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ABSTRACT 
 

The activated product of the c-MYC proto-oncogene is one of the strongest known 

activators of carcinogenesis.  It has been estimated that as many as one-seventh of all 

cancer deaths are associated with alterations in the c-MYC gene or its expression [1].  

Therefore, understanding the regulation of c-MYC expression is a key factor in 

understanding carcinogenesis in many histologic classes of malignancy.  The nuclease 

hypersensitive element (NHE) III1 region of the c-MYC promoter has been shown to be 

particularly important in regulating c-MYC expression.  Specifically, the formation of a 

G-quadruplex structure appears to promote repression of c-MYC transcription.  In this 

dissertation, we investigate the role that nucleolin, a critical player in ribosome 

biogenesis and cell stress sensing, plays on the transcriptional regulation of the c-MYC 

promoter through its interaction with the c-MYC G-quadruplex structure.  Our studies 

initiated with the design of a c-MYC G-quadruplex affinity column intended to trap 

potential c-MYC G-quadruplex-binding proteins that were then identified by LC-MS/MS.  

After careful examination of the literature of the list of potential c-MYC G-quadruplex-

binding proteins, we realized that several of the proteins identified had been previously 

reported to interact directly with nucleolin.  Consequently, we chose to focus our studies 

on nucleolin, as it could be a central regulator of the (NHE) III region.  By performing 

chromatin immunoprecipitation in HeLa cells, we found that nucleolin indeed interacts 

with the c-MYC promoter region containing the NHE III1 element.  This binding activity 

was confirmed by both electromobility shift assay and polymerase stop assay.  We 

provide evidence that nucleolin can induce the formation of the c-MYC G-quadruplex 
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structure from single-stranded DNA, both in linear and circular DNA forms. We show 

that upon binding, nucleolin increases the stability of the c-MYC G-quadruplex structure 

leading to repression of c-MYC promoter activity.  We also show that nucleolin binds 

with much higher affinity to G-quadruplex structures with topology similar to that of the 

parallel c-MYC G-quadruplex, such as those found in the VEGF and PDGF-A promoters;  

in comparison to G-quadruplexes found in telomeres or the c-MYB promoter, whose have 

significantly different topology.  Interestingly, we also demonstrate that nucleolin binds 

with higher affinity to the c-MYC G-quadruplex than to its consensus RNA substrate, the 

nucleolin recognition element (NRE).  Furthermore, we show that the C-terminal domain 

of nucleolin is critical for its interaction and stabilization of the c-MYC G-quadruplex 

structure.  Lastly, we show that the binding of nucleolin to the (NHE) III region causes 

repression of c-MYC transcription.  On the basis of these results, we propose that 

nucleolin may play an important role in the transcriptional regulation of c-MYC in vivo 

by inducing the formation of the c-MYC G-quadruplex structure. 
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CHAPTER 1 

 

INTRODUCTION 

1.1 c-MYC and Cancer 

It has been estimated that as many as one-seventh of all cancer deaths in the 

United States (70,000 deaths annually) are associated with alterations in expression of the 

proto-oncogene c-MYC [1].  Alterations in c-MYC expression can arise through a variety 

of mechanisms, including chromosomal translocation [2], gene amplification [3], and 

increased transcription [4-7], as well as a higher rate of translation and enhanced protein 

stability [8-10].  Virtually all Burkitt's lymphomas are affected by c-MYC translocations, 

and c-MYC expression is increased in many types of cancer, including; gynecological 

(90%),  colon (70%),  prostate (65%),  liver (50%), breast (40%), melanoma (40%), 

medulloblastomas (40%), and small cell lung cancers (33%) [11, 12]. Although 

translocations can lead to constitutive expression, c-MYC is most commonly deregulated 

indirectly through alterations in upstream cell signaling pathways that lead to an increase 

in c-MYC transcription [13].  

In normal cells, c-MYC functions as a biological sensor whose expression is 

altered in response to signals from the extracellular environment.  Changes in c-MYC 

expression then alter a transcriptional program that governs proliferation, growth, and 

differentiation of the cell [14].  For example, in non-dividing cells, c-MYC is expressed at 

low levels, but it rapidly increases in response to a number of mitogenic stimuli (Figure 

1.1).  This steady level of c-MYC expression depends on the continuous presence of 



 16 

appropriate growth factors.  Their removal, or the addition of differentiation or 

antiproliferative signals can induce the downregulation of c-MYC expression.  In 

addition, terminally differentiated cells no longer express c-MYC.   Furthermore, tight 

regulation of c-MYC levels is vital for the proper integration of cell signals that control 

the appropriate fate of the cell.  Consequently, it is not surprising that c-MYC is 

commonly overexpressed in cancer cells, which are characterized by uncontrolled cell 

proliferation and a less differentiated state.  Furthermore, tumor cells that constitutively 

express c-MYC at significant higher levels than normal cells are no longer appropriately 

responsive to external signals [14-16].   

 

1.2 c-MYC Structure and Function 

1.2.1 c-MYC Structure 

The c-MYC gene product has two known functional domains; the N-terminal 

domain and the C-terminal domain.  The N-terminal domain has four conserved regions 

that are called MYC homology boxes (MHBs) I, II, III and IV.  The homology boxes have 

been shown to play central roles in the transforming activity of c-MYC [17].  In addition, 

c-MYC is regulated at the post-translational level through phosphorylation of the MHBs, 

which effect the stability and half-life of the protein [17].  MHB II is also required for c-

MYC's transcriptional activity [18, 19].  The first one hundred amino acids of the N-

terminal domain also play an important role in c-MYC-induced apoptosis, as evidenced 

by an N-terminal truncated c-MYC protein that could rescue the growth defect of c-MYC 

null fibroblasts, but could not restore its ability to induce apoptosis [20]. 
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Figure 1.1  Normal levels of c-MYC expression during the cell cycle.  Reprinted with 
permission from reference [21]. 



 18 

  The C-terminus contains three known domains. [22, 23]. These include the helix-

loop-helix, the leucine zipper, and the basic region.  The helix-loop-helix and the leucine 

zipper domains are involved in protein–protein interaction, including the 

heterodimerization of MYC with its primary partner MAX. The basic region, on the other 

hand, is responsible for directing the binding to specific c-MYC DNA binding sites when 

bound to MAX.  The C-terminal domains are required for all known functions of the MYC 

protein, including the induction of apoptosis, promoting cell cycle progression, causing 

transformation, and regulating MYC-responsive genes [24, 25]. 

 

1.2.2 c-MYC Molecular Activity 

The output of MYC-dependent integration intracellular and extracellular signals is 

the activation or repression of genes that control cell growth, proliferation, 

differentiation, and apoptosis [18, 26].  MYC-induced changes in gene expression are also 

regulated by MYC/MAX/MAD network, where MAX can alter expression changes 

depending on whether it heterodimerizes with MYC or MAD [27].  Interestingly, MAX 

heterodimers bind to same Enhancer box sequences (E-boxes) with the consensus 

sequence 5’-CACGTG-3’.  However, there are different effects on the transcriptional 

activity of the target gene depending whether MAX is bound to MYC or MAD.  

When normal cells are stimulated artificially by mitogenic agents, increases in c-

MYC expression leads to an increased proportion of MYC/MAX heterodimers, resulting in 

the activation of specific target genes.  c-MYC induces expression of E-box containing 

genes by engaging histone acetyltransferase (HAT) to alter the epigenetic signature of the 
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promoter, as well as by recruiting other proteins involved in chromatin remodeling [18, 

24, 27-29].  

Conversely, withdrawal of mitogenic stimuli, or the addition of differentiation 

factors lead to the repression of c-MYC expression by decreasing the proportion of 

MYC/MAX heterodimers.  In addition, the expression of MAD is induced upon 

differentiation [30, 31].  MAD/MAX heterodimers therefore accumulate to become the 

major MAX-containing complex.  MAD/MAX heterodimers induce transcriptional 

repression by recruiting histone deacetylases (HDACs), which reverse the epigenetic 

changes induced by the MAD/MYC complex, and repress genes needed for cell 

proliferation. 

As noted above, MYC-MAX and MAD-MAX heterodimers have opposing 

functions in cells. Accordingly, c-MYC is highly expressed in proliferating cells while the 

Mad proteins show increased expression in non-proliferating cells [30-35].   Furthermore, 

when MAX is present in excess of MYC in vivo, it has the ability to form homodimers. 

Like MYC–MAX and MAD-MAX heterodimers, MAX homodimers also bind to E-box 

sequences. However, the homodimers are unable to activate or repress transcription 

because they do not contain a functional transactivation domain [36]. 

 

 1.2.3 c-MYC Biological Function 

 a. Cell Cycle 

A body of evidence has emerged that suggests that c-MYC plays a critical role in 

the transition from G0 to S phase of the cell cycle.  For instance, it has been demonstrated 
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that depletion of the c-MYC protein by microinjection of c-MYC antisense 

oligonucleotides leads to cell cycle arrest at G1 and blocks the ability of mitogens such as 

the platelet derived growth factor (PDGF) to induce cell growth [37].  In addition, the c-

MYC-MAX heterodimeric complex has been shown to activate a number of cyclins 

(cyclin D1, cyclin D2, cyclin E1, cyclin A2) and cyclin-dependent kinases (CDK4) that 

are required for cell-cycle progression [38].  Furthermore, c-MYC has been reported to 

repress the transcription of cell-cycle checkpoint genes (GADD45 and GADD153) and 

inhibit the function of cyclin-dependent kinase inhibitors (p15, p21, and p27) [13, 27, 

39].  MYC also regulates cell cycle progression by changing the expression of a 

continuously increasing number of other genes, many of which are known to be 

associated with the regulation of cell cycle [40, 41].   

 

 b. Cell Growth 

There is also data to suggest that MYC plays a central role in the regulation of cell 

growth.  In contrast to proliferation, cell growth is defined as the accumulation of cell 

mass, which is a distinct process that is required for cellular division [42, 43].  One group 

showed that the expression of MYC ortholog in Drosophila was proportional to cellular 

size [44].  Others noted that overexpression of MYC increased the size of cells, while not 

having a significant effect on cell number and cell cycle time, suggesting cell growth is 

regulated as an independent process.  Evidence to suggest a role for c-MYC in the 

regulation of cell growth has also been demonstrated in other model organisms, including 

mice [45]. One group showed that ectopic MYC expression in mouse hepatocytes in vivo 
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was proportional to cell size [46].  Furthermore, similar studies in human cell line have 

shown analogous roles for MYC in cell growth.  For example, one group showed that B 

cells did not transit through cell cycle when MYC-induced cell growth was inhibited [47].  

The mechanism by which MYC regulates cell growth has not yet been identified; 

however, candidate genes that regulate protein synthesis and cell metabolism have been 

identified.  Examples of those genes include eIF4E and eIF2α, as well as RNA helicase 

MrDb, IRP-2, and H-ferritin [27, 43].  

 
 c. Cell Differentiation 

Just as c-MYC can induce cell growth and proliferation, it can also stimulate 

cellular differentiation, depending on the level and duration of expression and activation 

[17, 48, 49].  For instance, it has been recently shown that even transient suppression of 

c-MYC expression allows cells to escape the cell cycle and undergo differentiation [48], 

which illustrates the potential utility of even short-term downregulation of c-MYC 

expression in cancer therapy.  It has been shown that downregulation of c-MYC 

expression is essential for the differentiation of all normal cells [50].  This suppression is 

thought to be mediated by tissue-specific regulators of differentiation, suggesting MYC is 

a central downstream target for many pathways involved in cellular differentiation.  For 

example, C/EBPα is a transcription factor that is needed for myeloblasts to move down 

the granulocytic lineage, but has also been shown to be requisite in hepatocytes and 

adipocytes differentiation.  Current evidence shows that C/EBPα-dependent 

differentiation requires binding to E2F/pRb, which then act as a c-MYC repressor 

complex [51]. c-MYC repression is also one of the characteristic consequences of 
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inhibitory growth signals, and is often needed for cells to exit the cell cycle and 

differentiate [14, 52]. 

Conversely, overexpression of c-MYC blocks differentiation in a many cell types, 

both in vitro and in vivo [45, 52, 53]. Even more interesting, it was recently shown that 

overexpression of c-MYC, along with three other transcription factors, is sufficient to 

dedifferentiate mature fibroblasts into a more primitive state [54].  It is not clear whether 

MYC blocks differentiation through its direct repression of genes needed for 

differentiation to proceed, or if it is an indirect consequence of MYC-dependent activation 

of signals promoting cell growth, which override the differentiation program.  Evidence 

has emerged that MYC can also directly repress C/EBPα promoter activity as measured 

by reporter assays [55, 56].  Nevertheless, the precise mechanism of MYC suppression of 

differentiation has not yet been fully explored.  Further, the recent findings that MYC can 

actually cooperate with other factors to induce dedifferentiation of fibroblasts has further 

highlighted its role as a central regulator of cell differentiation.  Consequently, 

understanding how MYC expression is regulated has become an even more important 

biological process to understand. 

 

 d. Apoptosis 

In normal cells, proliferation requires suppression of programmed cell death.  

Apoptosis is a tightly regulated process which guards cell from undergoing uncontrolled 

proliferation; one of the hallmarks of cancer cells.  c-MYC usually plays a key role in this 

mechanism to prevent carcinogenesis. For instance, fibroblasts undergo rapid apoptosis 
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as a result of IL-3 withdrawal, which is associated with the downregulation of c-MYC.  

Taking the opposite approach, it has been shown that c-MYC overexpression increases 

the rate of apoptosis, which is independent of the appropriate survival factors [57]. 

c-MYC-mediated apoptosis can also be a p53-dependent or independent process 

[11, 57-62].  For example, c-MYC overexpression has been shown to inhibit MDM2 

ubiquitin ligase activity, which results in increases proteosome-mediated p53 

degradation.   This process was shown to be mediated by increasing nuclear levels of 

FOXO, which also functions as repressor of ARF expression.  Thus, MYC overexpression 

reduces transcription of ARF, which promotes cell cycle progression and destabilizes p53 

through MDM2 [63].  c-MYC overexpression can also activate the p53-dependent DNA 

repair pathways through ATM, which responds to double-stranded breaks in DNA [64].   

c-MYC plays an important p53-independent role in the regulation of apoptosis 

through the BCL-2 family, which is critical for mitochondrial-mediated apoptosis.  For 

instance, in primary cultures from an Em-myc transgenic mouse model of Burkitt's 

lymphoma, MYC overexpression results in the suppression of the anti-apoptotic protein 

BCL-X(L).  Furthermore, premalignant cells in this model show both BCL-X(L) and BCL-

2 suppression.  c-MYC indirectly regulates BCL-2 expression by inhibiting MIZ-1, which 

is a BCL-2 transcriptional activator [65, 66].  However, c-MYC appears to lose its ability 

to suppress BCL-X(L) and BCL-2 expression during tumor progression in that model [67, 

68]. 

Progression of mitochondria-mediated apoptosis also requires the expression of 

BAX. It has been shown that overexpression of c- MYC leads to the binding of MYC/MAX 
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heterodimers to the BAX promoter, and resulting in activation of BAX transcription [69].  

Consistent with these observations, BAX-mediated mitochondrial membrane 

permeabilization is prevented in cells that do not express c-MYC [70].  

As noted above, pathways regulating cell proliferation and death are closely 

integrated, and c-MYC is intricately involved in regulating whether a cell divides or dies.  

In cells with deregulated MYC expression, especially in cells that have acquired 

additional genetic aberrations, this balance is skewed towards unregulated cell growth.  

However, this process is not irreversible, as tumor regression has now been observed in a 

number of mouse cancer models following c-MYC inactivation [71-73].  In fact, it has 

been shown that even transient inactivation of c-MYC expression is sufficient for 

regression of MYC-induced invasive osteogenic sarcomas [74].  Thus, it appears that even 

transient inactivation of c-MYC could provide an effective therapeutic strategy to treat 

some cancers.  Consequently, understanding c-MYC regulation during normal 

development, as well as tumor progression, is central to unraveling many of the questions 

needed to provide insights for improved cancer prevention, control, and treatment. 

 

1.3 Mechanisms of c-MYC Deregulation 

 In normal cells, c-MYC expression, activity, and stability are tightly controlled, 

and this regulation is responsive to cues from the extracellular environment.  As 

previously noted, tumor cells are often characterized by aberrant c-MYC expression [14, 

15].   In addition, c-MYC expression becomes unresponsive to extracellular signaling 

[75].  
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Deregulation of c-MYC can arise through a wide range of mechanisms.  Direct 

activation can result from insertional mutagenesis [76, 77], chromosomal translocations 

[2] and gene amplification, [3], as well as post-translational modifications that lead to 

enhanced mRNA translation and protein stability [8-10]. Unlike other oncogenes, 

mutations of the c-MYC coding region are not necessary for activation [78-81].  c-MYC, 

however, is most commonly deregulated indirectly as a consequence of an aberrantly 

activated upstream signaling pathways [4, 5 Pei, 2001 #890, 6, 7, 13, 82-89], (for 

comprehensive review see [21]. 

 

 1.3.1 Viral Insertion 

Retroviruses do not carry activated oncogenes, yet they are able to infrequently 

cause tumors in vivo [90].  In 1981, analysis of those rare tumors lead to the identification 

of tumor-specific preferred integration sites [91].  Using cDNA from five of the known 

viral oncogenes, including v-MYC, it was then shown that c-MYC transcripts had fused to 

proviral sequences [77].  These studies showed the first structural alteration in the c-MYC 

locus associated with malignancy [76, 77].  It was then shown that this viral insertion 

resulted in 20-100-fold up-regulation of c-MYC expression [76, 92, 93].  The 

investigators found three distinct configurations of insertions: (a) integration upstream of 

c-MYC coding sequences in the same transcriptional orientation, producing hybrid 

mRNA fused to c-MYC 5'-sequence, (b) insertion upstream of c-MYC but in the opposite 

transcriptional orientation, (c) insertion downstream, creating a hybrid transcript fused to 

the 3' end of c-MYC mRNA [76].  In tumors where the viral insertion mutagenesis results 
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in hybrid transcripts, the mechanism of activation was called promotor insertion.  In 

tumors in which a hybrid transcript is not present, the stimulation of c-MYC expression 

was attributed to the insertion of viral regulatory sequences that activated MYC 

transcription [76].   

Proviral insertional activation of the c-MYC oncogene has also been found in 

mice, rats, and humans [94-98].  Insertional activation of c-MYC by Moloney murine 

leukemia virus (Mo-MuL V) in mice has been shown to contribute to T cell 

lymphomagenesis [99-102].  In the great majority of tumors exhibiting proviral 

activation, the integration site was upstream of the c-MYC locus, and was usually in the 

opposite transcriptional orientation [99, 100].  Another study found that 10-20% of mcf 

247-induced lymphomas presented viral integration near the c-MYC locus [103].  Most 

insertions were, again, found upstream and in the opposite orientation of c-MYC [99].  

Elevated levels of c-MYC mRNA relative to normal thymocytes were observed in those 

tumors [99].  c-MYC expression can also be induced by the woodchuck hepatitis virus 

(WHV) in hepatocellular carcinoma [104].  In one study, c-MYC was also shown to be 

activated by insertion of viral sequences upstream and in the opposite transcriptional 

orientation, as well as downstream in the same orientation [104].  Taken together, these 

studies demonstrate that slow retroviral insertions adjacent to the c-MYC gene can 

strongly alter its expression, which can then facilitate tumorigenesis.  
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 1.3.2 Chromosomal Translocations 

Molecular analyses of mouse plasmacytomas, tumors of immunoglobulin (Ig) 

producing plasma cells, consistently showed MYC overexpression resulted from a 

recombination between the immunoglobulin heavy (IgH) chain locus and MYC [105, 

106].  Prior to this, gross chromosomal translocations had been identified in both murine 

plasmacytomas and human Burkitt’s lymphomas, but it required localizing human c-MYC 

to chromosome 8 (8q24) before discovering the role of MYC in these diseases [107-109].  

