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ABSTRACT  

In this dissertation, the formation of unusual G-quadruplexes in the critical 

regions of the c-myb and hTERT promoters for control of promoter activity was 

investigated. 

The c-myb promoter contains three copies of an almost perfect (GGA)4 sequence.  

We demonstrate that the each (GGA)4 repeat forms a tetrad:heptad G-quadruplex and any 

two of the three can intramolecularly dimerize to form T:H:H:T G-quadruplexes.  The 

three T:H:H:T G-quadruplex combinations are of differing degrees of stability and can be 

further stabilized by G-quadruplex interactive compounds.  We also demonstrate that the 

c-myb G-quadruplex forming region is a critical transcriptional regulatory element and 

interacts with various nuclear proteins including MAZ (Myc Associated Zinc finger 

protein).  The data from luciferase reporter assay show that the c-myb GGA repeat region 

plays dual roles as a transcriptional activator and an inhibitor by serving as binding sites 

for the activators and by forming G-quadruplex structures in the region, respectively.  

Furthermore, we show that MAZ is a transcriptional repressor of the c-myb promoter and 

binds to both the double-stranded and T:H:H:T G-quadruplex-folded conformations of 

the GGA repeat region of the c-myb promoter. 

The hTERT core promoter contains a G-rich region of 12 consecutive G-tracts, 

which includes three critical Sp1 binding sites.  Although this G-rich region has the 

potential to form multiple G-quadruplexes, our investigation on the full-length G-rich 

sequence demonstrate that the G-rich region forms a unique G-quadruplex structure in 

which two tandem intramolecular G-quadruplex structures are present, consisted of one 
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G-quadruplex formed by the G-tracts 1-4 and the other formed by the G-tracts 5, 6, 11, 

and 12.  We also demonstrate that the latter unusual structure contains a 26-base middle 

loop that likely forms a hairpin structure and is more stable than the other conventional 

G-quadruplex.  Significantly, the formation of this unusual tandem G-quadruplex 

structure in the full-length will disable all three critical Sp1 binding sites, which will 

dramatically downregulate hTERT expression.  G-quadruplex formation in the hTERT 

promoter suggests that the effect of G-quadruplex interactive ligands on telomerase 

inhibition and telomere shortening may be exerted by the direct interaction between the 

hTERT G-quadruplex structure and the ligands. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 The Secondary DNA Structure G-quadruplex and Its Biological Role 

1.1.1 Structural Diversity of G-quadruplexes 

a. G-quadruplex: discovery and definition 

The ability of guanine-rich nucleic acids to form viscous gels was first reported 

in 1910.  Fifty years later, X-ray diffraction and biophysical studies revealed that the 

molecular basis of the gel formation (self-association) phenomenon is to be due to the 

formation of a four-stranded structure, termed G-quadruplex [1-4].  A G-quadruplex is a 

stack of G-tetrads that are composed of a tetrameric arrangement of guanines and 

stabilized by cations, primarily potassium ions located between the tetrads (Figure 1.1) 

[5,6].  The number of G-tetrads in a G-quadruplex depends on the number of consecutive 

guanines in the guanine tracts of G-quadruplex-forming-sequences, and each tract 

requires a minimum number of two guanines.  The most studied G-quadruplex is 

telomeric G-quadruplex formed by the repetitive telomeric sequence 5’-TTAGGG -3’ 

that has been targeted for cancer therapy (Figure 1.1B) [7-9].  However, for the last five 

years, G-quadruplexes formed in gene promoters have been under intensive investigation 

to elucidate their role in transcriptional regulation [10-14]. 

 



 

 

17

 

 

 

Figure 1.1 G-quadruplex building block and telomeric G-quadruplexes  
 
A. The building block of G-quadruplexes. Several G-tetrads stack over each other in the 
presence of monocations and form the stable DNA secondary structure G-quadruplex.  B. 
Proposed telomeric G-quadruplex structures. a: the hybrid forms in K+- solution. b and c: 
the basket and parallel forms of human telomeric G-quadruplexes in Na+- solution and 
K+- crystal, respectively [9].  Copyright 2008, Elsevier B.V. All Rights Reserved. 



 

 

18

b. Structural diversity of G-quadruplexes: stoichiometry, topology, and loops 

G-quadruplexes display diversity in their stoichiometry, topology, and loops, 

which can serve as specific recognition factors for the interaction between the structures 

and certain biomolecules and/or small molecules. 

In a cell-free in vitro system, G-quadruplexes can be formed by one, two, or four 

DNA molecules (Figure 1.2A) [5,6].   Unimolecular (intramolecular) G-quadruplex-

forming sequences contain four tracts of guanines with three loop regions between the 

guanine (G)-tracts, GxNy1GxNy2GxNy3Gx, where x is the number of guanine residues 

involved in G-tetrad formation and y is any combination of DNA bases, and each G-tract 

builds one of the four guanine strands of the G-quadruplex structure.  Bimolecular and 

tetramolecular (intermolecular) G-quadruplex-forming sequences bear one or two G-

tracts in them, described as Ny1GxNy2GxNy3 and Ny1GxNy2, respectively, and form four 

G-strands only when two or four of the molecules align.  Strand stoichiometry of a G-

quadruplex is also dependent on the concentration of the DNA molecules in a test tube.  

Even DNA molecules that contain a unimolecular G-quadruplex-forming sequence tend 

to form intermolecular G-quadruplexes at high concentrations by employing two or four 

DNA molecules.  Considering the cellular DNA concentrations, G-quadruplexes formed 

in gene promoters are mainly intramolecular structures, with some exceptions such as 

muscle-specific genes specifically regulated by bimolecular G-quadruplexes in the 

promoters [15]. 
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Figure 1.2 Diversity of G-quadruplexes in strand stoichiometry and topology  
 
A:  Strand stoichiometry.  One, two, and four G-rich DNA strands can be involved in G-
quadruplex formation.  B: Strand topology of G-tetrads.  Various strand topologies are 
found in G-quadruplexes, in which many combinations of parallel and antiparallel 
alignment of G-rich strands occur. 



 

 

20

In addition to strand stoichiometry, G-quadruplex diversity is found in the strand 

topology of the G-tetrads.  They can be composed of the four parallel strands, three 

parallel strands with one antiparallel strand, two pairs of adjacent parallel strands, or 

alternating antiparallel strands as shown in Figure 1.2B [16].  The strand topology of a G-

quadruplex can be determined by a spectrum of circular dichroism (CD) because strand 

topology dictates a characteristic CD spectrum [6].  For example, all parallel stranded G-

quadruplexes produce a positive maximum at 260 nm and antiparallel stranded G-

quadruplexes show a positive maximum at 290 nm.  However, G-quadruplexes with three 

parallel and one antiparallel strand(s) generate two positive CD peaks at 260 and 290 nm 

(Figure 1.3) [6].  In fact, the topological characteristic of several G-quadruplexes formed 

in human gene promoters have been inferred by CD analyses.  The G-quadruplexes 

formed in the c-myb [14], c-myc [17], HIF1-α [18], RET [11], PDGF-A [12], and VEGF 

[19] promoters are found to contain four parallel strands, and the G-quadruplex formed in 

the Bcl-2 promoter is revealed to have three parallel and one antiparallel strand(s) [20].   



 

 

21

 

 

Figure 1.3 Characteristic Circular Dichroism Spectra of parallel, antiparallel, and mixed 
parallel/antiparallel G-quadruplexes [20] 
 
A:  Intramolecular parallel, antiparallel, and mixed parallel/antiparallel G-quadruplexes.  
B: Characteristic CD spectra of parallel, antiparallel, and parallel/antiparallel G-
quadruplexes showing a positive maximum at 260, 290, and both 260 and 290 nm, 
respectively. Copyright 2007 Oxford University Press.  All Rights Reserved. 
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The loops of G-quadruplexes are formed in uni- (or intra-) and bimolecular G-

quadruplexes in which two or more guanine strands of the G-tetrads are formed by a 

single DNA molecule, and the type of a G-quadruplex loop is closely associated with the 

strand topology of the structure.  For example, double chain reversal loops connect 

adjacent parallel strands of intramolecular G-quadruplexes such as human telomeric G-

quadruplex [8,9] and a number of G-quadruplexes in promoter regions [10-14].  Lateral 

(also called edge-wise) loops joint adjacent antiparallel G-strands, and diagonal loops 

also connect antiparallel G-strands that are opposite each other (Figure 1.4).  The role of 

loops in G-quadruplexes is not simply limited to the connecting of two guanine strands.  

Recent solution studies demonstrated that the size of loops has an affect on the stability 

and strand topology of G-quadruplexes [21-25].  In general the loop size and stability is 

inversely correlated, and increasing sizes of loops causes the conversion of topology of 

the structures from parallel to antiparallel alignment.  These studies contribute to the 

means of the estimation of G-quadruplex stability formed by a given sequence.  

However, these findings are based on artificial G-quadruplex-forming sequences and 

need to be validated on naturally occurring G-quadruplex-forming sequences.  Chapter 4 

of this dissertation presents our investigation on the relationship between the size of loop 

and stability of G-quadruplex structures using the naturally occurring G-quadruplex-

forming sequences in the hTERT core promoter.  In many G-quadruplex-forming 

sequences found in the genome, it is often not obvious to define the loop regions due to 

the redundant number of guanines in the guanine tracts.  This redundancy allows for 

adopting multiple loop isomers by using alternative guanines for formation of G-tetrads, 
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termed guanine slippage [17].  The main difference of the polymorphic structures occurs 

in the conformation, size, and/or sequence of the structures.  These differences in the 

loops are shown to play a critical role in stabilization of the G-quadruplex structure 

[17,26,27] and give uniqueness to the structure, which can serve as a differential target 

site of G-quadruplex interactive compounds [20]. 
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Figure 1.4 Various types of G-quadruplex loops  
 
A:  Various G-quadruplex loops.  Double chain reversal loops connect two parallel 
strands, and lateral and diagonal loops link two antiparallel strands.  B: intramolecular G-
quadruplex loops.  Parallel G-quadruplexes have three double chain reversal loops, 
antiparallel G-quadruplexes contain lateral and/or diagonal loops, and mixed 
parallel/antiparallel G-quadruplexes have at least one double chain reversal loop with 
lateral and/or diagonal loops.   
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1.1.2 Biological Roles of G-quadruplexes 

G-quadruplex-forming sequences are found in biologically critical regions, such 

as telomeres and promoter regions of several oncogenes, and have been implicated in 

replication, transcription, recombination, and regulation of telomere length (Figure 1.5) 

[28-31].  Bloom’s and Werner’s syndromes are due to genetic defects in the RecQ 

helicase family and evidence for the biological role of quadruplex DNA because the 

syndromes are caused by the inability of helicases to resolve G-quadruplexes during 

replication, transcription, and DNA repair [28-30].  The most intensively studied G-

quadruplex role is that of telomeric G-quadruplex.  Human telomeric G-quadruplex is 

formed by the tandem repeats 5’-(TTAGGG)- 3’ of telomeres and is known to act as a 

structural inhibitor of telomerase that prevents telomeres from shortening [32,33].  

Causing telomere shortening in cancer cells results in the prevention of tumor growth and 

the induction of apoptotic death of the cells [34-37].  Therefore, the effect of telomeric G-

quadruplex binding ligands on the inhibition of telomerase activity has been actively 

investigated as a potential cancer therapy and several G-quadruplex interactive agents 

that stabilize telomeric G-quadruplex are in pre-clinical development [38,39]. 

G-quadruplexes are also found in several oncogene promoters and are proposed 

to have a critical role in regulating promoter activity [10,12,14,40-43].  Stabilization of 

the G-quadruplex in several promoters by using G-quadruplex interactive compounds 

resulted in downregulation of endogenous mRNA expression and/or promoter activity of 

the genes [10,12,43,44], whereas, G-quadruplex formation in the human insulin promoter 

seems to activate expression of the gene [42]. These previous studies imply the possible 
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use of G-quadruplex structures in gene promoters as therapeutic targets to artificially 

control gene expression by stabilizing the structures using G-quadruplex-interactive 

compounds. 
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Figure 1.5 Proposed Biological roles of G-quadruplexes [31] 
 
A:  The roles of telomeric G-quadruplex. Telomeric G-quadruplexes protect telomere 
ends but inhibit telomere lengthening by telomerase.  B: The roles of G-quadruplex in 
double stranded genomic DNA.  G-quadruplexes occur in double stranded DNA and are 
proposed to be involved in various cellular events such as recombination, transcriptional 
regulation, and replication.  Copyright 2000, Elsevier B.V. All Rights Reserved. 
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1.2 The Transcription Factor c-Myb 

The c-myb proto-oncogene was first identified as the cellular homologue of the 

transforming v-myb oncogene of the avian leukemia viruses AMV and E26 [45].  It 

encodes a critical transcription factor that regulates expression of the genes involved in 

cell proliferation, differentiation, and survival [46,47].  Earlier studies solely focused on 

the role of c-Myb in leukemogenesis but in recent studies the oncogenic role of c-Myb 

was found to be important in other types of cancers as well [48-50]. 

 

1.2.1 Role of c-Myb in Normal Cells 

c-Myb plays a critical role in hematopoietic development and differentiation.  

Earlier studies on the role of c-Myb reported that expression of c-Myb is critical for self –

renewal and the maintenance of an immature and proliferative state of hematopoietic 

progenitors [51,52].  In addition, c-Myb is also known to block differentiation of 

hematopoietic cells [53,54], and downregulation of c-Myb is a prerequisite for induced 

erythroid differentiation [55].  However, the precise role of c-Myb during development 

has been difficult to define because knockout of c-Myb is embryonic lethal causing death 

at day 15 of embryogenesis due to the failure of erythropoiesis [56].  Recently, a study 

reported that specific threshold levels of c-Myb at a developmental stage are required for 

the specific lineage development of hematopoietic progenitors [57], indicating that the 

levels of c-Myb accompanied with timing is critical for hematopoietic proliferation and 

differentiation.   



 

 

29

The cellular role of c-Myb is also determined by the proteins that interact with c-

Myb at the gene promoters.  A study revealed that hypomorphic allele of c-myb, which 

results in a reduced interaction with the coactivator p300, specifically blocks the 

development of T-cell, B-cell, and red blood cells, whereas, the same mutant dramatically 

increased the number of hematopoietic stems in the mice [58].  These findings indicate 

that not only the level of c-Myb but also the transactivation partners determines the 

cellular role of c-Myb (Figure 1.6).   

In addition to its role in hematopoietic cells, recent studies showed that c-Myb is 

critical in colon development [59], myogenic differentiation [60], proliferation of 

vascular smooth muscle cells [61,62], wound healing and collagen production of the skin 

[63], and proliferation of neural progenitors [64], which indicates the biological role of c-

Myb is broader than it has been considered to be.  
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Figure 1.6 The Cellular Roles of c-Myb in normal and cancer cells 
 
c-Myb plays a role in enhancing cell proliferation in many types of cells, and prevents 
differentiation and apoptosis.  When these roles of c-Myb are aberrantly exerted, the cells 
can undergo tumorigenesis. 
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1.2.2 Regulation of c-myb Expression 

Expression of c-myb is regulated by several mechanisms including the 

transcriptional, translational, and posttranslational regulation.  The most predominant 

mechanism of them is transcriptional regulation, which determines mRNA and 

subsequently protein levels of c-myb in the cell.  Transcriptional regulation of c-myb 

involves acute and chronic regulation to meet the adequate c-myb levels in the cell, and 

the following section deals with the acute and chronic transcriptional regulation of c-myb 

expression. 

a. Intron I block site 

One of the mechanisms by which c-myb expression is regulated is attenuation of 

c-myb mRNA elongation in intron I [65,66].  The c-myb intron I block site is located 

1700 bp downstream from the start of the intron [67] and is transcribed to an RNA stem-

loop and polyuridine tract, which causes the dissociation of transcription machinery [68].  

Attenuation of mRNA elongation is also found in other genes including c-myc [69] and 

Fos [70], and the intron arrest sites of c-myc [71] and Fos [70] are also shown to form 

RNA stem-loops.  Downregulation of c-myb expression at intron I arrest site was reported 

as a mechanism for the acute reduction of c-myb expression in response to external or 

internal stimuli [53,55,65,66,72].  When c-myb expression is getting lower in the cells 

during hematopoietic and colonic differentiation, the decrease of c-myb transcription is 

due to the inhibition of mRNA elongation in intron I [53,55,65,66,72].  However, 

undetectable c-myb levels in differentiated cells are due to the inactive promoter resulted 

from the action of transcriptional inhibitors and/or epigenetic changes.  Interestingly, the 
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c-myb intron I block site is mutated in several colon tumor cell lines, and the mutations 

have been shown to be associated with overexpression of c-myb in colon the cells 

[68,73].  

b. The c-myb promoter 

The c-myb promoter is a TATA-less promoter and contains a number of 

transcription factor binding sites for activators or inhibitors (Figure 1.7).  The c-myb 

promoter contains two functional Myb binding sites in the c-myb promoter located at -

596 ~ -618 and c-Myb binding to the sites are shown to reduce promoter activity in a 

lineage dependent manner, indicating that c-Myb acts as a negative feedback signal to 

regulate cellular levels of c-Myb [74].  Other regulatory factors including WT1 (wilm’s 

tumor 1) [75], MZF1 (myeloid zinc finger 1) [76], and PU.1 [77] are found to bind in the 

proximal promoter of c-myb and downregulate c-myb expression.  A PU.1 binding site is 

located 14 bp downstream of the initiation site at the upstream end of the GGA repeat 

region (Figure 1.7) and seems to act as both a positive and negative regulatory cis 

element.  Binding of PU.1 decreases c-myb promoter activity but mutation in the binding 

site, which prevents PU.1 binding, decreases the basal activity of the c-myb promoter.  

This indicates that the PU.1 binding site may serve as a binding site for unknown 

transcriptional activator(s), and PU.1 and the activators compete for the binding site.  

Furthermore, a recent report shows that MAZ (Myc-Associated Zinc finger) binds to the 

GGA repeat region in both double stranded and G-quadruplex conformation and 

downregulates c-myb promoter activity [14].  This study is of our contribution and is 

presented in Chapter 3. 
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The c-myb promoter contains several positive regulatory protein binding sites 

including Ets-1 [78] and c-Jun/JunD [79].  The putative Ets site is an effective positive 

regulatory element in the T-cell leukemia cell line Molt-4 but it did not show any effect 

in the B cell leukemia DHL-9 and the chronic myelogenous leukemia cell line K562, 

indicating that the role of Ets-1 as a transcriptional activator is lineage specific [78].  The 

other positive regulatory protein binding site is an AP1-like element that recruits the 

transcription factors c-Jun and JunD [79].  A previous study demonstrated that in the 

presence of c-Jun or JunD expression c-myb promoter activity increased by 6 to 15 fold 

in the fibroblast Tk-ts13 cells.  Also, knocking-down c-Jun and JunD expression using 

antisense oligonucleotides resulted in both decreased c-myb mRNA levels and suppressed 

cell growth of PHA treated T-lymphocytes. 

In addition to transcription factor binding sites, recently published our study (see 

Chapter 3) identified a critical region of the c-myb promoter for c-myb expression (Figure 

1.7) [14].  The region is purine-rich, with three imperfect copies of four GGA repeats, 

3(GGA)4, located 17 bps downstream of the initiation site on the bottom strand.  Our 

investigation also found that the c-myb GGA repeat region plays dual roles as a 

transcriptional activator and inhibitor by recruiting transcriptional activators and adopting 

G-quadruplexes, respectively. 
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Figure 1.7 The c-myb promoter [14] 
 
The regulation of c-myb expression involves several mechanisms. c-myb mRNA is 
attenuated at transcriptional arrest site in intron I, and various transcription factors in the 
promoter play a role in controlling transcription of c-myb.  The GGA repeat region was 
recently found to be a critical cis-element, and our investigation contributes to the 
discovery of the importance of the region in regulation of c-myb expression. Copyright 
2008 Oxford University Press.  All Rights Reserved. 
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1.2.3 Role of c-myb in Cancer Cells 

High levels of c-Myb are found in many leukemias and play a critical role in 

leukemogenesis by maintaining cells in a non-differentiating, proliferative state [79].  In 

addition to overexpression of c-myb in leukemias, recent studies of human tumors 

reported that c-Myb is overexpressed some solid cancers such as colon [50], esophageal 

[80], small lung [48], and breast [81,82]cancers, indicating a potential role of c-Myb in 

tumorigenesis of such cancers.  In fact, several studies showed that high c-Myb 

expression is closely associated with colon cancer, and it is proposed that c-myb levels 

can be an indicator of prognosis and survival of colon cancer patients [83].   

Because of its critical role in leukemogenesis, downregulation of c-Myb has been 

greatly investigated as a therapeutic target for leukemias, and the most studied approach 

to control c-myb expression is using antisense oligonucleotides (AS-ODN).  Studies of 

antisense oligonucleotides showed that downregulation of c-myb decreases proliferation 

and enhances differentiation of leukemia cells [84-87], and pre-clinical studies 

demonstrated safety and substantial anti-leukemia activity [85,88].  Furthermore, a recent 

study showed that adenovirus-mediated dominant negative c-Myb expression induces 

apoptosis and inhibition of tumor growth in a head/neck cancer animal model [89].  

These studies indicate that c-myb can be a promising target for several types of cancer in 

which c-Myb plays a critical role.   
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1.3 Human Telomerase 

1.3.1 Telomere, telomerase, and hTERT 

Telomeres are repetitive DNA overhang sequences at the termini of linear 

chromosomes of most eukaryotic organisms. The length of telomeres is specific for each 

species, ranging from several hundred bases (in yeast) to many kilobases (in humans) and 

human telomerase contains the repetitive sequence 5’-TTAGGG- 3’.  The length of 

telomeres gets shortened by 200 – 300 bases after every cell division due to the 

fundamental problem with replicating linear DNA termed the end replication problem 

[90].  When telomere length passes a threshold after a limited number of cell division 

cycles normal somatic cells enter irreversible replication (growth) arrest termed 

replicative senescence [91] (Figure 1.8).  In somatic cells, telomere shortening is an 

intrinsic mechanism to prevent unlimited cell division of somatic cells and to eventually 

replace old cells with the newly produced cells by tissue specific stem cells.  However, 

for several types of cells such as embryonic, reproductive, and stem cells, it is critical to 

keep dividing to provide the organism with new cells for its growth and damage repair, 

and otherwise it will jeopardize the life of the individual organism or the species.  In such 

cells, therefore, the maintenance of telomeres is crucial. 
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Figure 1.8 Telomere shortening and the possible cell fate 
 
Telomere shortening not only causes replicative cell senescence but also increases 
chromosomal instability.  Due to the chromosomal instability most cells die via the 
apoptotic pathway, but some cells can bypass apoptotic death and become cancerous. 
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Telomerase is a ribonucleoprotein complex of the catalytic domain hTERT 

(Human Telomerase Reverse Transcriptase) and the RNA template domain hTERC 

(Human TElomerase RNA Component).  It maintains telomeres by reverse transcribing 

telomere sequences of the RNA template to shorten telomeres (Figure 1.9).  Telomerase 

activity (TA) is required in reproductive, stem, and embryonic cells of which cell division 

is important for the organism but is not detectable in normal somatic cells that are often 

replaced with new cells [92].  Telomerase activity is directly related to the levels of the 

hTERT protein [92], and due to its critical role in determining TA, expression of hTERT 

is tightly regulated in the cells.  Dysregulation of hTERT expression results in aberrant 

telomere shortening or lengthening and is associated with several human disorders such 

as dyskeratosis congenital, idiopathic pulmonary fibrosis, aplastic anemia, and cancer 

(Figure 1.8) [93-100].  Especially, telomerase activity is responsible for the immortality 

of the cancer cells and is detected in 85 – 90% of all human cancers [101].  Although 

telomerase-mediated telomere maintenance is the major mechanism telomere can be 

lengthened in a telomerase-independent manner, termed ALT (Alternative Lengthening 

of Telomeres).  ALT activity, however, is only found in abnormal situations such as TA-

negative cancer cells and some in vitro immortalized cells but is not found in normal cells 

[102].  The mechanism of ALT has not been completely elucidated but it has been 

speculated that ALT is medicated by homologous recombination [102,103].   

In this section, we have focused on the major telomere-lengthening mechanism 

and have briefly reviewed the roles of telomerase and hTERT in normal and cancer cells.   
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Figure 1.9 Telomere and telomerase [104] 
 
Shortened telomeres after replication can be elongated by telomerase.  The catalytic 
domain hTERT of telomerase extends telomere by reverse-transcribing the RNA 
sequence of the RNA domain hTERC on the telomeres. 
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1.3.2 Role of telomerase in Normal Cells 

a. Aging 

In the early 1960s, it was revealed that replicative senescence of cells, the 

cellular level of aging, depends on the number of cell divisions gone through [91], and 30 

years later several studies reported that telomere shortening is associated with cellular 

senescence [105-107].  These findings led to the formation of the telomere hypothesis 

that telomere shortening acts as a signal for the initiation of replicative senescence 

[108,109].  The direct evidence for the association of telomere shortening and cellular 

senescence was first reported in a study by Vaziri H. and colleagues who demonstrated 

that activation of telomerase by expressing the catalytic domain hTERT of telomerase in 

the telomerase activity negative cells fibroblasts results in the extension of the replicative 

life span of the cells [110].  Later, several studies also reported that the prevention of 

cellular aging via the activation of telomerase is due to the inhibition of telomere 

shortening [111-114], demonstrating that cellular aging results from telomere shortening.  

However, the molecular mechanism of cellular senescence has not been completely 

understood (Figure 1.8). 

b. Chromosome healing and stability 

Telomeres act as protective caps on liner chromosome ends preventing 

degradation, improper recombination, and end-to-end fusions between chromosomes 

[115].  Therefore, damages or loss of telomeres are detected as a serious DNA damage to 

the cells and, if not properly repaired, can lead to chromosomal instability (CIN) that is 

one of the most common features of many types of cancers.  Chromosomes can lose 
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telomeres by spontaneous or induced double strand breaks (DSBs), and the loss can cause 

cell death or chromosomal instability.  Although the main role of telomerase has been 

known to be the maintenance of the pre-existing telomere length many studies also 

reported that telomerase is able to perform the de novo addition of telomeric sequences 

directly to non-telomeric DNA [116,117] and the de novo addition has been shown to be 

involved in the repair of chromosomal instability caused by the loss of telomeres due to 

double strand breaks [117,118].  Telomerase-mediated chromosome healing has been 

demonstrated in several species including yeasts and humans [119-122] and involves 

multiple steps with an assistance of various proteins [123-126].  This telomerase-

dependent chromosome healing seems to compete with other chromosome healing 

mechanisms such as homologous recombination (HR) and non-homologous end joining 

(NHEJ) [117].  However, the de novo telomere addition appears to preferentially target 

the 3’-overhangs generated by resection of broken chromosome ends [117].  Although it 

is clear that telomerase-dependent chromosome healing plays a role as a mechanism by 

which cells maintain chromosome stability more investigation is required to define the 

role of telomerase-mediated chromosome healing among other mechanisms that heal 

chromosome damage.   
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1.3.3 Role of Telomerase in Cancer Cells 

Unlike normal somatic cells with a limited life span due to replicative 

senescence, cancer cells overcome replicative senescence by activating telomerase in the 

cells.  The activation plays a key role in the maintenance of telomere length, the counter 

of cell division, which eventually results in immortality of the cells (Figure 1.8).  

Approximately 90% of all cancers show telomerase activity [101], which indicates that 

telomerase is not only required for immortalization of cancer cells but also is involved in 

cancer cell survival.  Inhibition of telomerase activity has been shown to result in an 

immediate growth inhibition and a delayed telomere shortening [127-132].  Since the 

catalytic subunit of telomerase hTERT acts as the rate-limiting factor of telomerase 

activity it has been under investigation to understand its role in cancer and to suppress 

telomerase activity in cancer cells [133-136].  Its expression levels are shown to correlate 

with poor prognosis and higher relapse but inversely correlate with remission and 

survival of cancer patients [137,138].  Furthermore, downregulation of hTERT 

expression is shown to have a significant anticancer effect in the cancer cells [133-136].  

These findings suggest that hTERT can serve as a biomarker to evaluate the effect of 

cancer treatment [139,140] and also as an actual target to treat cancer. 

 

1.3.4 Regulation of hTERT expression 

Expression of hTERT is controlled at multiple levels involving transcriptional, 

translational, and post-translational regulation [141].  Of all, transcriptional regulation is 

the primary control mechanism of hTERT expression, which includes epigenetic and 
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transcription factor-mediated control [142-145].  These two different control mechanisms 

play together to meet the proper levels of hTERT in the cell. 

a. Epigenetic regulation 

Epigenetic control provides reversible changes in gene expression based upon 

the needs of the cells via modifications on DNA and/or histones [146-149].  

