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INTRODUCTION
The earliest research in the antineoplastic drug discovery was related to 
suppressing the synthesis and function of DNA. Today, a variety of other 
targets is under intensive investigation and they will provide oncologist 
with significant new approaches of therapy. Some of these approaches 
are inhibition of protease involved in metastasis, angiogenesis inhibitors, 
antisense technology, and G-quadruplexes.
G-quadruplexes are generally formed in DNA and RNA sequences contain-
ing repeated G-G-G-G called as G-tetrad. G-quadruplexes formed from 
planar stacking of hoogsteen bonded G-tetrads (1, 2) folded from a single 
G-rich sequence by intra- or inter-molecular association of 2 to 4 separate 
strands (3, 4). The core of G-quadruplexes are formed by the stacking of 
several G-tetrads and joined together by sugar phosphate backbone. The 
binding energy for this process arises from three main factors: hydrogen 
bonding between the guanines in a plane, π - π interaction between the 
guanines in adjacent planes and charge – charge interaction between 
partially negative oxygen of guanines and cations that typically sit in the 
octahedral position between the stacks (5-7). The monovalent cations 
such as K+ and Na+ at a physiological temperature and pH stabilize 

G-quadruplex by coordinating the carbonyl group of guanine at the center 
of G-tetrad core (5, 8). 
It has been estimated that there are more than 376,000 potential qua-
druplex sequences found in number of important biological processes 
(9). Intramolecular G-quadruplexes formed by single-stranded DNA are 
currently under intensive research due to their potential formation in 
telomeres and promoter sequences (10, 11). The present review reports 
the G-quadruplexes formed in human telomeres and proto-oncogenes. 

Telomere and telomerase
A simple, repeated DNA sequence of TTAGGG is found at the end of a linear 
chromosome called as the telomere. This DNA sequence caps the end of lin-
ear chromosomes (12). As DNA polymerase-α is not capable of completing 
the replication at the end of chromosomes so, telomerase acts by synthesiz-
ing and adding telomeric repeats to the end of chromosomes. Telomerase 
was discovered in 1985, through the ingenuity of Grieder and Blackburn (13, 
14). In 1994, it was discovered that cancer cells require telomerase for sur-
vival. In somatic cell, telomeres are progressively shorten with 20-200 base 
pairs per cell division during each replication cycle. This erosion of telomeric 
DNA observed both in vivo and in primary cell culture, (15-17) continuing up 
to a critical length of 8-10 kilobase pairs (18, 19). After reaching this crucial 
point, which is also known as the first mortality stage (M1), most of the 
cells go into senescence, i.e. exit from cell cycle. A mutation in the tumor 
suppressor gene P53 and/or the retinoblastoma protein (PRb) enables the 
cell to bypass M1 leading to the phase of extended life span (20, 21). At this 
stage, chromosomal instability continues until a second mortality stage (M2) 
or crisis has reached (22). In crisis average telomere lengths are 3-4Kb. The 
escape from the crisis is accomplished in two ways, either by reactivation of 
telomerase or by activation of telomerase restoration mechanism. This cel-
lular immortalization is a potentially rate-limiting step in carcinogenesis that is 
important for the continuing evolution of most advanced cancers (Figure 1) 
(15, 20). This finding supports that telomere erosion is an important signal 
for the aging of the cell leading to the induction of cellular senescence and 
cell death (12).
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Figure 1. Process of immortalization for cancer cells by senescence and crisis [19, 20].
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Human telomerase 
Human telomere consists of tandem repeats of six nucleotides TTAGGG 
which are repeated for 5-25 kilobase pairs, 5’-3’ towards the chromo-
some end (12). Mammalian telomerase is riboprotein consisting of 
the catalytic protein subunit, the protein component, and integral RNA 
component. The RNA component of human telomerase is about 445 
nucleotides in length, which acts as a template for the synthesis of telo-
meric repeats (23). The protein domain (hTERT), homologous to reverse 
transcriptase (24-29), catalyses nucleotide polymerization (30, 31).

Role of telomerase in cancer progression
Telomerase activity is absent in normal cells, but is detected in more 
than 85% of cancer cells (32, 33). This observation implies a role of 
telomerase in cancer progression. Telomerase is necessary for sustained 
cell proliferation that characterizes the cancer (34-38). This is supported 
by the observation that early stage neuroblastomas have low telomerase 
activity (39). Other studies have suggested that telomerase activity is 
correlated with pathological stage (40, 41) or tumor aggressiveness (42). 
Thus, the lack of telomerase limits the growth of rapidly proliferating cells 
while the increase in telomerase permits indefinite proliferations. The end 
sequence of the telomere is guanines rich and is called as a G - tail. This 
G-tail is conserved feature of telomere and is essential for telomerase 
function (43-47). Due to the high concentration of guanines in G-tail, 
telomeres are able to form stable G-quadruplex structures as shown in 
Figure 2 (48). The G-quadruplexes are a secondary structures of DNA 
and affects telomerase function (49). These alternative structures are an 
obstacle for both semi-conservative and telomerase mediated replication 
and must be resolved prior to these events (48). Molecules that promote 
and stabilize the formation of G-quadruplexes could potentially block the 
action of telomerase on telomeres (50, 51).

