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ABSTRACT 

 The precise regulation of PDGFR-β activity and expression is essential for 

mammalian development and maintenance of homeostasis in the adult [1-3]. Aberrant 

expression that results in excessive PDGFR-β signaling has a causative role in driving a 

variety of clinical pathologies characterized by excessive cell growth including cancer [4-

8]. Accordingly, targeted attenuation of this signaling pathway is an efficient and feasible 

anticancer therapy in selected settings [1, 9, 10]. Furthermore, additional therapeutic 

applications are being investigated for anti-PDGFR-β kinase inhibitors such as imatinib 

for use in treating non-malignant disorders such as atherosclerosis [11, 12], fibrosis [13, 

14], and chronic inflammatory disease [15, 16]. Currently, the primary therapeutic 

strategies used to inhibit the PDGFR-β pathway focus on directly targeting the PDGFR-β 

protein or its cognate ligand [1]. Remarkably, few other therapeutic strategies have been 

explored for down-regulating the PDGFR-β pathway, which underscores the need for 

developing alternative therapeutic approaches [1].  

In the present study we explore an alternative means of affecting the PDGFR-β 

pathway by directly blocking its expression by using small molecules that target 

transcriptionally-induced, promoter-based, DNA secondary structures known as G-

quadruplex(es) and i-motif(s). We first resolve the biological significance of G-

quadruplex and i-motif formation in the PDGFR-β promoter and further explore the 

efficacy and feasibility of molecularly targeting these higher order structures to affect 

oncogenic PDGFR-β activity. [17] 
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CHAPTER 1: INTRODUCTION  

Underlying the simplistic foundation of the genetic code, consisting of purine 

(adenine and guanine) and pyrimidine (thymine and cytosine) nucleotides, there exists 

extraordinary complexity with regard to sequences that control gene expression. Proper 

function of these control elements is responsible for maintaining physiologic 

homeostasis. Accordingly, the loss or dysfunction of this regulatory capacity results in 

abnormal gene expression. Aberrant regulation of tumor suppressors and/or oncogenic 

factors, such as platelet-derived growth factor receptor β (PDGFR-β), has been 

implicated in a variety of human disease [1, 18-20]. Signaling cascades emanating from 

an activated PDGFR-β initiate potent cellular signaling programs for proliferation, 

motility, differentiation, and survival. In solid tumors, these pleotropic effects mediated 

by PDGFR-β signaling contribute to aggressive disease and poor prognosis through 

recruitment of tumor-associated fibroblasts and pericytes, sustained angiogenesis; 

enhanced cell motility and metastasis, evasion of apoptosis, and sustained proliferation; 

they also contribute to drug resistance by increasing tumor-associated interstitial fluid 

pressure [1, 18-20]. Accordingly, over-representation and subsequent over-activity of 

PDGFR-β promote pathogenesis of diseases characterized by excessive cell growth such 

as fibrotic disorders, arteriosclerosis, and cancer [1, 18-20]. The PDGFR-β signaling 

pathway has been very well studied in several in vitro and in vivo models of malignant 

and non-malignant disease. Collectively, these studies demonstrate that targeting 

PDGFR-β at the transcript and protein levels is an effective means for reducing PDGFR-

β–related pathologies [1, 18-20]. 
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1.1 The PDGFR-β  Proto-oncogene and Cancer 

 

1.1.1Oncogenesis, Oncogene, and Oncogene Addiction in Cancer Etiology 

The pathogenesis of cancer is a complex multistep process that involves the 

accumulation of multiple genetic and epigenetic alterations. Studies focused on 

identifying and understanding patterns of mutations in cancers are ongoing, but early 

reports have revealed that patterns of mutation vary tremendously depending on the 

origin of the tumor [21-23]. Although the precise mechanism is still under investigation, 

it is widely accepted that oncogenesis is the product of aberrant expression and/or 

sustained activity of proto-oncogenes together with the loss of function or genetic-

silencing of key tumor suppressors. In their seminal “hallmarks of cancer” reviews, 

Hanahan and Weinberg described genetic gain and loss of functions that give rise to 

distinct cancer specific phenotypes including; sustained angiogenesis, tissue invasion and 

metastasis, self-sufficiency in growth signals, insensitivity to anti-growth signals, 

limitless replicative potential, evasion of apoptosis, genomic instability, deregulated 

energy metabolism, tumor-promoting inflammation, and evading immune-surveillance 

[21, 22]. The accumulation of these hallmark characteristics within a single tumor cell 

through mutational activation and inactivation of tumor suppressors and oncogenes, 

respectively, gives rise to malignant disease [21, 22]. Furthermore, as a disease 

progresses there is an increase in the diversity of cell composition and complexity of the 

tumor cells [21-23]. Tumor cells adhere to Darwinian evolution in that selective pressures 

and genomic instability result in gain-of-function mutations that promote clonal 
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expansion and produce sub-populations of tumor cells with novel hallmark characteristics 

[21-23].  

The aberrant signaling and pathways that maintain the malignant phenotype are 

nothing more than normal cellular signaling pathways that have been manipulated to 

foster malignant growth. This vexing commonality creates tremendous difficulty in the 

design and development of therapeutics that elicit cancer cell–specific effects [23]. 

Interestingly, despite the multitude of genetic and epigenetic alterations found across all 

cancers, only a select few are likely to contribute to maintenance of the malignant 

phenotype [23]. Many of these oncogenes, such as cMYC and PDGFR-β, exhibit 

pleotropic effects responsible for maintaining several hallmark cancer phenotypes. This 

critical dependence is colloquially referred to as “oncogene addiction” and this unique 

facet represents the proverbial “Achilles’ heel” for cancer. The critical dependence of 

tumor cells on PDGFR-β signaling has been studied in in vitro and in vivo models of 

cancer such as glioma, neuroblastoma, osteosarcoma, leukemia, melanoma, pancreatic 

cancer, and gastrointestinal stromal tumor [1, 18-20, 24]. Additionally, clinical efficacy 

of imatinib as a PDGFR-β kinase inhibitor further underscores its importance in tumor 

biology [1, 18-20, 24].  

This dissertation will focus on understanding the sequence-specific 

mechanosensor mechanisms involved in regulating gene expression of the proto-

oncogene PDGFR-β. What follows is a series of comprehensive reviews that delineate 

PDGFR-β–specific biochemical, molecular, and cellular biological programs underlying 

its role in both physiology and pathophysiology. This background information culminates 

in the idea that PDGFR-β signaling is tightly regulated at multiple levels, including the 
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level of transcriptional activity. The aberrant transcriptional regulation of PDGFR-β 

results in a variety of malignant and non-malignant diseases. Accordingly, transcriptional 

regulation of PDGFR-β will be reviewed along with the regulatory role that sequence-

specific mechanosensors have in regulating transcription. Together, these concepts lend 

significance to the identification of dynamic DNA response elements in the PDGFR-β 

promoter. Furthermore, the functional implications of these findings will be discussed, 

leading to the present study.  

 

1.2 Molecular Structure, Function, and Regulation of PDGFR-β   

 

1.2.1 Overview of Molecular Activity 

The platelet-derived growth factor receptors (PDGFR-α and -β) are members of 

the type III tyrosine kinase receptor family, which is characterized as having five 

extracellular Ig-like domains: a single transmembrane domain, an intracellular 

arrangement of a juxtamembrane domain, a divided tyrosine kinase domain that is split 

by a 100-acid kinase insert, and a carboxy terminal tail. PDGFR-α and PDGFR-β share a 

30% identity in amino acid sequence [24-27]. The cognate ligands for these receptors, 

known as platelet-derived growth factors (PDGF), are a family of four polypeptide chains 

that dimerize to form five growth factors: PDGF-AA, -BB, -CC, -DD, and -AB, which 

exhibit differential binding between PDGFR-α and -β [24-27]. Specifically, PDGFR-α 

recognizes the -A, -B, and -C polypeptide chains, while PDGFR-β binds to the -B and -D 

polypeptide chains (Figure 1.1) [24-27]. Binding of the various PDGF isoforms induces 

homo- or heterodimerization of receptors PDGFR-αα, -ββ, or -αβ to elicit isoform-
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specific cellular responses. Irrespective of homo- or heterodimeric state, ligand binding 

and dimerization results in autophosphorylation of distinct tyrosine residues, which in 

turn results in activation of the receptor and induction of signal transduction cascades 

(Figure 1.1) [24-27]. There are 10 known sites of phosphorylation for PDGFR-α and 11 

for PDGFR-β that either induce conformational changes that promote enzymatic activity 

or activate signal transduction cascades by serving as docking sites for proteins that 

contain Src homology 2 (SH2) and phosphotyrosine binding domains [24-27].  

1.2.2 Dimerization and Activation  

The stepwise activation/induction of PDGFR-β signaling involves ligand 

recognition/binding, receptor dimerization, and trans-autophosphorylation, and each step 

involves conformational changes that contribute to enzymatic activity [25, 28-31]. In the 

ligand-naïve, monomeric state, the folded structure of the PDGFR-β juxtamembrane 

domain, activation loop, and carboxy terminal tail prevents substrate from entering the 

active site of the kinase domain [25, 28-31]. Alleviation of auto-inhibition and the 

initiation of subsequent activation begins with binding of ligand. Ligand–receptor 

interactions take place between the dimeric PDGF and the Ig-like domains. Of the five 

Ig-like domains (D1–D5), only D2 and D3 are used for recognition and binding of ligand 

[19, 24-27]. D1 is thought to function as a cap for ligand binding, although its exact 

function is not well understood. Recognition and binding of ligand promotes association 

of monomeric receptors, while Ig-like domains D4 and D5 ensure proper receptor 

alignment and complete the dimerization process [25, 28-31]. The mechanistic step-by-

step activation of PDGFR-β is not entirely understood; however, it is known that once 

proper alignment is achieved activation of the kinase domain involves removal of auto-
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inhibitory factors (juxtamembrane domain, activation loop, and carboxy terminal tail) 

through autophosphorylation [25, 32, 33]. Auto-inhibitory effects caused by the 

juxtamembrane domain can be alleviated through physical interactions that take place 

upon dimerization of the receptor and/or by phosphorylation of key tyrosine residues 

(Tyr579 and Tyr581) [28, 33-35]. Additionally, autophosphorylation of tyrosine residues 

in the activation loop (Tyr857) and kinase insert domain (Tyr751) causes conformational 

changes that alleviate auto-inhibition and activate the kinase [28, 33-35]. The carboxy 

terminal tail also contributes to steric hindrance of the kinase domain’s enzymatic activity 

[28, 33-35]. Akin to the activation loop, autophosphorylation of Tyr1029 and Tyr1021 

induces conformational changes that remove steric hindrance of kinase activity [28, 33-

35]. Conformational changes in these domains and subsequent loss of auto-inhibition are 

required for full activation, but it is not necessary for kinase activity [28, 33-35]. Studies 

have shown that residual kinase activity is sufficient for completing the necessary 

autophosphorylation events required for full activation of the PDGFR-β kinase domain 

[28, 33-35].  
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Figure 1.1. PDGF receptors and ligands. Solid lines indicate strong interactions, dotted 
lines indicate weak interaction. See text for details. Figure reproduced and modified from 
Cytokine &amp; Growth Factor Reviews, Volume 25, Issue 3, 2014, 273 - 283



	   21	  

1.2.3 Signal Transduction Pathways 

1.2.4 Overview of PDGFR-β Signal Transduction  

Signal transduction pathways that emanate from an activated PDGFR-β involve 

protein–protein interactions that take place at the various sites of autophosphorylation on 

the receptor (Figure 1.2). The majority of effector proteins that interact with the activated 

PDGFR-β do so through specific domains that bind phosphorylated tyrosine residues 

known as SH2 domains [25, 35, 36]. In its active form, PDGFR-β also interacts with 

cytoplasmic effector proteins through SH3 domains that recognize proline-rich regions 

and PDZ domains at both its carboxy terminus and its kinase domain (Figure 1.2) [25, 35, 

36]. Specific signaling proteins that have been shown to bind to the activated PDGFR-β 

include Grb2, Shc, Shp2, Nck, PI3K, NHERF, Alix, Cbl, and members of the STAT 

family(Figure 1.2) [25, 35, 36]. Activation of these effector proteins mediates cellular 

programs for growth and development through well-characterized signal transduction 

pathways, such as the MAP-Kinase pathway, PI3K pathway, Src Kinase pathway, and 

Phospholipase C-γ pathway, and induces activation of transcription through members of 

the STAT family (Figure 1.2) [25, 35, 36].  
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)LJXUH� �����7KH� 3'*)5ȕ� UHFHSWRU� VLJQDOLQJ� QHWZRUN�� (A) Red dots represent key 
phosphorylated tyrosine residues. (B) Potential roles of cytosolic protein tyrosine kinases 
in PDGF signaling. See text for details. Figure reproduced and modified from Cytokine 
&amp; Growth Factor Reviews, Volume 25, Issue 3, 2014, 273 - 283

A B
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1.2.5 PDGFR-β Induction of the MAP-Kinase Pathway 

PDGFR-β interacts with the MAP-Kinase pathway through interactions with Grb2 

and Shc, which are both SH2 domain–containing proteins. Grb2 can bind to an activated 

PDGFR-β at phosphotyrosine residues 716 and 775, while Shc has been shown to bind to 

phosphotyrosine residues 579, 740, 751, and 771. Shc and Grb2 function by binding to 

and activating guanine-nucleotide exchange factors (GEFs) such as Sos1. Sos1 activates 

Ras by promoting the exchange of Ras-GDP (inactive form) for Ras-GTP (active form). 

In the GTP-bound state, Ras activates the MAP-kinase signaling cascade of Raf-1, Mek, 

and Erk, which ultimately results in transcriptional activation of genes for cell growth, 

differentiation, and migration. Extensively reviewed in [25, 35, 36]. 

 

1.2.6 PDGFR-β Activation of the Phosphatidylinositol 3´-Kinase  

Activation of PDGFR-β serves as a point of nucleation for the multi-subunit 

PI3K, which is made up of p110, a catalytic subunit, and p85, a regulatory subunit. 

PDGFR-β phosphotyrosine residues 740 and 751 are bound by p85 through its SH2 

domain. This binding attracts p110 to the complex, promoting p85–p110 interactions that 

result in activation of p110 kinase activity. Activated PI3K acts on phosphoinositide to 

produce a variety of phosphorylated derivatives, the most important of which is 

phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 binds to the PH domain of effector 

proteins, localizing them to the membrane and promoting their activation. In this 

capacity, PIP3 is involved in the PDK1-dependent activation of Akt, which subsequently 

induces cell programs for proliferation, metabolism, and survival. PIP3 has also been 

implicated in cross-talk with other pathways by activating Rho-GTPases and JNK, which 
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promote cytoskeletal reorganization, activation of stress response genes, and cell 

migration Extensively reviewed in [25, 35, 36]. 

 

1.2.7 PDGFR-β Activation of Phospholipase C-γ 

Phospholipase C-γ (PLC-γ) binds to activated PDGFR-β through SH2 domains 

that recognize phosphotyrosine residues 1021 and 1009 of the carboxy tail. Binding 

results in the activating phosphorylation of PLC-γ at Tyr783, which promotes its 

metabolic activity for metabolism of PIP2. Active PLC-γ catalyzes the breakdown of 

PIP2 to diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3), which act as 

signaling molecules that promote Ca2+ signaling and activation of protein kinase C 

(PKC). Specifically, IP3 increases cytoplasmic levels of Ca2+ by binding to and 

stimulating the opening of Ca2+ channels in the smooth endoplasmic reticulum. 

Cytoplasmic Ca2+ acts as a signaling molecule that stimulates cell growth and motility. 

The second signaling molecule, DAG, has two main regulatory functions in that it 

promotes biosynthesis of prostaglandins and is an important regulator of PKC. Many of 

the signaling pathways mediated by PKC require its membrane association, which is 

controlled through binding of DAG and Ca2+. Binding of these cofactors localizes PKC to 

the cell membrane where its activity promotes migration, growth, and transformation 

Extensively reviewed in [25, 35, 36]. 

 

1.2.8 PDGFR-β Activation of the Src and Other Tyrosine Kinases 

Activity of the Src tyrosine kinase is critically dependent on autophosphorylation 

status of the juxtamembrane domain of PDGFR-β. The SH2 domain of Src binds to 
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phosphotyrosines 579 and 581 on the PDGFR-β juxtamembrane domain. This positions 

Src near the membrane, where Csk and Chk phosphorylate it at Tyr530. This 

phosphorylation event induces a conformational change in Src, resulting in a 

disassociation of the Src–PDGFR-β. The activation loop of Src is subsequently 

phosphorylated by PDGFR-β at Tyr419, which results in a conformational change that 

fully activates Src. Active Src promotes transcription of mitogenic factors such as cMYC, 

induces cytoskeletal rearrangement, and promotes motility. Furthermore, Src has been 

implicated in regulating PDGFR-β activity both directly and indirectly. In a direct 

manner, Src phosphorylates PDGFR-β at Tyr934, which increases its cell growth 

signaling. Indirectly, Src activates ubiquitin ligases that act on PDGFR-β and promote its 

degradation. Extensively reviewed in [25, 35, 36]. 

 

1.2.9 PDGFR-β Activation of Transcription through STAT Signaling  

PDGFR-β can induce gene expression both directly and indirectly through the 

STAT family of transcription factors. In an indirect mechanism, activated PDGFR-β 

associates with and activates members of the Janus kinase (JAK) family. Specifically, 

JAK1, JAK2, and TYK2 can be phosphorylated and activated by transient association 

with PDGFR-β, resulting in the subsequent activation of STAT-induced gene expression. 

More direct mechanisms of PDGFR-β regulation of STAT activity have been described 

for specific members of the STAT family, STAT3 and STAT5. These STATs are 

recruited to an activated PDGFR-β through their SH2 domains and are subsequently 

phosphorylated by PDGFR-β, inducing dimerization, translocation to the nucleus, and 
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activation genes responsible for cell cycle progression, growth, and proliferation 

Extensively reviewed in [25, 35, 36]. 

 

1.2.10 PDGFR-β Activation of Rho GTPases 

Activated PDGFR-β can also regulate the activity of the small GTPases Rho and 

Rac1 during PDGFR-β cell migration. Rho and Rac1 require GEFs for their activity. 

Activation of PDGFR-β recruits the NCK adapter protein in an SH2-dependent fashion, 

which further complexes with the GEFs VAV2 and DOCK1, leading to their subsequent 

activation. Activation of Rac1 can activate the MAP kinase JNK, which in concert with 

GTPase activity leads to cytokine-directed cell migration. In addition to activating 

chemotaxis, this PDGFR-β signaling pathway is also responsible for the production of 

reactive oxygen species (ROS). ROS damage a variety of cellular components and can be 

dangerous if not regulated. The localized production of ROS targets and inactivates 

negative regulators of PDGFR-β signaling activity known as phosphotyrosine 

phosphatases (PTPs). PTPs are acutely sensitive to ROS, and their loss of function is 

thought to locally amplify PDGFR-β signaling responses. In this capacity, PDGFR-β is 

capable of amplifying its own signal through localized production of ROS at low levels. 

Extensively reviewed in [25, 35, 36]. 

 

1.2.11 Endogenous Cell-based Mechanisms of Inhibition  

Based on its ability to induce potent mitogenic signaling cascades, the precise 

regulation of PDGFR-β activity is of critical importance to maintain cellular homeostasis. 

Accordingly, several mechanisms for the downregulation of activated PDGFR-β have 
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been reported, including dephosphorylation by PTPs [35, 37, 38], ubiquitination [35, 39-

41], internalization [35, 36, 42], and lysosomal processing [35, 43, 44]. These 

mechanisms of feedback inhibition of PDGFR-β signaling are initialized by effective 

proteins that are activated as part of the cellular response to PDGFR-β signaling.  

The general model for downregulating activated receptor tyrosine kinases 

involves internalization of the activated receptor–ligand complex, endosomal processing, 

and either removal of ligand and recycling to the membrane or lysosomal fusion and 

degradation. For PDGFR-β, ligand stimulation promotes internalization by way of 

clathrin-coated endosomes. Endosomal PDGFR-β remains in the ligand bound state; 

however, its activity is diminished through physical interactions with integral endosomal 

proteins known as caveolins. Trafficking to the lysosome and subsequent degradation 

ultimately abolish PDGFR-β signaling. Alternate endosomal trafficking can result in 

recycling PDGFR-β back to the membrane.  

PDGFR-β can be more directly targeted for proteasomal degradation through the 

covalent addition of ubiquitin. The addition of this 76-amino acid tag to the activated 

PDGFR-β is mediated by the ubiquitin ligase Cbl. This ubiquitin ligase is activated by 

phosphorylation resulting from signaling pathways emanating from an activated PDGFR-

β. Specifically, activation of Src has been shown to promote the activity of Cbl [35, 39-

41]. Following its activation, Cbl binds to the carboxy tail of PDGFR-β at phospho-

Tyr1021 through its SH2 domain, which subsequently leads to receptor poly-

ubiquitinylation, internalization, and proteasomal degradation [35, 39-41, 43, 44].  

Non-proteasomal mechanisms of quenching PDGFR-β signaling involve receptor 

dephosphorylation by members of the PTP family. PTPs bind to and dephosphorylate 
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PDGFR-β through transient interactions as well as SH2 domain-mediated recruitment to 

the activated receptor. Loss of phosphorylation on specific tyrosine residues and the 

extent of dephosphorylation determine the overt effect on PDGFR-β signaling. For 

example, dephosphorylation of Tyr857 in the activation loop results in conformational 

changes that inhibit kinase activity of the PDGFR-β, while dephosphorylation at Tyr740 

and Tyr751 results in a loss of PI3K pathway activity [35, 37, 38]. Importantly, unless 

followed by internalization and proteasomal degradation, this is not a permanent means 

of inactivating PDGFR-β signaling [35, 37, 38].  

It is widely accepted that aberrant PDGFR-β signaling can arise from 

overexpression of the receptor; accordingly, PDGFR-β gene expression and the life-time 

of its transcript are also tightly regulated [45-50]. As part of the auto-inhibitory feedback 

loop that follows PDGFR-β dimerization and signaling, there is an associated decrease in 

PDGFR-β transcript and promoter activity. Early studies in vitro show that PDGFR-β 

transcript decreases following ligand-mediated activation of the receptor [45-50]. More 

recently, in vitro analysis of PDGFR-β promoter activity and transcription have shown 

that cMYC and p53 bind to and repress the transcriptional activity of the PDGFR-β core 

promoter following PDGFR-β signaling [45-50]. The exact mechanism responsible for 

the decrease in transcript has not been fully elucidated, and although speculative, it is 

likely that both transcript and promoter-based mechanisms contribute to the decrease [45-

50]. Conceptually, loss of either of these regulatory mechanisms can lead to the 

overexpression of PDGFR-β.  

 

1.2.12 Physiological Function of PDGFR-β  in Development and Adulthood  
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1.2.13 PDGFR-β  in Development  

PDGFRs and their ligands are expressed by a wide variety of cell types and have 

distinct functions early in development and adulthood. Specifically, the role of PDGFR-β 

in the developing embryo is important for formation of the kidney, nervous system, and 

vasculature. Additionally, PDGFR-β was found to be important for the development and 

differentiation of specialized cell types, including mesangial cells, pericytes, fibroblasts, 

and oligodendrocytes [51-56]. In the developing neonate, PDGFR-β signaling guides 

angiogenesis by recruiting vascular smooth muscle cells (vSMCs) and pericytes to the 

sprouting end of the new vessels [51-56]. These cells stabilize the growing vasculature 

endothelial cells by coating and providing them with antiproliferative signals. Disrupting 

this signaling results in leaky vasculature and death for the neonate, as determined by 

knockout studies in mice [3, 51, 52]. Studies focused on the effects of PDGFR-β 

signaling in oligodendrocytes suggest that PDGFR-β signaling may function to promote 

myelination in the peripheral nervous system [51-56].  