Hypermethylation on cytosines of CpG islands of gene promoters is often associated with 

gene silencing [150].  However, the role of CpG methylation of the hTERT promoter has 

been in debate.  Some studies reported that cytosine methylation is a silencing 

mechanism for hTERT expression [151-153] but other studies showed that the CpG 

island of the hTERT promoter is fully or partially methylated in telomerase-positive 

cancer cells [154-159].  Further investigation is necessary to elucidate the role of CpG 

methylation in the regulation of hTERT expression. 

Histone methylation occurs on certain amino acids of histones at three different 

methylation levels: mono, di, and trimethylation.  This modification alters chromatin 

folding and the interaction of chromatin with transcription factors.  Although histone 

methylation is considered to be associated with transcriptional repression, the 

methylation of lysine 4 of histone 3 (H3K4) has been shown to activate gene transcription 

[146,147,149].  Several lines of evidence suggest that this methylation on H3K4 plays a 

role as a transcriptional activator in hTERT expression by presumably affecting the 

binding of the critical transcriptional activators Sp1 and c-Myc to the hTERT core 

promoter [160-162].   



 

 

44

Expression of hTERT is also regulated by histone acetylation on the lysine 

residues.  Previous studies have shown that histone deacetylation by HDAC (Histone 

deacetylase) inhibitors results in the silencing of hTERT expression in normal cells [163-

165], and the lack of hTERT promoter is associated with hypoacetylation on Lys9 of 

histone H3 in telomerase negative ALT (Alternative Lengthening of Telomeres) cells 

[166], demonstrating that histone acetylation is an important enhancing mechanism of 

hTERT expression.  However, the effect of HDAC inhibitors was not clear in some 

cancer cells, in which the HDAC inhibitors either cause no change or even reduce in 

hTERT expression [167,168], suggesting that hTERT expression in some cancer cells is 

not directly related to the histone acetylate state of the hTERT promoter. 

b. Transcription factor-based regulation 

The expression of the hTERT gene is primarily determined by its core promoter 

located between -180 and +1 (Figure 1.10) [169].  The hTERT proximal promoter 

contains two canonical c-Myc binding sites (E-Boxes, CACGTG) located at -156 and 

+44 relative to the transcription initiation site [170,171].  It has been shown that both E-

boxes of the hTERT promoter serve as c-Myc binding sites [172-174], but only the 

upstream E-Box located in the core promoter region plays a critical role in hTERT 

promoter.  Disruption of the E-box resulted in downregulation of hTERT expression, 

whereas, overexpression of c-Myc caused an increase in hTERT expression 

[172,174,175], and several studies showed that the levels of endogenous c-Myc binding 

to the hTERT E-Boxes alter hTERT expression [176,177], indicating that c-Myc is a 

transcriptional activator of the hTERT promoter.  
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The hTERT promoter also contains five Sp1 binding sites in the GC-rich region 

of the core promoter.  EMSA analysis has shown that Sp1 binds to the five binding sites 

of the hTERT core promoter [169,170], and mutational studies on each Sp1 binding site 

demonstrated that the binding sites are a positive cis-element for hTERT transcription.  

However, the contribution of each site to hTERT expression differs (Figure 1.10) 

[174,178].  For example, the first, second, and fourth Sp1 binding sites are more 

important cis-elements in the normal cell lines IMR90, WI38, and HFF [178], and the 

second, third, and fourth Sp1 binding sites are more critical in the cancer cell lines C33A, 

ME180, and SiHa [174].  Interestingly, the first Sp1 binding site shown to be most 

important in normal cells appears not to have an affect on hTERT promoter activity in the 

cancer cells.   These findings indicate that the content of other transcription factors at the 

hTERT promoter would determine which Sp1 binding sites would be involved in hTERT 

expression. 
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Figure 1.10 The hTERT promoter 
 
The hTERT core promoter contains five Sp1 binding sites and an E-box for c-Myc 
binding.  These binding sites are positive cis-element but E-box can also recruit 
Mad/Max as a transcriptional repressor.  The region covering the middle three Sp1 
binding sites indicated by a red box is guanine rich, and we investigated G-quadruplex 
formation by this region and the study is presented in Chapter 4. 
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Although c-Myc and Sp1 may be the main transcription factors that control the 

expression levels of hTERT it is possible that other E-Box binding proteins and Ets 

family proteins interact with the E-Box and Sp1 binding sites in the hTERT core 

promoter and regulate hTERT expression. 

The inhibition of hTERT expression is performed directly by the action of 

several transcriptional inhibitors at/near the core promoter.  The E-Box binding factor 

Mad1 competes with c-Myc for the E-Box binding site [179] and decreases hTERT 

expression during differentiation of HL60 and U937 cells [177,180], suggesting that the 

E-boxes in the hTERT promoter play dual roles as a transcriptional activation or 

inhibition site depending on the availability of c-Myc and Mad1 in the cell.  In addition to 

Mad1, the tumor suppressor Wilms’ Tumor (WT) protein binds to the WT1 consensus 

sequence of the hTERT core promoter [181] and, when overexpressed, represses hTERT 

expression in a tissue specific manner [182].  In addition, some tumor suppressors have 

been shown to indirectly downregulate hTERT expression by altering expression of the 

activator of the hTERT promoter such as the signaling pathways of TGF-β/Smad 

[183,184], p53 [185] and BRCA1 [186] that have an affect on c-Myc expression or 

functionality, thereby suppressing hTERT expression.  

 

1.4 Statement of the Problem 

The oncogenic role of the transcription factor c-Myb and the catalytic subunit of 

telomerase hTERT has been found in a broad range of cancer.  Furthermore, it has been 

shown that downregulation of these two proteins causes anti-cancer effects in cancer 
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cells, such decreased cell growth and increased apoptosis, which indicates that 

downregulation of expression of the genes is a promising approach for cancer treatment.  

However, this approach will be successful only when the regulatory mechanism of c-myb 

and hTERT expression is known. 

Transcriptional regulation of gene expression has shown to involve both 

transcription factors and secondary DNA structures.  Previous studies identified a number 

of transcriptional activators and inhibitors that modulate c-myb or hTERT expression.  

However, the effort to understand the role of secondary DNA structures in the regulation 

of expression of the genes has not been made to date.  Therefore, the understanding of the 

role of secondary DNA structure is critical to advance the research area of transcriptional 

regulation of those genes. 

 In the research presented in this dissertation, the secondary DNA structures 

formed by the GGA repeat region of the c-myb promoter (see Chapter 3) and by the G-

rich region of the hTERT core promoter (see Chapter 4) have been characterized and its 

potential role in the regulation of c-myb and hTERT expression has been partially 

studied.  These studies contribute to the comprehensive understanding of the regulatory 

mechanism of c-myb and hTERT expression. 
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CHAPTER 2 

MATERIALS AND METHODS  

Cell Culture a. Suspension cells The human leukemia cell lines CCRF-CEM (T-cell 

acute lymphoblastic leukemia, T-ALL) and K562 (Chronic myelogenous leukemia) were 

obtained from ATCC (Manassas, VA) and Coriell Cell Repositories (Camden, NJ), 

respectively, and maintained in RPMI 1640 supplemented with 10% FBS at 37 °C under 

5% CO2.  When cell density was reached to 106 cells/ml, the culture was diluted to 105 

cell/ml in fresh growth medium.  

b. Adhesion cells The genetically modified human embryonic kidney cell line Flp-InTM 

293 was purchased from Invitrogen (Carlsbad, CA) and cultured in DMEM supplemented 

with 10% FBS and 100 µg/ml Zeocin.  Cells were grown to 80% confluency and passed 

at 1:10 dilution in fresh medium.  Because these cells were loosely attached to the flask, 

they were washed off by pipetting, rather than trypsinized.  

Plasmids a. For transient transfection The wild-type c-myb reporter plasmid pMybWT 

was constructed by subcloning the 900 bp c-myb promoter of the plasmid LB178 into a 

pGL3 basic vector (Promega, Madison, WI).  All the mutant c-myb reporter plasmids, 

except for pMybDelR2, were generated by using the QuikChange XL Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer’s protocol.  

For pMybDelR2, a mutagenic PCR that amplifies pMybWT without Region 2 GGA 

repeats was performed, and then the PCR product was ligated in order to circularize it.  

The c-myb GGA repeat region and adjacent flanking region in the reporter plasmids were 
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sequenced to confirm that there were no unintended mutations introduced during 

mutagenesis.  

b. For stable transfection The c-myb reporter plasmid pFRT/MybWT/Luc for stable 

transfection was generated by cloning the BglII/XbaI fragment of pMybWT containing 

the wild-type c-myb promoter and the luciferase coding sequence at the BglII and SpeI 

sites of a pcDNA5/FRT vector, in which the CMV promoter of the vector has been 

deleted (Invitrogen, Carlsbad, CA), and the sequence of the insert was confirmed by 

sequencing. 

A summary of the plasmids and primers used for the mutagenic PCR are shown in Table 

2.1. 

Generation of Flp-In 293 MybWT luciferase reporter stable cells The Flp-In 293 

MybWT reporter stable cell line was generated by following the manufacturer’s protocol.  

Briefly, the pFRT/MybWT/Luc construct and pOG44 at a ratio of 1:9 were transfected 

into the Flp-in 293 cells (Invitrogen, Carlsbad, CA) by using ExGen500 (Fermentas, Glen 

Burnie, MD) according to the company’s protocol.  Transfected cells were selected by 

maintaining the cells in DMEM with hygromycin at 150 µg/ml and 10% FBS (Cellgro, 

Herndon, VA).  After selection, stable transfectants were pooled and expanded for use in 

experiments. Successful integration of the reporter construct at the flp recombinase target 

of the cells was inferred from the phenotype of the cells (gain of hygromycin resistance, 

loss of Zeocin® resistance, and gain of luciferase expression). 
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Table 2.1 Mutagenic PCR primers used in Chapter 3 [14] 

DelR1 F: 5’-CCTCCTCCTCCGTGTCTTTCTCCTGAGAAACT 
R: 5’-AGTTTCTCAGGAGAAAGACACGGAGGAGGAGG 

DelR2 F: 5’-GTGACCTCCTCCTCCTCTTTCTCCTG 
R: 5’-GAAGGAGGAGGAGGAAACAGGTTGAT 

DelR3 F: 5’-ACACTTTAATATCAACCTGTTTTCTCCTCCTCCTCCGT 
R: 5’-ACGGAGGAGGAGGAGAAAACAGGTTGATATTAAAGTGT 

DelR1/2 F: 5’-GTTTCCTCCTCCTCCTTCTCTTTCTCCTGAGAAACTTC 
R: 5’-GAAGTTTCTCAGGAGAAAGAGAAGGAGGAGGAGGAAAC 

DelR1/2/3 F: 5’-
TTTACACTTTAATATCAACCTGTTTCTTTCTCCTGAGAAACTTCG
C 
R: 5’-
GCGAAGTTTCTCAGGAGAAAGAAACAGGTTGATATTAAAGTGT
AAA 

 
Copyright 2008 Oxford University Press.  All Rights Reserved. 
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Transient transfection On the day of transfection, CCRF-CEM cells in exponential 

growth phase were plated at a density of 6x105 cells/well of a 24-well plate in 500µL 

OPTI MEM (Invitrogen, Carlsbad, CA).  Transfection was performed by following the 

company’s protocol of lipofectamine 2000 (Invitrogen, Carlsbad, CA).  Briefly, 1 µg of 

the c-myb reporter plasmids with 10 ng of the renilla luciferase reporter plasmid pRL 

SV40 and 1µL lipofectamine 2000 formed a DNA:lipid complex in OPTI MEM and the 

complex was directly added to the cells, and after transfection, the cells were incubated 

for 24 hr at 37 °C with 5% CO2.  Each transfection of the c-myb report plasmids was 

done in duplicate, repeated at least three times.  

b. Adhesion cells Flp-In 293 stable cells were plated at 50% confluency in a complete 

growth medium on the day before transfection, and 0 to 1.2 µg of the FLAG-tagged-

MAZ expression plasmid BRB112 were transfected by using Lipofectamine 2000. 

Luciferase assay a. using transiently transfected cells 24 hours after transfection cells 

were lysed in passive lysis buffer, and firefly and renilla luciferase activities were 

measured by using a dual luciferase reporter assay system (Promega, Madison, WI).  The 

ratio of firefly luciferase activity over renilla luciferase activity of each sample was 

calculated, and relative luciferase activity was obtained by normalizing the ratio of each 

mutant plasmid by that of pMybWT.  Each transfection of the c-myb report plasmids was 

done in duplicate, repeated at least three times.   

b. using stably transfected cells  24hrs after transfection of a MAZ expression plasmid 

into the 293 MybWT luciferase reporter stable cells, the cells were lysed and luciferase 

activities were measured.  Since luciferases in Flp-In 293 stable cells are stably 



 

 

53

expressed, total protein amount in the lysate was used to normalize luciferase activity of 

the samples.  Each transfection of the c-myb reporter plasmids was done in triplicate, 

repeated at least three times.  The data are presented as the average relative luciferase 

activity compared to the wild-type c-myb promoter from 6 luciferase assays per plasmid. 

Preparation of nuclear extracts Exponentially growing K562 cells were harvested, 

washed in PBS, and resuspended in RSB buffer (10 mM NaCl, 3 mM MgCl2, 10 mM 

TrisHCl, pH 7.5, 0.05% NP-40, and protease inhibitors).  The cells were vortexed and 

incubated on ice to break the cytoplasmic membrane.  The integrity of nuclei and the 

lysis levels of the cytoplasmic membrane were confirmed by trypan blue staining, and 

when population of the lysed cells was greater than 95%, the nuclei were collected by 

spinning down.  The nuclei in the pellet were washed once with RSB buffer and 

resuspended in RIPA buffer (50 mM TrisHCl (pH 7.5), 1% NP-40, 0.25% sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA and protease inhibitors).  Then, samples were 

vortexed and incubated on ice in order to break the nuclear membrane.  Nuclear proteins 

were separated from the nuclear membrane by centrifugation (4 °C, 30 min).  The 

supernatant containing nuclear proteins was aliquoted and stored at -80 °C. 

Isolation of FLAG-tagged-MAZ FLAG-tagged-MAZ was expressed from the plasmid 

BRB112 in BL21 (DE3) pLysS cells (Invitrogen, Cedar Creek, TX) according to the 

manufacturer’s protocol.  Briefly, BRB112 was transformed into BL21 (DE3) pLysS 

cells.  Overnight culture was prepared from a single colony and diluted to 1:100 in fresh 

Luria-Bertani broth with 0.4% glucose.  Pre- and post-induction incubations were 2hr 

each at 37 °C, and 1 mM of IPTG was used for induction of FLAG-tagged-MAZ 
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expression.  After induction, bacterial cells were harvested and lysed, and FLAG-tagged-

MAZ was isolated from the lysate by using a FLAG affinity column according to the 

manufacturer’s protocol (Sigma-Aldrich, St. Louis, MO).  The column was regenerated 

after use and stored at 4 °C. 

Generation of FLAG-tagged-MAZ by reticulocyte lysate FLAG-MAZ was also 

synthesized by using the TnT® coupled Reticulocyte lysate systems according to the 

manufacture’s non-radioactive transcription/translation protocol (Promega, Madison, 

WI).  Briefly, 2 µg of the plasmid BRB112 was used as a DNA template in a final 

volume of 50 µl and coupled transcription/translation reaction was conducted at 30 ºC for 

90 min.   

Western Blotting 20 µg of whole cell proteins or 5 µg of nuclear proteins was run on a 

4~20% gradient TrisHCl PAGE gel in 1X Tris/Glycine/SDS buffer (Biorad, Hercules, 

CA) at 200 V, and the proteins on the gel were transferred to PVDF membrane in 1X 

Tris/Glycine/SDS buffer supplemented with 20% (v/v) methanol.  Transfer was 

performed using a wet transfer system from Biorad (Hercules, CA) in icy water at 100 V 

for 1 hr.  Then, the membrane was blocked overnight with 5% (w/v) nonfat dry milk in 

1X TBST (10 mM TrishHCl (pH 7.5), 150 mM NaCl, 0.05% Tween-20) and blotted with 

a 1:300 dilution of MAZ antibody (H-50) (Santa Cruz Biotechnology, Santa Cruz, CA), 

1:800 dilution of actin (Cytoskeleton, Denver, CO), or 1:1000 dilution of lamin A/C 

(Abcam, Cambridge, MA) in 1X TBS (10 mM TrishHCl (pH 7.5), 150 mM NaCl) 

containing 5% (w/v) nonfat dry milk for overnight at 4 °C.  Membrane was washed three 

times with 1X TBST, and bound antibodies were localized with a 1:75,000 dilution of 
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HRP-conjugated bovine against rabbit immunoglobulin (Santa Cruz Biotechnology, 

Santa Cruz, CA) in 1X TBS with 5% nonfat dry milk for 30 min at room temperature.  

Then, the membrane was washed three times with 1X TBST and once with 1X TBS.  

Protein bands on the membrane were detected using a chemiluminescent substrate (Pierce 

Biotechnology, Rockfold, IL). 

Induction of Differentiation of K562 cells Exponentially growing K562 cells were 

plated at the density of 1x105 cells/ml in a complete medium.  3 hr after plating, K562 

cells were treated with TPA (10 ng/ml) or Imatinib (0.5 µM) and grown under the 

standard cell culture conditions. 

Oligonucleotides The oligonucleotide (ODN) containing the pyrazolopyrimidine 

analog of guanine (PPG) was synthesized by Bio-Synthesis, Inc. (Lewisville, TX).  All 

other oligonucleotides were synthesized by Operon Biotechnologies, Inc. (Huntsville, 

AL) or Biosearch (Novato, CA).  Oligonucleotides were gel- or HPLC-purified before 

use, and the concentrations were determined by using a spectrophotometer. 

Electrophoretic mobility shift assay (EMSA) and competition EMSA EMSA 

Binding reaction of purified FLAG-tagged-MAZ was performed by incubating 1ug of 

purified FLAG-MAZ with 0.2 pmoles of radio-labeled, double stranded probes in a 

binding buffer (10 mM TrisHCl (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol (DDT), 1 

mM EDTA (pH 8.0), and 5% glycerol) for 20 min at room temperature.  For EMSA with 

FLAG-tagged-MAZ synthesized by the TnT® coupled Reticulocyte lysate system, the 

previously described methods in Reference [187] was followed with 10 µl of the coupled 

reaction per sample in the presence of the radio-labeled probes at 12.5 nM.   
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b. Competition EMSA Protein binding reaction of competition EMSAs as conducted as 

followed.  5 µg of K562 nuclear extract was incubated with 0, 5, and 20 pmoles of double 

stranded cold competitors in the binding buffer with 1 µg of dIdC for 20 min at room 

temperature, and then 0.2 pmoles of the labeled probes were added to the reaction and 

incubated for 20 min at room temperature.   

In both cases, probe-protein complexes were separated on a 4% non-denaturing gel 

with 2.4% glycerol in 0.25X TBE at 4ºC after the binding reaction was completed. 

DNaseI footprinting The BanII/SfcI - 260bp GGA repeat region probe was isolated 

from pMybWT and labeled by Klenow filling on the G-rich repeat strand.  

Approximately 18,000 cpm of the labeled probe was incubated with FLAG peptides or 

FLAG-tagged-MAZ in a binding buffer (25 mM TrisHCl (pH 8.0), 50 mM KCl, 6.25 

mM MgCl2, 0.5 mM EDTA (pH 8.0), 10% glycerol, 0.5 mM DTT) for 10 min on ice.  

After adding CaCl2 and MgCl2 to 2.5 mM and 5 mM as final concentrations, respectively, 

0.01u of DNase I (Invitrogen, Carlsbad, CA) was added to each sample and incubated 2 

min at room temperature.  DNase I reaction was quenched by adding a stop solution (100 

mM NaCl, 15 mM EDTA, 0.5% SDS, 50 µg/ml yeast tRNA as final concentrations).  

The labeled probes were recovered via phenol/chloroform extraction followed by ethanol 

precipitation and separated on a 6 % denaturing gel. 

Circular Dichroism spectroscopy Oligonucleotides for circular dichroism (CD) were 

prepared at 1.25, 2.5, or 5 µM in 50 mM Tris-HCl (pH 7.5) in the presence or absence of 

140 mM KCl.  Samples were denatured at 95 °C for 10 min and slowly cooled to room 

temperature to induce G-quadruplex formation.  CD spectra were measured by a Jasco-
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810 spectropolarimeter (Jasco, Easton, MD) using a quartz cell of 1-mm optical path 

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

of 200 to 350 nm.  A set of three scans was averaged for each sample at 25 °C.  For the 

determination of Tm, G-quadruplex formation was induced and molar ellipticity at 264 

nm was measured over a temperature range of 20 to 100 °C, and the Tm values were 

calculated using the computer program Prism4. 

Dimethylsulfate (DMS) footprinting assay a. simple DMS protection assay (used for 

the c-myb project, see Chapter 3) Oligonucleotides were 5’-end radiolabeled, diluted 

to 100 nM in 40 µl of 10 mM TrisHCl (pH 8.0).  G-quadruplex formation in the 

oligonucleotides was induced by denaturing at 95 °C, and slowly cooling down to 37 °C 

in the presence or absence of 140 mM KCl.  1 µg of dIdC was added to each sample, and 

the samples were treated with 0.5% DMS as a final concentration for 5 min at RT.  The 

reaction was quenched by adding 50 µl of a stop solution (1.5 M sodium acetate (pH 7.0), 

1 M β-mercaptoethanol, 250 µg/ml yeast tRNA), and ethanol precipitation was 

performed on the samples.  The DMS treated oligonucleotides were resuspended in 50 µl 

of 10%(v/v) piperidine and incubated at 90 °C for 20 min to cleave the oligonucleotides 

at the guanines that are methylated by DMS.  Piperidine was removed from the samples 

by using a speedvac and the DMS treated DNA was resuspended in a denaturing loading 

dye, and was separated on a 10% sequencing gel.  

b. EMSA/DMS protection assay (used for the hTERT project, see Chapter 4) 5’-end 

labeled oligonucleotides were diluted to 50 nM in 40 µl of 10 mM TrisHCl (pH 8.0), 

denatured at 95 °C, and slowly cooled down to room temperature in the presence or 
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absence of 140 mM KCl.  2 µg of dIdC was added to each sample, and the sample was 

treated with 0.5% DMS as a final concentration for 5 or 15 min at room temperature.  

The reaction was quenched by adding 13.5 µl of a stop solution (3.5 µl of 14.3 M β-

mercaptoethanol and 10 µl of 10 % glycerol) to each sample, and the samples were 

immediately loaded on a 10% native gel.  The unimolecular oligonucleotide species on 

the gel were excised and extracted in dH2O and precipitated at -20 °C in the presence of 

70% EtOH, 97 mM NaOAc (pH 5.2), and 6.5 mg/ml yeast tRNA as final concentrations.  

The DMS treated oligonucleotides were cleaved by 10% (v/v in 10% TrisHCl (pH 8.0)) 

piperidine, and separated on a sequencing gel. 

Taq polymerase arrest assay A primer was annealed to the template bearing the 

sequence of interest and gel purified.  The asymmetric primer-template duplex was 

incubated in the absence or presence of 140 mM KCl at 37 °C overnight, and primer 

extension was conducted by 2.5 u of Taq polymerase (Fermentas, Hanover, MD) at 47 °C 

for 20 min (for the c-myb samples, see Chapter 3) or at 57 °C for 25 min (for the hTERT 

samples, see Chapter 4).  In the case of compound treatment, the samples were incubated 

with G-quadruplex interactive compounds for 20 min at room temperature in the presence 

of 140 mM (the c-myb samples) or 40 mM KCl (the hTERT samples), and then primer 

extension was performed as described above.  The reaction was stopped by adding 

denaturing loading dye (93% formamide, 10 mM EDTA (pH 8.0), 0.25 mg/ml xylene 

cyanol, 0.25 mg/ml bromophenol blue), and the primer extension products were separated 

on a denaturing gel.  
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RNA polymerase arrest assay RNA polymerase arrest assays were conducted by using 

the in vitro transcription kit, T7 MEGAshortscript from Ambion (Austin, TX) according 

to the manufacturer’s protocol.  The top sequence of T7 promoter was annealed to 

template oligonucleotides bearing the bottom sequence of T7 promoter followed by the c-

myb GGA repeat region.  In vitro transcription from the T7 promoter site was conducted 

in the presence of rNTPs and 32P alpha UTP for 2 hrs at 37 °C.  The reaction was stopped 

by digesting DNA templates with DNase I, and the transcription products were separated 

on a 12% denaturing gel. 

Statistical analysis Microsoft Excel was used to perform statistical analysis.  

Unpaired, two-tailed T tests were used to determine statistical differences in relative 

luciferase activities of the wild-type and mutant c-myb reporter constructs, and a value of 

P < 0.01 was considered significant. 
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CHAPTER 3 

STRUCTURAL AND FUNCTIONAL ROLE OF THE GGA REPEAT REGION IN  
THE C-MYB PROMOTER IN REGULATION OF PROMOTER ACTIVITY 

 

3.1 Introduction 

The c-myb proto-oncogene was first identified as the cellular homologue of the 

transforming v-myb oncogene of avian leukemia viruses [53,188-192].  It encodes a 

critical transcription factor for proliferation, differentiation, and survival of hematopoietic 

progenitor cells [47], and the gene product c-Myb plays a role in enhancing proliferation 

and preventing differentiation and apoptosis in hematopoietic stem cells [47,55,193].  

Because of the critical role of c-Myb in determining cell fate, c-Myb expression levels 

are tightly controlled in normal cells, showing high levels in immature, proliferating 

hematopoietic cells and undetectable levels in differentiated cells [53].  However, 

aberrant expression of c-myb, more specifically overexpression, is often found in many 

leukemias and solid tumors, and plays a critical role in leukemogenesis by maintaining 

cells in an undifferentiated, proliferative state [48,50,79].  Due to its carcinogenic role, c-

Myb has been an attractive target for leukemia therapy, and several studies demonstrated 

that downregulation of c-Myb expression results in decreased proliferation and increased 

apoptosis in leukemia cells [85,87,194].  Furthermore, in a clinical study, c-Myb 

downregulation was shown to be an effective method for bone marrow purging in CML 

(Chronic Myelogenous Leukemia) patients, indicating that the lack of c-Myb in CML 

leukemia cells causes death of the CML cells [195].  
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Cellular levels of c-Myb are regulated at the transcriptional level by several 

mechanisms.  One important mechanism is blocking mRNA elongation using a 

transcriptional arrest site located 1700 bp downstream of intron I.  This mechanism works 

in a cell type dependent manner and causes attenuation of the c-myb mRNA, which leads 

to degradation of it in the cell. [65-67,196].  Blocking mRNA elongation is a gene 

regulation method used by several genes and has been proposed as a rapid 

downregulation mechanism applied while the promoter is active [53,66,69,70,72,197].  

For example, when exposed to stimuli that cause downregulation of gene expression, the 

cells initially turn on the transcriptional arrest system to rapidly respond to the stimuli 

and reduce gene expression.  However, inactivation of the gene promoter is necessary for 

a steady downregulation of the gene.  c-Myb transcription is also controlled by the 

proximal promoter though the interaction with a number of transcriptional activators and 

inhibitors.  c-Myb acts as a negative regulator of its own expression in a lineage 

dependent manner, and WT1 (Wilms Tumor 1), MZF1 (myeloid zinc finger 1), and PU.1 

also downregulate c-myb promoter activity, whereas the Ets and c-Jun/JunD transcription 

factors activate the c-myb promoter in a lineage specific manner (Figure 3.1) [75-78,198]. 