C-myc
The c-myc gene is present on human chromosome 8q24. It is expressed 
in normal cell by external signals such as growth factor and extracel-
lular matrix contacts. An abnormal expression of c-myc in primary cells 
activates a protective pathway through induction of p19/p14ARF and 
a p53 dependent cell death pathway. Thus, normal cells, which over 
express c-myc are eliminated through apoptosis. Activation of c-myc 
gene, contribute to the development of human cancer. C-myc promotes 
cell proliferation and genomic instability by accelerating cells through G1 
and S phase of the cell cycle. C-myc activates the telomerase hTERT 
which leads to the immortalization of cells (52). Over expression of c-myc 
proto-oncogene is associated with a broad spectrum of human cancers, 
including colon, breast, prostate, cervical and lung carcinomas, osteo-
sarcoma, lymphomas and leukemias (53-61). C-myc over expression 
can be caused by different mechanism, including gene amplification, (62, 
63) translocation (64-66), and simple up regulation of transcription(53, 
67). The G-rich strand of the c-myc NHE III, is 27-nt long segment 
(mycPu27) comprised of five consecutive runs of guanines (68). The 
c-myc region between -142 and -115 from the P1 promoter controls 
80-90% of transcription and harbor a polypurine-polypyrimidine motifs 
that extrudes a G-quadruplex structure involved in transcription regulation 

(69). The major G-quadruplex in c-myc promoter is myc-2345 (Figure 
2) having four loop isomers (68, 70). As the G-quadruplex is associated 
with polypurine-polypuridine tracts, it is important element as an on/off 
switch in regulatory regions of DNA (71). This inherently quite different 
molecular reorganization properties associated with duplex DNA makes it 
an attractive molecular target for the design of small molecules to selec-
tively interfere with oncogenes expression (72, 73).

C-myb
The c-myb is a proto-oncogene, which encodes a critical transcription 
factor for proliferation, differentiation and survival of hematopoietic pro-
genitor cells (74). The c-myb is over expressed in many leukemias and 
some solid tumors. It plays a critical role in leukemogenesis in maintain-
ing cells in proliferative state and prevents terminal differentiation (75, 
76). The c-myb promoter contains a purines rich region with 3 copies 
of 4 GGA repeats, (3 [GGA] 4), located 17 base pairs downstream of 
the transcription initiation site on bottom strand. The c-myb promoter 
can form an unusual secondary structure related to guanine tetrad (T) 
stacked onto guanine habitat (H) (77, 78). This unique quadruplex 
was the first G-quadruplex structure with pseudo-double chain reversal 
loop. DNA sequence with the two adjacent (GCA) 4 units can form a 
very stable higher ordered structure by intramolecular stacking to two 
T: H G-quadruplexes on the heptad plane resulting in T: H: H: T DNA 
structure (Figure 2) (79, 80). The relative orientation of DNA strands in 
G-quadruplexes were deduced by CD spectroscopy (81). The GGA repeat 
in gene promoter was the critical transcriptional activator binding site 
essential for c-myb promoter activity (82, 83). This specifies that a GGA 

Figure 2. Schematic structures of G-quadruplexes. (i) Tetrameric parallel-stranded G-quadruplex observed for the single-
repeat human telomeric sequences TTAGGG and TTAGGGT in K+ solution. (ii) Dimeric parallel-stranded G-quadruplex 
observed for the two-repeat human telomeric sequence TAGGGTTAGGGT in K+ solution. (iii) Dimeric antiparallel 
stranded G-Quadruplex observed for two-repeat human telomeric sequence TAGGGTTAGGGT in K+ solution. (iv) 
Schematic drawing of the folding topology of the major c-myc G-quadruplex in K+ solution. (v) c-myb (GGA)4 forms 
a T:H and two T:Hs, intermolecularly dimerize to form a T:H:H:T G-quadruplex. (vi) The folding topology G-quadruplex 
for c-KIT 1 sequence d(5′-AGGGAGGGCGCTGGGAGGAGGG-3′) between −87 and −109 base pairs upstream from the 
transcription start site of the human c-kit gene (3,45,65,67,76-77,89,91).
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repeat region have to be available for transcriptional activators to bind 
to the promoter. G-quadruplex formation, stabilized by small molecules, 
could also markedly inhibit c-myb expression, making the region unavail-
able for transcriptional factor binding (84, 85).

C-kit
The C-kit is a type-3 receptor tyrosine kinase, which is characterized 
by five extra cellular immunoglobin like domain and an intracellular split 
tyrosine kinase domain (86, 87). The c-kit proto-oncogene encodes a 
tyrosine kinase receptor for the growth promoting cytokine stem cell 
factor (SCF), which plays an important role in the control of differentia-
tion (88, 89). The c-kit protein plays a role in oncogenic transformation 
of certain cell types and are found in several highly malignant human 
cancers such as gastrointestinal stromal tumors (GIST), in which majority 
of the GIST cell contains activating mutations in c-kit (90, 91). The c-kit 
promoter has two non-overlapping quadruplex motifs (4, 92, 93). A 22 
base g-rich sequence between -87 and -109 base pairs upstream from 
the transcription site of human c-kit gene, has been shown to fold into a 
quadruplex as in fig. 2 (c-kit-1) (4, 92, 94). A second g-rich sequence is 
situated -140 to -160 base pairs upstream from the transcription start site 
represented in fig. 3 (c-kit 2). The formation of G-quadruplexes at both 
sites was demonstrated by H-NMR, CD, and UV spectroscopy (90, 93).