Burkitt lymphomas were then shown to harbor translocations between the MYC locus on 

chromosome 8 and chromosomes 2, 14, and 22, which are the loci of the immunoglobulin 

genes [110-112].  In these translocations, c-MYC gene is juxtaposed with either: the 

kappa (2q12), heavy-chain (14q32), or lambda (22q11) [21].  The most common 

translocation in Burkitt’s lymphoma, accounting for about 80% of cases, involves the 

juxtaposition of the c-MYC locus with the immunoglobulin heavy chain locus on 

chromosome 14.  The actual chromosomal break points vary, but the translocations 

usually fuse the genes in a transcriptionally opposing orientation [110, 111, 113].  The 

result is an intact c-MYC coding region where transcription is driven from c-MYC 

promoters and not by those belonging to the heavy chain.  However, the close proximity 

of the IgH enhancer elements leads to increased expression of MYC when compared to 

non-dividing, normal peripheral blood lymphocytes [75, 114].  There is also evidence to 

suggest that the translocation induces a shift in c-MYC promoter usage preference from 

P2 to P1, which may also contribute to MYC overexpression [114, 115]. 
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Other, less common translocations found in Burkitt's lymphoma juxtapose MYC 

with either the Ig-kappa or Ig-lambda light chain locus; accounting for about 10% of 

cases each.  In these types of translocations, MYC is placed several hundred Kb in the 3' 

direction of the Ig light chain genes.  These location places MYC expression under the 

influence of regulatory elements of the immunoglobulin genes, which also results in 

overexpression [112, 116].  This constitutive and enhanced c-MYC transcription has been 

shown to be a requisite step in Burkitt's lymphomagenesis by forcing B-cells to 

proliferate in an undifferentiated state until a second oncogenic event further promotes 

tumor development [117, 118]. Similar chromosomal translocations of c-MYC have also 

been found in malignancies other than Burkitt's lymphoma [119, 120].  Unlike other 

oncogenic chromosomal translocations which generate novel fusion proteins, such as 

Bcr-Abl1, the vast majority of c-MYC translocations increase expression without 

affecting the protein structure.   

 

1.3.3 Gene Amplification 

Amplification of the MYC family of oncogenes has been observed late in the 

progression of several human tumors that are generally associated with an aggressive 

phenotype [121-123]. Elevated c-MYC expression through gene amplification has been 

seen in gastric adenocarcinoma cells [124], small-cell lung carcinoma [125], glioblastoma 

[126], carcinoma of the breast [127, 128], colon carcinoma [3], plasma-cell leukemia 

[129], promyelocytic leukemia [130, 131], and granulocytic leukemia [132].  Ten- to 

fifty-fold DNA amplifications of c-MYC resulting in enhanced expression have been 
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shown for several transformed cell lines including cell lines of promyelocytic leukemia 

[131] and colon carcinoma [3], as well as in two murine osteosarcoma-derived cell lines 

[133]. It is believed that c-MYC amplification is a secondary process that occurs during 

clonal evolution of a tumor. In addition, it appears that c-MYC amplification continues to 

contribute to tumor phenotype, as a small cell lung carcinoma model with c-MYC 

amplification appeared to be more invasive than one without the amplification [125]. 

 

 
1.3.4 Increased c-MYC Transcription due to Aberrant Signaling Upstream of c-

MYC 

As previously mentioned, tight regulation of MYC is required in normal cells. To 

complicate matters, almost every major signaling pathway involved in the regulation of 

proliferation either directly or indirectly alters c-MYC expression [13, 134].  

Consequently, a vast number of signaling molecules have been implicated in the 

regulation of c-MYC, making studying MYC regulation a daunting undertaking.  

Furthermore, studying MYC regulation in cancer is an even more complex undertaking, 

as it requires taking a myriad of other genetic changes into account. Nevertheless, some 

of the major pathways implicated in c-MYC deregulation include the Wnt, Ras, STAT3, 

and TGF-beta signal transduction pathways (Figure 1.2). 

 
a. Aberrant Wnt signaling 

The Wnt signaling pathway plays an important role in many processes of normal 

development, as well as proliferation and self-renewal of adult tissues [135].  Wnt 
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signaling is initiated by the binding of Wnt ligands to Wnt receptors, which triggers a 

series of events that ultimately result in decreased stability of the APC/axin/GSK-3-beta 

complex.  Loss of this inhibitory complex allows for the translocation of beta-catenin to 

the nucleus, where it binds TCF-4 or LEF and activates transcription of a number of 

genes, including c-MYC.  This pathway has been shown to be constitutively activated in 

colon cancer by inactivating mutations in APC, as well as mutations that increase the 

stability of beta-catenin [135-137].  For instance, in human HT29 colorectal cancer cells, 

the APC protein is mutated and unable to degrade beta-catenin, which leads to increased 

c-MYC expression [138].  Consequently, it appears WNT signaling, which is important in 

cell differentiation and cancer development, is a direct regulator of MYC expression. 

 

b. Aberrant TGF-Beta Signaling 

The TGF-beta (transforming growth factor-beta) family of proteins has also been 

identified as important regulators of signaling pathways implicated in the development of 

many cancers.   It has been shown that TGF-beta signaling can abrogate MYC expression 

that has been induced by beta-catenin/TCF-4 complexes [139].  Further, the repression of 

c-MYC expression by TGF-beta has been shown to be essential for TGF-beta-induced cell 

cycle arrest [140-142].  Others have established that many cancers also have 

constitutively high levels of LEF-1.  Consequently, when TGF-beta signaling inhibits 

TCF-4, beta-catenin/LEF-1 becomes the predominant complex present in the cell.  As a 

result, MYC expression can be induced independently of TGF-beta signaling [139].  
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Nevertheless, signaling through the TGF-beta family of proteins appears to be important 

for regulating the expression of c-MYC.  

Downstream of TGF-beta signaling is the Smad family of proteins, which mediate 

TGF-beta-induced changes in transcription.  There are three classes of Smads: the 

receptor regulated Smads (Smad 1/2/3/5 and 8), the common-mediator Smad (Smad4), 

and the inhibitory Smads (Smad 5 and 7).  The receptor regulated Smads are 

phosphorylated by specific TGF-beta receptors, which is followed by the formation of 

heteromeric complexes with Smad4 [143]. The Smad4/Smad2/3 complexes translocate to 

the nucleus where they repress transcription of c-MYC [144].  Deregulation of Smad4 is 

common in cancer.  For example, inactivating Smad4 mutations have been found in 

approximately 50% of pancreatic cancers [145].  Furthermore, the activity of other Smads 

are also aberrantly regulated in some cancers.  For example, in cancer cells 

overexpressing cyclin D/Cdk4, Smad3 has been shown to be unable to mediate the TGF-

beta signaling [146-151]. 

 

c. Activation of the Ras Pathway 

The Ras oncogenes encode small GTPases that function in the transduction of 

extracellular signals to the nucleus.  Activation of Ras signaling leads to cell growth and 

survival.  Mutations that lead to constitutive activation of Ras in the absence of the 

appropriate extracellular signals have been shown to induce malignant transformation 

[152].  Approximately 15 to 20 percent of all human tumors carry mutations in one of the  
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Figure 1.2  Signaling pathways upstream of the c-MYC promoter.  Reprinted with 
permission from reference [21]. 
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Ras proteins (H-Ras, N-Ras and K-Ras).  Most of the changes are point mutations in the  

coding region, which results in disruption of its GTPase activity, which ultimately traps it 

in its active GTP-bound conformation [145, 153].   

The Ras pathways have been shown to modulate MYC expression at multiple 

levels, including induction of c-MYC transcription, activation of MYC translation, and 

increase in MYC protein stability [21].  One mechanism by which Ras alters MYC 

expression is through the TGF-beta/Smad pathway [140, 154].  Ras signaling has been 

shown to decreases TGF-beta receptor expression [155].  Ras also leads to ERK-

mediated phosphorylation of Smads 2 and 3, which is needed for their nuclear 

localization and inhibition of MYC transcription [156].  For example, TGF-beta can block 

endogenous c-MYC expression in MCF-10A mammary epithelial cells expressing normal 

Ras, but it does not in MCF-10A cells transformed by constitutively active H-Ras [88].  

Similarly, in pancreatic cancer cells with activated K-Ras, the Ras–MEK1/2-MAPK-

ERK1/2 cascade was reported to abrogate TGF-beta-induced Smad3 activity [157].  In 

another model, K-Ras constitutive activation was also shown to cause failure of colon 

cancer cells to respond to TGF-beta-induced suppression of c-MYC transcription [156].  

In short, Ras can modulate c-MYC expression at multiple levels, and its constitutive 

activation by point mutations blocks signals that repress c-MYC transcription. 

 

d. Constitutive Expression of STAT3 

STAT3 is a mediator of cell proliferation and survival that has also been shown to 

contribute to cellular transformation and tumorigenesis [158, 159].  In response to 
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cytokine and growth factor signaling, STAT3 is normally rapidly activated by tyrosine 

phosphorylation, resulting in its dimerization, translocation to the nucleus, and 

transactivation of target genes [158, 160, 161].  It has been shown that mutations leading 

to constitutively active STAT3 can transform rat fibroblasts, which is associated with 

increases in c-MYC mRNA levels [162].  In addition, PDGF signaling appears to require 

STAT3 signaling to activate c-MYC transcription [87]. 

 

e. Constitutive Expression of hnRNP K 

hnRNP K is a ribonucleoprotein implicated in a number of cellular processes, 

including: chromatin remodeling, transcription, splicing and translation.  hnRNP K has 

also been shown to bind the c-MYC promoter and activate transcription [163-169].  For 

example, in MCF-7 breast cancer cells stably expressing hnRNP K, high protein levels 

correlated with an increase in c-MYC transcription and protein levels, which was 

associated with higher rates of cell proliferation [164]. 

 

f. p53 Gain-of-Function Mutations 

p53 is the most frequently mutated gene in human cancer (in over 50% of all 

human cancers).  In response to stress signals, p53 normally induces either apoptosis or 

cell cycle arrest [170-172].  p53 mutations usually result in a loss of its ability to perform 

these functions. In addition, mutant p53 proteins can also acquire gain-of-function 

mutations that are usually seen in oncogenes, and can lead to augmentation of cell 

growth, inhibition of apoptosis, and increased tissue invasiveness [170, 173].  Wild-type 
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p53 usually represses c-MYC expression by targeting the proximal P2 promoter [174-

176].  p53 gain-of-function mutants, on the other hand, are able to activate the c-MYC 

promoter.  The p53 mutant-responsive region was mapped to the 3’ end of exon 1 or the 

exon 1/intron 1 junction [174].  Thus, it also appears that p53 plays an important role in 

the regulation of MYC transcription. 

 

1.3.5 Increased Protein Activity 

The product of the c-MYC proto-oncogene is a short-lived protein whose 

degradation is tightly regulated by the 26S proteosome pathway [177-181].  The c-MYC 

protein is a dynamically regulated by phosphorylation at a multiple sites throughout the 

protein [182-187].  Phosphorylation at specific sites has been reported to occur via the 

Ras signaling pathway, which results in increased MYC stability [8].  Not surprisingly, 

during mitosis, wild-type c-MYC is highly phosphorylated and stabilized as a result of the 

inhibition of ubiquitination [179, 183, 188]. 

Mutations at threonine 58 that prevent phosphorylation of MYC have been found 

with a high frequency in Burkitt’s lymphoma.  These mutation are also able to transform 

nonmalignant cells [78-81, 182, 189].  It has further been shown that the mutations at 

threonine 58 result in inefficient ubiquitination, which causes stabilization of MYC, 

leading to an increase in its half-life [8, 177, 179, 181, 190]. 

Although phosphorylation at specific sites leads to increased MYC stability, it is 

likely that the stability of MYC is regulated by a number of additional mechanisms [177, 

179].  For instance, threonine 58 of MYC can also be glycosylated, which can also lead to 
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increased stability and activity [191-196].  To summarize, MYC can be modified at the 

post-translational level, which can be increase protein stability and activity.   

 

1.4  The c-MYC promoter 

The mechanisms that govern c-MYC transcription are complex and involve 

multiple promoters (P0, P1, P2, P3) and start sites (Figure 1.3). In addition, the promoter 

region of c-MYC contains a number of cis-elements that have been shown to assume 

either a single-stranded or a non-B-DNA conformation under negative superhelicity, 

which is naturally generated behind RNA polymerase complexes during transcription 

[197-199]. For example, the far upstream element (FUSE) that is located 1.7 Kb upstream 

of the c-MYC P2 promoter has been reported to become single-stranded owing to 

negative superhelical forces that are generated during c-MYC transcription, but to remain 

in a double-stranded conformation if c-MYC is not being expressed [165, 200, 201]. In 

other words, the FUSE element functions as a physical sensor of ongoing transcriptional 

activity.  In addition, this element is regulated by the FUSE-binding protein (FBP), which 

binds to the single-stranded FUSE to further activate and maintain c-MYC transcription, 

whereas the FBP-interacting repressor (FIR) binds to FBP and returns c-MYC 

transcription to basal levels [200, 201]. Together, the FUSE-FBP-FIR system functions as 

a mechanosensor mechanism in which superhelical stress controls the firing rate of the c-

MYC promoter. 

Furthermore, there are seven nuclease hypersensitive elements (NHEs) (Figure 

1.3, top).  One of these elements, the NHE III1 region, has been shown to have the ability 
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to form non--B-DNA structures, which is facilitated by negative supercoiling stress [202-

206]. This region is located –142 to –115 base pairs upstream of the P1 promoter and has 

been shown to control up to 90% of the total c-MYC transcription [163, 207]. NHE III1 

consists of a cytosine-rich (C-rich) coding strand and a guanine-rich (G-rich) non-coding 

strand that are capable of engaging in a slow equilibrium between B-form duplex DNA, 

single-stranded DNA, and tetra-stranded DNA. Specifically, the guanine tracts of the G-

rich strand can form a G-quadruplex structure, whereas the cytosine tracts in the 

complementary C-rich strand can form an i-motif or i-tetraplex (Figure 1.3, bottom). An 

excellent review describing the organization and regulation of the c-MYC promoter has 

been published recently [21].  As it is the focus of my dissertation, I will concentrate my 

description on the regulation of the c-MYC promoter by the NHE III1. 

 

1.5  Non-typical DNA Structures within the c-MYC Promoter  

1.5.1 Formation of a G-quadruplex within the c-MYC NHE III1  

G-quadruplexes are tetra-stranded DNA structures that readily form in G-rich 

DNA under physiological conditions.  The building unit of these structures is known as a 

G-tetrad, and it is composed of four guanines aligned in a planar ring configuration where 

each guanine interacts with two other guanines via G-G Hoogsteen hydrogen bonding. 

Two or more tetrads can stack to form a G-quadruplex (Figure 1.4A). The formation of 

such structures is facilitated by the negative superhelical stress produced during 

transcription and stabilized by monovalent cations, such as K+ and Na+, that intercalate 

between the G-tetrads and coordinate bonds with the guanine carbonyl groups [208-211]. 
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Simonsson and colleagues [212] proposed the first intramolecular G-quadruplex 

structure within the c-MYC NHE III1 region, which was described as an antiparallel- 

stranded structure involving three G-tetrads formed from four G-tracts linked by two 

lateral loops and a central diagonal loop. However, further examination by chemical 

footprinting, circular dichroic (CD), and nuclear magnetic resonance studies revealed that 

there is a  single G-quadruplex isomer of parallel topology containing three lateral loops 

(a 2:2:1 loop isomer) in the c-MYC NHE III1 region (reviewed in [213]). 

Although much of the structural work on G-quadruplexes has been done in vitro, 

evidence suggests that these structures exist in vivo [214-216]. For example, the 

identification of antibodies and proteins that preferentially bind to, stabilize, unwind, or 

cleave G-quadruplexes provides evidence for their existence in vivo (for review see 

[217]. In addition, recent reports have demonstrated that putative G-quadruplex motifs 

are highly prevalent in human promoter regions, as many as 40% of human gene 

promoters contain at least one of these elements [218-220].  Potential G-quadruplex--

containing promoters have been found to associate with nuclease hypersensitive sites, 

suggesting that the formation of these structures may be favored in sequences 

dynamically equilibrating between duplex and G-quadruplex chromatin conformations in 

vivo [219]. In addition, the presence of G-quadruplex motifs has been shown to be 

correlated with gene function, because oncogenes have a disproportionately high 

incidence of G-quadruplex motifs in their promoters, whereas the promoters of tumor 

suppressors exhibit an extremely low potential for G-quadruplex formation [221].  Most 

importantly, the topological diversity of these structures that arises from variations in 
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strand directionality, loop length, and sequence, as well as the number of tetrad stacks, 

provides an opportunity for the rational development of molecules that can modulate the 

formation or stability of these structures to regulate gene expression. 

 

1.5.2  Formation of an i-motif within the c-MYC NHE III1 

The C-rich strand of the c-MYC NHE III1 can form another non-B-DNA structure: 

the cytosine-intercalated tetraplex, also known as the i-motif [222]. C-rich DNA strands 

can associate both inter- and intramolecularly to form i-motifs, whose building block is 

the hemiprotonated cytosine+-cytosine base pair (Figure 1.4B) [223]. However, C-rich 

single-stranded DNA can only form i-motif structures under acidic conditions, because 

the protonation of N3 is essential for the stability of the structure and enables formation 

of three hydrogen bonds between the two cytosines [224]. 

Recently, our group performed plasmid Br2 footprinting experiments on the c-

MYC NHE III1 C-rich region to elucidate the c-MYC i-motif folding pattern under 

negative superhelicity. From these experiments, we determined that in the presence of 

continuous negative superhelical forces, i-motif formation is possible under neutral pH 

conditions [208]. Our results demonstrate that under negative superhelicity, one major 

form of the i-motif utilizes four tracts of three cytosines, thereby increasing the loop sizes 

(6:2:6 loop isomer) relative to those found under acidic conditions (Figure 1.4B). This 

important result demonstrates that i-motifs, as well as G-quadruplexes, can form in 

promoter regions under conditions of transcriptionally induced negative superhelicity and 
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Figure 1.3  Promoter structure of the c-MYC gene; shown in inset is the 27-bp 
sequence of the NHE III1.  Polypurine and polypyrimidine tracts are shown in boxes. 
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 may therefore displace transcriptional factors such as the cellular nucleic-acid-binding 

protein (CNBP) or heterogeneous ribonucleoprotein K (hnRNP K), which are known to 

bind to the single-stranded NHE III1 to activate c-MYC transcription [167, 225]. 

 

1.6  Regulation of c-MYC Expression Through the NHE III1  

 The discovery of the G-quadruplex and i-motif within the NHE III1 region of the 

c-MYC promoter has led us, and others, to hypothesize about the role these structures 

play in the regulation of c-MYC.  One model that has been proposed suggests the 

presence of three DNA structural populations within the NHE III1: two that can cause 

activation and one that results in repression of c-MYC [226] (Figure 1.5A-C).  Figure 

1.5A depicts the relative location of the NHE III1 with respect to the FUSE and the P1 

and P2 promoters in duplex B-form of the c-MYC promoter in the absence of 

transcription factors. Activation of c-MYC expression from duplex B-form DNA can be 

induced through the interaction of the Sp1 transcription factor with the double-stranded 

NHE III1, which contains several Sp1 binding sites (Figure 1.5B) [226].  The NHE III1 is 

also capable of forming a denatured, or open, form that is involved in the activation of c-

MYC transcription owing to the recognition and co-regulation by two single-stranded 

binding proteins (Figure 1.5C).  Specifically, CNBP binds to the G-rich strand of the 

NHE III1, whereas hnRNP K binds to the complementary C-rich strand [167, 225]. In 

addition, it has been hypothesized that the induction of the G-quadruplex and 

complementary i-motif lead to the silencing of c-MYC expression (Figure 1.5D). 

Consistent with this hypothesis, destabilization of the G-quadruplex by point mutations 
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results in increased transcriptional activity of a luciferase reporter gene carrying the c-

MYC promoter [227]. Conversely, stabilization by G-quadruplex-interactive compounds 

reduces transcriptional activity [227]. 

 

1.7  Transcription Factors that Modulate the c-MYC NHE III1 Region  

Previous studies showed that Sp1, Sp3, CNBP, NM23-H2, and hnRNP K bind to 

the NHE III1 region of the c-MYC promoter.  Further characterization of those proteins, 

along with the identification of new proteins that bind to this region, are likely to better 

define the role that trans-acting factors have in the regulation of c-MYC expression. 

 

1.7.1 Sp1 and Sp3  

Sp1 and Sp3 are transcription factors that are ubiquitously expressed in mammalian cells. 

They are involved in the activation or repression of a number of genes that are key to the 

regulation of cell growth and proliferation and are essential during embryogenesis [228].  

These two proteins are structurally very similar. Their DNA-binding domain contains a 

combination of three conserved Cys2His2 zinc fingers, and they share more than 90% 

sequence homology. Accordingly, Sp1 and Sp3 bind with similar affinities to GC-rich 

promoter elements to regulate the expression of a number of target genes, including c-

MYC.  Although Sp1 and Sp3 share similar structures and binding sites, their regulatory 

functions are very different and are dependent on the particular promoter and the cellular 

context [229, 230].  In mammalian cells, Sp1 usually  functions as a trans-activator, 

whereas Sp3 behaves as a repressor or weak activator.  
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Figure 1.4  Structural representations of the non-B-DNA secondary structures 
formed in the c-MYC NHE III1 region.  A. G-tetrad, showing the guanine–guanine 
Hoogsteen base-pairings, that is the building block of the G-quadruplex structure.  B. The 
hemiprotonated cytosine+–cytosine base pairing that leads to the formation of the i-motif 
structure. 
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 The c-MYC promoter contains five Sp1 binding sites, three of them upstream of the 

P1 promoter and two others upstream of P2. The binding sites at the NHE III1 and the one 

located at –44 base-pairs from the P1 promoter are high-affinity Sp1-binding sites, 

whereas the others display only low Sp1 affinity [231, 232]. The c-MYC promoter is not 

occupied by Sp1 in quiescent cells that express low levels of c-MYC; however, induction 

of c-MYC transcription by serum stimulation results in binding of Sp1 to the c-MYC NHE 

III1 region, suggesting that Sp1 is involved in the serum-induced activation of c-MYC 

transcription [134].  Cotransfection experiments in mammalian and insect cells indicate 

that Sp1 transactivates the c-MYC promoter (Figure 1.5A) [233], whereas Sp3 does not. 