The c-myb promoter contains a purine-rich region with three almost perfect 

copies of four GGA repeats, [3(GGA)4], located 17 bps downstream of the transcription 

initiation site on the bottom strand.  The GGA repeat region is highly conserved across 

multiple mammalian species (Figure 3.1), suggesting that the region is important for 

regulation of c-myb expression.  Nuclear magnetic resonance (NMR) and molecular 

modeling studies showed that (GGA)4 DNA sequences similar to those found in the 
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human c-myb promoter can form an unusual secondary DNA structure related to guanine 

(G) - quadruplexes composed of a guanine tetrad (T) stacked onto a guanine-adenine 

heptad (H) (Figure 3.2) [199,200].  The adenines of this unusual G-quadruplex are the 

first identified pseudo-double chain reversal loops that are formed by the folding-back of 

them to the bottom G-tetrad plane.  DNA sequences with two adjacent (GGA)4 units, 

(GGA)8, can form a very stable (Tm = 86°C) higher order structure by intramolecularly 

stacking two T:H G-quadruplexes on the heptad plane, resulting in a 

tetrad:heptad:heptad:tetrad (T:H:H:T) DNA structure (Figure 3.2) [201,202].  These 

structures form in the presence of physiologic concentrations of potassium ions and at 

neutral pH, which indicates the possibility of such structure to form in a cell.  The 

sequence similarity of the c-myb GGA repeat region and the model sequence of T:H:H:T 

G-quadruplex suggests that the c-myb GGA repeat region can be able to form a similar 

secondary DNA structure. 
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Figure 3.1 The c-myb GGA repeat region of various species [14] 
 
Transcription initiation site (+1) is indicated with an arrow.  Inhibitors: c-Myb (-596 ~ -
618), WT1 (-390 ~ -428), myeloid zinc finger 1 (MZF-1, -50 ~ -64 and –162 ~ -178), and 
PU.1 binding site (+15 ~ +20).  Activators: Ets (-251 ~ -270) and c-Jun /JunD (-138 ~ -
162).  Putative transcription factors that bind to the GGA repeat region include MAZ, 
RXR, PU.1, and VDR (italics), which have multiple binding sites in the GGA repeat 
region.  The myb GGA repeat sequences in different species are compared, and R1 and 
R3 are most conserved in the five different species, humans, murine, rats, dogs, and 
domestic cows. Copyright 2008 Oxford University Press.  All Rights Reserved. 
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Figure 3.2 Tetrad:Heptad:Heptad:Tetrad (T:H:H:T) G-quadruplexes formed by 
2(GGA)4 or (GGA)8 [14,199-202] 
 
A:  Left: guanine tetrad (T), Right: guanine:adenine heptad (H).  B: Left: two T:H G-
quadruplexes formed by two (GGA)4 intermolecularly dimerize to form a T:H:H:T G-
quadruplex (taken from reference [199]). Right: (GGA)8 forms two T:Hs that dimerize 
intramolecularly, resulting in a T:H:H:T G-quadruplex (modified from reference [201]). 
Copyright 2008 Oxford University Press.  All Rights Reserved. 
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GGA repeats found in some promoters have been shown to be a critical cis-

element for protein:DNA interaction.  The eight GGA repeats (GGA)8 found in the avian 

SPARC promoter are a critical positive regulatory region with multiple Sp1/Sp3 binding 

sites [203], and the GGA repeats in the human homologue of SPARC, the BM-40 gene, is 

also required for promoter activity of the gene [204].  These studies indicate that GGA 

repeats in gene promoters may play a critical role in regulating gene expression, and 

suggest that the c-myb GGA repeat region is important for c-myb transcription. 

In this chapter we investigated if the c-myb GGA repeat region can form 

T:H:H:T G-quadruplexes and the region is a critical regulator of the promoter.  We report 

that the c-myb GGA repeat region forms T:H:H:T G-quadruplexes involving two (GGA)4 

regions and acts as a repressor element of the promoter.  However, the GGA repeat 

region is also essential for basal promoter activity of the c-myb gene.  In addition, we 

identified a transcription factor, Myc Associated Zinc finger protein (MAZ), that binds to 

the double stranded and G-quadruplex conformations of the GGA repeat region and 

represses c-myb promoter activity.  Our findings suggest that the c-myb G-quadruplexes 

act as a negative regulator of the promoter and that MAZ may repress c-myb promoter 

activity by binding to the T:H:H:T G-quadruplexes. 
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3.2 Results 

3.2.1 In vitro Evidence for the Formation of T:H:H:T G-quadruplexes by the 
Tandem GGA Sequence in the c-myb Promoter 

Oligonucleotides with the sequence (GGA)4 have been shown to form a 

secondary structure composed of a guanine tetrad (T) stacked on a guanine-adenine 

heptad (H) (Figure 3.2).  Two tetrad:heptad (T:H) G-quadruplexes can dimerize via 

stacking interactions on their heptad planes and form a tetrad:heptad:heptad:tetrad 

structure (T:H:H:T) [199,200].  This T:H:H:T G-quadruplex can be derived 

intramolecularly from a (GGA)8 oligonucleotide and has been shown to be very stable, 

producing a melting temperature of 86 °C [202].  In this structure, the two T:H G-

quadruplex-forming core sequences, GGAGGAGGAGG, are linked by a single adenine 

nucleotide that does not form any hydrogen but may play an important role in stability of 

the structure by holding two T:H: together (Figure 3.2) [201,202]. 

Since the c-myb promoter contains three nearly perfect tandem (GGA)4 repeats 

(Figure 3.1), we hypothesized that each could be considered as a T:H-forming unit and 

any two of the three T:Hs are able to dimerize to T:H:H:T structures with longer linker 

sequences than in the previously characterized (GGA)8 oligonucleotide (Figure 3.3).  
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Figure 3.3 Possible formation of T:H:H:T G-quadruplexes by the c-myb GGA repeats 
 
Theoretically, each GGA repeat region in the c-myb promoter can form a T:H, and any 
two T:Hs could dimerize to form a T:H:H:T G-quadruplex.  K+ ions are indicated by 
green balls. 
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To test our hypothesis, we examined the circular dichroism (CD) spectra of 

ODNs V, VI, and VII containing the sequences of (GGA)8, the c-myb GGA repeats R1 

and R2, and the PPG (pyrazolopyrimidine) mutant of ODN VI as a negative control for 

T:H:H:T formation, respectively.  A CD spectrum of a DNA oligonucleotide gives 

preliminary evidence for G-quadruplex formation by the given DNA and provides with 

information on the relative orientation (parallel vs. antiparallel) of the guanine strands in 

the G-quadruplex [6].  Since only two of the three c-myb GGA repeat regions would be 

required to form a T:H:H:T G-quadruplex we initiated our investigation on T:H:H:T G-

quadruplex formation in the GGA repeat region by using ODN VI bearing two copies of 

the c-myb GGA repeats.  The CD spectrum of a T:H:H:T formed by a (GGA)8 

oligonucleotide (ODN V) is shown in Figure 3.4 and essentially reproduces the CD 

signature for the T:H:H:T structure that was reported in correlation with the NMR studies 

from which the T:H:H:T was identified [202].  ODN VI produced the characteristic CD 

signature of a T:H:H:T with a strong peak at 264 nm in the presence of potassium, 

indicating T:H:H:T G-quadruplex formation by the oligonucleotide.  In order to verify 

that the CD signature of ODN VI is due to G-quadruplex formation by the ODN, we 

tested a negative control oligonucleotide (ODN VII) in which the guanines of the GGA 

repeats in ODN VI have been substituted to 7-deazaguanine analog to prevent G-

quadruplex formation.  PPG is a pyrazolopyrimidine analog of guanine in which the N7 

and C8 atoms of guanine are interposed, thereby preventing the formation of N7-

dependent secondary DNA structures, such as G-quadruplexes.  However, the PPG 

retains the same electron density in the ring system as guanine, and PPG substitutions do 
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not alter the optical activity (absorption of UV light) compared to the unfolded form of 

the guanine oligo.  As shown in Figure 3.4, the PPG substituted oligonucleotide ODN VII 

did not produce the CD signature of a T:H:H:T, confirming that the CD signature of 

ODN VI is due to T:H:H:T formation by the oligo. 
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Figure 3.4 Circular Dichroism spectrum of ODNs V, VI, and VII in the presence of KCl 
[14] 
 
A:  Structure of guanine and PPG.  B: ODNs V, VI, and VII contain the sequences of 
(GGA)8, the c-myb GGA repeats R1 and R2, and the PPG mutant of ODN VI.  PPG are 
indicated as Ps.  ODNs V and VI show a signature CD spectrum of G-quadruplex but not 
ODN VII.  Copyright 2008 Oxford University Press.  All Rights Reserved. 
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To demonstrate the formation of T:H:H:T G-quadruplexes by the c-myb GGA 

repeat region, we performed Dimethylsulfate (DMS) footprinting studies with an 

oligonucleotide containing all three GGA repeat regions (ODN I).  DMS footprinting 

assay is able to probe the hydrogen bond formation at the N7 position of guanines 

(Hoogsteen bonding) that are unique and necessary for a G-quadruplex structure.  When 

involved in Hoogsteen bond formation, the N7 position of guanines is not accessible by 

DMS and so is protected from methylation by DMS.  This protection will subsequently 

prevent cleavage on the guanines during the following procedure of the assay and be 

shown as a protected area on a sequencing gel.  To test the possibility that any two of the 

three (GGA)4 regions in the c-myb promoter can form the dimer structure, we conducted 

DMS footprinting studies on regional mutant oligonucleotides (ODNs II, III, and IV) in 

which each region has been mutated to (GCA)4 to prevent secondary structure formation 

by the mutant region (Figure 3.5A).  The results from these studies show potassium 

dependent partial and complete DMS footprints in R1 and R2 in ODN I, respectively, and 

in the two unaltered GGA repeat regions of the regional mutants ODNs II, III, and IV 

(Figure 3.5A).  This pattern of DMS protection suggests that T:H:H:T structures are 

formed within the c-myb GGA repeats, and further implies that any two of the three 

(GGA)4 repeats, such as R2/R3 of ODN II, R1/R3 of ODN III, and R1/R2 of ODN IV, 

can form the dimer structure.  This multiple T:H:H:T formation in the c-myb promoter 

implies that there is a possible competition for dimerization among the three GGA repeat 

regions.  Weaker protection on R1 in ODN I than in ODN III can be explained by such 

competition and the existence of three T:H:H:Ts (R1/R2, R1/R3, and R2/R3) in ODN I.  



 

 

74

The R2/R3 G-quadruplex formed in ODN I increases the occurrence of cleavage on R1 in 

the oligo compared to ODN III where R1 is always involved in T:H:H:T formation.  

Significantly, our data indicate that the stability of the three T:H:H:Ts is not same, 

showing that R1/R3 in ODN III and R1/R2 in ODNs I and IV form a strong T:H:H:T 

dimer and R2/R3 in ODN II forms a less stable T:H:H:T.  Considering that the T:H:H:T 

in ODN II is the only T:H:H:T structure that does not involve R1 in the structure, our 

finding denotes that the involvement of R1 in the formation of a T:H:H:T is important for 

the stability of the structure.  We also examined the CD spectra of ODNs I through IV, 

and they produced CD spectra characteristic of a T:H:H:T G-quadruplex in a potassium 

dependent manner (Figure 3.5B).  Furthermore, the stability of the ODNs estimated DMS 

footprinting assay is in agreement with the molar ellipticity of the ODNs at 264 nm, a 

signature peak of a parallel G-quadruplex, showing the lowest signature peak on ODN II 

and high peaks on ODNs III and IV.   

When taken together, our biochemical studies provide strong evidence for the 

formation of multiple T:H:H:T structures by the GGA repeat regions, and that they show 

varying levels of stability depending on the regions involved in the T:H:H:T formation. 
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Taq (DNA polymerase) and RNA polymerase stop assays have been used as a 

means to deduce the location and stability of G-quadruplexes in single stranded templates 

and plasmid DNA [10,43].  Thus, both Taq and RNA polymerase arrest sites at these 

sequences are potentially relevant to the disruption of enzymatic function that could be 

encountered in cells by G-quadruplex formation in the c-myb GGA repeat region. 

The results from Taq polymerase stop assay showed two arrest sites (designated 

S1 and S2) on ODN XI bearing three intact c-myb GGA repeat regions, which are 

observed precisely at the beginning of the third and second GGA repeat regions in a 

potassium dependent manner, respectively (Figure 3.6).  The presence of two arrest sites 

in ODN XI demonstrates that the c-myb promoter can form multiple stable secondary 

structures due to the competition among the three GGA repeat regions as we inferred 

from our DMS protection assay.  The arrest S1 is caused by the T:H:H:T formed by the 

R1/R3 and/or R2/R3 regions, and the arrest S2 is occurred due to the R1/R2 T:H:H:T G-

quadruplex in ODN XI. 

When one of the GGA repeat regions is mutated (ODNs XII, XIII, and XIV in 

Figure 3.6), T:H:H:T formation occurred with the two intact GGA repeats and resulted in 

a single arrest site at either S1 or S2.  This observation is comparable to the single arrest 

site (S) that is observed before the GGA repeats in a template containing the (GGA)8 

sequence (ODN XVII in Figure 3.7) that was used as a positive control for the T:H:H:T 

structure [202], and indicates that any two (GGA)4 repeats can form a T:H:H:T regardless 

of their positions in the c-myb GGA repeat region.  Of note, although any two (GGA)4 

motifs are able to form a T:H:H:T, the relative amount of arrest product compared to full-
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length (FL) primer extension products varies in the tested ODNs, which provides an 

estimate of the stability of the T:H:H:T structures formed by the GGA repeat sequences.  

For example, the arrest products at S1 and/or S2 are substantial compared to the amount 

of the full-length primer extension product in ODNs XI, XIII, and XIV, whereas the 

arrest product at S1 in ODN XII is only partial compared to the full-length extension 

product.  These data show that R2 and R3 form a less stable T:H:H:T than other c-myb 

T:H:H:Ts and, in support of our DMS footprinting data, and demonstrate that the R1 

GGA repeats are an important determinant of the stability of the structures (Figure 3.6.C).  

Moreover, the data from Taq polymerase arrest assays draw a speculation that a single 

T:H unit is a stable G-quadruplex because, otherwise, ODN XI containing three (GGA)4 

and ODNs XII, XIII, and XIV bearing two intact (GGA)4 should cause three and two 

arrests, respectively.  To confirm our speculation, we performed deletion studies in 

polymerase arrest assay (Figure 3.7).  When one of the GGA repeat regions is deleted 

(ODN XV), T:H:H:T formation took place by dimerizing two T:H quadruplexes and 

caused a single arrest site.  However, when two GGA repeat regions were deleted (ODNs 

XVI), a single T:H structure formed, and did not arrest Taq polymerase (Figure 3.7), 

demonstrating that the T:H structure alone does not form a stable structure, and 

dimerization of two T:Hs is necessary for formation of the formation of a stable G-

quadruplex. 
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Figure 3.6 Taq polymerase arrest assay on ODNs XI, XII, XIII, and XIV [14] 
 
A: ODN XI containing three (GGA)4 of c-myb shows two arrests before R3 and R2, and 
the regional mutants ODNs XII, XIII, and XIV result in a single arrest right before the 
first intact (GGA)4 in a potassium dependent manner.  B: A schematic diagram of the 
results from this assay.  The mutated regions are indicates as gray ovals.  P: primer site, 
FL: full-length of the ODNs, and S1 and S2: arrest sites before R3 and R2, respectively.  
C: A graphical representation of the relative arrest to the sum of arrest and full-length 
product of each ODN. Copyright 2008 Oxford University Press.  All Rights Reserved. 
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Figure 3.7 Taq polymerase arrest assay on the serial deletion mutants ODNs XI, XV and 
XVI and the (GGA)8 containing oligo ODN XVII in the presence of potassium [14] 
 
A: ODNs XV and XVII containing two (GGA)4 of c-myb and (GGA)8, respectively, 
result in a single arrest site, and ODN XVI bearing a single (GGA)4 repeat does not cause 
an arrest, indicating that a T:H:H:T is stable but a T:H is not.  B: A schematic diagram of 
the deletion mutants ODNs. P: primer site, S1, S2, and S: arrest sites at R3, R2, and 
before (GGA)8, respectively, and FL, FL1, FL2, and FL_S: full-length products of ODNs 
XI, XV, XVI and (GGA)8, respectively.  C: A pictorial summary of the stability of T:H 
containing G-quadruplexes. Copyright 2008 Oxford University Press.  All Rights 
Reserved. 
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Since the GGA repeat region of c-myb occurs on the transcribed strand 

downstream of the transcription start site, we performed RNA polymerase arrest assay. 

We expected that RNA polymerase arrest would occur in ODNs representing the c-myb 

GGA repeat region.  Figure 3.8 shows that the ODN XXI bearing the three GGA repeat 

sequences of c-myb has two arrests designated S1 and S2, and that ODN XXV 

representing two (GGA)4 of the c-myb sequence cause a single arrest S1 in a potassium 

dependent manner, showing very similar data to those from Taq polymerase arrest assay.  

However, unlike Taq polymerase stop assay, ODN XXVI with a single T:H (ODN 

XXVI) caused an arrest in RNA polymerase stop. 

In summary, these polymerase arrest assays demonstrate that two (GGA)4 

repeats from the c-myb promoter can form a stable potassium dependent T:H:H:T 

structures capable of arresting the progress of Taq and RNA polymerases by dimerizing 

any two GGA repeat elements.  However, the stability of the c-myb T:H:H:Ts varies 

depending on the GGA repeat elements forming a T:H:H:T dimer, suggesting that the c-

myb GGA repeat region may play a role in precise regulation of c-myb transcription. 
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Figure 3.8 RNA polymerase arrest assay on ODNs XXI, XXV, and XXVI [14] 
 
A:  ODN XXI bearing three intact (GGA)4 of c-myb causes two arrests (S1 and S2), and 
the deletion mutants ODNs XXV and XXVI containing two, one, and none of (GGA)4 

repeats cause one arrest (S1). P: Primer, FL, FL1, and FL2: full-length products of ODNs 
XXI, XXV, and XXVI, respectively.  S1 and S2: arrest sites before R3 and R2, 
respectively.  B: A schematic representation of the ODNs used in this assay. Copyright 
2008 Oxford University Press.  All Rights Reserved. 
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3.2.2 Role of the T:H:H:T G-quadruplex Forming Region of the c-myb Promoter in 
Regulation of Promoter Activity  

a. Dual roles of the c-myb GGA repeat region as a transcriptional activator and an 

inhibitor 

In order to investigate the role of the GGA repeat region in regulation of c-myb 

promoter activity, we performed luciferase assays using reporter constructs bearing wild-

type and mutant c-myb promoters.  The reporter plasmid pMybWT bears the wild-type c-

myb promoter from -719 to +200 with the three intact GGA repeat regions.  The mutant 

reporter plasmids pMybDelR1, pMybDelR2, and pMybDelR3 are deletion mutants in 

which each GGA repeat region has been deleted.  We also generated serial deletion 

mutant plasmids, pMybDelR1/2 and pMybDelR1/2/3, in which two and all three GGA 

repeat regions have been deleted, respectively.  Figure 3.9 shows relative firefly 

luciferase activities in CCRF-CEM cells normalized by renilla luciferase activities in a 

dual luciferase assay system.  Deletion of GGA repeat region 1 (pMybDelR1) or both 

regions 1 and 2 (pMybDelR1/2) in the c-myb promoter increased relative luciferase 

activities by 3 to 5-fold.  The reporter constructs pMybDelR1 and pMybDelR1/2 contain 

a T:H:H:T formed by R2 and R3 and a T:H of R3 that are shown to be unstable G-

quadruplexes in our biochemical studies, respectively.  In contrast, deletion of R2 

(pMybDelR2) has no significant effect on c-myb expression, and in ODNs, mutation of 

R2 resulted in a stable T:H:H:T between R1 and R3.  Taken together, these results imply 

that the T:H:H:T structures formed by the c-myb GGA repeats act as transcriptional 

inhibitors and support the conclusion that stable T:H:H:T formation involving two GGA 

repeat regions represses c-myb expression.  Unexpectedly, however, the deletion of 
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region 3 also significantly increased c-myb promoter activity, even though corresponding 

mutations in R3 in ODNs resulted in a stable T:H:H:T between R1/R2.  The increased 

promoter activity in pMybDelR3 may be explained by the newly created transcription 

factor binding site that is introduced as a result of deletion of R3 and then the subsequent 

ligation.  Using the computer program MatInspector from GenoMatix 

(www.genomatix.de), we found such a transcription factor binding site in pMybDelR3, 

ILF1 (winged-helix transcription factor IL-2 enhancer binding factor) that is 

constitutively expressed and serves as a transcriptional activator of the IL-2 promoter in 

the T-cell leukemia cell line Jurkat [205].  Since the cell line CCRF-CEM used in this 

study is a T-cell leukemia cell line it is possible that the ILF1 site created in the GGA 

repeat region of pMybDelR3 may act as a transcriptional activator, which would result in 

an increase of promoter activity of pMybDelR3.  We also examined the sequence of 

pMybDelR1 and pMybDelR1/2 to see if there are any transcription sites created as a 

result of deletion of R1 or both R1 and R2.  However, MatInspector did not find any 

newly introduced transcription sites due to the deletion.  There are transcription factor 

binding sites that have been lost in the deletion mutant constructs pMybDelR1, 

pMybDelR2 and pMybDelR1/2.  Nevertheless, considering luciferase activity of 

pMybDelR1/2/3, the loss of transcription factor binding sites does not seem to cause an 

increased promoter activity. 
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Figure 3.9 Luciferase assay using reporter constructs containing various c-myb 
promoters in CCRF-CEM cells [14] 
 
Various c-myb promoters were transiently transfected into CCRF-CEM cells.  Deletion of 
R1, R2, R3, or both R1 and R2 from the c-myb promoter increases luciferase activity and 
the R1, R2, and R3 deletion mutant pMybDelR1/2/3 markedly reduces luciferase activity. 
* P value < 0.01.  Copyright 2008 Oxford University Press.  All Rights Reserved. 
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Although deletion of R1/2 and R3 individually increased c-myb promoter 

activity, the additional 15 bp deletion of Region 3 from pMybDelR1/2, which results in 

complete removal of all the GGA repeats from the c-myb promoter, showed almost 

complete loss of luciferase activity in CCRF-CEM cells that ranges only 1~3% of the 

pMybWT construct.  It is important to note that luciferase activity was still measurable 

(~50-fold over background) from the pMybDelR1/2/3 plasmids.  Because of the striking 

loss of promoter activity by deletion of the GGA repeats in the three cell lines tested, 

another pMybDelR1/2/3 construct was tested as a control for spurious effects from site-

directed mutagenesis, and these results were confirmed with a second construct plasmid.  

With our biochemical data, the luciferase assay results indicate that the c-myb GGA 

repeat region is critical for regulating c-myb expression and plays dual role as a 

transcriptional activator by serving transcription factor binding sites and as an inhibitor 

by forming T:H:H:T structures. 
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b. A role of the c-myb GGA repeat region in the regulation of endogenous c-myb 

expression in differentiating K562 cells 

With the findings from our luciferase assay, we extended our investigation to see 

if the c-myb GGA repeat region is involved in the regulation of the endogenous c-myb 

expression by monitoring the changes in the interaction of nuclear proteins with the GGA 

repeat region during erythrodifferentiation.  Since protein:DNA interaction at a promoter 

region determines the level of gene transcription, altered protein:DNA interaction at a 

promoter region accompanied with changes in gene expression often indicates that the 

region is responsible for the changes of gene expression.  Erythrodifferentiation of 

leukemia cells alters c-myb expression in the cells by downregulating it [55,196,206-

208], and the chronic myelogenous leukemia (CML) K562 cells are able to differentiate 

into several lineages such as erythroids or megakaryocytes depending on the 

differentiation inducers.  Imatinib (STI571 or Gleevec), an effective CML treatment, 

has been shown to induce erythroid differentiation of K562 cells [209-211], and we 

speculated that if the GGA repeat region is involved in the regulation of endogenous c-

myb expression, protein:DNA interaction at the region would alter in response to 

downregulation of c-myb expression during erythroid differentiation of K562 cells.  First, 

we confirmed that Imatinib treatment induces erythrodifferentiation of K562 cells by 

observing the production of hemoglobin and GYPA (glycophorin A) indicative of the 

progression of erythroid differentiation (Figure 3.10A and B), and 48 hr treatment of 

Imatinib at 0.5 µM dramatically increased the levels of hemoglobin and GYPA.  We also 

monitored c-myb mRNA levels in erythrodifferentiating K562 cells, and we confirmed 
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that the mRNA levels gradually decrease during differentiation (Figure 3.10C).  Since our 

luciferase assay results show that the c-myb T:H:H:T structures act as transcriptional 

inhibitors of the promoter, we focused on the evaluation of the role of the c-myb T:H:H:T 

structures in downregulation of the endogenous c-myb expression during erythroid 

differentiation by performing an EMSA.  In the assay, G-quadruplex formation was 

induced on ODN V (perfect (GGA)8 sequence), ODN VI (c-myb GGA repeats R1 and 

R2), and ODN VII (PPG substituted analog of ODN VI), and incubated with nuclear 

proteins isolated from undifferentiated (0 hr) and erythrodifferentiating (48 hr) K562 

cells.  In figure 3.11, the c-myb GGA repeat region forms multiple protein:DNA 

complexes (complexes I to IV).  Complexes I through III appear on ODNs VI and VII, 

but complex IX shows only on ODN VI, indicating that complex VI is due to the protein 

and T:H:H:T interaction.  In support, the formation of complex IX occurs on the T:H:H:T 

positive control ODN V, and the amount of the complex formed on ODNs V and VI 

corresponds well with the intensity of the G-quadruplex signature peak at 264 nm of the 

ODNs, which shows that ODN V, with the higher molar ellipticity, forms the more 

complex IX.  These findings confirm that the complex IV is due to the protein interaction 

specifically with the T:H:H:T structure in the ODN VI.  Interestingly, unlike other 

protein:DNA complexes (I through III), complex IV emerges only when K562 cells are 

differentiating, implying that erythrodifferentiating K562 cells of low c-myb expression, 

newly express T:H:H:T specific proteins.  This observation indicates that the c-myb 

T:H:H:T structures are utilized as transcriptional repressors of the promoter while 

downregulation of c-myb occurs.  In addition, the complexes I to III, commonly 
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appearing on ODNs VI and VII, are formed by the unfolded, single-stranded ODN VI 

and the binding proteins, and the formation of the complexes also alters depending on the 

state of differentiation.  This result implicates that the single-stranded conformation of 

the c-myb GGA repeat region is involved in regulation of c-myb expression. 

Overall, these findings show that the regulation of c-myb expression at the GGA 

repeat region is associated with several DNA conformations and conformation specific 

binding proteins, including unfolded-single-stranded and T:H:H:T-specific proteins. 



