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ABSTRACT

 Angiogenesis is known to be induced and maintained in tumors by the 

constant expression of  the hypoxia inducible factor 1 alpha (HIF-1α) and human 

vascular endothelial growth factor (VEGF). In fact, tumor recurrence, aggressive 

metastatic legions and patient mortality rates are known to be positively correlated 

with overexpression of  these two proteins. 

 The HIF-1α and VEGF promoters contain a polypurine/polypyrimidine 

(pPu/pPy) tract, which are known to play critical roles in their transcriptional 

regulation, and are structurally dynamic where they can undergo a conformational 

transition between B-DNA, single stranded DNA and atypical secondary DNA 

structures such as G-quadruplexes and i-motifs. We hypothesize that the i-motif  and 

G-quadruplex structures can form within the pPu/pPy tracts of  the HIF-1α and 

VEGF proximal promoters, which play important roles in the transcriptional 

regulation of  these genes by acting as scaffolds for alternative transcription factor 

binding sites.

 The purpose of  this dissertation was to elucidate the transcriptional regulation 

of  the HIF-1α and VEGF genes through the atypical DNA structures that form 

within the pPu/pPy tracts of  their proximal promoters. We investigated the 

interaction of  the C-rich and guanine-rich (G-rich) strands of  both of  these tracts 

with transcription factors heterogeneous nuclear ribonucleoprotein (hnRNP) K and 

nucleolin, respectively, both in vitro and in vivo and their potential role in the 

transcriptional control of  HIF-1α and VEGF.  
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 In this dissertation, we demonstrate that both nucleolin and hnRNP K bind 

selectively to the G- and C-rich sequences, respectively, in the pPu/pPy tract of  the 

HIF-1α and VEGF promoters.  Specifically, the small interfering RNA-mediated 

silencing of  either nucleolin or hnRNP K resulted in the down-regulation of  basal 

VEGF gene, and the opposite effect was seen when the transcription factors were 

overexpressed, suggesting that they act as activators of  VEGF transcription. Taken 

together, the identification of  transcription factors that can recognize and bind to 

atypical DNA structures within pPu/pPy tracts will provide new insight into 

mechanisms of transcriptional regulation of  the HIF-1α and VEGF gene.

14



CHAPTER 1: INTRODUCTION

1.1 Angiogenesis and its role in cancer 

 The formation of  new blood vessels and the maintenance of  their spatial 

arrangement is essential for normal growth and development. This complex 

mechanism of  uniform oxygen and nutrient delivery is such that nearly all cells in 

tissues are confined to an area of  20 μm in diameter surrounding a capillary or 

arteriole blood vessels for survival (1, 2). For this reason, sustained angiogenesis, or 

the formation of  new blood vessels from pre-existing ones, is a hallmark of  cancer. 

Without proper vascularization a solid tumor is not able to grow passed a 

circumference of  ~1 mm3 (3-7). Studies done by Fernandez, et al., have shown that 

human cancer cell lines that do not form visible solid tumors, when injected in mice, 

can lose tumor dormancy when genes that increase angiogenesis are overexpressed in 

these same mice (8-10). 

 In order for solid tumors to undergo mass proliferation an “angiogenic 

switch” must occur where pro-angiogenic signals induce the release of  several growth 

factors that start the reconstruction of  vascular tissue and decrease the naturally 

occurring angiogenic inhibitors (11-13). The change in balance of  pro and anti 

angiogenesis in tumors is mainly done through transcriptional regulation of  key 

genes. The overexpression of  one important gene named the vascular endothelial 

growth factor (VEGF) is the major driving force of  tumor vasculature (14-19). VEGF 

expression is turned on when a growing solid tumor over exceeds its oxygen and 

nutrient supply which then causes hypoxia or low oxygen levels (4). A transcription 
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factor known as hypoxia inducible factor (HIF) is responsive to this change in the 

microenvironment (20) and increases the transcriptional control of  genes with 

hypoxia response elements (HRE) in their promoters, which includes VEGF in 

necrotic tumors (21-23). 

 The following section of  this dissertation will review the role of  HIF-1α and 

VEGF in tumor progression via the angiogenesis cellular signaling pathway and the 

current chemotherapy agents directed at regulating these genes in tumors. An 

overview of  the HIF-1α and VEGF promoters and the transcriptional control 

through DNA/protein interactions in these promoters will also be discussed. Lastly, 

a brief  review of  non-B-DNA structures, G-quadruplexes and i-motifs, and their role 

as cis-acting elements in the c-myc promoter will be described and how it serves as 

model for the HIF-1α and VEGF promoters.

1.2 Hypoxia Inducible Factor 1 alpha transcription factor

1.2.1 Biological role in cancerous tissues

 As the tumor size increases at an exponential rate, the inner core of  the tumor 

becomes hypoxic which leads to the activation of  the HIF-1 transcription factor (24). 

The overexpression of  HIF-1α, the HIF-1 subunit that limits its transcription factor 

activation, has been correlated to the size of  the tumor and the extent of  its 

metastasis; where normal tissues have no detectable amounts of  the protein, benign 

lesions contain minimal levels, primary sites of  malignant tumors have elevated 

levels and metastatic lesions contain the highest amounts of  all the groups (25, 26). 
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The tumor mass growth is limited, however, due to the uncontrollable proliferation 

of  cancer cells within the tumor, necrotic pockets sporadically arise within the mass 

that induce HIF-1 activity (25, 27, 28). This high expression of  HIF-1-dependent 

genes, especially VEGF, produces vascular tissue that is structurally unorganized and 

functionally abnormal (29-31), such that the blood vessel wall is so unstable and 

porous it leaks most of  the nutritious contents of  the blood away from the target 

tissue and further exacerbates the hypoxic condition of  the tumor (32-37). The lack of 

proper delivery of  nutrients and oxygen to these tissues also poses a problem for 

homogeneous delivery of  drugs within the solid tumor using the defective mosaic 

tumor vasculature (35, 36). In addition, commonly used chemotherapies are most 

effective when cells are rapidly dividing and not in a state of  senescence due to the 

preservation of  energy as a result of  hypoxic environments (38-40). Hypoxic tumors 

have also been associated with insensitivity to radiation therapy, which is heavily 

dependent on the availability of  oxygen radicals that are produced at normoxic 

conditions (41, 42). Overall, highly hypoxic tumors have an increased chance of  

survival with these conventional cancer treatments, which result in high recurrence 

rates and drug resistance in the clinic.

 In fact, high HIF-1 transcriptional activity has been shown to be a predictive 

factor of  recurrence and distant metastasis that are resistant to chemotherapy (43, 44) 

in the majority of  common human solid tumors and is positively associated with 

increased patient mortality (39, 45). The role of  HIF-1 in tumor aggressiveness can be 

due to its effect on transcriptional activation of  a growing list of  key proteins 
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involved in generating, not only angiogenesis, but other hallmarks of  cancer (Figure 

1.1): glycolysis, limitless replicative potential, evasion of  apoptosis, genetic instability, 

self-sufficiency of  growth factors, insensitivity to anti-growth signals, tissue invasion 

and metastasis, evasion of  immune control and chemotherapy and radiation 

resistance (46). Therefore, due to its high expression in the majority of  solid tumors 

and the dependency of  these tumors on the continuous and steady protein levels of  

HIF-1α for nutrient and oxygen supply, the transcription factor subunit has been 

recognized as a molecular target for cancer therapy (47, 48). 
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Figure 1.1 Transcriptional targets of HIF-1. The list of  genes targeted by HIF-1 

were compiled from (46) and (49).
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1.2.2 Structure of  hypoxia-inducible factor family members

 The transcription factor, HIF-1, is a complex composed of  two subunits, 

HIF-1α and HIF-1β or aryl hydrocarbon nuclear translocator (ARNT). Both the 

alpha and beta subunits have three homologues that have the potential to bind to 

each other interchangeably (50); the alpha isomers are HIF-1α, HIF-2α and HIF-3α, 

the beta (HIF-1β) paralogues are ARNT1, ARNT2, and ARNT3. The HIF family 

members belong to the basic helix-loop-helix (bHLH) DNA binding family and the 

PER-ARNT-SIM (PAS) protein-protein interaction domain family that allows for 

HIF-α and HIF-β to heterodimerize (51). HIF-1α and HIF-2α are similar is structure 

and function, but unlike the HIF-1α subunit that is ubiquitously expressed, HIF-2α is 

primarily limited to endothelium, kidney, lung, heart and small intestine (52). 

HIF-3α, the third alpha homologue, has not been as extensively researched as 

HIF-1α and HIF-2α and is mostly known for its splice variant, inhibitory PAS 

(IPAS), which acts as a dominant negative regulator of  HIF-1α (53). HIF1-β, 

otherwise known as aryl hydrocarbon nuclear translocator (ARNT) was originally 

found to dimerize with the aryl hydrocarbon receptor (54) and is now known to be 

the main binding partner of  the HIF-1α and HIF-2α subunits which together form 

the transcription factors HIF-1 and HIF-2. Although HIF-2α has recently been 

shown to also harbor tumor-inductive properties (55-59), we will focus on the well 

characterized HIF-1α isomer for this dissertation. 
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1.2.3 HIF-1 as a transcription factor

 HIF-1 and its transcription factor family members are responsible for the 

direct and indirect expression of  more than 2% of  all human genes involved in 

diverse events that all lead to the preservation of  cell stability (60, 61). The essential 

role of  the HIF-1α transcriptional activation in early development is illustrated in 

HIF-1α-/- double-knockout in SCID mice where the mutation proves to be a lethal 

teratogen, due to malformations in cardiac and vascular tissue (62). Some examples 

of  gene targets of  the HIF-1 transcription factor are shown in Figure 1.1, however, 

this list is ever growing and redefining the effect of  HIF-1 in modulating the tumor 

microenvironment to increase survival mechanisms (48).

 The HIF-1 transcription factor is recruited to promoter regions by the 

hypoxia-responsive element (HRE) as a transcription factor unit with its co-

activators, p300 and the Creb-binding protein (CBP), and accessory co-activators 

SRC-1 and TIF-1 (63-65). HIF-1 recognizes the consensus core sequence (A/G)CGT

(G/C)(G/C) within the HRE region which has been shown to be highly conserved 

through the promoters of  hypoxia-responsive genes (66, 67). 
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Figure 1.2 Mechanisms of HIF activation in cancer.
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1.2.4 Regulation of  HIF1-alpha

 HIF1 is the most important transcription factor in the tumor response to low 

oxygen levels, the HIF-1α subunit is the limiting factor in its activation. The 

upstream events which regulate HIF-1α transcription and post-transcriptional 

activation are illustrated in Figure 1.2. In the presence of  oxygen the α subunit is 

hydroxylated at two proline residues (Pro402 and Pro564) within the oxygen-

dependent degradation domain (ODD) by prolyl hydroxylase domain (PHD) 

enzymes (68). These hydroxylated proline residues target HIF1-α for ubiquitination 

by the E3 ubiquitin ligase, von Hippel Lindau protein (pVHL), leading to the 

subunit’s proteosomal degradation (69). This proteolytic degradation of  HIF-1α 

inhibits its dimerization to the β subunit, which is necessary for activation of  the 

complex as a transcription factor.  

 Accumulation of  the α subunit is accomplished in extremely low or total 

depletion of  oxygen levels, where the activity of  prolyl hydroxylases is inhibited and 

thus pVHL is unable to ubiquitinate HIF-1α.  Another hydroxylation at the 

asparagine residue (N803), by a protein called factor inhibiting HIF (FIH), inhibits 

HIF1-α binding to its coactivator, CBP/p300, and in turn inactivates the ability of  

HIF1 to initiate transcription (70, 71). In addition, HIF-1α can be increased in 

normoxic tumor cells due to a variety of  genetic abnormalities such loss of  pVHL or 

other loss-of-function of  tumor suppressors like p53 and PTEN (72-75).
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 Growth factors that induce autocrine or paracrine signaling pathways can 

function as HIF-1α regulators that are independent from oxygen-sensitive cellular 

responses. The PI3K/mTOR and MAPK pathways are stimulated by growth factors 

and their receptors such as the human epithelial growth factor receptor 2 (HER2), 

the insulin-like growth factor-I receptor (IGFIR) and the PI3K catalytic subunit α 

(PIK3CA) (74, 76-79). Rather than stabilizing the HIF-1α subunit the mTOR and 

MAPK pathways increase the protein expression levels by phosphorylating the 

eukaryotic translation initiation factor 4E (eIF-4E) binding protein (4E-BP1) and p70 

S6 kinase (S6K) (80-82). Phosphorylation of  S6K activates the protein while the 

phosphorylation of  4E-BP1 inhibits its binding to eIF-4E which then initiates overall 

protein translation. 

 Other means of  regulation of  the HIF-1α subunit can be attributed to 

environmental factors such as the presence of  nickel (Ni2+) and cobalt (Co2+), that 

either decrease or replace iron (Fe) which is necessary for HIF-1α hydroxylation and 

degradation. In addition, these factors inhibit PHD activity which increases HIF-1α 

protein levels (83-85). 

1.3 VEGF, a major regulator of angiogenesis

 One of  the main HIF-1 dependent promoters is found in VEGF and its 

receptor family which induce a cascade of  signaling events that lead to the activation 

of  genes involved in lymphoangiogenesis, vasculogenesis and angiogenesis. The 
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family of  vascular epithelial growth factors include VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, VEGF-E and placenta growth factor (PIGF)-1 and -2. Specifically, it is 

VEGF-A, commonly referred to as “VEGF”, that is responsible for the initiation of  

the signal transduction cascade that turns on tumor angiogenesis and will be the 

focus of  the dissertation.

 VEGF-A is a homodimeric glycoprotein, 32 to 45-kDa, which is subject to 

alternative splicing of  three exons in its mRNA that yield a number of  isoforms 

named VEGF-A121, VEGF-A145, VEGF-A165, VEGF-A189 and VEGF-A206 

(86-88). The number that is tagged to each isoform denotes the total amino acids that 

produce the mature protein as a result of  the splicing of  the 6- and 7-exon which 

contain the heparin and neuropilin binding regions. Another level of  alternative 

spicing of  these isoforms which partially cleaves the terminal exon, exon 8a, 

determines the angiogenic or anti-angiogenic functionality of  the VEGF-A isoforms 

(89)(90). The two exon 8a spliced isoform classes are identified as having a VEGF-

xxxx or VEGF-xxxxb nomenclature, where the “xxxx” is the amino acid number 

and the “b” identifies members in the anti-angiogenic class(90). 

 The members of  the alternatively spliced anti-angiogenic VEGF-A isoforms 

(VEGF-xxxxb) were able to bind to the VEGFR1 and VEGFR2 receptors but did not 

induce cell signaling and thus act as competitive inhibitors of  their counterpart 

angiogenic isoforms (VEGF-xxxx). Specifically, VEGF-A165b was shown to be the 

dominant isoform that is expressed and excreted in adult endothelial tissues and the 
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least expressed in highly vascularized cancers. While the VEGF-A165 isoform is 

favored in the majority of  cancerous tumors by induction of  TGFβ1 and the p38 

MAPK and CDC-like kinases by binding to its receptor VEGFR-1. For example, it 

has been observed that renal-cell carcinoma (89), prostate carcinoma (91), malignant 

melanoma (92) and colon carcinoma (93) have low expression of  VEGF-A165b.  

Thus, the angiogenesis ‘switch’ is thought to mediated by the overexpression of  

VEGF-A165 and the low expression of  VEGF-A165b.  

1.3.1 Biological role in normal tissue and cancer

1.3.1.1 Vascular Permeability

 VEGF was first named vascular permeability factor (VPF) in its initial 

discovery phase because it was shown to strongly increase permeability by 50,000 

fold more than histamine (94, 95). Vascular permeability is a necessary function in 

normal cells that allows for nutrients to reach all organs and tissues as well as to clear 

wastes that would otherwise accumulate in these tissues. This exchange of  nutrients 

for wastes is partly accomplished by caveolae, vesicles that shuttle small molecules 

across the plasma membrane, this type of  vascular permeability is termed basal 

vascular permeability (BVP) (96). VEGF-A, from now on referred to as VEGF, can 

induce a short-lived increase of  vascular permeability in response to a variety of  

stimuli in the natural microenvironment, termed acute vascular hyperpermeability 

(AVH), that increases the influx of  plasma into tissues. However, VEGF can also 

chronically increase vascular permeability that leads to “leaky” highly abnormal 
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vasculature in tumors which alters the microenvironment and can promote cancer 

cell proliferation and migration to other sites of  the body (35, 36). 

1.3.1.2 Angiogenic endothelial cell activation

 After embryonic development, the mature endothelial cell is completely 

differentiated, non-proliferative and non-motile and will not reverse in its 

development by regaining any of  these functions unless there is a signaling event 

which enables it to do so. Endothelial cells can be activated to break away from their 

vascular cell bed and sprout new blood vessels from existing ones via the VEGF-A/

VEGFR1 pathways (97-99). The elegant signaling event that initiates the formation of 

new blood vessels involves two cells types: the “leader” and “follower” cells (100). 