In addition, forced expression of Sp3 repressed Sp1-mediated activation of c-MYC [233]. 

Interestingly, it has been reported that for promoters containing multiple Sp1-binding 

sites, such as the c-MYC promoter, Sp1 exerts its transcriptional synergism through direct 

protein-protein interaction, in which Sp1 forms higher-order complexes able to bind to 

multiple sites [234, 235]. 

In addition, there is evidence that Sp1 first forms tetramers and then assembles 

multiples of those tetramers at the DNA-binding site [234, 235]. Sp3, on the other hand, 

is unable to form multimers or synergistically activate transcription of promoters 

containing multiple Sp1 binding sites [229]. Sp3 has been shown to bind to the Sp1 

binding sites as a monomer and repress Sp1-dependent transcription by competing with 

Sp1 for the binding sites [229, 236]. However, Sp3 does not always act as a repressor. 

For example, in the case of the p21 promoter, Sp3 activates, rather than represses, 
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Figure 1.5  Models of the different promoter forms within the c-MYC NHE III1.  A. Duplex 
representation of the promoter without any proteins bound.  B. Binding of Sp1 to the duplex 
structure, leading to activation of c-MYC expression.  C. Binding of hnRNP K and CNBP to the 
single-stranded C- and G-rich regions, respectively, leading to activation of c-MYC transcription.  
D. Repression of c-MYC transcription when Sp1, hnRNP K, and CNBP are not bound, leading to 
the formation of the G-quadruplex and i-motif. 
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transcription [237]. In other words, the functions of Sp1 and Sp3 cannot be simplified by 

classifying these proteins as either an activator or a repressor, respectively. Instead, it 

appears that their actions are dependent on the promoter and cellular context. 

 

1.7.2 CNBP 

CNBP, also known as ZNF9, is a multifunctional protein composed of seven 

cysteine-cysteine-histidine-cysteine zinc knuckles and an arginine-glycine-glycine (RGG) 

domain. This protein has been shown to play an essential role in embryonic development, 

especially in forebrain and craniofacial regions, by controlling cell proliferation and 

survival [238, 239]. These functions have been suggested to be mediated by c-MYC, as 

CNBP binds to the purine-rich single strand of the c-MYC NHE III1 region to induce c-

MYC expression (Figure 1.5C) [225, 240]. In addition, CNBP-/- mouse embryos have a 

substantial reduction in cell proliferation, which was found to correlate with the absence 

of c-MYC expression [238]. Functional mutation analysis of CNBP has revealed that the 

zinc knuckles of the protein are partially dispensable for its nucleic acid-binding activity, 

as well as the induction of c-MYC expression, while the RGG domain is essential for all 

these activities [241]. Truncated forms of CNBP lacking the RGG domain have been 

shown to occur naturally, and it is speculated that the biochemical activity of CNBP may 

be regulated through proteolytic mechanisms [242]. 
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1.7.3 NM23-H2  

The ubiquitous human nonmetastatic 23 isoform 2 protein (NM23-H2) is a 

hexamer composed of identically folded 17-kDa subunits. This protein is also known as 

nucleoside diphosphate (NDP) kinase, PuF (purine-binding factor), and nucleoside 

diphosphate kinase B (NDPK-B). It is a multifunctional protein that has been shown to 

play a role in nucleotide metabolism, cell development, proliferation, metastasis, and 

apoptosis (for review see Reference [243]). Some of these functions may be mediated by 

c-MYC, as NM23-H2 can activate the transcription of c-MYC via the NHE III1 (Figure 

1.6A) [207, 243, 244]. However, there is little consensus about how NM23-H2 regulates 

c-MYC transcription. For example, Postel and coworkers suggested that NM23-H2 may 

activate c-MYC by removing non-typical secondary DNA structures on the c-MYC NHE 

III1 region through cleavage and rejoining of the DNA strands [245]. In addition, they 

reported similar binding of NM23-H2 to the C-rich strand, the G-rich strand, and the 

duplex NHE III1 DNA [245].  In contrast, Raveh and colleagues observed that NM23-H2 

had a low affinity for double-stranded DNA compared with other transcription factors, 

and that it bound preferentially to single-stranded DNA with no apparent sequence 

specificity [246]. Finally, another report concluded that NM23-H2 does not directly 

stimulate c-MYC transcription through the NHE III1 [247]. 

In an attempt to elucidate some of the controversy behind the functions of NM23-

H2 on c-MYC regulation, our laboratory expanded on the studies of the effect of NM23-

H2 on c-MYC transcription. Our results confirmed that NM23-H2 binds to the single-

stranded G- and C-rich strands of the c-MYC NHE III1 (Figure 1.6A, center, and 1.6B), 
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but not to the duplex-NHE III1 [248]. In addition, we found that potassium ions and the 

G-quadruplex--stabilizing agent TMPyP4 reduce binding of NM23-H2 to the G- and C-

rich strands of the NHE III1, suggesting that stabilization of the G-quadruplex and i-motif 

structures within the NHE III1 region hinder the recognition and remodeling functions of 

NM23-H2 in relation to the G- and C-rich strands [248]. Furthermore, we discovered that 

the previously detected DNA cleavage activity associated with NM23-H2 was due to a 

minor contaminant associated with the recombinant protein or to an accessory protein 

that is lost on more extensive purification or on mutation of NM23-H2 [248, 249]. 

Specifically, the results of this investigation demonstrated that the peaks of DNA binding 

and cleavage activities were not observed concurrently during heparin affinity 

chromatography, which provides evidence against the former proposition that NM23-H2 

possesses an inherent nuclease activity. On the basis of these results and molecular 

modeling studies, we can hypothesize that NM23-H2 induces c-MYC transcription by 

trapping the NHE III1 region in a single-stranded conformation and allowing single-

stranded transcription factors such as CNBP or hnRNP K to bind to and activate c-MYC 

transcription (Figure 1.6B). In addition, we provide our working model for how 

stabilization of the G-quadruplex or i-motif structures formed within the c-MYC gene 

promoter region can inhibit NM23-H2 from activating c-MYC gene expression (Figure 

1.6A). 
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1.7.4 hnRNP K 

hnRNP K has been implicated in the regulation of transcription and translation 

and is a participant in a variety of signaling systems [250, 251]. This 463-residue modular 

protein is characterized by the presence of several K homology domains that mediate its 

interactions with single-stranded DNA elements [168]. The stereotypical folding of the 

KH domains forms an elongated groove on the surface of the protein, where it interacts 

with single-stranded nucleic acids via hydrogen bonds and van der Waals contacts [168]. 

hnRNP K binds preferentially to single-stranded nucleic acids; therefore, DNA binding 

by hnRNP K must be coupled with nuclear stress that results in negative superhelicity to 

melt the duplex DNA [252]. hnRNP K has been shown to bind specifically to the 

pyrimidine-rich single strand of the c-MYC NHE III1 and to activate the c-MYC promoter 

both in vivo and in vitro [165, 169, 252] (Figure 1.5C). Accordingly, hnRNP K increases 

the endogenous c-MYC mRNA and protein expression. For example, serum stimulation 

of rat hepatoma cells induces binding of hnRNP K to the c-MYC promoter, strongly 

suggesting that it may be involved in the serum activation of c-MYC transcription [253, 

254]. In addition, the anti-EGFR antibody C225 and the anti-HER2 antibody 

Herceptin/Trastuzumab inhibit hnRNP K mRNA and protein expression, as well as c-

MYC mRNA expression, strongly suggesting that EGF and heregulin (HRG) induce c-

MYC transcription via the EGFR pathway [164]. 
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1.8 The c-MYC G-quadruplex as a Drug Target.  

Chemotherapy has been an important part of cancer treatment regimes since its 

inception in the 1940s.  Many cancers, including Burkitt’s lymphoma, acute lymphocytic 

leukemia, Ewing's sarcoma, Hodgkin's disease, and testicular cancer have displayed 

significant increases in survival following chemotherapy treatment.  However, most other 

cancers continue to have suboptimal benefits from chemotherapy, and for some cancers 

mortality rate continue to increase [255].  In fact, cancer has become the leading cause of 

death in Americans under the age of 85 [256]. Therefore, even though chemotherapeutics 

have improved the outcome of some cancer patients over the last 60 years, new treatment 

strategies are still desperately needed to treat those cancers for which we currently have 

little to offer.  

Over the last two decade, our knowledge of basic molecular and cancer biology 

has increased exponentially.  Recent strides include the sequencing of the human genome  

[257], as well as the development of high-throughput methods such as cDNA microarray 

technology.  These large-scale projects have led to the identification of a number of genes 

that play key roles in the pathways involved in the hallmarks of cancer [258].  As 

previously discussed, c-MYC is one of the most commonly deregulated genes in cancer, 

making it an attractive drug target [18].  The G-quadruplex that forms within the NHE 

III1 region of the c-MYC promoter has been demonstrated to function as a silencer 

element [227].  Furthermore, as we have mentioned above, there is experimental  
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Figure 1.6  Model of the Transcriptional activation of c-MYC by NM23-H2.  A. 
Proposed mechanism for the transcriptional activation of c-MYC via the NM23-H2–DNA 
complex.  B. Molecular modeling of NM23-H2 and single-stranded DNA. The DNA 
strand is shown as capped sticks in green, with flipped guanines shown in magenta. A 
trimer of NM23-H2 is shown as a backbone ribbon (side chains not shown). Also shown 
in A is the mechanism for inhibition of the activity of NM23-H2 by stabilization of the 
G-quadruplex or i-motif through binding of small molecules. 
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evidence demonstrating that inactivation of the c-MYC alone can be sufficient to induce 

proliferation arrest, apoptosis, and sustained tumor regression [71, 74, 259]. 

Consequently, it appears logical that compounds that can stabilize this structure could 

potentially be used to specifically repress c-MYC expression, which may be an effective 

approach to targeting human malignancies that are MYC-dependent.   

 

1.8.1 G-quadruplex-Interactive Compounds 

Targeting the G-quadruplex to inhibit MYC transcription is a novel approach to 

treating cancer, and some compounds have already been developed for precisely that 

purpose.  Small molecules of several classes, including anthraquinones [260, 261], 

cationic porphyrins [227, 262], perylenes [263, 264], and others have been shown to 

interact with the G-quadruplex.  Some of the c-MYC G-quadruplex interactive 

compounds include TMPyP4, telomestatin, Se2SAP, and a quindoline derivative.  These 

compounds have been shown, both in vitro and in vivo, to selectively stabilize the c-MYC 

G-quadruplex, which induces repression of MYC transcription.  Further, some of these 

compounds have also shown that MYC repression is associated with antitumor activity. 

 

1.8.2 c-MYC G-quadruplex-Targeting Compounds 

The compound TMPyP4 (full name: meso-5,10,15,20-tetrakis-(N-methyl-4-

pyridil) porphine) (Figure 1.7A) is a cationic porphyrin that has been shown to selectively 

stabilize the G-quadruplex in the promoter of c-MYC [265].  In fact, using TMPyP4, our 

group was able to decrease c-MYC expression at both the mRNA and protein levels, as 
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well as lower the level of several c-MYC--regulated genes [262]. By contrast, TMPyP2, a 

structural isomer of TMPyP4 that lacks the ability to interact with the G-quadruplex, had 

a significantly reduced effect on c-MYC transcription [265]. Furthermore, our laboratory 

has determined the importance of the NHE III1 region of c-MYC for gene silencing by 

using TMPyP4 in combination with two Burkitt’s lymphoma cell lines, Ramos and 

CA46, which have retained or lost, respectively, the NHE III1 region in one of the alleles 

because of different translocation break points (Figure 1.8A) [227]. As predicted, when 

the NHE III1 was deleted, as in the CA46 cell line, TMPyP4 had little effect on c-MYC 

expression, whereas in the Ramos cell line, in which the NHE III1 was present, TMPyP4 

lowered c-MYC transcriptional activation much more significantly (Figure 1.8B)  

Se2SAP (full name: 5, 10, 15, 20-[tetra(N-methyl-3 pyridil)]-26,28-

diselenasaphyrin chloride) (Figure 1.7C), another G-quadruplex-interacting small 

molecule, is a porphyrin analogue that was designed to increase specificity for the 

intramolecular G-quadruplex, such as the one that forms in the c-MYC promoter.  The 

investigators also thought that the addition of selenium atoms could also improve the 

toxicity profile of the drug [266].  Se2SAP, has a larger ring system than TMPyP4, which 

allows it to make contact with all four guanine tracts in an intramolecular quadruplex, 

unlike TMPyP4, which can only interact with two guanine tracts at a time.  More 

significantly, Se2SAP has also been shown, by Taq polymerase stop assays, to stabilize 

the formation of the c-MYC G-quadruplex structure in a dose-dependent manner [266].  

Furthermore, Se2SAP has been shown to selectively bind the 1:2:1 loop isomer of the c-

MYC G-quadruplex, which is thought to be the most prevalent isomer in vivo [266]. 
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Although porphyrin compounds, such as TMPyP4 and Se2SAP have proven the 

principle that small molecules can be rationally designed to stabilize of the c-MYC G-

quadruplex, new compounds have been developed using a quindoline scaffold with 

various side-chains with the hope that this will provide greater selectivity with an 

improved toxicity profile [267] (Figure 1.7D).  Interestingly, of all the derivatives tested 

the derivatives containing the pyrrole ring and amino side chains were more effective at 

stabilizing the c-MYC G-quadruplex, as observed by an increase in thermal stability of 

the G-quadruplex .  In fact, one group was recently able to show that inhibiting the 

growth of hepatocellular carcinoma cells with some of the derivatives required the c-

MYC NHE III1 region [267]. 

Taken together, these results provide convincing evidence that specific G-

quadruplex structures within the NHE III1 of the c-MYC promoter represent the silenced 

state of the gene that can be stabilized with small molecules. However, the high incidence 

of G-quadruplex-forming motifs in eukaryotic promoters [219, 220] suggests that drug 

selectivity could be difficult.  Nevertheless, the diversity of folding patterns, number of 

G-tetrads, loop length, and loop sequence offer opportunities to distinguish between these 

structures. 

 

1.9 Summary and Discussion 

 
The majority of tumor cells constitutively express c-MYC at significantly higher 

levels than normal cells; however, unlike other proto-oncogenes that become oncogenic 

by acquiring mutations that alter their protein structure, the great majority of mechanisms 
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that aberrantly activate the c-MYC oncogene deregulate c-MYC transcription without 

affecting protein structure.  Since, virtually every major signaling pathway regulating cell 

proliferation or growth arrest affects either directly or indirectly the activity of the c-MYC 

promoter [13, 134], deregulation of any of these transcription factors or molecules can 

alter c-MYC expression in cancer.  Nevertheless, it has been shown that even transient c-

MYC downregulation can lead to a block in tumor growth and/or tumor regression.  

These findings strongly suggest that therapeutic modulation of c-MYC expression could 

serve as a viable alternative to treat cancer.  The identification of a G-quadruplex forming 

region upstream of the c-MYC promoter that controls up to 90% of the total c-MYC 

transcription provides a unique opportunity for the therapeutic regulation of c-MYC 

expression.  Proof of principle of this hypothesis has been provided thanks to the use of 

selective G-quadruplex-stabilizing compounds which can significantly downregulate c-

MYC promoter activity and consequently reduce total mRNA levels in the cell.  In 

addition, evidence of the existence of these structures in vivo comes from the 

identification of specific transcription factors that selectively recognize, stabilize, unwind 

or cleave G-quadruplex DNA.  No such protein had been previously associated with the 

modulation of the c-MYC G-quadruplex.  In this study, we sought to identify a protein 

that can selectively bind and modulate the formation of the c-MYC G-quadruplex 

structure and investigate its role in c-MYC gene expression regulation.  Identification of 

such protein could help us understand the formation of the c-MYC G-quadruplex and 

design novel therapeutics to facilitate c-MYC G-quadruplex formation and c-MYC 

downregulation in cancer. 
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Figure 1.7 Structures of G-quadruplex-interactive compounds.  A. TMPyP4,  B. 
TMPyP2,  C. Se2SAP, and  D. a quindoline derivative. 
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Figure 1.8  Effect of G-quadruplex interactive drug TMPyP4 on Ramos and CA46 
Burkitt’s lymphoma cell lines.  A. Diagram of the chromosomal arrangements involved 
in the Ramos and CA46 Burkitt’s lymphoma cell lines.  Vertical arrows represent 
breakage and rejoining points between chromosomes 14 and 8 for each translocation.  As 
noted, Ramos includes the NHE III1 region in the translocation but CA46 does not.  B. 
RT-PCR for c-MYC and β-actin in Ramos (lanes 1–3) and CA46 (lanes 4–6).  Cell lines 
after no treatment (lanes 1 and 4), 48 h treatment with 100 µM TMPyP2 (lanes 2 and 5), 
and 48 h treatment with 100 µM TMPyP4 (lanes 3 and 6). 
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CHAPTER 2 

 

MATERIALS AND METHODS 

Chemicals, enzymes, and materials.  Acrylamide: bisacrylamide (29:1) solution, 

ammonium persulfate, and Bio-Spin 6 microspin columns were purchased from Bio-Rad, 

and N, N, N´, N´-tetramethylethylenediamine was purchased from Fisher. T4 

polynucleotide kinase, Taq DNA polymerase and the QIAquick Gel Extraction kit were 

purchased from Promega. [γ-32P]ATP was purchased from  Perkin Elmer. In-Fusion 

Advantage cloning kit was purchased from Clontech. 

 

Synthetic oligonucleotides.  DNA and RNA oligomers were obtained from Eurofins 

MWG Operon (Huntsville, AL).  For sequence please reference to Table 2.1.  The 

oligonucleotides used in the design of the G-quadruplex affinity columns were Biotin-

Pu77-WT, a biotinylated 77-mer containing the wild-type NHE III1 sequence capable of 

forming the most biologically relevant intramolecular c-MYC G-quadruplex structure and 

Biotin-Pu77-MT whose sequence is identical to that of Biotin-Pu77-WT with the 

exception of a G-to-A substitution at position 62, which disrupts the ability of the 1:2:1 

G-quadruplex structure to form.  The oligonucleotides used in the electromobility shift 

assays (EMSAs) were Pu27, a purine-rich 27-mer corresponding to the c-MYC NHE III1 

sequence, Pu47, which corresponds to a purine-rich 47-mer encompassing the c-MYC 

Pu27 sequence plus ten nucleotides on each of its flanking regions, and its complement, 

the pyrimidine-rich Py47.  Pu47 mutant oligos that selectively stabilize different loop 
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isomers of the c-MYC G-quadruplex were named according to loop length as c-MYC-

1:2:1, c-MYC-1:2:2, c-MYC-2:1:2, and c-MYC-1:6:1.  The NRE-RNA is a 26-mer 

ribonucleotide containing the consensus nucleolin recognition element (NRE) sequence 

as found in the human pre-rRNA.  The oligonucleotides used to perform the polymerase 

assay were the 77-mer template Pu77-PS, and the P28 polymerase stop primer.  The 

sequence of the oligonucleotides corresponding to the G-quadruplex forming motifs of 

the VEGF, PDGF-A, BCL-2, RET, HIF-1α, and c-MYB gene promoter, as well as that of 

the human telomere are also listed in Table 2.1. 

 

Plasmids.  The reporter plasmid containing the NHE IIII region of the human c-MYC 

promoter (Del-4) linked to the firefly luciferase gene was kindly provided by Dr. Bert 

Vogelstein (Johns Hopkins University). The renilla plasmid pRL-TK was used as internal 

control (Promega, Madison, WI). The human EGFP-nucleolin plasmid (EGFP-Nuc) was 

kindly provided by Dr. Michael B. Kastan (St. Jude Children’s Research Hospital). The 

EGFP-control plasmid was constructed by deleting the nucleolin protein expression 

sequence from the EGFP-Nuc plasmid by enzymatically digesting the plasmid with 

restriction enzymes EcoRI and KpnI followed by ligation of the vector fragment. 

Plasmids pNuc-1,2,3,4-RGG9; pNuc-3,4-RGG9; pNuc-1,2-RGG9; pNuc-1,2; pNuc-3,4; 

and pNuc-RGG9 for the expression of recominant nucleolin deletion mutants were 

generously provided by Dr. Leslyn A. Hanakahi (Johns Hopkins Bloomberg School of 

Public Health).  The pNuc-1,2,3,4-RGG9 plasmid was used as template for the 

amplification nucleolin's DNA coding  
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Table 2.1  G-quadruplex-forming DNA oligomers.  G-tetrad-forming guanine residues are in 
bold. 