 

1.2.14 PDGFR-β  in Adulthood 

 In the adult, PDGFR-β signaling plays an important role in the healing process for 

soft tissues. PDGFR-β regulates critical steps in the healing processes by initiating 

cellular signaling cascades that promote reepithelization, angiogenesis, and deposition of 

extracellular matrix [1, 3, 52-57]. Under normal conditions, cells that respond to PDGFR-

β stimuli, such as fibroblasts and smooth muscle cells, generally express low levels of 

this receptor. Tissue damage and subsequent inflammatory responses stimulate the 

increased expression of PDGFR-β in these cells. Immunohistochemical analysis indicates 
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that damage made to soft tissues initiates inflammatory processes that promote the 

localized increased expression and activation of PDGFR-β [1, 3, 52-57]. In addition, local 

application of PDGFR-β-specific ligand results in an increased presence of neutrophils, 

macrophages, and fibroblasts [1, 3, 52-57]. Accordingly, wounds treated with PDGFR-β 

ligand have increased rates of reepithelization and neovasculatureization, which 

effectively increases the rate of repair and healing [1, 3, 52-57]. To these ends, PDGFR-

β-specific ligand has been investigated and used in the clinic to treat ulcers in patients 

with decreased healing capacities [1, 3, 52-57].  

 PDGFR-β signaling plays an important role in regulating tissue homeostasis by 

maintaining a negative interstitial fluid pressure (IFP) [1, 57-59]. The interstitial space is 

an extracellular compartment located between blood vessels and tissue cells that contains 

fluid and extracellular matrix. All organs contain interstitial space, though their size, 

structure, and composition depend on the particular organ. Although interstitial 

compartments are variable across different organ types, their IFPs are all maintained at a 

similar negative pressure to promote the exchange of macromolecules between capillary 

vessels and their respective [1, 57-59]. This dynamic process requires the coordination of 

connective tissues with cells that contribute to maintenance of the extracellular matrix 

and vasculature such as fibroblasts, pericytes, and smooth muscle cells. PDGFR-β 

contributes to the maintenance of homeostatic IFP by activating the PI3K pathway, as 

demonstrated in genetically modified mice [1, 57-59]. Results of this study show that by 

blocking the PDGFR-β-dependent activation of the PI3K by mutating key tyrosine 

residues (described earlier) on PDGFR-β, mice were unable to maintain a homeostatic 

IFP [1, 57-59]. 
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1.3 Dysregulation and Pathophysiology of PDGFR-β   

1.3.1 PDGFR-β  in Non-malignant Disease  

Based on its potent mitogenic activity, PDGFR-β is considered a proto-oncogene, 

and its overexpression and aberrant signaling have been reported in a variety of disease 

states. Aberrant PDGFR-β signaling has been shown to be an important factor in 

vasculature disorders, inflammatory processes, fibrotic disorders, and cancer [1, 6, 8, 20, 

24, 57]. In non-malignant disease, aberrant PDGFR-β expression is associated with a loss 

of important regulatory factors that control its expression [1, 6, 8, 20, 24, 57]. While this 

is also true of cancer, there is a growing list of malignancies that harbor genetic 

alterations to PDGFR-β that contribute to its aberrant activity and regulation. PDGFR-β 

overexpression and signaling has been reported in vascular disorders such as 

atherosclerosis, restenosis, and pulmonary hypertension. In all cases, excessive PDGFR-β 

expression and signaling have been reported; however, the exact mechanism leading to 

upregulation of PDGFR-β expression is not known in all cases.  

Atherosclerosis and restenosis, cardiovascular diseases characterized by a 

thickening/narrowing of the arteries, are believed to be the product of localized chronic 

inflammation and excessive PDGFR-β activity [6, 60-64]. The inflammatory response is 

believed to be a product of vascular sheer stresses associated with hypertension in areas 

where cholesterol plaques and stenosis have developed [6, 60-64]. Moreover, individuals 

with diabetes are at an increased risk relating to the overproduction of inflammatory 

proteins. As part of the inflammatory response, the production of cytokines such as TGFβ 

induces PDGFR-β expression and recruits mesenchymal cells such as fibroblasts and 
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vSMCs [6, 60-64]. These mesenchymal cells can be stimulated to overexpress PDGFR-β 

and contribute to a thickening of the vasculature. Although the exact biochemical 

mechanism that underlies this process is still under investigation, some evidence points to 

the loss or diminished activity of the transmembrane protein LRP1 [6, 60-64]. Activity of 

LRP1 inhibits PDGFR-β expression and promotes Cbl-mediated proteasomal degradation 

of the activated PDGFR-β complex [6, 60-64]. Accordingly, its loss of activity results in 

overexpression and activity of PDGFR-β, as demonstrated by several cell culture and 

mouse models of atherosclerosis and restenosis [6, 60-64]. Pharmacologic inhibition of 

PDGFR-β signaling by imatinib demonstrated a vasoprotective effect against 

development of atherosclerosis, which was related to a decrease in expression and 

activation of PDGFR-β in aortic vSMCs [6, 60-64]. These studies further underscore the 

importance of PDGFR-β signaling in atherosclerosis [6, 60-64]. 

Pulmonary arterial hypertension (PAH) is a severe condition characterized by 

vSMC hyperplasia, which may lead to cardiac failure and death. The pathogenesis of 

PAH is not well understood; however, several animal models of this disease correlate 

overexpression of PDGFR-β in vSMCs with arterial vSMC hyperplasia [6, 60-64]. 

Recent studies in mouse models of this disease suggest that the loss of the soluble 

signaling proteins ApoE and adiponectin is important in developing arterial vSMC 

hyperplasia [6, 60-64]. It is believed that ApoE acts through LRP1 to downregulate 

PDGFR-β, whereas adiponectin acts as a scavenger for PDGF-B, effectively diminishing 

ligand–PDGFR-β interactions and its associated activity [6, 60-64]. Importantly, 

inhibition of PDGFR-β with imatinib reverses disease in animal models of PAH, and 

some clinical reports suggest it can reduce PAH in humans[6, 60-64].  
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Fibrosis is a disease of soft tissues characterized by localized recruitment of 

fibroblasts and the subsequent overproduction of extracellular matrix that disrupts normal 

function. Overexpression and excessive PDGFR-β signaling have been implicated in a 

variety of fibrotic disorders, where increased expression is associated with severity of the 

disease [6, 8, 24]. Pulmonary fibrosis is characterized by the excessive proliferation of 

the collagen-producing cells of the lung known as myofibroblasts [6, 8, 24]. These cells 

are stimulated to proliferate and increase the production of collagen through activation of 

PDGFR-β and its downstream pathways [6, 8, 24]. Studies using knockout mice have 

demonstrated the importance of PDGFR-β signaling in developing this disease [6, 8, 24]. 

Using a mouse model of bleomycin-induced pulmonary fibrosis, it was demonstrated that 

targeted inhibition of PDGFR-β with imatinib significantly reduced pulmonary fibrosis 

[6, 8, 24].  

1.3.2 PDGFR-β  in Malignant Disease  

There are several observations supporting the idea that overexpression and over-

activity of PDGFR-β can promote and maintain the malignant phenotype (Figure 1.3) [1, 

7, 20, 57-59, 65]. Owing to its role in a variety of pathological disorders, aberrant 

PDGFR-β activity has been extensively studied [1, 7, 20, 57-59, 65]. The underlying 

causes of PDGFR-β over-activity involve complex mechanisms, including mutation and 

overexpression of the receptor and/or its cognate ligand, depending on the particular 

malignancy (Figure 1.3) [1, 7, 20, 57-59, 65]. For example, in certain kinds of leukemia, 

genetic rearrangement of the PDGFR-β gene can result in the overexpression of 

constitutively active fusion proteins (Figure 1.4) [1, 7, 20, 57-59, 65]. Single nucleotide 

polymorphisms (SNPs) have also been shown to play an important role in overexpression 
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of PDGFR-β in colorectal tumors. In addition, SNPs have been suggested to decrease the 

autoinhibitory function of regulatory motifs, leading to increased activity of the receptor 

[1, 7, 20, 57-59, 65]. In many cases PDGFR-β is overexpressed, which can lead to an 

increased sensitivity to ligand-dependent activation of the receptor [1, 7, 20, 57-59, 65]. 

In certain tumors such as pancreatic cancer, breast cancer, non-small cell lung cancer, 

colorectal cancer, and prostate cancer, overexpression of PDGFR-β correlates with a poor 

outcome [1, 7, 20, 57-59, 65]. In these and other tumors, oncogenic signaling through 

PDGFR-β has an important role in epithelial to mesenchymal transition and recruitment 

of non-tumorigenic cells that promote tumor growth, angiogenesis, and drug resistance 

through increased IFP (Figure 1.5)  [1, 7, 20, 57-59, 65]. Accordingly, downregulating 

PDGFR-β signaling represents a viable therapeutic goal for disrupting a number of 

oncogenic signaling programs with therapeutic indications for many types of malignant 

disease. In order to realize this therapeutic goal, an understanding of the mechanisms 

responsible for driving excessive PDGFR-β signaling is of vital importance. 
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Figure 1.3. The role of PDGF/PDGFR families in malignant disease. The five 
dimeric PDGF ligands possess distinct binding patterns to three dimeric forms of 
PDGFs. Solid lines indicate strong binding while dotted lines indicate weak binding. 
See text for details. Figure reproduced and modified from Trends in Molecular 
Medicine, Volume 19, Issue 8, 2013, 460 - 473
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1.3.3 Autocrine and Paracrine Ligand-Dependent Activation of PDGFR-β  

In a solid tumor, cells of the microenvironment such as fibroblasts, pericytes, 

inflammatory cells, and smooth muscle cells demonstrate a dependence upon one another 

for growth factors and cytokines that promote the malignant phenotype (Figure 1.4)  [20, 

57, 58, 66-68]. These complex signaling events can induce PDGFR-β activation by 

autocrine and/or paracrine signaling events. The sustained signaling resulting from 

overproduction of a receptor or its cognate ligand is vital to tumor growth, metastasis, 

angiogenesis, and evasion of apoptosis [20, 57, 58, 66-68]. Understanding the dynamic 

interplay between tumor cells and their microenvironment-associated stromal cells is 

pivotal for identifying and developing targeted therapeutics that inhibit these oncogenic 

processes [20, 57, 58, 66-68].  

  Many solid tumors produce the cognate ligand for PDGFR-β, which recruits 

PDGFR-β-expressing tumor-supporting cells from the surrounding stroma such as 

fibroblasts and pericytes (Figure 1.4). These stromal cells migrate to the growing tumor 

and provide growth factors that promote proliferation, angiogenesis, and IFP-mediated 

drug resistance [20, 57, 58, 66-68]. Additionally, malignant progression of the tumor 

through epithelial to mesenchymal transition commonly results in expression of 

mesenchymal genes such as PDGFR-β [20, 57, 58, 66-68]. In this capacity, coproduction 

of both the receptor and its cognate ligand can give rise to autocrine activation loops in 

tumors of the pancreas, prostate, lung, neuroendocrine system, and gastrointestinal tract 

[20, 57, 58, 66-68]. Pleotropic signaling events mediated through overexpression of 

PDGFR-β and its autocrine or paracrine ligand-dependent activation give rise to cancer 

phenotypes such as tumor angiogenesis, evasion of apoptosis, and sustained proliferation 
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[20, 57, 58, 66-68]. As a result of the critical importance that these hallmark phenotypes 

have in driving tumorigenesis and maintenance of the autogenic phenotype, it has been 

suggested that certain tumor cells can become overly dependent and “addicted” to the 

oncogenic activity of PDGFR-β. Indeed several in vitro and in vivo models of cancer 

have shown that aberrant PDGFR-β signaling is critical for progression and maintenance 

of the malignant phenotype [20, 57, 58, 66-68].   
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Figure 1.4. Aberrant PDGF/PDGFR signaling promotes hallmark phenotypes in 
solid tumors. (A) Various mechanisms that cause excessive signaling and/or PDGFR 
gene expression in cancer, infectious diseases, and fibrosis are shown. See text for details. 
This figure was reproduced and modified from Cytokine &amp; Growth Factor Reviews, 
Volume 25, Issue 3, 2014, 273 - 283 (B) Aberrant PDGF/PDGFR signaling may directly 
(thick arrows) stimulate the malignant phenotype in (i) an autocrine manner to promote 
self sufficiency in growth signals; or a paracrine manner by (ii) recruiting support cells 
from the surrounding stromastroma such as fibroblasts and pericytes which can in turn 
promote (iii) angiogenesis and (iv) metastasis. This figure was reproduced and modified 
from Andrae J et al. Genes Dev. 2008;22:1276-1312 

(i)

(iii)

(ii)

(iv)

A

B
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1.3.4 Ligand-Independent Activation of PDGFR-β   

One of the most potent ways of inducing oncogenic PDGFR-β activity is through 

ligand-independent mechanisms (Figure 1.4). Similar to the ligand-dependent 

mechanisms, ligand-independent activation of PDGFR-β promotes hallmark malignant 

phenotypes, self-sufficiency in growth/proliferative signaling, evasion of apoptosis, and 

cell motility/invasion [20, 69]. Uniquely, ligand-independent signaling is primarily 

caused by overexpression of genetically altered versions of PDGFR-β, such as chimeric 

PDGFR-β fusion proteins, PDGFR-β truncations, and point mutations that promote 

activity [20, 69]. Additionally, certain viral proteins promote oligomerization and 

oncogenic activation of the wild-type PDGFR-β. Constitutive PDGFR-β signaling 

through these ligand-independent mechanisms (described below) have been studied in 

several animal models of cancer as well as in the clinic [7, 20, 69, 70]. Importantly, not 

all of these PDGFR-β-expressing malignancies are responsive to classical kinase-targeted 

therapies[7, 20, 69, 70]. Studies in GI tumors suggest that identification of the underlying 

genetic etiology can help guide and predict clinical response to therapy [7, 20, 69, 70]. 

 

1.3.5 Chimeric and Truncated PDGFR-β  in Cancer  

Constitutive oncogenic activation of PDGFR-β through chromosomal 

translocation, gene fusion, and point mutation is uncommon; however, those that have 

been described promote aggressive disease (Figure 1.4). The majority of these chimeric 

PDGFR-β fusions have been described in malignancies of hematological origin, such as 

acute myeloid leukemia (AML), chronic myeloid leukemia (CML), and chronic 

myelomonocytic leukemia (CMML) [7, 20, 69, 70]. Generally, these oncogenic fusions 
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maintain the intact cytoplasmic portion of PDGFR-β, which is fused to the N-terminal 

portion of another protein in place of the extracellular domain. As a result of fusion, 

PDGFR-β is no longer responsive to its cognate ligand, which renders the kinase domain 

constitutively active and promotes oncogenic cell signaling programs for proliferation 

and evasion of apoptosis [7, 20, 69, 70]. The fusion partner plays an important role in 

mediating oncogenic signaling at both the genetic and protein levels. At the genetic level, 

the fusion partner to PDGFR-β must be expressed at high levels, allowing for 

cytoplasmic accumulation of the chimera. At the protein level, the fusion partner must 

allow for proper oligomerization of the PDGFR-β kinase domain to promote constitutive 

signaling [7, 20, 69, 70]. Tel-PDGFR-β will be used as an example to provide a brief 

description of chimeric PDGFR-β [69, 71]. Furthermore, integration of proviral DNA 

from human T-cell leukemia-lymphoma virus (HTLV-1) into the PDGFR-β gene 

produces a truncated PDGFR-β with potent oncogenic abilities [72, 73]. Other 

mechanisms that cause oncogenic PDGFR-β signaling include viral protein–induced 

PDGFR-β oligomerization/activation as well as overexpression that leads to crowding at 

the plasma membrane [74, 75].  

 

1.3.6  Tel-PDGFR-β   

Tel-PDGFR-β was first described in CMML and currently defines a specific 

subset of this myelodysplastic syndrome characterized as being negative for the 

Philadelphia chromosome and positive for the distinct genetic aberration t(5,12) that 

results in the chimeric PDGFR-β (Figure 1.4) [69, 71]. This translocation fuses the 

oligomerization domain of Tel  (Translocated Ets Leukemia protein) to the kinase domain 
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of PDGFR-β, resulting in oncogenic signaling, as previously described [69, 71]. Genetic 

studies in mice have shown that overexpression of Tel-PDGFR-β has both transformative 

and malignant properties, and as such it is implicated as an important target for 

therapeutic intervention [69, 71]. Clinical studies have demonstrated that CMML with 

t(5,12) and expressed Tel-PDGFR-β responds to treatment with imatinib [69, 71]. 

 

1.3.7 HTLV-1 Truncated PDGFR-β   

HTLV-1 infection is critical in driving the progression of adult T-cell 

leukemia/lymphoma. This virus does not contain genes with transforming or oncogenic 

capabilities; therefore, its mechanisms for promoting adult T-cell leukemia/lymphoma are 

believed to be due to genomic integration of viral DNA that stimulates the 

overexpression of oncogenes (Figure 1.4)  [72, 73]. Indeed, viral insertion of the highly 

active HTLV-1 long-terminal repeat in the PDGFR-β gene drives the overexpression of a 

truncated PDGFR-β that lacks the extracellular domain. This truncated polymorphism of 

PDGFR-β, following oligomerization, has potent oncogenic and transformative abilities 

[72, 73]. 

 

1.3.8 Activating Point Mutations of PDGFR-β   

Activating point mutations have been characterized in several RTKs including 

PDGFR-β. Fundamentally, activating point mutations serve to alleviate or abrogate steric 

inhibition that maintains the kinase in an inactive state (Figure 1.4)  [69, 76]. Indeed, in 

vitro studies have shown that mutation of aspartic acid residue 849 to asparagine 

(D849N) in the activation loop results in increased PDGFR-β activation with 
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transforming abilities [69, 76]. Additionally, SNPs have been evaluated with regard to 

overexpression and polymorphic variants of PDGFR-β in colorectal tumors (Figure 1.4)  

[69, 76]. The use of SNP profiling in this capacity provides a means to correlate genetic 

factors with disease etiology and outcomes relating to PDGFR-β-targeted therapies [69, 

76]. 

 

1.3.9 E5 BPV Viral Protein and PDGFR-β   

E5 BPV viral protein is a hydrophobic papilloma virus protein that localizes to the 

plasma membrane in eukaryotic cells and promotes the dimerization and aberrant 

activation of PDGFR-β [74, 75]. In this capacity, the E5 BPV protein has transformative 

abilities by promoting excessive PDGFR-β activation and has been shown to promote 

proliferation [74, 75].. These effects are primarily elicited in cells of the epithelium; 

however, effects on other cell types have been reported. Generally, tumors induced by the 

E5 BPV protein are benign and carcinogenic progression is rare [74, 75]. 

 

1.3.10 PDGFR-β  Signaling in Tumor-Associated Fibroblasts 

Non-tumorigenic cells of the stroma such as vSMCs, macrophages, fibroblasts, 

and pericytes contribute to the tumorigenesis of solid tumors. These stromal cells 

promote oncogenesis by secreting various growth factors and inflammatory cytokines 

that promote growth, motility, angiogenesis, and drug resistance. Tumor-associated 

fibroblasts and pericytes can be recruited to the tumor stroma through paracrine PDGFR-

β signaling. Studies in several mouse models of solid tumors have shown that these cells 

are important for promoting growth, proliferation, drug resistance, and angiogenesis 
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through a variety of mechanisms, including paracrine PDGFR-β activation. The 

cumulative finding from these studies is that decreased tumor infiltration by non-

tumorigenic stromal cells is associated with decreased tumor growth, invasion, and 

angiogenesis (extensively reviewed in [17, 20, 70, 77-79]). 

 

1.3.11 PDGFR-β  Signaling in Angiogenesis 

The formation of blood vessels, known as angiogenesis, requires the coordination 

of a variety of growth factors, cytokines, and cell types (Figure 1.4). The two main cell 

types required for development of a vascular network are endothelial cells and vSMCs or 

pericytes. Solid tumor–associated vascular networks have a non-homogenous architecture 

with irregular shape and diameter [7, 20, 67, 68, 80]. Blood flow through these poorly 

formed vessels is highly irregular and prone to leakiness. These characteristics of the 

tumor-associated vasculature are, in large part, due to the cells used for their formation. 

Non-tumorigenic pericytes are recruited to the tumor stroma through paracrine activation 

of PDGFR-β. These cells promote vasculogenesis by promoting the organization of the 

surrounding malignant endothelial cells into vessels [7, 20, 67, 68, 80]. Histological and 

genetic analyses of tumors have shown that pericytes irregularly coat the malignant 

vasculature. Studies in mice have shown that targeted disruption of PDGFR-β activation 

and signaling results in a decreased tumor microvasculature due to an absence of 

pericytes. Importantly, studies have shown targeted inhibition of PDGFR-β by imatinib 

caused decreased tumor growth and angiogenesis in mouse models of tumors that do not 

express PDGFR-β [7, 20, 67, 68, 80]. Furthermore, the combination of imatinib with 
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inhibitors of the vascular endothelial growth factor receptor (VEGFR) inhibited late-stage 

tumor growth when inhibition of VEGFR alone was ineffective [7, 20, 67, 68, 80]. 

 

1.3.12 PDGFR-β  Signaling in Regulating Drug Resistance 

The role of PDGFR-β signaling in regulating tissue homeostasis by maintaining a 

negative IFP has been discussed earlier. Aberrantly regulated signaling and activation of 

PDGFR-β in the interstitial compartment increases IFP, which contributes to drug 

resistance for the tumor by inhibition of transcapillary uptake of cytotoxic 

chemotherapies (Figure 1.5)  [57-59, 77]. Through paracrine PDGFR-β signaling, tumor 

cells recruit non-tumorigenic fibroblasts and myofibroblasts to the interstitial space of the 

tumor. Specifically, fibroblasts deposit matrix components, such as elastic and collagen 

fibers, into the interstitial space and myofibroblasts contract collagen and elastic fibers, 

which effectively increase IFP of the tumor [57-59, 77]. Studies in mouse models of 

colon carcinoma have shown that targeting PDGFR-β signaling with imatinib was 

capable of significantly decreasing tumor IFP; however, it did not directly inhibit tumor 

growth [57-59, 77]. Importantly, imatinib in combination with cytotoxic therapies, such 

as paclitaxel, resulted in decreased growth greater then paclitaxel alone, most likely due 

to decreased tumor IFP [57-59, 77]. These studies strongly suggest that targeting 

PDGFR-β signaling to decrease IFP increases the efficacy of cytotoxic therapies. 
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Figure 1.5. Targeting PDGFR activity and PDGFR-mediated drug resistance. (A) 

Principles of pharmacological inhibition of PDGFR activity by (a) blocking PDGFs with 

either neutralizing antibodies, recombinant dimeric soluble PDGFR extracellular 

domains, or nucleic acid aptamers. (b) Additionally PDGFRs can be directly targeted by 

antibodies, dominant-negative ligands, and kinase inhibitors. (c) Finally silencing the 

3'*)5�ȕ promoter by targetting its promoter-based G-quadruplexes with small-

molecules has recently been suggested. Figure reproduced and modified from Andrae J et 

al. Genes Dev. 2008;22:1276-1312 (B) (a) Recruitment of tumor stromal fibroblasts 

through PDGF/PDGFR signaling increases the interstitial fluid pressure in solid tumors, 

which causes resistance to chemotherapies due to poor drug uptake.  (b) Inhibition of the 

PDGFR signaling network counteracts the increase in interstitial fluid pressure and 

improves chemotherapy uptake. Figure reproduced and modified from Ostman A. Cyto-

kine and Growth factor Reviews 15 (2004) 275-286

A

B
(a)

(b)

(c)

(b)

(a)
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1.4 Transcriptional Regulation and PDGFR-β  Promoter Regulation  

 

1.4.1 Overview of Transcriptional Regulation and Gene Expression  

Gene expression is a complex multistep process that involves the dynamic 

interplay of DNA, transcriptional machinery, and chromatin remodeling complexes. The 

regulation of these factors is primarily responsible for the phenotypic differences that 

distinguish various kinds of cells in multicellular organisms. Accordingly, genes that are 

expressed within a particular cell will govern its physiological functions by establishing 

cellular metabolic and signaling programs that promote and maintain cellular 

homeostasis, growth, development, adaptation, and stress response [81-85]. Due to the 

fundamental importance of this biological process, the cell has devised several 

mechanisms by which it can control and fine-tune gene expression. Fundamentally, the 

two most important mechanisms involve chromatin structure and sequence-specific 

promoter-based DNA regulatory motifs [81-85]. 