The “leader” cell redirects the formation of  the new blood vessel by migrating 

towards the expression of  VEGF while inhibiting its proliferative activity. While the 

“follower” cells migrate according to the concentration gradient of  VEGF expression 

which is likely bound to the matrix or the membrane of  adjacent cells. The 

directionality of  the vessel formation is lost when VEGF becomes soluble and a 

concentration gradient is no longer able to guide the cells (101). The increase of  

soluble VEGF in tumors is largely due to matrix metalloprotease proteins (MMPs) 

that cleave the matrix-bound VEGF and other growth factors that are involved in the 

initiation and positive feedback loop of  angiogenesis and vasculogenesis (i.e. TGF-

beta, FGF and PDGF) (102).
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1.3.1.3 Signal Transduction of  Survival and Proliferation

 The same VEGF-dependent signaling events, which induce normal 

endothelial cell activation for new blood vessel formation, are also used in cancerous 

cells for cell survival, proliferation and migration. For example, gliomas that harbor 

cancer stem cells (CSC) are dependent on the activation of  the PI3K/Akt pathway 

through VEGF overexpression, which often demonstrate dense and dilated 

vasculature when compared to non-CSC cancers (103, 104). The evasion of  apoptosis 

by the CSCs is achieved by the imbalance of  pro-apoptotic cell signaling and pro-

survival cell signaling. VEGF has demonstrated to activate the PI3K-Akt pathway 

(74, 79, 105) which turns on proteins involved in the inhibition of  the apoptotic 

pathway like XIAP and survivin (106). In addition, Akt inhibits the activation of  pro-

apoptotic proteins, such as Fox1, Bim, Bcl-2, Bax and upstream caspases, in both the 

intrinsic and extrinsic apoptotic pathways (107).  Although VEGF can directly induce 

the PI3K/Akt pathway through its receptor VEGFR, induction of  this pathway can 

also be achieved through the interaction of  VEGF with extracellular matrix (ECM) 

proteins, such as ανβ3 integrin (108).

 Normally developed and differentiated cells have a finite amount of  cell 

divisions before they undergo cell senescence and eventual cell death. Cancerous 

cells evade the replicative restraints through the mutation and loss-of-function (LOF) 

of  key mediators within the cell cycle checkpoints such as p53, which normally 

downregulates VEGF (109). On the other hand, VEGF-induced proliferation can be 

increased due to the activation of  cell signaling mediated through the activation of  
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kinases involved in the MAPK/ERK pathway by activating, Erk1/2 and JNK within 

this pathway as well as the protein kinase C (PKC) pathway (110). 

1.3.2 Transcriptional Regulation of  VEGF

 Since the inception of  the angiogenesis field by Judah Folkman, the 

characterization of  the regulation of  VEGF has been the top priority and has been 

the main driving force of  anti-angiogenesis drug discovery. Now, VEGF is known to 

be controlled at the transcriptional level, mRNA stability and translational level 

through various transcription factors, growth factors and tumor suppressors. 

Although the transcriptional regulation of  VEGF is largely due to its high 

dependency on the HIF-1 transcription factor other forms of  regulation are starting 

to be explored and understood. Other transcription factors such as SP1 and NF-κB 

have been observed to have an effect on VEGF transcription in human macrophages 

and pancreatic adenocarcinomas (111, 112). Signal transducer and activator of  

transcription 3 (STAT3) is also regarded as an important element in the tumor 

angiogenesis transcriptional control process by acting as a strong activator of  VEGF 

transcription (113) and a mediator in the signal-induced expression of  VEGF and 

HIF-1 (105). 

1.4 Angiogenesis Inhibitors

1.4.1 HIF1-α Inhibitors
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 Although there has been no FDA approved therapy that directly targets and 

interact with the HIF-1α protein, many conventional cancer therapies have been 

shown to have anti-angiogenesis properties in addition to their intended targeted 

inhibitory effects (114). The effectiveness of  these drugs inhibiting angiogenesis is 

thought to be due to their disruption of  signaling cascades upstream or down stream 

of  HIF-1 transcriptional activation, since their target molecules are involved in 

cancer progression (Figure 1.3). This anti-angiogenesis effect that is seen in these 

drugs exemplifies the dependence of  HIF-1 transcriptional activation on tumor 

survival and poses the possibility of  synergistic chemotherapies using selective anti-

angiogenesis compounds in combination with conventional therapies. 

1.4.1.2 Indirect reduction of  HIF-1 protein synthesis

 There is a growing list of  HIF-1 inhibitors that affect HIF-1 transcriptional 

activity, including the thioredoxin-1 (Trx-1) inhibitors. Trx-1 overexpression is 

associated with high levels of  HIF-1α and VEGF expression as well as poor patient 

prognosis (65, 115-118). Two small-molecules have been shown to reduce Trx-1 

expression as well as lowering the expression of  HIF-1α and VEGF in vitro and in 

vivo (119, 120) named 1-methylpropyl 2-imidazolyl disulfide (PX-12) and pleurotin. 

Although PX-12 had shown positive results in Phase I clinical trials (121), the drug 

was unsuccessful in Phase II clinical studies due to the unexpected low expression of  
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Trx-1 and, in turn, its poor anti-tumor activity in advanced pancreatic cancer patients 

that had previously failed gemcitabine-combined treatment (122). 

 Other such suppressors of  the protein synthesis and accumulation of  HIF-1α 

include the microtubule inhibitor 2-methoxyestradiol (2ME2) (123) and the 

topoisomerase inhibitors topotecan and NSC 644221 (124). Although both types of  

small-molecule inhibitors have been shown to drastically decrease HIF-1α expression 

in cultured cells they were unable to have the same effect in clinical trials (125, 126) or 

have not advanced to clinical studies. 

1.4.1.3 Heat Shock Protein 90 Inhibitors

 The proper folding of  amino acid chains to form active proteins is done by 

chaperone proteins like heat shock protein 90 (HSP90). HSP90 is singled out by its 

other chaperone family members because its client proteins include BCR-ABL, ERB-

B2, telomerase, VEGFR and HIF-1α (127). The inhibition of  HSP90 by small-

molecules such as geldanamycin (GA) and its analogs 17-allylamino-17-

demethoxygeldanamycin (17-AGG) and  alvespimycin otherwise known as 17-

dimethylamino-17-demethoxygeldanamycin (17-DMAG) has shown to inhibit 

HIF-1α expression in vitro and in vivo. These studies show that when HSP90 is unable 

to bind to HIF-1α and another kinase, RACK1 (receptor of  activated protein kinase 

C), binds to HIF-1α and promotes the binding of  Elongin-C that ubiquitinates the 

hypoxic-induced protein and is sent to proteosomal degradation (128). HSP90 
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inhibitors, 17-AGG and 17-DMAG have shown promising results in Phase I, II and 

III clinical trials where there was a marked response in solid tumors (129, 130). 

However, the resistance to HSP90 inhibitors has been observed in early clinical trials 

using 17-AGG, where the resilient tumors compensate with another heat shock 

protein or they override the effectiveness of  destabilization and proteosomal 

degradation of  client proteins through HSP90 (131, 132). 

1.4.1.5 Inhibiting HIF-1 Transcriptional Activation

 The HIF-1 transcription factor is dependent on the binding of  its cofactors, 

p300 and CREB-binding protein (CBP) for the activation of  transcription in HRE 

containing promoters. Chetomin, and other p300 and CBP inhibitors, have shown to 

block the interaction of  p300 to HIF-1 thereby inhibiting its transcriptional activity. 

Although the small-molecule has proven to be effective in reducing tumor size and 

HIF-mediated gene expression, mice experiments have demonstrated chetomin to 

have high toxicity effects and therefore is unsuitable for clinical trials (133). 

 Another such small-molecule that has recently been demonstrated to prohibit 

HIF-1 binding to its coactivators is DJ12 which also effects the transcription factor 

from binding to DNA (134).  However, the small-molecule was discovered to have 

high toxicity in normoxic cells and has yet to advance to clinical trials. In addition, 

the small-molecule echinomycin was shown to specifically hinder the DNA binding 

capacity of  HIF-1α and therefore inhibit its transcription factor activity (135). The 
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preliminary experiments using echinomycin were hopeful, especially since it had a 

low toxicity in cultured cells, however the compound demonstrated to be inactive in 

clinical studies for metastatic soft tissue sarcoma (136). 
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Figure 1.3 Examples of Angiogenesis Inhibitors Known to Act on Hypoxia 
Inducible Factor (HIF) and/or HIF Regulatory Pathways. The arrows depict 
activation of  the protein(s) and inhibiting compounds or agents are seen in blue text. 
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1.4.2 VEGF Inhibitors

 Unlike the majority of  HIF-1α inhibitors, VEGF inhibitors in the clinic are 

specifically targeted at blocking the activity of  the growth factor and its receptor, 

VEGFR1. For example, by inactivating either its receptor, in the form of  a kinase 

inhibitor (137-139), by sequestering the VEGF ligand with a pseudo-receptor(140), or 

by blocking the ligand binding site (141), researchers have inhibited activation of  the 

VEGF pathway to achieve anti-tumor activity. 

1.4.2.1 Bevacizumab

 VEGF signaling pathway is initiated when the growth factor is secreted to the 

extracellular space by endothelial cells and allowed to bind to its receptor, vascular 

endothelial growth factor receptor (VEGFR1).  VEGF can bind to VEGFR1 and 

activate its signaling cascade in the adjacent cells to the cell from which it was 

excreted via paracrine mechanisms or reactivate within its own cell membrane via 

autocrine mechanisms. Bevacizumab is a humanized monoclonal antibody which 

binds to VEGF and prohibits its binding to VEGFR1, thereby inhibiting its 

downstream signaling events (142). Since its introduction to the clinic in 2004, it has 

been FDA approved, as is now the first-line combinational treatment, for advanced 

colon, lung and renal cancers (141, 143). The early phase clinical studies 

demonstrated the drug to be efficacious in patients with metastatic colorectal cancer 

(144) at low doses and patients with metastatic breast (145), lung (146) and renal cell 

cancers (147) at much higher doses. However, patients with metastatic breast cancers 
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showed mixed results in terms of  overall survival rates (145), after several clinical 

studies demonstrated uncommon but occasional fatal adverse events and little to no 

survival benefits using bevacizumab the FDA repealed its approval of  the drug for 

breast cancer treatment (148). The culminating results of  clinical trials using 

bevacizumab as a single-agent or in combination therapy has suggested that an 

optimal molecular marker is needed to prescreen patients that have high VEGF 

expressing tumors, which would maximally benefit from this treatment. In addition, 

mixed patient overall survival and response rates suggest further research needs to be 

conducted to fully characterize the role of  VEGF expression throughout tumor 

progression and in the microenvironment and cell biology in the tissue of  post-

treatment patients. 

1.4.2.2 Aflibercept: VEGF-Trap

 Similar to bevacizumab, aflibercept, inhibits VEGF binding to its receptor, 

however, it is not an antibody but a recombinant portion of  the VEGFR1 

extracellular region and has been shown to bind with higher affinity to VEGF than 

monoclonal antibodies (140). Not only does aflibercept bind to VEGF with high 

affinity, it also binds to placenta growth factor (PIGF), a member of  the VEGF 

growth factor family that is also attributed to tumor-derived angiogenesis (149).  

Clinical trials in phase II have demonstrated that, although aflibercept is well 

tolerated and no fatal adverse events were observed, the drug had little effect as a 

single-agent chemotherapy (150, 151). 
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1.4.2.3 Indirect VEGF Inhibitors

 Early anti-cancer drug discovery of  angiogenesis inhibitors resulted in drugs 

which targeted a wide range of  proteins involved in the signaling pathway of  growth 

factors, including VEGF. The majority of  these compounds were receptor tyrosine 

kinase (RTK) inhibitors that inactivated VEGFR, PDGFR, EGFR and other 

receptors by blocking their ATP site. Examples of  these drugs are sorafenib and 

sunitinib that are FDA approved to treat renal cell carcinoma, unresectable 

heptocellular carcinoma and gastrointestinal stromal tumors (152, 153). 

 Other types of  small-molecules that inhibit VEGF indirectly are those that 

inhibit the downstream effects of  growth factor receptors such as the PI3K and 

MAPK cell signaling. Of  these small-molecule inhibitors, the most successful in the 

clinic have been the mTOR inhibitors, temsirolimus and everolimus, which have been 

approved by the FDA as single-agent treatment of  advanced stage renal cell 

carcinoma and sarcoma, respectively. Combinational therapies are still ongoing for 

other types of  cancers (154, 155). 
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1.5 Transcriptional control of HIF-1α and VEGF 

1.5.1 The HIF-1α Promoter

 Hypoxia is not only known to stabilize the HIF-1α protein at a post-

translational level, it can also induce HIF-1α transcription through the hypoxia-

response element (HRE) within the HIF-1α promoter, creating a positive feed-back 

loop (156). However, HIF-1α is generally thought of  as a ubiquitously transcribed 

and translated protein, therefore very little attention has been paid to the 

transcriptional control of  this gene outside of  hypoxia-inducted mechanisms. Studies 

done in recent years have introduced other forms of  extracellular stress that can 

induce HIF-1α transcription through the activation of  protein kinase C (PKC), 

calcium ionophores, reactive oxygen species (ROS), HIF-regulated cytokines, and 

inflammatory response and cell signaling pathways involving tissue development and 

regeneration. 

 Studies conducted on the mechanism of  action of  modulation of  HIF-1α 

transcription, in response to extracellular signaling, have only yielded a short list of  

DNA-binding proteins that bind to the HIF-1α 5‘ untranslated region (5’ UTR). The 

first known transcription factor that bound to the HIF-1α promoter was Sp1, which 

bound to multiple sites in the proximal promoter that was rich in cis-acting elements, 

and the deletion of  this short region dramatically decreased HIF-1α mRNA levels 

(156). NFκB has demonstrated to be another major transcription factor for HIF-1α, 

where the p50 and p65 subunits of  NFκB bind to the HIF-1α promoter and induce 
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its transcription in smooth muscle cells (157). The NFκB binding element was further 

characterized to lie within -197 to -188 bp from the transcription start site, as shown 

via mutation studies, EMSA and ChIP assays, within the HIF-1α promoter (158). In 

addition, though similar experiments performed with NFκB, Stat3 and another 

transcription factor, nuclear factor of  activated T-cells (NFAT), have been shown to 

bind to the HIF-1α promoter and increase HIF-1α mRNA levels (159, 160). 

1.5.2 The VEGF promoter

 There are cis-acting elements that are similar when comparing the VEGF and 

HIF-1α promoters. For example, both VEGF and HIF-1α are TATA-less promoters 

that contain HRE regions, SP1 and Stat3 binding sites. The VEGF promoter has 

been studied and characterized much more extensively than the HIF-1α promoter 

and has been shown to contain both trans-activating and cis-regulatory factors that are 

stimulated by multiple cell signaling events, the two most common being MAPK and 

PI3K pathways (161). The characterized elements that bind to the VEGF promoter 

are shown in a schematic representation in Figure 1.4 and have all been described to 

increase VEGF mRNA levels, which has been reviewed in (161).
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Figure1.4 A schematic representation of the VEGF promoter. Response elements 
and trans-activating factors. The entire region of  the promoter is represented. The 
heavy arrow indicates the classical initiation of  transcription, whereas the light arrow 
indicates the position of  the cryptic promoter present in a domain of  the gene 
described as the 5ʹ′ untranslated region of  the VEGF mRNA. The exact positions and 
sequences of  the cis-regulatory elements, the functionality of  which has been 
demonstrated, have been mentioned. The long arrows above the classical promoter 
indicate a relationship between different cis-acting sequences and trans-activating 
factors.

40



1.5.3 The poly-Purine/poly-Pyrimidine region of  VEGF and HIF-1α proximal 

promoters

 Although both VEGF and HIF-1α promoters contain multiple transcription 

factor binding sites, one region within both proximal promoters has been shown to 

regulate about 90% of  the transcriptional control for both genes, which is called the 

poly-Purine/poly-Pyrimidine (pPu/pPy) tract (162, 163). Many other pPu/pPy tracts 

have been discovered within the proximal promoter regions of  proto-oncogenes, 

which also maintain the majority of  the transcriptional control of  their respective 

genes (164). This tract is unique to other promoter domains in that it posses the 

ability to form non-B-DNA structures within its guanine-/ cytosine-rich (G/C-rich) 

sequences that, as exemplified by its overwhelming control on transcription, can act 

as a cis-activating element (164-167). The non-B-DNA structures that form within the 

pPu/pPy tracts of  these proto-oncogenes are called G-quadruplexes and i-motifs. 

1.5.4 G-quadruplex and i-motif  structures forming in the poly-Purine/poly-

Pyrimidine region of  proto-oncogenes

 G-quadruplexes normally consist of  square planes of  four guanines, called G-

tetrads, held together by Hoogsteen hydrogen bonding (168).  A monocovalent 

cation, such as potassium or sodium, stabilizes these tetrads and allows for stacking 

of  two or more of  these G-tetrads (Figure 1.5). These structures are extremely stable 

at physiological conditions (i.e. neutral pH, body temperatures, potassium 
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concentration) and there is accumulating evidence of  their existence in vivo in human 

telomeric sequences (169, 170). 

 Another secondary structure has been found to form on the C-rich sequence, 

complimentary strand to the G-rich sequence, in the pPu/pPy tracts of  proto-

oncogenes called the i-motif. When hemi-protonated, this cytosine rich strand can 

form C-C+ intercalated base pairing making the i-motif  structure stable (Figure 1.5). 

