .0001 
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2.3.2 Dele and Cdc6 CGI 

To assess the functions of Dele and Cdc6 G4 DNAs in CGIs that may contain more 

regulatory elements, a 696-bp DNA fragment containing a 475-bp Cdc6 CGI and a 555-bp 

DNA fragment containing a 477-bp Dele CGI were cloned into the promoterless vector 

and transcriptional activities were then determined using reporter assays. These 

experiments showed greater than 10-fold increases in overall luciferase activities of vectors 

containing Cdc6, Dele-F, and Dele-R CGI DNAs (Figure 2.8). Moreover, luciferase 

activities were higher than those of individually cloned G4 sequence vectors, suggesting 

that G4 structures interact with cis-regulatory elements within CGIs that activate 

transcription.  

In contrast with the vector containing the Cdc6 G4-forming sequence, mutant Cdc6 

CGI DNA had higher transcriptional activity than its wild-type counterpart. These 

observations suggest dual transcriptional functions of Cdc6 G4, as shown previously for c-

myc G4 [43], which acted as an activator and a suppressor depending on the presence of 

transcriptional factors.  

The transcriptional activity of mutant Dele-F CGI DNA was significantly (P < 

0.0001) decreased compared with that of the wild-type, indicating a high transcriptional 

activity of the G4 structure within this CGI sequence. In contrast, the transcriptional 

activity of the Dele-R CGI mutant was similar to that of its wild-type counterpart. The Dele 

CGI is located on the divergently overlapping genes Dele and 1700086O06Rik, suggesting 

the presence of at least two regulatory sequences. Results indicate that the Dele CGI 

sequence may contain a promoter for 1700086O06Rik, an insulator, and a promoter for 
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Dele (Figure 2.9). According to a previous study, the insulator sequence may have blocking 

activity that prevents promoter–enhancer interactions [87], likely preventing detection of 

the enhancer activity of the Dele G4 on the 1700086O06Rik promoter. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Reporter assays of transcriptional effects of Cdc6, Dele-F, and Dele-R G4 

DNAs in CGI sequences  

Luciferase activities were normalized to that of pGL4.10 and are presented as means ± SD 

(n = 3). Differences between wild-type and mutant constructs were identified using t-

tests;*P < 0.01, ***P < 0.0001.  
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Figure 2.9 Schematic of the role of the Dele G4 region within the CGI after cloning onto 

the vector in forward (Dele-F CGI) and reverse (Dele-R CGI) directions 

 

 

 

 

Luc2 

 pGl4.10 

G4-CGI 

 Promoter Promoter Insulator Luc2 

 

activation inhibition 

 Promoter Promoter Insulator Luc2 MT-G4 

Dele-F CGI 

Dele-R CGI 

 Promoter Promoter Insulator  Promoter Promoter Insulator MT-G4 

 

Luc2 

 pGl4.10 

G4-CGI 

Luc2 

 

Transcription 

Luc2 

Transcription 



 

 46 

2.3.3 G4 ligand suppresses the transcriptional activation of Dele and Cdc6 G4 DNAs  

G4 binding ligands have been developed in several studies of G4 structure–function 

relationships. These small molecules can distort, stabilize or induce structural changes in 

secondary DNA structures. Herein, the effects of the telomestatin derivative L1H1-7OTD 

on the transcriptional activity of Dele and Cdc6 G4 DNAs were determined after binding 

to G4 structures. This ligand was previously shown to bind the top G-tetrad structure 

through π-stacking and electrostatic interactions [88, 89]. 

In reporter assays using method A, Dele-F, Dele-R, and Cdc6 G4 DNAs were 

inserted into reporter vectors with a minimal promoter, and were then transfected into 

NIH3T3 cells in the presence of L1H1-7OTD. Subsequently, media were refreshed and 

cells were exposed to the test ligand at 1 day after transfection and were cultivated for 

another day prior to measuring luciferase activities. In these assays, data for ligand-treated 

and -untreated cells were normalized to those of ligand-treated and -untreated controls, 

respectively, and no significant differences in luciferase activity were identified (Figure 

2.10). Because these observations suggest poor membrane permeability of the G4 ligand, 

subsequent experiments were performed using method B, in which vectors were mixed 

with the G4 ligand prior to transfection into NIH3T3 cells in ligand-supplemented medium. 