  The structure of chromatin in eukaryotic organisms involves multiple levels of 

DNA organization and packaging, which dictates the accessibility of its constituent 

genes. Highly compacted forms of chromatin, known as heterochromatin, maintain genes 

in a conformation that is inaccessible to transcriptional machinery, effectively silencing 

the packaged genes [81-85]. In some cases, this silencing can be reversed by histone 

acetylation and/or methylation, which results in a less compact state known as 

euchromatin. Euchromatin is associated with transcriptionally active genes as the 

transcriptional machinery has greater access to the DNA [81-85]. While managing DNA 

accessibility is an effective way for the cell to regulate gene expression, the 
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overwhelming majority of regulatory events responsible for regulating and fine-tuning 

gene expression occur through promoter-based transactions [81-85]. 

  Gene expression can only take place following the precise assembly of a 

multitude of sequence-specific and general transcription factors that work in concert to 

regulate transcription [81-85]. These factors generally assemble at a localized region 

upstream of the transcriptional start site known as the promoter. These cis-acting DNA 

regulatory elements integrate all stimulatory and repressive protein factors that are 

involved in regulating transcriptional activity. Promoter elements can be subdivided into 

two distinct regions: the minimal core promoter and the proximal promoter [81-85]. 

Generally responsible for basal transcriptional activity, the minimal core promoter is the 

site of assembly for the pre-initiation complex composed of RNA polymerase II 

(RNAPII) and general transcription factors. The proximal promoter is considered to be 

the region within the first 250 base pairs (bp) upstream of the transcriptional start site that 

contains cis-acting DNA sequences and binding motifs for a variety of sequence-specific 

transcription factors[81-85]. The fine-tuning of gene expression is mediated through the 

proximal promoter by the presence of proteins that activate or repress transcriptional 

activities [81-85]. 

 

1.4.2 The PDGFR-β  Promoter  

The human PDGFR-β gene is located on chromosome 5q33, and its coding region 

comprises 23 exons that span approximately 5.5 kb. Its promoter does not contain a 

classical TATA box; instead, it has a CCAAT-box located at −126/−119 bp, which is the 

binding site for the transcriptional factor NF-Y [86-90]. Additionally, it has two Sp1 
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binding sites known as GC-boxes located at −165/−132 bp and −87/−82 bp [86-90]. 

Reporter assays have demonstrated that the location of the PDGFR-β core promoter is 

within −264/+116 bp and includes the important regulatory elements: CCAAT-box and 

GC-boxes [86-90]. Promoter deletion experiments demonstrate that the seven runs of  

polypurine/polypyrimidine region located between −165/−132 bp of the human PDGFR-

β promoter is important for promoter activity [86]. This region, named the PDGFR-β 

nuclease hypersensitive element (NHE), can transition into a single-stranded state in 

response to transcriptional activity as shown by its sensitivity to S1 nuclease [86]. In a 

single-stranded state, the PDGFR-β NHE is capable of folding into sequence-specific, 

higher-order DNA secondary structures known as G-quadruplexes (discussed later) [86, 

91].  

The mouse PDGFR-β promoter has been extensively characterized and is 

regulated by multiple transcription factors, including Sp1, c-Myc, p73α, p53, and NF-Y 

[45, 47, 90, 92, 93]. These findings were later confirmed in human cell culture models of 

neuroblastoma and breast cancer [87-89, 94, 95]. Using chromatin immune precipitations, 

Sp1, c-Myc, Tp73α, Tp53, NF-Y, and ΔNp73 were found to bind to consensus sequences 

within the human PDGFR-β core promoter to regulate its transcription [87-89, 94, 95]. 

Furthermore, a truncated version of p73α, ΔNp73, has been shown to aberrantly 

upregulate PDGFR-β expression by disrupting the inhibitory activity of p53 family 

members on PDGFR-β expression [92]. This is an important finding, as targeted 

stabilization of the PDGFR-β NHE G-quadruplex(es) by telomestatin have been shown to 

downregulate transcriptional activity (Figure 1.6) (discussed later) [86]. 
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1.4.3 Regulatory Transcription Factors That Bind to the PDGFR-β  Promoter 

1.4.4 Sp1  

Sp1 is a sequence-specific transcription factor that binds to GC-rich consensus 

sequences known as GC-boxes. Sp1 is ubiquitously expressed and regulates 

transcriptional expression of many different genes through direct binding of its consensus 

sequences as either a monomer or multimer with other members of the Sp/KLF family of 

transcription factors [96-98]. The three primary mechanisms of transcriptional regulation 

by Sp1 include transactivation by a single Sp1, which recruits basal transcriptional 

machinery; synergistic transactivation mediated by two or more Sp1s that do not require 

direct binding of DNA; and super-activation of transcription through direct and indirect 

multimeric Sp1 transactivations of promoter activity [96-98]. Super-activation is believed 

to be the primary means for activation of the PDGFR-β promoter as it contains multiple 

GC-boxes (−165/−132 bp and −87/−82) [90]. In this capacity, the Sp1 transcription factor 

recruits and activates additional transcriptional machinery, including TBP, in concert 

with NF-Y to stimulate transcription [90]. Specifically, Sp1 that binds to GC-boxes 

located at −165/−132 bp, which are 10 bp away from the NF-Y CCAAT-box, are 

considered essential for activating PDGFR-β gene transcription [90]. 

 

1.4.5 cMYC  

The cMYC proto-oncogene belongs to the MYC family of transcription factors 

and binds as a heterodimer with Max as well as with other transcription factors, such as 

NF-Y, to regulate gene transcription [99-101]. cMYC has multifarious activities in 

regulating genes responsible for cell growth, proliferation, differentiation, cell cycle 
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progression, and apoptosis. The cMYC–MAX heterodimer binds to DNA through E-box 

consensus sequences, while cMYC–NF-Y oligomerize to downregulate transcriptional 

activity [99-101]. cMYC plays an important role in regulating PDGFR-β transcription in 

response to mitogenic PDGFR-β signaling [90]. In vitro analysis by ChIP has shown that 

cMYC can directly interact with the NF-Y complex at the PDGFR-β core promoter to 

prevent its ability to recruit transcriptional activators, however, the exact mechanism of 

repression has not been fully described [90]. 

 

1.4.6 Tp53 and Tp73 

Tp53 and Tp73 are members of the Tp53 family of transcription factors that act as 

tumor suppressors, a regulatory function that is commonly lost in tumors that express this 

family of genes [102-104]. Both Tp53 and Tp73 contain N-terminal transactivation 

domains that are responsible for activating basal transcriptional machinery. Loss of this 

regulatory capacity can be caused by post-translational modifications to either family 

member and/or formation of hetero-tetramers with mutant and/or truncated Tp53 or Tp73 

[102-104]. Multiple variants of both Tp53 and Tp73 are encoded through alternative 

splicing of their mRNAs or use of alternate promoters. These family members bind to 

DNA as homo- and/or hetero-tetramers to elicit trans-activating or trans-inhibitory 

activity at gene promoters, including the PDGFR-β promoter [102-104]. Trans-activating 

isoforms such as Tp73 and Tp53 form homo-tetrameric transcription factors that elicit 

pro-apoptotic and anti-proliferative activities. PDGFR-β expression is negatively 

regulated through promoter binding of Tp53 and Tp73, which recruit HDACs that 

promote the formation of heterochromatin [102-104]. The N-terminal truncated gene 
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product of Tp73, ΔNp73, can disrupt this regulatory activity of the Tp53 family 

members. In normal physiology, ΔNp73 is transcribed through an autoregulatory 

feedback, which allows it to antagonize the tumor suppressor activities of both Tp73 and 

Tp53[102-104]. ΔNp73 competes for promoter occupancy and/or hetero-oligomerizes 

with Tp53 family members and thereby effectively disrupts the anti-proliferative 

activities of the Tp53 family members. Binding of ΔNp73 at the PDGFR-β promoter is 

associated with increased expression of PDGFR-β [90]. 

 

1.4.7 NF-Y  

NF-Y is a CCAAT-box binding transcription factor consisting of three subunits 

(NF-Y A, B, and C) that are required for DNA binding and transcriptional activation 

[105-108]. The B and C subunits recruit TBP and other basic transcription factors to the 

promoter. NF-Y also interacts with P/CAF and p300 to recruit HATs that lead to the 

formation of local euchromatin, which promotes transcriptional activity [105-108]. NF-Y 

commonly works in concert with locally bound transcriptional factors to synergistically 

regulate transcriptional activity [105-108]. This is accomplished by co-recruitment of 

additional transcription factors and/or the transactivation capabilities of transcription 

factors bound nearby. NF-Y is a master regulator of transcriptional activity at the 

PDGFR-β promoter, where it has been shown to interact with Sp1, cMYC, and Tp53 

family members to regulate PDGFR-β transcription. NF-Y–Sp1 interactions are critical 

in promoting transcriptional activity along with NF-Y–ΔNp73 [90]. Conversely, NF-Y–

cMYC, NF-Y–Tp73, and NF-Y–Tp53 are important for repressing transcriptional activity 

at the PDGFR-β promoter [90]. 



	   52	  

 

1.4.8 PDGFR-β  Promoter-based Regulatory Elements  

Within the −165 to −129 bp region of the PDGFR-β core promoter (−246/+116 

bp) there exists a nuclease hypersensitivity element (NHE) comprising seven, poly-

guanine, poly-cytosine tracts capable of adopting multiple G-quadruplex DNA secondary 

structures [86]. This 36-bp region is recognized by Sp1 and is localized within 10 bp of 

the PDGFR-β core promoter CCAAT-box [86, 87, 95]. In response to negative 

superhelical torque emanating from activated transcriptional machinery, this region can 

become single stranded and fold into at least four sequence-specific G-quadruplexes from 

overlapping sequences [86]. These four minimal G-quadruplexes have been designated 

the 3´-end, 3´-mid, 5´-mid, and 5´-end. Formation of these higher order DNA secondary 

structures sequesters B-DNA consensus sequences in a topology that cannot be 

recognized by transcription factors that bind to double- or single-stranded DNA [109, 

110]. In this capacity, the PDGFR-β core promoter G-quadruplexes are believed to 

function as negative regulators of promoter activity. In support of this idea, targeted 

stabilization of the PDGFR-β core promoter G-quadruplexes with telomestatin has been 

shown to downregulate promoter activity as well as the PDGFR-β transcript in vitro [86].  

 

1.5 Non-B-Form DNA Secondary Structures and the PDGFR-β  NHE 

 

1.5.1 Overview of Non-B-Form DNA Secondary Structures 

Over half a century ago, the structure of DNA was elucidated through the work of 

Franklin, Watson, and Crick [111-113]. For many years after the discovery of duplex 
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DNA, it was widely accepted that it only existed in the right-handed B-form of the 

molecule. However, sustained interest in the physical chemical properties of the molecule 

and advances in molecular assays have shown that this is not the case. DNA is capable of 

assuming a wide variety of helical and non-helical topoisomers contingent on sequence, 

chemical modification, and molecular torque [109, 110, 112, 114, 115]. Atypical non-B-

form helical DNA topoisomers, such as H- (triplex), Z- (left handed) and A-DNA, have 

been shown to arise from a variety of experimental conditions [115-117]. Furthermore, 

DNA can adopt alternate topoisomers when one of its strands loops back on itself, as seen 

with hairpins, triplexes, G-quadruplexes, and i-motifs (Figure 1.6) [118-121]. Although 

the biological roles and relevance of these structures are still a current topic of debate, the 

formation of some of these structures has been shown in biologically relevant systems 

[122, 123]. 

 

1.5.2 The Role of Supercoiling in the Formation of Non-B-DNA Secondary 

Structures 

 Under physiological conditions, the spontaneous transition from B-DNA to a G-

quadruplex and/or i-motif (Figure 1.6) is energetically unfavorable. In order for this 

transition to take place, an energetic price must be paid to melt the duplex and permit the 

formation of non-B-form structures. In the cell, the forces required for this transition to 

occur are generated by activated RNAPII traversing the DNA. At a transcriptionally 

active promoter, positive supercoiling rapidly accumulates in front of the active RNAPII, 

while negative superhelicity accumulates behind. These forces can be detected by 

response elements in the DNA over 1.5 kb away from the transcriptional start site [112, 
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117, 124, 125]. Superhelical torque is capable of inducing a conformational change from 

double-stranded DNA to single-stranded DNA, and to even higher order structures such 

as G-quadruplexes and i-motifs [122, 123]. The dynamic response to superhelical strains 

has been well evaluated in the cMYC promoter [122, 123]. 

As the RNAPII machinery transcribes a nascent strand of RNA, it is capable of 

two means of travel: it is wound around the helical DNA or the DNA is pulled through 

the RNAPII as the sequence is transcribed (Figure 1.7). If one considers the size of the 

multi-subunit RNAPII machinery as well as the growing strand of RNA, it becomes clear 

that winding around the template DNA is both sterically and energetically unreasonable 

[126, 127]. It is more energetically favorable for RNAPII to pass the template DNA 

through its multi-subunit complex [126, 128]. As the RNAPII transcribes the DNA into 

RNA, its unidirectional processive motion generates a local negative and positive 

supercoiling upstream and downstream of the complex, respectively [126, 128]. 

Positively and negatively supercoiled DNA is subjected to torsional strains, and the 

energy associated with these stresses can manifest in the form of twist and writhe. 

Although DNA topoisomerases have been known to alleviate these strains, they are 

generally low in abundance (Figure 1.7) [129, 130]. It is therefore unlikely that they 

respond immediately to all regions of positive/negative superhelicity in an actively 

transcribed genome. Consequently, a local melting of duplex DNA is associated with 

transcriptionally active areas of the genome. These locally unwound single-stranded 

regions are capable of adopting DNA secondary structures to relieve torsional stress 

(Figure 1.7) [109, 112, 117, 122, 125]. 
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Though superhelicity generated from the RNAPII has been shown to generate 

favorable conditions for the formation of secondary structures, such as cruciform DNA 

G-quadruplexes and i-motifs, this alone is not sufficient for their formation. All DNA 

secondary structures require specific sequence contexts for formation, just as the 

sequence of a promoter encodes the binding sites of specific proteins and enzymes. For 

example, cruciform structures can arise from palindromic sequences, while G-quadruplex 

structures form from G/C-rich DNA that contains at least four contiguous runs of two or 

more consecutive guanines separated by varying nucleotides (n = 1–7), which comprise 

the loop regions [120, 121, 131]. G-quadruplexes form through the Hoogsteen base-

pairing of four guanines that nucleate around a monovalent cation (sodium or potassium) 

in a square arrangement. This forms the fundamental building block of a G-quadruplex, 

known as a G-tetrad. The planar nature of the G-tetrad permits stacking, while the K+ or 

Na+ cation is coordinated between the tetrads and participates in charge–charge 

interactions with the O6 of the constituent guanines, further stabilizing the folded 

structure [110, 121]. Additionally, the complimentary cytosine-rich strand can fold back 

on itself to form i-motif DNA secondary structures. i-Motifs are formed from intercalated 

hemi-protonated cytosine+–cytosine base pairs that organize into two parallel duplexes 

and have two lateral loops and a central loop of single stranded DNA [121, 132]. G-

quadruplexes and i-motifs are highly sequence dependent, and the structures that arise 

from these sequences can be polymorphic in nature [121, 132]. 
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Figure 1.6. Cartoon examples G-quadruplex and i-motif DNA secondary 
structure taken from the cMYC promoter elemen (A) Building blocks: Hoogs-

teen base pairs and (B) hemiprotonated cytosine–cytosine base pairs and their 

assembly into an intramolecular G-quadruplex and an intramolecular  i-motif.  

Nucleotides are represeted by colored circles: red = guanine, yellow = cytosine, 

blue = thymine, and green = adenine

A

B
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1.5.3 Biological Structure–Function Relationships of G-quadruplexes and i-motifs  

G-quadruplexes and i-motifs are highly polymorphic and have been grouped into 

separate classes based on the polymorphic nature of the sequences that code for their 

formation. Specifically, there are four distinct classes of G-quadruplex and two classes of 

i-motif that give rise to a wealth of sequence-dependent polymorphisms [121, 132]. The 

various topologies of an individual G-quadruplex or i-motif can determine whether or not 

it is capable of being recognized by transcription factors [133, 134]. Certain transcription 

factors, such as nucleolin, have been shown to demonstrate discriminatory binding of G-

quadruplexes with parallel strand directionality and short loop lengths as compared to 

mixed or antiparallel G-quadruplexes with larger loop lengths [133, 134]. Class I 

sequences give rise to a single G-quadruplex, which may or may not have loop and/or 

strand directionality based isomers. Class II sequences have been described to contain 

two distinctly different G-quadruplexes separated by about 30–40 bp [121, 132]. Such is 

the case for the c-Kit G-quadruplexes, one of which has an unusual folding pattern with a 

2 + 1 discontinuity, while the other is all-parallel, having a 1:5:1 loop [121, 132]. Class 

III sequences give rise to G-quadruplexes that are in close enough proximity that their 

formation produces interactions between the two adjacent G-quadruplexes, which results 

in tertiary-G-quadruplex structures that are more stable than their individual G-

quadruplexes [121, 132]. Class IV sequences have the potential to give rise to multiple 

overlapping and equilibrating G-quadruplexes, which is the case for BCL2 and PDGFR-β 

[121, 132]. The PDGFR-β promoter-based NHE contains four overlapping G-

quadruplex-forming sequences named the 3´-end, 3´-mid, 5´-mid and 5´-end, based on 

their location [86, 91].  
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Similar to G-quadruplexes, i-motifs found within gene promoter regions nucleate 

from dsDNA in response to negative superhelicity [135] using the complementary C-rich 

sequence. The formation of an i-motif is stabilized by intercalated hemiprotonated 

cytosine+–cytosine base pairs [132, 136]. Most ex vitro, analysis of i-motifs are 

performed at acidic pHs, which promote cytosine+–cytosine base pairing [132, 136]. 

These studies have shown that as pH increases toward neutrality the hemiprotonated state 

is gradually decreased in i-motifs resulting in increased single-strand dynamics [132, 

137-140]. Stable i-motif formation from telomeric sequences has been demonstrated at 

physiological pH under molecular crowding conditions by using single-walled carbon 

nanotubes (intended to mimic the cellular environment) [141]. Although the existence of 

i-motifs has been known for over a decade, their potential biological significance has 

only recently been investigated [132, 135, 142-144]. It can be expected that the genomic 

distribution of i-motifs is similar, if not identical, to that of G-quadruplexes as they form 

from the complimentary sequence [132]. Early analysis of the field suggests that these 

structures can be classified based on their loop lengths. Class I i-motifs have small lateral 

loops of 2–4 bases, while Class II structures have larger loops of 5–8 bases [133, 134]. 

Additionally, Class I i-motifs have fewer cytosine+–cytosine base pairs compared to 

Class II i-motifs, 4–6 base pairs and 6–8 base pairs, respectively [133, 134]. For i-motifs, 

structural insights are important for identifying bases involved in formation of the lateral 

loops, which harbor sequences important for recognition and binding by proteins such as 

hnRNP K and hnRNP LL [132, 142, 143]. Specifically hnRNP K demonstrates a higher 

affinity for folded i-motif structures as compared to the single-stranded state. In general, 

transcriptional activity/repression is associated with the formation of the i-motif/G-
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quadruplex, respectively, and these activities are mediated through the binding of specific 

transcriptional factors [132, 142, 143]. Recent studies using single-molecule experiments 

have shown that the formation of the G-quadruplex and i-motif secondary structures is 

mutually exclusive [132, 142, 143]. These findings have given rise to the idea that G-

quadruplexes and i-motifs may function as a molecular switch for enhancing or inhibiting 

the transcriptional activity of a particular gene.  
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1.5.4 G-quadruplexes at Telomeres 

The eukaryotic genome is composed of multiple linear chromosomes. The termini 

of these chromosomes, known as telomeres, represent a unique challenge in that they can 

potentially be indistinguishable from the endogenous double-stranded DNA break 

machinery of the cell [145-147]. The inability of endogenous DNA damage/repair 

proteins/enzymes to make this distinction could potentially result in devastating genome-

wide mutation and redistribution of genomic material. The cell avoids this catastrophic 

event by coding for G-quadruplexes in the over 1000 repeats of d(GGGTTA)n found at 

all telomeric regions. A variety of telomeric G-quadruplex structures have been shown to 

spontaneously form from the terminal 1–200 bp region of this G-rich telomeric repeat, 

which exists in as a single-stranded overhang at the end of chromosomes [145-147]. 

Studies in vivo have demonstrated that multiple contiguous G-quadruplexes can form at 

telomeres and somewhat resemble beads on a string [145-147]. The reason for this 

overhang is due to what is known as the end replication problem: polymerase cannot 

replicate the 50 terminal bases at the telomere. Accordingly, through successive rounds of 

replication, telomeres shorten and loss of d(GGGTTA)n limits G-quadruplex formation, 

which results in loss of the “capping” ability and leads to chromosomal fusion, 

senescence, and apoptosis in normal cells [145-147]. Stem cells, and cancer cells, bypass 

this end replication problem by expressing telomerase, which is capable of elongating 

telomeres, conferring a limitless replicative potential to the cell. Interestingly, several 

studies have shown that molecular targeting of telomeric G-quadruplexes can inhibit the 

activity of telomerase [145-147]. In cancer, molecular targeting of telomeric G-

quadruplexes with small molecules has been shown to stabilize their folded 
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conformation, which prevents their unfolding and subsequent elongation by telomerase 

[145-147]. 

 

1.5.5 Promoter-based G-quadruplexes: Lessons Learned from cMYC and the NHE 

III1  

Some of the most fascinating data supporting the biological importance of G-

quadruplexes and i-motifs come from bioinformatic studies of their genomic distribution 

and location. Seminal findings revealed that 43% of genes contain putative G-

quadruplex- and i-motif-forming sequences within their proximal promoter regions [148-

150]. Of significant note, 69% of these were proto-oncogenes such as cMYC, BCL2, 

VEGF, and PDGFR-β. This genomic distribution is conserved across several species, 

suggesting that evolutionary mechanisms selected for the local enrichment of these 

sequences due to their biological importance [148-150]. This local enrichment of putative 

G-quadruplex- and i-motif-forming sequences is considerably higher than what would be 

expected for a random distribution across the genome [148-150]. These seminal findings 

led to the idea that promoter-based G-quadruplex- and i-motif-forming sequences 

function by acting as mechanosensor regulatory elements that nucleate in response to 

active transcription [121, 132]. The G-quadruplex and i-motif function as a molecular 

switch, allowing for additional fine-tuning of the transcription of critical genes [121, 

132]. 

To date, the most well defined G-quadruplex-mediated mechanism of 

transcriptional regulation has been demonstrated for the transcriptional regulation of the 

proto-oncogene cMYC (Figure 1.8). There are two distinct elements upstream of the 
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transcriptional start site that can become single stranded in response to transcription of 

cMYC [112, 117, 124, 125]. Both of these elements have been extensively studied and 

are known as the far up-stream element (FUSE) and the NHE III1 [112, 117, 124, 125]. 

The FUSE exists 1.7 kb upstream of the transcriptional start site and becomes single 

stranded in response to negative superhelicity induced by active transcription. In the 

single-stranded state, the FUSE binding protein (FBP) and FBP Interacting Repressor 

(FIR) compete for its binding [112, 117, 124, 125]. FBP is responsible for regulating 

transcription by directly interacting with the RNAPII pre-initiation complex at the cMYC 

transcriptional start site, while FIR represses this activity [112, 117, 124, 125]. 