However, the hemi-protonation of  the C-C+ base pairing is currently believed to be 

achieved at acidic conditions. Although G-quadruplex and i-motif  structures can be 

formed in-vitro when using up to four strands of  oligonucleotides that have a 

sequence of  at least three guanines or cytosines in a row. This dissertation will focus 

on the intramolecular G-quadruplex and i-motif  species that have been documented 

to form within the G/C-rich sequences of  pPu/pPy tracts of  proto-oncogenes. 
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Figure 1.5 Structural composition of VEGF G-quadruplex and i-motif structures. 
A. Hoogsteen hydrogen bonding within G-tetrads form G-quadruplex structures. B. 
Intercalated hemiprotonated cytosine-cytosine+ base pairing form i-motif  strucutres. 
Both G-quadruplex and i-motif  depicted here are the structures that form within the 
VEGF proximal promoter. The color of  the balls which are shown to connect to each 
other represent different nucleotides. For example, red is representing guanine, 
yellow is representing cytosine, and green in representing adenine. 
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1.5.5 Classifications of  G-quadruplex structures forming within the poly-Purine/

poly-Pyrimidine tract of  proto-oncogenes

 A recent review has classified the structural conformations of  previously 

characterized G-quadruplexes that form within the pPu/pPy tract of  proto-

oncogenes to four types of  G-quadruplex structures, seen in Figure 1.6. The four 

types of  G-quadruplex structures are classified according to the number of  these 

structures that can form at one time within a single G-rich sequence in the pPu/pPy 

tract of  the proximal promoters of  these proto-oncogenes. 

 G-quadruplex structures in class I are those that can only form one type of  G-

quadruplex, and its isomers, from the same four runs of  guanines within the pPu/

pPy tract, the example that is given is the structure formed in the c-myc NHEIII1 

region. Class II G-quadruplex structures can form two G-quadruplexes at the same 

time from two distant G-rich runs within the pPu/pPy tract such as the G-

quadruplex structures formed in the c-kit proximal promoter. Class II and III are very 

similar in that they can both form two G-quadruplex structures at the same time, 

however, the G-quadruplex structures in class III are close in proximity and can 

interact with each other as exemplified by the unusual atypical G-quadruplex 

structures in the hTERT promoter. The G-quadruplex structure that forms within the 

bcl-2 pPu/pPy tract has been previously regarded as a class I G-quadruplex structure. 

However, upon the inclusion of  all six G-rich runs within the tract, it was re-

evaluated to form three overlapping G-quadruplex structures that are formed by 
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shifting between the six runs, four runs at at time, which classifies it as a class IV G-

quadruplex folding pattern. 
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Figure 1.6 Classes of G-quadruplex structures. 

Reprinted with permission from © 2010 FEBS Volume 277, Issue 17, pages 3459–
3469, September 2010
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1.5.6 Classification of  i-motif  structures forming in the poly-Purine/poly-Pyrimidine 

region of  proto-oncogenes

 The same review which classified G-quadruplex structures also identified i-

motif  structures as belonging in two classes of  folding patterns, seen in Figure 1.7.  

These i-motif  structures are from previously characterized i-motifs that form within 

the pPu/pPy tracts of  the VEGF, RET, Rb, c-myc and bcl-2 proximal promoters (171). 

The authors of  this review describe these two classes of  i-motif  structures as either 

having short-loop sizes, class I, or long-loop sizes, class II. 

 Class I i-motif  structures include the VEGF, RET and Rb i-motifs, which have 

loop size conformations of  5’-(2:3/4:2)-3’ and transition pHs of  5.8, 6.4 and 5.9, 

respectively. As suggested by their transitional pH range, the formation of  these types 

of  i-motif  structures are believed to be heavily dependent on the presence of  slightly 

acidic conditions. Class II i-motif  structures that include the c-myc and bcl-2 i-motifs 

have a higher transitional pH at 6.6, which is believed to be due to the structural 

conformations of  their respective pPu/pPy tracts. For example, the i-motif  that 

forms within the c-myc promoter has been shown to form a 6:2:6 loop conformation 

that is highly dependent on the negative superhelicity of  the NHE III1 region, rather 

than acidic pH in supercoiled plasmid experiments (172). The bcl-2 i-motif  structure 

has been shown to form an unusually long loop structure of  8:5:7 conformation that 

is believed to have capping structures within the bases of  its long loops that 

contribute to its stability (173). The class II i-motifs have introduced a new level of  

stability to the intercalated C-C+ base-pair composition through their dependency on 
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other nucleoside interactions and compositions. 
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Figure 1.7 Classes of i-motif structures.

Reprinted with permission from © 2010 FEBS Volume 277, Issue 17, pages 3459–
3469, September 2010
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1.5.7 The role of  negative superhelicity in facilitating the formation of  G-quadruplex 

and i-motif  structures

 The formation of  atypical secondary DNA structures, such as G-

quadruplexes, within pPu/pPy tracts in proximal promoter regions is facilitated by 

negative supercoiling derived from the local unwinding of  duplex DNA generated by 

the progression of  transcriptional machinery (164). This negative supercoiling of  the 

pPu/pPy tract, that is in DNA duplex conformation, accelerates the conversion of  B-

DNA to single-stranded DNA, which is structurally unstable and readily forms 

atypical DNA structures (see Figure 1.8). An example of  this phenomenon is the 

dynamic nature of  the NHE III1 region, a CT-element, within the c-myc promoter 

that has been extensively characterized and demonstrated to form the G-quadruplex 

structure in supercoiled plasmids (172). Although the c-myc promoter contains other 

structurally dynamic regions, such as the well known and studied far upstream 

element (FUSE) that has also demonstrated to regulate c-myc transcription, we will 

focus only on the NHEIII1 region since the FUSE region does not form G-

quadruplex or i-motif  structures.
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Figure 1.8 A schematic representation of the role of negative superhelicity on the 
c-myc promoter. A. Proposed equilibrating forms of  the NHE III1 produced under 
negative superhelicity. The resistance/sensitivity to S1 nuclease, DMS, KMnO4, and 
Br2 of  the various forms is shown in the left panel. Requirements for transition to the 
single-stranded form or G-quadruplex/i-motif  species are shown in the right panel. 
B. Asymmetric positioning of  the DMS-protected G-quadruplex (top bracket) and i-
motif  (bottom bracket) together with 14- and 5-base overhangs. An asterisk marks the 
position of  the G-to-A mutant base pairs in the G-quadruplex loop isomer. 
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1.5.8 The G-quadruplex & i-motif  can act as transcriptional modifiers

 The G-quadruplexes and i-motifs which form in the NHEIII1 region of  the c-

myc promoter have been the most extensively studied atypical DNA structures that 

form within the promoter regions of  proto-oncogenes. Of  interest, an array of  

proteins have been demonstrated to bind to the multifaceted NHE III1 region of  the 

c-myc promoter that also play a role in the transcriptional regulation of  the c-myc 

gene. Figure 1.9 and the following section will summarize this regulation process. In 

brief, when the NHEIII1 region is under negative supercoiling stress the duplex DNA 

becomes unstable and is unwound to a single-stranded state where transcription 

factors, CNBP and hnRNP K, can bind to the G-rich and C-rich sequences, 

respectively, and turn on transcription. NM23-H2 is another protein that has 

demonstrated to bind to the G-rich and C-rich single-stranded sequences of  the 

NHEIII1 region, which facilitates the binding of  CNBP and hnRNP K to turn on 

transcription (165). The importance of  NM23-H2 recruitment to these single-

stranded sites was shown when the protein was demonstrated to unfold G-

quadruplex and i-motif  structures that form in the purine- and pyrimidine-rich 

strands of  the NHEIII1 region, which act as transcriptional silencers. Confirmation 

of  this model was demonstrated when the stabilization of  the G-quadruplex, forming 

in the NHEIII1 region of  the c-myc promoter, by small-molecules (174) led to a 

significant decrease in c-myc transcription in lymphoma cells (175, 176). An 

endogenous source for G-quadruplex stabilization is nucleolin, where studies 

overexpressing the nucleolin protein demonstrated it as a repressor of  c-myc 
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transcription. The mechanism of  action for the repression of  c-myc transcription was 

shown to be associated with the binding selectivity of  nucleolin to the c-myc G-

quadruplex as demonstrated by ChIP and filter-binding assays, as well as the 

facilitation of  the formation of  the atypical DNA structure as shown by CD spectral 

analysis (167). 
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Figure 1.9 NM23‐H2, nucleolin and a G‐quadruplex‐interactive compound can 
modulate the activity of NHE III1.  

Reprinted with permission from © 2010 FEBS Volume 277, Issue 17, pages 3459–
3469, September 2010
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1.5.9 G-quadruplex structure within the HIF-1α pPu/pPy tract

 Our previous study (162) revealed the formation of  a propeller-type parallel-

stranded intramolecular G-quadruplex in the pPu/pPy tract of  the HIF-1α promoter 

similar to c-myc G-rich structure (177, 178) that has a 1:6:1 loop configuration (Figure 

1.10). Mutational analysis in transiently transfected expression plasmids containing 

this G-rich sequence, that lies -85 to -65 from the transcription start site, 

demonstrated reduced HIF-1α transcription by at least 90% (162).  In addition, drugs 

such as TmPyP4 and the natural product telomestatin were shown to bind to the G-

quadruplex structure and stabilize its formation at physiological pH 7.4.

 It is important to note that this pPu/pPy tract lies within the same region 

which was first identified as a Sp1-rich binding site in the HIF-1α proximal promoter 

region by Minet, et al. (156). Our transient transfection studies confirm their initial 

studies that demonstrated the deletion of  the promoter region between -105 to -41 

from the transcription start site will decrease HIF-1α transcriptional activation by at 

least half  of  the wild-type promoter. 
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Figure 1.10  G-quadruplex structure that forms within the HIF-1α pPu/pPy tract. 
The G-quadruplex that forms within the HIF-1α proximal promoter has 
demonstrated to form at 1:6:1 loop isomer. 
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1.5.10 G-quadruplex and i-motif  structures within the VEGF pPu/pPy tract

 Like, HIF-1α, deletion of  the pPu/pPy tract, that lies between -85 to -50 of  

the transcription start site of  the VEGF proximal promoter, has demonstrated to 

severely inhibit the expression of  VEGF to only produce 10% of  the wild-type 

expression levels. The tract was shown to contain three Sp1 binding sites which were 

essential in the VEGF expression and response to PDGF induction in NIH3T3 cells 

and in pancreatic cancer cell lines (112, 163).

 In previous studies, we determined that the G-rich sequence in the pPu/pPy 

tract of  the VEGF promoter is able to form a parallel G-quadruplex structure with a 

1:4:1 loop configuration (Figure 1.11) (179). G-quadruplex-interactive agents, such as 

TMPyP4 and Se2SAP, have been shown to bind to the VEGF G-quadruplex and 

suppress VEGF transcription (172). We have also described the C-rich strand of  the 

pPu/pPy tract in the VEGF promoter as forming an i-motif  with a 2:3:2 loop 

configuration under acidic conditions (179). In addition, circular dichroism (CD) 

analysis in the same study has identified the VEGF i-motif  as pH dependent, with a 

transitional pH around 6.0. 
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Figure 1.11 G-quadruplex and i-motif structures that form within the VEGF 
pPu/pPy tract. The G-quadruplex structure that forms within the VEGF proximal 
promoter has been characterized to form a 1:4:1 loop isomer and the i-motif  to form 
a 2:3:2 loop isomer.
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1.6 Statement of the Problem

 Tumor-driven angiogenesis is highly correlated to the advancement of  

metastatic lesions in most solid tumors. The overexpression of  two proteins, HIF-1α 

and VEGF, have been established as the main culprits that induce the angiogenesis 

pathway in aggressive tumors. Chemotherapy designed to downregulate HIF-1α and 

VEGF have targeted them at the post-translational level by inhibiting their translation 

or prohibiting them from binding to their receptor or DNA binding sites, however, 

not much is known of  their regulation at the transcriptional level. Therefore, 

characterization of  the transcriptional regulation of  HIF-1α and VEGF might 

provide additional target specific therapeutic treatments of  highly angiogenic 

cancers.

 Previous studies done in our lab have demonstrated G-quadruplex and i-motif  

structures to form within the tract of  the VEGF promoter and a G-quadruplex 

structure in the HIF-1α promoter, which were shown to control about 90% of  their 

transcriptional regulation. The purpose of  these studies performed in this dissertation 

were to characterize the transcription factors that bind to these atypical DNA 

structures within the pPu/pPy tracts of  the HIF-1α and VEGF proximal promoters. 

We hypothesize that the C-rich sequence within the pPu/pPy tract of  the HIF-1α 

promoter can form a stable i-motif  and that it can contribute to the regulation of  

transcription of  this gene. Furthermore, we hypothesize that transcription factors, 

such as nucleolin and hnRNP K, can bind to the structurally dynamic region of  the 

VEGF and HIF-1α pPu/pPy tracts and induce their transcription. Our goal was to 
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understand the role of  atypical DNA structures, such as G-quadruplexes and i-

motifs, and the proteins that recognize these structures in the regulation of  VEGF 

and HIF-1α transcription. The specific aims intended to achieve this goal were: 1) to 

demonstrate that the C-rich sequence of  the pPu/pPy tract in the HIF-1α proximal 

promoter can form a stable i-motif  at physiological conditions, 2) to identify and 

validate the recruitment of  transcription factors to the single-stranded sequences, in 

the form of  G-quadruplexes and i-motifs, of  the pPu/pPy tracts of  the VEGF and 

HIF-1α promoters, and 3) to determine if  the DNA/protein interactions are specific 

and able to regulate transcription of  these genes. As a proof-of-concept and a possible 

tool for high-throughput screening, HEK-FRT stable cell lines were engineered such 

that each contained the HIF-1α wild-type promoter, a site-directed mutant promoter 

and a mutant promoter with a 22-bp substitution of  the pPu/pPy tract, driving 

Luciferase reporter genes. 

 These studies further demonstrate that the i-motif  and G-quadruplex 

structures can be formed within the pPu/pPy tracts of  the HIF-1α and VEGF 

proximal promoters and can act as scaffolds for alternative transcription factor 

binding sites. Additionally, these atypical DNA structures or the transcription factors 

that bind to them can be subject to drug targeting thus playing a potential role in 

downregulating the transcription of  the HIF-1α and VEGF genes. 
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CHAPTER 2. MATERIALS AND METHODS

2.1 Purification and End-labeling of Oligonucleotide

The oligonucleotides were purchased from Sigma Genosys (The Woodlands, TX) 

and radiolabelled. 1μL of  100μM oligo was labeled with 30μCi of  γ-32P ATP, 10U of 

T4 polynucleotide kinase, 1X T4 kinase buffer and left to react at 37°C for at least 1 

hour.  The mixture was cleaned of  unincorporated radioactive γ-32P ATP with Micro 

Bio-Spin™ 30 columns (Bio-Rad, Hercules, CA) and gel purified using a 12% 

denaturing polyacrylamide-urea gel to separate the full-length product from all other 

contaminants. The full-length band was then excised from the gel, crushed and eluted 

with deionized water overnight at 37°C. The concentration was determined by 

absorbance measurements at 260nm using the nearest-neighbor method to calculate 

the molar extinction coefficient for each oligo according to its composition. The 

calculated extinction coefficient for the oligonucleotides is provided in Table 1.1 

(180). 

2.2 Cell Culture

The human renal cell carcinoma cell line A498 and the human glioma cell line U251 

were obtained from the American Type Culture Collection (Manassas, VA).  The 

human embryonic immortalized kidney cells HEK293T were a gift from Dr. 

Margaret Briehl (Arizona Cancer Center, Tucson, AZ). ATCC and Thermo Scientific 

stated genotypic and phenotypic testing was done to validate cell line authenticity in 
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the certified reference material provided with each cell culture. The A498 and U251 

cell lines were cultured in RPMI 1640 media (Cellgro, Manassas, VA) and the 

HEK293T in DMEM, each supplemented with 10% heat-inactivated fetal bovine 

serum in a humidified atmosphere containing 5% CO2 at 37 °C. Each cell line tested 

negative for mycoplasma contamination prior to and after experimentation.