The ensuing data demonstrated 35% to 37% inhibition of luciferase expression from wild-

type G4 ligand-treated Dele-F and Cdc6 G4 DNA constructs, but no significant differences 

in the presence of transfected mutant vectors (Figure 2.11). These observations of 

inhibition suggest that the ligand may have induced changes in G4 structures; however, no 

structural changes were observed in CD spectroscopy analyses (as explained later), 
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indicating that inhibitory activities of the ligand follow binding to the top of the G4 

structure, may have interfered with interactions between G4 structures and respective 

transcription factors by influencing dynamics, charges, and steric conditions.  
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Figure 2.10 Reporter assays showing the effects of L1H1-7OTD on Cdc6, Dele-F, and 

Dele-R G4 DNAs using method A (Figure 2.4). 

Violet bars represent relative luciferase activities in the absence of L1H1-7OTD, and blue 

bars represent those in the presence of L1H1-7OTD. Luciferase activities relative to that 

of the pGL4.23 vector are presented as means ± SD (n = 3). No significant effects of the 

ligand were identified using t-tests. 
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Figure 2.10 Reporter assays showing the effects of L1H1-7OTD on Cdc6, Dele-F, and 

Dele-R G4 DNAs using method B (Figure 2.4) 

Violet bars represent relative luciferase activities in the absence of L1H1-7OTD, and blue 

bars represent those in the presence of L1H1-7OTD. Luciferase activities relative to that 

of the pGL4.23 vector are presented as means ± SD (n = 3). The ligand L1H1-7OTD 

significantly reduced luciferase activities of Cdc6 and Dele-F constructs; *P < 0.01, **P < 

0. 001 
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2.3.4 CD spectroscopy analyses of Dele and Cdc6 G4 structures 

To confirm the formation of G4 structures, CD spectral analyses of wild-type and 

mutant Dele (Figures 2.12) and Cdc6 G4 DNAs (Figures 2.13) was performed. 

Subsequently, positive cotton effects were observed in wild-type Dele G4 DNA and Cdc6 

G4 DNA at around 264 and 262 nm, respectively, and negative cotton effects in wild-type 

Dele G4 DNA and Cdc6 G4 DNA at around 242 and 240 nm, respectively. These data 

indicate the formation of parallel type G4 structures, whereas CD analyses of mutant G4 

DNAs showed disrupted structures in comparison with wild-type structures.  

CD spectra changed little in the presence of the G4 ligand L1H1-7OTD, indicating 

that the formation of parallel type G4 structures in wild-type Dele and Cdc6 G4 DNAs is 

not disturbed by ligand binding (Figures 2.14, 2.15) [15]. CD spectra of mutant sequences 

(mutation of a single G-run to a T-run) show low molar ellipticity at around 260 nm and a 

shoulder between 280 and 300 nm, indicating that a transient secondary structures may 

form but not related to characteristic G4 structures (Figure 2.16).  

In CD melting analyses, Tm values (Figure 2.17) were 70°C for Dele G4 DNA at 

264 nm and 77°C for Cdc6 G4 DNA at 262 nm in the absence of the G4 ligand. These Tm 

values increased to 72°C for Dele G4 DNA and to 81°C for Cdc6 G4 DNA in the presence 

of the G4 ligand, indicating that ligand binding to the G4 structure of Dele and Cdc6 

increases the stability of G4s under the present experimental conditions. These findings are 

in agreement with a NMR study on the structurally similar macrocyclic compound L2H2-

6M(2)OTD, which binds to the top G-tetrad structure via π-stacking and electrostatic 

interactions without changing the folding topology [90]. Additionally, CD spectra of 



 

 51 

mutant-type sequences were not affected in the presence of the G4 ligand, strongly 

indicating that wild-type sequences of Dele and Cdc6 form G4 structures, and that 

corresponding selected mutants do not. These observations are in agreement with previous 

comparative analyses of mutant and wild type sequences. 

 

  



 

 52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 CD spectra of wild-type and mutant Dele G4 structures 

Wild-type (top) and mutant (bottom) G4 structures were analyzed in 5°C intervals from 

20°C to 95°C in TK buffer containing 50-mM Tris-HCl and 100-mM KCl (pH 7.5). 
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Figure 2.12 CD spectra of wild-type and mutant Cdc6 G4 structures 

Wild-type (top) and mutant (bottom) structures were analyzed in 5°C intervals from 20°C 

to 95°C in TK buffer at pH 7.5. 
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Figure 2.13 CD spectra of wild-type and mutant Dele G4 structures in the presence of 10-

μM L1H1-7OTD 

Wild-type (top) and mutant (bottom) G4 structures were analyzed in 5°C intervals from 

20°C to 95°C in TK buffer at pH 7.5.  
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Figure 2.14 CD spectra of the Cdc6 G4 wild-type and Cdc6 G4 mutant in the presence of 

10 μM L1H1-7OTD 

Wild-type (top) and mutant (bottom) G4 structures were analyzed in 5°C intervals from 

20°C to 95°C in TK buffer at pH 7.5.  
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Figure 2.15 CD spectra of Dele G4 and Cdc6 G4 DNAs. 