The second region, known as the NHE III1, is a dynamic promoter-based DNA 

regulatory element comprising five poly-guanine/poly-cytosine tracts, which are capable 

of forming G-quadruplex and i-motif DNA secondary structures (Figure 1.8). Functional 

studies investigating the role of the NHE III1 G-quadruplex have shown that this region 

can be bound by transcriptional factors that either activate or repress transcription [151-

153]. Double-stranded DNA binding transcription factors, such as Sp1, bind to the NHE 

III1 to initiate the activity of the RNAPII complex. Transcriptional activity and negative 

superhelical torques produced by RNAPII feed into the NHE III1, which responds by 

becoming single stranded and folding into a G-quadruplex (Figure 1.8). In its folded state 

the G-quadruplex can be recognized by transcription factors that bind to and either inhibit 

transcription or unfold the G-quadruplex to promote transcriptional activity. Nucleolin 

has been shown to bind directly to and stabilize the NHE III1 G-quadruplex, effectively 

repressing cMYC transcription (Figure 1.8) [133, 134]. Other proteins that bind the NHE 

III1 G-quadruplex, such as NM23-H2, facilitate the stepwise unfolding of this higher 
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order DNA secondary structure, which returns the DNA back to a single-stranded state 

[133, 134]. In the single- stranded confirmation the NHE III1 can be bound by CNBP and 

hnRNP K on the G-rich and C-rich strands, respectively, to promote transcriptional 

activity [133, 134]. Importantly, ligands that bind to and stabilize the NHE III1 G-

quadruplex have been shown to mimic the effect of nucleolin by inhibiting transcription  

(Figure 1.8) [151-153]. Chromatin immunoprecipitation (ChiP) demonstrates that small 

molecules that target and stabilize the NHE III1 G-quadruplex displace RNAPII, Sp1, 

hnRNP K, and NM23-H2 from the NHE III1, which effectively diminishes cMYC gene 

expression  [151-153]. These principles have been shown for other G-quadruplex-

containing promoters, such as ADAM15 [154], KRAS [155], and PDGFR-β [86, 91]. 
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1.5.6 Molecular Targeting of Transcriptionally Induced DNA Secondary Structures  

Recent advances in elucidating the biological roles of G-quadruplex and i-motif 

DNA secondary structures have demonstrated that these higher order DNA secondary 

structures represent important drug-amenable targets for molecularly targeting aberrant 

transcription. Targeted stabilization of G-quadruplex(es) and i-motif(s) have been 

reported to elicit several cancer-specific toxicities because of their unique clustering in 

the promoters of oncogenes and at telomeric regions. Accordingly, there is a considerable 

amount of interest in developing novel anticancer therapeutics that molecularly target G-

quadruplex DNA secondary structures. The i-motif has only recently been described as a 

drug amenable target for modulating gene transcription, and little is known about the 

design and development of targeted i-motif ligands (discussed later). The majority of this 

section will focus on the molecular design and development of small molecule G-

quadruplex-interactive ligands.  

The unique features of these four-stranded DNA structures can be utilized in the 

design and development of small molecules that display discriminatory binding among 

polymorphic variants of G-quadruplexes and other DNA secondary structures, such as B-

form. Designing compounds that exhibit G-quadruplex specificity requires the careful 

consideration of its unique structural facets (pockets, strand directionality, tetrad 

composition, metal ions composition, and sequence arrangements of grooves and loops) 

and physical chemical properties of these molecular components (π–π stacking, 

hydrogen-bond acceptors/donors, and Van der Waals interactions). Taking into 

consideration these unique properties, the rational design of G-quadruplex-interactive 

ligands can be further subdivided into two important criteria: core-scaffold and functional 
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appendages. The outer most G-tetrads (top and bottom) are large planar π-surfaces that 

can be targeted through heteroaromatic π-stacking interactions and electrostatic 

interactions, and as such the majority of G-quadruplex-interactive compounds have a 

core-scaffold composed of conjugated aromatic-ring systems that target G-tetrads. This 

flat aromatic system is only the starting point for designing G-quadruplex-specific 

ligands, as alone it is highly unlikely to achieve selectivity. G-quadruplex specificity 

arises from the empirical optimization of scaffold functionalities that project from the 

main scaffold to access unique structural facets such as grooves, loops, pockets, and ions 

to create Van der Waals, π-stacking, and/or hydrogen-bond acceptor/donor interactions.  

Using a combination of these general principles, numerous G-quadruplex-

interactive compounds have been investigated. These compounds have been 

subcategorized into four classes: non-cationic ligands, metallo-organic ligands; cationic-

organic ligands; and in situ protonated compounds (Figure 1.9) Extensively reviewed in 

[133, 156-164]. 

 

1.5.7 Non-cationic Ligands 

Perhaps the most widely studies G-quadruplex interactive compound, 

telomestatin, falls under the non-cationic class (Figure 1.9). This 24-membered poly-

heteroaromatic ring was shown to have greater than 70-fold preferential binding for G-

quadruplex vs. B-DNA [165]. Owing to its selectivity, telomestatin has been extensively 

studied, and there is a wealth of biophysical, biochemical, and molecular biological data 

describing its interactions with G-quadruplexes  [133, 156-164]. Telomestatin targets the 

outer G-tetrads of the G-quadruplex through π-stacking and Van der Waals interactions 



	   68	  

[166, 167]. While this compound shows great promise as an anticancer agent it is very 

difficult to obtain, and its total synthesis is incompatible with large-scale production. Of 

important note, telomestatin was shown to stabilize G-quadruplexes formed from the 

PDGFR-β NHE and also inhibits PDGFR-β expression in cell-based assays [86]. These 

studies suggest that targeting the PDGFR-β NHE G-quadruplex is a viable route for 

inhibiting PDGFR-β expression [86]. Other reports of telomestatin-like G-quadruplex-

interactive ligands have been reported that differ by the nature of amino acid used as a 

building block for their synthesis to generate bisamide macrocyclic compounds [166, 

167]. Though these telomestatin-like compounds do indeed behave as selective G-

quadruplex-interactive ligands and have biological activity, they suffer from poor water 

solubility and a complex synthesis [166, 167]  

 

1.5.8 Metallo-organic ligands 

Metallo-organic ligands are a departure from the classical organic compounds that 

have been reported previously (Figure 1.9). Compounds in this class utilize 

heteroaromatic π-stacking interactions as well as the presence of a chelated metal ion in 

the core-scaffold to achieve preferential binding for G-quadruplex over B-DNA. The 

design of metallo-organic core-scaffolds relies on the strategic placement of a chelating 

agent within the conjugated π-systems such that the chelated metal ion is coordinated 

over the central cation channel of the G-tetrad. This clever design strategy utilizes the 

polarized nature of the chelated metal to promote preferential association with G-

quadruplex over B-DNA. The first reported examples of this design strategy were 

described for metallo-organic derivatives of the cationic porphyrin TMPyP4 using Cu(II), 
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Ni(II), or Mn(III), of which Mn–TMPyP4 displayed an approximate 10-fold preference 

for G-quadruplex over duplex DNA[168-172]. Remarkably, of to generate A 

optimization the porphyrin core scaffold, Mn(III)–porphyrin, produced a 1000-fold 

selectivity for G-quadruplex over B-DNA [173].  

 

1.5.9 Cationic-organic Ligands 

The use of cationic compounds to target G-quadruplexes has been thoroughly 

investigated through the use of N-methylated aza-aromatic substituents, which increase 

π-stacking and water solubility [174-177]. Examples of this design strategy (Figure 1.9) 

are demonstrated by the optimization of (i) the N-methyl-pentacyclic-acridinium to 

produce RHPS4, and (ii) the porphyrin diselenosapphyrin (Se2SAP) [178-182]. RHPS4 

utilizes the cationic N-methyl in its core pentacyclic acridinium scaffold to target G-

quadruplexes and was shown to inhibit telomerase at approximately 300 nM in cell-free 

biochemical assays. Optimization of a cationic porphyrin–based scaffold with N-

methylated aza-aromatic substituents ultimately yielded Se2SAP [178, 179]. The design 

strategy used for this compound incorporated a porphyrin core-scaffold, to target G-

tetrads, and incorporation of N-methylated functional appendages that extend beyond the 

G-tetrad to make Van der Waals interactions negatively charged sugar phosphate 

backbone and loop residues [178, 179]. Se2SAP was shown to have approximately 50-

fold selectively for G-quadruplex over B-DNA and promoted the refolding of parallel and 

antiparallel G-quadruplexes into mixed parallel/antiparallel arrangements [178, 179]. 

Importantly, Se2SAP exhibited discriminatory binding among the various G-

quadruplexes formed from the PDGFR-β NHE and [86]. Moreover, cell-based assays 
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demonstrate that Se2SAP effects transcription of PDGFR-β through a proposed G-

quadruplex-mediated mechanism [86]. A variety of other cationic G-quadruplex ligands 

have been synthesized including an interesting bifuryl diamidine derivative (DB832) that 

interacts with the grooves of G-quadruplex DNA secondary structures (reviewed in [133, 

156-164]). 

 

1.5.10 In Situ Protonated Ligands 

In situ protonation has been extensively used in the design of G-quadruplex-

interactive compounds (Figure 1.9) in both the core-scaffold and functional appendages 

[183-191]. Water solubility is a vital characteristic in the development of G-quadruplex-

interactive compounds, which is challenging when the core-scaffold used to target G-

tetrads contains a large, polycyclic, aromatic, core-scaffold. Inclusion of proton 

acceptors, such as amines, allows for in situ protonation and contributes to the water 

solubility of the aromatic core-scaffold. Additionally, the strategic placement of these 

proton acceptors can increase potency and selectivity for G-quadruplexes over B-DNA. 

Early studies using in situ protonation to facilitate G-quadruplex targeting demonstrated 

that core-scaffold optimization of bisamidoanthraquinone to an acridine improved target 

activity [183-187]. Furthermore, optimization of the functional appendages ultimately led 

to the development of a series of 3,6-disubstituted-acridine compounds, which in turn led 

to the development BRACO-19 [189-193]. Target–ligand interactions for G-quadruplex–

BRACO-19 were mediated by the heteroaromatic π-stacking between the flat aromatic 

core of the ligand and the G-tetrad, which was further aided by in situ protonated 

functional appendages making Van der Waals interactions with the G-quadruplex 
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grooves. BRACO-19 was shown to inhibit telomerase and cell proliferation in 

biochemical assays at approximately 115 nM. Significantly, this manner of optimization 

for quinobenzoxazines led to the development of Quarfloxin, the first G-quadruplex-

interactive compound to enter clinical trials (see detailed discussion below). Recent 

studies have shown that small crescent-shaped molecules such as ellipticine and 

quindoline can preferentially target and stabilize G-quadruplex(es) (see detailed 

discussion below). The natural product quindoline, which was First isolated from the 

roots of the African plant Cryptolepis sanguinolenta, and its derivatives have been shown 

to bind to and stabilize G-quadruplex DNA secondary structures [194, 195]. Specifically, 

the derivative quindoline-i, which has an in situ protonated functional appendage, has 

been shown to bind to and stabilize the cMYC G-quadruplex and decrease cMYC 

transcription in cell-based assays [133, 194-196]. Interestingly, quindoline-i has been 

shown to have an induced fit in binding to the cMYC G-quadruplex that is guided by the 

crescent shape of its aromatic core π-stacking at the G-tetrad and loop interactions made 

by its functional appendage [235]  

 

1.5.11 G-quadruplex-targeting Compounds in the Clinic  

Quarfloxin (CX-3543) (Figure 1.9), developed by Cylene Pharmaceuticals, is a 

first-in-class G-quadruplex-targeting compound that progressed to phase 2 clinical trials. 

The concept and lead molecules that led to this drug originated in the Hurley laboratory. 

This compound originated from a group of fluoroquinolones that demonstrated activity 

against topoisomerase II and G-quadruplexes. Subsequent, optimization of the 

fluoroquinolone scaffold led to a 400-fold increase in selectivity for G-quadruplexes 
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relative to B-DNA and abolished its activity against topoisomerase II. No major toxicities 

have been observed with Quarfloxin, and its activity appears to arise from both the 

selective uptake into the nucleolus in cancer cells, and the ability of the drug to target G-

quadruplexes found in ribosomal DNA versus duplex DNA. Binding of Quarfloxin to the 

G-quadruplexes in ribosomal DNA results in displacement of nucleolin and selective 

inhibition of RNA pol I [197].  The displaced nucleolin then diffuses out of the nucleolus 

into the nucleus, where it binds to the c-Myc G-quadruplex, mimicking a stress response 

[198].  Recent studies from our laboratory have demonstrated that the very specific 

binding of nucleolin to the c-Myc G-quadruplex results in inhibition of c-Myc expression 

and apoptosis, an effect that appears to be selective to cancer cells [134, 199].  Because 

Quarfloxin is a first-in-class drug that mediates its effect through binding to G-

quadruplexes in ribosomal DNA and has progressed into phase II clinical trials 

(neuroendocrine tumors), this establishes G-quadruplexes as a whole new receptor class 

for molecular therapeutics. 

 

1.5.12 Ellipticine Analogs and G-quadruplex-Specific Mechanism of Action  

Ellipticine, a natural product first isolated from the Australian evergreen tree, was 

identified to have anticancer activity in the 1960s [200-202]. Ellipticine analogs that have 

progressed to clinical trials include retelliptine and elliptinium acetate; however, they 

were halted in phase 1 and phase 2, respectively [200-202]. The utility of these 

compounds was limited by toxicities such as cardiac anomalies and hemolytic side effects 

[200-202]. Metabolic activation, which gives rise to reactive oxygen species that both 

alkylate DNA and damage cellular components, is most likely responsible for the 
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toxicities [200-202]. Interestingly, the molecular target and mechanism of action of these 

ellipticine analogs was not explained [200-202]. We have previously reported that 

ellipticine analogs molecularly target G-quadruplex DNA secondary structures to 

downregulate oncogene transcription through a novel mechanism of action [151-153]. 

Recent studies have elucidated a cMYC G-quadruplex–specific mechanism of 

action for the ellipticine analog NSC338258 (GQC-05) in Burkitt’s lymphoma [151-153]. 

This compound initially came from an in silico analysis of three known G-quadruplex-

interactive compounds. These compounds were used to generate a pharmacophore query 

that identified ten additional compounds, one of which was GQC-05. This compound was 

found to stabilize the cMYC G-quadruplex at 21 °C by thermal melt analysis [151-153]. 

GQC-05 was shown to preferentially bind to and stabilize the cMYC G-quadruplex 

relative to B-DNA, single-stranded DNA, and other promoter-based G-quadruplexes. 

Further in vitro analysis in two Burkitt’s lymphoma cell lines, RAJI and CA46, have 

shown that the compound decreases cMYC transcript through promoter-specific 

mechanisms [151-153]. Uniquely, the CA46 t(8;14) reciprocal translocation, common to 

Burkitt’s lymphoma, results in the loss of G-quadruplex-mediated gene regulation for the 

translocated cMYC allele, while the non-translocated allele remains wild-type [151-153]. 

Using this system, GQC-05 was shown to directly target the cMYC G-quadruplex, as 

only expression from the G-quadruplex-containing allele was downregulated by the 

compound. Moreover, ChIP analysis of the cMYC promoter has shown that stabilizing 

the cMYC NHE III1 G-quadruplex with GQC-05 displaces activating transcription factors 

from the promoter, which corresponds with a decrease in cMYC transcript [151-153]. 

This study concluded that significant changes in protein binding to the NHE III1 region of 
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the cMYC promoter along with a decrease in cMYC transcript confirm the location of 

action of GQC-05 to be within this area and further support the compounds mechanism of 

action to be through stabilization of the G-quadruplex structure [151-153].  
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Figure 1.9. Examples of four classes of G-quadruplex interactive compounds and 
Mechanism of action of Quarfloxin. (A) G-quadruplex interactive compounds can be 

grouped into four catagories (a) non-cationic; (b) metallo-organic; (c) cationic-organic; 

(d) in situ protonated. See text fo r details. This figure was reproduced and modified from 

Org Biomol Chem. 2008 Feb 21;6(4):627-36 (B) Mechanism of action of Quarfloxin 

(Drygin et al. 2009; González et al. 2009). Quarfloxin selectively binds to 

G-quadruplexes in ribosomal DNA, which displaces nucleolin and inhibits RNA Pol I.  

Nucleolin diffuses out of the nucleolus into the nucleus, where it binds to the cMYC 

G-quadruplex to inhibit its gene transcription. Inset shows the concentration of Quar-

floxin in the nucleolus. this image was reproduced and modified fromCancer Res. 2009 

Oct 1;69(19):7653-61

B
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1.5.13 Molecular Targeting of the i-Motif 

Using small molecules that molecularly target i-motif DNA secondary structures 

is an entirely novel strategy for regulating transcriptional activity of a gene. Two recent 

parallel publications focused on the functional characterization of the BCL2 i-motif have 

shown, for the first time, in vitro and in vivo proof of principle for the molecular targeting 

of promoter-based i-motif DNA secondary structures IMC-46 or IMC-78 (Figure 1.10) 

[143]. This i-motif was found to exist in dynamic equilibrium with a flexible hairpin 

under physiologically relevant conditions. These two conformations were specifically 

targeted by derivatives of pregnanol and piperidine that stabilize either the i-motif or the 

flexible hairpin species, respectively. Cell-based experiments show that targeted 

stabilization of the i-motif or the hairpin with small molecules has opposite and 

antagonistic effects on gene expression. Specifically enhancing the stability of the BCL2 

i-motif with IMC-46 increased BCL2 transcription, while stabilizing a flexible hairpin 

with IMC-78 decreased transcription (Figure 1.10) [143]. IMC-46 is thought to 

preferentially recognize an isoform of the BCL2 that has small lateral loops, which are 

more easily recognized and bound to by hnRNP LL [142]. This study further showed that 

binding of hnRNP LL to the BCL2 promoter increased its transcription. hnRNP LL does 

not bind to the flexible hairpin formed by the BCL2 i-motif forming sequence. As would 

be expected, the stabilization of this hairpin by IMC-78 was associated with decreased 

BCL2 promoter activity [142]. These targeted effects on BCL2 gene expression were also 

observed in vivo using mouse models of etoposide-resistant mantle-cell lymphoma. These 

studies show that downregulation of BCL2 transcript and subsequent chemosensitization 
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to etoposide can be achieved in vivo by molecular-targeting of its promoter-based i-motif 

DNA secondary structure (Figure 1.10).  
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Figure 1.10. Conformational transitions and biological consequences associated with 
binding of IMC-76, IMC-48, and hnRNP LL to the different equilibrating forms of 
the C-rich strand in the BCL2 promoter. IMC-48 stabilizes the BCL2 i-motif which 
is bound by the transcriptional activator hnRNP LL through the recognition of 
concensus sequences (CCCG and CGCCC) found in its lateral loops. IMC-76 
stabilizes and alternate equilibrating flexable hairpin form of the BCL2 i-motif 
which is not bound by hnRNP LL and thereby causes represses BCL2 gene tran-
scription. Nucleotides are represeted by colored circles: red = guanine, yellow = 
cytosine, blue = thymine, and green = adenine Figure reproduced and modified from 
J. Am. Chem. Soc.  2014, 136, 4172-4185 
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1.6 The PDGFR-β  G-quadruplex as a Drug Target  

As previously discussed, aberrant PDGFR-β plays an important role in a variety 

of malignant and non-malignant pathologies. Aberrant expression of PDGFR-β has been 

observed in several malignancies. Previous studies have cloned and characterized the 

functional promoter of the human PDGFR-β gene. The CCAAT-box and the NHE 

located in the proximal promoter region of human PDGFR-β are predicted to be essential 

for the promoter activity [87-89, 94, 95]. Further analysis of the 

polypurine/polypyrimidine region, designated the NHE, has been shown by CD, DMS 

footprinting, and Taq polymerase stop assays to form at least four stable G-quadruplex 

DNA secondary structures under physiologically relevant conditions [86, 91].  

The importance of transcription-induced negative superhelicity in driving the 

formation of higher order non-B-DNA secondary structures has been discussed earlier 

using cMYC as a proof of principle example. Similarly, the human PDGFR-β NHE has 

been shown to become single stranded in negatively supercoiled plasmids, suggesting 

that the region behaves similarly to the cMYC mechanosensor element in the NHE III1, 

which acts by sensing and responding to negative superhelical torques. G-quadruplex-

interactive molecules were used as tools to describe the functional role of G-quadruplex 

formation in the human PDGFR-β NHE [86, 91]. Formation of G-quadruplex–ligand 

complexes from the NHE was shown to repress transcriptional activity of the PDGFR-β 

core promoter [86, 91]. Accordingly, G-quadruplex-targeted strategies may be useful in 

treating tumors that are refractory to PDGFR-β kinase inhibitors. 

 Interestingly, results from the polymerase stop assay suggest the equilibrating, 

overlapping set of G-quadruplexes within the PDGFR-β NHE can be differentially 
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targeted by known G-quadruplex interactive compounds: telomestatin, Se2SAP, and 

TMPyP4 [86, 91]. These compounds differentially target and stabilize various PDGFR-β 

G-quadruplex(es) [86, 91]. Intriguingly, the G-quadruplexes selectively stabilized by 

telomestatin were not favored to form in its absence and were non-responsive to other G-

quadruplex-interactive compounds by the polymerase stop [86, 91]. In contrast to the 

effects of other known G-quadruplex interactive compounds (TMPyP4 and Se2SAP), 

telomestatin showed a dose-dependent inhibition of PDGFR-β promoter activity as 

indicated by luciferase activity [86, 91]. Together these findings suggest that selective 

targeting of certain G-quadruplex(es) within the PDGFR-β promoter elicits different 

transcriptional outcomes [86, 91]. These drug amenable G-quadruplex(es) may be of 

important therapeutic interest as their molecular targeting and stabilization was shown to 

repress PDGFR-β promoter activity [86, 91]. 

 

 

  



	   82	  

CHAPTER 2: EXPERIMENTAL METHODS  

2.1 DNA Oligonucleotides 

DNA oligonucleotides were synthesized by Eurofins MWG Operon (Huntsville, AL). 

Strand concentration for each oligonucleotide was calculated using the Beer-Lambert 

law: A = ε ⋅C⋅l. The extinction coefficients for each oligonucleotide were determined by 

the nearest neighbor method. Since these particular oligonucleotides exhibit higher order 

structures, absorbance at 260 nm was recorded at 95 °C to ensure the presence of single-

stranded DNA. 

 

2.2 Circular Dichroism (CD) Spectroscopy  

CD spectra were recorded in triplicate at room temperature on a Jasco J-810 

spectropolarimeter (Easton, MD) using a quartz cell with an optical path length 1 mm. 

The instrument was set at a scanning speed of 100 nm/min, with a response time of 1 s, 

over a wavelength range of 230–330 nm. Triplicate readings were averaged, smoothed, 

and baseline-corrected for signal contributions from buffers used. Molar ellipticities for 

melting curves were recorded at the maximum molar ellipticity for the G-quadruplex, 262 

nm, for the i-motif 286 nm . Monitoring a single wavelength, the sample was heated from 

20 to 95 °C at a rate of 1 °C/min and molar ellipticities were recorded every minute. Melt 

curves were plotted as molar ellipticity vs. temperature and Tm values were determined 

with GraphPad Prism software using non-linear regression modeling. All Tm values were 

calculated within ±1 °C error. All G-quadruplex oligonucleotide stocks were diluted to a 

final concentration of 5 µM in 50 mM Tris-HCl, pH 7.4, ± 25–100 mM [K+] (as 

indicated) for G-quadruplex samples. i-motif-forming oligonucleotides were prepared at a 
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5 µM strand concentration in a 50 mM Na cacodylate buffer (pH 5.0, 5.2, 5.3, 5.4, 5.5, 

5.7, 5.9, 6.0, 6.1, 6.2, 6.4, 6.6, 6.8, 7.0, or 7.5). To induce a G-quadruplex or i-motif, 

samples were heated at 95 °C for 10 min and slowly cooled to room temperature. 

 

2.3 Purification of DNA Oligonucleotides by Polyacrylamide Gel Electrophoresis  

All DNA oligonucleotides used for footprinting experiments were first diluted to a final 

concentration of 50 µM in 50 mM Tris-HCl, heated to 95 °C for 10 min, and snap cooled 

to 4 °C on ice. DNA oligonucleotides were further purified by 16% denaturing 

polyacrylamide gel with 7 M urea Tris-Borate-EDTA buffer, and electrophoresis was 

conducted at 100 V. DNA bands were cut from the gel and soaked in double-distilled 

water with agitation overnight to elute DNA. Excess salts were removed by ethanol 

precipitation, and all purified DNA oligonucleotides were resuspended to a final 

concentration of 5 µM in 50 mM Tris-HCl ± 25–100 mM [K+] to a final volume of 90 µL 

per reaction.  