2.3 Circular Dichroism Spectrophotometry of HC27 Oligomer

The i-motif-forming oligonucleotides were prepared at a 5 μM concentration in a 50 

mM Na-cacodylate buffer (pH 4.4, 5.0, 5.4, 5.9, 6.1, 6.5, 7.1, or 8.0). Due to the 

buffering capacity of  cacodylate buffer (pH 5.0 - 7.4), experiments at pH 4.4 were 

also performed using Tris-acetate, which has a buffering capacity at pH 4.4. These 

experiments produced results similar to those with the cacodylate buffer (data not 

shown), and for experimental consistency, only results using cacodylate buffer were 

discussed. Circular dichroism (CD) spectra were recorded on a Jasco-810 

spectropolarimeter (Jasco, Easton, MD) using a quartz cell of  1-mm optical path 

length. The scanning rate was set at 100 nm/min, with a response time of  1 s, over a 

range of  200 to 350 nm. A set of  three scans were averaged, smoothed, and baseline-

corrected for signal contributions from buffers at 25 °C for each sample. The melting 

curves were obtained measuring molar ellipticity at 288 nm (the λ of  the maximum 

molar ellipticity) over a temperature range of  4-100 °C and then by plotting against 

temperatures for melting temperature (Tm) determination. Tm values were 

calculated within 1 °C error from the CD melting curves. 
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2.4 Bromine Footprint of i-motif Structure

The cytosine specific probing procedure was adapted from a previous study that 

developed a method to chemically probe non-duplexed cytosine bases (181). The 

bromine footprints for i-motif  structure characterization were performed using the 

pure 5’-end-labeled HC 27 or VC24 oligo in 140mM KCl, 50mM NaCl, and 10mM 

sodium-acetate (NaOAC) buffer at an indicated pH. This mixture was then reacted 

with a molecular bromine solution which contained equal molar concentrations of  

KHSO5 and KBr, for a final 50mM bromine stock solution, for 30 minutes at room 

temperature. Bromine reactivity decreases in alkaline solution, therefore we used 

increased bromine concentrations at higher pH levels. The bromine reaction was 

stopped with 5 to 10ug of  calf  thymus DNA and 300mM NaOAc following an 

ethanol precipitation/purification for each sample. The DNA mixture was dried and 

cleaved via piperidine treatment using a 1:10 diluted solution and heated at 95°C for 

30 minutes. After piperidine treatment, the samples were dried and washed with 

diH2O twice. For quantifying purposes, each sample was resuspended in alkaline dye 

(80% formaldehyde, 10mM EDTA (pH 8.0), 1mg/mL xylene cyanol and 

bromophenol blue) so that the final radiation count per volume of  each sample is 

1kcpm/μL. 3-4kcpm of  each sample was loaded and run in a 20% denaturing 

polyacrylamide sequencing gel, dried and exposed to a phosphor screen (Bio-Rad) 

and read on a STORM 860 Scanner (GE Healthcare Life Sciences, Pittsburgh, PA) 

for analysis.  
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2.5 Chromatin Immunoprecipitation Assay (ChIP)   

The chromatin immunoprecipitation assays were performed as described 

previously (182) with slight modifications. A498 cells were cultured and cross-linked 

by the addition of  formaldehyde, lysed, sonicated and the resulting supernatant was 

purified. The samples were reverse cross-linked and were purified using a Qiagen 

(Valencia, CA) PCR purification kit according to the manufacturer’s instructions and 

used for PCR. The PCR primers used to amplify the VEGF proximal promoter 

region are forward primer (5’- 

GGTCGAGCTTCCCCTTCA-3’) and reverse primer (5’-

GATCCTCCCCGCTACCAG- 3’). The PCR primers used to amplify the HIF1-α 

binding site known as the hypoxia response element (HRE) in the far upstream 

region of  the VEGF promoter are forward primer (5’-

GGAACAAGGGCCTCTGTCTG- 3’) and reverse primer (5’-

GAGAAGAATTTGGCACCAAG-3’). All primers were radiolabelled prior to PCR 

amplification, forty cycles were used to amplify both regions of  interest using the 

following PCR protocol; 95˚C for 30 seconds, 52˚C for 30 seconds, and 72˚C for 30 

seconds, in the presence of  2 mM magnesium chloride using Taq polymerase 

(Fermentas, Glen Burnie, Maryland). The VEGF proximal promoter region is very 

GC-rich, thus 6% DMSO and 1 M betaine were added to enhance the amplification 

of  this region. 
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2.6 siRNA Treatment and Semiquantitative Reverse Transcription-PCR 

A498, U251 and HEK293T cells were seeded into 6-well plates one day prior to 

transfection in complete RPMI 1640 or DMEM medium with 10% FBS. At the time 

of  transfection with siRNAs, the cells were approximately 75% confluent and were 

transfected with siRNA (50 and 100nM) using RNAiMax (Invitrogen) in a serum-

containing medium according to the manufacturer’s protocol. The controls included 

transfection reagent without any siRNA, or with non-targeting siRNA. 48 hours after 

transfection, total mRNA was harvested from the treated cells and was subject to 

Reverse Transcriptase-PCR. Total RNA was isolated by using RNeasy Mini Kit 

(Qiagen) following the manufacturer’s protocol with the Qiashredder to homogenize 

the cell tissue. Five-hundred nanograms of  total RNA were reverse-transcribed in a 

total volume of  20μl using the qScript cDNA synthesis kit (Quanta Biosciences, 

Gaithersburg, MD), following the manufacturer’s instructions. After reverse 

transcription, the cDNA was diluted 2X in 10mM Tris-HCl (pH 8.0) and subjected to 

PCR amplification using 2X Mastermix (Fermentas, Glen Burnie, MD) and 

nucleolin, hnRNP K, VEGF and Actin primers. Non-targeting siRNA  and siRNA 

against nucleolin (C-23) and hnRNP K  were purchased from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). Optimization experiments were done to 

achieve the strongest knock-out effect for each transcription factor and their gene 

family members. The list of  primers used are as follows: 

Nucleolin primers forward 5’-AGAAGGGAGCCACACCAGGC-3’ and reverse 5’-

AGCTGCTGCTTTCATCGCTG-3’, 
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hnRNP K primers forward 5’-AATGGRGAATTTGGTAAACGCC-3’ and reverse 

5’-TTTAGCACCTTTGACCCCAATAAT-3’

VEGF primers forward 5’-CGAAGTGGTGAAGTTCATGGATG-3’ and reverse 5’-

TTCTGTATCAGTCTTTCCTGGT-3’, and

 Actin primers forward 5’-TTCCTGGGCATGGAGTCCTGTGG-3’ and reverse 5’-

CGCCTAGAAGCATTTGCGGTGG-3’.

2.7 Transient transfection of nucleolin and hnRNP K expression plasmids

The pEGFP-C3 control vector and the pEGFP-Nuc vector were a gift from Dr. 

Michael B. Kastan (St. Jude Children’s Research Hospital) (183). The hnRNP K 

expression vector, pGFP-hnRNPK, was a gift from Dr. Rama Natarajan (Beckman 

Research Institute of City of Hope) (184). The vectors were transfected into the 

cultured A498, U251 and HEK293T cells by the standard cationic liposome 

transfection method according to the manufacturer's instructions (Turbo-Fect, 

Fermentas).  The cells were harvested after 48 hours, lysed and the RNA purified 

using Qiagen’s RNeasy Mini Kit. The RNA was reverse-transcribed using qScript 

cDNA Synthesis Kit (Quanta) following the manufacturer's protocol and amplified 

using standard thermal cycling conditions with the nucleolin, hnRNP K, VEGF and 

Actin primers described earlier.

2.8 Electrophoretic Mobility Shift Assay (EMSA)
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The purification of nucleolin and the electrophoretic mobility shift assay of the 

recombinant protein and the HG35 or VG47 oligo was conducted as previously 

described (167). The plasmid containing the MBP tagged nucleolin was a gift from 

Dr. L.A. Hanakahi (University of Illinois College of Pharmacy at Rockford) (185). 

To determine the binding of nucleolin to the VEGF G-quadruplex, we used 

approximately 10 kcpm of the radiolabelled VG47 oligo (Fig.1) and denatured it by 

heating at 90°C for 5 min, then slow cooled to room temperature with 100 mM KCl 

to allow the formation of G-quadruplex structures.  The folded DNA oligomer was 

then incubated with increasing amounts of recombinant nucleolin-MBP on ice for 15 

minutes to form a protein-DNA complex. The protein-DNA complex was then 

subjected to a native polyacrylamide gel electrophoresis (PAGE) to separate 

nucleolin-G-quadruplex complex from unbound DNA by the difference in the 

electrophoretic mobility. The dissociation constant (Kd) was obtained by quantitating 

the intensity of  the bands by densitometry.

2.9 Formation of hnRNPK/DNA Complex and Electrophoretic Mobility Shift 

Assay and Bromine Footprint

Approximately 50,000 cpm of  the purified and labeled HC27 or VC24 oligo was 

mixed with 140mM KCl, 50mM NaCl, and 10mM Tris-HCl Buffer at pH 6.5 with or 

without 250ng of  hnRNP K protein for 15 minutes on ice. This mixture was then 

subject to bromine treatment with 1mM or 2mM Br solution (40μM KHSO5 and 

2mM KBr) for 30 minutes at room temperature. The bromine reaction was stopped 
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with 1.5 volume of  non-denaturing dye (50% glycerol, 1mg/mL xylene cyanol 

bromophenol blue) and immediately run in a 12% non-denaturing polyacrylamide 

gel.  The protein-DNA complexed and free-standing DNA bands from the EMSA 

were then cut from the gel and extracted with 0.4M NH4OAc, 0.2% SDS, 1mM 

EDTA, and 1mM MgCl2 and incubated overnight at 37°C. The supernatant was 

removed and subject to ethanol precipitation/purification and the rest of  the 

experiment was performed according to the non-protein bromine footprint protocol. 

The recombinant hnRNP K protein was obtained from Amprox (Carlsbad, CA).
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DNA 
Oligomer

Sequence (5’-3’) Extinction 
Coefficients 
(M–1 cm–1)

HIF-1α 
Oligomers

HC27 CGC TCC CGC CCC CTC TCC CCT 
CCC CGC

205.1

HC35 CGC TCC CGC CCC CTC TCC CCT 
CCC CGC GCG CCC GAC

283

HG27 GCG GGG AGG GGA GAG GGG GCG 
GGA GCG

276

R23 TCC GCC GCT AAA CAC AGA CGA 
CG

219.5

CmidT CGC TCT CGC CCT CTC TCT CCT 
CCT CGC

208.7

HC27 –5T CGC TTC CGC CCC CTC TCC CCT 
CCC CGC

206

HC27 –6T CGC TCT CGC CCC CTC TCC CCT 
CCC CGC

206

HC27 –7T CGC TCC TGC CCC CTC TCC CCT 
CCC CGC

205.4

HC27 –9T CGC TCC CGT CCC CTC TCC CCT 
CCC CGC

207.8

HC27 –
10T

CGC TCC CGC TCC CTC TCC CCT 
CCC CGC

206

HC27 –
11T

CGC TCC CGC CTC CTC TCC CCT 
CCC CGC

206

HC27 –
12T

CGC TCC CGC CCT CTC TCC CCT 
CCC CGC

206

HC27 –
13T

CGC TCC CGC CCC TTC TCC CCT 
CCC CGC

206

HC27 –
15T

CGC TCC CGC CCC CTT TCC CCT 
CCC CGC

206

HC27 –
17T

CGC TCC CGC CCC CTC TTC CCT 
CCC CGC

206
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DNA 
Oligomer

Sequence (5’-3’) Extinction 
Coefficients 
(M–1 cm–1)

HC27 –
18T

CGC TCC CGC CCC CTC TCT CCT 
CCC CGC

206

HC27 –
19T

CGC TCC CGC CCC CTC TCC TCT 
CCC CGC

206

HC27 –
20T

CGC TCC CGC CCC CTC TCC CTT 
CCC CGC

206

HC27 –
22T

CGC TCC CGC CCC CTC TCC CCT 
TCC CGC

206

HC27 –
23T

CGC TCC CGC CCC CTC TCC CCT 
CTC CGC

206

HC27 –
24T

CGC TCC CGC CCC CTC TCC CCT 
CCT CGC

206

HC27 –
25T

CGC TCC CGC CCC CTC TCC CCT 
CCC TGC

205.4

VEGF Oligomers
VC24 GAC CCC GCC CCC GGC CCG CCC CGG 198.3
VG47 GCC CCC CGG GGC GGG CCG GGG GCG 

GGG TCC CGG CGG GGC GGA GCC AT
425.4

Table 1.1 Oligonucleotides and Extinction Coefficients
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CHAPTER 3. HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN K 

BINDS TO THE CYTOSINE-RICH SEQUENCE OF THE HIF-1Α PROXIMAL 

PROMOTER THAT FORMS A STABLE I-MOTIF AT NEUTRAL PH.

3.1 Introduction

 The proximal promoter region of  the HIF-1α gene contains a poly-purine/poly-

pyrimidine (pPu/pPy) tract that have also been found in a number of  promoters of  

proto-oncogenes (169, 171, 186-188). Specifically, pPu/pPy tracts contain guanine-rich 

(G-rich) sequences which can form secondary DNA structures known as the G-

quadruplexes, as depicted in Figure 1.10, which normally consist of  square planes of  

four guanines, called G-tetrads, held together by Hoogsteen hydrogen bonding (168).  

The G-tetrads stack one on top of  each other and are stabilized by a monocovalent 

cation such as potassium or sodium (Figure 1.5). Our previous study revealed the 

formation of  a propeller-type parallel-stranded intramolecular G-quadruplex in the 

pPu/pPy tract of  the HIF-1α promoter (162) similar to c-myc G-rich structure that 

has a 1:6:1 loop configuration (Figure 1.10). Mutational analysis of  this G-rich 

sequence demonstrates reduced basal expression of  HIF-1α by at least 90% (162). 

The formation of  atypical secondary DNA structures, such as G-quadruplexes, 

within pPu/pPy tracts in proximal promoter regions is facilitated by negative 

supercoiling derived from the local unwinding of  duplex DNA generated by the 

progression of  transcriptional machinery (164). This negative supercoiling of  the 

pPu/pPy tract, that is in DNA duplex conformation, accelerates the conversion of  B-
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DNA to single-stranded DNA, that is structurally unstable and readily forms atypical 

DNA structures (171).

 To date, the pPu/pPy tracts that have been characterized to contain G-

quadruplex structures in their promoter regions of  oncogenes also contain another 

atypical secondary DNA structure that forms in the C-rich sequence, opposite to the 

G-rich sequence, called the i-motif.  Since the G-quadruplex of  the HIF-1α promoter 

had been previously characterized, we focused our attention on the cytosine-rich (C-

rich) sequence within the pPu/pPy tract of  HIF-1α promoter.  

 When cytosine bases are hemi-protonated under acidic conditions, monomeric 

C-rich strands consisting of  at least four cytosine runs can base pair in a cytosine-

cytosine (C-C+) fashion and intercalate to form a stable i-motif  structure (189, 190). 

However, the hemi-protonation of  the C-C+ base pairing is only achieved at low pH 

levels. In the current study, we have characterized the formation of  i-motif  structures 

from the C-rich strand of  the HIF-1α proximal promoter, the structures were found 

to form two main loop isomers with conformations of  3:3:3 and 3:4:2, and having a 

transitional pH of  6.9. Furthermore we have found in this study that the transcription 

factor heterogeneous nuclear ribonucleoprotein K (hnRNP K) binds to the HIF-1α 

C-rich sequence in a non-folded single-stranded state and does so in a sequence-

specific manner. 
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3.2 Results

3.2.1 The cytosine-rich sequence within the pPu/pPy tract in the HIF-1α promoter 

forms stable i-motif  structures at pH 6.9. 

 Our previous work has demonstrated that G-quadruplex structures, with a 1:6:1 

loop configuration, could form in the G-rich sequence that is within the pPu/pPy 

tract of  the HIF-1α proximal promoter (162). In this study, we determined whether 

the C-rich sequence of  the HIF-1α pPu/pPy tract, complementary strand of  the G-

rich sequence, was able to form stable i-motif  structures near physiological 

conditions using circular dichroism (CD) spectral analysis. Consistent with signature 

peaks of  previously characterized i-motif  structures (179, 191-193), the HIF-1α C-rich 

sequence that is represented by HC27 oligonucleotide, forms an i-motif  that has a 

positive peak at 288 nm and a negative peak at 262 nm at pH 7 (Figure 3.1A). The 

positive peak begins to shift to a lower wavelength and the negative peak is lost at pH 

7.5, indicative of  a more unstructured DNA oligonucleotide (194). The transitional 

pH was approximated at pH 6.9 by plotting the molar ellipticity, of  the i-motif  

positive peak at 288 nm, of  each sample at their corresponding pH buffers (Figure 

3.1B). 

 In addition, we tested the thermal stability of  the i-motif  structure formed by 

the HC27 oligonucleotide by using melting curves done at the 288 nm i-motif  

signature peak (Figure 3.1C) and found its melting temperature (Tm) to be around 

40°C at pH 7 (Figure 3.1D). As in the CD study, the melting temperatures follow a 

slow transition from a Tm of  85°C at pH 4.5 to steady 31°C at pH 8. It should be 
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noted that the transitional pH and the melting temperatures are significantly higher 

than previously observed i-motif  structures (171), especially near neutral pH. 

 We determined if  the i-motif  structure was forming as an intermolecular or 

intramolecular species by running the HC27 oligonucleotide in native PAGE gel. As 

shown in Figure 3.2, the native PAGE shows the band shifting of  HC27 by one band 

length indicating the formation of  an intramolecular i-motif  at pH 6.5.
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Figure 3.1  CD Spectra analysis and melting curves of oligonucleotide HC27 at 
varying pH 
A. Circular dichroism analysis of  HC27 oligonucleotide in a gradient of  pH buffers. 
B. The transitional pH was determined by plotting the molar ellipticity at 288 nm 
wavelength of  each sample at their respective pH buffers. C. Melting curves of  HC27 
in varying pH graphing the molar ellipticity at 288 nm while going from 4°C to 95°C. 
D. A graph comparing melting temperatures of  HC27 at varying pH derived from 
the melting curves. E. Bromine footprinting at varying pH of  HC27 oligonucleotide.
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Figure 3.2 The HC27 and CmidT oligos form intramolecular species of DNA 

structures. Six percent non-denaturing gel analysis of  the HIF-1α sequence at pH 

6.5. For comparison, the wild-type HC27, mutant CmidT, and poly-thymine pT27 

sequences were analyzed.
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3.2.2 The predominant i-motif  structure of  the HIF-1α C-rich sequence forms a 3:3:3 

loop isomer at pH 6.5.