Wild-type (blue), mutant (red), wild-type with L1H1-7OTD (green), and mutant with 

L1H1-7OTD (orange) were analyzed at 25°C in TK buffer at pH 7.5. 
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Figure 2.16 CD melting curves of wild-type Dele G4 and Cdc6 G4 DNAs at 264 and 262 

nm, respectively 

Wild-type DNAs were analyzed in the presence (blue) and the absence of L1H1-7OTD 

(black) in 1°C intervals from 25°C to 95°C using TK buffer at pH 7.5. 
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2.4 Summary and discussion 

Herein, ten selected G4 DNAs were cloned into a luciferase reporter vector for 

reporter assays. These experiments showed that Cdc6 and Dele G4 DNAs activate 

transcription, likely reflecting enhancer and promoter activities of these individual clones 

in the vector. However, binding of Cdc6 and Dele G4 structures by L1H1-7OTD inhibited 

transcriptional activation, suggesting suppressive effects on enhancer–promoter 

interactions. In addition, previous reporter assays of CGI sequences showed that Dele-F 

G4 DNA possesses high transcriptional activity. 

The present study demonstrated transcriptional activation by G4 structures and 

identified Dele and Cdc6 as transcriptional regulators. Recently, the death ligand signal 

enhancer (DELE) was shown to bind death-associated protein 3 (DAP 3), which is induced 

by various stimuli to regulate cell apoptosis. Stable expression of DELE induces apoptosis, 

whereas knockdown of DELE rescued HeLa cells from apoptosis [91]. In addition, the cell-

division-cycle 6 (CDC6) protein is essential for DNA replication, and downregulation of 

Cdc6 expression leads to inhibition of cell growth and increased apoptosis [92]. Abnormal 

apoptosis is related to many diseases involving atrophy [93], such as Parkinson's disease 

[94], with excessive cell death leading to tissue and organ damage. In contrast, some 

oncogenic mutations disrupt apoptosis, leading to tumor progression [95] or metastasis. 

Therefore, further analysis of Dele and Cdc6 G4 DNAs may contribute to the 

understanding of these apoptotic mechanisms.  
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. Methylated G4 structures in transcription 

3.1 Background and aims 

DNA methylation is a well-known epigenetic modification that plays essential and 

global roles in the regulation of gene expression. Previous studies show that CpG 

methylation stabilizes G4 structures, with increased thermal stability of Bcl-2 G4 structures 

[79]. Furthermore, CpG methylation stabilizes G4 structures of d(CGCG3GCG) 

oligonucleotides [96], FMR1 repeats (d(CGG)5) [97], and C9orf72 repeats (d(GGGGCC)8 

[98], indicating that changes in the physical properties of DNA may affect transcriptional 

regulation. However, direct evidence of the effects of methylated G4 structures on 

transcription is lacking. Thus, transcriptional effects of stabilizing G4 structures through 

DNA methylation were investigated in this chapter.  
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3.2 Materials and methods 

3.2.1 Preparation of methylated G4 DNA-containing plasmids for luciferase 

reporter assays 

To analyze the transcriptional effects of methylated G4, two G4-forming sequences 

(Table 3.1) from mouse Dele and human DELE genes were cloned into the SfiI site of the 

luciferase reporter vector pGL4.23. Subsequently, 2 µg aliquots of DNA plasmids were 

methylated using 8 U of CpG methyltransferase (NEB) and methylated and unmethylated 

preparations were then purified using phenol chloroform. Methylated and unmethylated 

DNA concentrations were determined spectrophotometrically (BioSpectrometer, 

Eppendorf), and to confirm methylation, 200 ng aliquots were treated with 5 U of the 

methylation-sensitive restriction enzyme HpaII at 37°C for 1 h, and were then 

electrophoresed on 1% agarose gels in 1 × TAE buffer. 

 

 

Table 3.1 G4 DNA sequences for studies of the effects of methylation on transcription 

CpG sites are highlighted. 

