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ABSTRACT: One of the essential scientific research concluded that 

DNA / RNA forms the hereditary or the genomic material in all life 

forms. The double-helical model given by Watson and Crick further 

added to the biological findings, and since then, various other DNA 

structures have been established viz., triple-stranded structures, 

quadruplexes, higher-order structures such as G-wires, polyads, etc. This 

review article takes into account the various aspects of the guanine rich 

called the G-quadruplex structure of the DNA, which are formed in the 

promoter region of a regulator gene called c-myc. Various ligands and 

proteins help in stabilizing/destabilizing the G-quadruplex structure 

present in the regulator gene, but a mutated version of the c-myc is seen 

during cancer, which leads to altered functions and expression of 

transcription protein leading to unregulated cell growth and proliferation. 

Thus, G-quadruplexes help in the regulation of the telomerase enzyme 

activity and can pave the way for the anticancer drugs, which are the need 

of the hour. 

INTRODUCTION: One of the historical 

discoveries in the field of natural science during the 

last century includes the structure of B-DNA 
1
. 

Watson-Crick gave the double-helix right-handed 

canonical form, but as the studies continued, 

various DNA sequences and structures were found, 

which led to the outcome of discovering other 

forms that existed and were different than the 

double helix. Various crucial roles are played by 

these unusual DNA structures in regulating the 

biological functions and also serve as an integral 

portion of the complex mechanism present in the 

living systems for regulation.  
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Sequence-dependent conformational changes occur 

due to the negative supercoiling of the DNA, which 

leads to the formation of local DNA and other 

alternative conformations such as cruciforms, A-

DNA, left-handed DNA (Z-DNA), triplexes, four-

stranded DNA (quadruplexes) and others 
2, 3

. 

Structure and Formation of Quadruplexes: 

Detailed studies conducted showed the existence of 

“tetraplex nucleic acids” (quadruplexes), which can 

originate from both DNA and RNA molecules. 

Sequences were having a high abundance of 

guanine (G-quadruplex), and cytosine (i-motifs) aid 

in the tetraplex structure specifically. However, 

other kinds of tetrads consisting of adenine 
4
, 

thymine 
5,

 and cytosine 
6
 or mixed tetrad containing 

Watson-Crick base-pairing were also demonstrated 

in the context of the formation of the G-quadruplex 
7, 8

. GC and AT base-pairing showed that the 

presence of the G-tetrads was nil in the minor 
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groove of the quadruplex 
9
. Cytosine rich 

sequences lead to the four-stranded secondary 

structures of DNA formation called i-motifs, and 

they are stabilized by acidic conditions. The two 

parallel stranded DNA duplex in the i-motifs are 

intercalated by cytosine-cytosine base pairing in an 

anti-parallel manner 
10

. Even though there are 

unlimited forms in which the different sets of 

nucleotides can combine to give various and unique 

quadruplex structures, the most abundant and 

examined are the G-quadruplexes Fig. 1.  

The adjacent run of guanine rich regions gives the 

best characterization of G-quadruplexes, and thus, 

they are classified as intramolecular and 

intermolecular structures based on the number of 

molecules involved 
11

. Hoogsteen base pairing 

found in the guanine tetrads helps to stabilize the 

G-quadriplex structure by formation of hydrogen 

bonds Fig. 1A and the central channel possessing a 

negative charge is compensated by a monovalent 

metal ion (usually potassium or sodium ion) 
12 

however, the concentration of the DNA determines 

the stability and folding patterns 
13

. A single 

nucleic acid strand or two or even four separate 

strands of DNA or RNA can form quadruplexes 

Fig. 1B. The diversified glycosidic bond angles 

result in the creation of different quadruplexes 

having chain orientations parallel or antiparallel 
14

.  

Ribonucleosides have a glycosidic bond which 

confers anti geometry this leads to imparting of 

parallel conformation of RNA quadruplexes 

whereas, both the parallel and the anti-parallell 

forms are adopted by the DNA G-quadruplexes, 

and they have the capability to often switch from 

one to another, depending on experimental and 

sequence conditions 
15

. A number of crucial factors 

affect the variety of G-quadruplex folding to a great 

extent, and these include the salt concentration, the 

position, and length of the loop, the abundance of 

different nucleotides in loops, and the number of 

tetrads 
11

. Techniques such as CD spectroscopy, 

NMR spectroscopy, and X-ray have aided in the 

study of the detailed structure of G-quadruplexes 

Fig. 2. 

 
FIG. 1: (A) SCHEME OF HOOGSTEEN BASE-PARING IN G-QUADRUPLEX STRUCTURES. THE STACKED 

TETRADS OF GUANINES ARE STABILIZED BY A METAL ION (M+, RED) IN THE MIDDLE OF THE 

QUADRUPLEX; AND (B) QUADRUPLEXES CAN BE FORMED WITHIN A SINGLE NUCLEIC ACID STRAND, 

FROM TWO STRANDS (AS A DIMER OF HAIRPINS) OR FROM FOUR SEPARATE DNA OR RNA STRANDS. 

GREY SQUARE PLANES REPRESENT THE GUANINE TETRADS. GREEN, BLUE, PURPLE AND ORANGE 

LINES REPRESENT THE SUGAR-PHOSPHATE BACKBONE, WITH THE ARROWS SHOWING POLARITY OF 

THE NUCLEIC ACID CHAINS 
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FIG. 2: STRUCTURE OF G-QUADRUPLEX IN THE 

NUCLEASE HYPERSENSITIVE ELEMENT (NHE) III1 

REGION OF HUMAN c-Myc PROMOTER (PDBid: 1XAV, 
16

). (A) SIDE VIEW; AND (B) BOTTOM VIEW. SUGAR-

PHOSPHATE BACKBONE IS REPRESENTED BY THE 

ORANGE RIBBON, WITH THE GUANINE BASES 

FORMING THE TETRADS LOCATED IN THE MIDDLE 

Presence of Quadruplex-Forming Sequences in 

Genomic DNA: Until 1962, the crystallographic 

methods did not determine the tetrameric 

arrangement of guanine bases as G-quartet even 

though since the late 19
th

 century the guanosine 

self-association had been observed. The human 

telomeric sequence was the first discovered and 

characterized sequence, which formed the 

quadruplex 
18

. In-vitro solvation of such structures 

helped in explaining that the promoters of 

oncogenes had the presence of G-rich sequences; 

subsequently, today, we have the power of 

sequencing the vast data which further allows the 

appropriate analysis of genomic sequences and 

provides us with the correct interpretation as to 

how quadruplexes are formed. Nowadays, due to 

the constant growing technologies, several tools 

have come up for the prediction of quadruplex 

formation 
19-21

. The information regarding the 

composition and distribution in a nucleotide 

sequence capable of forming a putative quadruplex 

having G-rich motifs can be generated through 

various software programs developed; one such 

algorithm is the quadparser algorithm.  

Based on the considerations like the stoichiometry 

of the strand, the number of stacked tetrads in the 

quadruplex core, presence of the base substitution 

or deletions, and also keeping in account the length 

and compositions of loops the algorithm is able to 

predict the quadruplex formation of a particular 

sequence. A total approximation of 3,76,000 

putative quadruplex sequences has been given in 

the human genome 
22,

 and the frequent location in 

the promoter regions of oncogenes along with the 

telomeric and other G-rich repeats residing it 

suggests that they have a vital function in 

controlling the gene expression at the tran-

scriptional level 
19

. In addition, the presence of 

putative quadruplexes in an exon region predicts a 

role in translational regulation in RNA quadru-

plexes. Thus, it can be expected that the presence 

of quadruplex forming sequences is also there in 

the rich genomes of prokaryotes and other 

eukaryotes too and not only restricted in the human 

genome with potential significance in cell 

regulation and development 
23, 24

.  

G-quadruplexes as Potential Anticancer Drug 

Targets: As the discovery of DNA G-quadruplexes 

was seen their recognition and the biological 

significance led to the intensified research and 

development into the G-quadruplex interactive 

compounds and approaching for an entirely novel 

cause, i.e., drug targeting of secondary DNA 

structures represents an array for the anticancer 

drug design and development. First reports of 

exploring the therapeutic possibilities of targeting 

G-quadruplexes was given by Sun et al., in 1997 
25

. 

It was found that an enzyme called telomerase is 

seen as highly activated in most cancer cells and 

that the quadruplex ligands can inhibit the 

increased activity of telomerase enzyme.  

In broader terms, the foundation for the existence 

of a mechanism of G-quadruplexes was laid by the 

subsequent discovery of the perylene derivative 

PIPER. It not only aided in driving the formation of 

G-quadruplexes 
26

 but also inhibited Sgs1-mediated 

G-quadruplex unwinding 
27

 and since then, the 

research for the development of better and 

enhanced agents is ongoing to identify and/or 

develop diverse families of small-molecule 

compounds with improved specificity and affinity. 

The completion of this vast objective cannot be 

attained just by a single route, and therefore, 

approaches involving in-silico and conventional 

screening methods need to go hand in hand along 

with the rational structure-based drug designing as 

well 
28

.  

An important role is essayed by the structural data 

and its analysis in the design and development of 

G-quadruplex-interactive compounds. It is 

observed that there is a presence of a fused ring 

A B 
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system among the G-quadruplex- targeting ligands, 

and they are capable of stacking interactions with 

the terminal G-tetrads; thus, it seems to be a 

general feature of these quadruplexes. Moreover, 

the containment of the side chain substituents 

bearing the cationic charges in many of the ligand 

systems has the ability to interact with G-

quadruplex grooves.  

A ray of new avenues has open up with the 

constant and exponential growth in the number of 

papers concerning G4 in promoters, and it clearly 

reflects that the juncture is to turn on the 

opportunities of these potentials and deliver the 

requisitive results. Although there is a danger that 

the deeper we go in science sometimes the matter 

becomes more complex and we discover that there 

is a lot more to be studied and understood in order 

to gain clarity of the system and matter involved in 

the aspect thus, various studies on G4 structure, 

their stability, ligands interaction and their 

recognition, protein recruitment and so on are 

rapidly accumulating, and we hope to decipher the 

knowledge in its true sense. In the process of this 

review, the reader is going to have an insight into 

G-quadruplex formation in c-myc promoter region 

and will also learn the various ligands being 

discovered to interact specifically with the G-

quadruplex motifs in the c myc promoter region as 

well. Merely knowing the facts is not the only 

concern but the readers will also get to know and 

understand about the role of these systems and how 

much physiologically importance do these 

mechanisms exert along with the mindset to 

understand the main issues concerning the 

correlations between the structural features of G4 

formation in promoters focusing on c-Myc genes. 

In recent years due to the serious threats to the 

human health posed by chronic non-infectious 

diseases and malignancies, the morbidity and 

mortality rates have been rising. Cancer, as we 

know, is a genetic disease, and it comprises a 

heterogeneous group of diseases, and hence, to 

develop effective drugs and therapy for it is 

challenging and interesting at its basal level too. It 

is clear enough that a single point source is not 

responsible for the onset of the disease; instead, 

multiple factors are generally contributing toward 

it, so the end result of many synergistic activities or 

sequential damages of DNA are involved along 

with the presence of several proto-oncogenes such 

as c-Myc that get activated. The down part is that 

the inbuilt counter DNA repair system involving 

the tumor suppressor genes too gets inactivated, 

leading to the alteration of the DNA system and no 

apoptosis regulation. Ultimately, the accumulation 

of these factors damages the DNA leading to cell 

transformation. 

The Myc gene family, especially the c-myc has 

gained by far the greatest importance as it is found 

to play a crucial role as a transcription regulator, 

and its other vital functions are in the regulation of 

physiological processes such as cell cycle control, 

apoptosis, protein synthesis, and cell adhesion 
29

. 