 In order to determine the structural composition of  the HIF-1α i-motif  we used 

bromine footprinting, a method developed in our lab, that takes advantage of  the 

preferential reactivity of  bromine to cytosines not involved in a steric or electrostatic 

interaction (172, 181). With this method, we deciphered which cytosines were 

involved in the C-C+ base pairing and in turn resolved the loop structure of  the 

HIF-1α i-motif  represented by the HC35 and HC27 oligonucleotides (Figure 3.3A & 

B). We first determined if  the fifth run 5 base pairs away from the fourth run was 

involved in the i-motif  formation by running a bromine footprint experiment using 

the HC35 oligonucleotide. As shown in Figure 3.3A, the bromine footprinting 

pattern revealed that the fifth run (V) is completely unprotected from bromine 

reactivity, thus ruling out its role in the i-motif  folding conformation. As shown in 

Figure 3.3A and B, the cytosines involved in runs I, III and IV show a clear 

protection pattern where C5-C7 in run I, C17-C19 in run III and C23-C25 in run IV are 

completely protected from bromine reactivity. In contrast, the cytosines involved in 

the second cytosine run (II), consisting of  5 cytosines (C9-C13), show a more complex 

protection pattern. The high bromine reactivity of  C9 indicates that it is involved in 

the loop region, however C10 and C13 both show partial bromination which can 

suggest the shifting of  these cytosines from the loop regions to the C-C+ base paired 

regions, thus providing two loop isomers of  3:3:3 and 3:4:2 conformations. We 

believe the major isomer is the 3:3:3 species since the band intensity of  C13 shows less 
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cleavage than C10 in a scan produced by the bromine footprinting pattern of  the 

HC27 oligonucleotide (data not shown). In addition, we have also developed a 

mutant oligonucleotide, CmidT, which has a mutation of  a thymine in place of  each 

middle cytosine involved in the C-C+ base paired cytosine runs of  the 3:3:3 i-motif  

isomer depicted by asterisks in Figure 3.3C, D and E. The bromine footprinting 

analysis of  CmidT shows complete bromination of  all cytosine runs in a non-specific 

manner (Figure 3.3C). Although bromine can react to pyrimidine residues thymine is 

less susceptible to reactivity with bromine when compared to cytosine thus the band 

intensity of  each pyrimidine is not equally distributed throughout the footprinting gel 

for the CmidT oligonucleotide. Compiling the bromine protection patterns from 

HC35 and HC27 we have constructed a schematic representation of  the HIF1-α i-

motif  structures that consists of  a 3:3:3 and 3:4:2 loop lengths (Figure 3.3D & E). 
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Figure 3.3 Bromine footprinting of oligonucleotides HC35, HC27 and CmidT 

A. Bromine footprinting of  HC35, (B) HC27 and (C) CmidT oligonucleotides at pH 
6.5. The cytosine runs (I-V) are shown along side of  the bromine footprinting 
pattern. D. A schematic representation of  the HC27 oligonucleotide to bromine 
reactivity. Open (white), closed (black) and half  filled (white/black) circles 
correspond to the reactivity of  each cytosine to protection, non-protection and 
partial-protection to bromination, respectively. E. The 3:3:3 and 3:4:2 i-motif  folding 
models derived from these experiments. Cytosines that were mutated to thymines 
are depicted by asteriks in the CmidT bromine footprint, schematic representation of 
HC27 bromination sites and the model of  HIF-1α 3:3:3 i-motif.
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3.2.3 Mutational analysis of  the HIF-1α C-rich sequence

 To confirm our bromine footprinting studies, we conducted a series of  single 

cytosine-to-thymine (C to T) base mutational studies and compared their thermal 

stability by melting temperature (Tm) measurements at 288 nm. As shown in Figure 

3.4, when the cytosines in the shortest cytosine run (I) are mutated the results display 

the lowest melting temperatures collectively, when compared to the C to T mutations 

in the other three cytosine runs, suggesting the importance of  these cytosines in their 

involvement on the i-motif  structure. However, the remaining cytosine runs show a 

swing pattern where the outer most cytosines tend to have a higher melting 

temperature when compared to the wild-type and the inner most cytosines remain at 

least 10°C lower than the wild-type Tm. This pattern exemplifies the flexibility of  the 

C-C+ base pairing configuration to neighboring cytosines when runs of  four or more 

cytosines are involved despite the tendency of  these runs to form only two major 

loop isomers. 
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Figure 3.4 Thermal stability experiments comparing site-mutations of HC27 
sequence

A graph representing the melting temperatures corresponding to each site-mutation 
of  the HC27 sequence, labeled above the graph. The melting temperatures were 
obtained by calculating the melting curves of  each mutant oligonucleotide at pH 6.5. 
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3.2.4 hnRNP K and nucleolin bind to the HIF-1α promoter in vivo

 Since the identification of  Sp1 as a major transcription factor regulating 

HIF-1α activity (156) very little efforts have been made to characterize any additional 

transcription factors interacting within the pPu/pPy tract of  the HIF-1α promoter 

that regulate its transcription. This pPu/pPy tract of  the HIF-1α promoter (-85 to -65 

bp relative to the starting site) has been shown to be a major contributor to 

transcriptional activity and have found to contain other putative binding sites for 

transcription factors such as AP-1, AP-2, and NFκB (156). Therefore, we investigated 

whether hnRNP K and nucleolin could bind to the multi-faceted DNA structures 

within this tract in vitro as well as in vivo thus supporting our recent evidence of  these 

two transcription factors binding to the C- and G-rich strands, respectively, of  the 

pPu/pPy tract in the HIF-1α promoter (167). We also investigated the interaction of  

CNBP with the pPu/pPy tract of  the HIF-1α promoter since it was known to bind to 

single-stranded G-rich sequences and act as a transcription factor for the c-myc 

promoter (195) and has been recently reported as a G-quadruplex binding protein 

(196). Since, Sp1 has been described as a major transcription factor for the HIF-1α 

promoter, we used Sp1 as a positive control in our experiments.

 We first conducted chromatin immunoprecipitation (ChIP) analysis to 

determine if  hnRNP K and nucleolin, as well as another known G-rich sequence 

interacting transcription factor (CNBP), could bind directly to the pPu/pPy tract in 

vivo. After fixing the cells with formaldehyde the DNA-protein complexes were 
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immunoprecipitated using antibodies against hnRNP K, CNBP, nucleolin, Sp1, 

RNA Pol II, and IgG. We used radiolabelled primers designed to amplify the -242 to 

+4bp region, relative to the starting site, which includes the pPu/pPy tract of  the 

HIF-1α proximal promoter. A band resulted in the case of  a successful pull-down of  

a transcription factor that is complexed with the pPu/pPy tract. As shown in Figure 

3.5A, the samples corresponding to Sp1, hnRNP K and nucleolin pull-down resulted 

in a significant amplification of  the 290bp sequence corresponding to the HIF-1α 

proximal promoter region. However, CNBP showed no amplification of  the pPu/

pPy region and was ruled out as a possible transcription factor candidate for HIF-1α. 

As expected, the Sp1 protein showed a strong and specific amplification band 

corresponding to the pPu/pPy tract. Additionally, these experiments confirmed what 

was previously observed in vitro, in a paper recently published in our lab (167), that 

nucleolin specifically binds to the HIF-1α G-rich region in vivo. 
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Figure 3.5 Sp1, nucleolin, and hnRNP K bind to the HIF-1α pPu/pPy tract. A. 
Comparison of  band intensity of  the results. The bands in the poly-acrylamide gel 
analysis corresponding to the PCR amplification of  the pPupPy were scanned in a 
densitometer, and the band intensities were graphed relative to the Input signal. B. A 
poly-acrylamide gel analysis of  PCR products. Exponentially proliferating U251 cells 
were harvested for ChIP assay. Protein-DNA cross-linked samples were 
immunoprecipitated with the indicated antibodies or control IgG, processed and 
used as templates for PCR reactions, using a radiolabelled primer, to measure relative 
amounts of  the pPu/pPy product that had been immunoprecipitated.
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3.2.5 hnRNP K binds to the C-rich sequence of  HIF-1α promoter in a sequence specific single-

stranded state.

 Although the pPu/pPy tract of  the HIF-1α proximal promoter accounts for 

90% of  its transcriptional control (162), there is scant information that exists on 

transcription factors that bind to this region. hnRNP K is a known C-rich binding 

protein (197) and can act as a transcription factor as in the case of  c-myc (198), a gene 

whose promoter also contains atypical secondary structures such as G-quadruplexes 

and i-motifs within its pPu/pPy tract (175). Therefore, we studied the interaction of  

hnRNP K to the C-rich sequence in the pPu/pPy tract of  the HIF-1α promoter, 

specifically, we characterized its interaction to cytosines within oligonucleotides 

which could form the wild-type HIF-1α i-motif  (HC27) and its non-i-motif  forming 

mutant (CmidT). We first conducted an EMSA that showed the shift analysis of  

hnRNP K complexed to HC27 alone and in the presence of  the complementary G-

rich sequence (HG27) or R23 oligonucleotide, which contains a random sequence of  

23 bp in length. As shown by Figure 3.6, a shift is present when 400 nM of  hnRNP 

K is added to the sample containing HC27 oligonucleotide at pH 6.5, this shift is 

depleted when HG27 is added to the sample and a second shift corresponding to the 

duplexed probe appears. The depletion of  the shift corresponding to the DNA/

protein complex by the addition of  the HG27 cold oligonucleotide suggests the 

preferential binding of  hnRNP K to HC27 in a single-stranded state. Evidence of  the 

specificity of  hnRNP K binding to the HIF1-α C-rich sequence is seen when the 

DNA/protein shift was unchanged in the addition of  increasing amounts of  R23 
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oligonucleotide to the EMSA sample. 

 To have a better understanding of  the state in which hnRNP K binds to HC27, 

we performed EMSA gels of  hnRNP K and HC27 at pH 6.5 and 8 (Figure 3.7A). 

The intensity of  the bands in the HC27/hnRNP K EMSA were quantified using 

densitometry to calculate the dissociation constant (Kd) of  hnRNP K to HC27 

oligonucleotide at pH 6.5 and 8 (Figure 3.7B). The Kd of  hnRNP K to HC27 was 

estimated to approximately 225 nM at pH 6.5 and 110 nM at pH 8 using the graph 

form of  Kd=[A][B]/[AB] where the Kd is the half  point that HC27 oligonucleotide 

has complexed with hnRNP K. The higher Kd value of  hnRNP K to HC27 at pH 8 

suggests the preference of  hnRNP K binding to the C-rich sequence, which is shown 

by CD spectra to be in a non-structural conformation (Figure 3.3). 
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Figure 3.6 hnRNP K binds to HC27 in a sequence specific manner

A. Electrophoresis separation of  radiolabelled HC27 complexed with 400nM of  

hnRNP K and cold HG27 or random oligo (R23) at pH 6.5. Protein/DNA complex, 

duplexed probe and free probes are highlighted by arrows at the left of  the figure.
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Figure 3.7 Binding affinity of hnRNP K to the HC27 oligonucelotide 

A. Electrophoresis separation of  radiolabelled HC27 complexed with increasing 

amounts of  hnRNP K and free oligo at pH 6.5 and 8. Protein/DNA complex and 

free probes are highlighted by arrows at the left of  the figure. B. Apparent Kd 

calculation plots, linear regression of  hnRNP K molar concentration versus the 

concentration of  [complex]/[free probe] ratio plot for each EMSA at pH 6.5 and 8.
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3.2.6 EMSA/Bromine footprint reveals the molecular interactions of  hnRNP K to 

the HIF-1α C-rich sequence

 We characterized the binding motif  of  hnRNP K to the HIF1-α C-rich 

sequence, represented by HC27 oligonucleotide, as well as the non-i-motif  forming 

CmidT mutant oligonucleotide.  As in the i-motif  structural studies, we used bromine 

footprinting to understand which cytosines where protected by bromine reactivity 

due to the DNA/protein complex interactions. Our study focused on the interaction 

of  hnRNP K binding to the HIF-1α C-rich sequence in the i-motif  structural 

conformation or the non-folded linear state. First, we incubated the radiolabelled 

HC27 and CmidT probes with or with out 400 nM of  recombinant hnRNP K protein 

in the presence of  2 mM bromine solution at pH 6.5. The samples were then run on 

an EMSA gel in order for the bands corresponding to the DNA/protein complexes 

and free probes to be separated (Figure 3.8A), excised from the gel and precipitated 

to be analyzed on a DNA sequencing gel. 

As shown in Figure 3.8B, the free HC27 probe in lane I displayed an i-motif  

footprinting pattern similar to that of  the i-motif  footprinting pattern displayed at pH 

6.3 (Figure 3.1E). Whereas the HC27 probe complexed to hnRNP K in lane II 

displayed a distinct pattern to that of  the i-motif  pattern as compared by the band 

intensity analysis. For example, cytosines C22, C20 and C12 showed protection from 

bromination in lane II, which is complexed to hnRNP K, but are completely 
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unprotected in lane I, corresponding to the free probe. In addition C15 seems to be 

unaffected by hnRNP K binding to the HC27 oligonucleotide in terms of  its 

propensity to bromine reactivity. Although hnRNP K bound to the CmidT probe in 

the EMSA gel (Figure 3.8A) there did not seem to be a distinct bromine protection 

pattern as compared to the HC27 probe but rather demonstrated a non-specific 

overall protection of  all cytosines within the CmidT oligonucleotide (Figure 3.8B, 

lane IV), very similar to the non-bromine control lane. This suggests the preferential 

binding of  hnRNP K to the wild-type C-rich sequence in a site-specific manner that, 

we believe, is in a non-folded state. 
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Figure 3.8 hnRNP K binds to the HC27 sequence and produces a distinct footprint 
compared to that of the i-motif. 

Bands corresponding to the DNA/protein complex and free probe were extracted 
from an EMSA gel and were run in a 20% denaturing acrylamide sequencing gel. 
A. The bromine footprint of  the free wild-type sequence represented by the HC27 
oligonucleotide were it showed a typical i-motif  footprint at pH 6.5 in lane I. 
Lane II corresponds to the HC27 probe complexed to hnRNP K where it shows a 
footprint distinct from that of  an i-motif  in lane I. Differences in the bromine 
footprints are highlighted by three solid arrows showing diminished bromine 
protection in lane II and one open arrow that demonstrates the bromination of  a 
cytosines unaffected by the DNA/protein complex. B. The bromine footprint of  
the free CmidT mutant probe in lane III demonstrating complete bromination of  
cytosines throughout the oligonucleotide. Lane IV is the EMSA/footprinting non-
specific protection pattern of  CmidT with hnRNP K. 
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3.3 Discussion

 As the field of  atypical secondary DNA structures evolves from its first 

initiation in the 1970’s, growing evidence of  the presence of  these structures in the 

promoters of  oncogenes and other important housekeeping genes has warranted the 

studies uncovering their role in the transcriptional control of  their respective 

promoters. Now, G-quadruplexes are regarded as major types of  secondary DNA 

structures, which are able to form under physiological conditions. There is 

accumulating evidence of  their existence in vivo in human telomeric sequences (169, 

170) and well as their function as cis-acting elements (199). We have previously 

characterized the G-rich sequence of  the pPu/pPy tract within the HIF-1α proximal 

promoter to form a G-quadruplex structure with a 1:6:1 loop conformation. In this 

study we have shown that the C-rich sequence of  this tract can form a stable i-motif  

at neutral pH and that the structure is stable above body temperatures at this pH. 

 The formation and stabilization of  the HIF-1α i-motif  at physiological 

conditions raises the question as to the mechanism of  action of  the stability of  C-C+ 

base pairs independent of  low pH levels to allow the hemi-protonation of  cytosines 

at the N3 position. The site mutational analysis demonstrates the ability of  the 

HIF-1α i-motif  to “breathe” by shifting the C-C+ predominant base pairs to 

neighboring cytosines within its long C-rich runs if  the preferred cytosines are not 

available (Figure 3.4). For example, the mutated cytosines within the shortest run (I) 

and its corresponding run which it base pairs to (IV) had the lowest melting 

temperatures, meaning the C to T mutation of  these cytosines had the highest impact 
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in the formation of  the i-motif  structure. On the other hand, cytosine runs II and III 

had the longest cytosines within their runs and displayed the highest melting 

temperatures. This pattern displays a unique form of  stability when compared to 

previously characterized C-rich sequences and i-motif  structures of  known 

promoters. 

 Figure 3.9 shows the folding patterns of  previously characterized i-motifs that 

form within the pPu/pPy tracts of  the VEGF, RET, Rb, c-myc and bcl-2 proximal 

promoters, which have been recent reviewed and identified to belong in two classes 

of  i-motif  structures (171). The authors of  this review describe these two classes of  i-

motif  structures as either having short-loop sizes, class I, or long-loop sizes, class II. 

Class I i-motif  structures include the VEGF, RET and Rb i-motifs, which have loop 

size conformations of  5’-(2:3/4:2)-3’ and transition pHs of  5.8, 6.4 and 5.9, 

respectively. As suggested by their transitional pH range, the formation of  these types 

of  i-motif  structures are believed to be heavily dependent on the presence of  slightly 

acidic conditions. Whereas class II i-motif  structures that include the c-myc and bcl-2 

i-motifs have higher transitional pH at 6.6 which is believed to be due to the 

structural conformations of  their respective pPu/pPy tracts. For example, the i-motif  

that forms within the c-myc promoter has been shown to form a 6:2:6 loop 

conformation that is highly dependent on the negative superhelicity of  the NHE III1 

region, rather than acidic pH in supercoiled plasmid experiments (172). The bcl-2 i-

motif  structure has been shown to form an unusually long loop structure of  8:5:7 

conformation that is believed to have capping structures within the bases of  its long 
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loops that contribute to its stability (173). The class II i-motifs have introduced a new 

level of  stability to the intercalated C-C+ base-pair composition through their 

dependency on other nucleoside interactions and compositions. 
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Figure 3.9 Reclassification of i-motif structures. 
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 In this study we have shown that the i-motif  that forms within the pPu/pPy 

tract of  the HIF-1α proximal promoter has the most physiologically relevant 

transitional pH to date, whose stability cannot be explained by pH dependency or 

structural conformation that either class I or class II i-motif  structures ascribe to. 

Therefore, we believe the HIF-1α i-motif  belongs to a third class of  i-motif  structures 

which contain medium-loop size conformations. This class of  i-motifs generally have 

3 or 4 cytosines in each run and its loop sizes are 3:3:3, and tend to be associated 

with higher transitional pHs. Although there may be more cytosines available for C-

C+ base pairing the ideal intercalated base pairs seems to follow a C3N3C3N3C3N3 

sequence, as in the case for the i-motifs forming in the HIF-1α proximal promoter. 