KRAS
The KRAS gene is located in chromosome 12, and encodes for a 
21kDa protein, p21RAS, which is anchored to the inner surface of the 
plasma membrane and act as molecular switch (95). The endogenous 

expression of an oncogenic KRAS allele in the mouse pancreas initiates 
the development of pancreatic ductal adenocarcinoma (95). Strategies 
aiming suppression of KRAS expression (96) or activation of RAS protein 
(97) have been proposed. Polypurine-polypyrimidine motifs are simple 
repeats distributed through the eukaryotic genome (98). These motifs are 
located in the KRAS promoter between -327 and -296 in human, -318 
and -290 in mouse (99, 100). The anti KRAS activity of the endogenous 
TFO correlates with its ability to assume a G-quadruplex that recognized a 
nucleus protein binding to the NHPPE duplex (96, 101). The purine strand 
of NHPPE, located in the proximal promoter sequence of KRAS is able to 
form G-quadruplex (Figure 3) (69). The transfection experiments showed 
that the stabilization of the KRAS G-quadruplex with cationic porphyrin 
TMPyP4 results in a strong inhibition of KRAS transcription (69). The 
quadruplexes formed in the mouse and human promoter is characterized 
through electrophoretic mobility shift assay (EMSA), circular dichroism 
(CD), chemical probing with DMS/piperidine and polymerase stop assays 
(69).

Neuroblastoma RAS viral oncogene homolog (NRAS)
The neuroblastoma RAS viral oncogene homolog (NRAS) encoded protein 
p21 mediate both signal transduction across the cell membrane and the 
intracellular signaling pathway responsible for cell proliferation and dif-
ferentiation (102). A mutation in the coding region of NRAS is responsible 
for increased cell proliferation (103). The G-quadruplex forming sequence 
in the 5’ UTR of the human NRAS proto-oncogene mRNA was found 
(104). It is 254 nucleotides long NRAS 5’ UTR containing NRAS RNA 
G-quadruplex (NRQ) motif, located 14 nucleotides downstream of the 5’ 
cap and 222 nucleotide upstream of the translocation start site (105). The 
configuration of RNA quadruplex NRQ folds into stable quadruplex was 
done by CD spectroscopy (104). Therefore, inhibition of the expression 
of oncogenic NRAS can be one of the potential therapeutic strategies.

Vascular endothelial growth factor (VEGF)
The proximal promoter region of the human vascular endothelial growth 
factor (VEGF) gene contains a polypurine /polypyrimidine tract that 
serves as multiple binding sites for Sp1 and Egr 1 transcription factor. 
This tract contains a guanines rich sequence consisting of 4 runs of 
three or more contiguous guanines separated by one or more bases 
(106-108) corresponding to be general motifs for the formation of inter-
molecular G-quadruplex. Starving tumor cells can become angiogenic 
by gaining the ability to direct the formation of new blood vessels for 
their survival (109, 110). The angiogenic switch in cancer cell is often 
initiated by increased expression of vascular endothelial growth factor 
(VEGF). The VEGF is pluripotent cytokinine and angiogenic growth fac-
tor consisting two identical subunits that bind to VEGF receptor on the 
surface of endothelial cells (111). The interaction of VEGF with receptor 
stimulates the proliferation, migration, survival, and permeability of 
endothelial cells, resulting in the formation of new blood vessels (112). 
The human VEGF promoter region contains binding sites for several 
transcriptional factors such as HIF-1, AP-1, AP-2, Egr-1, SP1 and many 
others (113, 114). It is revealed that the proximal 36 base pair region is 
essential for inducible VEGF promoter activity in several human cancer 

Figure 3. Schematic structures of G-quadruplexes. (i) Parallel quadruplex c-kit 2 sequence, d (5′- CGGGCGGGCGCGAGGGAGGGG-3′), 
situated −140 to −160 base pairs upstream from the transcription start site. (ii) The KRAS G-quadruplex structure based on DMS 
footprinting, CD, electrophoretic mobility, and polymerase stop assays. (iii) Schematic drawing of the folding topology of the bcl2 
quadruplex sequence containing the middle four consecutive runs of guanines, which forms the most stable G-quadruplex structure. 
(iv) Representation of the Rb quadruplex structure adopted by d (CGGGGGGTTTTGGGCGGC) (66, 87, 90, 129, 123,)
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cells (113, 114). The polypurine tract of the VEGF promoter consists 
of five runs of at least three contiguous guanines separated by one or 
more bases capable of forming quadruplex structures. The formation of 
the G-quadruplexes from these G-rich sequences in the human VEGF 
promoter were confirmed by NMR, CD spectroscopy, X-ray crystal-
lography (106).

Bcl-2
Bcl-2 is potent oncoprotein that plays an essential role in survival and 
functions as an inhibitor of cell apoptosis (115). It was first discovered 
in human follicular lymphoma (116). Bcl-2 is over expressed in a wide 
range of human tumors, including B-cell and T-cell lymphoma, breast, 
prostate, cervical, colorectal and non-small lung carcinomas (117). The 
p1 promoter located 1386-1423 base pairs upstream of the transloca-
tion site is the major transcriptional promoter for bcl-2 (118). This is GC 
rich promoter located 58 to 19 base pairs upstream of the p1 promoter 
with 39 base pair sequence (118). This GC rich element (bcl2pu39) 
contains six runs of guanines each forming a mixture of these distinct 
intramolecular G-quadruplexes in K+-containing solution (Fig. 3) (119). 
The structure of these major G-quadruplexes was confirmed by NMR and 
biochemical studies (119, 120). These major G-quadruplexes in the bcl-2 
promoter represents an important target for designing of new anticancer 
drug that specifically binds these structures and modulates bcl-2 gene 
expression (120).