The myc family comprises of not only c-Myc but 

others like l-Myc and n-Myc and so on which mark 

their presence as well, but as the studies suggest 

and based on the data analysis so far, it is predicted 

that the over-expression of c-Myc is associated 

and/or is responsible for as many as 20% of human 

cancers. Imputable direct gene alterations caused 

due to the aberrant expression of c-Myc is likely to 

be associated with tumorigenesis and sustained 

tumor growth 
30-32

. Thus, as a horizon of avenues, 

the inhibition of c-Myc has promised for the 

pathway of developing a therapeutic strategy for 

human cancer 
33, 34

. In this review, we calculatingly 

try and understand the structural and functional 

features of c-Myc and also discuss the possible 

small molecule which acts as modulators of c-Myc 

along with highlighting their role as a promising 

aspect in developing anti-cancer therapeutics. 

Structure of c-Myc: Isolation of the viral 

oncogene v-myc was from an avian retrovirus, and 

c-myc was discovered as a cellular homolog of the 
v-myc in human Burkitt's Lymphoma approximately 
20 years ago 

35-36
. Human c-myc Fig. 3 consists of 

3 exons and 2 introns found to be located on 

chromosome 8 q24.1 position 
37

. It was found that 

the expression of human c-myc is de-regulated in 

cancer and further studies conducted on v-myc in 

chicken also led to the postulates that a large 

number of malignancies appear due to the altered 

function and expression of c-myc, these include 

mammary carcinoma, colon carcinoma, cervical 

carcinoma, myeloid leukemia, melanoma 

osteosarcoma, glioblastoma, and small-cell lung 

carcinoma. 
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FIG. 3: A SCHEMATIC DIAGRAM OF HUMAN c-Myc 

GENE STRUCTURE. The diagram shows the location of 

exons and promoters indicated by arrows. The region of a 

combination of transcription activators with DNA, the 

nuclease hypersensitivity element III1 (NHE III1), is located 

in the upstream of the P1 promoter. 

The nuclease hypersensitivity element III1 (NHE 

III1), also known as Pu27 containing 27bp, controls 

80-90% of the transcriptional activity although, it is 

reported that multiple promoters are responsible for 

the transcription of the c-Myc gene 
38-39

. The P1 

promoter at its upstream element has a guanine 

(G)-rich sequence, which is located at -142~-115 

bp and is found to be transcriptionally active 

double helix structure Fig. 4. Intramolecular G-

quadruplex structure is achieved by the G-rich 

strand, which contains repeated sequences having 3 

or 4 guanine residues, and this help to suppress the 

c-myc transcription in a silenced form 
41

. Hence, 

the element can prove to be a potential target in 

down-regulating the overexpression activity of c-

Myc gene in tumor cells. 

 
FIG. 4: THE DIAGRAM OF EQUILIBRIUM BETWEEN TWO FORMS OF NHE III1 (NUCLEASE HYPERSENSITIVITY 

ELEMENT III1). The left part represents a transcriptionally active form, which can regulate 80-90% of c-Myc transcription, and the 

right one a silenced form, with both G-quadruplex and i-motif structures being shown, that represses the transcription of c-Myc. 

CNBP: cellular nucleic acid-binding protein; hnRNP: heterogeneous nuclear ribonu-cleoprotein; TBP: TATA-box-binding protein; 

RNA Pol II: RNA polymerase II. 

C-myc is a 65 kDa nuclear phosphoro-protein 

which belongs to the protein family of helix-loop-

helix leucine zipper (b/HLH/LZ) structure as 

shown in Fig. 5 
35-41

. We have understood the 

importance of c-myc protein, and it can be easily 

deciphered that considering c-myc protein as a 

master regulatory factor is apt as it plays pivotal 

roles in cell proliferation, metabolism, differen-

tiation, and apoptosis thus, any dysregulation in 

human c-myc causes major and most common 

abnormalities found in cancer 
42-47

. A total of 439 

amino acids (aa) form the c-Myc protein, and it is 

divided into 3 regions consisting of an N-terminal, 

which acts as a transactivation domain (NTD), a C-

terminal domain (CTD) and a central region. The 

transcription activation domain (TAD) is essential 

for the biological functions of the protein, and it is 

situated in the N-terminal, which is formed of three 

~20 aa segments termed MYC box-I, II, and III 

(MBI, MBII, and MBIII) 
47, 48

. The regulation of 

transcription and transformation processes are 

catered by MBI and MBII, which are located at aa 

45-63 and 129-143, respectively. Further, the 

extension of amino acids from 360-437 form the C-

terminal domain, and it plays a crucial role in the 

association with b/HLH/LZ-interacting proteins 

such as the Myc-associated factor X (MAX). C-

myc, along with the myc associated factor X 

(MAX) leads to heterodimerization and, thus, has 

an essential role to play in the proliferation, 

transformation, and apoptosis 
49, 50

. 
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FIG. 5: STRUCTURE OF HUMAN C-MYC PROTEIN. 

The C-terminal domain (CTD) of c-Myc is pivotal for the 

association with MAX, a basic–helix-loop-helix (HLH)-

leucine zipper (L Zip)-interacting protein. The N-terminal 

transactivation domain (NAD) consists of three elements, 

Myc box-I, II, III (MBI, MBII, and MBIII), which are the 

regulatory motifs necessary for c-Myc functions 

Diverse Functions of c-Myc: The c-Myc 

oncoprotein is not only involved in various 

physiological functions such as cell cycle control, 

metabolism, protein biosynthesis and micro RNA 

regulation but additionally, the studies have also 

shown concrete evidence that about 15% of all 

human genes have been found to be regulating their 

expression due to the c-myc oncoprotein. 

Moreover, vital functions like cell apoptosis and 

senescence, DNA damage responses are also linked 

to the c-myc activity; if, overexpression of c-myc 

occurs, induction of DNA damage response is 

elicited. The elevated DNA damage response leads 

to the generation of reactive oxygen species and the 
formation of aberrant DNA-replication intermediates; 
hence, it can be stated that a dual role is portrayed 

in tumor progression, including tumor suppression 

and tumor maintenance by the DNA damage 

response 
29, 40, 51, 52

. Thus, in this article, we try to 

reinstate the current trends and perspectives and 

functions of c-myc along with summing up and 

understanding the endogenous as well as inherently 

contradictory features of c-myc 
52

. 

Regulation of Cell Cycle: Promoting the cell 

proliferation activity and arrestation of cell 

differentiation are the primary functions of c-Myc, 

but in addition, they are responsible for the 

regulation of the cell cycle in G1 phase transition 
53-56, 61

. Studies have demonstrated the action of c-

Myc in the activation and repression of cyclins D1 

and D2, cyclin E, CDK4 (cyclin-dependent kinase 

4), and cyclin B1 
50, 57-60

. In the G1 phase of cell 

cycle regulation of the cell proliferation is done by 

c-myc via induction of the cyclin D-CDK2 (cyclin-

dependent kinase 2) activity 
61, 62

.  

The segregation of p27Kip1 (cyclin-dependent 

kinase inhibitor 1B) from the cyclin D2-CDK4 

complexes occurs once there is an activation of 

CDK4 and cyclin D2 
63

; however, under the critical 

conditions, the complexes can be phosphorylated 

by the CAK (cyclin activating kinase) where KIPI 

is dissociated with the cyclin E-CDK2 complexes 
50

. The interaction of c-myc-Max heterodimer with 

transcription factors such as MIZ-1leads to the 

repression of CDK inhibitors P15 and P21 as the 

core promoter c-myc depicts itself as a repressor 
64-

68
. The coordination of growth factor-induced 

signaling pathways, such as NF-κB (nuclear factor 

κB), HIFs (hypoxia-inducible factors), etc., is 

required for the control of cellular proliferation and 

differentiation as it is a complex process; moreover, 

activation of c-Myc and cyclin D1 to promote cell 

proliferation is done by an important DNA-binding 

transcription factor NF-κB.  

As discussed earlier, the role of transcription 

factors is important, and any alterations in the c-

Myc can also lead to the repression of NF-κB 

transactivation and may act as an activator to 

further induce sensitivity to TNF (tumor necrosis 

factor) causing apoptosis 
69

. It has also been 

noticed that direct targeting a putative transcription 

target such as cyclin D1or by indirect modulation 

of p21 and p27 by the HIFs they have the potential 

to alter cell-cycle progression. Thus, it would not 

be wrong to state that the c-myc has the capacity to 

act as a direct regulator of cell cycle regulation and 

the two α subunits of HIF-α, HIF-1α and HIF-2α 

respectively considerably inhibits cell cycle 

progression and increases proliferation by 

promoting and/or opposing c-Myc 
70

. 

Ribosome Biogenesis and Protein Synthesis: It 

has been suggested that the coordination and the 

composite work of protein synthesis are regulated 

in multiple ways by the c-myc alongside acting as a 

cell cycle regulator. Many observations showed 

that the transcription of various RNA, iRNA, and 

ribosomes at the multi-level protein synthesis by 

the c-myc is controlled by the oncogene product 
71

. 

Several studies have also lead to the results where 

overexpression of fibroblasts occurred at a much 

higher rate, i.e., approximately three times superior 

to that observed in their parent lines during the 

protein synthesis in c-myc when cultured in-vivo 
72

.  
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The two very crucial factors include the regulation 

of transcription and ribosome biogenesis, which 

help in the mechanisms underlying the regulation 

of protein synthesis by c-Myc. The essential 

aspects such as synthesis and processing of 

ribosomal RNA and proteins are carried out by 

ribosome biogenesis, which itself is a process that 

is involved in many coordination steps 
71

, and until 

now, it has been proved that c-myc controls many 

genes of ribosomal proteins 
57, 73-74

. Notably, it has 

been found that in ribosome biogenesis and 

translation, there is a requirement of nuclear RNA 

polymerase (RNA pol I and III), and it works well 

along with c-Myc as it has a coordination action 

with nuclear RNA polymerases 
75-80

. The direct 

binding of TFIIIB (transcription factor ШB), a pol 

III-specific transcription factor, and pol III-

transcribed tRNA and 5SrRNA genes play a 

substantial role in the regulation of cell cycle 

progression and also, promote pol III transcriptions 

by c-Myc 
61

.  

Enhanced protein synthesis is seen when 

stimulation of transcription attribute of rRNA 

(ribosomal RNA) is done by c-Myc 
75, 76, 78

 further, 

recent research showed that during tumorigenesis 

enhancement of protein synthesis occurs through 

transcriptional control along with other factor 

involving the activation of mTOR (the mammalian 

target of rapamycin) by c-Myc as an interwinding 

process of dependent phosphorylation of 4EBP1 

(eukaryotic translation initiation factor 4E binding 

protein 1) occurs. Due to the esteem work role 

performed by the 4EBP1it has also been called as a 

master regulator since the protein synthesis control 

is carried out by it and the survival of the cancer 

cells in dependent tumor development is equally 

essential and done by c-myc 
79

. 

Regulation of Stem Cell Functions: C-myc 

depicts its strong presence in the regulation and 

differentiation of stem cells and their function also, 

sufficient studies at various strata led to the point in 

deciphering the fact that with the cooperation of n-

Myc c-Myc altogether is capable of inhibiting the 

differentiation of stem cells, such as embryonic 

stem cells 
80

 and neural stem cells 
80-82

 moreover, it 

checks and maintains their pluripotency and self-

renewal capabilities. C-myc and n-myc in addition, 

are responsible for the regulation of the functions 

of hematopoietic stem cells 
83

.  

Thus, the remarkable ability of c-Myc in regard to 

regulating the expression and function of stem cells 

is inseparably linked to its oncogenic activity. 

Cell Apoptosis: C-Myc, as indicated, regulates cell 

apoptosis via signaling pathways, although the 

mechanism of apoptosis has not been fully 

understood and also it acts as an inducer of cell 

proliferation activity 
84, 85

. However, according to 

the studies conducted, two major pathways have 

been proposed 
85

. One of the signaling pathways 

suggests that expression of a tumor suppression 

protein such as ARF is found when an alternate 

reading frame of the INK4a/ARF locus is 

transcribed due to the induction by c-myc. Further, 

P53 (tumor protein p53) is activated when P 19Arf 

binds Mdm2 (mouse double minute 2); there is an 

activation of proapoptotic genes and cell cycle 

mediators , which in turn leads to enhancing the 

promotional apoptosis 
84, 86-88

. The other 

mechanism puts forward the fact that regulation of 

apoptosis is done by c-myc via repressing the 

expression of anti-apoptotic proteins, such as Bcl-2 

(B-cell lymphoma 2). This blocks the outer 

membrane permeability of the mitochondria and 

inhibits the release of cytochrome-c from 

mitochondria 
89-91

. 

miRNA Expression: miRNAs are a set of small, 

non-protein-coding RNAs that have gained a lot of 

interest of the researchers in the recent times and 

the accumulation of various studies have provided 

with sufficient thoeries that c-Myc also regulates 

the expression of miRNA at the genetic level of 

expression at the post-transcriptional niche 
92-97

. 