 

 

89

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Imatinib induced erythroid differentiation of the human CML K562 cells 
and c-myb mRNA levels during differentiation 
 
A: Hemoglobin formation in erythroid differentiating K562 cells after 48 hr treatment of 
Imatinib at 0.5 µM.  B. Imatinib-dose dependent expression of GYPA after 48 hr 
treatment.  C: c-myb mRNA levels measured during erythroid differentiation gradually 
decreases. 
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Figure 3.11 Electrophoretic mobility shift assay on ODNs V, VI, and VII using nuclear 
proteins from undifferentiated and erythrodifferentiating K562 cells 
 
A:  Sequence of ODNs V, VI, and VII. ODN V: (GGA)8, a model sequence for a T:H:H:T 
formation, ODN VI: the c-myb GGA repeats R1 and R2, and ODN VII: the PPG mutant 
of ODN VI, which is incapable of the formation of a T:H:H:T.  B: EMSA Nuclear 
proteins isolated both from undifferentiated and erythrodifferentiating K562 cells interact 
with unfolded ODNs V, VI, and VII (Complexes I, II, and III) and erythrodifferentiating 
K562 cells express an unknown T:H:H:T-specific protein(s), resulting in Complex IV 
formation. 
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 3.2.3 Interaction of MAZ (Myc-Associated Zinc finger) with the c-myb GGA Repeat 
Region  

a. The binding of MAZ to the c-myb GGA repeat region in a double stranded DNA 

conformation 

Since our data demonstrated that the c-myb GGA repeat region is a critical cis-

element for controlling c-myb promoter activity, we investigated the possible 

protein:DNA interactions in the region.  First, we searched for putative transcription 

factors for the c-myb GGA repeat region from +2 to +73 with MatInspector 

(www.genomatix.de) (Table 3.2).  MAZ (Myc Associated Zinc finger), RXR, PU.1, and 

VDR were identified as transcription factors that have multiple potential binding sites in 

the GGA repeat region.  We performed EMSAs to evaluate the binding of nuclear 

proteins from the leukemia cell line K562 to the c-myb GGA repeats in the presence of 

competitor oligos with the consensus binding sites for these transcription factors (Figure 

3.12).  Since the sequence of the GGA repeat region is repetitive, we divided the GGA 

repeat region into three regions (ODNs VIII, IX, and X), each of which includes one of 

the (GGA)4 repeat regions (R1, R2, and R3, respectively) for competition EMSAs 

(Figure 3.12) and forms a stable duplex with a Tm > 64 ºC.  In the competition EMSA for 

investigating MAZ binding, we first incubated K562 cell nuclear extract with 0, 25X or 

100X molar excess of a non-labeled double stranded competitor bearing a consensus 

MAZ binding site or mutant MAZ binding site, and then the labeled double stranded 

probes ODN VIII, IX, and X, representing the three GGA repeat regions of the c-myb 

promoter, were added to the reaction.  The competition EMSAs demonstrate that the c-

myb GGA duplex repeat region interacts with multiple nuclear proteins, but several of the 
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protein:DNA complexes were eliminated by the MAZ consensus competitor but not by 

the MAZ mutant competitor (Figure 3.12B).  We also used consensus binding sequences 

for RXR, VDR, and PU.1 in competition EMSAs (Figure 3.12C, D, E) and these data are 

summarized in Figure 3.12F.  These data provide preliminary evidence that MAZ, PU.1, 

RXR, and VDR have one or more binding sites in the c-myb GGA repeats. 
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Figure 3.12 Competition electrophoretic mobility shift assay on ODNs VIII, IX, and X 
with K562 cell nuclear extract [14] 
 
A:  The DNA probes used for EMSAs.  The probes are double stranded, but only the G-
rich sequence is shown.  B: The results from competition EMSAs using a MAZ 
competitor are shown.  The protein:DNA complexes completely or almost completely 
eliminated by the MAZ competitor but not by the mutant competitor are indicated with 
arrows. Copyright 2008 Oxford University Press.  All Rights Reserved. 
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Figure 3.12 Competition electrophoretic mobility shift assay on ODNs VIII, IX, and X 
with K562 cell nuclear extract [14] 
 
A:  The DNA probes used for EMSAs.  The probes are double stranded, but only the G-
rich sequence is shown.  C and D: The results from competition EMSAs using a RXR 
(C) or a VDR (D) competitor are shown.  The protein:DNA complexes completely or 
almost completely eliminated by the competitors but not by the mutant competitor are 
indicated with arrows.  Copyright 2008 Oxford University Press.  All Rights Reserved. 
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Figure 3.12 Competition electrophoretic mobility shift assay on ODNs VIII, IX, and X 
with K562 cell nuclear extract [14] 
 
A:  The DNA probes used for EMSAs.  The probes are double stranded, but only the G-
rich sequence is shown.  E: The results from competition EMSAs using a PU.1 
competitor are shown.  The protein:DNA complexes completely or almost completely 
eliminated by the competitor but not by the mutant competitor are indicated with arrows.  
F: Summary of competition EMSA results. The putative transcription factors shown to 
interact or not to interact with the c-myb GGA repeat region in competition EMSAs are 
listed.  Copyright 2008 Oxford University Press.  All Rights Reserved. 
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To confirm MAZ binding to the c-myb promoter, we purified MAZ protein using 

a FLAG-affinity column for EMSAs and DNase I footprinting studies.  Figure 3.13A 

shows that MAZ binds to all three duplex probes representing the three GGA repeat 

regions of the c-myb promoter, and the two MAZ-probe complexes indicates that MAZ 

may bind to the duplex probes as a monomer or a dimer.  DNase I digestion was 

performed on a 260 bp fragment of the c-myb promoter in the presence of either a 

negative control FLAG peptide (Figure 3.13B, lane 2), or purified FLAG-tagged-MAZ 

(Figure 3.13B, lane 3).  Only FLAG-tagged-MAZ showed protection from DNase I 

digestion spanning the GGA repeat region but not FLAG peptide, which confirms our 

competition EMSA data that MAZ has multiple binding sites in the c-myb GGA repeats. 
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Figure 3.13 Electrophoretic mobility shift and DNase I protection assays with FLAG-
tagged-MAZ [14] 
 
A:  EMSA.  The complexes of FLAG-MAZ and the c-myb probes are indicated with 
arrows.  B: DNase I protection assay.  Lane 1: sequencing for guanines, lane 2: FLAG 
peptide, and lane 3: FLAG-MAZ.  The area protected from DNase I digestion is marked 
with a solid line.  Copyright 2008 Oxford University Press.  All Rights Reserved. 
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b. The binding of MAZ (Myc-Associated Zinc finger) to the c-myb T:H:H:T 

structures 

MAZ was reported to bind to the G-quadruplex formed by the G-rich region of 

the diabetes susceptibility locus IDDM2 [187].  To test if MAZ can also bind to the G-

quadruplexes formed in the c-myb GGA repeat region, we performed EMSAs with ODNs 

folded into T:H:H:T structures in the presence of MAZ expressed in rabbit reticulocyte 

lysate as described in reference [187].  First, we tested ODN VI that contains c-myb GGA 

repeat R1 and R2 and should form a more stable T:H:H:T than ODN I due to the lack of 

competition for dimerization in ODN VI.  ODN V (perfect (GGA)8 sequence) and ODN 

VII (PPG analog of ODN VI) were studied as positive and negative controls, 

respectively.  Figure 3.14B shows a MAZ protein:DNA interaction that is specific for the 

T:H:H:T structure.  The band denoted as the T:H:H:T-MAZ complex is observed with 

ODNs V and VI, but not with ODN VII, and only in the presence of MAZ.  Furthermore, 

the T:H:H:T-MAZ complex formation was correlated with the intensity of the T:H:H:T 

signature CD peaks of ODNs V and VI, demonstrating that MAZ recognizes and binds to 

T:H:H:T G-quadruplex structures.  Nonspecific protein:DNA interactions, presumably 

from proteins in the reticulocyte lysate, are seen with all three ODNs in the presence and 

absence of MAZ.  We also confirmed that MAZ binds to the G-quadruplex(es) formed by 

the native c-myb promoter with all three (GGA)4 repeats (Figure 3.14C), but the free 

probe migrates more slowly than ODNs V, VI, and VII because ODN I is longer. 
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Collectively, the transcription factor MAZ binds to the c-myb GGA repeat region 

both in the double stranded and T:H:H:T G-quadruplex conformations, but not the GGA 

repeats in an unfolded single stranded conformation. 
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Figure 3.14 Electrophoretic mobility shift assay (EMSA) on ODNs I, V, VI, and VII 
using MAZ expressed in a rabbit reticulocyte lysate system [14] 
 
A:  Sequence of ODNs used in this assay.  B and C: MAZ binding to the G-quadruplexes 
formed by the GGA repeats of ODNs V and VI (B), and ODN I (C).  Copyright 2008 
Oxford University Press.  All Rights Reserved. 
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c. The role of overexpressed MAZ as a transcriptional inhibitor of the c-myb 

promoter 

We investigated the role of MAZ in regulation of c-myb expression via 

transfection of the MAZ expression plasmid BRB112 in Flp-In 293 Myb WT reporter 

stable cells (Figure 3.15).  These Flp-In 293 cells contain stably transfected wild-type c-

myb promoter and luciferase coding sequence in the genome, which are originally from 

pMybWT (Figure 3.9).  Forced overexpression of MAZ decreased the activity of the 

stably transfected c-myb promoter in a dose dependent manner of MAZ, demonstrating 

that MAZ is a repressor of the c-myb promoter.  We also treated the same c-myb stable 

cells with a pool of three MAZ siRNAs to evaluate the effect of MAZ knockdown on c-

myb promoter activity.  However, siRNA treatment did not change c-myb promoter 

activity (Figure 3.16).  It is probably because many other transcription factors interact 

with and compete each other for binding to the c-myb GGA repeat region (Figure 3.12).  

Knocking down MAZ would open more opportunity for other competitor proteins to bind 

to the region, which may result in no net changes in c-myb promoter activity. 

 



 

 

103

 

 

 

 

 

 

 

Figure 3.15 Transfection of the MAZ expression plasmid BRB112 into the Flp-In 293 
Myb WT reporter stable cells [14] 
 
0 to 1.2 µg of BRB112 were transfected into the Flp-In 293 Myb WT reporter stable cells 
and luciferase activities were measured 24 hrs after transfection.  MAZ overexpression 
resulted in inhibition of c-myb promoter activity. * P value < 0.01.  Copyright 2008 
Oxford University Press.  All Rights Reserved. 
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Figure 3.16 MAZ  siRNA treatment on the Flp-In 293 Myb WT reporter stable cells 
 
Flp-In 293 Myb WT reporter stable cells were treated with siRNAs against MAZ at 
various concentrations for 24 hrs but knocking-down of MAZ did have an affect on c-
myb promoter activity. 
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d. The role of endogenous MAZ in c-myb expression in erythroid differentiating 

K562 cells 

With our findings that overexpression of MAZ reduces the activity of a stably 

transfected c-myb promoter (Figure 3.15), we further investigated the role of MAZ in 

regulation of the endogenous c-myb promoter.  For such investigation, altering MAZ 

levels in the cell by overexpression or siRNA treatment could be applied.  However, 

these approaches have an inevitable flaw that increased or decreased MAZ can influence 

the binding of other transcription factors that compete with MAZ for the binding to the 

promoter by causing an alteration in the opportunity of other transcription factors to bind 

to the promoter.  This unintended change in protein:DNA interaction will have an affect 

on c-myb promoter activity and make it difficult to evaluate the role of MAZ.  For this 

reason, we wanted to create conditions under which we can change endogenous c-myb 

expression levels without direct intervention on MAZ by inducing differentiation of 

K562 cells, during which c-myb levels naturally change, and monitored to see if there is a 

correlation between the levels of nuclear MAZ and c-myb mRNA.  We induced erythroid 

and megakaryocytic differentiation of K562 using Imatinib and TPA (12-O-

tetradecanoylphorbol 13-acetate), respectively, and speculated that the levels of MAZ in 

the nucleus would inversely correlate with those of c-myb mRNA during differentiation.  

To perform our study, we first monitored c-myb mRNA levels in detail during K562 cell 

differentiation (Figure 3.17).  In erythrodifferentiating K562 cells the changes in c-myb 

mRNA levels show two stages.  First there is an initial decrease (up to 3 hrs) followed by 

a short spike in the levels (at 7 hr), which is then followed by a decrease over the 7 to 72 
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hr time period.  Although, unlike erythrodifferentiation, c-myb levels in megakaryocytic 

differentiated leukemia cells are know to be unchanged compared to those in 

undifferentiated parent cells [212,213], we observed dramatic downregulation of c-myb 

during the early time period of differentiation (up to 3hrs), which eventually increase to 

the c-myb levels in untreated parent cells when differentiation is advanced.  Due to the 

insufficient information on MAZ in differentiating K562 cells, we evaluated the levels of 

MAZ during differentiation.  Figure 3.18 shows that the overall MAZ level does not 

change in the mRNA nor protein levels but the location of MAZ, either in the nucleus or 

in the cytoplasm, alters during erythrodifferentiation.  MAZ rapidly translocates from the 

cytoplasm to the nucleus when differentiation is initiated (0 to 7hr).  MAZ level in the 

nucleus starts decreasing when the differentiation process is progressed (from 24hr) and 

becomes undetectable when differentiation is more advanced (48 and 72hr).  During 

megakaryocytic differentiation (Figure 3.19) both mRNA and protein levels start 

decreasing after 3 hr and 7 hr time point, respectively, and a more dramatic translocation 

from the cytoplasm to the nucleus appears to occur during the initiation time period (0 to 

7 hr), peaking at 3 hr and, after the initiation of differentiation (after 7 hr), MAZ levels in 

the nucleus gradually decrease until not detectable by Western blotting (24 to 72 hr).  

These observations indicate that MAZ plays a role as a transcription factor only during 

the initiation (or the commitment, 0 to 7 hrs) of erythroid or megakaryocytic 

differentiation but not when the differentiation process passes the commitment step.  

Therefore, focusing on the time period of the initiation of both types of differentiation, 

we examined the levels of nuclear MAZ and c-myb mRNA to see if there is a correlation 
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between the levels of nuclear MAZ and c-myb mRNA.  Figure 3.17 shows that c-myb 

mRNA levels are inversely correlated with the MAZ levels during the initiation, and 

more dramatic c-myb downregulation occurs when the translocation of MAZ to the 

nucleus is more significant.  These data show that MAZ acts as a transcriptional inhibitor 

of the endogenous c-myb promoter, and indicate that MAZ is a critical transcription 

factor prior to the commitment of differentiation. 
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Figure 3.17 Comparison of the levels of nuclear MAZ and c-myb mRNA during induced 
differentiation of K562 cells 
 
A: Imatinib induced erythroid differentiation of K562. B: TPA induced megakaryocytic 
differentiation of K562 cells. In both cases, MAZ translocates from the cytoplasm to the 
nucleus during the initiation of differentiation and its level in the nucleus is inversely 
correlated with c-myb expression
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3.2.4 Stabilization of the c-myb T:H:H:T G-quadruplexes by G-quadruplex 

Interactive Compounds 

To test if the c-myb T:H:H:T G-quadruplexes can be further stabilized by G-quadruplex 

interactive compounds, we carried out Taq polymerase arrest assays on ODNs XI, XV, 

and XVI bearing the c-myb GGA repeats R1/R2/R3, R2/ R3, and R3 only, respectively.  

We used the previously described G-quadruplex interactive compounds telomestatin and 

TMPyP4 (Figure 3.20).  Telomestatin is a natural product that was shown to bind to the 

G-quadruplex formed by the telomeric repeat sequences, and TMPyP4 is a cationic 

porphyrin that has been shown to stabilize the telomeric G-quadruplex and several G-

quadruplexes in promoters [10,12,18,43,44,214,215].  We also included TMPyP2, a 

positional isomer of TMPyP4, which has a lower capacity for binding to intramolecular 

G-quadruplexes [10,12,18,43], as a negative control for TMPyP4.  We confirmed that 

these compounds do not interact with random DNA by testing them on an 

oligonucleotide containing a random sequence that does not form a G-quadruplex (Figure 

3.21A).  Figure 3.21B through D show that the arrest sites S1 and S2 on the T:H:H:T 

forming ODNs XI and XV increase with TMPyP4 and telomestatin treatment in a 

concentration dependent manner.  However, the positional isomer TMPyP2 did not 

increase the arrest sites on the ODNs.  Interestingly, telomestatin, but not TMPyP4, 

causes an arrest on ODN XVI that forms a T:H G-quadruplex.  This finding indicates that 

the mechanism of action of TMPyP4 and telomestatin for the stabilization of a T:H:H:T 

G-quadruplex differs in that TMPyP4 binds the top and bottom of the tetrad plane of a 

T:H, while telomestatin appears to interact with the heptad plane of a T:H G-quadruplex 
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and plays a similar role to the linker of an intramolecular T:H:H:T, by holding two T:H 

G-quadruplexes together to form a stable intermolecular T:H:H:T.  Considering our 

findings that the c-myb T:H:H:T structures act as transcriptional inhibitor of the c-myb 

promoter, further stabilization of the structures by G-quadruplex interactive compounds 

would open the possibility that c-myb expression can be artificially downregulated by a 

small G-quadruplex interactive molecule.  
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Figure 3.20 G-quadruplex interactive compounds 
 
The cationic porphyrins TMPyP4 and TMPyP2 and the cyclic peptide telomestatin are 
used in this chapter.  TMPyP4 and telomestatin stabilize G-quadruplexes but the 
positional isomer of TMPyP4 TMPyP2 has a significantly low binding affinity for G-
quadruplexes.  
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3.3 Discussion 

In support of previous NMR studies [199-202], our findings from DMS 

protection, CD, and polymerase arrest assays show that the GGA repeat region in the c-

myb promoter is the first example of a genomic sequence that forms T:H:H:T G-

quadruplex structures, involving two adjacent (GGA)4 repeats.  Three c-myb T:H:H:T 

structures formed by R1/R2, R1/R3, and R2/R3 differ in the size and sequence of the 

linkers and the stability of the structures (Figures 3.5 and  3.6).  The linker of a T:H:H:T 

appears to play a similar role to that of a loop of a G-quadruplex in that both hold the 

structures together to increase the stability of the structure.  The size and sequence of the 

loop is a major determinant of structure stability, and in general having long loops results 

in the formation of an unstable G-quadruplex [21,23,25].  Therefore, we speculated that 

the shorter the linker the more stable the T:H:H:T structure, expecting that the R1/R2 and 

R2/R3 T:H:H:Ts would be more stable than R1/R3 T:H:H:T.  However, unexpectedly, 

the R1/R3 T:H:H:T with a 19 base linker of T12C13A14C15(GGA)4G28A29A30 is more 

stable than the R2/R3 T:H:H:T with a 4 base linker of A27G28A29A30, indicating that 

the size of the linker may not be a critical factor to determine the stability of the c-myb 

T:H:H:T structures.  Instead, the two stable c-myb T:H:H:Ts, the R1/R2 and R1/R3 

T:H:H:Ts have the sequence T12C13A14C15 in common by having R1 involved in 

T:H:H:T formation but not in the least stable R2/R3 T:H:H:T.  This observation 

implicates that the sequence of the linker is an important factor in the stability of the c-

myb T:H:H:Ts.  Similarly, the loop sequences of several G-quadruplexes, such as in Bcl-2 

and HIF-1α, are shown to be critical for the stability of the structures due to their 
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interaction with the G-tetrads of the structures, suggesting that the bases T12C13A14C15 

may interact with the T:Hs and have an affect on the stability of the c-myb T:H:H:T G-

quadruplexes.  

Several G-quadruplex forming regions have been identified in a critical 

regulatory region of promoters, such as c-myc, PDGF-A, Kras, Bcl-2, and, HIF-1α, 

VEGF [18,216-222].  The G-quadruplexes formed in the c-myc, Kras, and PDGF-A 

promoters inhibit promoter activity [10,12,43], whereas, the G-quadruplex formed in the 

human insulin gene activates the promoter [42], which suggests that these G-quadruplex 

structures can alter gene expression.  Our promoter-reporter transfection studies showed 

that the c-myb G-quadruplex-forming region is critical for the regulation of c-myb 

expression and that the deletion of (GGA)4 motifs that destabilize the G-quadruplex 

increase promoter activity, indicating that the c-myb T:H:H:Ts play a role as a 

transcriptional repressor of the promoter.  Furthermore, our differentiation studies suggest 

that downregulation of endogenous c-myb expression involves an unknown T:H:H:T 

binding protein, supporting our conclusions from the reporter studies.  

In spit of several lines of evidence that G-quadruplexes are involved in 

regulation of gene expression, the mechanism by which G-quadruplexes act as 

transcriptional activators or inhibitors is not clear.  There are many studies showing that 

promoter regions that support G-quadruplex formation usually serve as important 

transcription factor binding sites [221,223-226].  For instance, the c-myc NHE G-

quadruplex-forming region involves various DNA binding proteins, such as the double 

strand binding protein Sp1 [223], the single strand binding proteins CNBP [224], and 
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hnRNP K [225], and possibly yet-to-be-discovered proteins that can recognize the G-

quadruplex formed by this sequence.  Also, in this chapter we demonstrated that the c-

myb GGA repeat region is a hot spot for nuclear protein interaction (Figure 3.12) and that 

such interaction is required for c-myb promoter activity in promoter-reporter assays 

(Figure 3.9).  Protein:DNA interaction in G-quadruplex regions could give a reasonable 

explanation on how G-quadruplexes regulate gene expression.  In the c-myc G-

quadruplex forming region, Sp1 and hnRNP K/CNBP binding to the region not only 

activates the c-myc promoter via the activation of the transcriptional machinery but also 

keeps the local DNA conformation in a double stranded and an open, unfolded forms, 

respectively, which inhibits G-quadruplex formation in the region.  On the other hand, G-

quadruplex formation at the region and natural and artificial stabilization of the structure 

by protein interaction and small molecules, respectively, will prevent the transcriptional 

activators from binding to the region and subsequently would decrease promoter activity.  

Such balance is also found in the ErbB2 Hr-DNA forming GGA repeats that is 

homologous to those in the c-myb promoter, where Hr-DNA formation displaces the 

critical transcription factor Ets in the ErbB2 GGA repeat region, conversely, Ets binding 

inhibits Hr-DNA formation [227]. These examples suggest that secondary DNA 

structures such as G-quadruplexes and protein interactions can influence each other and 

determines promoter activity.  

In the study presented in this chapter, we identified Myc-associated Zinc finger 

protein (MAZ) as one of the transcription factors that binds to the GGA repeat region of 

c-myb.  MAZ was first identified as a GA box binding transcription factor in the c-myc 
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promoter and was shown to control P1 and P2 promoter activities of the c-myc gene [228-

231].  MAZ is constitutively expressed in various tissues [232], but abnormal MAZ 

expression is found in the terminal phase of chronic myelogenous leukemia (CML) [233], 

suggesting that overexpression of MAZ plays a role in the progression of CML.  The 

functional role of MAZ is dependent on the target gene, and some promoters are 

activated by MAZ [234-236], while others are repressed [237]. Interestingly, MAZ has 

been shown to recognize the G-quadruplex formed in IDDM2 locus but not to bind to the 

unfolded form of the region [187].  Furthermore, the MAZ-like protein THZif-1 (triple-

helix-binding zinc-finger protein -1) has also been shown to bind to secondary DNA 

structures [238], such as the triplex formed in the c-myc NHE, which is both crucial for c-

myc promoter activity, and more recently has been investigated by several groups as a G-

quadruplex forming element [10,239,240].  These indicate that MAZ and MAZ-like 

proteins may play a role in gene expression via binding to secondary DNA structures.  

Our EMSA study showed that MAZ can bind to both double-stranded DNA and T:H:H:T 

conformations of the c-myb promoter, suggesting that regulation of c-myb promoter 

activity by MAZ may involve recognition of secondary DNA structures.  Forced 

overexpression of MAZ downregulates c-myb promoter activity in a reporter assay 

(Figure 3.15), and the study on the endogenous system showed that the MAZ levels in the 

nucleus inversely correlate with c-myb mRNA levels during the initial period of erythroid 

and megakaryocytic differentiation of K562 cells (Figure 3.17), indicating that MAZ is a 

transcriptional repressor of the c-myb promoter.  However, since MAZ has dual binding 
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activities double stranded and G-quadruplex DNA, it is not clear whether repression of c-

myb expression is due to MAZ binding to duplex DNA or the T:H:H:T structure.   

The c-myb GGA repeat region is very complex, involving DNA conformational 

changes from double stranded to G-quadruplex forms, which subsequently alter 

transcription factor binding to the region.  In spite of this complexity, we demonstrated 

the importance of the T:H:H:T G-quadruplex forming region of the c-myb promoter in 

controlling promoter activity.  The region plays dual roles as a repressor and an activator 

by forming the structural inhibitor T:H:H:Ts and by providing transcriptional factor 

binding sites to transcriptional activators, respectively.  Moreover, our data suggest that 

the c-myb T:H:H:T structures can be further stabilized by G-quadruplex interactive 

compounds, suggesting that the c-myb T:H:H:T structures can be an attractive therapeutic 

target for downregulation of c-myb expression.  We also identified MAZ as a T:H:H:T 

binding transcription factor, and presented evidence that MAZ is a repressor of the c-myb 

promoter.  Further study is needed to discriminate DNA conformation dependent roles 

for MAZ in regulation of the c-myb promoter, to identify the cofactors which bind to 

MAZ depending on DNA structure, and to elucidate what determines MAZ binding to 

either G-quadruplex or double stranded DNA. 



 

 

120

CHAPTER 4 

CHARACTERIZATION OF THE SECONDARY DNA STRUCTURE FORMED 
IN THE hTERT CORE PROMOTER AND IMPORTANT IMPLICATIONS FOR 

INHIBITION OF TELOMERASE BY G-QUADRUPLEX INTERACTIVE 
LIGANDS 

 

4.1 Introduction 

The cellular level of the catalytic domain of telomerase hTERT is directly related 

to telomerase activity [92].  Telomerase is expressed in approximately 85–90% of cancer 

specimens [101] and plays a critical role in both tumorigenesis [241-243] and resistance 

to radiotherapy in cancer cells [244-246].  Due to its role in telomerase activity, hTERT 

has been targeted to inhibit telomerase activity, and downregulation of hTERT was 

shown to decrease proliferation [133-135] and increase apoptosis [136] and 

chemosensitivity [247,248] in cancer cells.  

Expression of hTERT is primarily regulated by the core promoter located –180 

to +1 relative to the transcription initiation site (+1), and the core promoter contains five 

Sp1 binding sites and one E-box as a c-Myc binding site [169].  These binding sites are 

important for promoter activity, and the middle three Sp1 binding sites have been shown 

to be essential for hTERT expression in several cancer cell lines (Figure 4.1A) [169-

171,174].  In contrast, Mad1 downregulates hTERT promoter activity by competing with 

c-Myc for the E-box of the core promoter activity [179], while the signaling pathways of 

TGF-β/Smad, p53, and BRCA1, which have an affect on expression or the functionality 

of c-Myc, inhibit hTERT expression in an indirect manner [183-186]. 
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Figure 4.1 The hTERT core promoter and the potential G-quadruplex forming 
sequences 
 
A:  The hTERT promoter; the hTERT core promoter spanning between +1 to -180 
contains one E-Box and five Sp1 binding sites that activate the promoter.  B: The 
putative G-quadruplex forming region of the hTERT core promoter; the region of the 
middle three Sp1 binding sites are highly G-rich consisting of twelve consecutive G-
tracts.  Each G-tract is numerically indicated and the putative intramolecular G-
quadruplex-forming sequences are denoted in roman numbers with brackets.  C: * 
indicates the minimum and maximum number of total bases in the loops of G-
quadruplexes formed by the putative hTERT G-quadruplex forming sequences. 
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The loop sizes in a G-quadruplex are known to have a significant effect on the 

stability of the structure.  Studies on libraries of G-quadruplex-forming sequences 

containing increasing numbers of bases in the loops have demonstrated that loop size has 

a direct inverse relationship with the thermal stability of G-quadruplexes, revealing a 

total of five bases in the loops as a maximum number for stable G-quadruplex formation 

[21,23,25].  However, the maximum number of bases in the loops determined by library 

sequences to form a stable G-quadruplex is not always applicable to the G-quadruplexes 

formed by natural sequences, because many known stable G-quadruplexes found in gene 

promoters contain more than five bases in the loops, including those formed in the 

promoters of HIF-1α, VEGF, KRAS, c-Kit, bcl-2, and PDGF-A [12,18-20,43,249].  

Instead, the naturally occurring G-quadruplexes with three G-tetrads tend to have a 

unique looping pattern of 1:N:1, in which the first and third loops are symmetric and 

single-based but the size of the middle loop is less strict, ranging from 2 to 6 [250].  

The region containing the middle three Sp1 binding sites in the hTERT core 

promoter, located between –22 and –90, contains twelve consecutive G-tracts of three or 

more guanines, in which the three Sp1 binding sites are positioned within G-tracts 2/3, 

5/6, and 11/12 (Figure 4.1A).  Theoretically, the twelve G-tracts have the potential to 

form multiple G-quadruplexes, and we assumed that the predominant G-quadruplex 

structure formed in the full-length hTERT G-rich sequence would be the structure with 

the smallest loop sizes, possibly having the looping pattern 1:N:1, and a hierarchy of the 

stability of the multiple G-quadruplexes would exist according to the size of the 

combined loops. (Figure 4.1B). 
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In this chapter, we set out to determine if a hierarchy of stability exists in the G-

quadruplexes formed by the nine putative hTERT G-quadruplex-forming sequences 

according to the sum of the size of the loops and partially characterized the G-quadruplex 

structures formed in the full length G-rich sequence of the hTERT core promoter.  