The retinoblastoma (Rb) gene
The retinoblastoma (Rb) gene encodes nuclear phosphoproteins, which 
act as a tumor suppressor by affecting the cell cycle. The control of 
this pathway is disturbed in all human cancers (121, 122). Xu et al. 
demonstrated that the regions at the 5’ termini of Rb gene sequence are 
extremely rich in G and C residues (123, 124). The result of their study 
shows that G-strand at the 5’ terminus of Rb gene is capable of forming 
G-quadruplex in vitro and encumbers the progress of DNA polymerase. 
This indicates a possible role for the quadruplex structures in Rb gene 
(Figure 3) (125). 

Conclusion
The biological significance of G-quadruplexes has been recognized by 
numerous research efforts. It appears to be the next great hope in a 
long line of promising targets. With the advancement of x-ray crystal-
lography, CD, and NMR spectroscopy studies, the structure and topology 
of G-quadruplexes have become clearer than before. As there are many 
G-rich regions along chromosomes and some of these are associated 
with the promoter of oncogenes. This provides opportunities to target 
telomeric and oncogene promoter sequences of G-quadruplexes using 
quadruplex binding ligands.

Acknowledgements
We are thankful to Board of College and University Development, University 
of Pune, for grant BCUD/OSD/184. We also thank Mr. Vishvasrao Bhadane 
for proofreading and editing the final version of the text.

Conflict of Interest
We declare no conflicts of interest.

REFERENCES:

  1 Bilsland AE, Cairney CJ, Keith WN. Targeting the telomere and shelterin complex 

for cancer therapy: current views and future perspectives. J Cell Mol Med. 

2011;15(2):179-86.

  2 Lech CJ, Heddi B, Phan AT. Guanine base stacking in G-quadruplex nucleic acids. 

Nucleic Acids Res. 2012;41(3):2034–46.

  3 Huppert JL. Four-stranded nucleic acids: structure, function and targeting of 

G-quadruplexes. Chem Soc Rev. 2008;37(7):1375-84.

  4 Burge S, Parkinson GN, Hazel P, Todd AK, Neidle S. Quadruplex DNA: sequence, 

topology and structure. Nucleic Acids Res. 2006;34(19):5402-15.

  5 Phan AT. Human telomeric G-quadruplex: structures of DNA and RNA sequences. 

FEBS J. 2010;277(5):1107-17.

  6 Huppert JL. Structure, location and interactions of G-quadruplexes. FEBS J. 

2010;277(17):3452-8.

  7 Gros J, Rosu F, Amrane S, De Cian A, Gabelica V, Lacroix L, et al. Guanines are a 

quartet's best friend: impact of base substitutions on the kinetics and stability of 

tetramolecular quadruplexes. Nucleic Acids Res. 2007;35(9):3064-75.

  8 Wu Y, Brosh RMJ. G-quadruplex nucleic acids and human disease. FEBS J. 

2010;277(17):3470-88.

  9 Oganesian L, Bryan TM. Physological relevance of telomeric G-quadruplex forma-

tion: a potential drug target. BioEssays. 2007;29:155-65.

 10 Eddy J, Maizels N. Gene function correlates with potential for G4 DNA formation 

in the human genome. Nucleic Acids Res. 2006;34(14):3887-96.

 11 Huppert JL, Balasubramanian S. Prevalence of quadruplexes in the human 

genome. Nucleic Acids Res. 2005;33(9):2908-16.

 12 Rezler EM, Bearss DJ, Hurley LH. Telomeres and telomereses as drug targets. 

Curr Opin Pharmacol. 2002;2(4):415–23.

 13 Holt SE. Is telomerase the cure-all and end-all? Drug Discov Today. 2002;7(5):288.

 14 Greider CW, Blackburn EH. Identification of a specific telomere terminal transfer-

ase activity in Tetrahymena extracts. Cell. 1985;43(2 Pt 1):405-13.

 15 Helder MN, Jong S, Vries EG, Zee AG. Telomerase targeting in cancer treatment: 

new developments. Drug Resist Updat. 1999;2(2):104-15.

 16 Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of human 

fibroblasts. Nature. 1990;345(6274):458-60.

 17 Hastie ND, Dempster M, Dunlop MG, Thompson AM, Green DK, Allshire RC. 

Telomere reduction in human colorectal carcinoma and with ageing. Nature. 

1990;346(6287):866-8.

 18 Blackburn EH. Structure and function of telomeres. Nature. 1991;350(6319):569-73.

 19 Counter CM, Avilion AA, LeFeuvre CE. Telomere shortening associated with 

chromosome instability is arrested in immortal cells which express telomerase 

activity. EMBO J. 1992;11(5):1921-9.

 20 Shay JW WW. Senescence and immortalization: role of telomeres and telomer-

ase. Carcinogenesis. 2005;26(5):867-74.

 21 Shay JW WW, Werbin H. Defining the molecular mechanisms of human cell 

immortalization. Biochim Biophys Acta. 1991;1072(1):1-7.

 22 Shay JW, Wright WE, Werbin H. Defining the molecular mechanism of human cell 

immortalization. Biochim Biophys Acta. 1991;1072:1–7.

 23 Nugent CI, Lundblad V. The telomerase reverse transcriptase: components and 

regulation. Genes & Development. 1998;12(8):1073-85.



122

Review articles

www.onk.ns.ac.rs/Archive Vol 21, No. 3-4, December 2013

 24 Nakamura TM, Morin GB, Chapman KB, Weinrich SL, Andrews WH, Lingner 

J, et al. Telomerase catalytic subunit homologs from fission yeast and human. 