However, not much has been known as how the 

expression of miRNAs is regulated by c-Myc 
98

. So 

far, varied explanations have been put ahead stating 

that many factors, such as SMAD (drosophila 

mothers against decapentaplegic) 
99,100

, P53 (tumor 

protein p53) 
101

, ATM (ataxia telangiectasia 
mutated) 102, MutLα (MLH1-PMS2 heterodimer) 103, 
and BRCAl (breast cancer 1) 

104
 have been able to 

show the modulation in the expression of miRNAs 

when an interaction occurs with microprocessor 

complexes. Although concrete evidence is yet to be 

brought in the science world, still it has been so 

proposed that through enhancing the expression of 

Drosha Fig. 6 a c-Myc target gene is possible to 

indirectly promote the processing of miRNAs by c-

myc 
98

.  
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Before any succinct compilation comes into 

existence, there is a need for proper manipulation 

of the c-Myc-miRNA complex that may lead to a 

novel therapy for malignancies. 

 
FIG. 6: A SCHEMATIC REPRESENTATION OF THE 

c-Myc REGULATION OF miRNAs BIOGENESIS. 

Directly interacting with the E-box of the drosha gene 

promoter, c-Myc activates the transcription of Drosha, which 

in turn promotes the biogenesis of miRNAs 

Parallel-Stranded G-quadruplex Structure 

Formed in the Human c-MYC Promoter: 

G-quadruplexes Formed in the c-MYC 

Promoter: Multiple G-quadruplex structures are 

formed by the G-rich sequence MycPu27 

containing a 27-mer NHE III1 region. It is 

comprising of five consecutive runs of guanines -

with three runs composed of four guanines each 

and two runs composed of three guanines each Fig. 

7A 
105

. It has been shown that the 5′-run of 

guanines (G-tract I) are not involved in the 

formation of the major G-quadruplex structure of 

Pu27, as depicted by the data obtained by Native 

gel EMSA and DMS foot-printing techniques 
106

. 

Whereas, studies have given that the four 

consecutive 3′ runs of guanines (Myc2345) are a 

mixture of four loop isomers that are majorly 

responsible for G-quadruplex formation. The G14 

and G23 in the loop region, have been found to be 

the predominant loop isomer that has been shown 

by using DMS cleavage and EMSA data 
107

. 

Moreover, the major c-myc and G-quadruplex 

Myc2345 complex folding topology have been 

shown to be parallel-stranded 
107, 108

. In addition, 

the parallel strand folding is also adopted by the 

minor G-quadruplex formed in Pu27 using the 

1,2,4,5 G-tracts (Myc1245) 
106

 Fig. 7B 
109

. 

 
FIG. 7: (A) THE C-MYC PROMOTER SEQUENCE AND ITS MODIFICATIONS. (B) THE FOLDING STRUCTURE OF THE 

MAJOR G-QUADRUPLEX FORMED IN THE c-MYC PROMOTER, Myc2345 (1:2:1) (LEFT) AND THE MINOR G-

QUADRUPLEX, Myc1245 (RIGHT). (C) 1D NMR SPECTRA OF THE T-Myc2345 SEQUENCE (BOTTOM) AND ITS MAJOR 

LOOP ISOMER Myc22 (TOP). (D) INTER-RESIDUE NOEs OF MYC22, WHICH FORMS THE MAJOR G-QUADRUPLEX OF 

THE c-MYC PROMOTER. THE NOE CONNECTIVITIES CLEARLY DEFINE THE QUADRUPLEX CONFORMATION AND 

PROVIDE DISTANCE RESTRAINTS FOR STRUCTURE CALCULATION 
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Molecular Structure of the Major G-

quadruplexes Formed in the c-MYC Promoter: 

The c-myc containing the major G-quadruplex in 

the silencer element has structurally been explained 

by the scientist through the NMR technique Fig. 

7B, it is formed in the promoter region of an 

oncogene and considered to be the first molecular 

structure of a G-quadruplex 
109

. The restriction of 

the mixture of loop isomers is done by the 

sequence MYC22 having a specific region Fig. 7A. 

The composition consists of two G-to-T mutations 

at residue positions 14 and 23 of the wild-type c-

MYC sequence, which helps the loop isomers to 

remain in a conformation that is predominantly 

single and forming a c-myc G-quadruplex complex 

in K
+
 solution. In comparison to the wild type 

sequence of MYC22 the improved structure of 

MYC22 having far batter line width and resolution 

has been seen in Fig. 7C. The overall conformation 

defining the major c-myc G-quadruplex, Myc2345 

complex structure, has been observed in 2D-

NOESY comprising of many inter-residue NOE 

cross-peaks Fig. 7D. Based on the data generated 

from the restrained molecular dynamics(RMD) the 

various NOE connectivities were used to obtain a 

linkage which later led to the calculations and 

conclusion that a family consisting of 20 lowest 

energy input having well-refined structures were 

produced through this process with the average rms 

deviation being 0.88 Å including all atoms 
109

. 

Based on the NMR studies, figure 8 showcases a 

representational structure of the major c-myc G-

quadruplex formed by MYC22 in a refined solution 

structural existence. This structure serves to be a 

representative as it was first of its kind to glorify 

the molecular structure showing the parallel-

stranded motif with a single-nucleotide double-

strand-reversal loop (G3NG3) thus, it was taken 

and prevailed as a robust motif that appears to be 

ubiquitous in the G-quadruplex-forming promoter 

sequences. Four parallel DNA strands having three 

G-tetrads are linked by three double strands 

consisting of reversal side loops in the 

intramolecular Myc2345 G-quadruplex, it also 

includes a double-nucleotide loop and two single-

nucleotide loops. The basis of width measurement 

is adopted by the four grooves of this G-

quadruplex; an extended sugar backbone strand is 

observed while the thymine base when in solvent 

sticks out in a single nucleotide loop.  

Whereas, if the double nucleotide T14A15 loop is 

seen the extension of sugar backbone is not as 

much compared to the single thymine loop and the 

T14 base thymine sticks out while the adenine A15 

points to the top of quadruplex where the G- tetrad 

groove is present with H2 at its end into the 

solvent. 

The molecular structure explains the parallel 

single-nucleotide stranded motifs stability; two 

adjacent guanine strands make the 3'- end of one G-

strand and they lie in proximity to the 5'-end of 

next G-strand while they are in the right-handed 

twist formation. Hence, this favors the single 

nucleotide double strand reversal loop Fig. 8A. 

Further, it was also concluded based on a variable 

temperature study that the single nucleotide loop 

has more stability than the double nucleotide loop; 

thus, the G16 and G13 the two ends of the TA loop 

are considered to be the first melting points of 

Myc2345 G -quadruplex 
109

. 

Well-defined capping structures are located on both 

the sides of the Myc2345 G-quadruplex structure. 

A twisted backbone conformation is adopted by the 

5′-TGA flanking strand, and stacking of the A6 

residue is visible with the bottom tetrad's G7, 

beside this it was noticed that on the side of G7 and 

G20 lay the G5 residue Fig. 9A. The cap at the 3'-

end of the c-Myc G-quadruplex adopts a well 

structured and defined fold back at the 3′-flanking 

TAA Fig. 8B. The top G-tetrad having G9 attaches 

with the terminal A25, and the folding back leads 

to the stacking between the two, whereas the 

formation of the Hoogsteen Hydrogen bonding is 

seen among A25 and the T23 base as it stacks on 

top of the G22 residue. It is also known that the 

wild type G23 led to the formation of the T23 as a 

result of the mutation, and the T23:A25 is stacked 

on top by the A24 residue. A stable fold back 

conformation is observed between the G-

quadruplex and wild type 3'- flanking GAA 

sequence, and the molecular dynamics modeling 

showed a similar folding pattern between G23 and 

A25 bases via Hoogsteen hydrogen bonding 
109

 

Fig. 9C. In a comparative study, we see that the 

melting temperature of wild type myc Pu27 is 

much less as to that of MYC22, which is over 85 

°C. Myc Pu27 as the wild type c-MYC has its 

promoter DNA sequences extended as well as 

flanking; thus, they are able to adapt themselves for 
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the essential capping formations which further, 

help them to stabilize the G-quadruplex 
conformations. This quintessential capping structures 

of Myc2345 G-quadruplex may later be of utmost 

importance as it can provide potential binding sites 

for drug targeting. 

  

  
FIG. 8: (A) REPRESENTATIVE NMR STRUCTURE OF THE MAJOR c-MYC PROMOTER G-QUADRUPLEX 

FORMED BY Myc22, A PARALLEL-STRANDED STRUCTURE, IN TWO OPPOSITE VIEWS. TWO POTASSIUM 

IONS COORDINATED BETWEEN THE G-TETRADS ARE INCLUDED FOR THE CALCULATION AND ARE 

SHOWN AS GREEN SPHERES. (GUANINE: YELLOW; ADENINE: RED; THYMINE: BLUE) THE 3′ END VIEW 

OF THE G-QUADRUPLEX WITH MUTANT T23 (B) AND WILD-TYPE G23 (C) THE HYDROGEN BONDS OF 

THE TOP TETRAD (BLACK) AND THE T/G23: A25 BASE PAIR (GREEN) ARE SHOWN IN DASHED LINES 

All the composites so far listed in the review have 

been able to bind the G-quadruplex structure 

selectively in comparison to other forms of DNA 

as, so suggesting that different G-quadruplex-

interactive compounds can only selectively bind 

different types of G-quadruplexes; hence, it gives 

us the fact that this selectivity is likely to be related 

to their biological activity. For example, excellent 

in-vivo activity is displayed by a G quadruplex drug 

in various solid tumors named quarfloxacin® (CX-

3543, Cylene Pharmaceuticals in San Diego, CA, 

USA) which is currently in Phase II clinical trials. 

Relative low cytotoxic measurements act as an 

important crusader in delivering various other G-

quadruplex-interactive compounds that have come 

into play for becoming the prospective anticancer 

agents. A better understanding of the G-

quadruplexes can be linked to the fact that the G-

quadruplex-interactive compounds themselves have 

contributed immensely, and their build-up can be 

utilized for understanding G-quadruplexes as a 

therapeutic target. 

Small-Molecule Ligands Targeting the c-Myc 

Promoter G-quadruplexes: 

Advances in the Development of Anti-tumor 

Drugs Targeting the c-Myc Promoter G-

Quadruplexes: Based on the indications G-

quadruplexes have so far provided in regulation of 

c-Myc transcription process and in suppressing 

tumorigenicity they can be called as the future 

promising target for anti-cancer therapy. There is a 

G-rich sequence of c-Myc promoter known as NHE 

(III)1, i.e., Nuclease hypersensitive element and it 

has two differential forms present, one that is 

transcriptionally active and the other is silenced as 

A 

B C 
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shown in Fig. 4. When the region is active, the G-

rich sequence exists in the form of the double helix 

and along with the cooperation of RNA 

polymerses, and various other factors are able to 

transcribe c-Myc gene. Unlike the contrasting 

situation when in silenced form, prevention of 

interaction between the various transcription 

factors with the elemental form is done by the 

region containing the G-quadruplex structure, and 

this further leads to the down-regulation of c-Myc 

transcription 
110

. However, it has been noticed that 

very few G-quadruplexex exist in the c-Myc 

promoter region under physiological conditions 

[7880]. Small molecule ligands that are specific 

and can lead to induction aiding in formation and 

stabilization of G-quadruplex in-vivo can prove to 

be beneficial as they may be developed as 

promising anti-cancer drugs since, G-quadruplexes 

play important roles in the repression of c-Myc 
110, 111

. For neuroendocrine carcinomas 

(NCT00780663), the only one small-molecule 

compound CX-3543 (Quarfloxin) Fig. 9 has 

entered phase II clinical trials. This compound is 

specific, and its selective interaction between the 

Myc G-quadruplexes and with the target sites 

between planes in the π-π patterns in-vitro the 

results have been based on the determination 

through NMR (nuclear magnetic resonance), PCR-

stop, and MSi (molecular simulation studies).  