Another example is the human telomeric C-rich sequence, which does not have the 

long cytosine runs like the HIF-1α C-rich sequence but it still follows the 3:3:3 loop 

size and has a transitional pH of  7, although the transitional phase is much steeper 

when compared to the HIF-1α i-motif, such that at pH 7.10 the telomeric i-motif  

structure is completely unfolded (200). Therefore, we believe the i-motif  formed by 

the C-rich sequence in the pPu/pPy tract of  the HIF-1α proximal promoter is the 

most stable i-motif  to date, at neutral pH. 

 The discovery of  an i-motif  that is able to form at neutral pH suggests the 

existence of  this structure is physiologically relevant and can be available to recruit 

transcription factors to the multifaceted pPu/pPy tract of  the HIF-1α proximal 

promoter. Therefore, we investigated the possibility of  hnRNP K, a known C-rich 

binding protein,  to bind to the C-rich sequence in the pPu/pPy tract of  the HIF-1α 
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promoter. Here, we show that the four cytosine runs in the HIF1-α pPu/pPy tract 

that are involved in the i-motif  formation also serve as binding motifs for hnRNP K 

and its three KH domains, and to a lesser extent, its RGG domain (Figure 3.8B). 

EMSA analysis done at pH 6.5 and 8 suggest that hnRNP K binds to the C-rich 

sequence in an unfolded state (Figure 3.7). The detailed binding motif, along with 

the competitive EMSA analysis suggests the involvement of  hnRNP K in the 

transcriptional control of  HIF1-α. While the levels of  HIF-1α mRNA should be 

analyzed while under the overexpression of  hnRNP K protein, this will be the subject 

of  future studies in order to explain the extent of  control of  hnRNP K on HIF-1α 

transcription. The dynamic nature of  the HIF-1α pPu/pPy tract, demonstrated by 

the i-motif  and G-quadruplex structures, suggests the possibility of  drug targeting 

HIF-1α at a transcriptional level. By designing small molecules that interact with 

these atypical DNA structures and ultimately inhibit their interaction with 

transcription factors such as hnRNP K, these can serve as lead models in drug 

discovery for novel anti-angiogenic compounds.
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3.4 Conclusion

 In this study, we examined the C-rich sequence within the HIF-1α pPu/pPy 

tract and determined that, despite the dependence of  hemi-protonation of  the C-C+ 

base pairing on low pH environments, the C-rich sequence forms a stable i-motif  

structures at pH 7 with 3:3:3 and 3:4:2 loop conformations. In addition, we 

determined hnRNP K binds to the HIF-1α C-rich sequence in a non-folded single 

stranded state. The exact binding sequence was determined using EMSA coupled 

with bromine footprinting analysis which depicted a protection pattern that is distinct 

from the i-motif  footprint. Interestingly, the CmidT mutant oligonucleotide also 

bound to hnRNP K, although it could not form an i-motif  structure, and also seemed 

to be protected against bromine reactivity in the EMSA/Footprinting analysis. 

However, the CmidT oligonucleotide did not exhibit the same protection patterns as 

that of  the HC27 complexed to the hnRNP K protein and rather displayed non-

specific protection throughout the oligonucleotide. 
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CHAPTER 4. HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN K 

AND NUCLEOLIN AS TRANSCRIPTIONAL ACTIVATORS OF THE 

VASCULAR ENDOTHELIAL GROWTH FACTOR PROMOTER THROUGH 

INTERACTION WITH SECONDARY DNA STRUCTURES

4.1 Introduction

 The following result section (Chapter 4) has been reproduced in part with 

permission from Heterogeneous nuclear ribonucleoprotein K and nucleolin as 

transcriptional activators of the vascular endothelial growth factor promoter 

through interaction with secondary DNA structures. Diana J Uribe,et al., 

Biochemistry (34) Copyright 2011 American Chemical Society. 

 Vascular endothelial growth factor (VEGF) has been recognized as one of  the 

main factors required for new blood vessel formation in early tumorgenesis as well as 

in tumor invasion (201). VEGF overexpression is also observed in many clinically 

important solid tumors, suggesting its strong association with the progression and 

metastasis of  cancer (202). Previous studies have identified a polypurine/

polypyrimidine (pPu/pPy) tract, -85 to -50 relative to the transcription start site, as a 

main cis-element involved in the regulation of  transcription activity of  the VEGF 

gene (see Figure 1.11). Recently, our studies demonstrated that guanine and cytosine-

rich (G- and C-rich) strands of  this pPu/pPy tract are capable of  forming alternative 

secondary DNA structures, G-quadruplexes and i-motifs respectively, when in the 

single-stranded state (179). 
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 Within the pPu/pPy tract of  the VEGF promoter, Sp1 has been described as a 

major ubiquitously expressed transcription factor that recognizes the duplex form of  

this tract. There are known Sp1 binding sites within and outside of  this pPu/pPy 

tract  that influence VEGF transcription (112, 163, 203-205). Furthermore, the 

deletion of  the pPu/pPy tract from the VEGF promoter is known to result in 

downregulation of  transcription activity by 90% (163).  We recently reported that 

nucleolin can bind selectively and with high affinity to VEGF G-quadruplex 

structures in vitro (167). This same article also demonstrated that nucleolin binds to 

the c-myc G-quadruplex which forms in the proximal promoter in vitro and that 

increasing the amounts of  nucleolin expression leads to decreased c-myc 

transcription. This raises the possibility that nucleolin could regulate the transcription 

of  the VEGF gene by binding to the G-quadruplex-forming region of  this gene 

promoter in vivo.

 Like the G-rich strand, the complementary C-rich strand in the pPu/pPy tract 

is also known to form intermolecular or intramolecular four-stranded i-motif  

structures in vitro. These unique secondary DNA structures are stabilized by the two 

parallel-stranded cytosine-cytosine (C–C+) base-paired duplexes (one cytosine must 

be hemi-protonated at the N3 position) that intercalate into each other in an 

antiparallel orientation (189). We have described the i-motif  structure formed by the 

C-rich strand of  the pPu/pPy tract in the VEGF promoter in vitro. This structure was 
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proposed to have six C-C+ intercalated base pairings with a 2:3:2 loop configuration 

under acidic conditions (179). In addition, circular dichroism (CD) analysis in the 

same study has identified the VEGF i-motif  as pH dependent, with a transitional pH 

around 6.0. However, the hypothesis of  the formation of  the i-motif  structure in vivo 

has been received with much skepticism in the scientific community, since the 

formation of  the i-motif  is heavily dependent on the hemi-protonation of  cytosines 

to achieve C-C+ base-pairing, which is only accomplished below a physiologically 

relevant pH (206). Therefore, the discovery of  the i-motif  structure in the C-rich 

strand of  the VEGF promoter prompted us to investigate whether this structure is 

able to form under physiological conditions as well as acidic conditions. 

 In addition, our efforts have focused on characterizing proteins that could 

potentially interact with secondary DNA structures formed in the C- and G-rich 

strands in the transcriptionally essential pPu/pPy tract of  the VEGF promoter. 

Substantial evidence has shown that the human heterogeneous nuclear 

ribonucleoprotein K (hnRNP K) is known to bind preferentially to single-stranded C-

rich sequences (207, 208). Most importantly, hnRNP K has been shown to be an 

activating transcription factor for the c-myc promoter (198, 199). Since hnRNP K is 

known to bind to the C-rich sequence in the nuclease hypersensitive element III1 

(NHEIII1) region of  the c-myc promoter, this protein was chosen as a candidate 

transcription factor which may recognize the C-rich strand in the pPu/pPy tract of  

the VEGF promoter. As stated earlier, nucleolin was recently described as a protein 
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selectively binding to the VEGF G-quadruplex (167). We investigated whether 

nucleolin could bind to the G-rich strand in the pPu/pPy tract of  the VEGF 

promoter and determine the consequences of  this in vivo binding of  the protein to the 

transcriptional control of  VEGF.

 The results of  our present study revealed that the transcription factors, 

hnRNP K and nucleolin, interact with the C- and G-rich strands, respectively, in the 

pPu/pPy tract of  the VEGF promoter both in vitro and in vivo. The results also 

confirm that hnRNP K and nucleolin act as transcriptional activators of  the VEGF 

gene which take part in the multi-structural DNA environment to coordinate and 

mediate VEGF transcription as in the case of  the well characterized c-myc (164, 198, 

199). 

4.2 Results

4.2.1 C-rich sequence of  VEGF promoter forms an i-motif  that is pH dependent

 Our previous work using CD and bromine footprinting has demonstrated that 

an i-motif  structure, with 2:3:2 a loop configuration, could form within the C-rich 

strand of  the VEGF promoter region under acidic conditions (179). In this study, the 

stability of  these i-motif  structures at physiological pH was further investigated using 

bromine footprinting at various pH values and bromine concentrations. As 

previously described (179), the formation of  the i-motif  structures within the pPu/

pPy tract of  the VEGF promoter was confirmed in our bromine footprinting 
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experiment using a radiolabelled 24bp oligo containing the VEGF C-rich region 

(VC24) at both pH 4.3 and 5.3 (Figure 4.1A).  As shown in Figure 4.1A, all four 

cytosine runs (C3-C6, C9-C11, C15-C17 and C20-C22) were protected from 

bromination at pH 4.3 and 5.3. Moreover, we found evidence that the VC24 oligomer 

could form partially unfolded i-motif  structures even at a basic pH of  8 (Figure 

4.1A), despite the general view that i-motif  structures are not stable at physiological 

pH.  For example, as the pH gradient became more alkaline the 5’ end cytosine runs 

(C3-C6 and C8-C12) were brominated at a higher rate, however, C9 was completely 

protected whereas C5 and C4 were partially protected from bromination throughout 

the pH gradient. Furthermore, the 3’ end cytosine runs (C15-C17 and C20-C22) 

conserve their bromine protection pattern throughout the pH gradient, with the 

exception of  C19, which was consistently brominated. Three cytosines, highlighted 

by black solid arrows in figure 4.1A and B, have shown to be conservatively 

brominated throughout the pH gradient and have been previously noted as loop 

regions of  the VEGF i-motif  by their signature sites of  high bromination (179). 

Figure 4.1B shows schematic representations of  the cytosines within the VC24 oligo 

that are brominated (shown as black circles) or protected from bromination (shown 

as white circles) according to the footprint shown in figure 4.1A. The footprint that 

was produced using the highest bromine concentration within its set of  bromine 

concentration gradient buffers schematically represents each line of  black and white 

circles at each pH level in figure 4.1B. Furthermore, the models depict an equilibrium 

of  two i-motifs which have 2:3:2 and a 2:3:3 loop configurations that identify C4,C5, 
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C9, C15-C17 and C20-C22 as sites that are protected from bromination throughout 

the pH gradient highlighted by dotted arrows (Figure 4.1C). The shift in C-C+ base-

pairing between runs C3-C6 to C15-C17 illustrate the increase in bromination of  C6 

and C3 while C5 and C4 are less susceptible to bromination even at pH 8 (Figure 

4.1C). 

 In addition, we performed a bromine footprint analysis on the oligonucleotide 

VC39 which included a 5th run of  cytosines 7 base-pairs away from the original four 

cytosine runs that are represented in VC24 oligonucleotide. This footprinting analysis  

shown in Figure 4.2 demonstrated that the addition of  the fifth run of  cytosine, and 

two additional cytosines in the sequence linking the other four cytosines to the fifth 

run, added complexity to the i-motif  structure equilibrium such that it did not 

produce the same footprinting pattern when compared to the VC24 data in Figure 

4.1. Figures 4.2A and B demonstrate the bromine footprinting pattern of  VC39 

oligonucleotide at pH 6.5 and 4.5. Although the protection pattern of  certain 

cytosines varied between these two pH buffer systems, there was one cytosine run 

(CR3) which was consistently protected from bromination in these experiments 

(Figure 4.2) and not protected in the VC24 oligonucleotide at pH 6.5 (Figure 4.1). 

Similarly, there is a highly brominated cytosine run, CR4, in VC39 at both pH 6.5 

and 4.5 that suggests the i-motif  may have two long loop regions and two short 

regions. A schematic representation of  a possible i-motif  model was drawn from the 

preliminary bromine footprinting pattern of  VC39 at pH 4.5, the most stable i-motif  

forming environment, although additional mutational studies would have to be 
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completed to confirm the validity of  this hypothetical model. However, we believe 

the most physiologically relevant i-motif  model is from the VC24 oligonucleotide 

since plasmid footprinting experiments have revealed the 5th run of  cytosines is 

heavily DNaseI sensitive, suggesting the 5th run is in the duplex conformation when 

in a super-helical and structurally stressful environment which mimics physiological 

conditions. 
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Figure 4.1 Bromine footprint of oligo VC24 at varying pH 

A.. Bromine footprinting of  VC24 in a gradient of  pH buffers each set having three 
increasing bromine concentrations. The conserved cleavage sites are highlighted 
with arrows in the sequencing gel and depicted with shaded circles in the schematic 
representation of  VC24 below. B. A schematic representation of  the VC24 sequence 
that represents the four cytosine-rich runs that form the most stable VEGF i-motif. 
Hyper bromination sites are depicted by black circles at each pH to show the 
transition of  the oligo from the most stable i-motif  structure to a less structured 
form. A schematic diagram of  our model for the VEGF i-motif  is derived from 
these experiments.
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Figure 4.2 Bromine footprint of the VEGF C-rich sequence including the 5th run 
of cytosines at the 5’ end. 

A. Bromine footprint of  VC39 oligonucleotide at pH 6.5 reacted with increasing 
concentration of  bromine solution. VC39 oligonucleotide included the 5th run of  
cytosine at the 5’ end (CR5) that is 7 base-pairs away from the original 4 cytosine 
runs in VC24 oligonucleotide (CR1-CR4). B. Bromine footprint of  VC39 
oligonucleotide at pH 4.5 reacted with or without 0.5mM bromine solution. C. A 
schematic representation of  the nucleotide sequence in the VC39 oligonucleotide, the 
guanines are depicted by a red sphere, adenines by a green sphere and cytosines 
protected from bromination by yellow spheres. Cytosines which were brominated are 
depicted by black spheres. D. A schematic representation of  a possible i-motif  model 
using these preliminary bromine footprinting patterns. 
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4.2.2 hnRNP K and nucleolin bind to the VEGF promoter in vivo

 Since the identification of  Sp1 as a major transcription factor regulating 

VEGF activity (112, 163) no further efforts have been made to characterize any 

additional transcription factors interacting within the pPu/pPy tract of  the VEGF 

promoter and that regulate its transcription. This pPu/pPy tract of  the VEGF 

promoter (-85 to -50bp relative to the starting site) has been shown to be a major 

contributor to transcriptional activity (112, 163). Therefore, we investigated whether 

hnRNP K and nucleolin could bind to the multi-faceted DNA structures within this 

tract in vitro as well as in vivo thus supporting our recent evidence of  these two 

transcription factors binding to the C- and G-rich strands, respectively, of  the pPu/

pPy tract in the VEGF promoter (167). We also investigated the interaction of  CNBP 

with the pPu/pPy tract of  the VEGF promoter since it was known to bind to single-

stranded G-rich sequences and act as a transcription factor for the c-myc promoter 

(195) and has been recently reported as a G-quadruplex binding protein (196). 

Current literature describes Sp1 as a major transcription factor for the VEGF 

promoter, therefore we used Sp1 as a positive control in our experiments.

 We first conducted chromatin immunoprecipitation (ChIP) analysis to 

determine if  hnRNP K and nucleolin, as well as another known G-rich sequence 

interacting transcription factor (CNBP), could bind directly to the pPu/pPy tract in 

vivo. A498 renal carcinoma cells were used in these experiments with the knowledge 

that they overexpress VEGF in normoxic conditions (209). After fixing the cells with 
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formaldehyde the DNA-protein complexes were immunoprecipitated using 

antibodies against hnRNP K, CNBP, nucleolin, Sp1, RNA Pol II, and IgG. We used 

radioactive primers designed to amplify the -242 to +4bp region, relative to the 

starting site, which includes the pPu/pPy tract of  the VEGF proximal promoter. A 

290bp band resulted in the case of  a successful pull-down of  a transcription factor 

that is complexed with the pPu/pPy tract. As shown in Figure 4.3A, the samples 

corresponding to Sp1, hnRNP K and nucleolin pull-down resulted in a significant 

amplification of  the 290bp sequence corresponding to the VEGF proximal promoter 

region. However, CNBP showed the lowest and non-significant amplification of  the 

pPu/pPy region when compared to the band intensity associated with the IgG 

negative control. As expected, the Sp1 protein showed a strong and specific 

amplification band corresponding to the pPu/pPy tract. Additionally, these 

experiments confirmed what was previously observed in vitro, in a paper recently 

published in our lab (167), that nucleolin specifically binds to the VEGF G-rich 

region in vivo. 
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Figure 4.3 Sp1, nucleolin and hnRNP K bind to the VEGF poly(Purine/
Pyrimidine) tract 

A. Comparison of  band intensity of  the results. The bands in three poly-acrylamide 
gel analysis corresponding to the poly(Purine/Pyrimidine) tract were scanned in a 
densitometer and the band intensities were graphed relative to the Input signal.  B. A 
poly-acrylamide gel analysis of  PCR products. Exponentially proliferating A498 cells 
were harvested for ChIP assay. Protein-DNA cross-linked samples were 
immunoprecipitated with the indicated antibodies or control IgG, processed, and 
used as templates for PCR reactions to measure relative amounts of  the poly(Purine/
Pyrimidine) tract of  the genomic VEGF promoter DNA that had been 
immunoprecipitated. The gel image presented is representative of  three independent 
experiments.
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4.2.3 Determining the effect of  hnRNP K and nucleolin expression on VEGF 

transcription

 We investigated whether hnRNP K and nucleolin could regulate VEGF 

mRNA levels in A498, U251 and HEK293T cells since the in vivo binding of  these 

proteins were confirmed via ChIP assay. Therefore, we transfected the described cell 

lines with siRNA against Nucleolin and hnRNP K. Total mRNA extraction was 

completed after 48hrs of  transfection and was used for semiquantitative RT-PCR. As 

shown in figure 4.4A, the siRNA treatment was capable of  a dramatic knockdown of 

the Nucleolin and hnRNP K mRNA levels in A498, U251 and HEK293T cell lines. 