Science. 1997;277(5328):955-9.

 25 Meyerson M, Counter CM, Eaton EN, Ellisen LW, Steiner P, Caddle SD, et al. 

hEST2, the putative human telomerase catalytic subunit gene, is up-regulated in 

tumor cells and during immortalization. Cell. 1997;90(4):785-95.

 26 Harrington L, Zhou W, McPhail T, Oulton R, Yeung DS, Mar V, et al. Human telom-

erase contains evolutionary conserved catalytic and structural subunits. Genes & 

Development. 1997;11(23):3109-15.

 27 Nakamura TM, Cech TR. Reversing time, the origine of telomerase. Cell. 

1998;92(5):587-90.

 28 Lundblad V. Telomerase catalysis: a phylogenetically conserved reverse transcrip-

tase. Proc Natl Acad Sci USA. 1998;95(15):8415-6.

 29 Bryan TM, Sperger JM, Chapman KB, Cech TR. Telomerase reverse transcriptase 

genes identified in Tetrahymena thermophila and Oxytricha trifallax. Proc Natl 

Acad Sci USA. 1998;95(15):8479-84.

 30 Pitts AE, Corey DR. The telomerase challenge - an unusual problem in drug 

discovery. Drug Discov Today. 1999;4(4):155-61.

 31 Feng J, Funk WD, Wang SS, Weinrich SL, Avilion AA, Chiu CP, et al. The RNA 

component of human telomerase. Science. 1995;269(5228):1236-41.

 32 Beattie TL, Zhou W, Robinson MO, Harrington L. Reconstitution of human telom-

erase activity in vitro. Curr Biol. 1998;8(3):177-80.

 33 Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL, et al. Specific 

association of human telomerase activity with immortal cells and cancer. Science. 

1994;266(5193):2011-5.

 34 Holt SE, Shay JW, Wright WE. Refining the telomerase-telomerase hypothesis of 

aging and cancer. Nature Biotechnol. 1996;14(7):836-9.

 35 Kim NW. Clinical implications of telomerase in cancer. Eur J Cancer. 

1997;33(5):781-6.

 36 Hamilton SE, Corey DR. Telomerase: anti-cancer target or just a fascinating 

enzyme? Chem Biol. 1996;3(11):863-7.

 37 Greider CW. Telomerase activity, cell proliferation, and cancer. Proc Natl Acad Sci 

USA. 1998;95(1):90-2.

 38 Shay JW. Telomerase in cancer: diagnostic, prognostic, and therapeutic implica-

tions. Cancer J Sci Am. 1998;4 Suppl 1:S26-34.

 39 Hiyama E, Hiyama K, Yokoyama T, Matsuura Y, Piatyszek MA, Shay JW. 

Correlating telomerase activity levels with human neuroblastoma outcomes. Nat 

Med. 1995;1(3):249-55.

 40 Albanell J, Lonardo F, Rusch V, Engelhardt M, Langenfeld J, Han W, et al. 

High telomerase activity in primary lung cancers: association with increased 

cell proliferation rates and advanced pathologic stage. J Natl Cancer Inst. 

1997;89(21):1609-15.

 41 Tahara H, Kuniyasu H, Yokozaki H, Yasui W, Shay JW, Ide T, et al. Telomerase 

activity in preneoplastic and neoplastic gastric and colorectal lesions. Clin Cancer 

Res. 1995;1(11):1245-51.

 42 Ohyashiki JH, Ohyashiki K, Iwama H, Hayashi S, Toyama K, Shay JW. Clinical 

implication of telomerase activity levels in acute leukemia. Clin Cancer Res. 

1997;3(4):619-25.

 43 Cech TR. Beginning to understand the end of the chromosome. Cell. 

2004;116(2):273-9.

 44 Chan SW, Blackburn EH. Telomerase and ATM/Tel1p protect telomeres from 

nonhomologous end joining. Mol Cell. 2003;11(5):1379-87.

 45 de Lange T. Shelterin: the protein complex that shapes and safeguards human 

telomeres. Genes & Development. 2005;19(18):2100–10.

 46 Dionne I, Wellinger RJ. Cell cycle-regulated generation of singlestranded G-rich DNA 

in the absence of telomerase. Proc Natl Acad Sci USA. 1996;93(24):13902–7.

 47 Wellinger RJ, Sen D. The DNA structures at the ends of eukaryotic chromosomes. 

Eur J Cancer. 1997;33(5):735-49.

 48 Paeschke K, McDonald KR, Zakian VA. Telomeres: structures in need of unwind-

ing. FEBS Lett. 2010;584(17):3760-72.

 49 Fry M. Tetraplex DNA and its interacting proteins. Front Biosci. 2007;12:4336-51.

 50 Neidle S, Parkinson G. Telomere maintenance as a target for anticancer drug 

discovery. Nature Reviews Drug Discovery. 2002;1(5):383-93.

 51 Cuesta J, Read MA, Neidle S. The design of G-quadruplex ligands as telomerase 

inhibitors. Mini Reviews in Medicinal Chemistry. 2003;3(1):11-21.

 52 Gardner LB, Lee LA, Dang CV. c-Myc protooncogene. In: J B, editor. Encyclopedia 

of cancer. 2 ed. San Diego (CA): Academic Press; 2002. p. 555–61.

 53 Spencer CA, Groudine M. Control of c-myc regulation in normal and neoplastic 

cells. Adv Cancer Res. 1991;56:1-48.