Initially, CX-3543 was selected because its basic 

function was to disrupt nucleolin/G-quadruplex 

complexes in the nucleolus; thus, its activity was of 

a binder of Myc G-quadruplex, but later, its course 

of action in interaction studies with the 

biosynthesis of ribosomal RNA in cancer cells was 

deciphered, and induction of apoptosis in cancer 

cells was also observed 
112, 113

. 

Perylene Derivatives: As shown in Fig. 5, a 
representative of the Perylene compound derivatives 
namely N,N’-bis(2-(1-piperidino)ethyl)-3, 4, 9, 10-

perylenetetracarboxylic acid diimide (PIPER) is 

depicted, and it has been well suggested that the 

interaction between the Perylene derivatives and G-

quadruplexes is strong 
114

. End stacking interaction 

with G-tetrads occurs as the induction, and further, 

the formation of G-quadruplexes takes place from 

the duplex of c-Myc, i.e., via Pu27 mer sequence 
115, 116

. The binding affinity of Perylenes and their 

specificity and selectivity in bonding with the G-

quadruplexes depends on the crucial aspect of the 

structure of the side chains. The fact was 

established as a number of perylene derivatives 

Fig. 9 having linear or cyclic amines in the side 

chains were synthesized by Pivetta and colleagues 
114

. We need to enhance the studies related to the 

development of novel compounds which have the 

basis of understanding the relationship of bonding 

with higher affinities and structure-specificity 

relationship, which can be fruitful for further 

synthetic studies. 

Cationic Porphyrins: Based on microcalorimetric 

(ITC, isothermal titration calorimetry, and DSC, 

differential scanning calorimetry), spectrometric 

(UV-vis and CD, circular dichroism), and 

molecular simulation (MSi) studies, the 

representative of cationic porphyrins also a G 

quadruplex ligand called TMPyP4 has gained far 

more interest of the researcher's Fig. 9 
117

. TMPyP7 

combining abilities with the G-quadruplexes of 

Pu27 has shown to be substantial as it is able to 

down-regulate the expression level of c-Myc 
110

. A 

drastic transformation is seen of the G-quadruplex 

structure when incubated with the TMPyP4; the 

parallel type form changes to the hybrid structure 

involving the parallel and anti-parallel type 

coordinated structure having a 1:4 ratio at a 

saturated condition 
118

. The promotion of the 

formation of G-quadruplexes can be noticed when 

TMPyP4 uses its capabilities to interact with some 

G-rich sequences and stabilize i-motif structures 
118, 

119
. However, due to poor selectivity of the 

TMPyP4 the usage of the compound directly as a 

therapeutic agent itself is difficult to employ but 

has shown to prove its mantle as a leading and 

promising agent compound for the synthesis of 

novel anti-cancer therapy targeting G-quadruplexes 
120

.  

Soon enough, a new sensation named as Se2SAP, a 

novel derivative, Fig. 9, having a porphyrin ring 

core was designed and synthesized by Hurley and 

colleagues 
121

. The derivative Se2SAP gained 

importance because it had a higher affinity to the 

G-quadruplexes of c-Myc and could bind 

effectively to other G-quadruplexes as well as with 

the double-stranded DNA compared to that of 

TMPyP4 binding.  Based on the experimental 

studies, it was also predicted that the parallel 

orientation of the c-Myc Pu27 G-quadruplex could 

https://clinicaltrials.gov/ct2/show/NCT00780663
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be converted into a hybrid G-quadruplex consisting 

of parallel and anti-parallel structures by the 

Se2SAP. Therefore, based on the conclusive 

experiments, it would be right to say that the first 

compound to hopefully identify the different 

conformations of G-quadruplexes is Se2SAP, and 

the additional bonus points are scored by the 

derivative as it has lower photosensitivity and has 

shown to be less toxic 
38

. 

Quindolines: The sequence of c-Myc promoter 

Pu27 can be induced to form and stabilize the G-

quadruplex structures by quindolines, and this very 

fact was discovered by the researcher's Gu and 

colleagues, thus, they after understanding the 

gravity of the aspect designed and synthesized a 

series of quindolines 
122

. The growth of the tumor 

cells can be inhibited by modulating the repression 

curve of the transcription of c-Myc in HepG2 cells. 

Hence, these derivatives have higher affinity to G-

quadruplexes than to other DNA structures and as 

stated previously, the side chains play as a crucial 

attribute in determining the binding affinity and 

selectivity. The primary aspect in the determination 

of the type of interaction is dependent on the π-π 

docking, and the tertiary amine in the side chains of 

the Quindoline derivatives Fig. 9 such as SYUIQ-

05, are more likely to interact with c-Myc G-

quadruplexes than telomere G-quadruplexes 
123

. 

 
FIG. 9: SOME SMALL-MOLECULES THAT BIND c-Myc PROMOTER G-QUADRUPLEXES 

Hoechst 33258: The conversion of Pu27 to the G-

quadruplex is demonstrated when the synthetic dye 

Hoechst 33258 Fig. 9 interact with the AAGT loop 

of G-quadruplexes of Pu27 
115

.
 

Alkaloids: A ligand compound name telomestatin 

has been garnering a keen interest as it has shown 

to be one of the possibly most potent G-quadruplex 

ligand 
126

. As from our ancestors we have heard 

that using natural products are beneficial and have 

proved to be life-saving in adverse situations 

moreover, their long term usage does not harm the 

system as well, this fact has been explored and 

brought into considerations for term perspective, as 

the natural products are a reservoir or a source of 

compounds with therapeutic activity and low 

toxicity and they can lead us in the development of 

tumor-selective therapies 
124, 125

. Thus, exploring 

and targeting the natural products for pre-existing 

small molecules can be done diligently and further, 

be used for the construction of a library for 

screening new anti-cancer targeted drugs 
127

. This 

very fact was understood by Ji and coworkers, and 

they examined the interaction of a number of 

natural alkaloids Fig. 10, and their studies showed 

how interaction with G-quadruplexes formed by c-
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Myc Pu27 was successful. Nowadays, a series of 

compounds of traditional Chinese medicine (TCM), 

along with the variety of natural alkaloids, can 

interact with DNA to form complexes 
128

.  

The representational view in Fig. 10 shows that 

alkaloida such as sanguinarine (San), berberine 

(Beb), palmatine (Pal) and tetrahydropalmatine 

(Tep) can induce the formation as well as stabilize 
G-quadruplexes. The enhancement of the interaction 
of these compounds with the G-quadruplexes is 

done via the expansion of the conjugate system, the 

alkaloids except for Tep, the rest of these contain 

unsaturated ring C and positively charged centers 

N+ that help in the process. The alkaloid San has 

the highest ability to stabilize the G-quadruplex 

structure this was shown by the studies conducted 

by Ji et al., the study also gave emphasis on the 

norm that cell growth inhibition and that the 

interaction is mediated by external stacking or 

intercalation whereas, the other alkaloids with 

similar structures in Fig. 10 also have comparable 

ability to stabilize G-quadruplexes. Further, the 

experiments elucidating the modified structure of 

Beb were used, which had 9-substituted derivative 

of Beb with an alkyl side chain carrying a terminal 

amino group which was synthesized by Huang and 

colleagues, and it showed higher binding affinity to 

G-quadruplexes than the original compound 
129, 130, 

131
. Similarly, another alkaloid, namely quinolino-

benzo dihydro-isoquindolium (QBDI) was also 

transformed by modifying the 9-substituted Beb 

and synthesized efficiently. The interaction of these 

Beb and QBDI derivatives with the c-Myc G-

quadruplex is observed to be with high 

selectivity 
132

. 

 
FIG. 10: STRUCTURES OF SOME NATURAL ALKALOIDS. (A) Structures of four natural alkaloids with similar structures: 

sanguinarine (San), palmatine (Pal), berberine (Beb), tetrahydropalmatine (Tep) and several Beb derivatives; (B) structures of 7 

alkaloids with a backbone of bis-benzltetrahydroisoquinoline. 

Metal Complexes: Interaction of the G-

quadruplexes with a variety of small molecules 

containing metal is not a new phenomenon 
133, 134

. 

It is imperative to design metal complexes drugs 

that are novel, well understood, and tolerated for 

developing anti-cancer therapies 
135, 136

. Cisplatin is 

one of the drugs used clinically in chemotherapy, 

but renal toxicity and treatment-induced resistance 

are some of the adverse effects which are found 

associated with it. As stated earlier, a number of 

metal complexes have the ability to interact and 

stabilize the G-quadruplexes 
137

. One such metal 

complex which is able to strongly interact and 

serves the purpose of stabilization of G-quadruplex 

structure is the Platinum (II) complexes (Pt (II)) 
137, 

138, although, with the duplex DNA these complexes 
show weak binding affinities. To enhance the 

selectivity, Wang and coworkers designed and 

synthesized a Pt (II) Fig. 9, which showed 

improved action of a selection of Pt (II) binding to 

G-quadruplexes over duplex DNA. Thus, the 

complex structure [Pt(Dip)2](PF6)2 displays a 

greater binding affinity to c-Myc parallel G-

quadruplex rather than to the duplex DNA structure 

as it was proved by the experimental data 
139

. Other 

complexes have also been evaluated for binding to 

G-quadruplexes in addition to the Platinum, these 

complexes include metals containing Zn
+
, Ni

+
, Cu

+
, 

Mn
2+

, Ru
2+

, V4
+
 
138

.  
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The search of novel G-quadruplexes binders that 

have two basic attributes, namely, selective affinity 

and strong binding abilities, can aid in potentially 

developing anticancer therapeutics. Therefore, in 

this regard, various metal complexes along with the 

well known and traditional organic heteroaromatic 

compounds, have emerged and shown to be an 

increasingly important type of compounds gaining 

the interest of the research community. 

The repression of transcription of c-Myc G-

quadruplexes is done by the small molecule ligands 

such as quindolines 
114

, cationic porphyrins 
122

, 

platinum complexes 
140

, which have been discussed 

above and they are capable of stabilizing these 

quadruplexes complexes. Mostly a π-π interaction 

is present in the G-quadruplex ligands containing 

aromatic planes; they form such interaction by 

stacking onto the ends of G-quadruplexes 
134

. But, 

one of the examples includes Hoechst 33258, it is 

one of the few ligands that bind to the G- 

quadruplex grooves and loops having high 

selectivity and can possibly interact with the 

different topologies of G-quadruplexes which so far 

have been reported 
141,

 
142

. Later it was also proved 

in the subsequent studies conducted by Chen et al. 

that another structure then predicted called 3, 3'-

diethyloxadicarbocyanine (DODC) can too bind 

with the G-quadruplex grooves 
143,

 
144, 145

. 

Carbamide and its Analogues: We have seen the 

small molecules ligands and their specificity 

continuing the trail from the above-discussed 

compounds we have a few large conjugated 

aromatic planes, such as Carbamide 1 Fig. 11. Ma 

and colleagues discovered this natural product, 

which binds with the G-quadruplexes grooves, and 

it shows to act as a stabilizer of c-Myc G-

quadruplexes. The experimental studies conducted 

by the NMR and MSi conceived that carbamide 1 

could control c-Myc gene transcription. The 

highest binding activity to the G-quadruplexes was 

seen when the carbamide 1 with variable diphenyl 

ether units was structured and earlier, the 

interaction of carbamide analogs 1-5 with G-

quadruplexes was demonstrated 
146

. 