Name Sequences (5′–3′) 

Mouse Dele G4 GGGTGGGCTTAGATCTGGGAAGGGCGGG 

Human DELE G4 GGGCCGGGTTAGAGCCAAGGAAGGCGGG 
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3.2.2 Cell culture and luciferase reporter assays 

NIH3T3 cells were cultured as described in chapter 2 (page 41), were seeded in 24 

wells plate, and were transfected with 100 ng of firefly luciferase reporter vector and 100 

ng of the Renilla luciferase control vector using Lipofectamine 3000 (Thermo Fisher 

Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. After 48 h, cells 

were lysed and luciferase activities were measured using the Dual-Luciferase Reporter 

Assay System (Promega Corporation, Madison, WI, USA) and a SPARK 10M microplate 

reader (TECAN, Männedorf, Switzerland). To determine firefly luciferase expression 

levels in cells, ratios of firefly to renilla luciferase activities were calculated, and were 

normalized to ratios of the pGL4.23 luciferase reporter vector. All reporter assays were 

performed in triplicate. 
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3.3 Results 

3.3.1 Confirmation of methylated DNA vectors 

To confirm CpG methylation, the methylation-sensitive restriction enzyme HpaII 

was used to digest DNA plasmids. This restriction enzyme recognizes and cuts C/CGG 

sequences but is inactive on methylated (C5 mCGG) substrates. The plasmid pGL4.23 

contains 24 CCGG sites, leading to the production of multiple fragments after digestion. 

In contrast, few fragments are produced after methylation of CGIs, as shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Electrophoresis of HapII digested template DNAs (red) was performed to 

confirm methylation  
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3.3.2 Effect of methylated G4 structures on transcription 

G4 DNA sequences from mouse Dele and human DELE genes were cloned into 

luciferase reporter vectors, which were then transfected into NIH3T3 cells, and luciferase 

gene expression was measured after 48 h culture. Dual-luciferase assays were then 

performed and relative luciferase activities of methylated and unmethylated G4 vectors 

were measured and normalized to the activities of unmethylated controls. These 

experiments (Figure 3.2.A demonstrated an inhibition in expression of methylated G4 

plasmids. However, because the methylated control vector had lower expression levels than 

the unmethylated control, expression levels of methylated and unmethylated G4 plasmids 

were normalized to respective controls (Figure 3.2.B). Under these conditions, methylation 

inhibited transcription of Dele G4 by 30% but increased that of DELE G4 to 290% of the 

control. 
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Figure 3.2 Reporter assays showing the regulatory effects of CpG methylation on Dele 

and DELE G4 DNA expression; data were normalized to the unmethylated control (A) and 

to unmethylated and methylated controls (B). 

Blue bars represent relative luciferase activities of unmethylated G4 DNAs, and violet bars 

represent relative luciferase activities of methylated G4 DNAs. Luciferase activities 

relative to that of pGL4.23 are presented as means ± SD (n = 3). Differences between 

unmethylated and methylated samples were identified using t-tests; *P < 0.01, **P < 0.001, 

***P < 0.0001 
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3.4 Summary and discussion 

Methylated and unmethylated mouse and human Dele G4 structures inhibited 

transcription when normalized to unmethylated control vectors. However, when expression 

data for methylated G4 DNAs were normalized to the methylated control vector, 

transcription was inhibited by mouse Dele G4 but was enhanced by DELE G4 DNA. 

The plasmid, pGL4.23, was used in this study but it contains about 300 CpG sites 

that can be methylated by CpG methyltransferase (Figure 3.3), and some of these may have 

affected the promoter on the vector, likely inhibiting expression of the control vector. 

Therefore, to specifically identify the effects of methylated G4 in the vector, synthetically 

methylated G4 sequences must be cloned onto the vector, or a CpG free vector must be 

used. The use of exclusively methylated G4 sequences may provide more accurate 

estimates of the effects of G4 methylation on transcription. 

 

 

 

 

 

Figure 3.3 The plasmid pG14.23 contains numerous CpG sites, and all can be methylated. 
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. Utilizing G4 and i-motif forming sequences to 

detect DNA methylation 

4.1 Background and aims 

Several studies associate changes in methylation levels of specific genes with 

changes in expression that contribute to disease. Therefore, DNA methylation has been 

proposed as potential biomarker for cancer diagnosis. In this study, a new DNA 

methylation detection system was developed using G4 and i-motif forming sequences. This 

detection system does not require sodium bisulfite treatment or methylated DNA ligands, 

and can therefore be used to save time and money. G4 and i-motif structures that are 

stabilized by DNA methylation may arrest DNA polymerase activity during quantitative 

polymerase chain reaction (qPCR). Hence, G4 and i-motif forming sequences from VEGF 

and RET were used as templates in qPCR, and made comparisons based on PCR 

amplification efficiency. 
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4.2 Materials and methods 