 54 Magrath I. The pathogenesis of Burkitt's lymphoma. Adv Cancer Res. 

1990;55:133-270.

 55 Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer. Cell. 

1996;87(2):159-70.

 56 Berns E, Klijn JGM, Vanputten WLJ, Vanstaveren IL, Portengen H, Foekens JA. 

c-Myc Amplification Is a Better Prognostic Factor Than Her2/Neu Amplification in 

Primary Breast- Cancer. Cancer Res. 1992;52:1107–13.

 57 Pertschuk LP, Feldman JG KD, Nayeri K, Eisenberg KB, Carter AC, Thelmo WT, 

Rhong ZT, Benn P, Grossman A. Steroid-Hormone Receptor Immunohistochemistry 

and Amplification of CMyc Protooncogene - Relationship to Disease-Free Survival 

in Breast-Cancer. Cancer. 1993;71(1):162–71.

 58 Nupponen NN, Kakkola L, Koivisto P, Visakorpi T. Genetic alterations in hormone-

refractory recurrent prostate carcinomas. Am J Pathol. 1998;153(1):141-8.

 59 Dang CV. c-Myc target genes involved in cell growth, apoptosis, and metabolism. 

Mol Cell Biol. 1999;19(1):1-11.

 60 Nesbit CE, Tersak JM, Prochownik EV. MYC oncogenes and human neoplastic 

disease. Oncogene. 1999;18(19):3004-16.

 61 Schlagbauer-Wadl H, Griffioen M, van Elsas A, Schrier PI, Pustelnik T, Eichler HG, 

et al. Influence of increased c-Myc expression on the growth characteristics of 

human melanoma. J Invest Dermatol. 1999;112(3):332-6.

 62 Freier K, Joos S, Flechtenmacher C, Devens F, Benner A, Bosch FX, et al. Tissue 

microarray analysis reveals site-specific prevalence of oncogene amplifications 

in head and neck squamous cell carcinoma. Cancer Res. 2003;63(6):1179-82.

 63 Harris CP, Lu XY, Narayan G, Singh B, Murty VV, Rao PH. Comprehensive 

molecular cytogenetic characterization of cervical cancer cell lines. Genes, 

Chromosomes & Cancer. 2003;36(3):233-41.

 64 Favera RD, Bregni M, Erikson J, Patterson D, Gallo RC, Croce CM. Human c-myc 

onc gene is located on the region of chromosome 8 that is translocated in Burkitt 

lymphoma cells. Proc Natl Acad Sci USA. 1982;79(24):7824–7.

 65 Taub R, Kirsch I, Morton C, Lenoir G, Swan D, Tronick S, et al. Translocation 

of the C-Myc Gene into the Immunoglobulin Heavy-Chain Locus in Human 

Burkitt-Lymphoma and Murine Plasmacytoma Cells. Proc Natl Acad Sci USA. 

1982;79(24):7837-41.



123

Review articles

www.onk.ns.ac.rs/Archive Vol 21, No. 3-4, December 2013

 66 Nowell P, Finan J, Favera RD, Gallo RC, Arrushdi A, Romanczuk H, et al. Association 

of Amplified Oncogene C-Myc with an Abnormally Banded Chromosome-8 in a 

Human-Leukemia Cell-Line. Nature. 1983;306:494–7.

 67 Marcu KB, Bossone SA, Patel AJ. myc function and regulation. Annu Rev 

Biochem. 1992;61:809-60.

 68 Seenisamy J, Rezler EM, Powell TJ, Tye D, Gokhale V, Joshi CS, et al. The 

dynamic character of the G-quadruplex element in the c-MYC promoter and 

modification by TMPyP4. J Am Chem Soc. 2004;126(28):8702-9.

 69 Cogoi S, Xodo LE. G-quadruplex formation within the promoter of the KRAS proto-

oncogene and its effect on transcription. Nucleic Acids Res. 2006;34(9):2536-49.

 70 Emmanuel Hatzakis KO, and Danzhou Yang. Thermodynamic stability and folding 

kinetics of the major Gquadruplex and its loop-isomers formed in the Nuclease 

Hypersensitive Element in the human c-Myc promoter-Effect of loops and flank-

ing segments on the stability of parallel-stranded intramolecular G-quadruplexes. 

Biochemistry. 2010;49(43):9152–60.

 71 Wells RD. Unusual DNA structures. J Biol Chem. 1988;263(3):1095–8.

 72 Hurley LH. DNA and associated targets for drug design. J Med Chem. 

1989;32(9):2027-33.

 73 Hurley LH. DNA and its associated processes as targets for cancer therapy. Nat 

Rev Cancer. 2002;2(3):188–200.

 74 Oh IH, Reddy EP. The myb gene family in cell growth, differentiation and apopto-

sis. Oncogene. 1999;18(19):3017-33.

 75 Ramsay RG, Thompson MA, Hayman JA, Reid G, Gonda TJ, Whitehead RH. 

Myb expression is higher in malignant human colonic carcinoma and pre-

malignant adenomatous polyps than in normal mucosa. Cell Growth Differ. 

1992;3(10):723–30.

 76 Slamon DJ, Boone TC, Murdock DC, Keith DE, Press MF, Larson RA, et al. Studies 

of the human c-myb gene and its product in human acute leukemias. Science. 

1986;233(4761):347-51.