Other ligands: Alongside the exploration of small-

molecule ligands, the examination of the 

stabilization activity of c-Myc G-quadruplexes was 

also determined for the prospective effect of 

telomerase inhibitors Fig. 11 on the structural 

topologies. Effective and efficient stabilization 

activity was observed between the c-Myc promoter 

and G-quadruplex complexes with the help of a 

variety of telomerase inhibitors which were 

responsible for the stability, in addition, the affinity 

of compounds TMPyP4 and 12459 was also 

deciphered in context to the c-Myc promoter G-

quadruplexes and the results thus so produced 

revealed two-fold higher efficiency than that to the 

G-quadruplexes of telomere 
147

. 

 
FIG. 11: CHEMICAL STRUCTURES OF A VARIETY OF G-QUADRUPLEX LIGANDS. (A) Structures of carbamide and its 

analogues; (B) structures of low-molecular weight ligands of telomerase promoter with affinity to the c-Myc gene promoter G-quadruplexes 
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TMPyP4: The structurally based drug designing 

has given rise to the TMPyP4, 5, 10, 15, 20-tetra 

(N-methyl-4-pyridyl) porphine chloride Fig. 12D 

and as a product of an attempt, its physical 

properties, such as the presence of a fused planar 

ring system, positive charge, and appropriate size 

to stack with the G-tetrads
 
is significant 

148.
. In 

HeLa cell extracts, effective stabilization of G-

quadruplexes has been noticed, and it further 

inhibits human telomerase 
148

. An account of the 

fact needs to be taken that over DNA duplex, the 

TMPyP4 exhibit significant selectivity for quad-

ruplex DNA, which is stacking externally with the 

G-tetrad. TMPyP4 and its close analog TMPyP2 

were further studied for comparison in selectivity 

but TMPyP2 resulted in a poor G-quadruplex-

interactive compound and showed much-reduced 

telomerase-inhibitory activity 
150

. Further, in-vivo 

studies were taken into consideration in which the 

data thus, so obtained clearly depicts that TMPyP4 

decreases the rate of proliferation of sea urchin 

embryos and traps the cells in mitosis, unlike the 

TMPyP2. The generated data also throws light on 

the anaphase bridges and displays a chromosome 

destabilization-mediated antiproliferative effect 
149

. 

Recent elucidation of the mechanism of TMPyP4 

has revealed that it interacts with the G-quadruplex 

formed in the promoter region of c-MYC gene 
151

. 

Consequently, TMPyP4 downregulates c-MYC, 

and this may contribute to the observed effects on 

telomerase by lowering hTERT, a downstream 

target of c-MYC 
152

. However, a major hurdle in its 

development as a G-quadruplex target agent is its 

ability to bind to duplex DNA 
153

, RNA, RNA–

DNA hybrids 
154

 and triplex DNA 
155

. Thus, 

attempts have been made to generate second-

generation cationic porphyrins with high selectivity 

for G-quadruplexes 
156

.
 

 
FIG. 12: G-QUADRUPLEX-INTERACTIVE SMALL-MOLECULE COMPOUNDS 

307A: Based on the high selectivity of G-

quadruplex-forming oligo-nucleotides, 307A was 

one important agent compared with mutated ones 

that cannot form G-quadruplexes. It is a 2, 6-

pyridine-dicarboxamide derivative Fig. 12e 
157

. The 

especially of this compound lies in the fact that is 

has shown to inhibit c-Myc gene transcription and 

found a ground as being useful in tumor cells and 

can potentially be equipotent against c-MYC and 

telomeric G-quadruplex-forming sequences. In 

telomerase positive glioma cells, when a dose-

dependent sequential approach is taken, induction 

of apoptosis occurs within a few days; moreover, at 

lower concentrations, 307A and other members of 

this series are found to inhibit cell proliferation. 

SAOS2, which is a cell line involving the ALT 

mechanism responsible for telomere maintenance 

307A had anti-proliferative effects.  
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As one of the outcomes of these reactions is the 

induced apoptosis, the chain reaction precedes 

leading to multiple alterations of the cell cycle, and 

these effects were directly proportional and related 

to telomere instability that involved telomere end 

fusion and anaphase bridge formation unlike the 

changes not associated with telomere shortening 
158

. 307A and 360A are close analogs, and in a 

recent study, the role of these has been underlined 

substantially in the stabilization of G-quadruplexes. 

During in-vitro analysis, further extensive research 

has shown that incubation of oligomers with these 

compounds resulted in the formation of G-

quadruplexes. 360A acts as a chaperone for tetra 

molecular complexes and not only performs the 

mamoth function to bind to and lock into 

preformed quadruplexes 
159

. 

Proteins Involved in Transcription and Binding 

G-quadruplexes in Promoter Regions: 

Nucleolin and Nucleophosmin: A highly 

expressed nucleolar phosphoprotein called the 

Nucleolin is seen proliferating in the cells and 

displays multiple roles in ribosome biogenesis
160

, 

chromatin remodeling 
161

, transcription 
162

, G-

quadruplex binding 
163

 and apoptosis 
164

. One more 

interesting aspect which was witnessed is the 

binding of G-quadruplexes with the nucleolin-

hnRNP D heterodimer structure 
163, 165

. The 

luciferase activity in MCF10A cells measured the 

extent of inhibition in c-Myc promoter-driven 

transcription when there was an overexpression of 

the nucleolin phosphoprotein. Moreover, in the in-

vitro condition, the phosphoprotein binds with high 

affinity and selectivity to the c-Myc G-quadruplex 

structure as compared to other well established and 

known quadruplex structures. Thus, we conclude 

that the formation of the c-MYC G-quadruplex 

structure is due to the facilitation work is done by 

the nucleolin, and it is also responsible for the 

increase in its stability. Later, studies were also 

conducted in the in-vivo conditions, and it made 

important revelations that the nucleolin could also 

bind the c-Myc promoter in such altered situations 

as well with sufficient efficiency 
166

.  

Another much known multifunctional protein is 

Nucleophosmin, which is also considered to be 

playing a significant role in the pathogenesis of 

several human malignancies as one of the functions 

of this protein is in interaction with the different 

protein partners like, p53, p14arf, etc. The intrinsic 

unfolded C-terminal region, which contributes to 

the binding of c-Myc G-quadruplex motif is the key 

in helping and specific recognition of G-

quadruplexes 
168

. 

CONCLUSION: G-quadruplex in the secondary 

structures of DNA that have demonstrated 

themselves to be of great potential in regulating the 

elemental regions of biological significance, 

including, in human telomeres and in the promoter 

regions of a number of important growth-related 

genes. One of the most crucial facts established is 

that under physiological conditions, DNA G-

quadruplexes can readily form in solution. The 

internal structure of intramolecular DNA G-

quadruplexes is globular and intrinsically folded 

nucleic acid structures, which form a significant 

feature, and they are uniquely determined by the 

primary nucleotide sequences up to 20-30 bases in 

length, in an analogy to protein folding from a 

primary amino acid sequence. The globularly 

folded intramolecular G-quadruplexes obtained via 

NMR solution structures can be calculated from an 

extended single-stranded DNA, which rightfully 

acts as a starting model, unlike the DNA duplex.  

The challenge in designing targeted drugs lies in 

the fact that the presence of G-quadruplexes is 

found in different regions of the genome, and this 

may pose a problem for any further development. 

However, the molecular structures differ from one 

another of intra-molecular G-quadruplexes and, 

therefore, in principle, different proteins and drugs 

can be differentially used for regulation and 

targeting. As discussed in this review, the G-

quadruplex DNA secondary structures possess a 

great deal in conformational diversity, which is 

achieved via different folding patterns, moreover 

the specific loop conformations and capping 

structures also add up to it. Therefore, we can 

conclude by saying that each G-quadruplex has 

certain and specific folding and loop structures that 

approve of providing unique drug-binding 

pocket(s). 

FUTURE PERSPECTIVE: Currently, the work is 

done on the structure of G4, and their recognition is 

preliminary, and a lot is yet to be revealed. 

Presently, a clear picture of how to design a 

chemical that can ably be used for interference 
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within a single gene promoter, leaving its altered 

expression impact without affecting the others, still 

remains a big task. The large planar arrangements 

of the external G-tetrads allows their stacking with 

the condensed polycyclic systems in a smooth 

manner. In addition, an effective yet poor 

specificity is encountered by the source of ligand 

binding and stabilization as the tetrahelical 

structures posses a high charge density for the 

whole system involved. Thus, these two main 

challenges are faced in dealing with the aspect; 

furthermore, if any alteration or mutation is done 

with the ligands, it can be rightly said that very 

little or almost no efficient interaction is left 

behind, which can be exploited and used for further 

delivery. The energetic difference of stable 

conformations even though G4 is highly 

polymorphic does not exceed1 kCal/mol. 

With more accumulation of the studies and data 

over the period of time we can expect the 

emergence of a clear picture on the promoter DNA 

G-quadruplexes and their structures; thus, it will 

add up to the knowledge so far gained and 

exploration of more and new gene promoters which 

are able to form G-quadruplexes and or addition of 

a number of such G-quadruplexes called multiple 

G-quadruplexes might be discovered from a single 

gene promoter. New aspects would open up based 

on the structural studies of promoter Quadruplexes, 

and these will encourage the science community to 

explore new avenues that can provide an insight 

into the G-quadruplexes topology and their 

relationships with the DNA sequence and structure.  

Due to the limited designing and synthesis, we 

currently have only a handful of structures which 

makes it even though more complicated to 

understand and process the binding abilities hence, 

respecting the need of the hour we ought to address 

more emphasis on structural studies which have 

their basis laid on drug G-quadruplex complexes, 

although, in a positive approach we see that the 

heed is being paid on the development of 

quadruplex specific ligands and their identification. 

The biological roles of G-quadruplexes and the G-

quadruplex proteins which have an interactive 

function need to be carefully understood in order to 

have a better understanding of the subdue issues 

that can be resolved from targetting specific point 

source and later can also provide us with the 

information on G-quadruplexes that are present or 

formed in the RNA as well.  

Developing quadruplexes interactive compounds 

which may be highly active is a much sort out the 

field from the perspective of drug development 

hence, the formation and synthesis of the small 

molecule compounds remain a critical nerve for 

drug designing with great emphasis being laid on 

selectivity and specificity towards the G-

quadruplex rather than on duplex DNA structures. 

The inquisitive nature of the researchers towards 

the new quadruplex ligands is also an agenda that 

will cover a wide range of chemical entities. 

Holding the above fact in place, we can also say 

that highlighting the focus on the arena of telomere 

targetting agents will increase in the promoter G-

quadruplex targeting agents as well. In the near 

future, we can expect the quadruplex-targeting 

compounds to pave their way out and enter the 

preclinical and clinical studies.  

Based on the studies predicting the frequency of 

occurrence of quadruplexes in the human genome 

more analysis will help in building up a 

methodological approach which will aid us in 

understanding the mechanisms underlying the 

systems so that the clinical potential of quadruplex 

ligands can be achieved. 

ACKNOWLEDGEMENT: Nil  

CONFLICTS OF INTEREST: The corresponding 

author Shikhar Tyagi declares that he has no 

conflict of interest. Shalini Rawat and Dr. Sarika 

Saxena declare that they have no conflict of 

interest.  

REFERENCES: 

1. Watson JD and Crick FH: Molecular structure of nucleic 

acids; a structure for deoxyribose nucleic acid. Nature 

1953; 171: 737-38. 

2. Palecek E: Local supercoil-stabilized DNA structures. Crit 

Rev Biochem Mol Biol 1991; 26: 151-226. 

3. Cer RZ, Bruce KH, Donohue DE, Temiz NA, Mudunuri 

US, Yi M, Volfovsky N, Bacolla A, Luke BT and Collins 

JR: Searching for non-B DNA-forming motifs using 

nBMST (non-B DNA motif search tool). Curr Protoc Hum 

Genet 2012; 18: 11-22. 

4. Patel PK, Koti AS and Hosur RV: NMR studies on 

truncated sequences of human telomeric DNA: 

Observation of a novel A-tetrad. Nucleic Acids Res 1999; 

27: 3836-43. 