4.2.1 Preparation of methylated G4 and i-motif DNA 

To prepare template sequences, human genomic DNA was purified from HUVEC 

cells using DNeasy Blood & Tissue Kits (Qiagen). Subsequently, G4 regions in VEGF, 

RET, and c-MYC genes were amplified from genomic DNA (500 ng) template using PCR 

in 500 µl solutions. G4 and i-motif forming sequences of VEGF [99] and RET [100] and 

c-MYC [101] were then amplified from the human genome using specific primers that were 

designed primers by Primer 3 (Figure 4.1, Table 4.1). In PCR reaction samples, Ex Taq HS 

(Takara) was added with buffer containing 25-mM TAPs, 2-mM MgCl2, 0.1-mM DTT, 

and 5% DMSO (pH 9.3). Thermocycling was initiated at 95°C for 5 min, followed by 35 

cycles of 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s. PCR products were then purified 

and 2 µg aliquots were treated with 40 U of CpG methyltransferase (NEB). After 

methylation, DNA was purified using phenol chloroform and DNA concentrations were 

determined using a spectrophotometer (BioSpectrometer, Eppendorf). To confirm DNA 

methylation, 50 ng aliquots were treated with 3 U of the methylation-sensitive restriction 

enzyme HpaII at 37°C for 1 h, and were then electrophoresed on 15% polyacrylamide gels 

in 1 × TBE buffer. 

Mutant VEGF and RET G4 DNAs were prepared by performing overlap PCR using 

3 fmol of the oligonucleotides VEGF_MT_F and VEGF_MT_R for VEGF mutant G4 DNA 

and RET_MT_F and RET_MT_R for RET mutant G4 DNA (Table 4.2). To amplify VEGF 

mutant G4 DNA, overlap PCR was performed using Ex Taq HS (Takara) with the supplied 

buffer. Thermocycling was performed with an initial step at 95°C for 5 min, followed by 
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20 cycles of 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s. As for the RET mutant G4 

DNA, overlap PCR was performed using Ex Taq HS (Takara) with buffer containing 25 

mM tris(hydroxymethyl)methylamino]propanesulfonic acid (TAPs) (pH 9.3), 2 mM 

MgCl2, 0.1-mM DTT, and 5% DMSO. Thermocycling was performed with an initial step 

at 95°C for 5 min, followed by 25 cycles of 95°C for 30 s, 59°C for 30 s, and 72°C for 30 

s. Finally, PCR products were methylated using the methods described above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Preparation of methylated target sequences  
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Table 4.1 Primers for PCR amplification and overlap PCR 

 

 

 

 

 

 

 

 

Table 4.2 Template DNAs for overlap PCR 

  

Name  Sequence (5′–3′) 

VEGF 

Forward GTCGAGCTTCCCCTTCATT 

Reverse CGCTACCAGCCGACTTTT 

RET 

Forward GGGACTGAAGCGAGGTAAGC 

Reverse CGCACTGAGCTCCTACACG 

c-MYC 

Forward CGGAGATTAGCGAGAGAGGA 

Reverse TAGGCGCGCGTAGTTAATTC 

Name Sequences (5′–3′) 

MT_VEGF_F 
GTCGAGCTTCCCCTTCATTGCGGCGGGCTGCGGGCCAGGCTTCACTGAGCGTCCGC

AGAGCCCGGGCCCGAGCCGCGTGTGGAAGGGCTGAGGCTCGCCT 

MT_VEGF_R 
CGCTACCAGCCGACTTTTAAAAAAAAAAGGGGGGGGCGCATGGCTCCGAAACGACG

GGAAAACGAAAACGGAACGAACCGGGGGGCGGGGACAGGCGAGC 

MT_RET_F 
GGGACTGAAGCGAGGTAAGCGCCGGCTGCGCCGGAGGAGCGGGTATTTGCGTTTCG

TTGCGTTTGCGGTCCAGGGGTGGGCCAGGCGGGGCCGGAGGCGG 

MT_VEGF_R 
CGCACTGAGCTCCTACACGCGCCGCGCCCCGGCCGCACCCCGCGCAGCCAGAGCAA

GCACTGGAGCCCCGCCCCTTCCCGCACCCCACCCGCCTCCGGCC 
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4.2.2 Quantitative PCR analysis of methylated G4 and i-motif DNA 

Unmethylated and methylated DNA were mixed to prepare template DNA for 

qPCR at a methylation frequency of 0, 20, 40, 60, 80, and 100%. Quantitative PCR was 

then performed using a 7900 HT Fast Real-Time PCR System (ABI). Samples for qPCR 

were prepared in reaction volumes of 20 µL containing primer pairs at 0.5 µM, 4 pM of 

template DNA (1.0 × 107 copy), and SYBR Premix Ex Taq II Tli RNaseH Plus (Takara). 