 77 Matsugami A, Ouhashi K, Kanagawa M, Liu H, Kanagawa S, Uesugi S, et al. New 

quadruplex structure of GGA triplet repeat DNA–an intramolecular quadruplex 

composed of a G:G:G:G tetrad and G(:A):G(:A):G(:A):G heptad, and its dimeriza-

tion. Nucl Acids Res. 2001;1 Suppl:271–2.

 78 Matsugami A, Ouhashi K, Kanagawa M, Liu H, Kanagawa S, Uesugi S, et al. 

An intramolecular quadruplex of (GGA)(4) triplet repeat DNA with a G:G:G:G 

tetrad and a G(:A):G(:A):G(:A):G heptad, and its dimeric interaction. J Mol Biol. 

2001;313(2):255-69.

 79 Matsugami A, Ouhashi K, Ikeda T, Okuizumi T, Sotoya H, Uesugi S, et al. Unique 

quadruplex structures of d(GGA)4 (12-mer) and d(GGA)8 (24-mer)--direct evi-

dence of the formation of non-canonical base pairs and structural comparison. 

Nucl Acids Res Suppl. 2002;2(2):49-50.

 80 Matsugami A, Okuizumi T, Uesugi S, Katahira M. Intramolecular higher order pack-

ing of parallel quadruplexes comprising a G:G:G:G tetrad and a G(:A):G(:A):G(:A):G 

heptad of GGA triplet repeat DNA. J Biol Chem. 2003;278(30):28147-53.

 81 Keniry MA. Quadruplex structures in nucleic acids. Biopolymers. 2000;56(3):123-46.

 82 Chamboredon S, Briggs J, Vial E, Hurault J, Galvagni F, Oliviero S, et al. v-Jun 

downregulates the SPARC target gene by binding to the proximal promoter indi-

rectly through Sp1/3. Oncogene. 2003;22(26):4047–61.

 83 Hafner M, Zimmermann K, Pottgiesser J, Krieg T, Nischt R. A purine-rich sequence 

in the human BM-40 gene promoter region is a prerequisite for maximum tran-

scription. Matrix Biol. 1995;14(9):733-41.

 84 Neidle S, Thurston DE. Chemical approaches to the discovery and development 

of cancer therapies. Nat Rev Cancer. 2005;5(4):285-96.

 85 Dexheimer TS, Sun D, Fry M, Hurley LH. DNA quadruplexes and gene regulation. 

In: Neidle S, Balasubramanian S, editors. Cambridge: RSC Publishing; 2006.

 86 Huppert JL, Balasubramanian S. G-quadruplexes in promoters throughout the 

human genome. Nucleic Acids Res. 2007;35(2):406-13.

 87 McLuckie KI, Waller ZA, Sanders DA, Alves D, Rodriguez R, Dash J, et al. 

G-quadruplex-binding benzo[a]phenoxazines down-regulate c-KIT expression in 

human gastric carcinoma cells. J Am Chem Soc. 2011;133(8):2658-63.

 88 Bejugam M SS, Shirude PS, Rodriguez R, Shahid R, Balasubramanian S. 

Trisubstituted Isoalloxazines as a New Class of G-Quadruplex Binding Ligands: 

Small Molecule Regulation of c-kit Oncogene Expression. J Am Chem Soc. 

2007;129(43):12926–7.

 89 Yarden Y, Kuang WJ, Yang-Feng T, Coussens L, Munemitsu S, Dull TJ, et al. 

Human proto-oncogene c-kit: a new cell surface receptor tyrosine kinase for an 

unidentified ligand. EMBO J. 1987;6(11):3341-51.

 90 Hsu ST, Varnai P, Bugaut A, Reszka AP, Neidle S, Balasubramanian S. A G-Rich 

Sequence within the c-kit Oncogene Promoter Forms a Parallel G-Quadruplex Having 

Asymmetric G-Tetrad Dynamics. J Am Chem Soc. 2009;131(37):13399–409.

 91 Hoeben A, Schoffski P, Debiec-Rychter M. Clinical implications of mutational 

analysis in gastrointestinal stromal tumours. Br J Cancer. 2008;98(4):684-8.

 92 Rankin S, Reszka AP, Huppert J, Zloh M, Parkinson GN, Todd AK, et al. Putative 

DNA quadruplex formation within the human c-kit oncogene. J Am Chem Soc. 

2005;127(30):10584-9.

 93 Fernando H, Reszka AP, Huppert J, Ladame S, Rankin S, Venkitaraman AR, et al. A 

conserved quadruplex motif located in a transcription activation site of the human 

c-kit oncogene. Biochemistry. 2006;45(25):7854-60.

 94 Fegana A, Shirudea PS, Yingb L, Balasubramanian S. Ensemble and single mol-

ecule FRET analysis of the structure and unfolding kinetics of the c-kit promoter 

quadruplexes. Chem Commun (Camb). 2010;46(6):946–8.

 95 Adjei AA. Blocking oncogenic Ras signaling for cancer therapy. J Natl Cancer 

Inst. 2001;93(14):1062-74.

 96 Cogoi S, Quadrifoglio F, Xodo LE. G-rich oligonucleotide inhibits the binding of a 

nuclear protein to the Ki-ras promoter and strongly reduces cell growth in human 

carcinoma pancreatic cells. Biochemistry. 2004;43(9):2512-23.

 97 Sebti SM, Hamilton AD. Farnesyl transferase and geranyl geranyl-transferase I 

inhibitors and cancer therapy: lessons from mechanism and bench-to-bedside 

translational studies. Oncogene. 2000;19(56):6584–93.