 

2.4 Dimethylsulfate (DMS) Footprinting  

Following purification of DNA, samples were heated to 95 °C for 10 min and slowly 

cooled to room temperature to induce a G-quadruplex DNA secondary structure. The 

DMS reaction was carried out by the addition of 1 µL calf thymus DNA (0.1 µg/µL) to 

the reaction mixture followed by the addition of 1 µL of 25% dimethylsulfate solution 

(DMS:ethanol; 1:4, vol/vol) for 5–10 min, and then the reaction was stopped by adding 

18 µL of stop buffer (3 M β-mercaptoethanol:water:NaOAc; 1:6:7, vol/vol). 

Monomolecular G-quadruplex structure was isolated by 12% native polyacrylamide gel 
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electrophoresis conducted at 100 V in the presence in Tris-Borate-EDTA buffer. The 

different mobility shift DNA bands were cut from the non-denatured gel and soaked in 

double-distilled water with agitation overnight to elute DNA. Excess salts were removed 

by ethanol precipitation, and all purified DNA oligonucleotides were resuspended to a 

final concentration of 1 µM in 10 mM Tris, 1 mM EDTA pH 7.5. Piperidine cleavage 

was performed at 90 °C for 30 min using 30 µL of 20% piperidine. Following piperidine 

treatments, the DNA samples were completely dried and resuspended with alkaline 

sequencing gel loading dye then applied to a 20% denatured polyacrylamide gel with 7 M 

urea. Electrophoresis was conducted at 1200 V and the gel was visualized using a Storm 

820 phosphorimager and ImageQuant 5.1 software (Molecular Dynamics). 

 

2.5 Fluorescence Resonance Energy Transfer (FRET) Assay 

Each probe was placed in a 50 mM Na cacodylate buffer (pH 6.6) at a concentration of 1 

µM and incubated at room 95 °C for 10min and allowed to anneal on the bench top over 

night to allow for i-motif formation. Samples were prepared in triplicate, and 100 µL was 

placed into each well of a black 96-well optiplate (PerkinElmer). For the high- 

throughput screen (HTS), the Py41 WT and R1 Mutant FRET probe (1 µM) were 

incubated with compounds from the NCI diversity and mechanistic compound libraries (5 

µM) at pH 6.6. Samples were prepared in single wells according to the NCI plate set-up. 

Following flourescent measurements, NCI plate maps were used to determine compound 

identity. Samples were prepared in triplicate wells. Fluorescence measurements were 

recorded by a Bio-Tek Synergy HT spectrofluorimeter at 25 °C with 20 nm bandwidths. 

The excitation and emission wavelengths were set at 495 nm and 528 nm, respectively. 
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Endpoint fluorescence or quenching was plotted as the average relative fluorescence units 

of the triplicate wells after correction for background. For samples containing compound, 

compound in buffer only (i.e. no probe) was measured to determine inherent fluorescent 

compounds for correction of test wells. The excitation wavelength was fixed at 495 nm, 

and emission spectra were recorded from 500 to 540 nm. Interactive compounds were 

validated by CD studies performed with increasing concentrations of compound (1 eq - 6 

eq) at pH 6.6.  

 

2.6 Fluorescent 2-aminopurine Studies  

2-AP-labeled DNA oligonucleotides (Pu22 2AP and Pu41 2AP) were synthesized by 

Eurofins MWG Operon (Huntsville, AL). Strand concentration for each oligonucleotide 

was calculated using the Beer-Lambert law: A = ε ⋅C⋅l as earlier indicated. 2-AP-labeled 

oligonucleotide stocks were diluted to a final concentration of 5 µM in 50 mM Tris-HCl, 

pH 7.4, ± 0–100 mM [K+] (as indicated). To induce G-quadruplex formation, samples 

were heated at 95 °C for 10 min and slowly cooled to room temperature. 2-AP 

oligonucleotides were excited at 310 nm and fluorescent emission was recorded at 370 

nm using a Bio-Tek Synergy HT microtiter plate reader at 25 °C in experimental 

triplicate of technical triplicates. Fluorescent contributions for the buffer were corrected 

using no DNA blanks to yield corrected fluorescent values. All corrected fluorescent 

values were normalized to their respective 0 mM control to obtain relative fluorescent 

intensities. Absorbance values were averaged from technical triplicate samples to 

generate individual experimental replicates. Significance was determined using GraphPad 

Prism software by one-way ANOVA with a post-hoc Tukey.  
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2.7 Competition Dialysis  

All DNA (75 µM) were prepared in 50 mM Tris-HCl and 25 mM KCl solution. Duplex 

DNA sequences were annealed by incubating complementary strands together for 10 min 

at room temperature, heating at 95 °C for 10 min, and slowly (1 °C/min) decreasing 

temperature to the Tm, holding at that temperature (°C) for 10 min, and slowly (1 °C/min) 

decreasing temperature to room temperature. G-quadruplexes were formed by heating to 

95 °C for 10 min and then rapidly cooling (in air) to room temperature. All topologies 

were confirmed by CD before continuing with the assay. An amount of 250 µL of DNA, 

in their formed and confirmed topologies, was added to pre-wet mini dialysis units in a 

flotation device, placed in a beaker containing 250 mL of BPES buffer (6 mM Na2HPO4, 

2 mM NaH2PO4, 1 mM disodium EDTA) with 25 mM KCl plus 2 µM compound 4 or 

12, and placed in a cold room on a stirring device for 48 h. Following the published 

protocol,[203] the concentration of compound bound to DNA was determined by 

measuring UV absorbance and using a standard absorbance curve. Binding per putative 

site value was calculated based on two binding sites per G-quadruplex and intercalation 

between every other base pair in double-stranded DNA. The experiment was performed 

in duplicate. 

 

2.8 Cell Assay Products  

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) kit, MultiTox-Fluor Multiplex Cytotoxicity and cell proliferation assay, 

Caspase-Glo 3/7 assay system, Dual-Glo dual luciferase assay kit, pRL-TK renilla 
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luciferase control plasmid, and pGL3-basic firefly luciferase plasmid were purchased 

from Promega (Madison, WI). Silencer select anti-PDGFR-β siRNA (Life Technologies; 

Cat. # 4390824), Silencer Select Negative Control #1 siRNA (Life Technologies; Cat. # 

4390843), and Lipofectamine 3000 transfection reagent (Life Technologies; Cat. # 

L3000-001) were purchased from Life Technologies (Carlsbad, Ca). 

 

2.9 Cell Culture  

All cell lines were purchased from the American Type Culture Collection (Manassas, 

VA) and maintained in a 37 °C, 5% CO2 incubator, in exponential growth, for the 

duration of experimentation. Unless otherwise specified, all cell lines were cultured in 

FBS and penicillin/streptomycin-supplemented media as specified by ATCC. Cells were 

assessed for viability (>90%) by trypan blue exclusion prior to use for experimental 

purposes.  

 

2.10 MTS Colorimetric Cytotoxicity Assay  

Cytotoxicity of compounds was determined in biological triplicate of technical triplicate 

samples using the MTS assay with compound that was diluted over a 5–6 log range in 0.5 

log steps. Cells were seeded at a density of 10,000 cells/90 µL in a 96-well plate format 

and allowed to equilibrate overnight. The following day cells were treated with 10 µL of 

10× compound to achieve a final concentration range of 1.2–100 µM; cells were treated 

with normal media serving as a “not-treated” control. After the desired incubation time 

(24–96 h) MTS plus PMS (2 mg MTS/mL in PBS with a MTS-PBS ratio of 20:1) was 

added to the culture media according to the manufacturer’s instructions and absorbance 
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was read. Absorbance was recorded, following a 2 h incubation, using a Bio-Tek Synergy 

HT microtiter plate reader at 25 °C at 490 nm. Negative “no-cell” control absorbance 

wells were prepared with culture media ± compound only to account for background 

interference. The data were corrected with the absorbance of compounds in the negative 

“no-cell” control and normalized to the “not-treated” control to obtain the relative 

absorbance intensity. Absorbance values were averaged from technical triplicate samples 

to generate individual biological replicates. IC50 values were determined from the plot of 

relative absorbance intensity vs. compound concentration with GraphPad Prism software 

using non-linear regression modeling; data are presented as mean ± standard error from at 

least three independent experiments. 

 

2.11 Luciferase Reporter Assay  

Cells were seeded at a density of 1.5 × 104 cells per well in a 12-well plate and allowed to 

equilibrate overnight. Cells were co-transfected with the promoter containing pGL-3 

Basic (fire fly) and pRL-TK (renilla) using Lipofectamine 3000 (Life Technologies) as 

recommended by the manufacturer. Cells were allowed to transfect for 8 h and then 

treated with desired concentration of compound, or an equal volume of DMSO or normal 

media. Luciferase activity was measured 24 h after treatment with compound using the 

Stop & Glo luciferase assay system as recommended by the manufacturer (Promega). 

Basal luciferase activity was similarly evaluated 24 h after transfection as recommended 

by the manufacturer (Promega). Controls for these experiments included negative “no-

cell” media ± compound only, and “not-treated” cell controls, which served for later 

background subtraction. All luciferase experiments were performed in biological 
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triplicate of technical duplicates. Technical duplicate samples were averaged to generate 

individual biological replicates. The results of the luciferase assay are presented as fire 

fly luminescence relative to Renilla luminescence normalized to a NO-Drug control. 

Statistical significance (p < 0.01) was evaluated using GraphPad Prism software by two-

way ANOVA with a post-hoc Tukey; data are presented as mean ± standard error from at 

least three independent experiments. 

 

2.12 Quantitative Real-time PCR (qRT-PCR)  

All qRT-PCR experiments were performed in biological triplicate of technical duplicates 

using untreated wild-type and DMSO treated as controls for basal PDGFR-β expression 

levels. Total RNA was isolated with a Qiagen RNeasy Kit according to the 

manufacturer’s specifications. Reverse transcription was performed using the QuantiTect 

reverse transcription kit (Qiagen) with 500 ng total RNA as per the manufacturer’s 

protocol. TaqMan probes were used for GAPDH (Hs02758991) PDGFR-β mature 

transcript (Hs01019589_m1), and primers for nascent-transcript were designed using 

primer quest from IDT technologies TGGAACTGTGCCCACACCAGAAG (Anti-

Sense), TCCAGCACTTACCTTGCTGCTGAT (Sense Probe), 

CTACTCGAAGAGATGCAGGTTAG (Sense), GAPDH (Hs02758991) PCR 

amplification. Real-time PCR was conducted using the Rotor-Gene Q (Qiagen) and Ct 

values were normalized to GAPDH and compared to the untreated controls using the 

ΔΔCt calculation for relative expression. Statistical significance (p < 0.01) was evaluated 

using GraphPad Prism software by two-way ANOVA with a post-hoc Tukey; data are 

presented as mean ± standard error from at least three independent experiments. 
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2.13 siRNA Knockdown. 

Silencer select anti-PDGFR-β siRNA (Life Technologies), Silencer Select Negative 

Control #1 siRNA (Life Technologies) were diluted to 50 nM as a final concentration. 

For the untreated control, only media were used. SK-N-SH cells (1.5 × 104 per well of a 

12-well plate) cultured in 10% FBS and 1% penicillin/streptomycin-supplemented RPMI 

were treated with anti-PDGFR-β siRNA or Negative Control #1 with Lipofectamine 

3000 transfection reagent (Life Technologies) for the time indicated. For determining the 

effect on PDGFR-β mRNA of the anti-PDGFR-β, or Negative Control #1 siRNAs or 

normal media, a parallel experiment was conducted SK-N-SH cells seeded at 1.5 × 104 

cells/well of a 12-well plate. Cells were harvested at the appropriate time points, and 

knockdown was evaluated by qRT-PCR as indicated earlier. 

 

2.14 MultiTox-Fluor Cytotoxicity/Cell Viability  

The MultiTox-Fluor Cytotoxicity Assay measures the relative number of live and dead 

cells simultaneously in culture by detecting changes in cell membrane integrity. Viable 

cells were fluorescently detected using the cell-permeable live-cell protease substrate GF-

AFC. The cytotoxic cell populations were fluorescently detected using the dead-cell 

protease substrate bis-AAF-R110, which is not cell-permeable. Proliferation is 

demonstrated as an increase in only the live-cell signal with respect to the control. Live 

and dead cell protease activity was evaluated in biological triplicate of technical 

duplicates in a 96-well plate format as per the manufacturer’s specifications. Cells were 

seeded at a density of 5,500 cells/90 µL in a 96-well plate format and allowed to 
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equilibrate overnight. The following day cells were treated with siRNA or the desired 

concentration of compound. Controls for these experiments included negative “no-cell” 

media ± compound only, and “not-treated” cell controls, which served for later 

background subtraction and normalization. After the desired incubation time, live and 

dead cell substrate was added to the culture media according to the manufacturer’s 

specifications, and fluorescence was evaluated using a GloMax microtiter plate reader at 

25 °C (Promega). Negative “no-cell” control fluorescence wells were prepared with 

culture media ± compound only to account for background interference. The data were 

corrected with the fluorescence of compounds in the negative “no-cell” control and 

normalized to the “not-treated” control to obtain the relative live and dead cell 

fluorescence intensities. Live and dead cell fluorescence is normalized to indicated time-

matched controls and relative to the t = 0 time point, which was evaluated 24 hours post 

cell seeding. 

2.15 Scratch assay  

Using the cell-comb scratch assay (Millipore), SK-N-SH cells were plated, grown to 

confluence, and wounded according to the manufacturer’s specifications. After wounding 

detached cells were removed by washing three times with 1x PBS. Media was replaced 

with either normal media, normal media with 300 µM DMSO, or normal media with 300 

µM GSA 1129. At time points 0h, 24h, and 48h, cells were visualized and images 

captured using a Zeiss 510 Meta confocal microscope (Carl Zeiss Micro Imaging).  
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CHAPTER 3: The 3’G-quadruplex in the PDGFR-β  core promoter nuclease 

hypersensitivity element can be selectively targeted by an ellipticine to down 

regulate gene expression 

3.1 Abstract 

The PDGFR-β signaling pathway is a validated and important target for the 

treatment of certain malignant and non-malignant pathologies. Few strategies other than 

molecular targeting of the PDGFR-β protein or its cognate ligand have been reported for 

developing inhibitors for PDGFR-β signaling pathway. We previously identified a drug-

amenable, G-quadruplex forming nuclease hypersensitivity element (NHE) in the human 

PDGFR-β promoter that putatively forms four G-quadruplexes. Targeted stabilization of 

G-quadruplex(es) in oncogene promoters with small drug-like molecules is an effective 

strategy to downregulate oncogene transcription and diminish oncogenic activity. 

Therefore, we further investigated the formation and biological role of the PDGFR-β 

NHE with the ultimate goal of demonstrating an alternate and effective strategy for 

molecularly targeting the PDGFR-β pathway. Herein, using promoter-deletion analysis, 

we show the PDGFR-β G-quadruplex forming NHE regulates approximately 60% of 

basal promoter activity. Biophysical analysis of this 36 base pair (bp) GC-rich promoter 

element can form four predominantly parallel G-quadruplexes with remarkable structural 

complexity from overlapping sequences. Of notable importance, we identify the primary 

drug receptor for ellipticine-based analogs is the 3’-end G-quadruplex, which uses a 3’-

run of 5’-GGA-3’ to complete G-quadruplex formation. Using a traditional medicinal 

chemistry approach we identified a group of Ellipticines that targeted the G-quadruplexes 

in the PDGFR-b promoter. From this series of compounds we further show the ellipticine 
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analog GSA 1129 shifts the dynamic equilibrium of G-quadruplex(es) from the full 

length sequence to favor 3’-end formation by selective stabilization of the 3’-end G-

quadruplex. In vitro GSA 1129 downregulates PDGFR-β promoter activity and transcript 

in the neuroblastoma cell line SK-N-SH at sub-cytotoxic cell concentrations, which 

inhibits PDGFR-β driven cell phenotypes: proliferation and migration. Ultimately, this 

study demonstrates molecular targeting and stabilization of the PDGFR-β 3’-end G-

quadruplex an alternate and effective strategy for attenuating the PDGFR-β pathway in 

SK-N-SH. 

 

3.2 Introduction 

It is well established that precise regulation of PDGFR-β expression and its 

ligand-dependent activity are essential for organism development and maintenance of 

homeostasis in the adult [1-3]. Aberrant expression of PDGFR-β and persistent high 

levels of PDGFR-β signaling is a causative factor for a variety of pathologies, including 

vascular disease, fibrotic disorders, and especially cancer [4-8]. Accordingly, the 

PDGFR-β signaling pathway is a validated and important target for the treatment of 

certain malignant and non-malignant pathologies [1, 7, 57, 204]. The two primary 

therapeutic approaches used to inhibit the PDGFR-β pathway focus on directly targeting 

the PDGFR-β protein or its cognate ligand [1]. Surprisingly, at the present time, alternate 

strategies for targeting the PDGFR-β signaling pathway are scarce [1]. Although these 

strategies are effective, there is a need for the development of alternative therapeutic 

approaches.  
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In vivo models of PDGFR-β-driven disease show attenuating PDGFR-β transcript 

causes similar effects to targeting the protein, including decreased tumor growth, 

survival, angiogenesis, and metastasis [205]. One strategy for achieving targeted 

downregulation of transcript with small drug-like molecules involves ligand-mediated 

stabilization of G-quadruplex(es) [133, 151, 152]. These sequence-specific structures are 

found at high frequency around the transcriptional start sites of many proto-oncogenes 

[149, 150, 206], including c-Myc [133, 151, 152], hTERT [207], PDGF-A [208], and 

PDGFR-β [86]. Accordingly, the unique folded topology of G-quadruplex(es) can be 

specifically targeted by small molecules to modulate oncogene transcription [133, 151, 

152].  

We have previously shown that an upstream region of the PDGFR-β proximal 

core promoter (−165 to −132 base pairs) contains a GC-rich NHE that can undergo strand 

separation in response to negative supercoiling to form at least four previously 

uncharacterized G-quadruplexes, referred to here as 5′-end, 5′-mid, 3′-mid, and 3′-end 

[86, 91]. Moreover, known G-quadruplex-stabilizing ligands, telomestatin [165, 209] and 

TMPyP4 [152, 210], exhibit differential binding to structures formed from this 36 bp 

region to negatively affect PDGFR-β promoter activity [86]. Based on these prior studies, 

there exists a unique opportunity to develop optimized G-quadruplex ligands that 

demonstrate potent isoform-specific targeting to downregulate PDGFR-β expression and 

suppress PDGFR-β-related phenotypes [86, 161]. Therefore, we further investigated the 

formation and biological role of the PDGFR-β NHE with the ultimate goal of 

demonstrating an alternate and effective strategy for molecularly targeting the PDGFR-β 

pathway. 
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3.3 RESULTS 

3.3.1 The GC-rich NHE Located in the PDGFR-β Core Promoter Is Responsible for 

Over 50% of Gene Activity.  

The PDGFR-β NHE is a critical promoter-based regulatory element for PDGFR-

β transcriptional activity. Within the −165 to −129 bp region of the PDGFR-β core 

promoter there exists a GC-rich NHE consisting of seven poly-guanine/poly-cytosine 

tracts that are proposed to form an equilibrating set of at least four G-quadruplexes from 

overlapping sequences (Figure 3.1A) [86, 91]. To directly evaluate the biological 

importance of this dynamic element for PDGFR-β promoter activity, two luciferase 

constructs were prepared: WT-NHE and NO-NHE (Figure 3.1A). These constructs were 

each transiently co-transfected with pRL-TK into HEK-293 cells, and luciferase activity 

was evaluated 24 h post-transfection. Promoter activity of these constructs is shown in 

Figure 3.1B as normalized luciferase expression relative to WT-NHE construct. Both 

constructs showed increased luciferase activity relative to the negative control pGL-3 

basic (data not shown), indicating that the PDGFR-β promoter fragments were indeed 

functional in the respective vectors. Loss of the NHE results in a significant decrease 

(approximately 60%, p < 0.001) in luciferase activity for the NO-NHE construct relative 

to the WT-NHE (Figure 3.1B). These findings demonstrate that the NHE is an important 

regulatory element for PDGFR-β promoter activity. 
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3.3.2 The G-rich Strand of the PDGFR-β NHE Is Capable of Forming a Dynamic 

Equilibrating Set of at Least Four Unique and Distinct G-quadruplexes under 

Physiologically Relevant Conditions. 

CD spectra of minimal G-quadruplex sequences indicate the formation of four 

stable G-quadruplexes with predominantly parallel folding patterns. We have shown that 

the G-rich strand of the PDGFR-β NHE produces four distinct stop products by the 

polymerase stop assay, which suggests the formation of at least four stable G-

quadruplexes from this sequence [86, 211]. Guided by our previous studies, we further 

characterized the formation of these four equilibrating G-quadruplexes by subdividing the 

Full Length (FL) NHE (Pu 41) into four putative G-quadruplex-forming sub-fragments, 

which we refer to as the 3'-end (Pu 22; R1–R4), 3'-mid (Pu 26; R2–R6), 5'-mid (Pu 19; 

R3–R6), and 5'-end (Pu 26; R4–R7) (Figure 3.1 A) [86, 211]. It is well established that 

CD spectroscopy can be effectively used to determine G-quadruplex formation and 

stability while also providing useful structural insight such as strand directionality [212, 

213]. Accordingly, the FL NHE (Pu 41), 3′-end (Pu 22), 3′-mid (Pu 26), 5′-mid (Pu 19), 

and 5′-end (Pu 26) were evaluated for G-quadruplex formation by CD spectral and 

thermal analysis in the absence (data not shown) and presence of buffered [K+]. We have 

previously reported on the formation and NMR-based folding pattern of the G-

quadruplex formed from the 5′-mid sequence [91].  

All sequences demonstrated characteristic CD spectra, indicating the formation of 

G-quadruplex DNA secondary structures that are thermally stable at and above 

physiologically relevant temperatures (37 °C) [212, 213] The FL, 5′-mid, 3′-mid, and 3′-

end sequences all adopted a predominantly parallel folding pattern as characterized by a 
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distinct maximum positive molar ellipticity between 260 and 265 nm with a slight 

shoulder around 290 nm (Figure 3.1C) [212, 213]. The hierarchy of thermal stability for 

these minimal G-quadruplexes, ordered from most stable to least stable, is 5′-mid (60.2 

°C), 3′-mid (57.4 °C), 3′-end (55.6 °C), and 5′-end (52.6 °C). Surprisingly, the 3′-end 

minimal G-quadruplex, which includes a non-canonical R1 G-tract (5′-GGA-3′), is not 

the least stable isoform. Collectively, these findings confirm our initial postulate that the 

PDGFR-β NHE is highly complex and can exist as an equilibrating set of at least four 

distinct overlapping G-quadruplexes (Figure 3.1A) [86, 211]. 
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DMS footprinting of minimal G-quadruplex sequences reveals a unique pattern of 

protection. We further investigated structural aspects of the FL and minimal G-

quadruplex-forming sequences through chemical footprinting analysis using DMS. The 

3′-end (Figure 3.2A a.), 3′-mid (Figure 3.2A b.), and 5′-end (Figure 3.2A d.) minimal G-

quadruplex-forming sequences demonstrated unusual patterns of protection from DMS. 

The 3′-mid (Figure 3.2A b.) footprints, which showed complete or partial protection of 

greater than 12 guanines, are likely composites, resulting from the formation of multiple 

G-quadruplexes in solution. The 5′-mid showed the expected footprinting pattern 

associated with the snap-back structure shown previously by NMR [91]. The DMS 

footprint for the 3′-end (Figure 3.2A a.) sequence, which has an adenine as the 3′-most 

purine in R1, displayed clear protection of guanines in R2, R3, and R4, while R1 is 

partially protected, suggesting this end is frayed. 

  



	   101	  

  



	   102	  

3.3.3 Formation of the 3′-end G-quadruplex Utilizes an Adenine to Complete the 

Outer Tetrad, and Inclusion of This Base Contributes to the Thermodynamic 

Potential of This Isoform. 