Circular dichroism (CD) spectroscopy, Taq polymerase arrest assays, and DMS 

footprinting assays on the nine putative and full-length G-rich sequences of the hTERT 

core promoter were carried out.  The results from this study show that the overall sum of 

loop sizes is important for stability of the G-quadruplex structure, but the stability is not 

in a precise inverse correlation with loop size.  Most importantly, the results from the 

investigation on the full-length hTERT G-rich sequence revealed that the hTERT core 

promoter adopts an unprecedented tandem G-quadruplex structure composed of two 

intramolecular G-quadruplexes that are predicted to interact with each other, one formed 

by G-tracts 1–4 and the other formed by G-tracts 5, 6, 11, and 12.  The latter structure is 

striking in that it is stable even in the presence of 26 bases in the middle loop and more 

stable than the other more conventional G-quadruplex structure.  Mutational study on the 

middle loop implies hairpin structure formation in the loop, and its formation is important 

for the stability of the latter G-quadruplex.  Significantly, this unusual G-quadruplex 

structure involves all the G-tracts serving as Sp1 binding sites, suggesting that the 

formation of this structure will completely interfere with Sp1 binding to the hTERT core 

promoter and have a significant effect on promoter activity. 
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4.2 Results 

4.2.1 In vitro Evidence for the Formation of G-quadruplexes by the 5’- and 3’- end 
of the hTERT core Promoter 

The hTERT core promoter contains twelve G-tracts between –22 and –90 

relative to the transcription initiation site (Figure 4.1A).  Due to the presence of a 

redundant number of G-tracts, the G-rich region has the potential to form multiple G-

quadruplexes with the assumption that each G-tract has an equal opportunity to be part of 

a G-quadruplex structure.  Previous studies demonstrated that the stability of a G-

quadruplex is inversely related to the total number of bases in the loops [21,23,25], and 

we hypothesized that the hierarchy of the stability of the multiple G-quadruplexes formed 

in the hTERT core promoter is associated with the loop sizes of the structures.  In spite of 

the possibility to form a number of G-quadruplexes by the twelve G-tracts, we chose nine 

putative G-quadruplex-forming sequences with a total number of 5 (minimum) to 13 

(maximum) bases in the loops (Ito IX) to investigate G-quadruplex formation (Figure 

4.1C).  To test our hypothesis, we initially carried out CD spectroscopy to determine if a 

G-quadruplex is formed by a given DNA sequence and, if so, the likely topology of 

guanine strands in the structure.  CD analysis was performed on ODNs I through IX 

(Table 1) containing the putative G-quadruplex-forming sequences I through IX of the 

hTERT core promoter (Figure 4.1B), respectively, in the presence or absence of 140 mM 

KCl.  Our results show that only four of the nine G-quadruplex-forming sequences, 

ODNs I, II, VIII, and IX, produced CD spectra characteristic of a G-quadruplex structure 

in a potassium-dependent manner (Figure 4.2B). ODNs I, II, and IX produced a positive 

maximum at 264 nm and a negative minimum at 240 nm, identical to the signature CD 
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spectrum of a parallel G-quadruplex, and ODN VIII exhibited a positive maximum at 264 

nm and a small positive shoulder adsorption at 295 nm, a CD spectrum indicative of a 

mixed parallel/antiparallel G-quadruplex, such as the bcl-2 G-quadruplex [20].  With the 

exception of ODN II, which has a total of 9–12 bases in the loops, the ODNs determined 

to be G-quadruplex-positive contain the minimum total number of 5 or 6 bases in the 

loops, which is clearly shorter than those of ODNs III to VII (minimum total number of 

8–12 bases).  This shows that loop size is an important factor for determining the stability 

of the G-quadruplexes formed by the hTERT G-rich sequences (Figure 4.1C).  With this 

preliminary evidence of G-quadruplex formation, we further examined the relationship 

between stability and loop size by measuring the thermal stability of ODNs I, II, VIII, 

and IX.  Figure 2B shows the melting curves of the ODNs in the presence of 140 mM 

KCl, and the Tm values calculated on the basis of the curves are in order of ODNs IX (71 

°C) > I (68 °C) > VIII (65 °C) > II (62 °C), which shows good but not complete inverse 

correlation with the loop size of the ODNs (Figure 4.1C). 
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Figure 4.2 Circular Dichroism (CD) of the putative G-quadruplex forming sequences 
ODNs I to IX 
 
A:  Sequence of the hTERT G-rich region.  B: CD spectroscopy; CD analyses were 
performed on ODNs I to IX in the absence (dotted line) and presence (solid line) of 140 
mM KCl.  ODNs I, II, and IX produce parallel G-quadruplex CD spectra and ODN VIII 
generates antiparallel G-quadruplex CD spectrum in a potassium dependent manner.  
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Figure 4.3 Thermal stability of the G-quadruplexes formed by ODNs I, II, VIII, and IX  
 
The melting temperatures (Tm) of the G-quadruplexes formed by the ODNs are 
determined based on the melting curves and are in order of ODNs IX (71 °C) > I (68 °C) 
> VIII (65 °C) > II (62 °C) 
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Further evidence for the stability of G-quadruplexes formed by the ODNs was 

provided by a Taq polymerase arrest assay (Figure 4.4).  This assay is a useful tool to 

evaluate the stability of G-quadruplex structure based on the principle that Taq 

polymerase is unable to traverse a stable DNA secondary structure.  In the assay, a G-

quadruplex-forming sequence of interest is inserted in the cassette sequence with a primer 

binding site, and when a stable G-quadruplex is formed in the inserted sequence, primer 

extension by the polymerase will be arrested, resulting in a premature primer extension 

product where the structure is formed in a potassium dependent manner.  Figure 4.4 

shows the results of the assay performed with increasing concentrations of KCl (0–140 

mM) on ODNs I´, II´, VIII´, and IX´ (Table 4.1) containing the G-quadruplex-forming 

sequences I, II, VIII, and IX, respectively.  ODNs I’ and IX’ produced a premature 

primer extension product at the cytosine right upstream of G18 and G68, respectively, in 

a potassium dependent manner (see numbering in Figure 4.2).  The arrest products first 

appeared at 60 and 100 mM KCl in ODNs I´ and IX´ respectively, implying that ODN I´ 

forms a more stable G-quadruplex structure than ODN IX´, which is in contrast to the 

thermal stability of the ODNs evaluated by the Tm values (Figure 4.3).  Unlike ODNs I´ 

and IX´, ODNs II´ and VIII´ did not produce such premature products, implying that the 

hTERT G-quadruplex-forming sequences II and VIII form less stable G-quadruplexes.  

These results support the finding from the thermal stability study that showed that the 

hTERT G-quadruplex-forming sequences I and IX form more stable structures than the 

sequences II and VIII. 
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Figure 4.4 Taq polymerase arrest assay on ODNs I’, II’, VIII’, and IX’ 
 
Taq polymerase arrest assay was performed on ODNs I’ II’, VIII’, and IX’ with 
increasing concentrations of KCl (0, 20, 40, 60, 100, 140 mM), and ODNs I’ and IX’ 
produce premature primer extension products before G18 and G68, respectively, in a 
potassium dependent manner. 
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We further characterized the G-quadruplexes formed by the G-quadruplex-

forming sequences I and IX by performing a DMS footprinting assay on ODNs I and IX.  

The N7 positions of guanines involved in G-quadruplex structure form a hydrogen bond 

termed Hoogsteen bond, and DMS footprinting assay is used to probe such guanines 

based on the principle that guanines forming a Hoogsteen bond will be protected from the 

methylation on the N7 position by DMS and the subsequent cleavage on the methylated 

guanines by piperidine.  Figure 4.5 shows clear protection in the four G-tracts of ODNs I 

and IX, demonstrating G-quadruplex formation by these ODNs.  Almost complete 

protection occurred in the second, third, and fourth G-tracts of ODN I with complete 

protection on G7/G8, G12–G14, and G16–G18, respectively, and the first and second G-

tracts of ODN IX (G50/G51 and G55/G56), and partial protection took place in the first 

and second G-tracts of ODN I (G2–G4 and G9) and all the G-tracts of ODN IX (G52, 

G57, G61–G63, and G65–G67) that contain a redundant number of guanines.  These 

partial protection patterns in the ODNs indicate loop isomer formation by ODNs due to 

the alternative use of guanines in the G-tracts with redundant guanines.  Moreover, our 

data demonstrate that the G-quadruplex-forming sequences I and IX predominantly form 

loop isomers of 5´-(A5G6:C10T11:A15)-3´ (5 bases) and 5´-

(T53C54:A58C59G60:C64)-3´ (6 bases), respectively, which corresponds to the 

minimum number of bases required in the loops of the structures.  

Collectively, these results show that loop size of the G-quadruplexes formed by 

the nine putative G-quadruplex-forming sequences of the hTERT core promoter is 

important for evaluating stability of the structures.  However, unlike the findings from the 
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study on library sequences, the stability of the putative sequences did not show a perfect 

inverse relationship with loop size.  The G-quadruplex-forming sequences VI and VII, 

with a total number of 8 or 9 bases in the loops, did not produce G-quadruplex CD 

spectra, whereas sequence II, with more bases (9–12 bases) in the loops, was shown to 

form a G-quadruplex in the same assay.  Also, in spite of the shorter loops, the Tm of 

ODN I is 3 °C lower than that of ODN IX.  These results suggest that the precise 

hierarchy of structure stability could not be determined simply by loop size of the 

structures when formed by naturally occurring G-quadruplex-forming sequences. 
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Figure 4.5 Dimethylsulfate (DMS) footprinting assay on ODNs I and IX  
 
DMS footprinting assay was conducted on ODNs I and IX in the absence and presence of 
140 mM KCl and a potassium dependent protection from DMS methylation is obtained. 
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4.2.2 Formation of two end-to-end stacked intramolecular G-quadruplex structure 
in the full-length hTERT G-rich region 

Our study on the truncated hTERT G-rich sequences demonstrated that only the 

5´- and 3´-end sequences (ODNs I and IX, respectively) appear to form stable G-

quadruplexes.  Since the twelve G-tracts in the full-length G-rich sequence of the hTERT 

core promoter will compete for G-quadruplex formation, which possibly results in the 

formation of other more stable intramolecular G-quadruplexes, it was necessary to 

confirm if the same G-quadruplexes will be formed in the full-length G-rich sequence.  

To characterize the G-quadruplex structure formed in the full-length sequence, we 

thoroughly examined the full-length sequence by performing CD spectroscopy, a Taq 

polymerase arrest assay, and a DMS footprinting assay. 

The CD spectrum of ODN FL, containing the full-length G-rich sequence of the 

hTERT core promoter, shows a large positive maximum at 264 nm and a small positive 

shoulder at 290 nm, the characteristic CD peaks for parallel and antiparallel G-

quadruplex structure, respectively (Figure 4.6A), possibly implying the formation of 

multiple differently folded G-quadruplexes by the sequence.  To evaluate the stability of 

the G-quadruplex structure formed by ODN FL, a melting curve of ODN FL was 

generated and the Tm was found to be 80 °C based on the melting curve (Figure 4.6B).  

Significantly, when compared to those of ODNs I and IX, the molar ellipticity at 264 nm 

of ODN FL (approximately 2,500,000) is 2.5 and 5 times higher, and the Tm of ODN FL 

is 12 °C and 9 °C higher, respectively (Figures 4.2, 4.3, and 4.6).  This dramatic increase 

in molar ellipticity and Tm suggests that the G-quadruplexes formed in the full-length 
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sequence are very stable and probably not the same structures as previously examined in 

this chapter. 
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Figure 4.6 Circular Dichroism Spectroscopy on ODN FL and thermal stability of the G-
quadruplex formed by ODN FL  
 
A:  CD spectroscopy was performed on ODN FL containing the full-length hTERT G-rich 
sequence in the presence (solid line) and absence (dotted line) of 140 mM KCl and the 
ODN produced a maximum CD peak at 264 nm and a shoulder at 290 nm.  B: Tm of the 
structure was determined to be 80 °C based on the melting curve. 
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To obtain further evidence for the formation of multiple stable G-quadruplexes 

by the full-length hTERT G-rich sequence, a Taq polymerase arrest assay was carried out 

on ODN XFL (the hTERT full-length G-rich sequence) (Table 4.1) with increasing 

concentrations of KCl (0–140 mM).  ODN XFL produced two premature primer 

extension products, the first at C19 immediately upstream of G-tract 4 and the second at 

G68, which is the 3´-end guanine of G-tract 12, in a potassium-dependent manner, which 

confirms that the full-length sequence forms at least two stable G-quadruplex structures 

(Figure 4.7).  Significantly, the premature product at G68 of ODN XFL first appeared at 

20 mM KCl, which is a much lower concentration than those at which the premature 

product of ODNs I´ and IX´ first occurred (60 and 100 mM, respectively), confirming our 

CD data that the G-quadruplex structure formed by the full-length sequence is much 

more stable than those formed by the truncated hTERT G-rich sequences I and IX.  The 

premature product at C19 is presumably due to the intramolecular G-quadruplex formed 

by G-tracts 1–4 (I in Figure 4.7), and the premature product at G68 could correspond to 

G-quadruplex IX formed by G-tracts 9–12, although on the basis of the comparative CD, 

Tm, and polymerase stop assay results of the sequences of IX and the full-length 

oligomer, this seemed unlikely.  Instead, it is possible that the latter premature product is 

caused by a different G-quadruplex involving four different G-tracts between G-tracts 5 

and 12 in the full-length sequence. 
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Figure 4.7 Taq polymerase assay on ODN XFL containing the full-length hTERT G-
rich sequence  
 
Taq polymerase arrest assay was carried out on ODN XFL with increasing concentrations 
of KCl (0, 20, 40, 0, 100, and 140 mM), and two premature primer extension products are 
produced at C19 and G68 in a potassium dependent manner. 
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To further probe the structures responsible for the premature primer extension 

products at C19 and G68 in the full-length sequence, we conducted a DMS footprinting 

assay on ODN FL.  In the assay, EMSA was carried out on the DMS-treated ODN FL 

samples on a native gel to isolate the unfolded unimolecular and intramolecular G-

quadruplex structured species of ODN FL in the absence and presence of KCl, 

respectively.  As expected, a slightly higher mobility was observed in the G-quadruplex 

structured ODN FL samples than in the unfolded form of ODN FL (compare (+) and (-) 

KCl lanes in Figure 4.8A), suggesting the formation of an intramolecular G-quadruplex 

structure in the full-length hTERT G-rich sequence in the presence of KCl.  These DMS-

treated unfolded and folded DNA species (bands 1 and 2 in Figure 4.8A) were extracted 

from the gel and subjected to piperidine cleavage.  Since it is difficult to completely 

resolve the full-length sequence in a single lane due to its long length, we ran the same 

samples twice on the same gel and focused on resolving either the 5´-end (Figure 4.8B 

lanes 1-4) or the 3´-end sequence (Figure 4.8B lanes 5-8).  Also, the ODN FL samples 

treated by piperidine but not by DMS are included as controls for background cleavage 

by piperidine in the presence or absence of KCl to ensure that an equal background 

cleavage occurs regardless of KCl in the reaction (Figure 4.8B lanes 1-2 and 5-6).  The 

results from this assay show a clear protection in G-tracts 1–4 at the 5´-end of the full-

length sequence with complete protection on G2–G4 and G6/G7 of G-tracts 1 and 2 and 

partial protection in G-tracts 2–4 (G8/G9, G12–G14 and G16–G18) (Figure 4.8B lanes 3 

and 4), demonstrating intramolecular G-quadruplex formation by these four G-tracts.  

Furthermore, complete cleavage on G1 and slight cleavage on G8 and G9 occurred in G-
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tracts 1 and 2 indicate the formation of loop isomers by G-tracts 1–4 due to the redundant 

number of guanines in the tracts (Figure 4D, lanes 3 and 4).  However, the predominant 

isomer form is in a loop conformation of 5´-(A5:G9C10T11:A15)-3´.  These results 

demonstrate that G-tracts 1–4 form a stable G-quadruplex in the full-length hTERT G-

rich sequence and caused the premature primer extension product at C19 in the Taq 

polymerase assay. 

In accordance with our suspicion that the G-quadruplex responsible for the 

premature primer extension product at G68 was not formed by G-tracts 9–12 (Figure 

4.7), the DMS footprinting pattern in the full-length sequence showed methylation 

protection in G-tracts 5, 6, 11, and 12 with almost complete protection in G-tract 11 with 

complete protection on G61–G63 and partial protection in G-tracts 5, 6, and 12 (G25–

G29, G32–G34, G65/G66, respectively).  This protection pattern strongly suggests that 

G-tracts 5, 6, 11, and 12 form a stable G-quadruplex in the full-length sequence that 

caused the premature primer extension product at G68 in the Taq polymerase assay 

(Figure 4.7).  Moreover, the partial protection in G-tracts 5 and 11 (G25–G29 and G60), 

containing a redundant number of guanines implies loop isomer formation of the G-

quadruplex.  This G-quadruplex is extraordinary in that the structure is stable even with a 

26 base loop consisting of G-tracts 7–10 and the formation of this structure requires all 

G-tracts (G-tracts 2/3, 5/6, and 11/12) that correspond to the middle three Sp1 binding 

sites, and thus can completely interfere with Sp1 binding to the G-rich region of the 

hTERT core promoter.  One notable observation is that a small but reproducible amount 

of DMS protection is also occurred in G-tracts 7 and 9, suggesting possible formation of 
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a loosely organized secondary DNA structure in the middle loop.  Since this G-

quadruplex is so unique, we decided to confirm G-quadruplex formation by G-tracts 5, 6, 

11, and 12 by focusing on G-tracts 5–12 of the hTERT G-rich sequence.   
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Figure 4.8 EMSA and DMS footprinting assay on ODN FL  
 
A:  DMS treated samples in the presence or absence of 140 mM KCl were run on various 
native gels and a higher mobility is shown in the intramolecular G-quadruplex species.  
B: DMS footprinting assay on the band 1 and 2 was performed, and the protection pattern 
implies the formation of two G-quadruplexes in the full-length hTERT G-rich sequence. 
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4.2.3 Formation of forms an unusual G-quadruplex structure with a 26-base middle 
loop by the hTERT G-tracts 5 to 12 

To precisely characterize the G-quadruplex formed by G-tracts 5–12, we 

performed CD spectroscopy, a Taq polymerase arrest assay, and DMS footprinting assay 

on ODN 5,12.  The CD spectrum of ODN 5,12 showed a positive maximum at 264 nm 

and a small positive shoulder at 290 nm, the characteristic CD spectrum of a mixed 

parallel/antiparallel G-quadruplex, and the structure was stable with a Tm of 79 °C 

calculated based on the melting curve (Figure 4.9).  Significantly, the molar ellipticity at 

264 nm (1,600,000) and the Tm of ODN 5,12 (79 °C) are much higher than those of ODN 

I (90,000 and 68 °C, respectively) but slightly lower than those of ODN FL (2,500,000 

and 80 °C, respectively), suggesting that the G-quadruplex structure formed by G-tracts 

5–12 is not only stable but is the structure that represents the overall stability of the G-

quadruplex structure formed in the full-length hTERT G-rich sequence.   
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Figure 4.9 Circular Dichroism Spectroscopy on ODN 5,12 and thermal stability of the 
G-quadruplex formed by ODN 5,12  
 
A:  Comparative CD spectroscopy of ODN 5,12 containing the G-tracts 5 to 12 (black) 
and the Bcl-2 (orange) and c-myc (blue) G-quadruplex forming sequences in the presence 
of 140 mM KCl, and ODN 5,12 and the Bcl-2 G-quadruplex forming sequence produce 
the characteristic CD spectrum for a mixed parallel/antiparallel G-quadruplex.  B: Tm of 
ODN 5,12 was determined to be 79 °C based on the melting curve.   
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Further evidence for this finding was provided by a Taq polymerase arrest assay 

on ODN X5,12 (Figure 4.10).  The assay was performed with increasing concentrations 

of KCl (0–140 mM) and resulted in a single premature primer extension product at G68 

in a potassium-dependent manner, indicating that a single intramolecular G-quadruplex is 

formed by G-tracts 5–12.  The premature product in ODN X5,12 first appeared at 40 mM 

KCl, which is a lower concentration than where the premature product first occurred in 

ODN I´ (60 mM in Figure 4.4) but is higher than that in ODN XFL (20 mM in Figure 

4.7).  This result confirms the conclusion from the CD analysis and thermal stability 

study that the G-quadruplex structure formed by G-tracts 5–12 is very stable and is 

responsible for the overall stability of the G-quadruplex structure formed by the full-

length G-rich sequence of the hTERT core promoter. 
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Figure 4.10 Taq polymerase assay on ODN X5,12 containing the G-tracts 5 to 12  
 
Taq polymerase arrest assay was carried out on ODN X5,12 with increasing 
concentrations of KCl (0, 20, 40, 0, 100, and 140 mM), and one premature primer 
extension product is produced at G68 in a potassium dependent manner. 
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The DMS protection pattern of ODN FL in Figure 4.8 strongly indicates the 

formation of an unusual G-quadruplex by G-tracts 5, 6, 11, and 12 in the full-length 

hTERT G-rich sequence.  To confirm the formation of this unusual structure in the full-

length sequence, a DMS footprinting assay was carried out on ODN 5,12.  Figure 4.11 

shows a clear protection in G-tracts 5, 6, 11, and 12 of ODN 5,12, with complete 

protection on G26–G29, G32–G34, and G61–G63 of G-tracts 5, 6, and 11, respectively, 

and partial protection in G-tract 12 (G65–G67).  This result demonstrates that the G-

quadruplex formed in G-tracts 5–12 is composed of G-tracts 5, 6, 11, and 12 and, 

significantly, confirms the formation of the unexpected G-quadruplex by G-tracts 5, 6, 

11, and 12 in the full-length hTERT G-rich sequence (Figure 4.8).  Partial protection in 

G-tracts 11 and 12 (G60 and G65–G67, respectively) containing a redundant number of 

guanines suggests the formation of loop isomers of the G-quadruplex.  However, the 

predominant loop isomer of the G-quadruplex formed in ODN 5,12 is in a 5´-

(C30T31:C35–G60:C64)-3´ or 5´-(G29C30T31:C35–G60:C64)-3´ conformation, in 

which 26 bases are located in the middle loop.  One notable observation is that a small 

but reproducible amount of DMS protection is also occurred in the G-tracts 7 and 9. 

Taken together, this study demonstrates that the G-rich region in the hTERT core 

promoter forms an unprecedented, stable G-quadruplex structure consisting of two G-

quadruplexes.  One G-quadruplex is formed by G-tracts 1–4 at the 5´-end of the G-rich 

region, and the other is formed by G-tracts 5, 6, 11, and 12 at the 3´-end of the G-rich 

region and contains a 26-base middle loop.  Surprisingly, the latter G-quadruplex is more 

stable than the former and represents the stability of the G-quadruplex structure formed in 
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the full-length G-rich sequence of the hTERT core promoter.  However, the fact that the 

presence of both G-quadruplexes increases the stability implies a potential interaction 

between those structures. 
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Figure 4.11 DMS footprinting assay on ODN 5,12  
 
DMS footprinting assay in the presence or absence of 140 mM KCl confirms the 
formation of a G-quadruplex by the G-tracts 5, 6, 11, and 12. 
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4.2.4 Stabilization of the hTERT G-quadruplex Structures in the Full-length DNA by 
the G-quadruplex Interactive Compounds TMPyP4 and Telomestatin 

We have demonstrated that the G-rich region in the hTERT core promoter forms 

an unprecedented G-quadruplex structure composed of two G-quadruplexes.  The 

ultimate goal of our research is to downregulate hTERT expression using small 

molecules that specifically bind to and stabilize the hTERT G-quadruplexes.  The unique 

structure of the hTERT G-quadruplexes may provide unique sites that are selectively 

recognized by certain G-quadruplex-interactive compounds.  For this reason, we 

examined if the hTERT G-quadruplex structure is stabilized by G-quadruplex-interactive 

ligands in a ligand-specific manner.  A Taq polymerase arrest assay was performed with 

two well-known G-quadruplex ligands, the cationic porphyrin TMPyP4 and the cyclic 

peptide telomestatin.  TMPyP2, a positional isomer of TMPyP4 that lacks the ability to 

interact with a G-quadruplex structure, was also included in the assay as a negative 

control compound (Figure 3.20).  A similar decrease in the full-length product was 

observed with increasing concentrations of TMPyP4 and telomestatin, and a similar 

degree of increase in the total amount of premature products was obtained by the ligands 

(Figure 4.12).  However, TMPyP2 did not change the amount of full-length or premature 

primer extension products.  One notable observation is that the amount of premature 

product at C19 was selectively increased by TMPyP4.  These data indicate that TMPyP4 

binds between the two tandem hTERT G-quadruplexes, while telomestatin preferentially 

recognizes the external tetrads of the tandem structure (Compare middle and lower panels 

in Figure 4.12 on the right hand side).  A minor premature primer extension product 

appeared at C64 at high concentrations of the ligands, indicating that TMPyP4 and 



 

 

151

telomestatin may also interact with minor G-quadruplexes formed in the full-length 

hTERT G-rich sequence. 
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Figure 4.12 Stabilization of the hTERT G-quadruplex structure by G-quadruplex 
ligands 
 
Taq polymerase arrest assay was performed on ODN XFL with increasing concentrations 
of the G-quadruplex ligands TMPyP4 and telomestatin as well as the control compound 
TMPyP2 (0, 0.1, 0.5, 1.0, and 2.0 µM).  The amount of the premature primer extension 
products increases in the presence of TMPyP4 and telomestatin but not by TMPyP2, and 
TMPyP4 selectively increases the premature product at C19.  All the samples including 
the (-) drug sample contain 40 mM KCl.  Quantification of the autoradiogram is shown in 
the right panel. 
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4.3 Discussion 

Activation of telomerase is a critical step for immortalization of cancerous cells 

during tumorigenesis [241-243].  The catalytic subunit of telomerase (hTERT) is the rate-

limiting factor of telomerase activity [92] and is expressed in about 90% of cancers, but 

not in normal somatic cells [101].  Due to its cancer-specific expression and significant 

role in cancer development, hTERT has been an attractive target for the development of 

therapeutics to treat a broad spectrum of cancers.  The two major therapeutic approaches 

are immunotherapy that uses hTERT as a cancer-specific antigen to discriminately kill 

hTERT-positive cancer cells [251-254] and the use of antisense oligonucleotides to 

directly target expression of hTERT to treat cancer [133-136,245,247].  Anti-

proliferative, pro-apoptotic effects of downregulation of hTERT expression in cancer 

cells emphasize the importance of understanding the regulatory mechanism of hTERT 

promoter activity for the discovery of a more specific, efficient way to inhibit hTERT 

expression [133-136].  Mounting evidence for the co-regulation of gene promoter activity 

by transcription factors and secondary DNA structures formed in promoter regions of the 

transcription factor binding sites has been shown in several gene promoters [10,14,43].  

In the case of the hTERT promoter, transcription factors involved in the regulation of 

promoter activity have been intensively investigated [169-171,174,179,181].  However, 

the lack of a comprehensive understanding of the potential of secondary DNA structures, 

which may collaborate with the transcription factors to modulate hTERT expression, 

hinders efforts to decipher the comprehensive regulation mechanism of hTERT 

expression. 
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In this study we investigated the putative G-quadruplex-forming sequence in the 

hTERT core promoter containing twelve consecutive G-tracts (Figure 4.1).  We 

demonstrated that the hTERT G-rich region forms an unprecedented G-quadruplex 

structure composed of two intramolecular G-quadruplexes.  One of the G-quadruplexes is 

formed by G-tracts 1–4 (G-quadruplex I) and is in a more conventional 1:3:1 folding 

pattern with a total number of five bases in the loops (Figure 4.8).  In contrast, the other 

G-quadruplex formed by G-tracts 5, 6, 11, and 12 (G-quadruplex 5,12) is a non-canonical 

structure in 2:26:1 or 3:26:1 loop conformations with a total number of 29 or 30 bases in 

the loops (Figures 4.8 and 4.11).  Studies on the two individual G-quadruplexes revealed 

that unprecedented G-quadruplex 5,12 determines the overall stability of the G-

quadruplex structure formed in the full-length hTERT G-rich sequence (Figures 4.3 and 

4.9).  Previously, the importance of the loop size of a G-quadruplex in its stability has 

been reported in several studies that demonstrated a direct inverse correlation between 

loop size and stability of G-quadruplexes formed by G-quadruplex-forming library 

sequences [21,23,25].  Similarly, in the presence of more than four consecutive G-tracts 

(e.g., the promoters of c-myc, bcl-2, HIF-1α, and VEGF), naturally occurring G-

quadruplex sequences have the propensity to contain fewer bases in the loops by 

employing four contiguous G-tracts for G-quadruplex formation [18-20,26].  In contrast, 

the hTERT G-quadruplex 5,12 places the four G-tracts 7–10 in the middle loop, resulting 

in the formation of an unconventional G-quadruplex structure with a 26-base middle loop 

(Figures 4.8 and 4.11).  This hTERT G-quadruplex is the first example that has been 

shown to be stable in the presence of such a long loop.  A slight protection in the G-tracts 
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7 and 9 of the middle loop (Figures 4.8 and 4.11) may imply the formation of a loosely 

organized secondary DNA structure in the loop, such as a hairpin structure, and provide a 

possible explanation for the formation of a stable G-quadruplex even in the presence of 

29 or 30 bases in the loops.  However, S1 nuclease assay and further mutational study 

have to be performed on the middle loop to confirm our speculation on the loop structure. 