Thermocycling was performed with an initial step at 95°C for 5 min, followed by 40 cycles 

of 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s. To assess PCR amplification efficiency, 

changes in cycle threshold (Ct) values (ΔCt) relative to those for amplified unmethylated 

DNA template were analyzed. The DNA methylation detection system is presented in 

Figure 4.2. 

4.2.3 Detection limit of methylated G4 and i-motif DNA in qPCR analyses 

To investigate detection limits, unmethylated and methylated G4 and i-motif VEGF 

and RET DNA were diluted for use as qPCR templates. Samples containing 1.0 × 104, 1.0 

× 105, 1.0 × 106, 1.0 × 107, 1.0 × 108, and 1.0 × 109 copies of template DNAs were prepared 

and were analyzed using qPCR. 
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Figure 4.2 Schematic of the present novel qPCR-based system for estimating DNA 

methylation 
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4.3 Results 

4.3.1 Preparation of template DNAs  

VEGF and RET DNAs contain CpG sites on G4 and i-motif forming regions, 

whereas c-MYC DNAs do not and were used as a control. Guanine bases in mutant DNAs 

that are involved in the formation of G-tetrads were substituted with thymine bases using 

overlap PCR, except in CpG sequences. PCR products of mutant and wild-type VEGF, 

RET, and c-MYC DNAs were 192, 188, and 191-bp, respectively (Table 4.3). Methylation 

was performed using CpG methyl transferase, and was confirmed by digesting PCR 

products with the methylation-sensitive restriction enzyme HapII followed by native 

polyacrylamide gel electrophoresis (PAGE; Figure 4.3). Finally, qPCR was performed 

using mixtures of unmethylated and methylated template DNAs containing 0%, 20%, 40%, 

60%, 80%, and 100% methylated DNA. 
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Table 4.3 Sequences of PCR products of VEGF, RET, and c-MYC  

G4 and i-motif regions are boxed, guanine bases that form G-tetrads are shown in blue, 

mutation sites are shown in red, and CpG sequences are highlighted. 

 

  

Name Sequences (5′–3′) 