5. Caceres C, Wright G, Gouyette C, Parkinson G and 

Subirana JA: A thymine tetrad in d(TGGGGT) 



Tyagi et al., IJPSR, 2021; Vol. 12(1): 22-43.                                                  E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                                  39 

quadruplexes stabilized with Tl+/Na+ ions. Nucleic Acids 

Res 2004; 32: 1097-1102. 

6. Patel PK, Bhavesh NS and Hosur RV: NMR observation 

of a novel C-tetrad in the structure of the SV40 repeat 

sequence GGGCGG. Biochem Biophys Res Commun 

2000; 270: 967-71. 

7. Zhang N, Gorin A, Majumdar A, Kettani A, Chernichenko 

N, Skripkin E and Patel DJ: Dimeric DNA quadruplex 

containing major groove-aligned A-T-A-T and G-C-G-C 

tetrads stabilized by inter–subunit Watson–Crick A–T and 

G–C pairs. J Mol Biol 2001; 312: 1073-88. 

8. Webba da Silva, M: Experimental demonstration of 

T:(G:G:G:G):T hexad and T:A:A:T tetrad alignments 

within a DNA quadruplex stem. Biochemistry 2005; 44: 

3754-64. 

9. Viladoms J, Escaja N, Frieden M, Gomez-Pinto I, Pedroso 

E and Gonzalez, C: Self-association of short DNA loops 

through minor groove C:G:G:C tetrads. Nucleic Acids Res 

2009; 37: 3264-75. 

10. Day HA, Pavlou P and Waller ZA: i-Motif DNA Structure, 

stability and targeting with ligands. Bioorg Med Chem 

2014; 24: 4407-18. 

11. Burge S, Parkinson GN, Hazel P, Todd AK and Neidle S: 

Quadruplex DNA: Sequence, topology and structure. 

Nucleic Acids Res 2006; 34: 5402-15. 

12. Renciuk D, Kejnovska I, Skolakova P, Bednarova K, 

Motlova J and Vorlickova M: Arrangements of human 

telomere DNA quadruplex in physiologically relevant K+ 

solutions. Nucleic Acids Res 2009; 37: 6625-34. 

13. Kejnovska I, Vorlickova M, Brazdova M and Sagi J: 

Stability of human telomere Quadruplexes at high DNA 

concentrations. Biopolymers 2014; 101: 428-38. 

14. Chen Y and Yang D: Sequence, stability, and structure of 

G-quadruplexes and their interactions with drugs. In 

Current Protocols in Nucleic Acid Chemistry; John Wiley 

& Sons, Inc.: Hoboken, NJ, USA, 2012; Chapter 17.5, pp. 

1–26. Int J Mol Sci 2014; 15: 17509. 

15. Tang CF and Shafer RH: Engineering the quadruplex fold: 

Nucleoside conformation determines both folding 

topology and molecularity in guanine quadruplexes. J Am 

Chem Soc 2006; 128: 5966-73. 

16. Van der Lelij P, Chrzanowska KH, Godthelp BC, 

Rooimans MA, Oostra AB, Stumm M, Zdzienicka MZ, 

Joenje H and de Winter JP: Warsaw breakage syndrome, a 

cohesinopathy associated with mutations in the XPD 

helicase family member DDX11/ChlR1. Am J Hum Genet 

2010; 86: 262-66. 

17. Gellert M, Lipsett MN and Davies DR: Helix formation by 

guanylic acid. Proc. Natl. Acad. Sci. USA 1962; 48: 2013-

18. 

18. Wang Y and Patel DJ: Solution structure of the human 

telomeric repeat d[AG3(T2AG3)3] G-tetraplex. Structure 

1993; 1: 263-82. 

19. Huppert JL and Balasubramanian S: G-quadruplexes in 

promoters throughout the human genome. Nucleic Acids 

Res 2007; 35: 406-13. 

20. Kikin O, D’Antonio L and Bagga PS: QGRS Mapper: A 

web-based server for predicting G-quadruplexes in 

nucleotide sequences. Nucleic Acids Res 2006; 34: W676-

W682. 

21. Scaria V, Hariharan M, Arora A and Maiti S: Quadfinder: 

Server for identification and analysis of quadruplex-

forming motifs in nucleotide sequences. Nucleic Acids Res 

2006; 34: W683-W685. 

22. Huppert JL and Balasubramanian S: Prevalence of 

quadruplexes in the human genome. Nucleic Acids Res 

2005; 33: 2908-16. 

23. Hershman SG, Chen Q, Lee JY, Kozak ML, Yue P, Wang 

LS and Johnson FB: Genomic distribution and functional 

analyses of potential G-quadruplex-forming sequences in 

Saccharomyces cerevisiae. Nucleic Acids Res 2008; 36: 

144-56. 

24. Kang SG and Henderson E: Identification of non-telomeric 

G4-DNA binding proteins in human, E. coli, yeast, and 

Arabidopsis. Mol Cells 2002; 14: 404-10. 

25. Sun D, Thompson B and Cathers BE: Inhibition of human 

telomerase by a G quadruplex interactive compound. J 

Med Chem 1997; 40(14): 2113-16. 

26. Han H, Rangan A and Hurley LH: Selective interaction of 

cationic porphyrins with different types of G-quadruplex 

structures. Clin Cancer Res 1999; 5: 3852S-3852S. 

27. Han HY, Bennett RJ and Hurley LH: Inhibition of 

unwinding of G-quadruplex structures by Sgs1 helicase in 

the presence of N,N′-bis[2-(1-piperidino)ethyl]-3,4,9,10-

perylenetetracarboxylic diimide a Gquadruplex- interactive 

ligand. Biochemistry 2000; 39(31): 9311-16. 

28. Neidle S and Parkinson G: Telomere maintenance as a 

target for anticancer drug discovery. Nat Rev Drug Discov 

2002; 1(5): 383-93. 

29. Dang CV: MYC on the Path to Cancer. Cell 2012; 149(1): 

22-35.  

30. Fernandez PC, Frank SR and Wang L: Genomic targets of 

the human c-Myc protein. Genes & Development 2003; 

17(9): 1115-29.  

31. Li Z, Van Calcar S and Qu C: A global transcriptional 

regulatory role for c-Myc in Burkitt’s lymphoma cell. 

PNAS 2003; 100(14): 8164-69.  

32. Lin CY, Lovén J and Rahl PB: Transcriptional 

amplification in tumor cells with elevated c-Myc. Cell 

2012; 151(1): 56-67.  

33. Zhang X, Zhao X and Fiskus W: Coordinated silencing of 

MYC-mediated miR-29 by HDAC3 and EZH2 as a 

therapeutic target of histone modification in aggressive B-

cell lymphomas. Cancer Cell 2012; 22(4): 506-23.  

34. Berg T: Small-molecule modulators of c-Myc/Max and 

Max/Max interaction. Curr Top Microbio Immunol 2011; 

348: 139-49.  

35. Lin CP, Liu CR and Lee CN: Targeting c-Myc as a novel 

approach for hepa-tocellular carcinoma. World J Hepatol 

2010; 2(1): 16-20.  

36. Zhang W, Kater AP and Widhopf GF: B-cell activating 

factor and v-Myc myelocytomatosis viral oncogene 

homolog (c-Myc) influence progression of chronic 

lymphocytic leukemia. PNAS 2010; 107(44): 18956-60.  

37. Watt R, Nishikura K and Sorrentino J: The structure and 

nucleotide sequence of the 5'end of the human c-myc 

oncogene. PNAS 1983; 80(20): 6307-11.  

38. Islam MA, Thomas SD and Murty VV: c-Myc quadruplex-

forming sequence Pu-27 induces extensive damage in both 

telomeric and non-telomeric regions of DNA. J Biol Chem 

2014; M113.505073.  

39. Simonsson T, Pribylova M and Vorlickova M: A Nuclease 

Hypersensitive Element in the human c-myc promoter 

adopts several distinct i-tetraplex structures. Biochem 

Biophys Res Commun 2000; 278(1): 158-66.  

40. Seenisamy J, Bashyam S and Gokhale V: Design and 

synthesis of an ex-panded porphyrin that has selectivity for 

the c-MYC G-quadruplex structure. J Am Chem Soc 2005; 

127(9): 2944-59.  

41. Cashman DJ, Buscaglia R and Freyer MW: Molecular 

modeling and bio-physical analysis of the c-MYC NHE-

III1 silencer element. J Mol Model 2008; 14(2): 93-101.  

42. Soucek L and Evan G: Myc-Is this the oncogene from 

Hell? Cancer Cell. 2002; 1(5): 406-08.  



Tyagi et al., IJPSR, 2021; Vol. 12(1): 22-43.                                                  E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                                  40 

43. Vafa O, Wade M and Kern S: c-Myc can induce DNA 

damage, increase reactive oxygen species, and mitigate 

p53 function: a mechanism for onco-gene-induced genetic 

instability. Mol Cell 2002; 9(5): 1031-44.  

44. Zhang Q, Spears E and Boone DN: Domain-specific c-

Myc ubiquitylation controls c-Myc transcriptional and 

apoptotic activity. PNAS 2013; 110(3): 978-83.  

45. Song G, Li Y and Zhang Z: c-myc but not Hif-1α-

dependent downregulation of VEGF influences the 

proliferation and differentiation of HL-60 cells induced by 

ATRA. Oncol Rep. 2013; 29(6): 2378-84.  

46. Alblihn A, Johnsen JI and Henriksson MA: MYC in 

oncogenesis and as a target for cancer therapies. Adv 

Cancer Res 2010; 107: 163-224.  

47. Delmore JE, Issa GC and Lemieux ME: BET 

bromodomain inhibition as a therapeutic strategy to target 

c-Myc. Cell 2011; 146(6): 904-17.  

48. Sakamuro D and Prendergast GC: New Myc-interacting 

proteins: a second Myc network emerges. Oncogene 1999; 

18(19): 2942-54.  

49. Ponzielli R, Katz S and Barsyte-Lovejoy D: Cancer 

therapeutics: targeting the dark side of Myc. Eur J Cancer 

2005; 41(16): 2485-2501.  

50. Pelengaris S and Khan M: The many faces of c-MYC. 

Arch Biochem Biophys 2003; 416(2): 129-36.  

51. Nie Z, Hu G and Wei G: c-Myc is a universal amplifier of 

expressed genes in lymphocytes and embryonic stem cells. 

Cell 2012; 151(1): 68-79.  

52. Cartwright P, McLean C and Sheppard A: LIF/STAT3 

controls ES cell self-renewal and pluripotency by a Myc-

dependent mechanism. Devel 2005; 132(5): 885-96.  

53. Baudino TA, McKay C and Pendeville-Samain H: c-Myc 

is essential for vasculogenesis and angiogenesis during 

development and tumor progression. Genes Dev 2002; 

16(19): 2530-43.  

54. Cavalheiro GR, Matos-Rodrigues GE and Gomes AL: c-

myc regulates cell proliferation during Lens development. 

PloS one 2014; 9(2): e87182.  

55. Krysan K, Kusko R and Grogan T: PGE2-driven 

expression of c-Myc and oncomiR-17-92 contributes to 

apoptosis resistance in NSCLC. Mol Cancer Res 2014; 

molcanres-0377.  

56. Amati B: Integrating Myc and TGF-β signalling in cell-

cycle control. Nat Cell Biol 2001; 3(5): E112-E113.  

57. Fernandez PC, Frank SR, Wang L: Genomic targets of the 

human c-Myc protein. Genes Dev. 2003; 17(9): 1115-29.  

58. Bouchard C, Dittrich O and Kiermaier A: Regulation of 

cyclin D2 gene expression by the Myc/Max/Mad network: 

Myc-dependent TRRAP recruit-ment and histone 

acetylation at the cyclin D2 promoter. Genes Dev 2001; 

15(16): 2042-47.  

59. Menssen A and Hermeking H: Characterization of the c-

MYC-regulated tran-scriptome by SAGE: identification 

and analysis of c-MYC target genes. PNSA. 2002; 99(9): 

6274-79.  

60. Hermeking H, Rago C and Schuhmacher M: Identification 

of CDK4 as a target of c-MYC. PNAS 2000; 97(5): 2229-

34.  