Comparison of  relative VEGF mRNA levels, upon individual knockdown of  

Nucleolin or hnRNP K, showed VEGF mRNA levels decreasing around 15% and 

almost 35% downregulation when both transcription factors are knocked down in 

A498 cells (Figure 4.4A). A similar trend is seen in both U251 and HEK293T cells 

where VEGF mRNA levels drop by an average of  20% when Nucleolin or hnRNP K 

are individually targeted by siRNA. However, we see an increase or no change in 

VEGF mRNA levels in U251 and HEK293T cells, respectively, at the highest 

concentration (100nM) of  the combined siRNA treatment (Figure 4.4B). This 

unexpected outcome can be due to the increase in recruitment of  Sp1 to the pPu/

pPy tract that is now predominantly in a double-stranded state, after the double 

knockdown of  nucleolin and hnRNP K, therefore restoring VEGF transcription to 

basal mRNA levels. It is believed that both nucleolin and hnRNP K shift the 
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equilibrium between B-DNA and non-B-DNA conformations towards the non-B-

DNA state by binding and stabilizing G-quadruplex structures and the non-folded 

state of  C-rich sequences, respectively. The overall trend of  these knockdown 

experiments demonstrate that Nucleolin and hnRNP K transcription factors as 

positive regulators of  VEGF transcription. We were unable to completely knockout 

Sp1 at the mRNA or protein levels (data not shown) however this modest knock-

down had the strongest impact on VEGF mRNA levels thus confirming that VEGF 

transcription (data not shown) is highly sensitive to Sp1 protein levels. Although Sp1 

has been well characterized as an important VEGF transcription factor, these 

experiments demonstrate that the VEGF promoter is also dependent on the 

transcriptional activation of  hnRNP K and nucleolin which are known to bind to 

non-BDNA conformations. The effect of  VEGF mRNA levels upon CNBP siRNA 

knockdown may indicate indirect effects of  CNBP as a transcription factor on genes 

upstream of  the VEGF gene (data not shown). The regulation of  CNBP knockdown 

at the protein level was not confirmed by western blot as the antibody was not able to 

detect CNBP protein or it may indicate that the levels of  endogenous CNBP are too 

low for western blot purposes.
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Figure 4.4 siRNA KO of nucleolin and hnRNP K decreases VEGF mRNA levels

A. Agarose gel analysis of  siRNA treated samples. Subconfluent proliferating A498, 
U251 and HEK293T cells were transiently transfected with non-targeting siRNA 
(100nM) or nucleolin and hnRNP K targeting siRNA at 50 or 100nM 
concentrations. 48hrs after transfection total RNA was extracted and was used for 
semiquantitative RT-PCR. The gel images presented are representative of  three 
independent experiments. B. Quantitative analysis of  agarose gel densitometry data. 
Each PCR band on photographs of  the three agarose gels was quantitated using 
densitometry and are presented as bar graphs relative to control (non-targeting 
siRNA) means ± S.E. of  these values were calculated. Nucleolin and hnRNP K 
mRNA silencing significantly decreased VEGF mRNA levels ( p <  0.005 for 
comparisons of  cells transfected with non-targeting siRNA or nucleolin or hnRNP 
K targeting siRNA). β-Actin was used as the loading control for semiquantitative 
RT-PCR results. 
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4.2.4 Nucleolin binds to the VEGF G-rich sequence and positively regulates its 

transcription

 Nucleolin has been described as a G-quadruplex binding protein by our lab in 

a recently published article (167), where its high binding affinity to the VEGF G-

quadruplex structure was shown though a filter-binding assay. To further examine the 

role of  nucleolin as a positive regulator, we transiently transfected A498, U251 and 

HEK293T cells with nucleolin and hnRNP K expression vectors to determine the 

importance of  their overexpression in the transcriptional regulation of  VEGF 

through the pPu/pPy tract in its promoter.  

 Following transient transfections with nucleolin and hnRNP K expression 

vectors, VEGF mRNA levels were measured using semiquantitative RT/PCR after 

48hrs after transfection. As shown in Figure 4.5A and B, elevated VEGF mRNA 

levels were observed in cells transfected with 500 ng or 1 μg of  nucleolin and 1 or 2 

μg of  hnRNP K expression vectors when compared to cells transfected with 2 μg of  

empty vector, pEGFP-C3, in all cell lines. In particular, A498 cells showed the 

highest VEGF mRNA induction, when transfected with nucleolin or hnRNP K 

expression vector, reaching almost 3 fold compared to the empty vector sample. 

Although U251 and HEK293T cells were observed to have statistically significant 

induction of  VEGF following transient transfection of  nucleolin and hnRNPK 
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expression vectors, U251 had an average of  2 fold expression while HEK293T only 

obtained 1.5 fold at its highest induction measurement. 

 Because we have previously shown that nucleolin can physically bind to the 

VEGF promoter, via the G-quadruplex structure that forms within its pPu/pPy tract 

(167), we performed an electrophoretic mobility shift assay (EMSA) to demonstrate 

its binding capability to the VEGF G-rich strand represented in the VG47 oligo. The 

intensity of  the bands in the gel were quantified using densitometry to calculate the 

dissociation constant (Kd) of  nucleolin to VG47 oligo (Figure 4.5C). The Kd of  

nucleolin to VG49 oligomer was estimated to approximately 213 nM using the graph 

form of  Kd=[A][B]/[AB] where [A][B]/[AB] is the half  point that VG47 oligo has 

complexed with nucleolin (Figure 4.5D).
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Figure 4.5 Nucleolin binds to the VEGF G-rich sequence and induces its 
transcription
A. Agarose gel analysis of  cells transiently transfected with nucleolin and hnRNP K expression 
vectors. Subconfluent proliferating A498, U251 and HEK293T cells were transiently transfected with 
empty vector (pEGFP-C3) or nucleolin and hnRNP K expression vectors. 48hrs after transfection 
total RNA was extracted and was used for semiquantitative RT-PCR. The gel images presented are 
representative of  three independent experiments. B. Quantitative analysis of  agarose gel 
densitometry data. Each PCR band on photographs of  the three agarose gels was quantitated using 
densitometry and are presented as bar graphs relative to control (pEGFP-C3) means ± S.E. of  these 
values were calculated. Nucleolin and hnRNP K overexpression significantly enhanced VEGF 
mRNA expression (p <  0.005 for comparisons of  cells transfected with or without nucleolin/
hnRNP K expression vectors). β-Actin was used as the loading control for semiquantitative RT-PCR 
results. C. Electrophoresis separation of  radiolabelled VG47 complexed with increasing amounts of  
nucleolin and free oligo. EMSA performed with VG47 probe incubated with increasing amounts of  
recombinant nucleolin. Protein/DNA complex and free probes are highlighted by arrows at the left 
of  the figure. D. Apparent Kd calculation plot, linear regression of  nucleolin concentration versus 
the concentration of  [complex]/[free probe] ratio plot for the EMSA.
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4.2.5 hnRNP K binds to the single-stranded cytosine-rich sequence within the poly 

(Pu/Py) tract

 Lastly, we determined how the formation of  the i-motif  structure could effect 

the interaction of  hnRNP K, a known cytosine-rich binding transcription factor 

(198), with the C-rich strand of  the VEGF promoter since we confirmed the presence 

of  a pseudo-i-motif  structure within the C-rich strand of  the VEGF promoter at 

physiological pH (Figure 4.1A). The hnRNP K protein is known to bind to C-rich 

sequences of  which some are known to form an i-motif  (208, 210) and some that only 

consist of  12 nucleotides and are not physically capable of  forming C-C+ 

intercalated base-pairing (211). In addition, there has been no previous report as to 

whether hnRNP K is able to recognize secondary DNA structures, such as the i-

motif, that could evolve from C-rich sites. Therefore, we investigated the molecular 

interactions of  hnRNP K with the C-rich strand by determining which cytosine 

residues within this strand could potentially interact with hnRNP K using EMSA 

combined with bromine footprinting. In this experiment, the radiolabelled VC24 

oligo was treated with Br2, in the presence or absence of  hnRNP K, and its bound or 

unbound form was separated using PAGE analysis (Figure 4.6A). The bands 

corresponding to the bound or unbound state of  the VC24 oligo were isolated from 

the gel and subjected to piperidine cleavage as described in the materials and 

methods. The cleaved products were then separated on a sequencing gel to determine 

cytosine specific cleavage sites along side of  the purine and pyrimidine sequencing 
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reactions. The cleavage pattern shown in lane I of  Figure 4.6B represents the free 

oligo treated with 2mM Br2 without hnRNP K and corresponds to that of  the VEGF 

i-motif  footprint observed at pH 7.1 (Figure 4.1A). The footprinting pattern observed 

in lane II of  Figure 4.6B, which is the hnRNP K complexed DNA, was quite 

different from that of  the i-motif  pattern in lane I, where three specific cytosines (C6, 

C10 and C19) were completely unprotected in the free oligo DNA but were protected 

in lane II. In addition, all four cytosine runs are protected in the hnRNPK-

complexed oligo (see lane II of  figure 4.6B) to varying extents. However, lane III that 

represents the unbound oligo (B) in the presence of  hnRNP K does not show 

protection of  any cytosines, suggesting the single-stranded oligo is in an unfolded 

conformation that is different from that of  the free oligo (seen in lane I of  figure 

4.6B). The same pattern seen in lanes II and III that is hnRNP K complexed VC24 

oligo and treated with 2mM bromine is seen with the samples treated at 1mM 

bromine. This evidence leads us to suggest that hnRNP K is binding to the VEGF C-

rich single-stranded sequence in a different confirmation than that of  the i-motif  

structure so that only three of  the four cytosine runs are protected from bromination. 
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Figure 4.6 hnRNP K binds to the VEGF pPu/pPy tract sequence and produces a 
distinct footprint compared to that of the i-motif. 

A. Electromobility Shift Assay showing radiolabelled VC24 probe subject to 1 or 2mM Bromine 
reaction with or without 250ng of  hnRNP K. Bands at the bottom of  the gel are labeled Free (F) for 
free probe and bands at the top corresponding to hnRNPK-VC24 complex are labeled as Bound (B).  
B. Bands F and B extracted from the EMSA gel were run in a 20% denaturing acrylamide 
sequencing gel were it showed a typical i-motif  footprint at pH 6.5 in lane 1. Lanes II & III 
correspond to VC24 probe treated with 2mM Br2 bound to hnRNPK (B) and free probe (F) where it 
shows a footprint distinct from that of  an i-motif  (lane I). C. A histogram showing pixel intensity of  
bands in lanes I, II and III (C6,10, and 19 respectively) highlighted with orange bars corresponding 
to the four cytosine runs (CR1 - CR4) starting from 3’ to 5’. Three peaks with three arrows red, blue 
and green indicating where the i-motif  unprotected cytosines in lane I are shown to be protected 
with the hnRNPK-VC24 complex in lane II. The free standing oligo is shown in lane III where the i-
motif  signature peaks are diminished compared to that of  the nucleotides in the loop region but still 
present the partially unfolded i-motif  structure. D. A schematic view of  hnRNP K and its domains 
and their corresponding binding sites to the VG24 oligo.
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4.3 Discussion and Conclusion

 There is a growing amount of  evidence suggesting the existence of  non-B-

DNA structures such as G-quadruplexes and i-motifs and their involvement in 

transcriptional regulation of  many human genes, including VEGF (169). In an article 

recently published in our lab we characterized the G-quadruplex and i-motif  

structures that form in the G- and C-rich sequences in the pPu/pPy tract of  the 

VEGF promoter (179). In the current study, we further characterized the formation of 

i-motif  structures within a pH gradient spanning pH 4.5 to pH 8 and bromine 

footprinting analysis (Fig 4.1). Interestingly, we observed that the two 3’ end cytosine 

runs are protected throughout the pH gradient, with the exception of  one cytosine 

(e.g. C19).  This suggests that this unique protection pattern might be due to the 

conservation of  the basic i-motif  structure even at the more basic pH levels, where 

the C-C+ base-pairing would be weak but sufficient to maintain partially unfolded i-

motif  structures presumably through base-pair stacking interactions. This model is 

further supported by the consistent cleavage of  cytosines in the predicted loop region 

(C8, C12 and C19) throughout the pH gradient and this pattern has been shown to 

be a signature identifier for the VEGF i-motif  structure (179). Moreover, these 

observations indicate that a partially unfolded i-motif  structure is sustained at 

physiological pH such that the loops are kept in a non-paired state and the 3’ end 

cytosine runs demonstrate cytosine base-pairing.  The instability of  this partially 

unfolded i-motif  structure could prove to be of  importance in prolonging the single-

stranded state of  the C-rich sequence in the pPu/pPy tract, avoiding its hybridization 
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to the complementary G-rich sequence. Prolonging the single-stranded state of  both 

these sequences can lead to the recruitment of  transcription factor proteins that 

prefer binding to secondary-DNA structures such as the G-quadruplex and the i-

motif  or the non-folded conformations of  these sequences. 

 After characterizing the i-motif  forming region of  the VEGF promoter, we 

sought to further characterize transcription factor binding to the single-stranded state 

as well as the G-quadruplex and i-motif  states in the G/C-rich promoter region of  

the VEGF gene. This was necessary as there have been no reports on proteins that 

influence VEGF transcription via interaction with non-B-DNA structures. The 

results of  our ChIP assay confirmed that the transcription factors, hnRNP K and 

nucleolin, bind in a sequence specific manner in vivo to the pPu/pPy tract of  the 

VEGF proximal promoter (Figure 4.3). To understand the effect of  nucleolin and 

hnRNP K binding to the VEGF promoter, we knocked down the expression of  these 

proteins in A498, U251 and HEK293T cells (Figure 4.4). We compared the cancer 

cell lines A498 and U251, which abnormally express VEGF, with an immortalized 

embryonic kidney cell line, HEK293T, which normally expresses VEGF. In all cell 

types, this led to a marginal but statistically significant downregulation of  VEGF 

mRNA levels. When nucleolin and hnRNP K were overexpressed in the same cell 

lines, VEGF mRNA levels increased by at least two fold (Figure 4.5). Together, these 

transient transfection experiments suggest nucleolin and hnRNP K are acting as 

positive regulators of  VEGF transcription. These results led us to design experiments 
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to understand the mechanism of  action of  these DNA-protein binding interactions 

and their effect on VEGF transcription.

 In our previous studies we characterized the binding of  nucleolin to the 

VEGF and c-myc G-quadruplexes in their respective promoters (167), however the 

DNA-protein interactions in the C-rich sequence of  the VEGF promoter are still 

uncharacterized. With respect to the pPu/pPy tract in the c-myc promoter, it is known 

that hnRNP K preferentially binds to C-rich sequences which can form stable i-

motifs (195, 197, 198). Therefore, we were interested in understanding how hnRNP K 

could potentially bind to the C-rich sequence in the VEGF promoter in the unfolded 

or i-motif  conformation. In order to understand the nature of  hnRNP K binding to 

the unfolded conformation of  the C-rich sequence we conducted an EMSA/

footprinting experiment. This experiment allowed us to isolate the bound and free 

oligo species and compare them on a sequencing gel for cytosine protection patterns 

(Figure 4.6). The cytosine protection pattern of  an i-motif  was observed in the 

EMSA/Footprint of  the free C-rich oligo species (lane I in Fig 4.6B) at pH 6.5. 

However, the free oligo that was not bound to hnRNP K (lane III of  Fig 4.6B) did 

not show the i-motif  protection pattern, but rather demonstrated a non-specific 

bromination pattern. The evidence provided in the bromine footprinting patterns 

suggest that when hnRNP K releases the oligo in a linear state, bromine reacts with 

the cytosines resulting in a bulky adduct, which could potentially inhibit hnRNP K 

from reannealing to the oligo or for the oligo to fold back into an partially unfolded i-
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motif  conformation. Therefore, we believe that hnRNP K binds to the oligo via the 

free cytosine runs in the partially unfolded i-motif  formation and either facilitates the 

unfolding of  it to a non-base-paired conformation or traps out the fully single-

stranded form of  the C-rich oligo.

 Based on our results, we have proposed a hypothetical model of  how 

nucleolin and hnRNP K, together with different DNA structural elements, can 

regulate VEGF promoter transcription (Figure 4.7). Normally, DNA in the VEGF 

proximal promoter region exists in duplex form. Sp1, and other double-stranded 

binding transcription factors, can bind to the VEGF proximal promoter region and 

activate transcription by associating with transcription initiation proteins to recruit 

RNA polymerase II. However, when the transcriptional machinery starts to unwind 

DNA, to begin the RNA polymerase process, the DNA is coiled through the 

machinery rather than the machinery coiling around the DNA. This DNA 

unwinding activity begins to negatively supercoil the DNA upstream of  this 

transcriptional event and positively supercoils the DNA downstream of  the event. 