Oligo 
name 

Sequence (5´ to 3´) 

 

c-MYC  
  

GGGGCGCTTATGGGGAGGGTGGGGAGGGTGGGGAAGGTGGGGAGGAG 
 

VEGF 
 

CCCCCCGGGGCGGGCCGGGGGCGGGGTCCCGGCGGGGCGGAGCCATG 
 

PDGF-A 
 

GGCGGGGGGGGGGGGGCGGGGGCGGGGGCGGGGGAGGGGCGCGGCGG 
 

BCL-2 
 

CGCGGAGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTGTGG 
 

RET 
 

GAGGAGCGGGTAGGGGCGGGGCGGGGCGGGGGCGGTCCAGGGGTGGG 
 

HIF-1α 
 

CGCTCGGGCGCGCGGGGAGGGGAGAGGGGGCGGGAGCGCGCCCGCTC 
 

c-MYB 
 

AGAGGAGGAGGAGGTCACGGAGGAGGAGGAGAAGGAGGAGGAGGAAA 

Human 
Telomeric 

 

TTTAAGGGTTAGGGTTAGGGTTAGGG 

c-MYC 
1:2:1 

 

GGGGCGCTTATGGGGAGGGTGGGTAGGGTGGGTAAGGTGGGGAGGAG 

c-MYC 
1:2:2 

 

GGGGCGCTTATGGGGAGGGTGGGTAGGGTTGGGAAGGTGGGGAGGAG 

c-MYC 
2:1:2 

 

GGGGCGCTTATGGGGAGGGTTGGGAGGGTTGGGAAGGTGGGGAGGAG 

c-MYC 
1:6:1 

 

GGGGCGCTTATGGGGAGGGTTTTTAGGGTGGGGAAGGTGGGGAGGAG 
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sequence and construction of pNuc-2,3; pNuc-2,3-RGG9; pNuc-1,2,3; pNuc-1,2,3-

RGG9; pNuc-2,3,4; pNuc-2,3,4-RGG9; pNuc-1,2,3,4-RGG9; pNuc-4-R and pNuc-1-R. 

 

Preparation and Purification of End-labeled Oligonucleotides.  Oligonucleotides 

were either 5’-end labeled using T4 polynucleotide kinase and [ -32P] dATP.  

Unincorporated radioactive nucleotides were removed using a Bio-Spin 6 

chromatography column after inactivation of the kinase by heating for 5 min at 95 °C.  

Labeled single-stranded oligonucleotides were purified using denaturing gel 

electrophoresis (16% PAGE, 1x TBE).  For construction of double-stranded 

oligonucleotides, labeled single-stranded oligonucleotides were annealed with their 

complementary strands and then purified using non-denaturing gel electrophoresis (8% 

PAGE, 1x TBE).  All DNA oligomers were resuspended in double-distilled water after 

purification unless otherwise specified. 

 

Cell culture.  HeLa (cervical carcinoma metastasis) and MiaPaCa (pancreatic carcinoma) 

cells were grown in RPMI 1640 medium (Invitrogen) and supplemented with 10% fetal 

bovine serum (NovaTech) and 1% penicillin/streptomycin (Invitrogen) at 37 °C in a 

humidified 5% CO2 incubator.  MCF-10A (immortal human mammary epithelial) cells 

were grown in a 5% CO2-humidified incubator at 37°C in Complete MCF-10A Growth 

Medium (Mediatech, Inc., Herndon, VA) supplemented with 20% Fetal Bovine serum, 

100 units/ml penicillin and 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA).  All cell 
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lines were obtained from the American Type Culture Collection (ATCC) (Manassas, 

VA). 

 

Purification of Nucleolin from HeLa Cells.  A 20-ml wet volume of HeLa cells 

corresponding to approximately 2.4 g of total protein was used to obtain the HeLa whole-

cell protein extract for the purification of nucleolin. Five chromatographic steps were 

used for the purification of nucleolin in the following order: Sephacryl S400 gel filtration, 

heparin-agarose resin, Q-Sepharose resin, SP-Sepharose resin, and Pu77-WT DNA 

affinity column. Proteins were eluted with a 0.1–2.0 M NaCl gradient in Buffer B, except 

for protein applied to the S400 gel column, which were eluted with Buffer B containing 

100 mM NaCl. Protein fractions containing nucleolin were identified by Western blot 

analysis after each chromatographic fractionation, pooled together, and applied to the 

subsequent column. The purity of the protein fractions collected from the Pu77-WT 

affinity column was determined by running the nucleolin-containing protein fractions on 

a 10% SDS-PAGE, staining the protein bands, on the gel with Coomassie Blue, excising 

each protein band, and sequencing them by LC-MS/MS. 

 

Western Blot Analysis.  Equal amounts of protein (50 µg/lane) were resolved on a 4–

15% Tris–HCl Ready Gels (Bio-Rad) under reducing conditions (SDS-PAGE).  The 

proteins were then transferred to nitrocellulose membranes and probed with human anti-

Nucleolin antibody (1:1000; Santa Cruz Biotechnology).  Signal detection was carried 
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out using a secondary antibody conjugated to horseradish peroxidase (1:3000; Bio-Rad) 

and an enhanced chemiluminescence kit (Cell Signaling Technology).  

 

Chromatin Immunoprecipitation (ChIP).  ChIP assays were performed by using the 

Upstate chromatin immunoprecipitation kit as recommended by the manufacturer 

(Upstate Biotechnology, Lake Placid, NY). Briefly, HeLa cells were grown to confluency 

in 10-cm dishes and fixed with 1% formaldehyde at room temperature for 10 min. 

Fixation was stopped by adding glycine to the media to a final concentration of 0.125 M. 

Cells were scraped and pelleted. The HeLa cell pellet was then resuspended in SDS lysis 

buffer and incubated for 10 min on ice. The samples were sonicated on ice with a 

BioRuptor sonicator at high intensity 20 times for 15-s pulses with 1-min intervals 

between each pulse to an average DNA length of approximately 500 bp, which was 

confirmed by agarose gel electrophoresis and ethidium bromide staining. To reduce 

nonspecific binding, the chromatin solution was pre-cleared by the addition of salmon 

sperm DNA/protein A-agarose-50% slurry for 30 min. Pre-cleared chromatin was 

incubated with 4 µg of corresponding antibody or no antibody and rotated at 4 °C for 

approximately 12–16 h. Antibodies used included nucleolin (NB600-241, Novus 

Biologicals), Sp1 (SC-59, Santa Cruz Biotechnology), and IgG (SC 2025, Santa Cruz 

Biotechnology). Immunoprecipitation of the protein-DNA complex was performed as 

recommended by the manufacturer. The eluted DNA was dried and resuspended in 50 µl 

of TE buffer. Standard PCRs were performed using 2 µl of the immunoprecipitated DNA 

or 2 µl of 1:20 diluted input. After 25 cycles of amplification, PCR products were 
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separated by electrophoresis through 1% agarose gels and visualized by ethidium 

bromide intercalation. The PCR primers used to amplify the region of the c-MYC 

promoter containing the NHE III1 were NHE-FW (5'-CTGCGATGATTTATACTCAC- 

3') and NHE-BW (5'-CCAGACCCTCGCATT- 3'). 

 

Expression and Purification of Recombinant Nucleolin.  Recombinant nucleolin was 

produced using the pNuc-1,2,3,4-RGG9 plasmid or from deletion mutants generated from 

the pNuc-1,2,3,4-RGG9 plasmid.  All nucleolin recombinant proteins are fused at the N 

terminus to Escherichia coli maltose-binding protein. The maltose-binding protein-fused 

protein was purified on an amylose column (New England Biolabs), following the 

manufacturer’s protocol. The proteins were then dialyzed and concentrated in dialysis 

buffer (20 mM Tris-HCl, pH 7.4, 5 mM NaCl, 1 mM EDTA, in 50% glycerol). Protein 

concentration was determined by the Bradford protein assay (Bio-Rad). 

 

Luciferase Reporter Assay.  MCF-10A cells were seeded at a density of 7.5 X 105 cells 

per well in a 6-well plate in 2 ml of medium at 37 °C with 5% CO2. Cells were grown 

overnight, and the medium was exchanged for fresh medium immediately before 

transfection. Cells were transfected with the corresponding reporter construct by using 

Lipofectamine 2000 as recommended by the manufacturer (Invitrogen). Luciferase 

activity was measured 24 h after transfection by using the luciferase assay system as 

recommended by the manufacturer (Promega). The results of the luciferase assay are 

presented as the average S. D. from three independent experiments after normalization 
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against Renilla luciferase activities. The data are expressed as a percent of luciferase 

activity in control cells (100%). 

 

In Vitro Transcription.  In vitro transcription assays were performed using the 

HeLaScribe Nuclear Extract In Vitro Transcription System (Promega) following the 

manufacturer's protocol, with one exception: the DNA template used was negatively 

supercoiled plasmid DNA containing the c-MYC promoter region (gift from Dr. Bert 

Vogelstein at Johns Hopkins University).  Briefly, 25 ml reaction mixtures containing 1 

mg of template DNA, 1x reaction buffer, 3 mM MgCl2, 0.4 mM rATP, 0.016 mM rUTP, 

0.4 mM rCTP, 0.4 mM rGTP, and 10 µCi [α-32P]rUTP (Amersham Biosciences) were 

assembled on ice.  Transcription was initiated by adding 8 U (50 µg) of HeLa nuclear 

extract and subsequently allowed to incubate for 60 min at 30 °C.  The reactions were 

then terminated with 175 µl of stop solution.  After phenol/chloroform extraction, RNA 

transcripts were ethanol precipitated, dried, and redissolved in formamide loading buffer.  

RNA transcripts were resolved by denaturing gel electrophoresis (6% PAGE, 1x TBE).  

Radioactive transcription products were detected by autoradiography. 

 

PCR Mutagenesis:  Amplification and linearization of vector backbone was performed 

by Inverse PCR.  Briefly, each PCR reaction contained 0.01 pmol template DNA (pNuc-

1,2,3,4-RGG), 15 pmols of reverse primer: REV 5'-

AGCCGTAGTCGGTTCTGTGCCTTCCACTTTCTGTTTCTTGGCTTCAGGAGCTGC

T-3', and forward  primer FWD1: 5'-
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GACCACAAGCCACAAGGAAAGAAGACGAAGTTTGAATAGGAATTCCTCGAC

CTGC-3' to amplify empty vector backbone for construction of pNuc-2,3; pNuc-1,2,3; 

pNuc-2,3,4  and pNuc-1,2,3,4; or forward primer FWD2: 5'-

AAGGGTGAAGGTGGCTTCGGGGGTCGTGGTGGAGGCAGAGGCGGCTTTGGA

GGAC-3' to amplify vector backbone containing the RGG domain coding sequence for 

construction of pNuc-2,3-RGG; pNuc-1,2,3-RGG; pNuc-2,3,4-RGG; pNuc-1-RGG; and 

pNuc-4-RGG.  1X Pfu reaction buffer, 200 uM of each dNTP and 2.5 U Pfu DNA 

polymerase (Fermentas, Burlington, Canada) in a 50 µl final volume. The temperature 

cycles were as follows: 95°C for 3 min, 18 cycles of 95°C for 45 sec, 62°C for 1 min and 

68°C for 2 min/kb (12 min), with a final extension at 68°C for 2 min/kb (12 min).  

Linearized vectors were subsequently treated with 10 U of DpnI for 3 hrs at 37°C to 

remove parental templates. 

 The deletion mutants were constructed by using the In-Fusion cloning system.  

Briefly, each sequence of interest was amplified using Advantage HD polymerase 

(Clontech) for 20 cycles by PCR using the primer pairs indicated in Table 2.2.  The 

amplified DNA inserts were purified with the QIAquick gel extraction kit and subcloned 

into the linear pMal vector using the In-Fusion cloning kit according to the 

manufacturer’s recommendations.  Briefly, each cloning reaction contained 100 ng of 

linear vector, 200 ng of insert DNA, 1X In-Fusion Reaction Buffer, 1 µl In-Fusion 

enzyme in a 10 µl final volume.  The In-Fusion cloning reaction was incubated for 15 

min at 37°C, followed by 15 min at 50°C, and 5 min on ice.  40 µl of TE buffer (pH 8)  
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Table 2.2  List of primer pairs used for the construction of Nucleolin deletion mutants. 
Vector-overlapping regions are underlined.  
 

Primer Sequence 
Nuc-2,3 
FWD: 5'-GAACCGACTACGGCTAAAGACAGTAAGAAAGAGCGAGATGCGAGA-3' 
REV:  5'-GGATGGCTGGCTTCTGGCATTAGGTGATCCTTGTGGCTTGTGGTC-3' 
 
Nuc-2,3-RGG 
FWD: 5'-GAACCGACTACGGCTAAAGACAGTAAGAAAGAGCGAGATGCGAGA-3' 
REV:  5'-GGATGGCTGGCTTCTGGCATTAGGTGATCCGCCACCTTCACCCTT-3' 
 
Nuc-1,2,3 
FWD: 5'-GAACCGACTACGGCTTTCAATCTCTTTGTTGGAAACCTAAACTTT-3' 
REV:  5'-GGATGGCTGGCTTCTGGCATTAGGTGATCCTTGTGGCTTGTGGTC-3' 
 
Nuc-1,2,3-RGG 
FWD: 5'-GAACCGACTACGGCTTTCAATCTCTTTGTTGGAAACCTAAACTTT-3' 
REV:  5'-GGATGGCTGGCTTCTGGCATTAGGTGATCCGCCACCTTCACCCTT-3' 
 
Nuc-2,3,4 
FWD: 5'-GAACCGACTACGGCTAAAGACAGTAAGAAAGAGCGAGATGCGAGA-3' 
REV:  5'-CTTAGGTTTGGCCCAGTCCAAGGTAACTTTTTGTGGCTTGTGGTC-3' 
 
Nuc-2,3,4-RGG 
FWD: 5'-GAACCGACTACGGCTAAAGACAGTAAGAAAGAGCGAGATGCGAGA-3' 
REV:  5'-CTTAGGTTTGGCCCAGTCCAAGGTAACTTTGCCACCTTCACCCTT-3' 
 
Nuc-1,2,3,4 
FWD: 5'-GAACCGACTACGGCTTTCAATCTCTTTGTTGGAAACCTAAACTTT-3' 
REV:  5'-CTTAGGTTTGGCCCAGTCCAAGGTAACTTTTTGTGGCTTGTGGTC-3' 
 
Nuc-1-R 
FWD: 5'-GAACCGACTACGGCTTTCAATCTCTTTGTTGGAAACCTAAACTTT-3' 
REV:  5'-TCCTTTTGGTTTCTCTAGTTTAATTTCATTGCCACCTTCACCCTT-3' 
 
Nuc-4-R 
FWD: 5'-GAACCGACTACGGCTAAAACTCTGTTTGTCAAAGGCCTGTCTGAG-3' 
REV:  5'-CTTAGGTTTGGCCCAGTCCAAGGTAACTTTGCCACCTTCACCCTT-3' 
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was added to each reaction mixture.  2.5 µl of the In-Fusion mixture was then used to 

transform Origami B(DE3) competent cells.  Positive clones were selected in Amp-LB 

agar plates. 

 

Electrophoretic Mobility Shift Assay (EMSA).  Labeled oligonucleotides were 

generated by incubating the DNA or RNA oligos with [γ-32P]dATP and T4 

polynucleotide kinase (Fermentas) and purified by electrophoresis on a 16% denaturing 

polyacrylamide gel. Binding of G-quadruplex DNA or RNA was carried out in 20-µl 

reactions containing 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 50 ng/µl poly(dI-dC), and 

RNase inhibitor (Ribolock, Fermentas). Glycerol (5%) was added to each EMSA reaction 

immediately before loading onto a 17 X 15-cm 1.5-mm thick 4% nondenaturing 

polyacrylamide gel containing 0.5X TBE. Protein complexes were resolved by running 

the gel at 10 mA for 1 h at room temperature. Fig. legends specify the amount or 

concentration of DNA/RNA, KCl, and protein used in each experiment. Complex 

formation was quantified by PhosphorImager analysis (Storm 820, GE Healthcare), and 

dissociation constant (Kd) values were calculated by plotting the fraction of bound DNA 

or RNA at each protein concentration. Kd values represent the protein concentration 

required to bind 50% of the total labeled DNA or RNA. 

 

Filter Binding Assay.  Reactions were prepared identical as previously described for gel 

mobility shift assays.  After incubation, samples were then applied to a 96-well dot blot 

vacuum apparatus containing a binding buffer pre-soaked nitrocellulose membrane (Bio-
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Rad) layered on top of a positively charged DEAE membrane (Whatman).  Next, the 

filters were washed once with 200 µL of the binding buffer to remove any unbound DNA 

substrate.  Finally, filters were dried, and radioactivity corresponding to free and bound 

states was quantified by phosphorimaging (Molecular Dynamics).  The apparent 

dissociation constants (Kd) were calculated as the protein concentration at which 50% of 

the DNA bound at saturation was retained on the nitrocellulose filter. 

 

Polymerase Stop Assay.  The 5´-end [γ-32P]-labeled primer d[TAATACGACTCACTA 

TAGCAATTGCGTG] was annealed to a cassette DNA, d[TCCAACTATGTATAC(G-

quadruplex-forming insert)TTAGCGGCACGCAATTGCTATAGTGAGTCGTATTA], 

containing the G-quadruplex-forming sequence of interest.  DNA formed by annealing 

the primer to the template sequence was purified using gel electrophoresis on an 8% 

nondenaturing polyacrylamide gel.  The purified primer-template complex was mixed 

with a reaction buffer (50 mM Tris-HCl, pH 7.6,10 mM MgCl2, 0.5 mM DTT, 0.1 mM 

EDTA, 1.5 g/L BSA), 0.2 mM deoxynucleotide triphosphates, and KCl (concentrations 

specified in figures).  Following incubated for 1 h at 25 °C, the Taq DNA polymerase 

was then added (5 U/reaction) and allowed to extend the primer for 30 min at 37 °C.  The 

reactions were stopped by adding an equal volume of stop buffer (95% formamide, 10 

mM EDTA, 10 mM NaOH, 0.1% xylene cyanol, 0.1% bromphenol blue) and analyzed 

using denaturing gel electrophoresis (16% PAGE, 1x TBE).  For the drug stabilization 

experiments, drugs were added and incubated an additional 1 h at 25 °C before primer 

extension by Taq DNA polymerase.   
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DMS Footprinting.  DMS footprinting of free Pu27 or recombinant nucleolin-bound 

Pu27 was performed. Nucleolin bound to Pu27 was first visualized by EMSA. Bands 

containing either the bound or unbound Pu27 DNA were excised and soaked in dimethyl 

sulfate solution (DMS, 1% in 50% ethanol) for 5 min at room temperature. All reactions 

were quenched with stop buffer (3 M β-mercaptoethanol: water: NaOAc; 1:6:7, v/v). 

DNA samples treated in-gel were extracted from the gel by crushing the gel and soaking 

the samples in 10 mM Tris-HCl, pH 7.4, overnight. Supernatant from these samples was 

transferred to a fresh Eppendorf tube to be ethanol-precipitated. After ethanol 

precipitation and piperidine cleavage, the reactions were separated on an analytical gel 

(16%) and visualized on a PhosphorImager. Maxam-Gilbert sequencing G + A and T + C 

reactions were carried as described previously. 

 

CD Spectroscopy.  Oligonucleotide stocks were diluted to 5 uM in 50 mM Tris-HCl, pH 

7.4. Pu47 ss (single stranded/unstructured c-MYC NHE III1 oligo) samples were 

incubated with either Tris-HCl, pH 7.4 buffer, protein dialysis buffer, or the specified 

amounts of recombinant nucleolin protein at room temperature for 30 min to reach 

equilibrium prior to CD spectroscopy. To assemble the Pu47 oligo into the c-MYC G-

quadruplex conformation, the oligo was heated at 95 °C for 10 min and left to cool 

gradually to room temperature. The assembled G-quadruplex was then incubated with 

either protein dialysis buffer or recombinant protein at room temperature for 30 min prior 

to CDspectroscopy. CD spectra were recorded on a Jasco- 810 spectropolarimeter 

(Easton, MD) at room temperature, using a quartz cell of 1-mm optical path length and an 
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instrument scanning speed of 100 nm/min, with a response time of 1 s and over a 

wavelength range of 200,325 nm. The reported spectrum of each sample represents the 

average of three scans. The spectral contribution of buffers and proteins was subtracted as 

appropriate. 

 

Imaging and Quantification.  The dried PAGE gels were exposed on a phosphor screen.  