61. Gomez-Roman N, Grandori C and Eisenman RN: Direct 

activation of RNA polymerase III transcription by c-Myc. 

Nature 2003; 421(6920): 290-94.  

62. Steiner P, Philipp A and Lukas J: Identification of a Myc-

dependent step during the formation of active G1 cyclin-

cdk complexes. EMBO J 1995; 14(19): 4814-36.  

63. Bouchard C, Thieke K and Maier A: Direct induction of 

cyclin D2 by Myc contributes to cell cycle progression and 

sequestration of p27. EMBO J 1999; 18(19): 5321-33.  

64. Staller P, Peukert K and Kiermaier A: Repression of 

p15INK4b expression by Myc through association with 

Miz-1. Nat Cell Biol 2001; 3(4): 392-99.  

65. Wu S, Cetinkaya C and Munoz-Alonso MJ: Myc represses 

differentia-tion-induced p21CIP1 expression via Miz-1-

dependent interaction with the p21 core promoter. 

Oncogene 2003; 22(3): 351-60.  

66. Seoane J, Pouponnot C and Staller P: TGF-β influences 

Myc, Miz-1 and Smad to control the CDK inhibitor 

p15INK4b. Nat Cell Biol 2001; 3(4): 400-08.  

67. Seoane J, Le H V and Massagué J: Myc suppression of the 

p21Cip1 Cdk inhibitor influences the outcome of the p53 

response to DNA damage. Nature 2002; 419(6908): 729-

34.  

68. Coller HA, Grandori C and Tamayo P: Expression analysis 

with oligonucle-otide microarrays reveals that MYC 

regulates genes involved in growth, cell cycle, signaling, 

and adhesion. PNAS 2000; 97(7): 3260-65.  

69. Chapman N, Webster G and Gillespie P: A novel form of 

the RelA nuclear factor κB subunit is induced by and 

forms a complex with the proto-oncogene c-Myc. Biochem 

J 2002; 366: 459-69.  

70. Gordan JD, Bertout JA and Hu CJ: HIF-2α promotes 

hypoxic cell prolifera-tion by enhancing c-Myc 

transcriptional activity. Cancer Cell 2007; 11(4): 335-47.  

71. Van Riggelen J, Yetil A and Felsher DW: MYC as a 

regulator of ribosome biogenesis and protein synthesis. 

Nat Rev Cancer 2010; 10(4): 301-09.  

72. Mateyak MK, Obaya AJ and Adachi S: Phenotypes of c-

Myc-deficient rat fibroblasts isolated by targeted 

homologous recombination. Cell Growth Differ 1997; 

8(10): 1039-48.  

73. Orian A, van Steensel B and Delrow J: Genomic binding 

by the Drosophila Myc, Max, Mad/Mnt transcription 

factor network. Genes Dev 2003; 17(9): 1101-14.  

74. Mao DY, Watson JD and Yan PS: Analysis of Myc bound 

loci identified by CpG island arrays shows that Max is 

essential for Myc-dependent repression. Curr Biol 2003; 

13(10): 882-86.  

75. Grandori C, Gomez-Roman N and Felton-Edkins ZA: c-

Myc binds to human ribosomal DNA and stimulates 

transcription of rRNA genes by RNA poly-merase I. 

Nature Cell Biol 2005; 7(3): 311-18.  

76. Li Z and Hann SR: Nucleophosmin is essential for c-Myc 

nucleolar localization and c-Myc-mediated rDNA 

transcription. Oncogene 2013; 32(15): 1988-94.  

77. Schlosser I, Hölzel M and Mürnseer M: A role for c-Myc 

in the regulation of ribosomal RNA processing. Nucleic 

Acids Res 2003; 31(21): 6148-56.  

78. Grewal SS, Li L and Orian A: Myc-dependent regulation 

of ribosomal RNA synthesis during Drosophila 

development. Nat Cell Biol 2005; 7(3): 295-302.  

79. Pourdehnad M, Truitt ML and Siddiqi IN: Myc and mTOR 

converge on a common node in protein synthesis control 

that confers synthetic lethality in Myc-driven cancers. 

PNAS 2013; 110(29): 11988-93.  

80. Nie Z, Hu G and Wei G: c-Myc is a universal amplifier of 

expressed genes in lymphocytes and embryonic stem cells. 

Cell 2012; 151(1): 68-79.  

81. Betschinger J, Mechtler K and Knoblich JA: Asymmetric 

segregation of the tumor suppressor brat regulates self-

renewal in Drosophila neural stem cells. Cell 2006; 

124(6): 1241-53.  

82. Schwamborn JC, Berezikov E and Knoblich JA: The 

TRIM-NHL protein TRIM32 activates microRNAs and 

prevents self-renewal in mouse neural progenitors. Cell. 

2009; 136(5): 913-25.  



Tyagi et al., IJPSR, 2021; Vol. 12(1): 22-43.                                                  E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                                  41 

83. Wumesh KC, Satpathy AT and Rapaport AS: L-Myc 

expression by dendritic cells is required for optimal T-cell 

priming. Nature 2014.  

84. Meyer N and Penn LZ: Reflecting on 25 years with MYC. 

Nat Rev Cancer 2008; (8): 976-90.  

85. Larsson LG and Henriksson MA: The Yin and Yang 

functions of the Myc onco-protein in cancer development 

and as targets for therapy. Exp Cell Res 2010; 316(8): 

1429-37.  

86. Cotter TG: Apoptosis and cancer: the genesis of a research 

field. Nat Rev Cancer 2009; 9(7): 501-07.  

87. Inoue S, Hao Z and Elia AJ: Mule/Huwe1/Arf-BP1 

suppresses Ras-driven tumorigenesis by preventing c-

Myc/Miz1-mediated down-regulation of p21 and p15. 

Genes Dev 2013; 27(10): 1101-14.  

88. Herkert B and Eilers M: Transcriptional repression the 

dark side of Myc. Genes Cancer 2010; 1(6): 580-86.  

89. Eischen CM, Woo D and Roussel MF: Apoptosis triggered 

by Myc-induced suppression of Bcl-X(L) or Bcl-2 is 

bypassed during lymphomagenesis. Mol Cell Biol 2001; 

21(15): 5063-70.  

90. Martinou JC and Green DR: Breaking the mitochondrial 

barrier. Nat Rev Mol Cell Biol 2001; 2(1): 63-67.  

91. Hoffman B and Liebermann DA: Apoptotic signaling by c-

MYC. Oncogene 2008; 27(50): 6462- 72.  

92. O'Donnell KA, Wentzel EA and Zeller KI: c-Myc-

regulated microRNAs modulate E2F1 expression. Nature 

2005; 435(7043): 839-43.  

93. Ma L, Young J and Prabhala H: miR-9, a MYC/MYCN-

activated microRNA, regulates E-cadherin and cancer 

metastasis. Nat Cell Biol 2010; 12(3): 247-56.  

94. Chang TC, Yu D and Lee YS: Widespread microRNA 

repression by Myc contributes to tumorigenesis. Nat Genet 

2007; 40(1): 43-50.  

95. Gao P, Tchernyshyov I and Chang TC: c-Myc suppression 

of miR-23a/b enhances mitochondrial glutaminase 

expression and glutamine metabolism. Nature 2009; 

458(7239): 762-65.  

96. Dews M, Homayouni A and Yu D: Augmentation of tumor 

angiogenesis by a Myc-activated microRNA cluster. Nat 

Genet 2006; 38(9): 1060-65.  

97. Bui TV and Mendell JT: Myc Maestro of MicroRNAs. 

Genes & Cancer 2010; 1(6): 568-75.  

98. Wang X, Zhao X and Gao P: c-Myc modulates microRNA 

processing via the transcriptional regulation of Drosha. Sci 

Rep 2013; 3: 1-7.  

99. Davis BN, Hilyard AC and Lagna G: SMAD proteins 

control DROSHA-mediated microRNA maturation. Nature 

2008; 454(7200): 56-61.  

100. Davis BN, Hilyard AC and Nguyen PH: Smad proteins 

bind a conserved RNA sequence to promote microRNA 

maturation by Drosha. Mol Cell 2010; 39(3): 373-84.  

101. Suzuki HI, Yamagata K and Sugimoto K: Modulation of 

microRNA pro-cessing by p53. Nature 2009; 460(7254): 

529-33.  

102. Zhang X, Wan G and Berger FG: The ATM kinase 

induces microRNA bio-genesis in the DNA damage 

response. Mol Cell 2011; 41(4): 371-83.  

103. Mao G, Lee S and Ortega J: Modulation of microRNA 

processing by mis-match repair protein MutLα. Cell Res 

2012; 22(6): 973-85.  

104. Kawai S and Amano A: BRCA1 regulates microRNA 

biogenesis via the DROSHA microprocessor complex. J 

Cell Biol 2012; 197(2): 201-08.  

105. Simonsson T, Pecinka P and Kubista M: DNA tetraplex 

formation in the control region of c-MYC. Nucl Acids Res 

1998; 26(5): 1167-72.  

106. Siddiqui-Jain A, Grand CL, Bearss DJ and Hurley LH: 

Direct evidence for a G-quadruplex in a promoter region 

and its targeting with a small molecule to repress c-MYC 

transcription. PNAS 2002; 99(18): 11593-98.  

107. Seenisamy J, Rezler EM and Powell TJ: The dynamic 

character of the G-quadruplex element in the c-MYC 

promoter and modification by TMPyP4. J Am Chem Soc 

2004; 126(28): 8702-09.  

108. Phan AT, Modi YS and Patel DJ: Propeller-type parallel-

stranded G-quadruplexes in the human c-myc promoter. J 

Am Chem Soc 2004; 126(28): 8710-16.  

109. Ambrus A, Chen D, Dai J, Jones RA and Yang DZ: 

Solution structure of the biologically relevant Gquadruplex 

element in the human c-MYC promoter. Implications for 

G-quadruplex stabilization. Biochemistry 2005; 44(6): 

2048-58.  

110. Wang X, Zhao X and Gao P: c-Myc modulates microRNA 

processing via the transcriptional regulation of Drosha. Sci 

Rep 2013; 3: 1-7.  

111. Franceschin M: G-Quadruplex DNA structures and 

organic chemistry: more than one connection. Eur J Org 

Chem 2009; 2009(14): 2225-38.  

112. Steele NL, Plumb JA and Vidal L: A phase I 

pharmacokinetic and pharmacodynamic study of the 

histone deacetylase inhibitor belinostat in patients with 

advanced solid tumors. Clin Cancer Res. 2008; 14(3): 804-

80.  

113. Brooks TA and Hurley LH: Targeting MYC expression 

through G-quadruplexes. Genes & Cancer 2010; 1(6): 641-

49.  

114. Pivetta C, Lucatello L and Krapcho AP: Perylene side 

chains modulate G-quadruplex conformation in 

biologically relevant DNA sequences. Bioorg Med Chem 

2008; 16(20): 9331-39. 

115. Kerwin SM, Chen G and Kern JT: Perylene diimide G-

Quadruplex DNA binding selectivity is mediated by ligand 

aggregation bioorg. Med Chem Lett. 2002; 12(3): 447-50.  

116. Li Q, Xiang JF and Zhang H: Searching drug-like anti-

cancer compound (s) based on G-quadruplex ligands. Curr 

Pharm Des 2012; 18(14): 1973-83.  

117. Sun D, Guo K and Rusche JJ: Facilitation of a structural 

transition in the polypurine/polypyrimidine tract within the 

proximal promoter region of the human VEGF gene by the 

presence of potassium and G-quadruplex-interactive 

agents. Nucleic Acids Res 2005; 33(18): 6070-80.  

118. Seenisamy J, Rezler EM and Powell TJ: The dynamic 

character of the G-quadruplex element in the c-MYC 

promoter and modification by TMPyP4. J Am Chem Soc 

2004; 126(28): 8702-09.  

119. González V and Hurley LH: The c-MYC NHE III1: 

function and regulation. Annu Rev Pharmacool Toxicol 

2010; 50: 111-29.  