The torsional stress on the negatively supercoiled double-helix allows for atypical 

DNA structures to form such as G-quadruplexes and i-motifs. Nucleolin can activate 

transcription by binding to the G-rich strand, presumably in the G-quadruplex 

structural conformation, and associate with transcription initiation proteins thus 

recruiting the RNA polymerase complex. In the case of  hnRNP K, this transcription 

factor can either trap out the linear single-stranded C-rich sequence or bind to the 
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non-paired cytosine runs within the partially unfolded i-motif  structure and recruit 

transcription initiation proteins and the RNA polymerase complex to start VEGF 

transcription. In the present paper, we demonstrated that when both nucleolin and 

hnRNP K are knocked out, at 100nM combined siRNA concentrations in U251 and 

HEK293T cells, an increase in VEGF mRNA was observed (Figure 4.4). The 

increase in VEGF message was unexpected. We speculate that, in the absence of  

nucleolin and hnRNP K the atypical secondary DNA structures become unstable 

and return to the double-stranded DNA state which allows for SP1 binding to occur, 

thus increasing the VEGF message (Figure 4.4A). As part of  the model building 

process, we were interested in understanding another G-rich sequence binding 

protein, CNBP, which is known to bind to G-rich sequences in the linear (195) as well 

as the G-quadruplex structural conformation (196). Since the ChIP assay (Figure 4.3) 

demonstrated a weak binding of  CNBP to the VEGF pPu/pPy tract in vivo, we 

believe that CNBP may not be able to bind to the linear single-stranded state of  the 

G-rich sequence because it is in the G-quadruplex structural conformation and 

nucleolin would have outcompeted CNBP for its binding site. In contrast, 

transcription initiation of  VEGF is prevented through G-quadruplex-interactive 

agents, such as TMPyP4 and Se2SAP, which have been shown to bind to the VEGF 

G-quadruplex and suppress VEGF transcription (212). We hypothesize that the 

stabilization of  the VEGF G-quadruplex by these small-molecules may change the 

quality of  the interactions between the transcription factors, nucleolin and hnRNP K, 

and the atypical DNA structures within the pPu/pPy tract. The G-quadruplex 
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interacting compounds may also decrease VEGF transcription by driving the 

structural equilibrium to a G-quadruplex formation within the pPu/pPy tract. While 

this is interesting speculation, more work needs to be done to fully understand the 

physical and biological consequence of  these small-molecules. 

 Our hypothetical model of  DNA structural transition and the proteins 

recognizing the different DNA structures in the VEGF proximal promoter not only 

demonstrates the elegant regulation of  expression of  the VEGF gene, but also 

provides a novel way to modulate the transcriptional regulation of  VEGF by 

targeting these atypical DNA secondary structures. These experiments suggest that 

atypical secondary DNA structures, such as G-quadruplexes and partially unfolded i-

motifs, and the transcription factors that recognize and bind to them could play a key 

role in the regulation of  VEGF transcription. Further research will be needed to 

understand the role of  G-quadruplex and i-motif  interacting molecules on the 

binding affinity of  nucleolin and hnRNP K to the G- and C-rich sequences of  the 

VEGF pPu/pPy tract. If  these small molecules were to interfere with these 

transcription factor binding sites in the pPu/pPy they could have marked effects on 

VEGF transcription and in turn could be used for clinical use as anti-angiogenic 

drugs.
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Figure 4.6 A model showing the structural diversity of the VEGF pPu/pPy tract 
and its role in transcriptional regulation.

I. VEGF transcription can be induced by the conventional transcriptional 
machinery that is recruited by SP1, a double-stranded (ds) binding transcription 
factor. II.The transcriptional machinery can also locally unwind a section of  the 
proximal promoter, via superhelicity, that can serve to recruit single-strand (ss) 
binding transcription factors, CNBP and hnRNP K, consequently turning on 
transcription. III. The underwound section can induce the formation of  a G-
quadruplex structure, to relieve torsional stress, thus recruiting nucleolin to 
recognize and bind to the G-quadruplex structure and hnRNP K to bind to the 
single-stranded C-rich sequence and recruit RNA Pol II for transcriptional 
induction. IV. The C-rich strand could also induce the formation of  the i-motif  
along with the G-quadruplex on the opposite G-rich strand. Nucleolin would bind 
to the G-quadruplex and hnRNP K would either bind to the non-paired cytosine 
runs in the partially unfolded i-motif  where it can further destabilize its structure to 
a more linear conformation or trap out the linear conformation of  the C-rich 
sequence to further induce transcription.
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CHAPTER 5. CONCLUDING REMARKS

5.1 Summary of Studies

 The immediate response to low oxygen levels and the preservation of  exposed 

tissue to acute hypoxic conditions is dependent on the hypoxia-inducible factor 

family, mainly the HIF-1 transcription factor. The activation of  the HIF-1 

transcription factor is regulated by the protein levels of  one of  its subunits, HIF-1α, 

that is readily degradated in the presence of  oxygen.  However, this oxygen-sensitive 

regulation of  HIF-1α is superseded in cancerous cells where the transcription factor 

HIF1 is overexpressed and leads to multiple cell signaling events that induce the 

formation of  highly metastatic legions. Angiogenesis is one of  the key processes 

HIF1 induces, starting with the transcription of  the VEGF gene, which solid tumors 

are dependent on for a constant supply of  nutrition and oxygen availability. 

 The purpose of  this dissertation was to understand the mechanism of  

transcriptional regulation of  the HIF-1α and VEGF genes through the 

characterization of  atypical secondary DNA structures called G-quadruplexes and i-

motifs formed from the poly-Purine/poly-Pyrimidine (pPu/pPy) tract. First, it 

needed to be determined whether the C-rich sequence within the pPu/pPy tract of  

the HIF-1α promoter could form a stable i-motif. The results show that, indeed, the 

oligonucleotide containing the C-rich sequence of  this tract could form a stable i-

motif  at physiological pH and that it was stable above body temperatures at pH 7. 

Bromine footprinting experiments showed the i-motif  structure to form two loop 
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isomers with 3:3:3 and 3:4:2 conformations and mutational studies revealed that the 

stability of  this i-motif  structure was due to the two long C-rich runs within the 

sequence that allowed the structure to conform and shift within neighboring C-C+ 

base-pairs. In addition, the C-rich sequence that is within the VEGF pPu/pPy tract 

also demonstrated, in bromine footprinting done at varying pH, the formation of  a 

partially unfolded i-motif  structure even at pH 8. Together these studies suggest that 

the formation of  i-motif  structures, via in vitro experiments done at physiological 

conditions, within the HIF-1α and VEGF proximal promoters can prolong the 

single-stranded state of  these C-rich and G-rich sequences in the pPu/pPy tracts in 

vivo. 

 The discovery of  i-motifs that are able to form at neutral pH suggest the 

existence of  these structures is physiologically relevant and can be available to recruit 

transcription factors to the multifaceted pPu/pPy tracts of  the HIF-1α and VEGF 

proximal promoters. The work demonstrated in this dissertation shows that  the 

transcription factors hnRNP K and nucleolin bind to the C- and G-rich sequences, 

respectively, within the pPu/pPy tracts of  the HIF-1α and VEGF promoters and 

induce their transcription. The detailed binding motifs of  hnRNP K to the C-rich 

sequences in both of  these promoters demonstrated that the four cytosine runs in the 

pPu/pPy tracts that are involved in the i-motif  formation also serve as binding motifs 

for hnRNP K and its three KH domains, and to a lesser extent, its RGG domain. 

Comparative EMSA analysis done at pH 6.5 and 8 suggest hnRNP K binding to the 

C-rich sequence within these tracts in an unfolded state and not in an i-motif  
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conformation. On the basis of  our results, we propose that the hnRNP K and 

nucleolin transcription factors, together with different DNA structural elements, can 

induce HIF-1α and VEGF promoter transcription. These results also suggest the 

possibility of  regulating HIF-1α and VEGF at the transcriptional level by designing 

small-molecules which bind to the atypical DNA structures that prevent the binding 

of  transcription factors to the pPu/pPy tract and turn off  their expression. 

5.2 Complexity in transcriptional regulation of HIF-1α and VEGF promoters

 The studies performed in this dissertation shed light on another level of  

complexity in the regulation of  HIF-1α and VEGF oncogenes and begs the question, 

“Why is there so much complexity involved in the regulation of  transcription?” 

HIF-1α and VEGF are not lone partners involved in this complex regulation process 

of  transcriptional initiation. In fact, most oncogenes and tumor suppressors have 

shown to contain multiple transcriptional initiation sites and other means of  cis- and 

trans-activating elements, such as atypical DNA structures, that all contribute to the 

regulation of  their expression (213). 

 The constitutive transcription of  HIF-1α and for its expression to be silenced 

at the post-translational level seems extremely costly at first glance. However, the 

cell’s response to oxygen deprivation needs to be instant rather than eventual, thus 

the energy cost paid to produce a constitutive HIF-1α protein is offset by the cell’s 

ability to survive. The importance for optimal levels of  mRNA, therefore, is key in 

order for the high energy investment to be a compensation later on and not a liability 
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for the cell. For example, HIF-1α mRNA levels are usually undetectable in normal 

developed tissues, however, these levels vary in chronic hypoxic conditions, most 

especially in solid tumors. In addition, the majority of  FDA approved chemotherapy 

agents demonstrate and ability to inhibit HIF-1α transcription, decrease mRNA 

stability and increase protein degradation. These findings suggest that the HIF-1α 

promoter, although ubiquitously transcribed and translated, can adjust its expression 

according to the conditions of  the microenvironment. 

 The preliminary results discussed earlier in this dissertation using the HIF-

FRT stable cell lines show that the G-quadruplex structure that forms within the 

HIF-1α promoter could play a role in the maintenance of  steady transcription of  this 

gene.  Although the proximal promoter regions of  both HIF-1α and VEGF are not 

well characterized, the studies of  these regions, most especially the atypical 

secondary DNA structures that form within their pPu/pPy tracts, could reveal the 

intricate works of  how cells can modulate the transcriptional control of  even 

ubiquitously expressed genes such as HIF-1α and VEGF. 
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ABSTRACTS

Characterization of the C-rich secondary DNA structure in the SP1 binding 
region of the HIF1-alpha promoter

Diana Uribe, Vijay Gokhale, Scot Ebbinghaus, Laurence Hurley and Daekyu Sun. 
Proceedings of  the American Association for Cancer Research, AACR National Meeting., Apr 
2008; 2008: 1762.

 Hypoxia inducible factor (HIF) is a commonly overexpressed transcription 

factor in cancer cells that is involved in anaerobic glycolysis, erythropoietin synthesis, 
angiogenesis, and ultimately aiding in metastasis. A polyguanine/polycytosine 
(polyG/polyC) tract in the -65 to -85 position of  the promoter of  HIF1-a was found 

to contain several overlapping or adjacent putative transcription factor binding sites. 
We have shown that SP1 is a major transcription factor in this region through EMSA, 
DNaseI footprinting as well as treatment with SP1 siRNA. Mutation of  the polyG/
polyC sequence reduces basal expression of  the HIF1-a gene by 10 fold, suggesting 

this region is highly important for transcription regulation. In our previous studies, 
we have demonstrated that the guanine-rich strand of  this polyG/polyC tract is 
capable of  forming a stable G-quadruplex structure in the presence of  potassium. 
Therefore, we hypothesize that the formation of  the G-quadruplex on the guanine-
rich strand might facilitate the evolution of  another secondary structure on the 
complimentary cytosine-rich strand. To examine the potential formation of  a 
secondary structure in the cytosine-rich strand we designed a series of  27-basepair 

oligonucleotides representing the wild-type and mutant cytosine-rich strand and 
studied them through circular dichroism, bromine footprinting, and photo-cleavage 
assays. Our CD spectroscopy data of  the 27bp oligo demonstrate a 285nm signature 
peak that is characteristic of  an i-motif  structure and is stable from pH 4.0 to 6.3 and 
unstable at pH 7 to 8. Chemical footprinting confirm the formation of  the i-motif  as 
shown by CD spectroscopy and reveal that the i-motif  structure is an intercalating 
intramolecular structure consisting of  three cytosine basepairs with a 3:3:3 loop size. 
These data suggest that secondary DNA structures can form in the polyG/polyC 
tract of  the HIF1-a proximal promoter and that the formation of  the G-quadruplex 
and i-motif  structures may play a role in the transcriptional regulation of  this gene.
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ABSTRACTS CONT.

Heterogeneous nuclear ribonucleoprotein K (hnRNP K) binds to the vascular 
endothelial growth factor (VEGF) promoter and plays a role in its transcriptional 
control

Diana J. Uribe, Kexiao Guo, Yoon-Joo Shin, Laurence Hurley and Daekyu Sun. 
Mol Cancer Ther 2009;8(12 Suppl):A203.

The vascular endothelial growth factor (VEGF) promoter is capableof  forming 
secondary DNA structures, called G-quadruplex andi-motif, in its proximal promoter 
region (–85 to –50from the transcription initiation site) that can mask 
transcriptionfactor binding sites thereby inhibiting transcription. To understandthis 
dynamic region and its implications in transcriptionalcontrol we studied protein-
DNA interactions of  this structurallyversatile region, specifically those involving 
transcriptionfactors. Our candidate transcription factor, heterogeneous 
nuclearribonucleoprotein K (hnRNP K) is a single-stranded DNA bindingprotein 
able to binding to cytosine-rich sequences such as theVEGF polypurine/
polypyrimidine tract. We found that the cytosine-rich24-bp oligomer has the 
potential of  forming an i-motif  at pH6.5 and formed a complex with hnRNP K as 
shown by CD spectraanalysis and electrophoretic mobility shift assay (EMSA), 
respectively.The binding of  hnRNP K to the VEGF promoter was confirmed 
throughchromatin immunoprecipitation (ChIP) assay, and its effect ontranscriptional 
control was demonstrated through RT/PCR of  hnRNPK siRNA KO and 
overexpression assays. We also observed throughEMSA/Footprint that the hnRNP 
K protein changes the oligo conformationfrom an i-motif  structure to a more 
unstructured linear conformation.In summary, this work is the first to show that 
hnRNP K servesa role in the transcriptional control of  VEGF and that a 
brominesolution left to react to the protein-complex can be used tofootprint its 
binding motif.
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NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY 
LIMITED REMEDY PROVIDED HEREIN. 
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9. Should any provision of  this Agreement be held by a court of  competent 
jurisdiction to be illegal, invalid, or unenforceable, that provision shall be deemed 
amended to achieve as nearly as possible the same economic effect as the original 
provision, and the legality, validity and enforceability of  the remaining provisions of  
this Agreement shall not be affected or impaired thereby. 

10. The failure of  either party to enforce any term or condition of  this Agreement 
shall not constitute a waiver of  either party's right to enforce each and every term and 
condition of  this Agreement. No breach under this agreement shall be deemed 
waived or excused by either party unless such waiver or consent is in writing signed 
by the party granting such waiver or consent. The waiver by or consent of  a party to 
a breach of  any provision of  this Agreement shall not operate or be construed as a 
waiver of  or consent to any other or subsequent breach by such other party. 

11. This Agreement may not be assigned (including by operation of  law or 
otherwise) by you without WILEY's prior written consent. 

12. Any fee required for this permission shall be non-refundable after thirty (30) days 
from receipt. 

13. These terms and conditions together with CCC’s Billing and Payment terms and 
conditions (which are incorporated herein) form the entire agreement between you 
and WILEY concerning this licensing transaction and (in the absence of  fraud) 
supersedes all prior agreements and representations of  the parties, oral or written. 
This Agreement may not be amended except in writing signed by both parties. This 
Agreement shall be binding upon and inure to the benefit of  the parties' successors, 
legal representatives, and authorized assigns. 

14. In the event of  any conflict between your obligations established by these terms 
and conditions and those established by CCC’s Billing and Payment terms and 
conditions, these terms and conditions shall prevail. 

15. WILEY expressly reserves all rights not specifically granted in the combination 
of  (i) the license details provided by you and accepted in the course of  this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment 
terms and conditions. 

16. This Agreement will be void if  the Type of  Use, Format, Circulation, or 
Requestor Type was misrepresented during the licensing process. 

17. This Agreement shall be governed by and construed in accordance with the laws 
of  the State of  New York, USA, without regards to such state’s conflict of  law rules. 
Any legal action, suit or proceeding arising out of  or relating to these Terms and 
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Conditions or the breach thereof  shall be instituted in a court of  competent 
jurisdiction in New York County in the State of  New York in the United States of  
America and each party hereby consents and submits to the personal jurisdiction of  
such court, waives any objection to venue in such court and consents to service of  
process by registred or certified mail, return receipt requested, at the last known 
address of  such party. . BY CLICKING ON THE "I ACCEPT" BUTTON, YOU 
ACKNOWLEDGE THAT YOU HAVE READ AND FULLY UNDERSTAND 
EACH OF THE SECTIONS OF AND PROVISIONS SET FORTH IN THIS 
AGREEMENT AND THAT YOU ARE IN AGREEMENT WITH AND ARE 
WILLING TO ACCEPT ALL OF YOUR OBLIGATIONS AS SET FORTH IN 
THIS AGREEMENT. 

v1.4

Gratis licenses (referencing $0 in the Total field) are free. Please retain this 
printable license for your reference. No payment is required.

If you would like to pay for this license now, please remit this license along with 
your payment made payable to "COPYRIGHT CLEARANCE CENTER" 
otherwise you will be invoiced within 48 hours of the license date. Payment 
should be in the form of a check or money order referencing your account number 
and this invoice number RLNK10969459.
Once you receive your invoice for this order, you may pay your invoice by credit 
card. Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001
P.O. Box 843006
Boston, MA 02284-3006

For suggestions or comments regarding this order, contact Rightslink Customer 
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or 
+1-978-646-2777.
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