Comparison of the hTERT G-quadruplex-forming sequences (G-tracts 1–4 and 

5–12) with previously characterized G-quadruplex-forming sequences reveals a similarity 

between the hTERT G-quadruplex I (G-tracts 1–4) and the parallel G-quadruplexes, 

including the NMR-determined parallel G-quadruplex of c-myc [26] and between the 

hTERT G-quadruplex 5,12 (G-tracts 5–12) and the mixed parallel/antiparallel G-

quadruplex of bcl-2 defined by NMR (Figure 4.13A) [27].  CD analysis and DMS 

footprinting on the full-length hTERT G-rich sequence and two individual G-quadruplex-

forming sequences support that the hTERT G-quadruplex I is a parallel G-quadruplex 

with three 1:3:1 double-chain-reversal loops, and the hTERT G-quadruplex 5,12 is a 

mixed parallel/antiparallel G-quadruplex with a 3:26:1 loop conformation (or possibly 

2:26:1) (Figures 4.2, 4.6, 4.8, 4.9, and 4.11).  The identical number of bases in the first 

and third loops between the hTERT G-quadruplex 5,12 in the 3:26:1 loop conformation 

and the bcl-2 G-quadruplex suggests that the hTERT G-quadruplex folding pattern may 

be similar to the bcl-2 G-quadruplex, in which the first and middle loops are lateral and 

the third loop is a double-chain reversal [20,27].   

Several lines of evidence for the interaction between the two hTERT G-

quadruplexes, located 7 or 8 bases apart, have been provided by melting curve, Tm, CD 
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spectroscopy, and Taq polymerase arrest assay on the full-length hTERT G-rich 

sequence.  The presence of a single phase in the melting curve of the full-length 

sequence, rather than two phases representing two individual G-quadruplexes (Figure 

4.6B), and an increase in stability in the presence of the two G-quadruplexes suggest 

interaction between the two G-quadruplexes, resulting in stabilization of the overall G-

quadruplex structure formed in the full-length sequence (Figures 4.6 and 4.7).  

Previously, interaction of two G-quadruplexes was found in the G-quadruplex structures 

formed in the GGA repeat region of the c-myb promoter, in which two unstable 

tetrad:heptad (T:H) G-quadruplexes, positioned 4 or 19 bases apart, intramolecularly 

dimerize to form a very stable T:H:H:T G-quadruplex structure (Figure 4.13B) [14].  The 

dimerization of the two T:H G-quadruplexes that are 19 bases apart suggests the potential 

of the two hTERT G-quadruplexes to interact with each other, and the interface between 

the two hTERT G-quadruplexes can serve as a unique drug recognition site in the 

genome (Figure 4.14). 
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Figure 4.13 Comparison of G-quadruplex-forming sequences found in selected gene 
promoters and T:H:H:T G-quadruplex formed by the c-myb GGA repeat region 
 
The c-myb GGA repeat region produces three combinations of T:H:H:Ts using two 
copies of (GGA)4 and the (GGA)4 copies involved in T:H:H:T formation is indicated in 
red. 
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Figure 4.14 The proposed model of the G-quadruplex structure formed in the hTERT 
core promoter 
 
Proposed model; two G-quadruplexes formed by the G-tracts 1-4 (G-quadruplex I) and 
the G-tracts 5, 6, 11, and 12 (G-quadruplex 5,12) are linked by the sequence C19-G25 (or 
C19-G26) and stack on each other in the left panel. G-quadruplex I is a parallel G-
quadruplex in a loop conformation of 5’-(1, 3, 1)-3’ and G-quadruplex 5,12 is a mixed 
parallel/antiparallel G-quadruplex in the 5’-(2, 26, 1)-3’ or 5’-(3, 26, 1)-3’ loop 
conformation.  The middle loop of G-quadruplex 5,12 contains the G-tracts 7 to 10 and 
forms a hairpin loop structure (Right panel) that may be critical for the stability of G-
quadruplex 5,12.   
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G-quadruplex-interactive ligands have been reported to inhibit telomerase 

activity, which causes telomere shortening [35,39,44,127,128,255-260].  The main 

mechanism of this inhibition is presumed to be due to the stabilization of telomeric G-

quadruplexes by the ligands, which inhibits the access of telomerase to telomeres 

[39,127,128,255-259].  However, unlike the expectation that growth inhibition by this 

mechanism would have a long lag phase due to the progressive telomere shortening over 

many cell replications, it is observed immediately after G-quadruplex ligand treatment, 

which is much before telomere shortening is detected in the cells [127,128].  One 

plausible mechanism for this early response is the disruption of the telomere-protective 

protein complex by the interaction of G-quadruplex ligands with telomeric G-

quadruplexes [129-132].  The data presented in this study allows us to propose another 

possible mechanism that may explain the anti-cancer effects caused by G-quadruplex 

ligands.  The Taq polymerase arrest assay with G-quadruplex ligands (Figure 4.12) 

demonstrated that the hTERT G-quadruplex structure can be targeted and stabilized by 

the ligands, which implies that the hTERT G-quadruplex may be a target of G-

quadruplex ligands in the cell.  The stabilization of the hTERT G-quadruplex structure by 

G-quadruplex ligands would cause a significant downregulation of hTERT expression 

due to the disruption of Sp1 binding sites in the core promoter and subsequently result in 

telomere shortening in the cell (Red line 2 in Figure 4.15).  Significantly, the results from 

previous hTERT antisense oligonucleotide studies, in which hTERT expression is 

specifically downregulated, are very similar to those from previous studies on the role of 

telomeric G-quadruplexes and G-quadruplex ligands [133-136].  In both cases, an 
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immediate growth inhibition and delayed telomere shortening were observed, which 

suggests that telomere shortening and growth inhibition by G-quadruplex ligands may be 

due to downregulation of hTERT expression.  In fact, hTERT mRNA downregulation by 

G-quadruplex ligands (telomestatin and TMPyP4) was detected in previous reports 

[44,260].  Due to the presence of a G-quadruplex in the c-myc promoter, it was explained 

to be because of to downregulation of c-myc expression by the G-quadruplex ligands 

(Red line 2 in Figure 4.15) [44,261].  However, the hTERT G-quadruplex structure in the 

core promoter may be the major contributor in downregulation of hTERT expression, 

because its formation has a direct affect on hTERT expression (Figures 4.1 and 4.11).  In 

spite of this supporting evidence, however, it may be difficult to evaluate the role of the 

hTERT G-quadruplex and G-quadruplex ligands in anticancer effects in cells due to the 

presence of the telomeric and c-myc G-quadruplexes, unless hTERT G-quadruplex 

specific ligands are available. 
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Figure 4.15 The potential pathways by which G-quadruplex ligands can cause telomere 
shortening and cell growth inhibition 
 
The possible pathways of G-quadruplex ligands to cause telomere shortening in cells; 
The pathway by which telomere length is maintained is indicated by blue lines.  G-
quadruplex ligands can target telomeric G-quadruplex (orange lines) as well as two G-
quadruplexes in the promoters of the c-myc and hTERT genes to cause telomere 
shortening (red lines). 
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Collectively, we provide evidence for the formation of the hTERT G-quadruplex 

structure in the hTERT core promoter, in which the mixed parallel/antiparallel G-

quadruplex formed by G-tracts 5, 6, 11, and 12, with a hairpin structure of G-tracts 7–10 

stacks on the parallel G-quadruplex formed by G-tracts 1–4, and we propose the hTERT 

G-quadruplex structure as a possible target of G-quadruplex ligands in telomere 

shortening caused by these ligands. 
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CHAPTER 5 

CONCLUSIONS 

Accumulating evidence reveals the importance of the role of secondary DNA 

structures found in gene promoters in transcriptional regulation.  Global search for 

putative G-quadruplex sequences in the genome has revealed that these sequences are 

clustered near the transcription initiation sites, strongly implying the involvement of G-

quadruplexes in regulation of gene expression.  The formation of G-quadruplex in cells 

has been proposed to play dual roles to modulate promoter activity.  The stability of G-

quadruplexes serves as roadblocks to inhibit the progress of transcription by 

transcriptional machinery, and G-quadruplex formation also alters the context of protein 

interaction at the G-quadruplex forming region of the promoter.  However, some 

transcription factors such as MAZ (see Chapter 3) may have the potential to bind to both 

the double stranded or G-quadruplex formed DNA, which may change the functionality 

of the proteins in some degree as activators or inhibitors or completely alter the role.  As 

presented in this dissertation, the T:H:H:T G-quadruplex formed in the c-myb promoter 

(see Chapter 3) provides strong evidence of such dual roles of G-quadruplex-forming 

region.  Furthermore, the G-rich region of the hTERT core promoter forms an 

unconventional G-quadruplex structure to disable all three critical Sp1 binding sites (see 

Chapter 4) also implicates the dual roles of G-quadruplex-forming region.  With the 

research presented herein, we provide important evidence for the concept that G-

quadruplex formation in gene promoters can alter promoter activity. 
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The structure of G-quadruplexes found in gene promoters displays diversity in 

the number of G-tetrads, looping pattern, and sequence of the loops.  This variation 

serves as a critical factor to determine the interaction between G-quadruplex structure and 

proteins or small molecules that bind to the structure.  In spite of the variation, however, 

the overall structures of G-quadruplex are very similar in that two to four G-tetrads are 

connected by the loops.  Due to the similarity of G-quadruplexes formed in gene 

promoters, it has been considered to be difficult to target a single specific G-quadruplex 

by small molecules.  The data presented in this dissertation, the formation of unusual G-

quadruplex structures in gene promoters is demonstrated in two different promoters, the 

c-myb (see Chapter 3) and hTERT (see Chapter 4) promoters, in which the stable G-

quadruplex structures are formed by two tandem intramolecular G-quadruplexes that 

stack on each other. The interface between the two G-quadruplexes is significantly 

unique and thus, can serve as a unique drug recognition site that increases drug-

specificity to the target.  Therefore, the research presented herein is an important 

discovery in that it broadens the range of variation of G-quadruplex structure and shows 

that it is possible to potentially drive selectivity and strengthen the belief in G-quadruplex 

structures as specific targets.   

With the data presented in this dissertation, we have proposed a general model 

for the role of the c-myb and hTERT G-quadruplexes in the regulation of gene expression 

(Figure 5.1).  In the case of the c-myb promoter, the GGA repeat region in a double 

stranded conformation recruits unknown transcriptional activators, which is critical for c-

myb transcription, and results in activation of the c-myb promoter.  When folded to 
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T:H:H:T G-quadruplexes, the GGA repeat region is no longer able to serve as binding 

sites for the unknown activator, and the c-myb promoter will be switched to an inactive 

state.  The transcription factor MAZ binds to both conformations of the GGA repeat 

region and decreases c-myb promoter activity.  In the case of hTERT, when double 

stranded, the G-rich region of the core promoter provides three critical Sp1 binding sites 

for hTERT transcription.  However, G-quadruplex formation in the region masks all three 

Sp1 binding sites, which results in the inactivation of the hTERT promoter.  Stabilization 

of the c-myb and hTERT G-quadruplexes by small molecules that recognize the 

interfaces of the two G-quadruplexes of the structures will trap out the G-quadruplex 

conformation and results in specific downregulation of expression of the genes.  
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Figure 5.1 The model of the potential biological role of the G-quadruplexes formed in 
the c-myb and hTERT promoters in transcription 
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APPENDIX A 

MANUSCRIPTS AND ABSTRCTS 

MANUSCRIPTS 

Palumbo, S.L., Memmott, R.M., Uribe, D.J., Krotova-Khan, Y., Hurley, L.H. and 
Ebbinghaus, S.W. (2008) A novel G-quadruplex-forming GGA repeat region in the c-
myb promoter is a critical regulator of promoter activity. Nucleic Acids Res, 36, 1755-69. 
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ABSTRACTS 

The Role of the GGA Repeat Region of the c-myb Promoter in Regulation of c-myb 
Expression 

 

Sun Mi Lee, Laurence H. Hurley, and Scot W. Ebbinghaus. Presented at the 2005 AACR 
 

The c-myb oncogene is highly expressed in many leukemias and allows leukemic cells to 
stay in a state of proliferation without undergoing differentiation.  For this reason, 
downregulation of c-myb expression may be useful for leukemia therapy.  The c-myb 
promoter contains a purine-rich region with three copies of four GGA repeats, 3(GGA)4, 
and transient transfection analysis showed that the deletion of all three (GGA)4 repeats 
abolished c-myb promoter activity in three leukemia cell lines.  This result implies that 
the GGA repeat region in the c-myb promoter is critical for c-myb expression, probably 
by providing binding sites for the crucial transcription factors for c-myb transcription.  
Interestingly, the deletion of only one or two (GGA)4 repeat(s), including one repeat that 
overlaps a PU.1 binding site, led to a dramatic increase in c-myb promoter activity in 
CCRF-CEM T-ALL cells, but only modest effects in Jurkat T-ALL cells and K562 CML 
blast cells.  Previous reports have shown that (GGA)4 DNA can form an unusual structure 
related to a guanine quadurplex and composed of a guanine tetrad stacked onto a 
guanine-adenine heptad.  Two (GGA)4 repeats can form a higher ordered structure by 
dimerizing to form a tetrad:heptad:heptad:terad.  To determine if the c-myb GGA repeats 
could form such structures, DMS footprinting and DNA polymerase arrest assays were 
performed with oligonucleotides containing the 3(GGA)4 from the c-myb promoter.  
DMS footprinting showed potassium dependent protection of all the guanines in the GGA 
repeats that would be involved in tetrad:hepad formation.  Taq polymerase arrest assays 
showed potassium dependent arrests of primer elongation at the first and second (GGA)4, 
and polymerase arrest was enhanced by the presence of guanine quadruplex interactive 
compounds such as TmPyP4 and telomestatin, implying that the secondary structure 
formed by the c-myb GGA repeats is stabilized by small molecules that can bind to G-
quadruplexes.  Taq polymerase assay data from studies introducing quadruplex disrupting 
mutations into each (GGA)4 of the 3(GGA)4 and truncating one or two (GGA)4 
demonstrated that at least two (GGA)4 are required in order to arrest primer elongation in 
the assay, suggesting that dimerization of two tetrad:heptad structures is necessary for 
stable G-quadruplex formation.  Based on these data, we propose that that the GGA 
repeat region in the c-myb promoter plays a critical role in regulating c-myb expression 
and can serve both as a positive regulatory element by recruiting transcription factors and 
as a negative regulatory element by forming a stable secondary structure that prevents 
transcription factor binding.  We further propose that small molecules that bind to G-
quadruplexes may be able to suppress c-myb expression and prevent the proliferation of 
leukemia cells that require c-myb expression. 



 

 

169

APPENDIX B 

PERMISSION TO USE COPYRIGHTED MATERIAL 

Reprinted with permission from: 

Dai, J., Carver, M. and Yang, D. (2008) Polymorphism of human telomeric quadruplex 
structures. Biochimie, 90, 1172-83.  Copyright 2008 Elsevier B.V.  All Rights 
Reserved. 
 

Qin, Y., Rezler, E.M., Gokhale, V., Sun, D. and Hurley, L.H. (2007) Characterization of 
the G-quadruplexes in the duplex nuclease hypersensitive element of the PDGF-A 
promoter and modulation of PDGF-A promoter activity by TMPyP4. Nucleic Acids Res, 
35, 7698-713.  http://nar.oxfordjournals.org.  Copyright 2007 Oxford University Press.  
All Rights Reserved 
 

Han, H. and Hurley, L.H. (2000) G-quadruplex DNA: a potential target for anti-cancer 
drug design. Trends Pharmacol Sci, 21, 136-42.  Copyright 2000 Elsevier B.V.  All 
Rights Reserved. 
 

Palumbo, S.L., Memmott, R.M., Uribe, D.J., Krotova-Khan, Y., Hurley, L.H. and 
Ebbinghaus, S.W. (2008) A novel G-quadruplex-forming GGA repeat region in the c-
myb promoter is a critical regulator of promoter activity. Nucleic Acids Res, 36, 1755-69. 
http://nar.oxfordjournals.org.  Copyright 2008 Oxford University Press.  All Rights 
Reserved 



 

 

170

REFERENCES 

 

1. Gellert, M., Lipsett, M.N. and Davies, D.R. (1962) Helix formation by guanylic 
acid. Proc Natl Acad Sci U S A, 48, 2013-8. 

2. Arnott, S., Chandrasekaran, R. and Marttila, C.M. (1974) Structures for 
polyinosinic acid and polyguanylic acid. Biochem J, 141, 537-43. 

3. Zimmerman, S.B., Cohen, G.H. and Davies, D.R. (1975) X-ray fiber diffraction 
and model-building study of polyguanylic acid and polyinosinic acid. J Mol Biol, 
92, 181-92. 

4. Howard, F.B., Frazier, J. and Miles, H.T. (1977) Stable and metastable forms of 
poly(G). Biopolymers, 16, 791-809. 

5. Williamson, J.R. (1994) G-quartet structures in telomeric DNA. Annu Rev 
Biophys Biomol Struct, 23, 703-30. 

6. Keniry, M.A. (2000) Quadruplex structures in nucleic acids. Biopolymers, 56, 
123-46. 

7. Neidle, S. and Read, M.A. (2000) G-quadruplexes as therapeutic targets. 
Biopolymers, 56, 195-208. 

8. Patel, D.J., Phan, A.T. and Kuryavyi, V. (2007) Human telomere, oncogenic 
promoter and 5'-UTR G-quadruplexes: diverse higher order DNA and RNA 
targets for cancer therapeutics. Nucleic Acids Res, 35, 7429-55. 

9. Dai, J., Carver, M. and Yang, D. (2008) Polymorphism of human telomeric 
quadruplex structures. Biochimie, 90, 1172-83. 

10. Siddiqui-Jain, A., Grand, C.L., Bearss, D.J. and Hurley, L.H. (2002) Direct 
evidence for a G-quadruplex in a promoter region and its targeting with a small 
molecule to repress c-MYC transcription. Proc Natl Acad Sci U S A, 99, 11593-8. 

11. Guo, K., Pourpak, A., Beetz-Rogers, K., Gokhale, V., Sun, D. and Hurley, L.H. 
(2007) Formation of pseudosymmetrical G-quadruplex and i-motif structures in 
the proximal promoter region of the RET oncogene. J Am Chem Soc, 129, 10220-
8. 

12. Qin, Y., Rezler, E.M., Gokhale, V., Sun, D. and Hurley, L.H. (2007) 
Characterization of the G-quadruplexes in the duplex nuclease hypersensitive 
element of the PDGF-A promoter and modulation of PDGF-A promoter activity 
by TMPyP4. Nucleic Acids Res, 35, 7698-713. 

13. Sun, D., Liu, W.J., Guo, K., Rusche, J.J., Ebbinghaus, S., Gokhale, V. and 
Hurley, L.H. (2008) The proximal promoter region of the human vascular 
endothelial growth factor gene has a G-quadruplex structure that can be targeted 
by G-quadruplex-interactive agents. Mol Cancer Ther, 7, 880-9. 



 

 

171

14. Palumbo, S.L., Memmott, R.M., Uribe, D.J., Krotova-Khan, Y., Hurley, L.H. and 
Ebbinghaus, S.W. (2008) A novel G-quadruplex-forming GGA repeat region in 
the c-myb promoter is a critical regulator of promoter activity. Nucleic Acids Res, 
36, 1755-69. 

15. Etzioni, S., Yafe, A., Khateb, S., Weisman-Shomer, P., Bengal, E. and Fry, M. 
(2005) Homodimeric MyoD preferentially binds tetraplex structures of regulatory 
sequences of muscle-specific genes. J Biol Chem, 280, 26805-12. 

16. Simonsson, T. (2001) G-quadruplex DNA structures--variations on a theme. Biol 
Chem, 382, 621-8. 

17. Seenisamy, J., Rezler, E.M., Powell, T.J., Tye, D., Gokhale, V., Joshi, C.S., 
Siddiqui-Jain, A. and Hurley, L.H. (2004) The dynamic character of the G-
quadruplex element in the c-MYC promoter and modification by TMPyP4. J Am 
Chem Soc, 126, 8702-9. 

18. De Armond, R., Wood, S., Sun, D., Hurley, L.H. and Ebbinghaus, S.W. (2005) 
Evidence for the presence of a guanine quadruplex forming region within a 
polypurine tract of the hypoxia inducible factor 1alpha promoter. Biochemistry, 
44, 16341-50. 

19. Guo, K., Gokhale, V., Hurley, L.H. and Sun, D. (2008) Intramolecularly folded 
G-quadruplex and i-motif structures in the proximal promoter of the vascular 
endothelial growth factor gene. Nucleic Acids Res, 36, 4598-608. 

20. Dexheimer, T.S., Sun, D. and Hurley, L.H. (2006) Deconvoluting the structural 
and drug-recognition complexity of the G-quadruplex-forming region upstream of 
the bcl-2 P1 promoter. J Am Chem Soc, 128, 5404-15. 

21. Smirnov, I. and Shafer, R.H. (2000) Effect of loop sequence and size on DNA 
aptamer stability. Biochemistry, 39, 1462-8. 

22. Hazel, P., Huppert, J., Balasubramanian, S. and Neidle, S. (2004) Loop-length-
dependent folding of G-quadruplexes. J Am Chem Soc, 126, 16405-15. 

23. Risitano, A. and Fox, K.R. (2004) Influence of loop size on the stability of 
intramolecular DNA quadruplexes. Nucleic Acids Res, 32, 2598-606. 

24. Rachwal, P.A., Findlow, I.S., Werner, J.M., Brown, T. and Fox, K.R. (2007) 
Intramolecular DNA quadruplexes with different arrangements of short and long 
loops. Nucleic Acids Res, 35, 4214-22. 

25. Bugaut, A. and Balasubramanian, S. (2008) A sequence-independent study of the 
influence of short loop lengths on the stability and topology of intramolecular 
DNA G-quadruplexes. Biochemistry, 47, 689-97. 

26. Phan, A.T., Modi, Y.S. and Patel, D.J. (2004) Propeller-type parallel-stranded G-
quadruplexes in the human c-myc promoter. J Am Chem Soc, 126, 8710-6. 



 

 

172

27. Dai, J., Chen, D., Jones, R.A., Hurley, L.H. and Yang, D. (2006) NMR solution 
structure of the major G-quadruplex structure formed in the human BCL2 
promoter region. Nucleic Acids Res, 34, 5133-44. 

28. Hurley, L.H. (2001) Secondary DNA structures as molecular targets for cancer 
therapeutics. Biochem Soc Trans, 29, 692-6. 

29. Arthanari, H. and Bolton, P.H. (2001) Functional and dysfunctional roles of 
quadruplex DNA in cells. Chem Biol, 8, 221-30. 

30. Li, J.L., Harrison, R.J., Reszka, A.P., Brosh, R.M., Jr., Bohr, V.A., Neidle, S. and 
Hickson, I.D. (2001) Inhibition of the Bloom's and Werner's syndrome helicases 
by G-quadruplex interacting ligands. Biochemistry, 40, 15194-202. 

31. Han, H. and Hurley, L.H. (2000) G-quadruplex DNA: a potential target for anti-
cancer drug design. Trends Pharmacol Sci, 21, 136-42. 

32. De Cian, A., Lacroix, L., Douarre, C., Temime-Smaali, N., Trentesaux, C., Riou, 
J.F. and Mergny, J.L. (2008) Targeting telomeres and telomerase. Biochimie, 90, 
131-55. 

33. Fakhoury, J., Nimmo, G.A. and Autexier, C. (2007) Harnessing telomerase in 
cancer therapeutics. Anticancer Agents Med Chem, 7, 475-83. 

34. Chakraborty, S., Ghosh, U., Bhattacharyya, N.P., Bhattacharya, R.K. and Roy, M. 
(2006) Inhibition of telomerase activity and induction of apoptosis by curcumin in 
K-562 cells. Mutat Res, 596, 81-90. 

35. Tauchi, T., Shin-ya, K., Sashida, G., Sumi, M., Okabe, S., Ohyashiki, J.H. and 
Ohyashiki, K. (2006) Telomerase inhibition with a novel G-quadruplex-
interactive agent, telomestatin: in vitro and in vivo studies in acute leukemia. 
Oncogene, 25, 5719-25. 

36. Binz, N., Shalaby, T., Rivera, P., Shin-ya, K. and Grotzer, M.A. (2005) 
Telomerase inhibition, telomere shortening, cell growth suppression and induction 
of apoptosis by telomestatin in childhood neuroblastoma cells. Eur J Cancer, 41, 
2873-81. 

37. Sumi, M., Tauchi, T., Sashida, G., Nakajima, A., Gotoh, A., Shin-Ya, K., 
Ohyashiki, J.H. and Ohyashiki, K. (2004) A G-quadruplex-interactive agent, 
telomestatin (SOT-095), induces telomere shortening with apoptosis and enhances 
chemosensitivity in acute myeloid leukemia. Int J Oncol, 24, 1481-7. 

38. Rezler, E.M., Bearss, D.J. and Hurley, L.H. (2002) Telomeres and telomerases as 
drug targets. Curr Opin Pharmacol, 2, 415-23. 

39. Kelland, L.R. (2005) Overcoming the immortality of tumour cells by telomere 
and telomerase based cancer therapeutics--current status and future prospects. Eur 
J Cancer, 41, 971-9. 



 

 

173

40. Eddy, J. and Maizels, N. (2008) Conserved elements with potential to form 
polymorphic G-quadruplex structures in the first intron of human genes. Nucleic 
Acids Res, 36, 1321-33. 

41. Du, Z., Zhao, Y. and Li, N. (2008) Genome-wide analysis reveals regulatory role 
of G4 DNA in gene transcription. Genome Res, 18, 233-41. 

42. Hammond-Kosack, M.C., Dobrinski, B., Lurz, R., Docherty, K. and Kilpatrick, 
M.W. (1992) The human insulin gene linked polymorphic region exhibits an 
altered DNA structure. Nucleic Acids Res, 20, 231-6. 

43. Cogoi, S. and Xodo, L.E. (2006) G-quadruplex formation within the promoter of 
the KRAS proto-oncogene and its effect on transcription. Nucleic Acids Res, 34, 
2536-49. 

44. Grand, C.L., Han, H., Munoz, R.M., Weitman, S., Von Hoff, D.D., Hurley, L.H. 
and Bearss, D.J. (2002) The cationic porphyrin TMPyP4 down-regulates c-MYC 
and human telomerase reverse transcriptase expression and inhibits tumor growth 
in vivo. Mol Cancer Ther, 1, 565-73. 

45. Bender, T.P., Kremer, C.S., Kraus, M., Buch, T. and Rajewsky, K. (2004) Critical 
functions for c-Myb at three checkpoints during thymocyte development. Nat 
Immunol, 5, 721-9. 

46. Moscovici, C. (1975) Leukemic transformation with avian myeloblastosis virus: 
present status. Curr Top Microbiol Immunol, 71, 79-101. 

47. Oh, I.H. and Reddy, E.P. (1999) The myb gene family in cell growth, 
differentiation and apoptosis. Oncogene, 18, 3017-33. 

48. Griffin, C.A. and Baylin, S.B. (1985) Expression of the c-myb oncogene in 
human small cell lung carcinoma. Cancer Res, 45, 272-5. 

49. Su, A.I., Welsh, J.B., Sapinoso, L.M., Kern, S.G., Dimitrov, P., Lapp, H., Schultz, 
P.G., Powell, S.M., Moskaluk, C.A., Frierson, H.F., Jr. and Hampton, G.M. 
(2001) Molecular classification of human carcinomas by use of gene expression 
signatures. Cancer Res, 61, 7388-93. 

50. Ramsay, R.G., Thompson, M.A., Hayman, J.A., Reid, G., Gonda, T.J. and 
Whitehead, R.H. (1992) Myb expression is higher in malignant human colonic 
carcinoma and premalignant adenomatous polyps than in normal mucosa. Cell 
Growth Differ, 3, 723-30. 

51. White, J.R. and Weston, K. (2000) Myb is required for self-renewal in a model 
system of early hematopoiesis. Oncogene, 19, 1196-205. 

52. Chen, J., Kremer, C.S. and Bender, T.P. (2002) A Myb dependent pathway 
maintains Friend murine erythroleukemia cells in an immature and proliferating 
state. Oncogene, 21, 1859-69. 



 

 

174

53. Gonda, T.J. and Metcalf, D. (1984) Expression of myb, myc and fos proto-
oncogenes during the differentiation of a murine myeloid leukaemia. Nature, 310, 
249-51. 

54. Duprey, S.P. and Boettiger, D. (1985) Developmental regulation of c-myb in 
normal myeloid progenitor cells. Proc Natl Acad Sci U S A, 82, 6937-41. 