120. Andrew EJ, Merchan S and Lawless C: Pentose phosphate 

pathway function affects tolerance to the G-Quadruplex 

binder TMPyP4. PloS One 2013; 8(6): e66242.  

121. Verdun RE and Karlseder J: Replication and protection of 

telomeres. Nature 2007; 447(7147): 924-31.  

122. Ou TM, Lu YJ and Zhang C: Stabilization of G-

quadruplex DNA and down-regulation of oncogene c-myc 

by quindoline derivatives. J Med Ch 2007; 50(7): 1465-74.  

123. Ou TM, Lin J and Lu YJ: Inhibition of cell proliferation by 

quindoline derivative (SYUIQ-05) through its preferential 

interaction with c-myc promoter G-quadruplex. J Med 

Chem 2011; 54(16): 5671-79.  

124. Efferth T, Fu Y and Zu Y: Molecular target-guided tumor 

therapy with natural products derived from traditional 

Chinese medicine. Cur Med Chem 2007; 14(19): 2024-32.  



Tyagi et al., IJPSR, 2021; Vol. 12(1): 22-43.                                                  E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                                  42 

125. Lee HM, Chan DSH and Yang F: Identification of natural 

product Fonsecin B as a stabilizing ligand of c-myc G-

quadruplex DNA by high-throughput virtual screening. 

Chem Commun 2010; 46(26): 4680-82.  

126. Shin-ya K, Wierzba K and Matsuo K: Telomestatin, a 

novel telomerase inhibitor from Streptomyces anulatus. J 

Am Chem Soc 2001; 123(6): 1262-63.  

127. Liu Y, Zheng B and Xu X: Probing the binding affinity of 

small-molecule natural products to the G-quadruplex in C-

myc oncogene by electrospray ionization mass spectro-

metry. Rapid Comm Mass Spect 2010; 24(20): 3072-75.  

128. Maiti M and Kumar GS: Protoberberine alkaloids: 

physicochemical and nucleic acid binding properties. Top 

Heterocycle Chem 2007; 10: 155-209.  

129. Ji X, Sun H and Zhou H: The interaction of telomeric 

DNA and c-Myc22 G-quadruplex with 11 natural 

alkaloids. Nucleic Acid Therapeutics 2012; 22(2): 127-36.  

130. Zhang WJ, Ou TM and Lu YJ: 9-Substituted berberine 

derivatives as G-quadruplex stabilizing ligands in 

telomeric DNA. Bioorg Med Chem 2007; 15(16): 5493-

501.  

131. Ma Y, Ou TM and Hou JQ: 9-N-Substituted berberine 

derivatives: stabiliza-tion of G-quadruplex DNA and 

down-regulation of oncogene c-myc. Bioorg Med Chem 

2008; 16(16): 7582-91.  

132. Vy Thi Le T, Han S and Chae J: G-Quadruplex binding 

ligands: from natu-rally occurring to rationally designed 

molecules. Curr Pharm Des 2012; 18(14): 1948-72.  

133. Ou T, Lu Y and Tan J: G-Quadruplexes: targets in 

anticancer drug design. Chem Med Chem 2008; 3(5): 690-

713.  

134. Monchaud D and Teulade-Fichou MP: A hitchhiker’s 

guide to G-quadruplex ligands. Org Biomol Chem 2008; 

6(4): 627-36.  

135. Ho YP, Au-Yeung SCF and To KKW: Platinum-based 

anticancer agents: innova-tive design strategies and 

biological perspectives. Med Res Rev 2003; 23(5): 633-55.  

136. Kostova I: Platinum complexes as anticancer agents. 

Recent Pat Antican Drug Discov 2006; 1(1): 1-22.  

137. Georgiades SN, Abd Karim NH and Suntharalingam K: 

Interaction of metal complexes with G-quadruplex DNA. 

Angew Chem Int Ed 2010; 49(24): 4020-34.  

138. Zhang J, Zhang F and Li H: Recent progress and future 

potential for metal complexes as anticancer drugs targeting 

G-quadruplex DNA. Cur Med Che 2012; 19(18): 2957-75.  

139. Wang J, Lu K and Xuan S: Pt (II)-Dip complex stabilizes 

parallel c-myc G-Quadruplexes. Chem Commun 2013; 49: 

4758-60.  

140. Wu P, Ma DL, Leung CH and Yan SC: Stabilization of G-

Quadruplex DNA with Platinum(II) schiff base complexes: 

luminescent probe and down-regulation of c-myc 

oncogene expression. Chem Eur J 2009; 15(47): 13008-21.  

141. Maita S, Chaudhury NK and Chowdhury S: Hoechst 

33258 binds to G-quadruplex in the promoter region of 

human c-myc. Biochem Biophys Res Commun 2003; 

310(2): 505-12.  

142. Dash J, Shirude PS and Hsu STD: Diarylethynyl amides 

that recognize the parallel conformation of genomic 

promoter DNA G-Quadruplexes. J Am Chem Soc 2008; 

130(47): 15950-56.  

143. Chen Q, Kuntz ID and Shafer RH: Spectroscopic 

recognition of guanine dimeric hairpin quadruplexes by a 

carbocyanine dye. PNAS 1996; 93(7): 2635-39.  

144. Cheng JY, Lin SH and Chang TC: Vibrational 

investigation of DODC cation for recognition of guanine 

dimeric hairpin quadruplex studied by satellite holes. J 

Phys Chem B 1998; 102(28): 5542-46.  

145. White EW, Tanious F and Ismail MA: Structure-specific 

recognition of quadruplex DNA by organic cations: 

Influence of shape, substituents and charge. Biophys Chem 

2007; 126(1): 140-53.  

146. Ma DL, Chan DSH and Fu WC: Discovery of a natural 

product-like c-myc G-quadruplex DNA groove-binder by 

molecular docking. PloS One 2012; 7(8): e43278.  

147. Lemarteleur T, Gomez D and Paterski R: Stabilization of 

the c-myc gene promoter quadruplex by specific ligands’ 

inhibitors of telomerase. Biochemical and Biophysical 

Research Communications 2004; 323(3): 802-08.  

148. Wheelhouse RT, Sun D, Han H, Han FX and Hurley LH: 

Cationic porphyrins as telomerase inhibitors: the 

interaction of tetra-(N-methyl-4-pyridyl)porphine with 

quadruplex DNA. J Am Chem Soc1998; 120: 3261-62. 

149. Izbicka E, Nishioka D and Marcell V: Telomere-

interactive agents affect proliferation rates and induce 

chromosomal destabilization in sea urchin embryos. Anti-

Cancer Drug Des 1999; 14(4): 355-65. 

150. Han H, Rangan A and Hurley LH: Selective interaction of 

cationic porphyrins with different types of G-quadruplex 

structures. Clin Cancer Res 1999; 5: 3852S-3852S. 

151. Siddiqui-Jain A, Grand CL, Bearss DJ and Hurley LH: 

Direct evidence for a G-quadruplex in a promoter region 

and its targeting with a small molecule to repress c-MYC 

transcription. PNAS 2002; 99(18): 11593-598 

152. Grand CL, Han H and Munoz RM: The cationic porphyrin 

TMPYP4 down-regulates c-myc and human telomerase 

reverse transcriptase expression and inhibits tumor growth 

in-vivo. Mol Cancer Ther 2002; 1(8): 565-73. 

153. Guliaev AB and Leontis NB: Cationic 5,10,15,20-tetrakis 

(N-methylpyridinium-4-yl)porphyrin fully intercalates at 

5′-CG-3′ steps of duplex DNA in solution. Biochemistry 

1999; 38(47): 15425-37.  

154. Uno T, Hamasaki K, Tanigawa M and Shimabayashi S: 

Binding of meso tetrakis(Nmethylpyridinium- 4-yl) 

porphyrin to double helical RNA and DNA–RNA hybrids. 

Inorg Chem 1997; 36(8): 1676-83. 

155. Lee YA, Kim JO, Cho TS, Song R and Kim SK: Binding 

of meso-tetrakis(N-methylpyridium-4-yl) porphyrin to 

triplex oligonucleotides: evidence for the porphyrin 

stacking in the major groove. J Am Chem Soc 2003; 

125(27): 8106-07. 

156. Dixon IM, Lopez F and Tejera AM: A G-quadruplex 

ligand with 10000-fold selectivity over duplexDNA. J Am 

Chem Soc 2007; 129(6): 1502-03. 

157. Lemarteleur T, Gomez D, Paterski R, Mandine E, Mailliet 

P and Riou JF: Stabilization of the c-myc gene promoter 

quadruplex by specific ligands’ inhibitors of telomerase. 

Biochem Biophys Res Comm 2004; 323(3): 802-08.  

158. Pennarun G, Granotier C, Gauthier LR, Gomez D and 

Boussin FD: Apoptosis related to telomere instability and 

cell cycle alterations in human glioma cells treated by new 

highly selective Gquadruplex ligands. Oncogene 2005; 

24(18): 2917-28. 

159. De Cian A and Mergny JL: Quadruplex ligands may act as 

molecular chaperones for tetramolecular quadruplex 

formation. Nucl Acids Res 2007; 35(8): 2483-93.  

160. Ginisty H, Sicard H, Roger B and Bouvet P: Structure and 

functions of nucleolin. J Cell Sci 1999; 112: 761-72. 

161. Angelov, D, Bondarenko, V.A, Almagro, S, Menoni, H, 

Mongelard, F, Hans, F, Mietton, F, Studitsky, V.M, 

Hamiche, A and Dimitrov, S: Nucleolin is a histone 

chaperone with FACT like activity and assists remodeling 

of nucleosomes. EMBO J 2006; 25: 1669-79. 

162. Grinstein E, Du Y, Santourlidis S, Christ J, Uhrberg M and 

Wernet P: Nucleolin regulates gene expression in CD34-



Tyagi et al., IJPSR, 2021; Vol. 12(1): 22-43.                                                  E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                                  43 

positive hematopoietic cells. J Biol Chem 2007; 282: 

12439-49. 

163. Hanakahi LA, Sun H and Maizels N: High-affinity 

interactions of nucleolin with G-G-paired rDNA. J Biol 

Chem 1999; 274: 15908-912. 

164. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da 

Costa LT, Morin PJ, Vogelstein B and Kinzler KW: 

Identification of c-MYC as a target of the APC pathway. 

Science 1998; 281: 1509-12. 

165. Dempsey LA, Sun H, Hanakahi LA and Maizels N: G4 

DNA binding by LR1 and its subunits, nucleolin and 

hnRNP D, A role for G-G pairing in immunoglobulin 

switch recombination. Journal Biol Chem 1999; 274: 

1066-71. 

166. Cogoi S, Paramasivam M, Membrino A, Yokoyama KK 

and Xodo LE: The KRAS promoter responds to myc-

associated zinc finger and poly(ADP-ribose) polymerase 1 

proteins, which recognize a critical quadruplex-forming 

GA-element. J Biol Chem 2010; 285: 22003-16. 

167. Gallo A, lo Sterzo C, Mori M, di Matteo A, Bertini I, 

Banci L, Brunori M and Federici L: Structure of 

nucleophosmin DNA-binding domain and analysis of its 

complex with a G-quadruplex sequence from the c-MYC 

promoter. J Biol Chem 2012; 287: 26539-48. 

168. Scognamiglio PL, di Natale C, Leone M, Poletto M, 

Vitagliano L, Tell G and Marasco D: G-quadruplex DNA 

recognition by nucleophosmin: New insights from protein 

dissection. Biochim. Biophys Acta 2014; 1840: 2050-205. 

 

 

 

 

All © 2013 are reserved by the International Journal of Pharmaceutical Sciences and Research. This Journal licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License. 

This article can be downloaded to Android OS based mobile. Scan QR Code using Code/Bar Scanner from your mobile. (Scanners are available on Google 

Playstore) 

How to cite this article: 

Tyagi S, Saxena S, Kundu N, Sharma T and Kaur S: G-quadruplex motifs in c myc promoter region and the role of various small molecule 

ligands/proteins in stabilizing this promoter region. Int J Pharm Sci & Res 2021; 12(1): 22-43. doi: 10.13040/IJPSR.0975-8232.12(1).22-43. 

 