Imaging and quantification were performed using a Storm 820 PhosphorImager and 

ImageQuant 5.1 software (Molecular Dynamics). 
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 CHAPTER 3. 
 

IDENTIFICATION OF c-MYC G-QUADRUPLEX-BINDING-PROTEINS BY 
AFFINITY CHROMATOGRAPHY 

 
 
3.1  Introduction 
 
 3.1.1 DNA Affinity Column Chromatography. 
 
  Several cellular processes, such as chromatin organization, replication, mitotic 

recombination, telomere function and gene regulation are controlled by the interaction of 

DNA with proteins, such as histones, DNA polymerases, and transcription factors.  Thus, 

purification and characterization of these proteins is key to further our understanding of 

normal cell regulation, deregulation and cancer.   

  DNA affinity chromatography is a type of liquid chromatography in which 

immobilized DNA is used to purify DNA-binding proteins.  This technique takes 

advantage of the affinity of polynucleotide-binding proteins for DNA to separate proteins 

based on their ability to bind specific polynucleotide sequences.  Several transcription 

factors as well as other DNA modulating enzymes have been purified by using sequence 

specific DNA affinity columns [268].  The specific DNA sequence in the affinity column 

is referred to as the footprint region, and it is the key to the high selectivity of affinity 

columns, which often produce high protein yield and purity in a single step.  DNA 

affinity columns can be made with various conformations of DNA such as single-

stranded, double-stranded, Z-DNA and G-quadruplex DNA [268].  Thus, by combining 

DNA sequence and conformation, one can separate proteins that bind to different 

conformations of the same DNA sequence.  In our study we used two DNA affinity 
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columns to separate proteins that bind to the single-stranded NHE III1 region of the c-

MYC promoter and the proteins that bind to the same region when assembled into a G-

quadruplex-DNA conformation. 

 

 3.1.2 Purification of c-MYC G-quadruplex-Interacting Proteins. 
 

 In order to purify potential c-MYC G-quadruplex-binding proteins, we designed 

two DNA affinity columns.  The oligonucleotides used in the design of these affinity 

columns were designated as Pu77-WT and Pu77-MT.  Pu77-WT is a biotinylated 77-mer 

containing the wild-type NHE III1 sequence capable of forming the most biologically 

relevant intramolecular c-MYC G-quadruplex structure (Figure 3.1).  The Pu77-MT 

sequence is identical to that of Biotin-Pu77-WT with the exception of a G-to-A 

substitution at position 62, which disrupts the ability of the 1:2:1 G-quadruplex structure 

to form.  Potential c-MYC G-quadruplex-binding proteins were purified starting with 

whole-cell extracts from HeLa cells, which were chromatographed on a Sephacryl S-400 

gel.  Protein-active fractions were identified, pooled together, and applied to a Heparin-

agarose resin to enrich for DNA binding proteins.  To eliminate single-stranded and non-

G-quadruplex-binding proteins, we applied the Heparin-purified proteins to the mutant 

affinity column, Pu77-MT since this affinity column contains a mutation that prevents the 

formation of the most stable c-MYC G-quadruplex structure; therefore, proteins binding 

to this column could not be considered to be specific G-quadruplex-binding proteins.  

Consequently, only the flowthrough of the Pu77-MT affinity column was collected.  The 

Pu77-MT flowthrough protein mixture was then applied to the wild-type Pu77-WT 
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Figure 3.1. Diagram of G-quadruplex Affinity Column Chromatography.  
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affinity column and eluted with a NaCl gradient in Buffer B.  Protein-active fractions 

eluted from the Pu77-WT affinity column were pooled, and the resulting affinity-purified 

protein mixture was submitted for proteomic analysis at the University of Arizona Mass 

Spectrometry Consortium. 

 

3.2 Results 
 
  3.2.1 Functional Classification of the Identified c-MYC G-quadruplex-Binding 

Proteins. 
 

Potential c-MYC G-quadruplex-binding proteins were identified by LC-MS/MS 

Mass Spectrometry.  The purification of c-MYC G-quadruplex-binding proteins and 

proteomic analysis was performed twice, and the results of both experiments were used to 

identify proteins that bound to the wild-type affinity column in a reproducible manner.  A 

large number of proteins were initially identified by LC-MS/MS as potential c-MYC G-

quadruplex-binding proteins; however, only ten of those proteins were found to bind to 

the c-MYC affinity column reproducibly (Table 3.1).  

The proteins identified as potential c-MYC G-quadruplex binding proteins can be 

classified into four main groups: 1) proteins involved in DNA repair and telomere 

maintenance, 2) proteins that play a role in RNA splicing, 3) ribosomal proteins, and 4) 

proteins involved in chromatin remodeling and transcription.  In addition, MYH9, a 

protein that plays an important role in platelet structure [269], was also found to bind to 

the c-MYC G-quadruplex in a reproducible manner.  
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Table 3.1  Description and summary of the proteins identified by LC-MS/MS analysis 
from the c-MYC G-quadruplex affinity column.  

PROTEIN 
SYMBOL 

PROTEIN FUNCTION 

NCL Ribosome biogenesis, transcription, apoptosis [270, 271], and G-
quadruplex-binding protein  [272]. 

TTF-I Induces dissociation of paused ternary transcription complexes in 
rDNA [273]. 

TFII-I Multifunctional phosphoprotein with roles in transcription and 
signal transduction [274]. 

hnRNP A1 Telomerase binding, telomeric G-quadruplex unwinding, [275, 
276]. Translation initiation control [277], mRNA G-quadruplex 
unwinding [278]. 

hnRNP A2/B1 pre-mRNA splicing [279], mRNA G-quadruplex unwinding [280]. 
eEF1A Translation elongation, G-rich DNA binding [281, 282]. 
RPS20 Ribosomal protein component of the 40S ribosome subunit [283]. 
RPL15 Ribosomal protein component of the 60S ribosome subunit [283]. 
RPL21 Ribosomal protein component of the 60S ribosome subunit [283]. 
MYH9 Maintenance of platelet structure and cytolytic granule exocytosis 

[269]. 
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a. Proteins Involved in DNA Repair and Telomere Maintenance. 
 

Among the telomere binding proteins are the heterogeneous nuclear 

ribonucleoproteins (hnRNPs) A1 and B1.  Both hnRNP A1 and hnRNP B1 have been 

proposed to form a macromolecular complex with telomere maintaining factors, which 

regulate telomere length.  hnRNP A1 has been shown to bind to both single-stranded and 

structured human telomeric repeats, and in the latter case, it unwinds the telomeric G-

quadruplex structures.  For this reason, hnRNP A1 has been suggested to stimulate 

telomere elongation through unwinding of G-Quadruplexes at the end of telomeres [276].  

hnRNP B1 has also been reported to negatively regulate the repair of DNA strand break 

by inhibiting the activity of DNA-PK, a multi-protein complex which controls DNA 

repair [284].   

 
b. Proteins Known to Participate in RNA Splicing. 

 
RNA sequences that are guanine-rich (G-rich) have also been shown to assemble 

into thermally stable G-quadruplexes under physiological conditions.  Furthermore, 

several reports demonstrate that RNA quadruplexes can modulate pre-RNA alternative 

splicing [285], and mRNA translation [286, 287] ex vivo.  Thus, it is not surprising that 

hnRNP A1 has been previously characterized as functional components of the 

spliceosome.  It has shown that hnRNP A1 binds more tightly to RNA in lower salt 

concentrations, thus, suggesting that hnRNP A1 binds preferentially to the unstructured 

G-rich RNA and/or DNA sequence.  The modular activities of hnRNP A1 do not appear 

to be substrate specific, thus the hnRNP A1 may play a global role in the regulation of 
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alternative splicing rather than controlling the expression of specific genes [275, 276, 

288].  

c. Ribosomal Proteins. 
 

Several Ribosomal proteins were identified as potential c-MYC G-quadruplex 

binding proteins.  Ribosomal proteins are essential components of the cellular machinery 

involved in protein synthesis.  These proteins have been generally regarded as playing an 

important role when working collectively to synthesize proteins that change the state of 

the cell; however, there is increasing evidence that certain ribosomal proteins can 

themselves act directly to regulate cell growth patterns independently of their role as 

components of the translational apparatus.  For instance, ribosomal proteins S20 and L21 

have been reported to play a role in growth inhibition and cell death [289].  Furthermore, 

it is not surprising to find that ribosomal proteins have the ability to interact with G-

quadruplex structures since the rRNA is highly G-rich and can potentially form structures 

similar to that of the c-MYC G-quadruplex.  These proteins may also control gene 

expression by modulating the formation of G-quadruplexes like the one found in the c-

MYC promoter under certain cellular conditions. 

  
d. Proteins with a Function in Chromatin Remodeling and Transcription. 

 
At least one of the identified proteins has been shown to be able to remodel 

chromatin structure and affect transcription.  Nucleolin, a nucleolar phospho-protein 

highly expressed in proliferating cells.  Nucleolin is known mainly for its role in 

ribosome biogenesis; however, it also functions in chromatin decondensation, signal 

transduction and transcription [270].  It has been reported that nucleolin can function as 
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both a transcriptional activator and repressor [290-292].  In another study, it was found 

that an increase in nucleolin concentration led to significant repression of RNA 

polymerase I transcription, thus linking nucleolin to RNA polymerase I-dependent 

transcription.  Furthermore, LR1, a nucleolin-hnRNP D heterodimer, has also been 

reported to regulate c-MYC transcription by binding to a dsDNA element 319 to 309 

nucleotides upstream of the P1 promoter and 167 nucleotides upstream of the NHE 

region.  Interestingly, LR1 has been reported to bind to G-quadruplex structures [272, 

293].  Most importantly, we found that nucleolin was the protein that most tightly bound 

to the wild-type c-MYC affinity column, thus suggesting a strong affinity of nucleolin for 

the c-MYC NHE promoter.  Therefore, we hypothesize that nucleolin may regulate c-

MYC transcription by interacting with the c-MYC G-quadruplex structure.   

 

3.3  Summary and Discussion 
 

It is well established that G-rich nucleic acid sequences can readily assemble into 

stable G-quadruplex structures in vitro under physiological conditions.  Furthermore, the 

identification of a number of prokaryotic and eukaryotic proteins that interact with and 

alter the properties of G-quadruplex structures provides further evidence for the 

formation of such structures in vivo.  The proteins that bind to G-quadruplex structures 

with high affinity and selectivity have been shown to preferentially perform various 

functions on those structures over double-stranded DNA, including G-quadruplex 

structure stabilization, unwinding, and cleaving [217, 248].   
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G-quadruplexes and other atypical non-coding DNA structures are believed to 

perform roles in cellular physiology that go beyond the storage of genetic information 

done by coding double- stranded DNA, including telomere maintenance [260], telomere 

capping [294], replication fork progression [295], chromosome organization [296], gene 

expression regulation [227], and DNA recombination [272].  Still, how those processes 

are so carefully orchestrated through these atypical DNA elements remains unclear.  The 

G-quadruplex found in the c-MYC promoter has been shown to function as a silencer 

element [227].  Therefore, proteins that unwind or induce its formation are likely to affect 

c-MYC gene expression.  Here we describe how affinity column chromatography was 

used to identify 10 potential c-MYC G-quadruplex-interacting proteins, which can be 

classified into four groups: 1) proteins involved in DNA repair and telomere 

maintenance, 2) proteins that play a role in RNA splicing, 3) ribosomal proteins, and 4) 

proteins involved in chromatin remodeling and transcription (see Table 3.1). 

Among the telomere-binding proteins that bind to the c-MYC G-quadruplex are 

the hnRNP A1 and hnRNP A2/B1. These two proteins form a macromolecular complex 

with telomere-maintaining factors, which regulate telomere length. hnRNP A1 has also 

been shown to unwind telomeric G-quadruplex structures. For this reason, hnRNP A1 has 

been suggested to stimulate telomere elongation through unwinding of G-quadruplexes at 

the end of telomeres [276].  RNA sequences that are guanine-rich have also been shown 

to assemble into thermally stable G-quadruplexes under physiological conditions. Several 

reports demonstrate that RNA quadruplexes can modulate pre-RNA alternative splicing 

[285] and mRNA translation [286, 287] ex vivo. Interestingly, hnRNP A2 and modified 
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hnRNP A1 have been previously reported to destabilize G-quadruplexes in both DNA 

and RNA [278]. The G-quadruplex-disrupting ability of hnRNP A2 has been suggested to 

alleviate the translational block that results from G-quadruplex formation on mRNA 

[280]. However, what role this protein plays in binding DNA G-quadruplex structures 

remains unclear.  

The translation elongation factor eEF1A was also identified as a potential c-MYC 

G-quadruplex-binding protein. Interestingly, a recent report suggests that eEF1A binds to 

G-rich oligonucleotides independent of the formation of a G-quadruplex structure [282]. 

Our studies and those reported by the Manzini and co-workers [282] differ in that in their 

studies 150 mM NaCl was used rather than KCl. It is well known that sodium and 

potassium can have different effects on both the facilitation of the formation and 

topology of the G-quadruplex formed. Furthermore, our results provide strong evidence 

that G-quadruplex topology is a determinant factor for protein binding. It is possible that 

one of the functions of eEF1A in RNA is to bind to and unwind RNA G-quadruplexes, 

thus facilitating translation elongation. However, the significance of the binding of this 

protein to DNA G-quadruplexes has yet to be determined.  

We identified four ribosomal proteins as potential c-MYC G-quadruplex-binding 

proteins. Ribosomal proteins are essential components of the cellular machinery involved 

in protein synthesis. These proteins have been generally regarded as collectively playing 

an important role in synthesizing proteins; however, there is increasing evidence that 

certain ribosomal proteins can themselves act directly to regulate cell growth patterns 

independent of their role as components of the translational apparatus.  
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In addition, some of the identified proteins have been shown to remodel 

chromatin structure. For example, TTF-I has been suggested to regulate chromatin 

structure by recruiting different chromatin remodeling proteins to the rDNA, which, 

depending on the molecular context, can either activate or repress RNA polymerase I 

transcription. For example, TTF-I has been shown to induce chromatin remodeling and 

relieve transcriptional repression of rDNA [273, 297], whereas recruitment of NoRC to 

the rDNA promoter by TTF-I has been shown to silence rDNA transcription [298]. 

Interestingly, c-MYC activation appears to induce the binding of TTF-I to rDNA, leading 

to the rDNA chromatin conformation changes that are associated with growth stimulation 

[299]. Therefore, one may speculate that under certain conditions TTF-I may act in a 

feedback loop to regulate c-MYC transcription by modulating the formation or stability of 

the c-MYC G-quadruplex.  

Similarly, nucleolin has been shown to greatly enhance the chromatin remodeling 

of nucleosomes by SWI/SNF and ACF [300]. Nucleolin destabilizes the histone octamer 

by helping the dissociation of the histone dimer H2A-H2B, thus facilitating the passage 

of the polymerase and inducing the deposition of histone and the formation of 

nucleosomal particles [300]. As a result, it has been described as a chromatin co-

remodeler and a histone chaperone with functional similarity to the Facilitates Chromatin 

Transcription complex. Nucleolin has also been reported to function as a transcription 

factor. For instance, LR1, a nucleolin-hnRNP D heterodimer, has been reported to 

regulate c-MYC transcription in B cell lymphomas by binding to a double-stranded DNA 

element upstream of the c-MYC NHE III1 region [301-303]. Significantly, LR1 has been 



 83 

reported to bind to G-quadruplex structures [272, 293]; however, the binding of this c-

MYC transcription modulator to the c-MYC G-quadruplex has not been previously 

reported.  

In summary, DNA affinity chromatography is a powerful method for purifying 

DNA-binding proteins.  We believe that the characterization of the interaction of the c-

MYC G-quadruplex with the proteins identified in this study will greatly advance our 

understanding of the how the c-MYC promoter is regulated through its G-quadruplex 

structure.  In our study we identified ten potential c-MYC G-quadruplex binding proteins, 

however, we do not rule out the possibility of the existence of additional c-MYC G-

quadruplex interactive proteins.  Most likely, different proteins will interact and modulate 

the c-MYC G-quadruplex under different cellular contexts.  There is a lot to be uncovered 

about G-quadruplexes and their role in transcriptional regulation, and DNA affinity 

chromatography will most likely be key in furthering our understanding in this field. 
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CHAPTER 4. 

 

CHARACTERIZATION OF NUCLEOLIN AS A c-MYC  
G-QUADRUPLEX-BINDING PROTEIN 

 

4.1 Introduction 

There is evidence to suggest that G-quadruplexes exist in vivo, and it is believed 

that these structures act as signaling elements [214-216]; however, direct evidence for the 

formation of these structures in vivo is just beginning to emerge. For example, the 

identification of antibodies and proteins that preferentially bind to, stabilize, unwind, or 

cleave G-quadruplexes provides evidence for their existence in vivo [217, 248].  In our 

laboratory, we have previously identified a number of potential c-MYC G-quadruplex-

binding proteins of which nucleolin is one of.  Nucleolin has been reported to associate 

with several of the proteins in our list; thus, suggesting that the interactions between 

those proteins and the c-MYC G-quadruplex may be an indirect one mediated by 

nucleolin [304, 305].  Consequently, nucleolin appears to be a good candidate to further 

investigate its c-MYC G-quadruplex-binding activity. 

Nucleolin is a nucleolar phosphoprotein that is highly expressed in proliferating 

cells, known mainly for its role in ribosome biogenesis [270]; however, nucleolin also 

functions in chromatin remodeling [271, 300], transcription [272, 291, 292, 301, 306], G-

quadruplex binding [272, 293, 307], and apoptosis [308].  In addition, LR1, a nucleolin-

hnRNP D heterodimer transcription factor, has been reported previously to regulate c-

MYC transcription in B cell lymphomas by binding to a double-stranded DNA element 



 85 

upstream of the NHE III1 region [301]. Interestingly, LR1 has also been reported to bind 

to G-quadruplex structures [272, 293]; however, the interaction of this transcription 

factor or its components with the c-MYC G-quadruplex structure has not been 

characterized previously.  Furthermore, it has been suggested that nucleolin mediates the 

pro-apoptotic effect of Quarfloxin, a novel ribosome biogenesis inhibitor currently in 

clinical trials [309].  However, the mechanism by which nucleolin could mediate this 

effect is not clearly defined.  In this study, we describe the characterization of nucleolin 

as a c-MYC G-quadruplex-binding protein and report its effects on the formation of the c-

MYC G-quadruplex structure in vitro as well as its effect on c-MYC promoter activity.  

Furthermore, we provide evidence that nucleolin binds to the c-MYC promoter in vivo. 

 

4.2 Results 

4.2.1  Purification of Nucleolin from HeLa Cells.  

Nucleolin was purified from HeLa cells to homogeneity by liquid column 

chromatography as established by the LC-MS/MS sequencing analysis and as observed 

by Coomassie blue staining of the SDS PAGE–resolved affinity column–purified proteins 

(Figure 4.1A, lanes 5 and 6).  The proteins eluted on the 0.8- and 1-M NaCl column 

fractions, which had molecular weights of about 100 and 80 KDa, were both identified by 

LC-MS/MS as nucleolin.  Full-length nucleolin has a molecular weight of approximately 

100 KDa, and it is the predominant species present in rapidly dividing cells [310, 311].  

Consequently, we were able to isolate full-length nucleolin as the major species present 

in proliferating HeLa cells (Figure 4.1A, lanes 5 and 6). 
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4.2.2  Human Nucleolin Binds to the G-rich Sequence of the c-MYC NHE III1.  

To determine whether the binding of nucleolin to the c-MYC G-quadruplex was 

specific, we performed an EMSA by incubating the highly purified human nucleolin 

protein with radiolabeled Pu27-mer in the presence of 100X excess non-radiolabeled 

poly(dI-dC) competitor DNA (Figure 4.1B).  Our results show that human nucleolin can 

bind to the c-MYC sequence with high specificity. These results further support our 

finding that the c-MYC G-quadruplex could serve as a binding target of nucleolin. In 

addition, EMSA studies of protein fractions containing both the full-length and truncated 

nucleolin proteins resulted in two retardation bands corresponding to the full-length 

nucleolin (major, slower running band) and the proteolytic product of nucleolin (minor, 

faster running band) as confirmed by Western blot and LC-MS/MS (data not shown). 

Furthermore, additional EMSA studies of Pu27-protein complexes using nucleolin-

containing fractions obtained from Sephacryl- 400 and SP-Sepharose, or the highly 

purified nucleolin obtained after Pu77-WT affinity chromatography purification, showed 

that these protein samples all produced a single retardation band of similar mobility shift, 

which suggests that nucleolin bound the c-MYC NHE III1 as a monomer, not a dimer or 

larger macromolecular complex (data not shown). 

 

4.2.3  DMS Footprinting of the Molecular Interaction of Nucleolin with the c-

MYC G-quadruplex.  