55. Todokoro, K., Watson, R.J., Higo, H., Amanuma, H., Kuramochi, S., 
Yanagisawa, H. and Ikawa, Y. (1988) Down-regulation of c-myb gene expression 
is a prerequisite for erythropoietin-induced erythroid differentiation. Proc Natl 
Acad Sci U S A, 85, 8900-4. 

56. Mucenski, M.L., McLain, K., Kier, A.B., Swerdlow, S.H., Schreiner, C.M., 
Miller, T.A., Pietryga, D.W., Scott, W.J., Jr. and Potter, S.S. (1991) A functional 
c-myb gene is required for normal murine fetal hepatic hematopoiesis. Cell, 65, 
677-89. 

57. Sakamoto, H., Dai, G., Tsujino, K., Hashimoto, K., Huang, X., Fujimoto, T., 
Mucenski, M., Frampton, J. and Ogawa, M. (2006) Proper levels of c-Myb are 
discretely defined at distinct steps of hematopoietic cell development. Blood, 108, 
896-903. 

58. Sandberg, M.L., Sutton, S.E., Pletcher, M.T., Wiltshire, T., Tarantino, L.M., 
Hogenesch, J.B. and Cooke, M.P. (2005) c-Myb and p300 regulate hematopoietic 
stem cell proliferation and differentiation. Dev Cell, 8, 153-66. 

59. Zorbas, M., Sicurella, C., Bertoncello, I., Venter, D., Ellis, S., Mucenski, M.L. 
and Ramsay, R.G. (1999) c-Myb is critical for murine colon development. 
Oncogene, 18, 5821-30. 

60. Kaspar, P., Pajer, P., Sedlak, D., Tamaoki, T. and Dvorak, M. (2005) c-Myb 
inhibits myogenic differentiation through repression of MyoD. Exp Cell Res, 309, 
419-28. 

61. Brown, K.E., Kindy, M.S. and Sonenshein, G.E. (1992) Expression of the c-myb 
proto-oncogene in bovine vascular smooth muscle cells. J Biol Chem, 267, 4625-
30. 

62. Kaspar, P., Dvorakova, M., Kralova, J., Pajer, P., Kozmik, Z. and Dvorak, M. 
(1999) Myb-interacting protein, ATBF1, represses transcriptional activity of Myb 
oncoprotein. J Biol Chem, 274, 14422-8. 

63. Kopecki, Z., Luchetti, M.M., Adams, D.H., Strudwick, X., Mantamadiotis, T., 
Stoppacciaro, A., Gabrielli, A., Ramsay, R.G. and Cowin, A.J. (2007) Collagen 
loss and impaired wound healing is associated with c-Myb deficiency. J Pathol, 
211, 351-61. 

64. Malaterre, J., Mantamadiotis, T., Dworkin, S., Lightowler, S., Yang, Q., 
Ransome, M.I., Turnley, A.M., Nichols, N.R., Emambokus, N.R., Frampton, J. 
and Ramsay, R.G. (2008) c-Myb is required for neural progenitor cell 



 

 

175

proliferation and maintenance of the neural stem cell niche in adult brain. Stem 
Cells, 26, 173-81. 

65. Bender, T.P., Thompson, C.B. and Kuehl, W.M. (1987) Differential expression of 
c-myb mRNA in murine B lymphomas by a block to transcription elongation. 
Science, 237, 1473-6. 

66. Watson, R.J. (1988) A transcriptional arrest mechanism involved in controlling 
constitutive levels of mouse c-myb mRNA. Oncogene, 2, 267-72. 

67. Yuan, W. (2000) Intron 1 rather than 5' flanking sequence mediates cell type-
specific expression of c-myb at level of transcription elongation. Biochim Biophys 
Acta, 1490, 74-86. 

68. Thompson, M.A., Flegg, R., Westin, E.H. and Ramsay, R.G. (1997) 
Microsatellite deletions in the c-myb transcriptional attenuator region associated 
with over-expression in colon tumour cell lines. Oncogene, 14, 1715-23. 

69. Bentley, D.L. and Groudine, M. (1986) A block to elongation is largely 
responsible for decreased transcription of c-myc in differentiated HL60 cells. 
Nature, 321, 702-6. 

70. Mechti, N., Piechaczyk, M., Blanchard, J.M., Jeanteur, P. and Lebleu, B. (1991) 
Sequence requirements for premature transcription arrest within the first intron of 
the mouse c-fos gene. Mol Cell Biol, 11, 2832-41. 

71. Xu, L., Morgenbesser, S.D. and DePinho, R.A. (1991) Complex transcriptional 
regulation of myc family gene expression in the developing mouse brain and 
liver. Mol Cell Biol, 11, 6007-15. 

72. Boise, L.H., Gorse, K.M. and Westin, E.H. (1992) Multiple mechanisms of 
regulation of the human c-myb gene during myelomonocytic differentiation. 
Oncogene, 7, 1817-25. 

73. Hugo, H., Cures, A., Suraweera, N., Drabsch, Y., Purcell, D., Mantamadiotis, T., 
Phillips, W., Dobrovic, A., Zupi, G., Gonda, T.J., Iacopetta, B. and Ramsay, R.G. 
(2006) Mutations in the MYB intron I regulatory sequence increase transcription 
in colon cancers. Genes Chromosomes Cancer, 45, 1143-54. 

74. Guerra, J., Withers, D.A. and Boxer, L.M. (1995) Myb binding sites mediate 
negative regulation of c-myb expression in T-cell lines. Blood, 86, 1873-80. 

75. McCann, S., Sullivan, J., Guerra, J., Arcinas, M. and Boxer, L.M. (1995) 
Repression of the c-myb gene by WT1 protein in T and B cell lines. J Biol Chem, 
270, 23785-9. 

76. Perrotti, D., Melotti, P., Skorski, T., Casella, I., Peschle, C. and Calabretta, B. 
(1995) Overexpression of the zinc finger protein MZF1 inhibits hematopoietic 
development from embryonic stem cells: correlation with negative regulation of 
CD34 and c-myb promoter activity. Mol Cell Biol, 15, 6075-87. 



 

 

176

77. Bellon, T., Perrotti, D. and Calabretta, B. (1997) Granulocytic differentiation of 
normal hematopoietic precursor cells induced by transcription factor PU.1 
correlates with negative regulation of the c-myb promoter. Blood, 90, 1828-39. 

78. Sullivan, J., Feeley, B., Guerra, J. and Boxer, L.M. (1997) Identification of the 
major positive regulators of c-myb expression in hematopoietic cells of different 
lineages. J Biol Chem, 272, 1943-9. 

79. Slamon, D.J., Boone, T.C., Murdock, D.C., Keith, D.E., Press, M.F., Larson, R.A. 
and Souza, L.M. (1986) Studies of the human c-myb gene and its product in 
human acute leukemias. Science, 233, 347-51. 

80. Brabender, J., Lord, R.V., Danenberg, K.D., Metzger, R., Schneider, P.M., Park, 
J.M., Salonga, D., Groshen, S., Tsao-Wei, D.D., DeMeester, T.R., Holscher, A.H. 
and Danenberg, P.V. (2001) Increased c-myb mRNA expression in Barrett's 
esophagus and Barrett's-associated adenocarcinoma. J Surg Res, 99, 301-6. 

81. Kauraniemi, P., Hedenfalk, I., Persson, K., Duggan, D.J., Tanner, M., Johannsson, 
O., Olsson, H., Trent, J.M., Isola, J. and Borg, A. (2000) MYB oncogene 
amplification in hereditary BRCA1 breast cancer. Cancer Res, 60, 5323-8. 

82. Lee, S., Medina, D., Tsimelzon, A., Mohsin, S.K., Mao, S., Wu, Y. and Allred, 
D.C. (2007) Alterations of gene expression in the development of early 
hyperplastic precursors of breast cancer. Am J Pathol, 171, 252-62. 

83. Biroccio, A., Benassi, B., D'Agnano, I., D'Angelo, C., Buglioni, S., Mottolese, 
M., Ricciotti, A., Citro, G., Cosimelli, M., Ramsay, R.G., Calabretta, B. and Zupi, 
G. (2001) c-Myb and Bcl-x overexpression predicts poor prognosis in colorectal 
cancer: clinical and experimental findings. Am J Pathol, 158, 1289-99. 

84. Gewirtz, A.M. and Calabretta, B. (1988) A c-myb antisense oligodeoxynucleotide 
inhibits normal human hematopoiesis in vitro. Science, 242, 1303-6. 

85. Moon, I.J., Choi, K., Choi, Y.K., Kim, J.E., Lee, Y., Schreiber, A.D. and Park, 
J.G. (2000) Potent growth inhibition of leukemic cells by novel ribbon-type 
antisense oligonucleotides to c-myb1. J Biol Chem, 275, 4647-53. 

86. Opalinska, J.B., Machalinski, B., Ratajczak, J., Ratajczak, M.Z. and Gewirtz, 
A.M. (2005) Multigene targeting with antisense oligodeoxynucleotides: an 
exploratory study using primary human leukemia cells. Clin Cancer Res, 11, 
4948-54. 

87. Ratajczak, M.Z., Kant, J.A., Luger, S.M., Hijiya, N., Zhang, J., Zon, G. and 
Gewirtz, A.M. (1992) In vivo treatment of human leukemia in a scid mouse 
model with c-myb antisense oligodeoxynucleotides. Proc Natl Acad Sci U S A, 
89, 11823-7. 

88. Gewirtz, A.M. (1999) Myb targeted therapeutics for the treatment of human 
malignancies. Oncogene, 18, 3056-62. 



 

 

177

89. Kim, S.Y., Yang, Y.S., Hong, K.H., Jang, K.Y., Chung, M.J., Lee, D.Y., Lee, 
J.C., Yi, H.K., Nam, S.Y. and Hwang, P.H. (2008) Adenovirus-mediated 
expression of dominant negative c-myb induces apoptosis in head and neck 
cancer cells and inhibits tumor growth in animal model. Oral Oncol, 44, 383-92. 

90. Olovnikov, A.M. (1973) A theory of marginotomy. The incomplete copying of 
template margin in enzymic synthesis of polynucleotides and biological 
significance of the phenomenon. J Theor Biol, 41, 181-90. 

91. Hayflick, L. and Moorhead, P.S. (1961) The serial cultivation of human diploid 
cell strains. Exp Cell Res, 25, 585-621. 

92. Wright, W.E., Piatyszek, M.A., Rainey, W.E., Byrd, W. and Shay, J.W. (1996) 
Telomerase activity in human germline and embryonic tissues and cells. Dev 
Genet, 18, 173-9. 

93. Shay, J.W. and Wright, W.E. (1999) Mutant dyskerin ends relationship with 
telomerase. Science, 286, 2284-5. 

94. Vulliamy, T., Marrone, A., Goldman, F., Dearlove, A., Bessler, M., Mason, P.J. 
and Dokal, I. (2001) The RNA component of telomerase is mutated in autosomal 
dominant dyskeratosis congenita. Nature, 413, 432-5. 

95. Heiss, N.S., Knight, S.W., Vulliamy, T.J., Klauck, S.M., Wiemann, S., Mason, 
P.J., Poustka, A. and Dokal, I. (1998) X-linked dyskeratosis congenita is caused 
by mutations in a highly conserved gene with putative nucleolar functions. Nat 
Genet, 19, 32-8. 

96. Fogarty, P.F., Yamaguchi, H., Wiestner, A., Baerlocher, G.M., Sloand, E., Zeng, 
W.S., Read, E.J., Lansdorp, P.M. and Young, N.S. (2003) Late presentation of 
dyskeratosis congenita as apparently acquired aplastic anaemia due to mutations 
in telomerase RNA. Lancet, 362, 1628-30. 

97. Shay, J.W., Van Der Haegen, B.A., Ying, Y. and Wright, W.E. (1993) The 
frequency of immortalization of human fibroblasts and mammary epithelial cells 
transfected with SV40 large T-antigen. Exp Cell Res, 209, 45-52. 

98. Tsakiri, K.D., Cronkhite, J.T., Kuan, P.J., Xing, C., Raghu, G., Weissler, J.C., 
Rosenblatt, R.L., Shay, J.W. and Garcia, C.K. (2007) Adult-onset pulmonary 
fibrosis caused by mutations in telomerase. Proc Natl Acad Sci U S A, 104, 7552-
7. 

99. Armanios, M.Y., Chen, J.J., Cogan, J.D., Alder, J.K., Ingersoll, R.G., Markin, C., 
Lawson, W.E., Xie, M., Vulto, I., Phillips, J.A., 3rd, Lansdorp, P.M., Greider, 
C.W. and Loyd, J.E. (2007) Telomerase mutations in families with idiopathic 
pulmonary fibrosis. N Engl J Med, 356, 1317-26. 

100. Blasco, M.A. (2005) Telomeres and human disease: ageing, cancer and beyond. 
Nat Rev Genet, 6, 611-22. 



 

 

178

101. Dhaene, K., Van Marck, E. and Parwaresch, R. (2000) Telomeres, telomerase and 
cancer: an up-date. Virchows Arch, 437, 1-16. 

102. Cesare, A.J. and Reddel, R.R. (2008) Telomere uncapping and alternative 
lengthening of telomeres. Mech Ageing Dev, 129, 99-108. 

103. Dunham, M.A., Neumann, A.A., Fasching, C.L. and Reddel, R.R. (2000) 
Telomere maintenance by recombination in human cells. Nat Genet, 26, 447-50. 

104. http://www.genomeknowledge.org/cgi-
bin/eventbrowser?DB=gk_current&FOCUS_SPECIES=Homo%20sapiens&ID=1
71319& 

105. Harley, C.B., Futcher, A.B. and Greider, C.W. (1990) Telomeres shorten during 
ageing of human fibroblasts. Nature, 345, 458-60. 

106. Hastie, N.D., Dempster, M., Dunlop, M.G., Thompson, A.M., Green, D.K. and 
Allshire, R.C. (1990) Telomere reduction in human colorectal carcinoma and with 
ageing. Nature, 346, 866-8. 

107. Vaziri, H., Schachter, F., Uchida, I., Wei, L., Zhu, X., Effros, R., Cohen, D. and 
Harley, C.B. (1993) Loss of telomeric DNA during aging of normal and trisomy 
21 human lymphocytes. Am J Hum Genet, 52, 661-7. 

108. Harley, C.B. (1991) Telomere loss: mitotic clock or genetic time bomb? Mutat 
Res, 256, 271-82. 

109. Harley, C.B., Vaziri, H., Counter, C.M. and Allsopp, R.C. (1992) The telomere 
hypothesis of cellular aging. Exp Gerontol, 27, 375-82. 

110. Vaziri, H. and Benchimol, S. (1998) Reconstitution of telomerase activity in 
normal human cells leads to elongation of telomeres and extended replicative life 
span. Curr Biol, 8, 279-82. 

111. Kang, M.K. and Park, N.H. (2007) Extension of cell life span using exogenous 
telomerase. Methods Mol Biol, 371, 151-65. 

112. MacKenzie, K.L., Franco, S., May, C., Sadelain, M. and Moore, M.A. (2000) 
Mass cultured human fibroblasts overexpressing hTERT encounter a growth crisis 
following an extended period of proliferation. Exp Cell Res, 259, 336-50. 

113. Shitara, S., Kakeda, M., Nagata, K., Hiratsuka, M., Sano, A., Osawa, K., Okazaki, 
A., Katoh, M., Kazuki, Y., Oshimura, M. and Tomizuka, K. (2008) Telomerase-
mediated life-span extension of human primary fibroblasts by human artificial 
chromosome (HAC) vector. Biochem Biophys Res Commun, 369, 807-11. 

114. Mazzucchelli, G.D., Gabelica, V., Smargiasso, N., Fleron, M., Ashimwe, W., 
Rosu, F., De Pauw-Gillet, M.C., Riou, J.F. and De Pauw, E. (2008) Proteome 
alteration induced by hTERT transfection of human fibroblast cells. Proteome Sci, 
6, 12. 

115. Greider, C.W. (1996) Telomere length regulation. Annu Rev Biochem, 65, 337-65. 



 

 

179

116. Wang, H. and Blackburn, E.H. (1997) De novo telomere addition by Tetrahymena 
telomerase in vitro. Embo J, 16, 866-79. 

117. Pennaneach, V., Putnam, C.D. and Kolodner, R.D. (2006) Chromosome healing 
by de novo telomere addition in Saccharomyces cerevisiae. Mol Microbiol, 59, 
1357-68. 

118. Yu, G.L. and Blackburn, E.H. (1991) Developmentally programmed healing of 
chromosomes by telomerase in Tetrahymena. Cell, 67, 823-32. 

119. Matsumoto, T., Fukui, K., Niwa, O., Sugawara, N., Szostak, J.W. and Yanagida, 
M. (1987) Identification of healed terminal DNA fragments in linear 
minichromosomes of Schizosaccharomyces pombe. Mol Cell Biol, 7, 4424-30. 

120. Wilkie, A.O., Lamb, J., Harris, P.C., Finney, R.D. and Higgs, D.R. (1990) A 
truncated human chromosome 16 associated with alpha thalassaemia is stabilized 
by addition of telomeric repeat (TTAGGG)n. Nature, 346, 868-71. 

121. Harrington, L.A. and Greider, C.W. (1991) Telomerase primer specificity and 
chromosome healing. Nature, 353, 451-4. 

122. Morin, G.B. (1991) Recognition of a chromosome truncation site associated with 
alpha-thalassaemia by human telomerase. Nature, 353, 454-6. 

123. Schulz, V.P. and Zakian, V.A. (1994) The saccharomyces PIF1 DNA helicase 
inhibits telomere elongation and de novo telomere formation. Cell, 76, 145-55. 

124. Myung, K., Pennaneach, V., Kats, E.S. and Kolodner, R.D. (2003) 
Saccharomyces cerevisiae chromatin-assembly factors that act during DNA 
replication function in the maintenance of genome stability. Proc Natl Acad Sci U 
S A, 100, 6640-5. 

125. Gravel, S., Larrivee, M., Labrecque, P. and Wellinger, R.J. (1998) Yeast Ku as a 
regulator of chromosomal DNA end structure. Science, 280, 741-4. 

126. Martin, S.G., Laroche, T., Suka, N., Grunstein, M. and Gasser, S.M. (1999) 
Relocalization of telomeric Ku and SIR proteins in response to DNA strand 
breaks in yeast. Cell, 97, 621-33. 

127. Gunaratnam, M., Greciano, O., Martins, C., Reszka, A.P., Schultes, C.M., 
Morjani, H., Riou, J.F. and Neidle, S. (2007) Mechanism of acridine-based 
telomerase inhibition and telomere shortening. Biochem Pharmacol, 74, 679-89. 

128. Gowan, S.M., Harrison, J.R., Patterson, L., Valenti, M., Read, M.A., Neidle, S. 
and Kelland, L.R. (2002) A G-quadruplex-interactive potent small-molecule 
inhibitor of telomerase exhibiting in vitro and in vivo antitumor activity. Mol 
Pharmacol, 61, 1154-62. 

129. Veldman, T., Etheridge, K.T. and Counter, C.M. (2004) Loss of hPot1 function 
leads to telomere instability and a cut-like phenotype. Curr Biol, 14, 2264-70. 



 

 

180

130. Zaug, A.J., Podell, E.R. and Cech, T.R. (2005) Human POT1 disrupts telomeric 
G-quadruplexes allowing telomerase extension in vitro. Proc Natl Acad Sci U S A, 
102, 10864-9. 

131. Gomez, D., O'Donohue, M.F., Wenner, T., Douarre, C., Macadre, J., Koebel, P., 
Giraud-Panis, M.J., Kaplan, H., Kolkes, A., Shin-ya, K. and Riou, J.F. (2006) The 
G-quadruplex ligand telomestatin inhibits POT1 binding to telomeric sequences 
in vitro and induces GFP-POT1 dissociation from telomeres in human cells. 
Cancer Res, 66, 6908-12. 

132. Tahara, H., Shin-Ya, K., Seimiya, H., Yamada, H., Tsuruo, T. and Ide, T. (2006) 
G-Quadruplex stabilization by telomestatin induces TRF2 protein dissociation 
from telomeres and anaphase bridge formation accompanied by loss of the 3' 
telomeric overhang in cancer cells. Oncogene, 25, 1955-66. 

133. Kraemer, K., Fuessel, S., Schmidt, U., Kotzsch, M., Schwenzer, B., Wirth, M.P. 
and Meye, A. (2003) Antisense-mediated hTERT inhibition specifically reduces 
the growth of human bladder cancer cells. Clin Cancer Res, 9, 3794-800. 

134. Teng, L., Specht, M.C., Barden, C.B. and Fahey, T.J., 3rd (2003) Antisense 
hTERT inhibits thyroid cancer cell growth. J Clin Endocrinol Metab, 88, 1362-6. 

135. Fu, X.H., Zhang, J.S., Zhang, N. and Zhang, Y.D. (2005) Combination of 
telomerase antisense oligonucleotides simultaneously targeting hTR and hTERT 
produces synergism of inhibition of telomerase activity and growth in human 
colon cancer cell line. World J Gastroenterol, 11, 785-90. 

136. Folini, M., Brambilla, C., Villa, R., Gandellini, P., Vignati, S., Paduano, F., 
Daidone, M.G. and Zaffaroni, N. (2005) Antisense oligonucleotide-mediated 
inhibition of hTERT, but not hTERC, induces rapid cell growth decline and 
apoptosis in the absence of telomere shortening in human prostate cancer cells. 
Eur J Cancer, 41, 624-34. 

137. Cogulu, O., Kosova, B., Karaca, E., Gunduz, C., Ozkinay, F., Aksoylar, S., 
Gulen, H., Kantar, M., Oniz, H., Karapinar, D., Cetingul, N., Erbay, A., Vergin, 
C. and Ozkinay, C. (2004) Evaluation of telomerase mRNA (hTERT) in 
childhood acute leukemia. Leuk Lymphoma, 45, 2477-80. 

138. Huh, H.J., Huh, J.W., Yoo, E.S., Seong, C.M., Lee, M., Hong, K.S. and Chung, 
W.S. (2005) hTERT mRNA levels by real-time RT-PCR in acute myelogenous 
leukemia. Am J Hematol, 79, 267-73. 

139. Yamada, O. (1996) Telomeres and telomerase in human hematologic neoplasia. 
Int J Hematol, 64, 87-99. 

140. Shay, J.W., Werbin, H. and Wright, W.E. (1996) Telomeres and telomerase in 
human leukemias. Leukemia, 10, 1255-61. 

141. Aisner, D.L., Wright, W.E. and Shay, J.W. (2002) Telomerase regulation: not just 
flipping the switch. Curr Opin Genet Dev, 12, 80-5. 



 

 

181

142. Meyerson, M., Counter, C.M., Eaton, E.N., Ellisen, L.W., Steiner, P., Caddle, 
S.D., Ziaugra, L., Beijersbergen, R.L., Davidoff, M.J., Liu, Q., Bacchetti, S., 
Haber, D.A. and Weinberg, R.A. (1997) hEST2, the putative human telomerase 
catalytic subunit gene, is up-regulated in tumor cells and during immortalization. 
Cell, 90, 785-95. 

143. Nakamura, T.M., Morin, G.B., Chapman, K.B., Weinrich, S.L., Andrews, W.H., 
Lingner, J., Harley, C.B. and Cech, T.R. (1997) Telomerase catalytic subunit 
homologs from fission yeast and human. Science, 277, 955-9. 

144. Kilian, A., Bowtell, D.D., Abud, H.E., Hime, G.R., Venter, D.J., Keese, P.K., 
Duncan, E.L., Reddel, R.R. and Jefferson, R.A. (1997) Isolation of a candidate 
human telomerase catalytic subunit gene, which reveals complex splicing patterns 
in different cell types. Hum Mol Genet, 6, 2011-9. 

145. Nakayama, J., Tahara, H., Tahara, E., Saito, M., Ito, K., Nakamura, H., 
Nakanishi, T., Tahara, E., Ide, T. and Ishikawa, F. (1998) Telomerase activation 
by hTRT in human normal fibroblasts and hepatocellular carcinomas. Nat Genet, 
18, 65-8. 

146. Schubeler, D., MacAlpine, D.M., Scalzo, D., Wirbelauer, C., Kooperberg, C., van 
Leeuwen, F., Gottschling, D.E., O'Neill, L.P., Turner, B.M., Delrow, J., Bell, S.P. 
and Groudine, M. (2004) The histone modification pattern of active genes 
revealed through genome-wide chromatin analysis of a higher eukaryote. Genes 
Dev, 18, 1263-71. 

147. Pokholok, D.K., Harbison, C.T., Levine, S., Cole, M., Hannett, N.M., Lee, T.I., 
Bell, G.W., Walker, K., Rolfe, P.A., Herbolsheimer, E., Zeitlinger, J., Lewitter, 
F., Gifford, D.K. and Young, R.A. (2005) Genome-wide map of nucleosome 
acetylation and methylation in yeast. Cell, 122, 517-27. 

148. Kim, T.H., Barrera, L.O., Zheng, M., Qu, C., Singer, M.A., Richmond, T.A., Wu, 
Y., Green, R.D. and Ren, B. (2005) A high-resolution map of active promoters in 
the human genome. Nature, 436, 876-80. 

149. Roh, T.Y., Cuddapah, S., Cui, K. and Zhao, K. (2006) The genomic landscape of 
histone modifications in human T cells. Proc Natl Acad Sci U S A, 103, 15782-7. 

150. Herman, J.G. (1999) Hypermethylation of tumor suppressor genes in cancer. 
Semin Cancer Biol, 9, 359-67. 

151. Shin, K.H., Kang, M.K., Dicterow, E. and Park, N.H. (2003) Hypermethylation of 
the hTERT promoter inhibits the expression of telomerase activity in normal oral 
fibroblasts and senescent normal oral keratinocytes. Br J Cancer, 89, 1473-8. 

152. Lopatina, N.G., Poole, J.C., Saldanha, S.N., Hansen, N.J., Key, J.S., Pita, M.A., 
Andrews, L.G. and Tollefsbol, T.O. (2003) Control mechanisms in the regulation 
of telomerase reverse transcriptase expression in differentiating human 
teratocarcinoma cells. Biochem Biophys Res Commun, 306, 650-9. 



 

 

182

153. Liu, L., Saldanha, S.N., Pate, M.S., Andrews, L.G. and Tollefsbol, T.O. (2004) 
Epigenetic regulation of human telomerase reverse transcriptase promoter activity 
during cellular differentiation. Genes Chromosomes Cancer, 41, 26-37. 

154. Nomoto, K., Maekawa, M., Sugano, K., Ushiama, M., Fukayama, N., Fujita, S. 
and Kakizoe, T. (2002) Methylation status and expression of human telomerase 
reverse transcriptase mRNA in relation to hypermethylation of the p16 gene in 
colorectal cancers as analyzed by bisulfite PCR-SSCP. Jpn J Clin Oncol, 32, 3-8. 

155. Devereux, T.R., Horikawa, I., Anna, C.H., Annab, L.A., Afshari, C.A. and 
Barrett, J.C. (1999) DNA methylation analysis of the promoter region of the 
human telomerase reverse transcriptase (hTERT) gene. Cancer Res, 59, 6087-90. 

156. Dessain, S.K., Yu, H., Reddel, R.R., Beijersbergen, R.L. and Weinberg, R.A. 
(2000) Methylation of the human telomerase gene CpG island. Cancer Res, 60, 
537-41. 

157. Guilleret, I., Yan, P., Grange, F., Braunschweig, R., Bosman, F.T. and Benhattar, 
J. (2002) Hypermethylation of the human telomerase catalytic subunit (hTERT) 
gene correlates with telomerase activity. Int J Cancer, 101, 335-41. 

158. Guilleret, I. and Benhattar, J. (2004) Unusual distribution of DNA methylation 
within the hTERT CpG island in tissues and cell lines. Biochem Biophys Res 
Commun, 325, 1037-43. 

159. Kitagawa, Y., Kyo, S., Takakura, M., Kanaya, T., Koshida, K., Namiki, M. and 
Inoue, M. (2000) Demethylating reagent 5-azacytidine inhibits telomerase activity 
in human prostate cancer cells through transcriptional repression of hTERT. Clin 
Cancer Res, 6, 2868-75. 

160. Hamamoto, R., Furukawa, Y., Morita, M., Iimura, Y., Silva, F.P., Li, M., Yagyu, 
R. and Nakamura, Y. (2004) SMYD3 encodes a histone methyltransferase 
involved in the proliferation of cancer cells. Nat Cell Biol, 6, 731-40. 