 98 Behe MJ. An overabundance of long oligopurine tracts occurs in the genome of 

simple and complex eukaryotes. Nucleic Acids Res. 1995;23(4):689-95.

 99 Jordano J, Perucho M. Chromatin structure of the promoter region of the human 

c-K-ras gene. Nucleic Acids Res. 1986;14(18):7361-78.

100 Hoffman EK, Trusko SP, Murphy M, George DL. An S1 nuclease-sensitive homo-

purine/homopyrimidine domain in the c-Ki-ras promoter interacts with a nuclear 

factor. Proc Natl Acad Sci USA. 1990;87(7):2705-9.

101  Cogoi S, Ballico M, Bonora GM, Xodo LE. Antiproliferative activity of a triplex-

forming oligonucleotide recognizing a Ki-ras polypurine/polypyrimidine motif 

correlates with protein binding. Cancer Gene Therapy. 2004;11(7):465-76.

102  Downward J. Targeting RAS signalling pathways in cancer therapy. Nat Rev 

Cancer. 2003;3(1):11-22.

103  Barbacid M. ras genes. Annu Rev Biochem. 1987;56:779-827.



124

Review articles

www.onk.ns.ac.rs/Archive Vol 21, No. 3-4, December 2013

104 Kumari S, Bugaut A, Huppert JL, Balasubramanian S. An RNA G-quadruplex in the 5' UTR 

of the NRAS proto-oncogene modulates translation. Nat Chem Biol. 2007;3(4):218-21.

105  Hall A, Brown R. Human N-ras: cDNA cloning and gene structure. Nucleic Acids 

Res. 1985;13(14):5255-68.

106  Sun D, Guo K, Rusche JJ, Hurley LH. 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.

107 Keniry MA. Quadruplex structures in nucleic acids. Biopolymers. 2001;56:123–46.

108  Simonsson T. G-quadruplex DNA structures-variations on a theme. Biol Chem. 

2001;382:621–8.

109  Folkman J. Role of angiogenesis in tumor growth and metastasis. Semin Oncol. 

2002;29(6 Suppl 16):15-8.

110  Giordano FJ, Johnson RS. Angiogenesis: the role of the microenvironment in 

flipping the switch. Curr Opin Genet Dev. 2001;11(1):35-40.

111  Goodsell DS. The molecular perspective: VEGF and angiogenesis. Stem Cells. 

2003;21(1):118-9.

112  Jain RK. Tumor angiogenesis and accessibility: role of vascular endothelial growth 

factor. Semin Oncol. 2002;29(6 Suppl 16):3-9.

113  Finkenzeller G, Sparacio A, Technau A, Marme D, Siemeister G. Sp1 recognition 

sites in the proximal promoter of the human vascular endothelial growth factor 

gene are essential for platelet-derived growth factor-induced gene expression. 

Oncogene. 1997;15(6):669-76.

114  Shi Q, Le X, Abbruzzese JL, Peng Z, Qian CN, Tang H, et al. Constitutive Sp1 activi-

ty is essential for differential constitutive expression of vascular endothelial growth 

factor in human pancreatic adenocarcinoma. Cancer Res. 2001;61:4143–54.

115  Borner C. The Bcl-2 protein family: sensors and checkpoints for life-or-death 

decisions. Mol Immunol. 2003;39(11):615-47.

116 Vaux DL, Cory S, Adams JM. Bcl-2 gene promotes haemopoietic cell survival and 

cooperates with c-myc to immortalize pre-B cells. Nature. 1988;335(6189):440-2.

117 Tsujimoto Y, Cossman J, Jaffe E, Croce CM. Involvement of the bcl-2 gene in 

human follicular lymphoma. Science. 1985;228(4706):1440-3.

118  Tsujimoto Y, Gorham J, Cossman J, Jaffe E, Croce CM. The t(14;18) chromosome 

translocations involved in B-cell neoplasms result from mistakes in VDJ joining. 

Science. 1985;229(4720):1390-3.

119 Cleary ML, Smith SD, Sklar J. Cloning and structural analysis of cDNAs for bcl-2 

and a hybrid bcl-2/immunoglobulin transcript resulting from the t(14;18) translo-

cation. Cell. 1986;47(1):19-28.

120  Shahid R, Bugaut A, Balasubramanian S. The BCL-2 5′ Untranslated Region 

Contains an RNA GQuadruplex- Forming Motif That Modulates Protein Expression. 

Biochemistry. 2010;49(38):8300–6.

121  Derbyshire KM, Willetts NS. Mobilization of the nonconjugative plasmid RSF1010: 

a genetic analysis of its origin of transfer. Mol Gen Genet. 1987;206(1):154–60.

122 Nevins JR. The Rb/E2F pathway and cancer. Hum Mol Genet. 2001;10(7):699-703.

123  Friend SH, Bernards R, Rogeli S, Weinberg RA, Rapaport JM, Alberts DM, et al. A 

human DNA segment with properties of the gene that predisposes to retinoblas-

toma and osteosarcoma. Nature. 1986;323:643–6.

124  Bernards R, Shackleford GM, Gerber MR, Horowitz JM, Friend SH, Schartl M, et 

al. Structure and expression of the murine retinoblastoma gene and characteriza-

tion of its encoded protein. Proc Natl Acad Sci USA. 1989;86(17):6474-8.

125  Xu Y, Sugiyama H. Formation of the G-quadruplex and i-motif structures in retino-

blastoma susceptibility genes (Rb). Nucleic Acids Res. 2006;34(3):949-54.