To better understand the way in which nucleolin interacts with the c-MYC NHE 

III1 sequence, we performed a dimethyl sulfate (DMS) footprinting analysis.  DMS 
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 FIGURE 4.1  Purification of nucleolin and binding of the HeLa cell-purified 
nucleolin to the NHE III1.  A. SDS-PAGE separation and Coomassie Blue staining of c-
MYC G-quadruplex affinity column-purified proteins. Numbers at the top of the gel 
indicate the concentration of NaCl in the elution buffer at which each protein fraction was 
eluted. The arrows indicate the proteins identified as nucleolin by LC-MS/MS (arrow A, 
full-length nucleolin; arrow B, truncated nucleolin).  B. Interaction between the NHE III1 
G-strand of the c-MYC promoter and affinity column-purified nucleolin. Radiolabeled 
Pu27 DNA (200,000 cpm), a 27-mer containing the G-rich sequence of the c-MYC NHE 
III1 region, was incubated with 1500 nM (3 ug in a 20-ul reaction) purified nucleolin 
from HeLa cell extract.  
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specifically methylates guanines and adenines at the N-7 position, and subsequent 

treatment with piperidine breaks the DNA backbone of the radiolabeled oligonucleotide 

at the methylated sites and produces a cleavage pattern that can help us identify the bases 

that are protected from DMS footprinting [213].  In G-quadruplex structures, N-7 of the 

tetrad-forming guanines is involved in Hoogsteen hydrogen bonding and thus is protected 

from DMS attack. DMS footprinting is also used to identify the specific DNA-binding 

site of DNA-binding proteins, because DNA-protein interactions also protect DNA from 

DMS methylation and subsequent cleavage. In our study, we used DMS footprinting to 

determine whether nucleolin binds to the c-MYC G-quadruplex structure or, alternatively, 

if it binds to a linear flanking region of the c-MYC NHE III1 sequence. To perform DMS 

footprinting of the c-MYC G-quadruplex-nucleolin complex, we first incubated 

radiolabeled Pu27 in the absence (Figure 4.2A, lane 1) or presence (Figure 4.2A, lane 2) 

of 1500 nM (3 ug) recombinant nucleolin. The protein-DNA complex was separated from 

the free DNA on a native polyacrylamide gel. The radiolabeled DNA was visualized by 

radiography, and the bands corresponding to the protein-DNA complex (Figure 4.2A, 

lane 2, top band) and free DNA (Figure 4.2A, lane 2, bottom band) were excised from the 

gel for subsequent in-gel DMS treatment, DNA extraction, and analytical gel analysis. 

Our DMS footprinting results show that when the c-MYC Pu27-mer is bound to nucleolin 

(Figure 4.2B, lane 4), the four 3'-runs of guanines are strongly protected against DMS 

attack, as compared with the free Pu27 oligo (lane 5). In addition, we observed a weak 

protection of G4 and G5 when nucleolin was bound to Pu27 (Figure 4.2B, lane 4), as 

compared with the enhanced cleaving that the same guanines present in the unbound 
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Pu27 (lane 5). These results suggest that nucleolin binds to the c-MYC G-quadruplex 

structure comprising the four guanine runs on the 3'-end of the NHE III1. In summary, 

these results provide evidence that nucleolin binds with high affinity and selectivity to the 

c-MYC G-quadruplex structure. 

 

4.2.4  Nucleolin Binds with Higher Affinity to the c-MYC G-quadruplex Over Its 

Consensus RNA Substrate. 

 
We compared the binding affinity of nucleolin for the c-MYC G-quadruplex structure to 

that of a hairpin RNA structure containing the NRE, a specific binding target of nucleolin 

[312-315]. Our results show that the binding affinity of nucleolin is significantly higher 

for the c-MYC G-quadruplex structure (Figure 4.3A, left panel) than for the NRE-RNA 

substrate (right panel). For example, at a concentration of 150 nM (0.3 ug in a 20-µl 

reaction) of recombinant nucleolin, only 4% NRE-RNA was bound to the protein 

compared with a 50% binding of the c-MYC G-quadruplex (Figure 4.3A, right panel, lane 

3 versus left panel). In addition, mobility shift competition assays show that excess NRE-

RNA cannot displace the bound c-MYC G-quadruplex structure (Pu47) (Figure 4.3B, left 

panel, lane 3), whereas the c-MYC G-quadruplex can effectively displace the NRE-RNA 

bound to nucleolin (Figure 4.3B, right panel, lane 4). Furthermore, when both the 

radiolabeled c-MYC G-quadruplex structure and the NRE-RNA substrate are incubated at 

a 1:1 ratio in the binding reaction, nucleolin preferentially binds to the c-MYC G-

quadruplex but not to the NRE RNA substrate, as observed by the nucleolin 

concentration-dependent disappearance of the free c-MYC G-quadruplex, whereas no 
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Figure 4.2  DMS Footprinting of the Molecular Interaction of Nucleolin with the c-MYC G-
quadruplex.  A. Electrophoresis separation of free and nucleolin-bound Pu27 DNA samples for 
DMS treatment. Radiolabeled Pu27 was incubated in the absence (lane 1) or presence (lane 2) of 
recombinant nucleolin. The bands corresponding to bound-DNA and free DNA were excised 
from the gel for subsequent in-gel DMS treatment.  B. effect of nucleolin on the DMS 
footprinting pattern of the Pu27-mer oligo. Lane 1, AG Maxam- Gilbert sequencing reaction; lane 
2, TC Maxam-Gilbert sequencing reaction; lane 3, no treatment control; lane 4, Pu27 DNA bound 
to nucleolin; lane 5, unbound Pu27 DNA.  
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 change in the free NRE-RNA substrate was observed (Figure 4.3C).  Taken together, our 

results suggest that the binding affinity of nucleolin for the c-MYC G-quadruplex is 

significantly higher than that for the NRE-RNA.  

 

4.2.5  Nucleolin Binds to the Single-stranded and G-quadruplex Conformation in 

the G-rich c-MYC NHE III1 Region. 

 
In vitro studies have shown that nucleolin can bind to a number of RNA and DNA 

structures, including hairpin RNA, double-stranded DNA, and G-quadruplex structures 

[292, 293, 302, 306, 307, 312, 316]. To better understand the potential interactions of 

nucleolin with the NHE III1 region of the c-MYC promoter, we investigated the binding 

affinity of nucleolin to the different DNA conformations in this region by using a filter-

binding assay, which allowed us to investigate the binding of our protein to a large 

number of DNA samples simultaneously. In one set of experiments, we used single-

stranded Pu47 DNA (Pu47 ss) incubated in binding buffer in the absence of KCl or NaCl 

(5 mM KCl was added upon addition of the protein to the binding reaction) with 

increasing concentrations of recombinant nucleolin (Figure 4.4A).  In addition, we 

incubated the assembled Pu47 G-quadruplex (Pu47 G4), the double- stranded Pu47 DNA, 

or the C-rich Pu47 complementary strand (Py47 ss) in binding buffer containing 100 mM 

KCl and various concentrations of nucleolin (Figure 4.4A).  Quantification of the relative 

amount of protein-DNA complex in each sample was performed using ImageQuant  



 92 

 

 
FIGURE 4.3  Comparison of the binding affinity of nucleolin for the c-MYC G-quadruplex 
structure and NRE-RNA by EMSA.  A. interaction of nucleolin with either the c-MYC G-
quadruplex structure (Pu47 G4) or the NRE-RNA. Nucleolin concentrations in the reactions 
ranged from 50 to 500 nM, corresponding to 0.1, 0.3, 0.5, and 1 µg of recombinant protein in a 
20-µl reaction.  B. ability of the c-MYC G-quadruplex and the NRE-RNA to compete for the 
nucleolin-binding site was studied by incubating either c-MYC G-quadruplex (left panel) or 
radiolabeled NRE-RNA hairpin (right panel) in the presence or absence of 100X cold NRE-RNA 
or Pu47 G4 competitor (Pu47). The concentration of nucleolin in the binding reactions was 500 
nM (1 µg in a 20-µl reaction).  C. preferred substrate of nucleolin was determined by incubating 
radiolabeled c-MYC G-quadruplex structures and radiolabeled NRE-RNA hairpin at a 1:1 ratio in 
the presence of 50–2500 nM of nucleolin, which correspond to 0.1, 0.5, 1, and 5 µg of protein in 
a 20-µl reaction. 
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software, and the results were plotted as a function of protein concentration (Figure 

4.4B).  The solid lines in (Figure 4.4B) represent a fit of the data to a one-binding site 

hyperbolic equation. 

 These results demonstrate that the affinity of nucleolin for the c-MYC G-

quadruplex structure is higher than that for any of the other conformations of the c-MYC 

NHE III1 region. For instance, the binding of nucleolin to either the c-MYC NHE III1 C-

rich strand or the double- stranded conformation was very weak and did not seem to be 

specific. Nucleolin, however, is able to bind to the unstructured c-MYC NHE III1 G-rich 

strand. This result is consistent with our c-MYC polymerase stop assay results and 

suggests that nucleolin has the ability to bind to the G-rich single-stranded NHE III1 

region and induce the formation of the c-MYC G-quadruplex.  

 

4.2.6  Recombinant Nucleolin Induces the Formation of the c-MYC G-quadruplex 

Structure in Vitro. 

 
Having found that nucleolin has the ability to bind to both the single-stranded and 

G-quadruplex conformations of the c-MYC NHE III1 region, we next asked whether 

nucleolin was able to modulate the unwinding or formation of these structures in vitro. 

To determine whether or not the protein CD spectrum would significantly affect the CD 

spectra of either the c-MYC single-stranded and G-quadruplex oligos, we performed a 

control CD scan of recombinant nucleolin, Pu47 ss, and Pu47 G4. Our results show that 

CD spectra of the nucleolin at a concentration of 15 µM is not significant at the 
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FIGURE 4.4  Illustration of the interaction of nucleolin with different conformations of the 
c-MYC NHE III1 region.  A. filter binding assays obtained by incubating recombinant nucleolin 
with the radiolabeled purinerich strand (Pu47 G4 and Pu47 ss), the pyrimidine-rich strand (Py47 
ss), and the double-stranded Pu47 (ds Pu47) Pu47 c-MYC NHE III1 region. The relative 
proportions of nucleolin-bound DNA to unbound DNA were quantified by phosphorimaging 
analysis and plotted.  B. quantified results of the binding of nucleolin to the different 
conformations of the c-MYC NHE III1 region as determined by filter binding. Nucleolin 
concentrations in the reactions ranged from 5 to 2500 nM, corresponding to 0.01, 0.03, 0.05, 0.1, 
0.3, 0.5, 1, 3, and 5µg of protein in a 20-µl reaction. 
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 wavelength range where Pu47 ss or the Pu47 G4 spectra appear (Figure 4.5A). 

Incubation of nucleolin with the preformed c-MYC G-quadruplex did not result in any 

change in the spectra of the c-MYC G-quadruplex (Figure 4.5B), suggesting that 

nucleolin binds to but does not unwind or destabilize the c-MYC G-quadruplex. However, 

incubation of nucleolin with the unstructured c-MYC NHE III1 sequence resulted in a 

very strong shift of the single-stranded positive peak at 258 nm to the G-quadruplex 

signature peak at 262 nm (Figure 4.5C), thus providing strong evidence that nucleolin can 

induce the formation of the c-MYC G-quadruplex structure from single-stranded DNA. 

To further confirm the induction of G-quadruplex formation in the c-MYC NHE III1 

region by nucleolin, we performed a DNA polymerase stop assay by using a template 

containing the c-MYC sequence annealed with 32P-labeled primers, as described 

previously [317].  The DNA polymerase stop assay provides a simple and rapid way to 

identify DNA secondary structures in vitro, based on the principle that the DNA 

polymerase enzyme is incapable of traversing these structures unless they are unwound. 

Thus, the DNA polymerase, traversing toward the 5'-end of the template and unable to 

efficiently resolve quadruplex DNA, stops 3' to the first guanine involved in a stable G-

quadruplex. In the absence of KCl, no stable G-quadruplex structure is formed, and the 

DNA polymerase can extend through the DNA template containing the c-MYC G-

quadruplex- forming region, as observed by the presence of full-length product and the 

absence of stop product (Figure 4.5D, lane 2).  Conversely, when the same DNA template 

is incubated with KCl, a potassium-dependent stop of the DNA polymerase extension can 

be observed (Figure 4.5D, lane 3 and 4).  Similarly, recombinant nucleolin results in a 
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concentration-dependent stabilization of the c-MYC G-quadruplex and, consequently, an 

increase in polymerase stop product (Figure 4.5D, lanes 5–7).  We next examined the 

capacity of nucleolin to bind to the widely studied human telomeric intermolecular G-

quadruplex structure [318-320].  Telomestatin is a natural product that has been shown to 

interact specifically with a number of G-quadruplex structures [321-326].  In our study, 

we used telomestatin as a positive control that stabilizes the human telomeric G-

quadruplex structure and, as a result, induces a concentration-dependent increase in the 

amount of polymerase stop product (Figure 4.5E, lanes 3–5).  Incubation of nucleolin 

with the telomeric DNA template did not significantly induce the formation of the human 

telomeric G-quadruplex structure (Figure 4.5E, lanes 6–8). 

 

4.2.7  Nucleolin Binds Preferentially to G-quadruplex Structures with Parallel 

Topology. 

 
Nucleolin has been shown to have binding activity to a number of G-rich 

oligonucleotides [272, 307, 316]. The binding of nucleolin to these G-rich oligomers, 

although sequence-independent, correlates with the ability of these sequences to form 

stable G-quadruplex structures [307]. Nevertheless, the relationship between G-

quadruplex topology and binding activity of the nucleolin has not been studied. To 

compare the binding affinity of nucleolin to different G-quadruplex structures, we 

performed a filter binding analysis of nucleolin with a diverse group of G-quadruplex 

structures whose topologies have been previously determined by CD spectropolarimetric 

studies, chemical footprinting, and/or NMR spectroscopy [213, 318, 327-334]. The 
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relative amount of protein-DNA complex in each sample was quantified using Image-

Quant software, and the data were plotted as a function of protein concentration. Prism4 

software was used to fit the data to a one-binding site hyperbolic equation, and a graph of 

the fitted data is shown in Figure 4.6 top.  The protein concentration at half maximal 

binding yielded the Kd value for the various DNA substrates (Table 4.1).  The results in 

Figure 4.6,and Table 4.1. show that nucleolin binds to the parallel-stranded quadruplexes 

(c-MYC, VEGF, RET, PDGF-A, and HIF-1 alpha) with higher affinity than to the non-

parallel quadruplexes (BCL-2 and human telomeric) and the heptad: tetrad c-MYB.  

 

4.2.8  Mutations on the c-MYC NHE III1 Sequence Resulting in Alternative G-

quadruplex Loop Isomers Negatively Affect Nucleolin Affinity for the c-MYC G-

quadruplex. 

 
To further investigate the binding selectivity of nucleolin for the c-MYC G-

quadruplex, we analyzed the effect of mutations to the c-MYC NHE III1 sequence that 

selectively stabilize different loop isomers of the c-MYC G-quadruplex. Our results show 

that these mutations cause a significant change in binding affinity of the nucleolin (Figure 

4.7, A–D). However, the most favorable mutation for binding was that which resulted in 

the formation of the major quadruplex with 1:2:1 loops (Figure 4.7A), whereas the most 

unfavorable mutation was that which resulted in the 1:6:1 loop isomer (Figure 4.7D). 

Taken together these data suggest that nucleolin binds preferentially to quadruplexes with 

shorter loops. In the case of c-MYC, nucleolin appears to selectively recognize the 1:2:1 

loop conformation. 
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FIGURE 4.5  Effect of nucleolin on c-MYC G-quadruplex structure stability. A. CD spectra 
of recombinant nucleolin, as well as the single-stranded and G-quadruplex conformations of the 
c-MYC NHE III1 sequence.  B. CD analysis of the effect of recombinant nucleolin on c-MYC G-
quadruplex unwinding.  C. CD analysis of the effect of nucleolin on c-MYC G-quadruplex 
formation. D. polymerase stop assay using the c-MYC G-quadruplex sequence-containing 
template with increasing concentrations of KCl (lanes 3 and 4) or nucleolin (lanes 5–7). Lane 1 
represents the dideoxy-C sequencing reaction of the c-MYC template. Lane 2 corresponds to 
primer control.  E. polymerase stop assay using the wild-type human telomeric sequence-
containing template with increasing concentrations of telomestatin (lanes 3–5) or nucleolin (lanes 
6–8). Lane 1 represents the dideoxy-C sequencing reaction of the human telomeric template. 
Lane 2 corresponds to primer control. 
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4.2.9  Nucleolin Binds to the c-MYC NHE III1 Region in Vivo 

 
The ChIP technique is a valuable tool used to identify endogenous interactions of 

transcription factors and the cis-elements of DNA to which they bind.  The ChIP assay 

relies on the ability of specific antibodies to immunoprecipitate DNA-binding proteins 

along with the associated genomic DNA.  In our study, we performed a ChIP assay on 

HeLa cells to investigate whether the nucleolin protein can selectively bind to the c-MYC 

promoter in vivo.  We immunoprecipitated DNA-protein complexes by using antibodies 

against nucleolin, Sp1, and IgG on formaldehyde cross-linked nuclear extract from HeLa 

cells.  The abundance of c-MYC promoter sequences within the immunoprecipitate was 

determined by PCR (Figure 4.8A).  As a positive control, we analyzed the interaction of 

Sp1 with the c-MYC promoter. Both nucleolin and Sp1 proteins immunoprecipitated with 

the DNA fragment containing the NHE III1 region within the c-MYC promoter (Figure 

4.8A). 

 

4.2.10  Recombinant Nucleolin Strongly Represses the Activity of the c-MYC 

Promoter in Vitro. 

 
Because the c-MYC G-quadruplex previously has been shown to function as a 

silencer of c-MYC transcription, we hypothesized that nucleolin overexpression would 

result in the stabilization of the c-MYC G-quadruplex and the inhibition of c-MYC 

promoter activity. To test this hypothesis, we performed luciferase assay studies by using 
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FIGURE 4.6  Differential binding affinity of nucleolin for various G-quadruplex structures.  
A nitrocellulose filter binding assay was used to determine the affinity of nucleolin for a diverse 
group of G-quadruplex structures. Each G-quadruplex-forming oligonucleotide was induced to 
form a stable G-quadruplex structure before incubating with nucleolin. The relative proportions 
of nucleolin-bound DNA to unbound DNA were quantified by phosphorimaging analysis and 
plotted.  Models of the conformations of some of the G-quadruplex structures used in this study 
are shown for comparison. Protein concentrations in the reactions ranged from 5 to 2500 nM, and 
the dissociation constants (Kd) were calculated as described in Chapter 2 and as listed in Table 
4.1. 
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Table 4.1  Dissociation Constants (Kd) of complexes of nucleolin with various G-quadruplex 
structures. 
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Figure 4.7  Effect of G-quadruplex loop length on G-quadruplex binding affinity of 
nucleolin. An electromobility shift assay was performed to determine the affinity of nucleolin for 
the 1:2:1, 1:2:2, 2:1:2, and 1:6:1 c-MYC G-quadruplex loop isomers. Each isomer was induced to 
form a G-quadruplex before incubating with nucleolin. Nucleolin concentrations in the reactions 
ranged from 50 to 500 nM corresponding to 0.1, 0.3, 0.5, and 1µg in a 20-µl reaction. 
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a c-MYC luciferase reporter plasmid and a nucleolin protein expression plasmid in 

MCF10-A cells (Figure 4.8B). This cell line was used because it expresses lower basal 

levels of nucleolin compared with other cell lines. Co-transfection of these two plasmids 

in the presence of increasing concentrations of nucleolin plasmid allowed us to determine 

whether nucleolin could modulate c-MYC promoter activity in a dose-dependent manner 

(Figure 4.8B). We confirmed GFP-nucleolin fusion protein overexpression by Western 

blot analysis using anti-GFP antibody (data not shown). Our luciferase assay results 

(Figure 4.8B) strongly suggest that nucleolin has the ability to repress c-MYC promoter 

activity.  In addition, nucleolin was able to effectively prevent the positive effect that Sp1 

protein excerpted on c-MYC promoter activity as measured by luciferase activity (Figure 

4.8C).  Nucleolin may repress c-MYC transcription by inducing c-MYC G-quadruplex 

formation or by stabilizing the pre-assembled G-quadruplex structure upon binding thus 

driving the equilibrium of the NHE III1 element towards the G-quadruplex conformation.  

In addition, binding of nucleolin to the NHE III1 could interfere with the binding of Sp1 

and the RNA Pol II to the c-MYC promoter. 

 

4.2.11 Nucleolin Repression of c-MYC Promoter Activity in Supercoiled DNA is 

Mediated in Part by the Formation of a G-quadruplex in the c-MYC NHE III1 region. 