 

 Investigation into 3′-end (Pu22) G-quadruplex formation began by evaluating the 

importance of the 3′-adenine (A) in R1 using three point-mutated oligomers (A-to-G, A-

to-T, A-to-C) (Figure 3.3A a.). Our results show that 3′-end G-quadruplex stability is 

sensitive to mutation of the R1 3′-adenine as purine to pyrimidine (A-to-T and A-to-C) 

mutations caused a decrease in stability of approximately −5 °C, while the purine-to-

purine (A-to-G) mutation markedly increased G-quadruplex stability by nearly +20 °C 

(Figure 3.3A a.). These R1 mutations made to the FL (Pu 41) resulted in a similar trend in 

stability (data not shown).  

Furthermore we have shown that the number of bases flanking R1–R4 also 

contributes to 3′-end G-quadruplex stability (Figure 3.3B a. and b.). Decreasing the 

number of flanking bases from three to two diminished G-quadruplex stability by 

approximately −5 °C for sequences that contained a wild-type R1 but had no effect on the 

stability of structures formed from sequences with the R1 A-to-G mutation (Figure 3.3B 

a. and b.). Based upon NMR studies (unpublished results), sequences having one and 

zero flanking bases formed intermolecular G-quadruplexes, which are not biologically 

relevant in our system.  

When the adenine analog 2-aminopurine (2AP) is incorporated into secondary 

DNA structures such as G-quadruplexes, the fluorescent properties are diminished [214-

216]. Therefore, to directly determine inclusion of the R1 3′-adenine in 3′-end G-
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quadruplex formation, we designed two oligomers with this base substituted for 2AP (3′-

end Pu22 2AP and FL Pu41 2AP) and monitored their fluorescence in the presence of 

increasing [K+] (0–100 mM) (Figure 3.3C). Our results show a significant [K+]-

dependent decrease in 2AP fluorescence for the 3′-end Pu22 2AP (50–100 mM [K+]) and 

FL Pu41 2AP (100 mM [K+]) (Figure 3.3C). These results indicate that at physiologically 

relevant [K+] the R1 3′-adenine is likely recruited to form the 3′-end G-quadruplex 

containing an external GGGA tetrad from both FL (Pu41) and minimal (Pu22) sequences. 

Finally, the effect of the 3′-end A-to-G mutant G-quadruplex was determined 

using DMS footprinting (Figure 3.3D). Under physiologically relevant [K+], the 3′-end 

R1 A-to-G mutant Pu22 showed dissimilar patterns of protection in R1 and R4 when 

compared to the WT Pu22 (Figure 3.3D). The incomplete protection against DMS 

cleavage for the 3′-end G in R3 for both WT and mutant sequences is probably because 

this base is next to a single-loop base. For R4 the WT sequence shows less protection 

than for the mutant sequence probably because of the instability of the WT sequence 

relative to the mutant sequence. This suggests some perturbation of structure due to the 

GGA sequence at the 3′-end of the G-quadruplex. As expected, the most pronounced 

differences between the WT and mutant sequences are in R1, where clearly both guanines 

are cleaved in the GGA sequence. Overall these footprinting and 2AP results suggest that 

the 3′-terminal adenine does partially substitute for the guanine in the mutant G-

quadruplex, but not unexpectedly it plays a lesser role in stabilization than the guanine. 
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3.3.4 The 3′-end G-quadruplex is Identified as the Likely Target for a Compound 

That Will Produce Transcriptional Silencing of PDGFR-β  Expression. 

 

  The complexity that arises from seven runs of guanines that can form four 

different overlapping G-quadruplexes makes the task of identifying a specific compound 

that will selectively inhibit transcriptional activity by binding to one or more G-

quadruplexes correspondingly more challenging. Our previous studies had shown that of 

the two structurally distinct groups of compounds we have tested (porphyrins and 

telomestatin), only telomestatin produced a decrease in PDGFR-β, and this compound 

was unique in that it appeared to bind selectively to the 3′-end G-quadruplex [86]. We 

were drawn to the 3′-end G-quadruplex because it has a unique external GGGA-tetrad. 

The A-to-G mutation in this external tetrad that forms the G-tetrad results in a almost 20 

°C increase in stability of this isolated G-quadruplex, and it has a unique 1:1:2 loop 

arrangement, which suggested to us that there might be a protein that could recognize this 

structurally unique G-quadruplex and produce a similar extent of stabilization. This might 

then be the defined G-quadruplex to specifically target with a small molecule to mimic 

the effect of this hypothetical transcriptional silencer protein. To test this idea we first 

designed an oligomer with a single mutation in the seven runs of guanines that should 

selectively destabilize the three G-quadruplexes at the 5′-end without adversely affecting 

the 3′-end G-quadruplex that contains the mixed GA tetrad. We then tested this mutation 

(R6 G-to-T) for its effect on transcriptional activity using a luciferase construct. Based on 

previous results [86], this would be expected to decrease transcriptional activity. The 

results in Figure 3.4A show that as anticipated this resulted in decreased luciferase 
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activity presumably because the equilibrium is now shifted to the 3′-end G-quadruplex. 

Indeed DMS footprinting showed that while the protection of the 3′-end G-quadruplex is 

maintained, the cleavage of the remaining runs of guanines (R5 and R6), which are 

required for the other G-quadruplexes, is increased (Supplemental Figure 3.1). In 

contrast, while this result was encouraging, we then found that a second mutation (R1 A-

to-G) of the 3′-end G-quadruplex, which forms the previously characterized stable G-

quadruplex, demonstrated an increase in transcriptional activity. Furthermore the R5 G-

to-T mutation in the single run of two guanines showed no significant effect on luciferase 

activity. In the following chapter we demonstrate that these results can be understood if 

we also take into account the effect of these mutations on the two equilibrating i-motifs 

on the complementary strand, which we show are involved in transcriptional activation of 

PDGFR-β. 
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3.3.5 The Ellipticine-based Small Molecule GSA1129 Selectively Binds to and 

Stabilizes the 3′-end G-quadruplex from the Dynamic Overlapping Equilibrating 

Set of G-quadruplex(es) to Inhibit PDGFR-β Promoter Activity 

 

Ellipticine-based scaffolds demonstrate selectivity for the 3′-end G-quadruplex. 

To identify a drug-like scaffold that demonstrates selectivity for the PDGFR-β NHE G-

quadruplex(es), we performed competition dialysis on representatives of two groups of 

known G-quadruplex-interactive molecules [151, 203, 217]. These compounds, 

quindoline-i (black bars) and NSC338258 (white bars), and their comparative binding to 

various promoter G-quadruplexes and duplex DNAs are shown in Figure 3.5A and B. In 

subsequent screens the NHE sub-fragments (5′-end, 5′-mid, 3′-mid, and 3′-end) were 

incubated with increasing concentrations of quindoline-i or NSC338258 (Figure 3.5C a.-

b.). From these studies our data show that NSC338258 binds preferentially to the 3′-end 

G-quadruplex at approximately 1 mol. equiv. and increases its thermal stability by +4 °C 

and +9 °C at 1 and 2 mol. equiv., respectively (Figure 3.5C b.). While quindoline-i did 

indeed bind to the minimal G-quadruplex(es), it did not demonstrate comparable isoform 

selectivity (Figure 3.5C b.). Based upon the large increase in molecular ellipticity at just 

one equivalent of added drug, it appears most likely that the site for binding of the 

ellipticine based NSC338258 is the GA-containing tetrad. 
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Figure 3.5. Ellipticine analog NSC338258 demonstrates preferential binding to the 
�ƍ�HQG�*�TXDGUXSOH[ (A.) Competition dialysis demonstrating Quindoline-i (black bars) 
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Stoichiometric binding analysis monitoring fraction change in molar ellipticity at 262 nm 
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Design and synthesis of ellipticine analogs to increase selectivity and potency for 

PDGFR-β transcriptional inhibition. Based upon molecular modeling (unpublished 

results) the ellipticine core nucleus stacks on top of the outer tetrad with the side chain at 

position N6 bind within the groove of the G-quadruplex. Based upon the large increase in 

molecular ellipticity at just one equivalent of added drug, it appears most likely the site 

for binding of the first drug is the mixed GA containing tetrad. 

The synthesis of compounds described in Table 1, containing different side arms 

as well as different length side chains with basic substituents, was carried out as 

described in Schemes 1, 2, and 3.  
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Table 3.1: Structures and activity data on ellipticine analogs. 
 
 
 
 

 
Compound 

 
R1 

 
R2 

Cytotoxicity 
HEK293 – IC50 

uM 
 

NSC338258 
 

-H  
 

 
3.16 

 
Methoxyellipticine 

 
-H 

 
-OCH3 

 
 

 
6.70 

 
GSA1116  

 
-OCH3 

 

 
1.62 

 
GSA1112   

 

 
2.20 

 
GSA1121  

 
-OCH3 

 

 
13.92 

 
GSA1129  

 
-OCH3 

 

 
1.87 

 
GSA1137  

 
-H 

 

 
9.46 

 
GSA1134  

 
-H 

 

 
22.47 

 
GSA1125 

 
-H  

 

 
12.6 
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GSA1129 was synthesized starting from methoxyellipticine, as shown in Scheme 

1. 9-Methoxyellipticine was treated with bromochloropropane and potassium tert.-

butoxide and t-butanol as a solvent to obtain 6-chloropropyl-9-methoxyellipticine. 

GSA1129 was obtained from the reaction of 6-chloropropyl-9-methoxyellipticine and 1-

methylpiperazine. 

 

 

 

As shown in Scheme 2, other ellipticine analogs were prepared by alkylation of 

ellipticine or methoxyellipticine using corresponding alkyl bromides or chlorides with 

potassium tert.-butoxide in t-butanol solvent. 

 

 

 

GSA1125 was synthesized by alkylation of 9-hydroxyellipticine using 

dimethylaminopropyl chloride and potassium tert-butoxide in t-butanol, as shown in 

Scheme 3. 
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The cytotoxicity results for each of the ellipticine analogs are shown in Table 1. 

Based simply upon cytotoxicity against the human embryonic kidney cell line HEK203, 

it is difficult to make any firm conclusions about SAR. For this reason we moved all nine 

compounds through the screen, which involved examining their selectivity for binding to 

the 3′-end G-quadruplex vs. the other three G-quadruplexes in the PDGFR-β promoter 

element. Design and synthesis of all compounds was carried out under the direction of 

Dr. Vijay Gokahle. 
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GSA1125 shows the best selectivity for the 3′-end G-quadruplex in the PDGFR-β 

promoter element and decreases luciferase activity in a NHE dependent manner  Using 

the different oligomers previously used for the four G-quadruplexes found in the 

PDGFR-β promoter, we added two equivalents of the nine different ellipticines and 

determined the ΔTm for each ellipticine analog/oligomer. The results shown in Figure 

3.6A demonstrate that GSA1125 and GSA1129 show the best selectivity for the 3′-end 

G-quadruplex over the other three G-quadruplexes. A DMS footprinting experiment was 

carried out to confirm the selectivity of GSA1129 for the 3′-end G-quadruplex in 

comparison to its core scaffold, ellipticine. While GSA1129 showed selectivity for 

protection of guanine runs R2–R4, ellipticine failed to show this pattern (Supplemental 

Figure 3.2). 

 To further differentiate the selectivity of the different ellipticine analogs in a cell-

based system, we compared the luciferase activity in two different constructs, one 

containing the WT and a second in which the G-quadruplex-containing element was 

eliminated, named WT-NHE and NO-NHE, respectively. In some cases, such as 

NSC338285 (Figure 3.6B a.), there was a moderate degree of selectivity that correlated 

with the selectivity we saw in the Tm measurements shown in Figure 3.6A; however, in 

others such as GSA1125 (Figure 3.6B f.), which appeared to show selectivity in the Tm 

measurements, there was no selectivity between the empty vector and the WT. 

Significantly GSA1129 showed an impressive degree of selectivity at both the 50% IC50 

dose and the 100% IC dose (Figure 3.6B g). 
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3.3.6 Targeted Stabilization of the 3′-end G-quadruplex in the PDGFR-β Promoter 

with GSA1129 Downregulates PDGFR-β Transcription and Inhibits Cell 

Proliferation and Motility 

 

GSA1129 potently induces differential cytotoxicity in the neuroblastoma cell lines 

SK-N-SH and SH-SY-5Y. We evaluated cell-line sensitivity to GSA1129 and 

methoxyellipticine by the MTS assay using an in-house panel of PDGFR-β-expressing 

cell lines (Figure 3.7A). Our results show that GSA1129 exhibits the greatest amount of 

cytotoxicity in the neuroblastoma cell lines SK-N-SH (1.2 ± 0.8 µM) and SH-SY-5Y (1.8 

± 0.6 µM), which have elevated levels of PDGFR-β mRNA (Figure 3.7A). Importantly, 

both cell lines are approximately 12-fold more sensitive to GSA1129 compared to 

methoxyellipticine (Figure 3.7A). These results lead us to suspect that the differential 

cytotoxicity observed for GSA1129 is caused by a decrease in PDGFR-β transcript.  

 

GSA1129 reduces both nascent RNA and mature PDGFR-b transcript in the SK-

N-SH cell line. To directly assess the effect of GSA1129 on PDGFR-β transcription, we 

utilized two sets of primers that specifically amplify either the nascent or mature 

PDGFR-β transcript by quantitative real-time PCR. Our results show that GSA1129 

decreases both nascent and mature PDGFR-β transcript in a dose- and time-dependent 

manner in SK-N-SH (Figure 3.7B c.-d.) and SH-SY-5Y (Figure 3.7B a.-b.). Importantly, 

only SK-N-SH showed an equivalent decrease of both nascent and mature PDGFR-β 

transcript (Figure 3.7B c.-d.), which suggests that there are not alternate stabilities 

between nascent and mature PDGFR-β transcript in this cell line.  
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GSA1129 inhibits PDGFR-β-related phenotypes at sub-cytotoxic concentrations 

in SK-N-SH. It is well known that PDGFR-β signaling activates potent signaling cascades 

responsible for promoting cell survival, growth, proliferation, and motility [1-3]. 

Accordingly, studies have shown that targeting PDGFR-β in neuronal-derived tumor cells 

inhibits proliferation and cell migration [87, 88, 95, 218, 219]. To determine if targeted 

downregulation of PDGFR-β transcription by GSA1129 decreases these mitogenic 

signals in SK-N-SH, we evaluated cell viability and proliferation over a 96-h time course 

(Figure 3.7C a.-f.). Our results show that IC50 concentrations prevent cell proliferation 

and lead to a greater than 75% loss of cell viability by 48 h (Figure 3.7C d.), while 50% 

(Figure 3.7C e.) and 25% (Figure 3.7C f.) concentrations inhibit cell proliferation similar 

to the anti-PDGFR-β siRNA positive control through 48- and 96-h time points, 

respectively (Figure 3.7C c.). These results show that targeted knockdown of PDGFR-β 

transcript by either siRNA or GSA1129 at 25% or 50% IC50 concentrations inhibits cell 

proliferation. 

To evaluate the efficacy of compounds that inhibit PDGFR-β-mediated cell 

migration studies such as scratch assays are commonly used [220, 221]. We evaluated the 

ability of sub-cytotoxic concentrations of GSA1129 (300 nM) to inhibit cell migration 

using the Cell-Comb scratch assay (Millipore, MD) (Figure 3.7D). In the presence of 

GSA1129, cell migration is inhibited through 48 h (Figure 3.7D). Collectively these 

results show that targeting the 3′-end G-quadruplex in the PDGFR-β promoter effectively 

downregulates PDGFR-β transcription, resulting in inhibition of cell proliferation and 

motility. 
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Figure 3.7. Molecularly targeting the 3′-end G-quadruplex with GSA1129 
attenuates PDGFR-β  transcription and pathway-related phenotypes in vitro (A.) 
Comparative sensitivity to GSA1129 (red bars) as compared to methoxyellipticine 
(yellow bars) as evaluated by MTS cytotoxicity assay at 24 h in PDGFR-β-expressing 
cancer cell lines. (B.) Time- and [GSA1129]-dependent decrease of PDGFR-β promoter 
activity and mRNA as evaluated by qRT-PCR of nascent transcript (blue bars) and 
mature transcript (red bars), respectively, in (a. and b.) SH-SY-5y and (c. and d.) SK-N-
SH. Alternate mechanisms of mRNA regulation in SH-SY-5y are highlighted by 
differences in nascent transcript and mature transcript (mRNA) at (a.) 24 h and (b.) 48 h 
25% IC50 and 50% IC50. Data is presented as PDGFR-β expression relative to time-
matched No-Drug control (data not shown). DMSO is included as a vehicle control. (C.) 
Biological consequences of attenuating PDGFR-β transcript by (c.) anti-PDGFR-β 
siRNA, (d.) IC50 [GSA1129], (e.) 50% IC50 [GSA1129], (f.) and 25% IC50 [GSA1129] on 
viability (dead cells; red line) and proliferation (live cells; blue line) over a 0–96-h time-
course in SK-N-SH; controls include (a.) Not treated and (b.) Scrambled siRNA. Data is 
presented as live or dead cell activity relative to t = 0 h for each individual treatment 
condition. (D.) Migration study by scratch assay in SK-N-SH using sub-cytotoxic, 25% 
IC50 [GSA1129], as monitored over a 0–48-h time-course compared to No-Drug and 
DMSO controls.   
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3.4 Discussion 

  PDGFR-β signaling pathway is a validated and important target for the treatment 

of certain malignant and non-malignant pathologies [1, 7, 57, 204]. In vivo studies have 

demonstrated that downregulating aberrant PDGFR-β expression effectively diminishes 

PDGFR-β driven tumor phenotypes [205]. Despite the importance of PDGRF-β in the 

pathophysiology of certain malignancies, few strategies exist for targeting the PDGFR-β 

pathway other than targeting the receptor itself or its cognate ligand [1]. Importantly, 

coding regions of genes are more susceptible than regulatory regions to mutations that 

translate into gene products with enhanced activity and/or allow the cell to evade 

molecular targeting of the protein [23, 222, 223]. Since gene promoter regions are 

infrequently mutated in cancer [81, 82], promoter-based G-quadruplexes represent a more 

consistent, high fidelity target for attenuating an oncogenic pathway. Accordingly, this 

suggests that G-quadruplex targeting compounds have more broad based clinical 

applications as companion and/or stand alone therapies.  

Of note, the PDGFR-β promoter system involving G-quadruplexes is quite 

distinct in relation to that of the c-Myc and other promoter systems previously 

characterized. Of the four classes of G-quadruplex forming promoter elements, to date, 

the majority that have been characterized belong to Class I-III promoter elements [224]. 

Although these three classes are quite distinct, they share a common feature in that their 

constituent poly-GC tracts are not shared between multiple isoforms and give rise to a 

single primary G-quadruplex, as is seen in the VEGF [225, 226], Hif-1α [227], RET 

[175, 228], and PDGFA [208] promoters [224] although there may be complexities we do 

not appreciate at this point. The fourth class (Class IV) of promoter-based G-quadruplex 
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control element is comprised of multiple contiguous runs of guanines that form a 

dynamic set of G-quadruplexes from overlapping sequences, as is found in the BCL2 

[229, 230], ADAM-15 [154], and PDGFR-β [86] promoters [224].  

The PDGFR-β core promoter NHE is comprised of seven contiguous runs of 

guanine, which nucleate to form a dynamic equilibrating set of at least four G-

quadruplex(es), and is the most complex Class IV promoter studied to date. Three of the 

four G-quadruplexes are highly polymorphic and likely depend upon a 2+1 “snapback” 

structure, [91] while the fourth G-quadruplex is unique in that it has an external GGGA 

tetrad. The unique folding patterns and topologies of the G-quadruplexes that result from 

this promoter system provided a basis for suspecting that there may be distinct proteins 

and/or compounds that selectively bind to one or more of these structures [231, 232].  

Results from a previous study using the molecular probes telomestatin and TMPyP4 

suggested the drug-selective potential of the G-quadruplexes formed from the PDGFR-β 

NHE [86]. This initial study further suggested that targeted stabilization of the 3’-end G-

quadruplex has inhibitory effects on PDGFR-β transcription [86]. While the use of these 

molecular probes has found great utility in elucidating G-quadruplex-related 

transcriptional outcomes in Class I-III promoter systems, their lack of isoform specificity 

does not allow for isoform-specific identification of the molecular ‘off’ switch in more 

complex Class IV promoter systems, as is the case for the PDGFR-β promoter system. 

The lack of target specificity, in addition to poor drug-like properties, makes these 

compounds poor drug candidates for hit-to-lead optimization [233].  

In order to successfully identify G-quadruplex targeting compounds, we first had 

to deconvolute the system to identify and characterize the molecular ‘off’ switch for the 
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PDGFR-β promoter. Identification of the appropriate G-quadruplex(es) to target is 

critically important in Class IV promoter systems, and developing a better understanding 

of this dynamic regulatory element allowed us to assess the feasibility of selectively 

targeting an individual G-quadruplex to negatively regulate transcription. In the absence 

of isoform-specific probes, we first used judicial point mutations that shift the dynamic 

equilibrium of G-quadruplex(es) alongside promoter activity assays to identify that the 

PDGFR-β NHE 3’-end G-quadruplex functions as a transcriptional inhibitor. This 

confirmed our preliminary findings, which suggested that stabilization of the 3’-end G-

quadruplex resulted in the inhibition of transcription [86]. The results were more complex 

than we anticipated because at first they seemed contradictory since different mutations, 

which appeared to isolate the same 3’end G-quadruplex, gave opposite results while a 

third mutation showed no effect on transcriptional activation (Figure 3.3A). However, as 

we show in the following chapter, by also taking into account the effect of these 

mutations on the C-rich strand, which can form a transcriptionally activating i-Motif by 

binding to hnRNP K, the apparently conflicting results can be reconciled. Our 

understanding and characterization of the 3’-end G-quadruplex and its transcriptional 

function enabled the target-based identification and optimization of ellipticine analogs 

that preferentially target the 3’-end G-quadruplex.  

The ellipticine analog NSC338258 was found to bind to the PDGFR-β 3’-end G-

quadruplex. This is not entirely surprising, as the ellipticine core possesses certain 

physiochemical properties such as a conjugated crescent-shaped π-system [161, 234, 

235], which has been shown to target the external tetrads of G-quadruplexes. Moreover, a 

recent study from our laboratory has demonstrated that NSC338258 targets the c-Myc G-
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quadruplex to decrease its promoter activity in non-Hodgkin’s lymphoma [151]. A wealth 

of topological diversity has been described for promoter-based G-quadruplexes [121]. 

This diversity suggests that target specificity and selectivity can be achieved through the 

strategic addition of substituents that extend from the core scaffold to interact with 

unique features in the loop regions. In the present study, we demonstrated that G-

quadruplex selectivity and targeted 3’-end specificity can be achieved through a 

traditional medicinal chemistry hit-to-lead optimization of the ellipticine scaffold. As 

would be expected, the different folded topologies of the four equilibrating G-

quadruplexes in the PDGFR-β NHE exhibited variable isoform-specific selectivity for 

small molecule compounds. Somewhat surprisingly, we found that subtle sidearm 

alterations can have profound effects on G-quadruplex selectivity (Table 1). Since 

GSA1129 demonstrated desirable target selectivity for the 3’-end G-quadruplex, it was 

chosen as our lead compound to be evaluated in more relevant PDGFR-β overexpressing 

cancer cell lines.  

Ellipticine analogs have been previously investigated in clinical trials based on 

their anti-tumor activity, however, dose limiting toxicities (nausea, anemia, and cardiac 

arrhythmias) and lack of a well defined mechanism of action halted their progress in 

phase 2 trials [236-240]. The dose limiting toxicities might be explained by metabolic 

activation to generate reactive oxygen species (ROS) and/or topoisomerase I and/or II 

mediated duplex DNA interactions [238-241]. With this in mind, it is important to 

consider duplex interactions when developing G-quadruplex targeting therapies. In the 

present study we show in vitro GSA 1129 has diminished duplex DNA interactions 

relative to that of the parent compound by comparing their effects on luciferase activity 
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from the NO NHE construct. Of note, the identification of a minimal effective 

concentration that does not elicit cytotoxic outcomes suggests that a therapeutic window 

might be achieved; however, the lack of a ‘normal’ non-malignant neuronal cell line 

prevented us from conducting a relevant cancer vs. normal analysis. Though speculative, 

these implications provided the basis for further mechanistic studies involving a 

promoter-based mechanism of action by ChIP and identification of the specific 

concentration that elicits double strand breaks by comet-assay. 