161. Liu, C., Fang, X., Ge, Z., Jalink, M., Kyo, S., Bjorkholm, M., Gruber, A., Sjoberg, 
J. and Xu, D. (2007) The telomerase reverse transcriptase (hTERT) gene is a 
direct target of the histone methyltransferase SMYD3. Cancer Res, 67, 2626-31. 

162. Zhao, J.J., Cheng, D., Li, N., Sun, Y., Shi, Z., Zhu, Q.H., Tu, C., Tong, G.Z. and 
Qiu, H.J. (2008) Evaluation of a multiplex real-time RT-PCR for quantitative and 
differential detection of wild-type viruses and C-strain vaccine of Classical swine 
fever virus. Vet Microbiol, 126, 1-10. 

163. Cong, Y.S. and Bacchetti, S. (2000) Histone deacetylation is involved in the 
transcriptional repression of hTERT in normal human cells. J Biol Chem, 275, 
35665-8. 

164. Wang, S. and Zhu, J. (2003) Evidence for a relief of repression mechanism for 
activation of the human telomerase reverse transcriptase promoter. J Biol Chem, 
278, 18842-50. 



 

 

183

165. Takakura, M., Kyo, S., Sowa, Y., Wang, Z., Yatabe, N., Maida, Y., Tanaka, M. 
and Inoue, M. (2001) Telomerase activation by histone deacetylase inhibitor in 
normal cells. Nucleic Acids Res, 29, 3006-11. 

166. Atkinson, S.P., Hoare, S.F., Glasspool, R.M. and Keith, W.N. (2005) Lack of 
telomerase gene expression in alternative lengthening of telomere cells is 
associated with chromatin remodeling of the hTR and hTERT gene promoters. 
Cancer Res, 65, 7585-90. 

167. Suenaga, M., Soda, H., Oka, M., Yamaguchi, A., Nakatomi, K., Shiozawa, K., 
Kawabata, S., Kasai, T., Yamada, Y., Kamihira, S., Tei, C. and Kohno, S. (2002) 
Histone deacetylase inhibitors suppress telomerase reverse transcriptase mRNA 
expression in prostate cancer cells. Int J Cancer, 97, 621-5. 

168. Zhu, K., Qu, D., Sakamoto, T., Fukasawa, I., Hayashi, M. and Inaba, N. (2008) 
Telomerase expression and cell proliferation in ovarian cancer cells induced by 
histone deacetylase inhibitors. Arch Gynecol Obstet, 277, 15-9. 

169. Takakura, M., Kyo, S., Kanaya, T., Hirano, H., Takeda, J., Yutsudo, M. and 
Inoue, M. (1999) Cloning of human telomerase catalytic subunit (hTERT) gene 
promoter and identification of proximal core promoter sequences essential for 
transcriptional activation in immortalized and cancer cells. Cancer Res, 59, 551-7. 

170. Horikawa, I., Cable, P.L., Afshari, C. and Barrett, J.C. (1999) Cloning and 
characterization of the promoter region of human telomerase reverse transcriptase 
gene. Cancer Res, 59, 826-30. 

171. Cong, Y.S., Wen, J. and Bacchetti, S. (1999) The human telomerase catalytic 
subunit hTERT: organization of the gene and characterization of the promoter. 
Hum Mol Genet, 8, 137-42. 

172. Wu, K.J., Grandori, C., Amacker, M., Simon-Vermot, N., Polack, A., Lingner, J. 
and Dalla-Favera, R. (1999) Direct activation of TERT transcription by c-MYC. 
Nat Genet, 21, 220-4. 

173. Oh, S., Song, Y.H., Kim, U.J., Yim, J. and Kim, T.K. (1999) In vivo and in vitro 
analyses of Myc for differential promoter activities of the human telomerase 
(hTERT) gene in normal and tumor cells. Biochem Biophys Res Commun, 263, 
361-5. 

174. Kyo, S., Takakura, M., Taira, T., Kanaya, T., Itoh, H., Yutsudo, M., Ariga, H. and 
Inoue, M. (2000) Sp1 cooperates with c-Myc to activate transcription of the 
human telomerase reverse transcriptase gene (hTERT). Nucleic Acids Res, 28, 
669-77. 

175. Greenberg, R.A., O'Hagan, R.C., Deng, H., Xiao, Q., Hann, S.R., Adams, R.R., 
Lichtsteiner, S., Chin, L., Morin, G.B. and DePinho, R.A. (1999) Telomerase 
reverse transcriptase gene is a direct target of c-Myc but is not functionally 
equivalent in cellular transformation. Oncogene, 18, 1219-26. 



 

 

184

176. Xiao, X., Phogat, S.K., Sidorov, I.A., Yang, J., Horikawa, I., Prieto, D., 
Adelesberger, J., Lempicki, R., Barrett, J.C. and Dimitrov, D.S. (2002) 
Identification and characterization of rapidly dividing U937 clones with 
differential telomerase activity and gene expression profiles: role of c-Myc/Mad1 
and Id/Ets proteins. Leukemia, 16, 1877-80. 

177. Xu, D., Popov, N., Hou, M., Wang, Q., Bjorkholm, M., Gruber, A., Menkel, A.R. 
and Henriksson, M. (2001) Switch from Myc/Max to Mad1/Max binding and 
decrease in histone acetylation at the telomerase reverse transcriptase promoter 
during differentiation of HL60 cells. Proc Natl Acad Sci U S A, 98, 3826-31. 

178. Won, J., Yim, J. and Kim, T.K. (2002) Sp1 and Sp3 recruit histone deacetylase to 
repress transcription of human telomerase reverse transcriptase (hTERT) 
promoter in normal human somatic cells. J Biol Chem, 277, 38230-8. 

179. Grandori, C., Cowley, S.M., James, L.P. and Eisenman, R.N. (2000) The 
Myc/Max/Mad network and the transcriptional control of cell behavior. Annu Rev 
Cell Dev Biol, 16, 653-99. 

180. Gunes, C., Lichtsteiner, S., Vasserot, A.P. and Englert, C. (2000) Expression of 
the hTERT gene is regulated at the level of transcriptional initiation and repressed 
by Mad1. Cancer Res, 60, 2116-21. 

181. Oh, S., Song, Y., Yim, J. and Kim, T.K. (1999) The Wilms' tumor 1 tumor 
suppressor gene represses transcription of the human telomerase reverse 
transcriptase gene. J Biol Chem, 274, 37473-8. 

182. Haber, D.A. and Buckler, A.J. (1992) WT1: a novel tumor suppressor gene 
inactivated in Wilms' tumor. New Biol, 4, 97-106. 

183. Yagi, K., Furuhashi, M., Aoki, H., Goto, D., Kuwano, H., Sugamura, K., 
Miyazono, K. and Kato, M. (2002) c-myc is a downstream target of the Smad 
pathway. J Biol Chem, 277, 854-61. 

184. Chen, C.R., Kang, Y. and Massague, J. (2001) Defective repression of c-myc in 
breast cancer cells: A loss at the core of the transforming growth factor beta 
growth arrest program. Proc Natl Acad Sci U S A, 98, 992-9. 

185. Xu, D., Wang, Q., Gruber, A., Bjorkholm, M., Chen, Z., Zaid, A., Selivanova, G., 
Peterson, C., Wiman, K.G. and Pisa, P. (2000) Downregulation of telomerase 
reverse transcriptase mRNA expression by wild type p53 in human tumor cells. 
Oncogene, 19, 5123-33. 

186. Zhou, C. and Liu, J. (2003) Inhibition of human telomerase reverse transcriptase 
gene expression by BRCA1 in human ovarian cancer cells. Biochem Biophys Res 
Commun, 303, 130-6. 

187. Lew, A., Rutter, W.J. and Kennedy, G.C. (2000) Unusual DNA structure of the 
diabetes susceptibility locus IDDM2 and its effect on transcription by the insulin 
promoter factor Pur-1/MAZ. Proc Natl Acad Sci U S A, 97, 12508-12. 



 

 

185

188. Souza, L.M., Strommer, J.N., Hillyard, R.L., Komaromy, M.C. and Baluda, M.A. 
(1980) Cellular sequences are present in the presumptive avian myeloblastosis 
virus genome. Proc Natl Acad Sci U S A, 77, 5177-81. 

189. Gonda, T.J., Sheiness, D.K. and Bishop, J.M. (1982) Transcripts from the cellular 
homologs of retroviral oncogenes: distribution among chicken tissues. Mol Cell 
Biol, 2, 617-24. 

190. Klempnauer, K.H., Gonda, T.J. and Bishop, J.M. (1982) Nucleotide sequence of 
the retroviral leukemia gene v-myb and its cellular progenitor c-myb: the 
architecture of a transduced oncogene. Cell, 31, 453-63. 

191. Gonda, T.J. and Bishop, J.M. (1983) Structure and transcription of the cellular 
homolog (c-myb) of the avian myeloblastosis virus transforming gene (v-myb). J 
Virol, 46, 212-20. 

192. Sheiness, D. and Gardinier, M. (1984) Expression of a proto-oncogene (proto-
myb) in hemopoietic tissues of mice. Mol Cell Biol, 4, 1206-12. 

193. Yi, H.K., Nam, S.Y., Kim, J.C., Kim, J.S., Lee, D.Y. and Hwang, P.H. (2002) 
Induction of apoptosis in K562 cells by dominant negative c-myb. Exp Hematol, 
30, 1139-46. 

194. Ratajczak, M.Z., Hijiya, N., Catani, L., DeRiel, K., Luger, S.M., McGlave, P. and 
Gewirtz, A.M. (1992) Acute- and chronic-phase chronic myelogenous leukemia 
colony-forming units are highly sensitive to the growth inhibitory effects of c-
myb antisense oligodeoxynucleotides. Blood, 79, 1956-61. 

195. Luger, S.M., O'Brien, S.G., Ratajczak, J., Ratajczak, M.Z., Mick, R., Stadtmauer, 
E.A., Nowell, P.C., Goldman, J.M. and Gewirtz, A.M. (2002) 
Oligodeoxynucleotide-mediated inhibition of c-myb gene expression in 
autografted bone marrow: a pilot study. Blood, 99, 1150-8. 

196. McMahon, J., Howe, K.M. and Watson, R.J. (1988) The induction of Friend 
erythroleukaemia differentiation is markedly affected by expression of a 
transfected c-myb cDNA. Oncogene, 3, 717-20. 

197. Watson, R.J. (1988) Expression of the c-myb and c-myc genes is regulated 
independently in differentiating mouse erythroleukemia cells by common 
processes of premature transcription arrest and increased mRNA turnover. Mol 
Cell Biol, 8, 3938-42. 

198. Nicolaides, N.C., Correa, I., Casadevall, C., Travali, S., Soprano, K.J. and 
Calabretta, B. (1992) The Jun family members, c-Jun and JunD, transactivate the 
human c-myb promoter via an Ap1-like element. J Biol Chem, 267, 19665-72. 

199. Matsugami, A., Ouhashi, K., Kanagawa, M., Liu, H., Kanagawa, S., Uesugi, S. 
and Katahira, M. (2001) New quadruplex structure of GGA triplet repeat DNA--
an intramolecular quadruplex composed of a G:G:G:G tetrad and 



 

 

186

G(:A):G(:A):G(:A):G heptad, and its dimerization. Nucleic Acids Res Suppl, 271-
2. 

200. Matsugami, A., Ouhashi, K., Kanagawa, M., Liu, H., Kanagawa, S., Uesugi, S. 
and Katahira, M. (2001) An intramolecular quadruplex of (GGA)(4) triplet repeat 
DNA with a G:G:G:G tetrad and a G(:A):G(:A):G(:A):G heptad, and its dimeric 
interaction. J Mol Biol, 313, 255-69. 

201. Matsugami, A., Ouhashi, K., Ikeda, T., Okuizumi, T., Sotoya, H., Uesugi, S. and 
Katahira, M. (2002) Unique quadruplex structures of d(GGA)4 (12-mer) and 
d(GGA)8 (24-mer)--direct evidence of the formation of non-canonical base pairs 
and structural comparison. Nucleic Acids Res Suppl, 49-50. 

202. Matsugami, A., Okuizumi, T., Uesugi, S. and Katahira, M. (2003) Intramolecular 
higher order packing of parallel quadruplexes comprising a G:G:G:G tetrad and a 
G(:A):G(:A):G(:A):G heptad of GGA triplet repeat DNA. J Biol Chem, 278, 
28147-53. 

203. Chamboredon, S., Briggs, J., Vial, E., Hurault, J., Galvagni, F., Oliviero, S., Bos, 
T. and Castellazzi, M. (2003) v-Jun downregulates the SPARC target gene by 
binding to the proximal promoter indirectly through Sp1/3. Oncogene, 22, 4047-
61. 

204. Hafner, M., Zimmermann, K., Pottgiesser, J., Krieg, T. and Nischt, R. (1995) A 
purine-rich sequence in the human BM-40 gene promoter region is a prerequisite 
for maximum transcription. Matrix Biol, 14, 733-41. 

205. Nirula, A., Moore, D.J. and Gaynor, R.B. (1997) Constitutive binding of the 
transcription factor interleukin-2 (IL-2) enhancer binding factor to the IL-2 
promoter. J Biol Chem, 272, 7736-45. 

206. Ramsay, R.G., Ikeda, K., Rifkind, R.A. and Marks, P.A. (1986) Changes in gene 
expression associated with induced differentiation of erythroleukemia: 
protooncogenes, globin genes, and cell division. Proc Natl Acad Sci U S A, 83, 
6849-53. 

207. Clarke, M.F., Kukowska-Latallo, J.F., Westin, E., Smith, M. and Prochownik, 
E.V. (1988) Constitutive expression of a c-myb cDNA blocks Friend murine 
erythroleukemia cell differentiation. Mol Cell Biol, 8, 884-92. 

208. Sala, A., Bellon, T., Melotti, P., Peschle, C. and Calabretta, B. (1995) Inhibition 
of erythro-myeloid differentiation by constitutive expression of a DNA binding-
deficient c-myb mutant: implication for c-myb function. Blood, 86, 3404-12. 

209. Fang, G., Kim, C.N., Perkins, C.L., Ramadevi, N., Winton, E., Wittmann, S. and 
Bhalla, K.N. (2000) CGP57148B (STI-571) induces differentiation and apoptosis 
and sensitizes Bcr-Abl-positive human leukemia cells to apoptosis due to 
antileukemic drugs. Blood, 96, 2246-53. 



 

 

187

210. Jacquel, A., Herrant, M., Legros, L., Belhacene, N., Luciano, F., Pages, G., 
Hofman, P. and Auberger, P. (2003) Imatinib induces mitochondria-dependent 
apoptosis of the Bcr-Abl-positive K562 cell line and its differentiation toward the 
erythroid lineage. Faseb J, 17, 2160-2. 

211. Kawano, T., Horiguchi-Yamada, J., Iwase, S., Furukawa, Y., Kano, Y. and 
Yamada, H. (2004) Inactivation of ERK accelerates erythroid differentiation of 
K562 cells induced by herbimycin A and STI571 while activation of MEK1 
interferes with it. Mol Cell Biochem, 258, 25-33. 

212. Long, M.W., Heffner, C.H., Williams, J.L., Peters, C. and Prochownik, E.V. 
(1990) Regulation of megakaryocyte phenotype in human erythroleukemia cells. J 
Clin Invest, 85, 1072-84. 

213. Vannucchi, A.M., Linari, S., Cellai, C., Koury, M.J. and Paoletti, F. (1997) 
Constitutive and inducible expression of megakaryocyte-specific genes in Friend 
erythroleukaemia cells. Br J Haematol, 99, 500-8. 

214. Rezler, E.M., Seenisamy, J., Bashyam, S., Kim, M.Y., White, E., Wilson, W.D. 
and Hurley, L.H. (2005) Telomestatin and diseleno sapphyrin bind selectively to 
two different forms of the human telomeric G-quadruplex structure. J Am Chem 
Soc, 127, 9439-47. 

215. Kim, M.Y., Vankayalapati, H., Shin-Ya, K., Wierzba, K. and Hurley, L.H. (2002) 
Telomestatin, a potent telomerase inhibitor that interacts quite specifically with 
the human telomeric intramolecular g-quadruplex. J Am Chem Soc, 124, 2098-9. 

216. Spencer, C.A. and Groudine, M. (1991) Control of c-myc regulation in normal 
and neoplastic cells. Adv Cancer Res, 56, 1-48. 

217. Levens, D., Duncan, R.C., Tomonaga, T., Michelotti, G.A., Collins, I., Davis-
Smyth, T., Zheng, T. and Michelotti, E.F. (1997) DNA conformation, topology, 
and the regulation of c-myc expression. Curr Top Microbiol Immunol, 224, 33-46. 

218. Takimoto, Y., Wang, Z.Y., Kobler, K. and Deuel, T.F. (1991) Promoter region of 
the human platelet-derived growth factor A-chain gene. Proc Natl Acad Sci U S 
A, 88, 1686-90. 

219. Lin, X., Wang, Z., Gu, L. and Deuel, T.F. (1992) Functional analysis of the 
human platelet-derived growth factor A-chain promoter region. J Biol Chem, 267, 
25614-9. 

220. Hoffman, E.K., Trusko, S.P., Murphy, M. and George, D.L. (1990) An S1 
nuclease-sensitive homopurine/homopyrimidine domain in the c-Ki-ras promoter 
interacts with a nuclear factor. Proc Natl Acad Sci U S A, 87, 2705-9. 

221. Heckman, C., Mochon, E., Arcinas, M. and Boxer, L.M. (1997) The WT1 protein 
is a negative regulator of the normal bcl-2 allele in t(14;18) lymphomas. J Biol 
Chem, 272, 19609-14. 



 

 

188

222. Loureiro, R.M. and D'Amore, P.A. (2005) Transcriptional regulation of vascular 
endothelial growth factor in cancer. Cytokine Growth Factor Rev, 16, 77-89. 

223. DesJardins, E. and Hay, N. (1993) Repeated CT elements bound by zinc finger 
proteins control the absolute and relative activities of the two principal human c-
myc promoters. Mol Cell Biol, 13, 5710-24. 

224. Michelotti, E.F., Tomonaga, T., Krutzsch, H. and Levens, D. (1995) Cellular 
nucleic acid binding protein regulates the CT element of the human c-myc 
protooncogene. J Biol Chem, 270, 9494-9. 

225. Takimoto, M., Tomonaga, T., Matunis, M., Avigan, M., Krutzsch, H., Dreyfuss, 
G. and Levens, D. (1993) Specific binding of heterogeneous ribonucleoprotein 
particle protein K to the human c-myc promoter, in vitro. J Biol Chem, 268, 
18249-58. 

226. Ji, L., Mochon, E., Arcinas, M. and Boxer, L.M. (1996) CREB proteins function 
as positive regulators of the translocated bcl-2 allele in t(14;18) lymphomas. J 
Biol Chem, 271, 22687-91. 

227. Scott, G.K., Chang, C.H., Erny, K.M., Xu, F., Fredericks, W.J., Rauscher, F.J., 
3rd, Thor, A.D. and Benz, C.C. (2000) Ets regulation of the erbB2 promoter. 
Oncogene, 19, 6490-502. 

228. Pyrc, J.J., Moberg, K.H. and Hall, D.J. (1992) Isolation of a novel cDNA 
encoding a zinc-finger protein that binds to two sites within the c-myc promoter. 
Biochemistry, 31, 4102-10. 

229. Komatsu, M., Li, H.O., Tsutsui, H., Itakura, K., Matsumura, M. and Yokoyama, 
K.K. (1997) MAZ, a Myc-associated zinc finger protein, is essential for the 
ME1a1-mediated expression of the c-myc gene during neuroectodermal 
differentiation of P19 cells. Oncogene, 15, 1123-31. 

230. Bossone, S.A., Asselin, C., Patel, A.J. and Marcu, K.B. (1992) MAZ, a zinc 
finger protein, binds to c-MYC and C2 gene sequences regulating transcriptional 
initiation and termination. Proc Natl Acad Sci U S A, 89, 7452-6. 

231. Izzo, M.W., Strachan, G.D., Stubbs, M.C. and Hall, D.J. (1999) Transcriptional 
repression from the c-myc P2 promoter by the zinc finger protein ZF87/MAZ. J 
Biol Chem, 274, 19498-506. 

232. Song, J., Murakami, H., Tsutsui, H., Tang, X., Matsumura, M., Itakura, K., 
Kanazawa, I., Sun, K. and Yokoyama, K.K. (1998) Genomic organization and 
expression of a human gene for Myc-associated zinc finger protein (MAZ). J Biol 
Chem, 273, 20603-14. 

233. Daheron, L., Salmeron, S., Patri, S., Brizard, A., Guilhot, F., Chomel, J.C. and 
Kitzis, A. (1998) Identification of several genes differentially expressed during 
progression of chronic myelogenous leukemia. Leukemia, 12, 326-32. 



 

 

189

234. Parks, C.L. and Shenk, T. (1996) The serotonin 1a receptor gene contains a 
TATA-less promoter that responds to MAZ and Sp1. J Biol Chem, 271, 4417-30. 

235. Parks, C.L. and Shenk, T. (1997) Activation of the adenovirus major late 
promoter by transcription factors MAZ and Sp1. J Virol, 71, 9600-7. 

236. Williams, L.J. and Abou-Samra, A.B. (2000) The transcription factors SP1 and 
MAZ regulate expression of the parathyroid hormone/parathyroid hormone-
related peptide receptor gene. J Mol Endocrinol, 25, 309-19. 

237. Karantzoulis-Fegaras, F., Antoniou, H., Lai, S.L., Kulkarni, G., D'Abreo, C., 
Wong, G.K., Miller, T.L., Chan, Y., Atkins, J., Wang, Y. and Marsden, P.A. 
(1999) Characterization of the human endothelial nitric-oxide synthase promoter. 
J Biol Chem, 274, 3076-93. 

238. Sakatsume, O., Tsutsui, H., Wang, Y., Gao, H., Tang, X., Yamauchi, T., Murata, 
T., Itakura, K. and Yokoyama, K.K. (1996) Binding of THZif-1, a MAZ-like zinc 
finger protein to the nuclease-hypersensitive element in the promoter region of the 
c-MYC protooncogene. J Biol Chem, 271, 31322-33. 

239. Freyer, M.W., Buscaglia, R., Kaplan, K., Cashman, D., Hurley, L.H. and Lewis, 
E.A. (2007) Biophysical studies of the c-MYC NHE III1 promoter: model 
quadruplex interactions with a cationic porphyrin. Biophys J, 92, 2007-15. 

240. Yang, D. and Hurley, L.H. (2006) Structure of the biologically relevant G-
quadruplex in the c-MYC promoter. Nucleosides Nucleotides Nucleic Acids, 25, 
951-68. 

241. Harley, C.B. and Kim, N.W. (1996) Telomerase and cancer. Important Adv 
Oncol, 57-67. 

242. Miyazu, Y.M., Miyazawa, T., Hiyama, K., Kurimoto, N., Iwamoto, Y., Matsuura, 
H., Kanoh, K., Kohno, N., Nishiyama, M. and Hiyama, E. (2005) Telomerase 
expression in noncancerous bronchial epithelia is a possible marker of early 
development of lung cancer. Cancer Res, 65, 9623-7. 

243. Sampedro Camarena, F., Cano Serral, G. and Sampedro Santalo, F. (2007) 
Telomerase and telomere dynamics in ageing and cancer: current status and future 
directions. Clin Transl Oncol, 9, 145-54. 

244. Nakamura, M., Masutomi, K., Kyo, S., Hashimoto, M., Maida, Y., Kanaya, T., 
Tanaka, M., Hahn, W.C. and Inoue, M. (2005) Efficient inhibition of human 
telomerase reverse transcriptase expression by RNA interference sensitizes cancer 
cells to ionizing radiation and chemotherapy. Hum Gene Ther, 16, 859-68. 

245. Ji, X.M., Xie, C.H., Fang, M.H., Zhou, F.X., Zhang, W.J., Zhang, M.S. and Zhou, 
Y.F. (2006) Efficient inhibition of human telomerase activity by antisense 
oligonucleotides sensitizes cancer cells to radiotherapy. Acta Pharmacol Sin, 27, 
1185-91. 



 

 

190

246. Parsch, D., Brassat, U., Brummendorf, T.H. and Fellenberg, J. (2008) 
Consequences of telomerase inhibition by BIBR1532 on proliferation and 
chemosensitivity of chondrosarcoma cell lines. Cancer Invest, 26, 590-6. 

247. Kraemer, K., Fuessel, S., Kotzsch, M., Ning, S., Schmidt, U., Wirth, M.P. and 
Meye, A. (2004) Chemosensitization of bladder cancer cell lines by human 
telomerase reverse transcriptase antisense treatment. J Urol, 172, 2023-8. 

248. Kraemer, K., Fuessel, S. and Meye, A. (2007) Telomerase inhibition by synthetic 
nucleic acids and chemosensitization in human bladder cancer cell lines. Methods 
Mol Biol, 405, 9-22. 

249. Phan, A.T., Kuryavyi, V., Burge, S., Neidle, S. and Patel, D.J. (2007) Structure of 
an unprecedented G-quadruplex scaffold in the human c-kit promoter. J Am Chem 
Soc, 129, 4386-92. 

250. Qin, Y. and Hurley, L.H. (2008) Structures, folding patterns, and functions of 
intramolecular DNA G-quadruplexes found in eukaryotic promoter regions. 
Biochimie, 90, 1149-71. 

251. Patel, K.P. and Vonderheide, R.H. (2004) Telomerase as a tumor-associated 
antigen for cancer immunotherapy. Cytotechnology, 45, 91-9. 

252. Li, H., Katik, I. and Liu, J.P. (2007) Uses of telomerase peptides in anti-tumor 
immune therapy. Methods Mol Biol, 405, 61-86. 

253. Beatty, G.L. and Vonderheide, R.H. (2008) Telomerase as a universal tumor 
antigen for cancer vaccines. Expert Rev Vaccines, 7, 881-7. 

254. Wenandy, L., Sorensen, R.B., Sengelov, L., Svane, I.M., thor Straten, P. and 
Andersen, M.H. (2008) The immunogenicity of the hTERT540-548 peptide in 
cancer. Clin Cancer Res, 14, 4-7. 

255. Koeppel, F., Riou, J.F., Laoui, A., Mailliet, P., Arimondo, P.B., Labit, D., 
Petitgenet, O., Helene, C. and Mergny, J.L. (2001) Ethidium derivatives bind to 
G-quartets, inhibit telomerase and act as fluorescent probes for quadruplexes. 
Nucleic Acids Res, 29, 1087-96. 

256. Shin-ya, K., Wierzba, K., Matsuo, K., Ohtani, T., Yamada, Y., Furihata, K., 
Hayakawa, Y. and Seto, H. (2001) Telomestatin, a novel telomerase inhibitor 
from Streptomyces anulatus. J Am Chem Soc, 123, 1262-3. 

257. Shammas, M.A., Shmookler Reis, R.J., Li, C., Koley, H., Hurley, L.H., Anderson, 
K.C. and Munshi, N.C. (2004) Telomerase inhibition and cell growth arrest after 
telomestatin treatment in multiple myeloma. Clin Cancer Res, 10, 770-6. 

258. Burger, A.M., Dai, F., Schultes, C.M., Reszka, A.P., Moore, M.J., Double, J.A. 
and Neidle, S. (2005) The G-quadruplex-interactive molecule BRACO-19 inhibits 
tumor growth, consistent with telomere targeting and interference with telomerase 
function. Cancer Res, 65, 1489-96. 



 

 

191

259. Reed, J.E., Arnal, A.A., Neidle, S. and Vilar, R. (2006) Stabilization of G-
quadruplex DNA and inhibition of telomerase activity by square-planar nickel(II) 
complexes. J Am Chem Soc, 128, 5992-3. 

260. Tauchi, T., Shin-Ya, K., Sashida, G., Sumi, M., Nakajima, A., Shimamoto, T., 
Ohyashiki, J.H. and Ohyashiki, K. (2003) Activity of a novel G-quadruplex-
interactive telomerase inhibitor, telomestatin (SOT-095), against human leukemia 
cells: involvement of ATM-dependent DNA damage response pathways. 
Oncogene, 22, 5338-47. 

261. Mikami-Terao, Y., Akiyama, M., Yuza, Y., Yanagisawa, T., Yamada, O. and 
Yamada, H. (2008) Antitumor activity of G-quadruplex-interactive agent 
TMPyP4 in K562 leukemic cells. Cancer Lett, 261, 226-34. 

 

 