 

 To confirm that the nucleolin repression of c-MYC promoter activity is mediated  
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Figure 4.8.  Effect of nucleolin on c-MYC promoter activity.  A. ChIP analysis of the 
interaction of the nucleolin protein with the c-MYC promoter in HeLa cells. The interaction of 
each protein with the c-MYC NHE III1 region was analyzed by PCR amplification of a 300-bp 
sequence containing the c-MYC NHE III1 region. Lane 1, DNA pulled down by the IgG antibody 
input DNA; lane 2, DNA pulled down by immunoprecipitation of Sp1; lane 3, DNA pulled down 
by immunoprecipitation of nucleolin; lane 4, input DNA (1:20 dilution of total input).  B. Effect 
of transient overexpression of nucleolin on the activity of a c-MYC luciferase reporter plasmid. 
MCF10A cells (7.5X105) were transfected with 1 µg of Del-4 plasmid per well in 6-well plates 
with transfection mix alone (Lipofectamine 2000) or the indicated concentrations of GFP-
nucleolin plasmid for 24 h before preparing cell extracts for luciferase assay.  C. Effect of 
transient overexpression of Sp1 and/or nucleolin on the activity of a c-MYC luciferase reporter 
plasmid. MCF10A cells (7.5X105) were transfected with 1 µg of Del-4 plasmid per well in 6-well 
plates with transfection mix alone (Control) ; 100 ng of GFP-nucleolin (Nuc) ; 500 ng of Sp1 
plasmid (Sp1), or 500 ng of Sp1 plasmid and 100 ng or 500 ng of GFP-nucleolin for 24 h before 
preparing cell extracts for luciferase assay. The data shown are the mean luciferase activity ± S. 
D. of n = 3 experiments. The data are expressed as a percent of luciferase activity in control cells 
(100%). 
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by the ability of nucleolin to induce the formation of a G-quadruplex structure on the c-

MYC promoter, we performed site directed mutagenesis on two sites of the c-MYC 

promoter and tested the effects of such mutations on the ability of nucleolin to repress c-

MYC promoter activity by in vitro transcription (Figure 4.9 A).  The first set of mutations 

were introduced in the NHE III1 region of the c-MYC promoter that can assemble into a 

G-quadruplex structure and consisted on G-to-T base substitutions (pMYC-G4 DM).  

These substitution mutations disrupt the ability of two key guanine to participate in G-

quadruplex formation (Figure 4.9, middle).  The second mutation consisted of partial 

deletion of the LR1 binding site, a double stranded DNA binding site for the LR1 

transcription factor located -310 bp upstream of the P1 promoter (pMYC-LR1 Del) 

(Figure 4.9A, bottom).  The LR1 is a B cell specific transcription factor composed of a 

heterodimer of nucleolin and hnRNP D [302].  Incubation of recombinant nucleolin with 

the construct carrying the wild-type c-MYC promoter yielded a strong dose-dependent 

repression in c-MYC promoter activity similar to the results obtained from our luciferase 

studies.  On the other hand, mutations of either the NHE III1 region or the LR1 binding 

site resulted in attenuation of the effect of nucleolin repression of c-MYC transcription.  

These results indicate the repression of c-MYC expression by nucleolin is at least in part 

mediated by its ability to induce the formation of a stable G-quadruplex structure on the 

c-MYC promoter.  In addition, these results suggest that the repression of c-MYC 

transcription by nucleolin involves multiple mechanisms. 
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Figure 4.9.  Effect of c-MYC promoter mutations on the ability of nucleolin to repress c-
MYC transcription.  A. Diagram of c-MYC reporter plasmids containing either the wild type 
(pMYC-WT), G-quadruplex double mutant (pMYC G4-DM), or LR1-binding-site deletion 
mutant (pMYC-LR1).  B. Measurement of the effect of nucleolin on the promoter activity of the 
c-MYC promoter plasmids pMYC-WT, pMYC-G4-DM, and pMYC-LR1 by in vitro 
transcription.  C. Graph depicting the effect of nucleolin on percent promoter activity ± S. D. 
relative to the basal transcription activity of each construct.  
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4.3  Summary and Discussion. 

 

 Nucleolin is a modular protein that can be structurally divided into three different 

domains as follows: the N-terminal, the central domain that includes the four RBDs, and 

the C-terminal domain [270].  By existing in multiple copies, the RBDs may allow the 

protein to bind with higher affinity and specificity than would be possible with an 

individual RBD.  Furthermore, the four central RBDs are less conserved within the same 

protein than when compared with the same RBDs in divergent species, thus suggesting 

that these proteins bind to specific nucleic acid sequences in a manner that has been 

evolutionarily conserved [270].  In the case of the binding of nucleolin to the NRE-RNA 

substrate, nucleolin utilizes RBD1 and RBD2 to interact with a short stem (5 bp) and a 7–

10-nucleotide loop containing the sequence UCGA [290, 313, 336, 337].  To date, the 

RBD1 and RBD2 of nucleolin are the only domains proven to interact with the pre-

rRNA. Our studies show that nucleolin binds with higher affinity to the c-MYC G-

quadruplex structure over its consensus NRE-RNA substrate.  In addition, the ability of 

the c-MYC G-quadruplex to displace the NRE-RNA from binding to nucleolin suggests 

that RBD1 and RBD2 preferentially bind to the c-MYC G-quadruplex structure.  The C-

terminal domain of nucleolin is defined by a number of Arg-Gly-Gly (RGG) repeats 

interspersed with amino acids that are often aromatic.  The RGG motif has been found 

frequently in nucleolar proteins [270], suggesting an important role for this domain in 

processes specific to the nucleolus, such as ribosome biogenesis. CD and homology 

studies of the C-terminal of nucleolin suggest that this domain adopts a helical 
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conformation made of repeated beta-turns [338].  It has been suggested that the regularity 

of arginine and phenylalanine side chains projecting outside the central core of the spiral 

structure will create electrostatic and hydrophobic ridges that are prone to interact 

nonspecifically with RNA and DNA [310, 336].  Our EMSA and filter binding assays 

contradict that hypothesis, as we clearly see differential binding specificities.  This 

observation was made previously by the Bates group [307], who showed that nucleolin 

binds differentially to several DNA G-rich oligos, although the basis of the differential 

binding was unclear. Our studies suggest that nucleolin binds more avidly to parallel G-

quadruplex structures containing short loops, such as the c-MYC G-quadruplex.  In 

addition, our CD spectropolarimetry studies and our polymerase stop assays strongly 

suggest that nucleolin induces the formation of the c-MYC G-quadruplex structure from a 

single-stranded template, which may be necessary to modulate c-MYC transcription.  

Furthermore, our ChIP and luciferase assay results suggest that nucleolin may be 

involved in c-MYC transcriptional down-regulation in vivo, presumably by inducing the 

formation and stabilization of the c-MYC G-quadruplex structure.  Taken together our 

findings suggest that nucleolin functions a repressor of c-MYC transcription. 

 Previous studies have shown that a number of proteins bind the NHE III1 region 

of the c-MYC promoter to modulate its activity.  Figure 4.10 shows a model of the on-off 

switch system of transcription factors that control c-MYC activation via the NHE III1 

region.  Figure 4.10A shows the nucleosome-free NHE III1 region that can equilibrate 

between double-stranded, single-stranded, and non-B DNA structures to control the rate 

of transcription.  Figure 4.10B shows the G-quadruplex and i-motif conformations of the 
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NHE III1 region that function as silencer elements.  It has been proposed that the 

resolution of these silencer elements require enzymatic assistance using as a stepwise 

process so that these structures are unfolded one step at a time, giving rise to the single-

stranded for of the NHE III1 region.  Such role has been suggested for NM23-H2, which 

has been shown to bind preferentially to the C- and G-rich strands of the NHE III1 region 

over the double-stranded conformation (Figure 4.10C) [248, 339].  It has been proposed 

that NM23-H2 unfolds the G-quadruplex and i-motif in a stepwise manner, and then, due 

to the facile nature of the protein-DNA interaction, NM23-H2 is replaced by hnRNP K 

and CNBP to enable c-MYC transcription (Figure 4.10D) [248, 339]. Conditions that 

stabilize the G-quadruplex, such as binding of nucleolin (Figure 4.10E) or TMPyP4, a G-

quadruplex-interactive compound (Figure 4.10F), to the silencer element prevent the 

conversion by NM23-H2 to the transcriptionally active form of the NHE III1 region. 

Nucleolin is known mainly for its role in ribosome biogenesis [270]; however, 

nucleolin is a multifunctional protein that is also involved in chromatin remodeling [271, 

300], transcription [272, 291, 292, 301, 306], G-quadruplex binding [272, 293, 307], and 

apoptosis [308].  In addition, nucleolin has been associated with the pro-apoptotic effects 

of a number of anti-cancer drugs such as cisplatin, AS1411, and Quarfloxin [309, 340, 

341].   

 Quarfloxin, a first in class G-quadruplex interactive agent currently being 

evaluated against carcinoid/neuroendocrine tumors in a phase II clinical trials [309].  

Quarfloxin is derived from the fluoroquinolone class of drugs [342].  Fluoroquinolone  
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Figure 4.10  Transcriptional modulation of c-MYC expression through the NHE III1.  A. Non-
nucleosomal double-stranded conformation of the NHE III1 region in the c-MYC promoter.  B. The G-
quadruplex and i-motif conformations of the NHE III1 function as silencer elements.  C. Remodeling of the 
NHE III1 region to its un-folded conformation by NM23-H2.  D. Transcriptionally active conformation of 
the c-MYC NHE III1.  E. Binding and stabilization of the c-MYC G-quadruplex structure by nucleolin leads 
to repression of c-MYC transcription.  F. G-quadruplex-interactive compounds trap the NHE III1 region in 
the silenced conformation. 
 

 



 113 

 

 antibiotics bind duplex DNA and inhibit bacterial gyrase, thus resulting in selective 

cytotoxicity of bacterial cells [343].  Similarly, quarfloxin binds to G-quadruplex DNA 

and induces apoptosis in cancer cells [342].  Quarfloxin concentrates selectively in the 

nucleoli of cancer cells, where it is believed to bind to rDNA G-quadruplexes and inhibit 

RNA Polymerase I transcription[342].  Interestingly, one of the key effects of quarfloxin 

is the displacement of nucleolin from the nucleolus to the nucleoplasm [342].  This is 

important because, there is evidence that in actively growing cells, nucleolin is found in 

the nucleolus (Figure 4.11A); however, in response to a number of stress stimuli, such as 

heat shock and gamma irradiation, nucleolin moves from the nucleoli to the nucleoplasm 

where it potentiates cell death by a number of mechanisms  (Figure 4.11B) [340, 344, 

345].  For instance, heat shock and gamma irradiation cause rapid and dramatic 

redistribution of nucleolin from the nucleolus to the nucleoplasm which is accompanied 

by a great increase in complex formation between nucleolin and replication protein A 

(RPA) in stressed cells (Figure 4.11B) [346, 347].  The nucleolin-RPA complex 

formation is strongly inhibitory to DNA replication, and it was this observation that 

exposed the unexpected role of nucleolin as a stress-sensitive tumor suppressor [344, 

346-348].  In addition, stress conditions that lead to nucleolin mobilization also induce 

nucleolin p53 complex formation [345].  Moreover, it has been shown that nucleolin can 

bind directly to Hdm2 (also known as Mdm2), an E3 ubiquitin ligase that directly 

ubiquitinates p53, blocking Hdm2 auto-ubiquitination, as well as preventing p53 

ubiquitination and proteosomal degradation (Figure 4.11B) [349].  Nucleolin was also  
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Figure 4.11  Impact of nucleolin localization in cell growth and apoptosis.  A. Nucleolus-localized 
nucleolin functions as an enhancer of ribosome biogenesis in growing cells.  B. Nucleolin is a stress-
sensitive tumor suppressor that is displaced from the nucleolus to the nucleoplasm in response to stress 
stimuli. 
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found to also reduce Hdm2 protein levels, demonstrating that nucleolin inhibits Hdm2 

using multiple mechanisms [349].  Thus, nucleolin can lead to the activation and 

stabilization of p53 stabilization in response to cellular stress.  Furthermore, our finding 

that nucleolin can facilitate the formation of the c-MYC G-quadruplex to suppress c-MYC 

expression strongly supports the role of nucleolin as a tumor suppressor [350].  It is 

possible that stress-induced nuclear localization would allow nucleolin to interact with 

the c-MYC promoter to induce G-quadruplex formation.  Since nucleolin is a bona fide 

target of the c-MYC proto-oncogene [351], it is not unreasonable to suggest that nucleolin 

may form part of a stress-induced negative feedback mechanism to repress c-MYC 

expression.   

 Taken together, our findings strongly support the hypothesis that the c-MYC G-

quadruplex structure is a biologically relevant substrate of nucleolin and suggest a new 

mechanism for the regulation of c-MYC transcription.  In addition, nucleolin may be 

mediating the cancer cell-specific apoptotic response of Quarfloxin by acting as a 

repressor of c-MYC transcription after being displaced from the nucleolus to the 

nucleoplasm by Quarfloxin.  We believe that G-quadruplex-binding proteins such as 

nucleolin may play a key role in the regulation of the expression of several oncogenes 

that, like c-MYC, have the ability to form G-quadruplex structures in their promoter.  

Therefore, understanding the role these proteins play in the regulation of the expression 

of genes required for tumor formation, maintenance, and metastasis will be crucial for the 

development of novel cancer therapies. 
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CHAPTER 5. 

 

IDENTIFICATION OF THE MINIMAL NUCLEOLIN G-QUADRUPLEX-

BINDING DOMAIN 

 

5.1 Introduction 

Nucleolin, one of the most abundant non-ribosomal proteins of eukaryotes, has 

been shown to play a role in ribosome biogenesis and cell proliferation.  Nucleolin, 

however, is a multifunctional protein whose function depends on the cellular context.  A 

number of stress stimuli have been shown to induce changes in the cellular localization 

nucleolin [271, 344-346, 348, 352-354], and there is strong evidence that nucleolin can 

function as a stress-sensitive tumor suppressor [346, 349, 353].  In addition, stress- or 

cisplatin-activated p53, has been shown to translocate to the nucleolus where it forms a 

complex with nucleolin, causing nucleolin to relocate from the nucleolus to the 

nucleoplasm [340, 355].  This binding is believed to be one of the mechanisms regulating 

the reactivation of the p53 protein in cisplatin-treated human cervix carcinoma cells [349, 

355].  Interestingly, the interaction with p53 is transient leading to the accumulation of 

nucleolin in the nucleoplasm, which could allow nucleolin to subsequently interact with 

additional proteins or DNA targets in the nucleoplasm to further stimulate the execution 

of the apoptotic program [345, 346, 348].  

Nucleolin is a modular protein composed of a N-terminal domain rich in acidic residues; 

a central region containing 4 globular RNA binding domains (RBDs) separated by 
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flexible linker loops, and a C-terminal domain rich in arginine and glycine residues (RGG 

domain) (Figure 5.1A) [270]. This modular architecture allows for higher versatility of 

the protein since by combining multiple domains, nucleolin can construct various 

interaction surfaces that can be assembled and disassembled as needed.  Consequently, 

nucleolin can recognize a large number of targets.  For instance, by combining its first 

two RBDs, nucleolin interacts with the stem-loop RNA structure formed by the nucleolin 

recognition element (NRE) [315, 356], while all four RBDs are required for binding to a 

single-stranded RNA motif found in pre-rRNA [336, 357, 358].  In this study, we 

investigate the structural elements of nucleolin that are required for repression of c-MYC 

transcription.  The effects of both N-terminal and C-terminal deletion mutants of 

nucleolin on c-MYC G-quadruplex formation and transcriptional repression were 

assessed.  

 

 

5.2 Results 

5.2.1 Generation of Nucleolin Deletion Mutants  

In order to obtain an understanding, at the molecular level, of which of the 

nucleolin domains contain the c-MYC G-quadruplex binding activity, and in order to 

establish the biological relevance of the various nucleolin domains on c-MYC repression, 

we designed a number of nucleolin deletion mutants (Figure 5.1B).  Full- length 

nucleolin cannot be expressed in E. coli, but deletion of the N-terminus has been 
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FIGURE 5.1 Nucleolin protein sequence and structure.  A. Amino acid sequence of human 
nucleolin showing the highly acidic N-terminal domain, which contains target sites for cdc2 and 
CKII kinases; the four RBDs; and the RGG motif at the C-terminus. Underlined residues indicate 
phosphorylation sites on the protein.  B. Diagram of nucleolin structure and the nucleolin deletion 
mutants used in this study. Solid lines indicate regions of the nucleolin peptide that have been 
deleted from the Nuc-1,2,3,4-RGG construct.  All proteins were overexpressed in E. coli fused at 
the N-terminal to the maltose binding protein (MBP). 
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shown to permit adequate expression of recombinant nucleolin [302].  The Nuc-1,2,3,4-

RGG MBP-fusion protein (residues 284-709), which carries RBDs 1, 2, 3 and 4, as well 

as the RGG domain, was generously provided by Dr. Hanakahi, and was used to generate 

the different nucleolin deletion mutants listed in Figure 5.1B.  All recombinant proteins 

were purified and dialyzed in protein buffer as described in Materials and Methods to 

remove excess salt, and protein buffer was used as a background control. 

 

5.2.2  C-terminal Deletion Mutagenesis of Nucleolin Strongly Impairs the Ability of 

the Protein to Induce G-quadruplex formation  

Conversions of the single stranded Pu47 (Pu47ss) oligomer containing the c-MYC 

G-quadruplex forming motif to the G-quadruplex conformation, induced by the different 

nucleolin deletion mutants, were monitored via circular dichroic (CD) 

spectropolarimetry.  Each deletion mutant was incubated with Pu47ss for 1 hour at room 

temperature before CD analysis.  Consistent with our previous results, we found that 

Nuc-1,2,3,4-RGG can strongly induce the formation of a parallel c-MYC G-quadruplex 

structure as observed by a shift of the maximum positive peak from 258 nm to the G-

quadruplex signature peak at 262 nm (Figure 5.2A).  Similar results were obtained from 

all the nucleolin deletion mutants; however, the intensity of the peaks varied among the 

different deletion mutants with the C-terminal domain deletion mutants having a more 

dramatic decrease in their ability to induce G-quadruples formation (Figure 5.2B) than 

the N-terminal deletion mutants (Figure 5.2C).  Deletion of the RGG and the RBD4  
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FIGURE 5.2  Effect of deletion mutagenesis on the ability of nucleolin to induce c-MYC G-
quadruplex formation.  A. CD spectra of Pu47-ss (single-stranded 47-mer containing the c-MYC G-
quadruplex motif) after incubation in double distilled water, protein buffer or Nuc-1,2,3,4-RGG. B. CD 
spectra of Pu47-ss after incubation with C-terminal nucleolin deletion mutants.  C. CD spectra of Pu47-ss 
after incubation with nucleolin's N-terminal deletion mutants. D. Comparison of the effect of RBD-
substitution on the ability of Nuc-3,4-RGG to induce G-quadruplex formation.  Formation of a parallel G-
quadruplex structure is reflected by the change in wavelength from 258 nm (single-stranded DNA) to 262 
nm (G-quadruplex DNA), and increased molar ellipticity at 262 nm. 
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domains were most detrimental, suggesting that these domains play an important role in 

the induction of the c-MYC G-quadruplex structure.  Deletion mutant Nuc-3,4-RGG 

induced G-quadruplex formation to the same extent than Nuc-1,2,3,4-RGG.  In addition, 

substitution of nucleolin's RBDs 3,4 for RBDs 1,2 or 2,3 in Nuc-3,4-RGG did not lead to 

equal G-quadruplex formation suggesting that the RBDs are not equivalent and that  

RBDs 3,4 are critical for G-quadruplex stabilization (Figure 5.2D).  Furthermore, 

removal of the RGG domain from either Nuc-1,2-RGG, Nuc-2,3-RGG or Nuc-3,4-RGG 

completely abolished the protein's ability to induce G-quadruplex formation (data not 

shown). 