VEGF 

GTCGAGCTTCCCCTTCATTGCGGCGGGCTGCGGGCCAGGCTTCACTGAGCG

TCCGCAGAGCCCGGGCCCGAGCCGCGTGTGGAAGGGCTGAGGCTCGCCTGT

CCCCGCCCCCCGGGGCGGGCCGGGGGCGGGGTCCCGGCGGGGCGGAGCCAT

GCGCCCCCCCCTTTTTTTTTTAAAAGTCGGCTGGTAGCG 

MT_VEGF 

GTCGAGCTTCCCCTTCATTGCGGCGGGCTGCGGGCCAGGCTTCACTGAGCG

TCCGCAGAGCCCGGGCCCGAGCCGCGTGTGGAAGGGCTGAGGCTCGCCTGT

CCCCGCCCCCCGGTTCGTTCCGTTTTCGTTTTCCCGTCGTTTCGGAGCCAT

GCGCCCCCCCCTTTTTTTTTTAAAAGTCGGCTGGTAGCG 

RET 

GGGACTGAAGCGAGGTAAGCGCCGGCTGCGCCGGAGGAGCGGGTAGGGGCG

GGGCGGGGCGGGGGCGGTCCAGGGGTGGGCCAGGCGGGGCCGGAGGCGGGT

GGGGTGCGGGAAGGGGCGGGGCTCCAGTGCTTGCTCTGGCTGCGCGGGGTG

CGGCCGGGGCGCGGCGCGTGTAGGAGCTCAGTGCG 

MT_RET 

GGGACTGAAGCGAGGTAAGCGCCGGCTGCGCCGGAGGAGCGGGTATTTGCG

TTTCGTTGCGTTTGCGGTCCAGGGGTGGGCCAGGCGGGGCCGGAGGCGGGT

GGGGTGCGGGAAGGGGCGGGGCTCCAGTGCTTGCTCTGGCTGCGCGGGGTG

CGGCCGGGGCGCGGCGCGTGTAGGAGCTCAGTGCG 

c-MYC 

CGGAGATTAGCGAGAGAGGATCTTTTTTCTTTTCCCCCACGCCCTCTGCTT

TGGGAACCCGGGAGGGGCGCTTATGGGGAGGGTGGGGAGGGTGGGGAAGGT

GGGGAGGAGACTCAGCCGGGCAGCCGAGCACTCTAGCTCTAGGATGTAAAC

AGAGTAAGAGAGCCGCATGAATTAACTACGCGCGCCTA 
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Figure 4.3 Confirmation of methylation using electrophoresis analyses of HapII digested 

template DNAs (red) 
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4.3.2 Methylated G4 and i-motif sequences affected qPCR amplification efficiency 

In these experiments, increased ΔCt values indicate low amplification efficiency. 

Thus, methylation of G4 and i-motif VEGF and RET DNA templates led to decreased 

amplification efficiency. (Figure 4.4). However, qPCR analyses of c-MYC DNAs, which 

lack CpG sequences in G4 and i-motif forming sequences, showed no correlation between 

ΔCt values and methylation levels (Figure 4.4). In contrast, PCR amplification efficiency 

was negatively correlated with DNA methylation levels of VEGF and RET DNAs, which 

contain CpG sites on G4 and i-motif forming sequences.  

 In subsequent experiments, we determined amplification efficiency of mutant 

VEGF and RET DNAs that do not form G4 and i-motif structures, and observed no 

correlation between methylation levels and ΔCt values (Figure 4.5). Although mutant 

VEGF and RET DNAs contained GC-rich sequences with GC contents of 66% and 74%, 

respectively, PCR efficiency of methylated templates did not differ from that of 

unmethylated templates. These data indicate that methylated GC-rich sequences containing 

no G4 and i-motif forming sequences do not effect PCR efficiency, whereas methylated 

G4 and i-motif forming sequences reduce PCR amplification efficiency. Hence, 

methylation levels of G4 and i-motif forming sequences in template DNAs were detectable 

using qPCR. 
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Figure 4.4 Quantitative PCR analysis of methylated G4 and i-motif-forming sequences 

Quantitative PCR analyses of wild-type VEGF (black), RET (gray), and c-MYC (white) G4 

and i-motif DNAs; increased Ct values of unmethylated DNA are presented relative to 

those of respective methylated DNAs (mean ± SD, n = 4).  
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Figure 4.5 Quantitative PCR analysis of methylated mutant G4 and i-motif-forming 

sequences 

Quantitative PCR analyses of mutant VEGF (black), RET (gray), and c-MYC (white) G4 

and i-motif DNAs; increased Ct values are presented relative to those of respective 

unmethylated DNAs (mean ± SD, n = 4).  
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Ct values of 0% methylated RET DNA differed significantly from those of 20% 

methylated RET DNA (P < 0.05). However, ΔCt values were insufficient to detect 

hypomethylation. In a previous study, DNA methylation levels of various regions differed 

by > 50% between normal and cancer cells [68], indicating that the sensitivity of the present 

system for detecting DNA methylation is sufficient for cancer diagnosis.  
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4.3.3 Detection limit analysis 

In the present study, methylated and unmethylated DNA templates had differing 

amplification efficiencies at 1.0 × 106 to 1.0 × 109 copies of VEGF DNA (Figure 4.6), and 

at 1.0 × 105 to 1.0 × 109 copies of RET DNA (Figure 4.7). Accordingly, respective detection 

limits were 1.0 × 106 and 1.0 × 105 copies. The present system for estimating DNA 

methylation levels indicated that ΔCt values depend on increased stability of G4 and i-

motifs by DNA methylation, whereas detection limits are dependent on the amplification 

efficiency of unmethylated DNA. In accordance, unmethylated VEGF DNA was not 

amplified when present at 1.0 × 105, although the same number of unmethylated RET DNA 

copies were amplified, indicating a lower detection limit for methylated RET DNA. 