It is well established that gene expression in both normal and cancer cells can be 

rapidly silenced or prolonged by controlling mRNA half-life for a given gene [242-244]. 

Indeed, the precise control of the PDGFR-β pathway is in part regulated at the post-

transcriptional level [1, 2, 5, 36, 245]. As would be expected, the loss of post-

transcriptional regulatory mechanisms in malignant mesothelial cell lines results in 

prolonged PDGFR-β mRNA stability and causes aberrant expression of PDGFR-β [246, 

247]. Therefore, it is reasonable to suspect that this might also be true for other malignant 

PDGFR-β overexpressing cell lines such as those used in this study. Our identification of 

a discrepancy between nascent and mature transcript suggests that alternate regulatory 

mechanisms contribute to aberrant PDGFR-β expression in the SH-SY-5Y cell line 

(Figure 3.7A). This is an important consideration as the overt goal of G-quadruplex 

interactive compounds is to specifically downregulate aberrant oncogene transcription to 

achieve cancer-specific cell death. With this in mind; targeting PDGFR-β transcriptional 

activity in a cell that aberrantly stabilizes PDGFR-β mRNA is not expected to 

significantly affect its pathway. As we have shown in this study when evaluating the 

transcriptional outcomes of a G-quadruplex interactive compound a comparative analysis 
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of nascent vs. mature transcript is both a simple and effective means of screening for this 

disconnect. This is important to take into consideration as, our studies suggest that 

mRNA levels may not accurately reflect the promoter activity for a given gene and 

therefore, may not directly reflect the promoter specific effects of G-quadruplex 

interactive compounds in vitro.  

Genetic studies in vitro and in vivo have shown that PDGFR-β is a key regulator 

of cell growth, proliferation, and migration [1, 2, 5, 248-250]. As would be expected, 

proliferation studies and cell migration assays are commonly used to evaluate kinase 

inhibitors that target the PDGFR-β pathway [247-251]. Herein we show that treating SK-

N-SH with GSA 1129 results in a decrease in PDGFR-β transcript, which is accompanied 

by reduced cell proliferation and migration. Collectively our studies show that the 

PDGFR-β pathway is downregulated by GSA1129, however, further in-depth 

mechanistic studies are required to elucidate the exact promoter specific mechanism of 

action for this compound. With regard to the overall goal of the project, we demonstrated 

and alternate feasible mechanism for molecularly targeting the PDGFR-β pathway and 

identified an important predictive metric for assessing G-quadruplex targeted outcomes in 

vitro. Moreover, this comparative evaluation of nascent vs. mature transcripts has farther-

reaching clinical utility as a companion diagnostic to evaluate the efficacy of G-

quadruplex targeted therapies. 

Lastly, clinical evidence has established that targeting the PDGFR-β signaling 

pathway is an efficient and feasible anticancer therapy in selected settings [1, 2, 5]. 

Additional therapeutic opportunities are suggested from clinical and preclinical genetic 

studies in mice of non-malignant disorders [6, 8, 63, 252, 253]. As would be expected, 
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kinase inhibitors that have activity on PDGFR-β, such as imatinib, are being investigated 

for use in treating atherosclerotic disorders [60, 61], fibrosis [254, 255], and disorders 

associated with chronic inflammation [252, 253]. Interestingly, molecular targeting of the 

PDGFR-β pathway at the transcriptional level may indeed find greater utility in these 

clinical pathologies of normal cells relative to cancer cells. Pathologies of non-malignant 

cells are commonly caused by chronic PDGFR-β expression that overwhelms or disrupts 

intact auto-inhibitory feedback mechanisms of the pathway [1, 5]. Therefore, it stands to 

reason that diminishing PDGFR-β gene transcription will allow the cells endogenous 

regulatory mechanisms to quench the pathway. Indeed, preliminary studies using in vivo 

models of inflammatory response suggest that GSA1129 is well tolerated and of 

significant utility in diminishing the PDGFR-β pathway (unpublished results). 

  



	   127	  

CHAPTER 4: THE IMPORTANC OF THE i-MOTIF IN THE PDGFR-β 

PROMOTER IN TRANSCRIPTIONAL FIRING AND IDENTIFICATION OF 

COMPOUNDS THAT BIND TO THIS STRUCTURE TO REPRESS 

TRANSCRIPTION  

 

4.1 Abstract 

Active transcriptional processes produce negative superhelical torques that can 

drive the structural interconversion of normal B-DNA to form higher order non-B-DNA 

isoforms. In the previous chapter, we described the transcriptional outcomes associated 

with G-quadruplex formation from the PDGFR-β core promoter nuclease hypersensitivity 

element (NHE). Mutational studies of this highly dynamic NHE using luciferase reporter 

plasmids highlight a novel set of point mutations, which prompted further investigation 

into higher order DNA secondary structure formation. Herein we characterize the 

formation of an equilibrium between at least two different i-motifs from the cytosine-rich 

(C-rich) sequence of the PDGFR-β NHE. Initial characterization of a single-base point 

mutation made in a critical cytosine run in the PDGFR-β NHE dramatically affects the 

structure and stability of i-motif(s) formed from this sequence. Further structural 

characterization of i-motif formation from the PDGFR-β WT and this mutant indicates 

that the sequences exist as a complex equilibrium of intramolecular i-motif DNA 

secondary structures.   EMSA analysis demonstrates that the common lateral loop CCCT 

sequences (CT-elements) are recognized and bound by hnRNP K. Promoter activity 

assays in combination with siRNA knockdown studies localize hnRNP K–related 

transcriptional activities to the PDGFR-β NHE. Using the neuroblastoma cell line SK-N-
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SH, we demonstrate that siRNA knockdown of hnRNP K decreases PDGFR-β 

transcriptional activity. Using FRET and CD analysis we further screened the NCI 

Diversity III and Mechanistic II compound libraries and identified NSC 309874 as a 

PDGFR-β i-motif–interactive compound. In vitro analysis demonstrate that NSC 309874 

affects the structure and stability of the PDGFR-β i-motif and lowers PDGFR-β gene 

expression. Our studies underscore the importance of considering the effects of point 

mutations on structure formation from both G- and C -rich sequences. By considering the 

consequences of mutations on i-motif formation/function, in addition to G-quadruplex 

formation/function, we can fully rationalize the transcriptional outcomes associated with 

higher order structure formation from the PDGFR-β NHE. Collectively, these studies 

provide the first biological evidence supporting the dynamic interplay of G-quadruplex 

and i-motif DNA secondary structures, which represents a “molecular-switch” 

mechanism for transcriptional regulation from the PDGFR-β NHE. 
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4.2 Introduction 

 

Transcriptional dysfunction resulting in the overexpression of the oncogene 

PDGFR-β has a causative and contributing role in the development and maintenance of 

several pathophysiological disorders, including cancer [1, 3, 82, 204, 205, 256]. The 

overwhelming majority of regulatory events that govern gene expression involve the 

dynamic interplay between transcriptional factors and sequence-specific, promoter-based 

DNA regulatory motifs [81, 82]. Therefore, further insight into the structural biology of 

the PDGFR-β promoter is essential for understanding the dysfunction of gene expression. 

In a previous study, we cloned and characterized an upstream nuclease hypersensitivity 

element (NHE) in the PDGFR-β core promoter that can form drug-amenable higher order 

DNA secondary structures known as G-quadruplexes [86]. Promoter-based G-

quadruplexes form in response to negative superhelical torques generated by active 

transcriptional processes and are reported to function as transcriptional regulatory 

elements. Bioinformatic studies have revealed that G-quadruplex-forming sequences are 

found in high frequency in the promoter regions of proto-oncogenes [224, 257, 258], 

including c-MYC [152], c-KIT [259], BCL2 [229], hTERT [207], VEGF [226], PDGFA 

[208], and PDGFR-β [86]. Our continued studies of the transcriptional outcomes 

associated with specific G-quadruplex isoforms from the PDGFR-β NHE produced 

unexpected results, which prompted further investigation into i-motif formation from the 

complimentary C-rich sequence.  

Similar to G-quadruplexes, promoter-based i-motifs can nucleate from duplex 

DNA in response to negative superhelicity [135] using the complementary C-rich 
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sequence to form intercalated hemiprotonated cytosine+–cytosine base pairs [132, 136]. 

Ex vitro, i-motifs are only stable at an acidic pH and demonstrate increasing single-strand 

dynamics as pH increases toward neutrality due to their requisite hemiprotonated 

building block [132, 137-140]. However, molecular crowding conditions using single-

walled carbon nanotubes, which were intended to mimic the cellular environment, 

demonstrate stable i-motif formation from telomeric sequences at physiological pH [141]. 

Although the existence of i-motifs has been known for over a decade, their potential 

biological significance has only recently been investigated [132, 135, 142-144]. It can be 

expected that the genomic distribution of i-motifs is similar, if not identical, to that of G-

quadruplexes as they form from the complimentary sequence [132]. Importantly, recent 

reports investigating i-motif formation from the BCL2 promoter demonstrate that hnRNP 

LL recognizes and binds to the lateral loops of the BCL2 i-motif to modulate 

transcription [142]. Furthermore, two small molecules were identified that exclusively 

bind to the BCL2 C-rich sequence in either the i-motif (IMC-48) or flexible hairpin 

(IMC-76) conformations and exert their activity by modulating the amount of the i-motif 

available for hnRNP LL binding [143].  

Herein we describe the importance of taking into consideration the effects of point 

mutations on DNA secondary structure formation from the C-rich sequence in the 

PDGFR-β NHE in addition to their effects on the G-quadruplexes on the opposite strand 

(see previous chapter). Our continued investigation of the transcriptional outcomes 

associated with G-quadruplex formation from the 3′-end of PDGFR-β NHE yielded 

conflicting results (see previous chapter). Specifically, of the two point mutations (R1 A-

to-G and R6 G-to-T) identified to promote 3′-end G-quadruplex formation, one (R6 
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mutant) decreased promoter activity while the other (R1 mutant) increased promoter 

activity. On the basis of seminal findings recently described by Kendrick and Kang [142, 

143], we further sought to understand these results based on the formation of an i-motif 

from the complimentary C-rich strand. Our findings demonstrate that the C-rich sequence 

of PDGFR-β NHE forms a dynamic set of i-motif structures that are sensitive to point 

mutations in the constituent poly-cytosine tracts. Further characterization of i-motif 

formation from these sequences suggests an in vitro G-quadruplex/i-motif “molecular-

switch” mechanism for transcriptional regulation from the PDGFR-β NHE. Although 

previously suggested [132, 142-144, 224], to our knowledge this is the first biological 

evidence supporting the dynamic interplay between G-quadruplex- and i-motif-mediated 

mechanisms of transcriptional regulation. 
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4.3 Results 

4.3.1 The C-rich sequence of the PDGFR-β NHE forms an equilibrating mixture of 

i-motif DNA secondary structures  

CD spectral and thermal analysis was initially carried out on the PDGFR-β NHE 

Py41 WT sequence over a pH gradient to determine i-motif structure formation and pH 

dependence. CD spectroscopy is commonly used to assess i-motif DNA secondary 

structure formation based on the distinctive spectral signature associated with 

hemiprotonated cytosine+–cytosine base pairs, which is characterized by a maximum 

positive molar ellipticity (λMAX) within 280–288 nm and a negative molar ellipticity 

(λMIN) within 260–267 nm [260-263].  

The CD spectra results show that the Py41 WT sequence at pH 6.0 has a spectral 

signature with a λMAX at 286 nm and a λMIN within 260–267 nm, which is indicative of i-

motif formation (Figure 4.1 A a.). The plot of λMAX at 286 nm vs. pH (pH 5.0 to pH 8.0) 

shows that as pH increases toward neutrality (between pH 6.3-6.8) the λMAX begins to 

diminish, λMAX transitions to 277 nm, and ultimately a lower plateau is achieved between 

pH 6.8 and 8.0, all of which is consistent with a transition to an unordered structure 

(Figure 4.1 A b.) [264]. These results indicate that the WT i-motif is pH-dependent and 

has a transition pH of 6.6. To further probe the relationship between i-motif stability and 

pH, CD thermal melt analysis was carried out on the WT sequence at its transition pH 

(pH 6.6) and pH 6.0. The results from these studies show that under more acidic 

conditions, the thermal stability (Tm) is increased 7 °C from pH 6.6 (28.5 °C) and pH 6.0 

(35.5 °C), indicating that the WT i-motif Tm is pH-dependent (Figure 4.1 B). 

Collectively, these results demonstrate that it is most probable that the C-rich sequence of 
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the PDGFR-β NHE forms a pH-dependent i-motif and an R1 T to C point mutation 

increases the stability of the structure formed  

 

Mutations made to critical cytosine runs in the PDGFR-β NHE Py41 overtly 

affect i-motif formation and thermal stability. Previous studies investigating the 

regulatory function of i-motif formation from the BCL2 promoter suggest that mutations 

that destabilize i-motif formation overtly affect transcription factor recognition and 

promoter activity [142]. In light of these findings, it is reasonable to suspect that 

mutations made to the PDGFR-β NHE may also affect i-motif formation. This might 

therefore explain the contradictory effects of mutations on the G-rich strand we had 

reported in the previous chapter.  With an understanding of the formation and stability of 

i-motif(s) formed in the WT PDGFR-β NHE, we further examined the effects that 

individual mutations have on i-motif formation by pH gradient CD spectral analysis of 

R1 T-to-C, R5 C-to-A, and R6 C-to-A in the Py41 (Figure 4.1 A c.). Results of CD 

spectral analysis of the mutant sequences at pH 6.0 are shown in Figure 4.1 A a.). 

Compared to the spectral signature of the WT sequence, the R1 T-to-C has a more 

pronounced λMAX at 286 nm and λMIN within 260–267 nm, the R5 C-to-A mutant has a 

decreased λMAX at 282 nm and a λMIN within 260–267 nm, and R6 C-to-A has a decreased 

λMAX at 280 nm and a λMIN within 260–267 nm. Together, these results suggest that the 

R1 mutation causes an increase in i-motif formation, the R5 mutation modestly affects 

structure formation, and the R6 mutation dramatically decreases the i-motif structure 

formed compared to the WT sequence. 
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We further examined the effect that the R1, R5, and R6 mutations had on the i-

motif structure formation and pH-dependence, relative to the WT sequence, using pH 

gradient CD spectral analysis. Our results in Figure 4.1 A b.) show that the R1 mutant has 

no effect on transition pH, while the structures formed by the R5 and R6 mutant 

sequences transition to unordered structures under more acidic conditions at pH 6.4 and 

6.2, respectively. Collectively, these demonstrate that the R5 and R6 mutant sequences 

have greater pH dependence for structure formation than the R1 and WT sequences, 

which suggests that i-motif formation from the R5 and R6 sequences is less stable. 

To complement these studies, we investigated the effects that the R1, R5, and R6 

mutations have on i-motif stability at pH 6.0 and at their sequence-specific transition pH 

by CD thermal-melt analysis, and the change in Tm (ΔTm) was calculated relative to the 

WT i-motif. Our results in Figure 4.1 B show that the R1 mutation markedly increases i-

motif thermal stability ΔTm = +10.1 °C and +13.2 °C, the R5 mutation only slightly 

decreased thermal stability ΔTm = −1.8 °C and −0.2 °C, and the R6 mutation dramatically 

decreased the thermal stability of the structure ΔTm = −8.1 °C and −6.5 °C. Overall, these 

results indicate that creating an additional 5′-CCC-3′ tract with the R1 mutation allows 

for the formation of a more stable i-motif, while the R6 mutation, which disrupts a 

critical run of seven cytosines, has dramatic effects on i-motif formation. As expected, 

the R5 mutation, which disrupts a cytosine run presumably not important for i-motif 

formation, had negligible effects on i-motif stability. Moreover, these results suggest that 

at physiologically relevant temperatures (37 °C), in vitro i-motif formation is unlikely 

from the R6 mutant NHE. Conversely, the increase in stability associated with the R1 

mutation would be expected to promote i-motif formation.  
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Figure 4.1. Mutations in critical runs of cytosine differentially effects i-motif forma-
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4.3.2 While the C-rich sequences of the WT are highly polymorphic and can form 

multiple folded topologies, the R1 mutant NHE forms a much more defined i-motif 

 

The R1 T-to-C mutation creates a 5′-CCC-3′ run from the natural sequence 5′-

TCC-3′. Therefore, it is reasonable to suspect that this novel cytosine run is involved in 

the formation of a more stable i-motif that is less able to form from the WT sequence. 

The BCL2 i-motif can be recognized by transcriptional regulatory factors such as hnRNP 

LL and small molecules, which demonstrate discriminatory binding between different 

folded topologies to modulate gene activity [142, 143]. Accordingly, understanding the 

differences between the folded structures of the WT and R1 mutant i-motifs is important 

for characterizing their biological and translational potential. 

To precisely characterize the importance and utilization of individual cytosines in 

i-motif formation and stability, we designed a series of oligomers that contain sequential 

C-to-T point mutations in R1–R7 for both the WT and R1 mutant sequences. These C-to-

T point-mutated sequences were evaluated by CD thermal melt analysis. As would be 

expected, C-to-T mutations involved in i-motif structure formation show a decrease in Tm 

relative to the parent sequences (Figure 4.2 A a. and b.). The results from the WT 

sequence show that only three cytosine runs (2, 3, and 7) show clear protection, while the 

remaining runs show either limited (1, 4 and 6) or negligible (5) protection (Figure 4.2 A 

a.). Analysis of i-motif formation from the WT sequence by 1D NMR confirms i-motif 

formation at pH 5.5, pH 6.2, and pH 6.6 and transition to an unordered structure at pH 7.3 

(Figure 4.2 B). Collectively, the data presented in Figure 4.2 A (a.) and Figure 4.2 B 

suggest that at least two (or more) equilibrating i-motifs can be formed from the WT 
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Py41 through the differential use of cytosine runs. In contrast, the comparative analysis 

of thermal stabilities suggests the predominant i-motif formed from the R1 mutant Py41 

sequence uses R1 (C0–C2) along with R3 (C8–C10), R6 (C21–C23), and R7 (C32–C34) 

for structure formation (Figure 4.2 A b.) Using these data we can predict the putative 

folding patterns for the WT and R1 mutant i-motifs, which are held together by six C+–C 

hemiprotonated base pairs and have loops of 7:5:7 and 5:10:8, respectively (Figure 4.2 

C). Of importance our data suggest that the WT i-motif is highly dynamic (Figure 4.2A a. 

and B); accordingly, the folding pattern shown in Figure 4.2 C is likely one of multiple 

isomers. 
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Differential pH PAGE shows that while the WT sequence is highly polymorphic at 

low pHs, the R1 mutant form adopts more defined forms at higher pHs. Differential pH 

PAGE can be used to evaluate the formation of pH-dependent, i-motif DNA secondary 

structures [265]. Accordingly, to investigate the polymorphic nature of the WT and R1 

mutant i-motif forming sequences mobility shift studies were performed using 20% non-

denaturing PAGE at pH 5.5, 6.5, and 7.5 (Figure 4.3 A). While at a pH of 7.5 both the 

WT and the R1 mutant give rise to unstructured forms, at a pH of 6.5 only the R1 mutant 

forms two new distinct forms. At a pH of 5.5, both the WT and the R1 mutant give 

similar patterns except that the R1 mutant appears to form more distinct species. This is 

in agreement with the CD data, in which the R1 mutant has a higher Tm than the WT, and 

the Br2 footprinting data, which shows that the R1 mutant has a more defined folding 

pattern than the WT  

 

4.3.3 Identification of hnRNP K as a potential transcriptional activator of PDGFR-β 

gene expression  

  

Although the 5:10:8 folded form of the PDGFR-β i-motif is only the predominant 

form found in the R1 mutant species, there is some evidence that this may be one of the 

equilibrating species found in the WT sequence, based upon the EMSA data (Figure 4.3 

A). While this may be a minor form in the WT, it could be that this species is sequestered 

by a transcriptional factor that specifically recognizes this sub-species. Examination of 

this folded form shows that the two lateral loops have CT elements (CCCT) (Figure 4.2 

C), which are common features known to be recognized by hnRNP K in the lateral loops 
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of the MYC promoter (Sutherland et al 2014 in preparation). Furthermore, hnRNP K is a 

transcriptional activator of MYC [266]. This is analogous to the recognition of the two 

CGCC sequences in the lateral loops of the BCL2 i-motif by hnRNP LL, resulting in 

transcriptional activation of BCL2 [142, 143]. This led us to evaluate whether hnRNP K 

would recognize the WT or R1 mutant and if knockdown of this protein would result on 

repression of PDGFR-β transcription.  