 

 

5.2.3  The C-terminal region of Nucleolin Containing RBDs 3,4 and the RGG 

domain Induces Formation of a Stable c-MYC G-quadruplex 

In order to assess the effect of each deletion mutant on the stability of the G-

quadruplex they induced, the thermal stability of each induced G-quadruplexes was 

measured.  Consistent with previous studies in our laboratory, we found that Nuc-1,2,3,4-

RGG induces the formation of a stable c-MYC G-quadruplex structure as observed by a 

shift to the right of the melting curve at 262 nm and a melting temperature of 58 ºC 

compared to the 48 ºC induced by the buffer control  (Figure 5.3A).  None of the deletion 

mutants lacking the RGG domain were able to induce a G-quadruplex structure as stable 

as the one induced by Nuc-1,2,3,4-RGG despite their ability to increase the CD  
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FIGURE 5.3  Effect of deletion mutagenesis on the ability of nucleolin to induce a thermally stable c-
MYC G-quadruplex structure. Melting curves obtained for the single-stranded 47-mer (Pu47 ) containing 
the c-MYC G-quadruplex motif in the after incubation with the various nucleolin deletion mutants including 
Nuc-1,2,3,4-RGG. A. Effect of nucleolin C-terminal deletions on c-MYC G-quadruplex stability.  B. Effect 
of nucleolin N-terminal deletions on c-MYC G-quadruplex stability.  C. Comparison of the effect that Nuc-
1,2-RGG, Nuc-2,3-RGG, and Nuc-3,4-RGG have on c-MYC G-quadruplex stabilization. 
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signal at 262 nm (Figure 5.3B).  Several of the N-terminal deletion mutants however 

were able to induce the formation of a stable G-quadruplex structure, particularly Nuc-

3,4-RGG and Nuc-RGG (Figure 5.3C).  Again, substitution of RBDs 3,4 for RBDs 1,2 

and 2,3 in the presence of the RGG domain demonstrated that the different RBDs are not 

equivalent, as these proteins were not able to stabilize the c-MYC G-quadruplex to the 

same extent than the Nuc-3,4-RGG protein (Figure 5.3D).  In summary, these results 

demonstrate that the C-terminal domain of nucleolin plays a critical role in the formation 

of the c-MYC G-quadruplex structure. In addition, we demonstrate that the RGG domain 

is essential for c-MYC G-quadruplex stabilization.  Furthermore, our results confirm 

previous reports that show that the RGG domain plays a critical role in G-quadruplex 

binding [293, 359, 360].  

 

 

5.2.4  The Minimal c-MYC G-quadruplex Binding Domain of Nucleolin consist of 

RBDs 3,4 and the RGG Domain 

In a previous study we showed that a recombinant protein containing nucleolin's 

RBDs 1, 2, 3, and 4, as well as the RGG domain binds preferentially and with high 

affinity to parallel c-MYC-like G-quadruplex structures [350].  In an attempt to define the 

smaller nucleolin sub-domains capable of interacting with the c-MYC G-quadruplex we 

performed gel electromobility shift assays of select nucleolin deletion mutant with a G-

quadruplex formed from the Pu47 oligonucleotide.  Based on our CD spectropolarimetric 
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and thermal stability studies we chose Nuc-1,2,3,4-RGG, Nuc-3,4-RGG, and Nuc-RGG 

for comparison of their c-MYC G-quadruplex binding affinity (Figure 5.4A-C).  The 

deletion proteins were expressed in E. coli as chimeric MBP-fusion proteins, and purified 

to homogeneity.  Consistent with our previous results, Nuc-1,2,3,4-RGG bound with high 

affinity to the c-MYC G-quadruplex structure, as determined by a strong shift in the 

mobility of the radiolabeled c-MYC G-quadruplex when incubated with the Nuc-3,4-

RGG deletion mutant (Figure 5.4A).  In addition, we found that the minimal c-MYC G-

quadruplex binding domain of nucleolin consist of RBDs 3,4, as well as the RGG domain 

(Figure 5.4B).  Interestingly, the interaction between Nuc-3,4-RGG and the c-MYC G-

quadruplex structure was significantly weaker than that of the Nuc-1,2,3,4-RGG protein 

with the G-quadruplex (Figure 5.4B), while no binding between the Nuc-RGG deletion 

mutant and the c-MYC G-quadruplex was detected by this method (Figure 5.4C).  It is 

possible that the RGG domain interacts weakly with the c-MYC G-quadruplex structure, 

and that these interactions are easily disrupted as a result of the stress that the sample 

undergoes during the electromobility separation (Figure 5.4C).  This could explain why 

the RGG domain can effectively induce the formation of a stable c-MYC G-quadruplex, 

while at the same time, no binding is detectable by electromobility shift assay.   

 

5.2.5  Nuc-3,4-RGG inhibits c-MYC Promoter Activity in vitro. 

Our laboratory has previously demonstrated by luciferase assay that transient 

expression of full-length nucleolin in mammalian cells can exert a strong and dose- 
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FIGURE 5.4  Comparison of the binding affinity of Nuc-1,2,3,4-RGG, Nuc-3,4-RGG and Nuc-RGG 
for the c-MYC G-quadruplex structure.  A radiolabeled oligomer was assembled into a G-quadruplex 
structure and incubated with A. Nuc-1,2,3,4-RGG; B. Nuc-3,4-RGG; or C. Nuc-1,2,3,4-RGG at the 
indicated concentration in a 20-µL reaction for one hour at room temperature.  Binding affinity was 
determined by EMSA. 
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dependent inhibitory effect on the luciferase activity of a c-MYC promoter driven 

construct [350].  In this study we used the same c-MYC reported plasmid to investigate by 

in vitro transcription if the Nuc-1,2,3,4-RGG recombinant protein retains the dose-

dependent inhibitory activity on c-MYC promoter activity  (Figure 5.5A).  Here we 

demonstrate that Nuc-1,2,3,4-RGG strongly inhibits c-MYC promoter activity in a dose-

dependent manner, as shown by the substantial decrease in radiolabeled luciferase 

transcript after incubation of the reporter plasmid with increasing concentrations of Nuc-

1,2,3,4-RGG (Figure 5.5B, lanes 1-4).  Similarly, we show that Nuc-3,4-RGG is able to 

inhibit c-MYC promoter activity in a dose-dependent manner, although this repression is 

weaker that that exerted by Nuc-1,2,3,4-RGG (Figure 5.5B, lanes 5-8).  Furthermore, we 

report that while the RGG domain is essential to induce a stable c-MYC G-quadruplex 

formation, this domain is not sufficient to affect c-MYC promoter activity (Figure 5.5B, 

lanes 9-12).  Consequently, it appears that the minimal c-MYC G-quadruplex binding 

region of nucleolin consist of RBDs 3,4 and the RGG domain.  However, it appears that 

additional domains may contribute to the ability of nucleolin to bind and stabilize the c-

MYC G-quadruplex structure. 
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Figure 5.5  Effect of Nuc-1,2,3,4-RGG, Nuc-3,4-RGG and Nuc-RGG on c-MYC promoter activity as 
determined by in vitro transcription.  A. Diagram of the pMYC-WT reporter construct containing the c-
MYC NHEIII1 region that can assemble into a G-quadruplex structure.  B. Effect of Nuc-1,2,3,4-RGG 
(lanes 1-4), Nuc-3,4-RGG (lanes 5-8), and Nuc-RGG (lanes 9-12),  on c-MYC promoter activity as 
determined by in vitro transcription assay.  Reactions contained 1 µg of pMYC-WT (Del-4) plasmid and 
the indicated concentrations of nucleolin per reaction.  Plasmid and the recombinant protein were incubated 
for 1 hour at 4°C prior to the addition of HeLa nuclear extract.  In vitro transcription reactions were carried 
at 42°C for exactly 60 minutes after which all reactions were stopped by the addition of stop buffer as 
described in Materials and Methods. 
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5.3  Summary and Discussion 

 

A growing number of G-quadruplex-interacting proteins are being identified in 

diverse organisms [217].  The existence of proteins that interact with high affinity and 

selectivity to G-quadruplex structures to modulate or stabilize them provides strong 

arguments for the biological relevance of G-quadruplex structures in vivo.  Our 

laboratory has previously identified nucleolin as a c-MYC G-quadruplex-binding protein 

that represses c-MYC promoter activity by inducing the formation of the c-MYC G-

quadruplex structure [350]. Here we report that the C-terminal region of nucleolin 

containing RBDs 3,4 and the RGG domain is essential for the binding and stabilization of 

the c-MYC G-quadruplex structure.  Furthermore, we show that this segment of the 

protein is the minimal region able to repress c-MYC transcription.   

Nucleolin is a modular protein that is found in organisms ranging from yeast to 

mammals [270].  The N-terminal domain of nucleolin comprises long acidic stretches 

interspersed with basic repeats, and its length is very variable among the different species 

[270].  This domain is highly phosphorylated, and it is believed to assume a non-globular 

extended structure [361].  The N-terminal domain of nucleolin has been shown to play a 

role in chromatin condensation, protein-protein interactions, and nucleolin function 

regulation [270, 362].  On the other hand, the four RBDs found in the central region of 

nucleolin are highly conserved in human, rat, mouse, hamster, chicken and Xenopus 

laevis [270].  Insterestingly, the RBDs found in these species are less conserved within 

the same protein that between RBDs from the different species [270].  This could explain 



 130 

why substitution of RBDs in Nuc-3,4-RGG did not result in equivalent levels of G-

quadruplex induction in our studies.  The RGG domain of nucleolin is defined by spaced 

Arg-Gly-Gly repeats intersperesed by aromatic amino acids.  CD and homology studies 

of this domain suggest that this region can adopt a highly flexible helical conformation 

made of repeated β-turns with arginine and phenylalanine side chains projecting outside 

of the spiral structure [338].  It was originally thought that this domain would create 

electrostatic and hydrophobic ridges prone to interact nonspecifically with RNA and 

DNA [338].  However, a number of recent studies have shown that this structure is able 

to confer substrate specificity [360, 363, 364].  These findings are further supported by 

our previous EMSA and filter binding studies where we show that recombinant nucleolin 

containing the RGG domain as well as all four RBDs can discriminate between different 

G-quadruplex structures and binds preferentially to parallel c-MYC-like G-quadruplex 

structures [350].   

The first G-quadruplex inducer protein is the beta subunit of the Oxytricha 

telomere end-binding protein β (TEB β) [365, 366].  This protein has been reported to 

promote the formation of a G-quadruplex structure in telomeric DNA in a cell cycle-

dependent manner where the TEB β phosphorylation state is directly linked with G-

quadruplex formation [294].  Since nucleolin function is also regulated by 

phosphorylation, it would be interesting to investigate whether changes nucleolin 

phosphorylation in these parameters would affect nucleolin-c-MYC promoter interaction 

as well as c-MYC G-quadruplex formation.   
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Furthermore, a number of stress stimuli have been shown to modulate nucleolin's 

localization and function [344].  For instance, nucleoplasmic localization of nucleolin has 

been associated with the pro-apoptotic effects of a number of anti-cancer drugs [309, 340, 

341].  Specifically, the mechanisms of action of cisplatin and Quarfloxin are linked with 

the redistribution of nucleolin from the nucleoli to the nucleoplasm [309, 340].  

Consequently, it has been suggested that nucleolin can function as a stress-sensitive 

tumor suppressor [344].  If this is the case, it is possible that stress-induced nuclear 

localization would allow nucleolin to interact with the c-MYC promoter to induce G-

quadruplex formation.  Since nucleolin is a bona fide target of the c-MYC proto-oncogene 

[351], it is not unreasonable to suggest that nucleolin may form part of a negative 

feedback mechanism to prevent aberrant c-MYC expression.   

In summary, there is a large body of evidence supporting the function of nucleolin 

as a tumor suppressor.  Our findings that nucleolin represses c-MYC expression by 

inducing the formation of a G-quadruplex structure provide an explanation for the 

importance of nucleolin translocation from the nucleolus to the nucleoplasm after cellular 

stress or drug treatment.  
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CHAPTER 6 

 

CONCLUSIONS 

 

6.1 Conclusions 

Understanding the role of c-MYC has been a critical issue in cancer biology since 

the discovery of the human homolog of v-gag-myc in 1982 [367]. Aberrant c-MYC 

expression is a common feature in a number of human malignancies, including breast, 

colon, cervix, small-cell lung cancers, osteosarcomas, glioblastomas, and myeloid 

leukemias [15, 23, 368]. It has been estimated that as many as one-seventh of all cancer 

deaths (70,000 deaths annually in the United States) are associated with alterations in the 

c-MYC gene or its expression [1].  

Deregulation of c-MYC can arise through a variety of mechanisms, including 

chromosomal translocation[2], gene amplification [3], and increased transcription [4-7], 

as well as a higher rate of translation and enhanced protein stability [8-10]. However, 

unlike other commonly characterized oncogenes such as HRAS, where the primary 

mechanism of tumor promotion is through the acquisition of activating mutations, c-MYC 

usually is deregulated indirectly through alterations in upstream cell signaling pathways 

that converge at the c-MYC promoter and lead to an increase in its transcription [13]. 

The G-rich strand of the NHE III1 region of the c-MYC promoter, which controls 

up to 90% of c-MYC transcription has been shown to assemble into a G-quadruplex 

structure [227].  Most importantly, formation of this non-B DNA structure have been 
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demonstrated to result in the silencing of c-MYC transcripiton [227].  Recent reports have 

demonstrated that putative G-quadruplex motifs are highly prevalent in human promoter 

regions [218-220].  In addition, the presence of G-quadruplex motifs has been shown to 

correlate with the gene function, with oncogenes having a disproportionally high 

incidence of G-quadruplex motifs, whereas the promoters of tumor suppressors exhibit an 

extremely low potential for G-quadruplex formation [221].  Furthermore, the existence of 

proteins that interact with high affinity and selectivity to G-quadruplex structures to 

modulate or stabilize them provides strong arguments for the biological relevance of such 

structures in vivo. 

The overall aim of this Ph.D. dissertation was to identify a c-MYC G-quadruplex 

interactive protein and to characterize its effect on c-MYC transcription.  To achieve this 

aim, we designed a c-MYC G-quadruplex affinity column chromatographic method to 

purify G-quadruplex-interactive proteins.  A number of proteins were identified, among 

which was nucleolin.  By conducting various biochemical studies, we were able to 

determine that nucleolin represses c-MYC promoter activity by binding and stabilizing 

the c-MYC G-quadruplex structure.  In addition, we show that nucleolin can discriminate 

between different G-quadruplex structures and binds preferentially to the parallel c-MYC 

G-quadruplex with 1:2:1 loops.  Moreover, by performing deletion mutagenesis we found 

that the C-terminal region of nucleolin containing RBDs 3,4 and the RGG domain is 

essential for the binding and stabilization of the c-MYC G-quadruplex structure.  

Furthermore, we show that this segment of the protein is the minimal region able to 

repress c-MYC transcription.   
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Nucleolin is mainly known for its role in ribosome biogenesis and proliferation; 

however, a number of recent studies have shown that nucleolin can also function as a 

tumor suppressor whose function is dependent on its phosphorylation and proteolytic 

status, as well as its localization [346, 349, 353].  For instance, nucleoplasmic 

localization of nucleolin has been assosciated with the pro-apoptotic effects of a number 

of anti-cancer drugs such as cisplatin and Quarfloxin [309, 340, 355].  Thus, we propose 

that one of the mechanisms by which nucleolin executes its pro-apoptotic activity is by 

binding and promoting the formation of the c-MYC G-quadruplex structure to repress c-

MYC transcription.  Furthermore, since nucleolin is a bona fide target of c-MYC, it is 

possible that in normal cells nucleolin may form part of a negative feedback mechanism 

to prevent aberrant c-MYC expression. 

In summary, the research described here provides strong evidence for the 

existence and biological relevance of c-MYC G-quadruplex formation in vivo.  In 

addition, our results support the growing body of evidence that nucleolin can function as 

a tumor suppressor, and this may explain the importance for the pro-apoptotic effect of 

some cancer therapeutics of nucleolin nucleoplasmic localization.  Furthermore, 

understanding the interaction between nucleolin and the c-MYC G-quadruplex may lead 

to the development of novel G-quadruplex-interactive agents that target the c-MYC G-

quadruplex. 
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PUBLICATIONS, MANUSCRIPTS AND ABSTRACTS 
 
 
PUBLICATIONS 
 
Verónica González and Laurence H. Hurley. The c-MYC NHE III(1): Function and 
Regulation. Annu Rev Pharmacol Toxicol, 2009. 50: p. 111-29. 
 
Verónica González, Kexiao Guo, Laurence H. Hurley, and Daekyu Sun. Identification 
and Characterization of Nucleolin as a c-MYC G-quadruplex-Binding Protein. J Biol 
Chem, 2009. 284(35): p. 23622-35. 
 
 
MANUSCRIPTS 
 
Verónica González and Laurence H. Hurley. The C-terminus of Nucleolin Promotes the 
Formation of the c-MYC G-quadruplex and Inhibits c-MYC Promoter Activity. 
Biochemistry, 2010. Submitted.  
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ABSTRACTS 
 
 
Differential Binding of Nucleolin to G-quadruplex Structures.   
 
Verónica González-Peña, Daekyu Sun, Laurence H. Hurley. Proceedings of the American 
Association for Cancer Research, AACR National Meeting. Apr 2008; 2008: 171.  
 
Nucleolin is an abundant multifunctional protein whose levels correlate with the rate of cell 
proliferation.  Its levels are moderate in rapidly dividing cells and are the highest in tumor 
cells.  Furthermore, high levels of nucleolin expression are related to poor prognosis in many 
types of cancers.   Nucleolin has been implicated in many aspects of ribosome biogenesis such 
as rDNA transcription, pre-rRNA processing and pre-ribosome packaging.  In addition, 
nucleolin has also been found to function as a RNA and DNA helicase as well as a 
transcription factor.  We have previously identified nucleolin as a c-MYC G-quadruplex-
binding protein. Our findings are supported by the fact that nucleolin has been found by other 
groups to bind to guanine-rich oligos that can assemble into G-quadruplex structures. 
 
The c-MYC proto-oncogene encodes a protein that activates genes that promote cellular 
differentiation and inhibit cell differentiation. In addition, the aberrant expression of c-MYC is 
a key step in the progression of a number of human and animal malignancies.  The c-MYC G-
quadruplex structure is a located upstream of the P1 promoter and affects c-MYC transcription.  
Therefore, we believe that the binding of nucleolin to the c-MYC G-quadruplex may play an 
important role in the transcriptional regulation of c-MYC. Here we present evidence that the 
binding of nucleolin to the c-MYC G-quadruplex is highly specific and that nucleolin binds 
differentially to several biologicaly-relevant G-quadruplex structures. 
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Molecular Interactions of Nucleolin with the c-MYC G-quadruplex structure.  
 
Verónica González-Peña, Daekyu Sun, Laurence H. Hurley.  Proceedings of the American 
Association for Cancer Research, AACR National Meeting. Apr 2007; 2007: LB-193. 
 
The c-Myc protein is overexpressed in a wide variety of human cancers with 90% of 
gynecological cancers, 80% of breast cancer, and 70% in colon cancer among many 
others. We previously demonstrated that a guanine-rich region upstream of the P1 
promoter of c-MYC that controls 85-90% of the transcriptional activation of this gene can 
form an intramolecular G-quadruplex structure and that it functions as a transcriptional 
repressor element (Proc. Natl. Acad. Sci. USA 2002, 3;99(18):11593-8). Arguments for 
the existence of G-quadruplex structures in vivo in diverse organisms is supported by the 
identification of multiple proteins from diverse organisms that bind G-quadruplex DNA 
preferentially and with high affinity. We have previously shown that Nucleolin, an 
abundant nucleolar protein binds to the c-MYC intramolecular G-quadruplex structure. In 
the present study, we demonstrate that Nucleolin binds to the c-MYC intramolecular G-
quadruplex structure with higher affinity than to its RNA consensus binding site in vitro. 
In conclusion, our results suggest that Nucleolin may play a role in the regulation of c-
myc transcription by interacting with the c-MYC G-quadruplex structure. 
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Purification and Identification of a Protein that Selectively Binds the Intramolecular 
G-quadruplex Structure of c-MYC.   
 
Verónica González-Peña, Daekyu Sun, Laurence H. Hurley. Proceedings of the AACR-NCI-
EORTC International Conference on Molecular Targets and Cancer Therapeutics. Nov 2005; 
2005: B263. 
 
The c-Myc protein is overexpressed in a wide variety of human cancers with 90% of 
gynecological cancers, 80% of breast cancer, and 70% in colon cancer among many 
others.  We previously demonstrated that a guanine-rich region upstream of the P1 
promoter of c-MYC that controls 85-90% of the transcriptional activation of this gene can 
form an intramolecular G-quadruplex structure and that it functions as a transcriptional 
repressor element (Proc. Natl. Acad. Sci. USA 2002, 3;99(18):11593-8).  Arguments for 
the existence of G-quadruplex structures in vivo in diverse organisms is supported by the 
identification of multiple proteins from diverse organisms that bind G-quadruplex DNA 
preferentially and with high affinity.  In the present study, we used column 
chromatography including a c-MYC G-quadruplex affinity column to purify proteins that 
selectively bind the human c-MYC G-quadruplex structure.  We utilized EMSA to 
identify fractions containing c-MYC G-quadruplex binding proteins.  Our results show 
that a 100 KDa protein-identified as nucleolin by proteomic analysis- binds to the c-MYC 
G-quadruplex structure with high selectivity.  These results are further supported by our 
Polymerase stop assay results, which show that upon addition of nucleolin an increase in 
the stop product is obtained.  In conclusion, our results demonstrate that nucleolin bind 
selectively and preferentially to the c-MYC G-quadruplex structure and suggest that 
nucleolin may play a role in the transcriptional regulation of c-MYC.  
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