Because Ct values are sensitive to template DNA concentrations, prior knowledge 

of genomic DNA concentrations is necessary to normalize estimates of methylation 

frequencies of VEGF and RET regions on genomic DNA. However, amplification 

efficiency of c-MYC was not dependent on DNA methylation, allowing determination of 

genomic DNA concentrations and elimination of false positives that are caused by 

polymerase inhibitors. 
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Figure 4.6 Relationships between Ct values and template DNA copy numbers of 

methylated VEGF G4 and i-motif-forming sequences  

Quantitative PCR were performed with 1.0 × 104 to 1.0 × 109 copies of VEGF G4 and i-

motif DNA (mean ± SD, n = 4)   
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Figure 4.7 Relationships between Ct values and template DNA copy numbers of 

methylated RET G4 and i-motif-forming sequences 

Quantitative PCR were performed using 1.0 × 104 to 1.0 × 109 copies of RET G4 and i-

motif DNA (mean ± SD, n = 4)   
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4.4 Summary and discussion 

PCR amplification efficiencies decreased with increased DNA methylation levels 

of VEGF and RET DNAs, which contain CpG sites on G4 and i-motif forming sequences. 

Hence, the present data demonstrate that methylated G4 structures can be used to detect 

DNA methylation levels. Previous genome-wide DNA methylation analyses show that 

DNA methylation usually occurs in CGIs [102], which are highly concentrated in promoter 

regions. In addition, G4-forming sequences were previously identified in CGIs using DNA 

microarray analyses with a G4 ligand [58]. Because the human genome reportedly contains 

716,310 G4 forming sequences [103], methylated G4 and i-motif structures may be present 

in several promoter regions, and could be diagnostic for various diseases. In addition, 

determinations of PCR amplification efficiencies can be used to detect DNA methylation 

on various promoter regions. 
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. Conclusions and prospects 

Dele and Cdc6 G4 DNAs have high transcriptional activity when cloned 

individually on reporter vectors, and may play roles as promoters and enhancers of 

transcription. Herein, the formation of G4 in wild-type sequences was verified using CD 

spectroscopy, and transcriptional activation of Dele-F and Cdc6 G4 DNAs was inhibited 

by 35%–37% in the presence of the telomestatin derivative L1H1-7OTD. CD spectral 

analyses also demonstrated that binding of L1H1-7OTD stabilizes G4 structures, and may 

modulate interactions between G4 structures and transcription factors. Although Dele-F 

G4 DNA was transcribed even within CpG islands, transcriptional activities of CGI 

sequences from Cdc6 G4 DNA were different from those of individual clones. Thus, Cdc6 

G4 may have dual functional roles in transcriptional regulation, suggesting dual regulatory 

roles of G4 structures. Taken together, these data suggest that Dele and Cdc6 G4 structures 

form under physiological conditions and regulate transcription. 

Methylation of mouse Dele and human DELE G4 DNAs inhibited transcription 

when normalized to unmethylated control vectors, although methylation of control vectors 

was also inhibitory. These observations may reflect high numbers of CpG sites in the 

vector, resulting in methylation of the whole vector and the G4 area. After normalizing 

methylated G4 DNAs to methylated control vectors, transcriptional activation of the 

methylated mouse gene Dele was inhibited by 30%, whereas that of human DELE G4 DNA 

was controversially increased by 290%. However, because DNA methylation is widely 

considered inhibitory of transcription, these observations require confirmation using a 

specifically methylated G4 region and an unmethylated vector.  
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Herein, we assessed the effects of DNA methylation on PCR amplification 

efficiency using G4/i-motif forming sequences from the genes VEGF, RET, and c-MYC. In 

these experiments, ΔCt values increased with methylation levels, demonstrating a negative 

correlation between qPCR amplification efficiency and DNA methylation levels in VEGF 

and RET DNAs. This correlation warrants further consideration of qPCR amplification 

efficiency as a tool for determining DNA methylation levels. In the present experiments, 

detection limits for VEGF and RET DNAs were 1.0 × 106 and 1.0 × 105 copies, 

respectively, in 20 µL reaction volumes. However, this method could be improved by 

optimization at the nL scale, such as in the MicroTAS-based PCR system [104], which 

would allow single step PCR determinations of DNA methylation levels with fewer copies. 

In addition, DNA methylation was previously determined according to PCR amplification 

efficiency using a 3′-mismatched primer with a mutant DNA polymerase [105]. These 

studies showed that the 3′-mismatched primer was more efficiently extended from 

methylated than unmethylated cytosine residues, suggesting that PCR amplification 

efficiency increases with methylation. In contrast, PCR amplification efficiency was 

negatively correlated with template DNA methylation in our hands. Nonetheless, future 

studies are warranted using the present DNA methylation detection system with 3’-

mismatched primers and mutant DNA polymerase, and will likely led to the development 

of an accurate system for determining methylation levels. 
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