The results shown in Figure 4.3 B and C confirm these predictions. Preliminary 

EMSA results indicate that hnRNP K binds to both the WT and the R1 forms of the 

PDGFR-β i-motifs (data not shown). In vitro analysis by luciferase assay and siRNA of 

knockdown of hnRNP K or Sp1 in HEK 293 shows an NHE-dependent decrease in 

luciferase activity (Figure 4.3 B a.) that coincides with protein knockdown (Figure 4.3 B 

b.). Collectively, the results shown in Figure 4.3 B suggest that that hnRNP K promotes 

gene transcription by binding to the PDGFR-β NHE. In light of these results it is 

reasonable to suspect that knockdown of these transcription factors would similarly affect 

PDGFR-β gene transcription in a cell line that overexpresses PDGFR-β such as the 

neuroblastoma cell line SK-N-SH. The results from this experiment, shown in Figure 4.3 

C, further support our hypothesis, as we observed a decrease in PDGFR-β gene 

transcription (Figure 4.3 C a.) in accordance with hnRNP K or Sp1 knockdown (Figure 

4.3 C b.).  
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4.3.4 Identification of small molecules that bind to the PDGFR-β C-rich strand 

 

FRET probes of the WT and R1 mutant sequences were designed as previously 

described [143] for use in high-throughput screening to identify small molecules that 

interact with the WT and/or R1 mutant i-motif-forming sequences. Using these FRET 

probes, we screened the NCI Diversity Set III and Mechanistic Set II (2869 compounds) 

for compounds that either stabilized or destabilized i-motif DNA secondary structure, as 

indicated by a decrease or increase in fluorescence intensity, respectively (Figure 4.4 A a. 

and b.) Compounds that decreased fluorescence by approximately 50% or increased 

fluorescence by approximately 200% were considered potential “hits.” This cutoff 

provided a hit rate of 1.1% (WT) and 0.8% (R1 mutant) for i-motif-stabilizing 

compounds and a hit rate of 0.5% (WT) and 0.7% (R1 mutant) for i-motif-destabilizing 

compounds. To eliminate compounds that also interact with the PDGFR-β G-quadruplex, 

all hits were further screened by CD spectral and thermal melt analysis using the full-

length Pu41. Through these screening methods we identified compound NSC 309874 

(Figure 4.4 A c.), which increased the FRET signal from the WT and R1 mutant by 170% 

and 218%, respectively, and did not interact with the PDGFR-β G-quadruplex (Figure 4.4 

A d.). These data suggest that NSC 309874 selectively interacts with DNA secondary 

structures formed from the C-rich sequence of the PDGFR-β NHE. Accordingly, we 

further investigated the effects of NSC 309874 on the WT and R1 mutant PDGFR-β i-

motifs. 
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NSC 309874 interacts with an i-motif isoform in the PDGFR-β NHE to down 

regulate promoter activity and gene expression. Using increasing molar-equivalents of 

compound, we further examined the effects of NSC 309874 on the WT and R1 mutant i-

motif by CD spectral and thermal melt analysis. The spectra results for the WT i-motif in 

Figure 4.4 B (a.) show that an increase and shift in λMAX (from 286 nm to 179 nm) is 

associated with increasing concentrations of NSC 309874, while the R1 mutant spectra 

Figure 4.4 B (b.) show a pronounced decrease in λMAX at 286 nm only at 6 equiv. While it 

is difficult to make any firm conclusions from the small increases in Tm measurements 

after addition of NSC 309874, the observation that 2–3-fold larger concentrations of NSC 

309874 are required to cause changes in the CD of the R1 mutant vs. the WT sequence is 

in accord with our conclusion that the WT sequence is more dynamic than the R1 mutant 

sequence (Figure 4.4 B a. and b.). Overall, these data suggest that NSC 309874 binds 

preferably to one of the equilibrating isoforms of the WT i-motif and selectively 

stabilizes this form. 
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In vitro analysis by luciferase assay in HEK 293 shows that that NSC 309874 

down regulates luciferase activity in a PDGFR-β NHE–dependent manner from the WT 

NHE and R1 NHE constructs by approximately 45% and 50%, respectively (Figure 4.5 A 

b. and c.). Moreover, NSC 309874 does not inhibit transcription from our normal B-

DNA-containing luciferase constructs, as evident from the NO-NHE construct, and did 

not affect the stability of the G-quadruplex by CD (Figure 4.5 A a.). Therefore, these data 

suggest that NSC 309874 elicits its transcriptional inhibitory activities through binding to 

the PDGFR-β i-motif. In support of this idea, our results in Figure 4.5 B further 

demonstrate that NSC 309874 functions as a transcriptional inhibitor. Using 0.5 IC50 (50 

µM) and IC50 (100 µM) concentrations of NSC 309874, PDGFR-β expression was 

reduced in the neuroblastoma cell line SK-N-SH by approximately 25% and 50%, 

respectively (Figure 4.5 B). Taken together, these results suggest that molecularly 

targeting the PDGFR-β i-motif with NSC 309874 can downregulate PDGFR-β gene 

activity. From these observations it is tempting to speculate that NSC 309874 stabilizes 

an alternate folded structure of the PDGFR-β i-motif that is not recognized by hnRNP K, 

analogous to the effect of IMC-78 on the BCL2 i-motif [142, 143]. While this may 

indeed be true, further in-depth mechanistic analyses are required to confirm this 

hypothesis.  
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Figure 4.5. In vitro analysis localizes the transcriptional inhibitory activity of NSC 
�������WR�WKH�3'*)5�ȕ�1+(��16&��������HOLFLWV�LQKLELWRU\�HIIHFWV�RQ�WUDQVFULSWLRQ�
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4.4 Discussion 

 

Overexpression of PDGFR-β is a causative and contributing factor in the 

development and maintenance of several pathophysiological disorders, including cancer 

[1, 3, 82, 204, 205, 256]. Regulatory mechanisms that govern normal and aberrant gene 

expression involve the dynamic interplay between transcriptional factors and sequence-

specific, promoter-based DNA regulatory motifs [81, 82]. Negative superhelical torques 

manifest in response to aberrant transcriptional activities and have been shown to drive 

the formation of non-B-DNA secondary structures known as G-quadruplexes and i-motifs 

[135]. Bioinformatic genomic surveys revealed that putative G-quadruplex-forming, and 

presumably i-motif-forming, sequences are found in high frequency in the promoter 

regions of proto-oncogenes [224, 257, 258]. Formation of these higher order DNA 

secondary structures in promoter regions is proposed to have important regulatory 

functions on transcription [132, 137, 138, 142, 143, 224]. Indeed the presence of 

promoter-based G-quadruplexes is well-documented, and increasing reports in the 

literature describe their biological function; however, in large part the function and 

characterization of the complementary C-rich sequence have been ignored [121, 132, 

224, 267]. Only recently have studies on the conformational dynamics of i-motifs 

suggested that they can function as molecular switches that are recognized by 

transcriptional factors to affect promoter activity [132, 142, 143, 224, 268]. Our 

characterization of the G-quadruplex- and i-motif-mediated mechanisms of PDGFR-β 

gene transcription contributes to and advances this field by describing the transcriptional 

outcomes related to both G- and C-rich strand dynamics.  
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In the PDGFR-β promoter, active transcriptional conditions produce negative 

superhelicity, which can result in the local melting of its promoter-based NHE [86], 

allowing for the formation of higher order DNA secondary structures from both strands. 

Studies investigating G-quadruplex and i-motif formation from the insulin promoter 

sequence suggest that in a double-stranded system the two structures cannot exist 

simultaneously [269]. This mutual exclusivity has also  been determined for 3 other G-

quadruplex- and i-motif-forming sequences (MYC, BCL2 and hTERT) (Hurley and Mao 

groups unpublished data) and shown in each case that mutual exclusivity occurs; strongly 

suggesting that transcriptional outcomes associated with G-quadruplex or i-motif 

formation do take place as separate, exclusive events. Uniquely, our luciferase plasmid-

based system creates an analogous system that allows us to elucidate the transcriptional 

outcomes associated with individual structure formation (see previous chapter). 

Specifically, we find that, compared to the WT i-motif, the stability of i-motif formation 

from the R6 mutant is severely impaired, that of the R1 mutant is greatly enhanced, and 

the R5 mutant is only modestly affected. This creates a system allowing us to study the 

transcriptional outcomes associated exclusively with G-quadruplex formation via the R6 

mutant and enhanced i-motif formation from the R1 mutant. Comparing the basal 

promoter-based luciferase activities of the mutants to that of the WT NHE provided a 

basis for understanding these transcriptional outcomes. Similarly, as demonstrated for the 

BCL2 i-motif, small molecules can uniquely allow for the characterization of 

transcriptional outcomes associated with enhanced or disrupted i-motif formation using 

IMC-46 or IMC-78, respectively [143]. These studies found that enhancing the stability 

of the BCL2 i-motif using IMC-46 increased BCL2 transcription, while stabilizing a 
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flexible hairpin with IMC-78 decreased BCL2 transcription [143]. IMC-46 is thought to 

preferentially recognize the BCL2 i-motif isoform that has smaller lateral loops, which 

confers greater rigidity to the consensus sequences recognized and bound to by hnRNP 

LL to promoter transcriptional activation [142]. The flexible hairpin stabilized by IMC-

76, on the other hand, was not bound by hnRNP LL [142]. With regard to the BCL2 

system, the effects of NSC 309874 and hnRNP K on PDGFR-β transcription can be 

rationalized. We propose that the selective targeting of the i-motif with the smaller 

central loop by NSC 309874 results in stabilization of an i-motif isoform that is less 

favored by hnRNP K. This is likely due to the smaller, more thermodynamically stable, 

loops. The decrease in population of the i-motif proposed to be more easily unfolded by 

hnRNP K would give rise to the inhibition of transcriptional activity. Although the 

underlying basis for transcriptional inhibition of PDGFR-β NHE is not the same as that 

for BCL2, the principle of transcriptional outcomes relating to i-motif dynamics and 

stability are the same.  

Considering the effects that point mutations have on secondary DNA structure 

formation from both G- and C-rich strands allowed us to rationalize what initially 

appeared to be conflicting results from our mutational analysis of the PDGFR-β NHE 

(WT; R1 mutant; R6 mutant). In this chapter we demonstrate that both WT and R1 

mutant i-motifs can assume folded confirmations that contain CT-elements in their lateral 

loops. This is analogous to the two CGCC sequences in the lateral loops of the BCL2 i-

motif, which can be recognized by hnRNP LL, resulting in transcriptional activation of 

BCL2 [142, 143]. Furthermore, in the c-MYC promoter, CT-elements found in the lateral 

loops of the cMYC i-motif, are bound by hnRNP K to activate gene transcription [266] 
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(Sutherland et al 2014 in preparation). Similarly, our studies suggest that hnRNP K 

recognizes the lateral loop CT-elements formed by the WT and R1 mutant PDGFR-β i-

motifs to activate transcription. In vitro (at 37 °C), the increased stability of the R1 

mutant i-motif presumably competes better with G-quadruplex formation than does the 

WT i-motif. Accordingly, this is expected to increase hnRNP K binding, resulting in the 

relative increase in promoter activity observed for this mutant construct. Considering that 

the R6 mutant Py41 does not form a stable i-motif, the transcriptional outcomes 

associated with this mutation can, in large part, be attributed to 3′end G-quadruplex 

formation, which inhibits promoter activity. Collectively, these results demonstrate that 

the formation of G-quadruplexes and i-motifs in PDGFR-β NHE (and likely other 

systems as well) is sensitive to point mutations that shift the dynamic equilibrium to favor 

an active (R1 mutant, favoring i-motif formation) or inactive (R6 mutant, favoring G-

quadruplex formation) transcriptional status. This dynamic interplay of G-quadruplex and 

i-motif DNA secondary structure formation represents a “molecular-switch” mechanism 

for regulating promoter activity. Specifically, formation of the G-quadruplex(es) 

represents an “OFF-switch,” while formation of an i-motif represents an “ON-switch,” as 

it can be recognized by transcriptional activators such as hnRNP K.  

The biological significance of i-motif dynamics, as described for the BCL2 i-

motif, is important for their recognition by transcriptional factors and small molecules 

[142, 143]. Indeed the folded structure of an i-motif has features more commonly 

associated with intramolecularly folded RNA structures than B-DNA. Accordingly, 

hnRNP LL, a member of the hnRNP family of RNA binding proteins, was found to bind 

to the BCL2 i-motif, resulting in transcriptional activity [142]. Similarly, the PDGFR-β 
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WT and R1 mutant exist as an equilibrating set of structures, which, based on our 

structural analysis, we predict contain identical CCCT lateral loop sequences. These 

CCCT sequences, or CT-elements, are bound by hnRNP K in the cMYC NHE III1 to 

activate its transcription [266]. Previous studies have shown that this same region of the 

cMYC promoter can form a stable i-motif, with CCCT lateral loop sequences, under 

physiologically relevant conditions [135]. We show that hnRNP K can bind to both the 

WT and R1 mutant PDGFR-β i-motifs and that its promoter-based luciferase activities 

are NHE-dependent.  

hnRNP K is a modular protein with three conserved K homology (KH) domains, 

which it uses for recognizing and binding to CT-elements in DNA and RNA, and a K 

interactive (KI) region that is used for interacting with a variety of other proteins [270]. 

Several genes are reported to be activated by hnRNP K through binding of promoter-

based CT-elements, including MYC [266], BRCA1 [271], eIF4E [272], EGR1 [273], 

SV40 [274], SRC [275] ,and the neuronal nicotinic acetylcholine receptor gene [276]. 

hnRNP K has been shown to recognize CT-elements in both double- [275] and single-

stranded [266] DNA; however, binding to double-stranded CT-elements is followed by 

strand separation facilitated by the increased affinity of hnRNP K for single-strand DNA 

[275]. The resulting single-stranded bubble allows hnRNP K to bind to TBP, recruit 

TFIID, and aid in the assembly of a preinitiation complex [275]. 

Significantly, at gene promoters hnRNP K has also been characterized to bind in 

complexes with other trans-activating proteins, including HMBG1 [277], YB-1 [278, 

279], and TBP [266, 280]. In the PDGFR-β promoter, i-motif formation is within 10 bp 

of a well-characterized CCAAT-box element that is bound by NF-Y [90] It is tempting to 
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speculate that i-motif-bound hnRNP K facilitates the assembly and/or stability of 

transcriptional machinery at the promoter and facilitates additional steps of transcription-

complex assembly together with transcriptional initiation itself. Transcriptional activity 

and disassembly of the complex then localizes hnRNP K within proximity of the nascent 

transcript, where it may further function in successive processes of post-transcriptional 

and translational events [281-283].  

Furthermore, hnRNP K has been shown to play an important role in PDGFR-β-

driven phenotypes, including motility, invasion, and angiogenesis; however, the exact 

promoter-based mechanisms for these phenotypes have not yet been fully resolved [284]. 

Dividing cells have higher levels of nuclear localized hnRNP K, suggesting a pro-

proliferation function [285-287]. Consistently, a variety of PDGFR-β-expressing cancers 

also express high levels of hnRNP K, including lung [288], pancreatic [289], melanoma 

[290], and neuroblastoma [291]. 
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CHAPTER 5: CONCLUSIONS 

Overview of Conclusions 

The precise regulation of PDGFR-β expression and its ligand-dependent activity 

is essential for early stages of development and contributes to maintaining homeostasis in 

adults [1-3]. As would be expected, aberrant expression and signaling from PDGFR-β 

has a causative role in a variety of clinical pathologies characterized by excessive cell 

growth [4-8]. Accordingly, PDGFR-β signaling has been extensively studied, and for 

certain pathologies, including vascular disease, fibrotic disorders, and especially cancer, 

targeted attenuation of this signaling pathway is a high-impact therapeutic goal [1, 7, 57, 

204]. Currently, the primary therapeutic strategies used to inhibit the PDGFR-β pathway 

focus on directly targeting the PDGFR-β protein or its cognate ligand [1]. Remarkably, 

few other therapeutic strategies have been explored for targeting the PDGFR-β pathway, 

which underscores the need for developing alternative therapeutic approaches [1].  

Preclinical in vivo models of PDGFR-β-driven disease demonstrate that reducing 

aberrant PDGFR-β transcript effectively diminishes signaling from the pathway, resulting 

in decreased tumor growth, survival, angiogenesis, and metastasis [205]. An effective 

strategy for suppressing gene expression involves molecularly targeting higher order 

DNA secondary structures (G-quadruplexes and i-motifs) found in the promoter elements 

of many therapeutically important genes, including PDGFR-β [86, 133, 151, 152]. This 

relatively new paradigm for targeting DNA considers its sequence-specific dynamic 

response to active transcriptional processes, which generates superhelical torques and 

drives the formation of globular non-B-form DNA, G-quadruplexes and i-motifs. 

Moreover, these mechanosensor response elements are found with high frequency around 
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the transcriptional start sites of many therapeutically important proto-oncogenes [149, 

150, 206], including cMYC [133, 151, 152], hTERT [207], PDGFA [208], and PDGFR-β 

[86]. In this regard, G-quadruplexes and i-motifs represent unique drug-amenable 

receptors that allow for the targeted downregulation of oncogenic gene transcription.  

In the present study we investigated the formation and dynamic interplay between 

G-quadruplex- and i-motif-mediated mechanisms of transcriptional regulation from 

PDGFR-β NHE and further explored the efficacy and feasibility of molecularly targeting 

these structures to affect oncogenic PDGFR-β activity. An overview of our findings is 

shown in Figure 5.1  
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Figure 5.1. Overview and Schematic Model of Conclusions. In this model we propose 
that transcriptional activity from (i) the PDGFR-β NHE is (ii) initiated by double-
stranded DNA binding transcriptional factors (Sp1 and NF-Y) that recruit and activate 
RNA pol II. (iii) Active transcription of PDGFR-β by RNA pol II generates negative 
superhelicity (−) that causes an underwinding of the NHE, which results in melting of the 
duplex, yielding single-stranded polypurine and polypyrimidine tracts that subsequently 
fold into (iv) an equilibrating set of at least four G-quadruplexes or (vi) an equilibrating 
set of i-motifs. We have shown that various factors, such as point mutations, proteins, and 
small-molecule compounds, can promote the formation of either a G-quadruplex or i-
motif. (iv) Point mutations in critical tracts of GC, such as R6, disrupt i-motif formation 
and promote the formation of the 3′-end G-quadruplex, which functions as a 
transcriptional inhibitor. (v) We identified small molecules such as GSA1129 that 
specifically target and stabilize the 3′-end G-quadruplex and attenuate aberrant PDGFR-β 
gene expression. Formation of an i-motif from this region can be facilitated by (iv) point 
mutations, such as the R1 mutant, which stabilizes i-motif formation. The folded form of 
the i-motif is highly dynamic and can be bound to by (vii) small molecules and/or (viii) 
proteins such as hnRNP K. (vii) Stabilizing a folded form of the i-motif that is not bound 
by proteins with NSC 309874 downregulates promoter activity. (viii) In the folded form 
the i-motif can be bound by hnRNP K, which can recruit additional transcriptional factors 
(TBP and TFII D) that promote an active transcriptional state. 
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5.2 G-quadruplex Conclusions  

 

5.2.1 The 3′ G-quadruplex in the PDGFR-β core promoter NHE can be selectively 

targeted by an ellipticine to downregulate gene expression  

 

In a previous report we showed that the PDGFR-β NHE can undergo strand 

separation in response to negative supercoiling to form at least four, previously 

uncharacterized, G-quadruplexes, namely, the 5′-end, 5′-mid, 3′-mid, and 3′-end [86, 91]. 

We found that the GC-rich NHE located in the PDGFR-β core promoter is responsible 

for over 50% of gene activity. The G-rich strand of the PDGFR-β NHE is capable of 

forming a dynamic equilibrating set of at least four unique and distinct G-quadruplexes 

under physiologically relevant conditions. CD analysis and DMS footprinting of the 

minimal G-quadruplex sequences indicate the formation of four stable predominantly 

parallel G-quadruplexes with highly complex and unique folding patterns. 

 In order to successfully identify G-quadruplex-targeting compounds, we first had 

to deconvolute the system to identify and characterize the molecular “off” switch for the 

PDGFR-β promoter. Identification of the appropriate G-quadruplex(es) to target is 

critically important, as the PDGFR-β NHE forms a dynamic set of equilibrating G-

quadruplexes. Preliminary studies using the non-specific G-quadruplex-stabilizing 

ligands telomestatin [165, 209] and TMPyP4 [152, 210] suggested that the 3′-end G-

quadruplex may behave as a transcriptional inhibitor. In the absence of isoform-specific 

probes, we first used judicial point mutations that shift the dynamic equilibrium of G-

quadruplex(es) along with promoter activity assays to identify that the PDGFR-β NHE 3′-
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end G-quadruplex functions as a transcriptional inhibitor. Importantly, results from these 

mutational studies prompted further investigation into the functional role of the i-motif. 

This transcriptional importance of the PDGFR-β NHE is understood by considering the 

effect of point mutations on higher order structure formation from both the G- and C-rich 

strands (see later). Our data indicate that formation of the 3′-end G-quadruplex utilizes an 

adenine to complete the outer GGGA tetrad, and inclusion of this base contributes to the 

thermodynamic potential of this isoform. Furthermore this minimal G-quadruplex can be 

molecularly targeted and stabilized by ellipticine-based compounds to elicit 

transcriptional silencing of PDGFR-β expression. 

The ellipticine analog NSC 338258 was found to bind to the PDGFR-β 3′-end G-

quadruplex. The ellipticine core possesses certain physiochemical properties such as a 

crescent-shaped conjugated π-system shown to be important in targeting the external 

tetrads of G-quadruplexes [161, 234, 235]. A wealth of topological diversity has been 

described for promoter-based G-quadruplexes [121], which suggests that target 

specificity and selectivity can be achieved through the strategic addition of substituents 

that extend from the core scaffold. Herein we demonstrated that G-quadruplex selectivity 

and targeted 3′-end specificity can be achieved through a traditional medicinal chemistry 

hit-to-lead optimization of the ellipticine scaffold. Of the ellipticine analogs synthesized, 

GSA1129 selectively bonded to and stabilized the 3′-end G-quadruplex from the dynamic 

set of overlapping equilibrating set of G-quadruplex(es). In vitro, GSA1129 has 

diminished duplex DNA interactions relative to that of the parent compound by 

comparing their effects on luciferase activity from the NO NHE construct. In the 

PDGFR-β-overexpressing neuroblastoma cell line SK-N-SH, GSA1129 decreases in 
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PDGFR-β transcript, which is accompanied by reduced cell proliferation and migration, 

at sub-cytotoxic concentrations. Ellipticine analogs have been previously investigated in 

clinical trials based on their antitumor activity; however, dose-limiting toxicities (nausea, 

anemia, and cardiac arrhythmias) and lack of a well-defined mechanism of action halted 

their progress in phase 2 trials [236-240]. The dose-limiting toxicities might be explained 

by metabolic activation to generate reactive oxygen species (ROS) and/or topoisomerase 

I– and/or topoisomerase II–mediated duplex DNA interactions [238-241]. Of note, the 

identification of a minimal effective concentration that does not elicit cytotoxic outcomes 

suggests that a therapeutic window might be achieved. However, the lack of a “normal” 

non-malignant neuronal cell line prevented us from conducting a relevant cancer vs. 

normal analysis. Collectively, our studies show that the PDGFR-β pathway is 

downregulated by GSA1129, and these implications provided the basis for further 

mechanistic studies involving a promoter-based mechanism of action by ChIP and 

identification of the specific concentration that elicits double-strand breaks by comet 

assay and in vivo analysis.  
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5.3 i-motif Conclusions  

5.3.1 The cytosine-rich sequence of the PDGFR-β NHE forms an equilibrating 

mixture of drug-amenable i-motif DNA secondary structures  

 

The presence of promoter-based G-quadruplexes is well documented, and 

accumulating evidence describes their biological function; however, in large part the 

function and characterization of the complementary C-rich sequence has been ignored 

[121, 132, 224, 267]. Recent studies on the conformational dynamics of i-motifs suggest 

they are recognized by transcriptional factors that regulate promoter activity [132, 142, 

143, 224, 268]. Our characterization of the G-quadruplex- (Brown et al 2014 in 

preparation) and i-motif-mediated mechanisms of PDGFR-β gene transcription contribute 

to and vertically advance this field by providing the first biological evidence supporting 

the dynamic interplay between G-quadruplex- and i-motif-mediated mechanisms of 

transcriptional regulation. 

Studies investigating G-quadruplex and i-motif formation from the insulin 

promoter sequence suggested that these two structures cannot exist simultaneously [269]. 

This mutual exclusivity has not been determined for the PDGFR-β NHE G-quadruplex- 

and i-motif-forming sequences; however, it does suggest that transcriptional outcomes 

associated with the formation of a G-quadruplex or i-motif can take place as separate 

events. Using a luciferase plasmid-based system, we created an analogous system that 

allowed us to elucidate the transcriptional outcomes associated with individual structure 

formation by making judicial point mutations to PDGFR-β NHE. Our results demonstrate 

that G-quadruplex and i-motif formation from the PDGFR-β NHE (and likely other 
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systems as well) is sensitive to point mutations that shift the dynamic equilibrium to favor 

an active (R1 mutant, favoring i-motif formation) or inactive (R6 mutant, favoring G-

quadruplex formation) transcriptional status. This dynamic interplay of G-quadruplex and 

i-motif DNA secondary structure formation represents a “molecular-switch” mechanism 

for regulating promoter activity, where formation of the G-quadruplex(es) represents an 

“OFF” switch and formation of an i-motif represents an “ON” switch.  

Our studies suggest that the highly dynamic PDGFR-β i-motif can recruit hnRNP 

K to promote PDGFR-β transcription. As previously described for the BCL2 i-motif, the 

dynamic nature of the i-motif is important for their recognition by transcriptional factors 

and small molecules [142, 143]. Accordingly, hnRNP LL, a member of the hnRNP 

family of RNA binding proteins, binds to the BCL2 i-motif to promote transcriptional 

activity [142]. Similarly, the PDGFR-β WT and R1 mutant exist as an equilibrating set of 

structures that contain identical CCCT lateral loop sequences. hnRNP K has been 

reported to have an increased affinity for these single-stranded CCCT sequences, or CT-

elements [266] [275]. Several genes are reported to be activated by hnRNP K through 

binding of promoter-based CT-elements, including MYC [266], BRCA1 [271], eIF4E 

[272], EGR1 [273], SV40 [274], SRC [275] and the neuronal nicotinic acetylcholine 

receptor gene [276]. Previous studies have shown that this same region of the cMYC 

promoter can form a stable i-motif, with CCCT lateral loop sequences, under 

physiologically relevant conditions [135]. Notably, the CT-element recognized by 

hnRNP K reside in either the lateral or central loop of the cMYC i-motif [135] 

(Sutherland et al 2014 in preparation). We show that hnRNP K binds to both the WT and 

R1 mutant PDGFR-β i-motif and affect promoter activity in an NHE-dependent fashion. 



	   162	  

Furthermore, molecularly targeting the PDGFR-β i-motif “ON” switch with NSC 309874 

disrupts its ability to promote transcriptional activation. With regard to the i-motif-

mediated mechanisms of gene activity identified for the BCL2 system, the effects of NSC 

309874 and hnRNP K on PDGFR-β transcription can be rationalized. We propose that 

the selective targeting of the i-motif with the smaller central loop by NSC 309874 results 

in stabilization of this i-motif, which is less favored for unfolding by hnRNP K due to the 

smaller more thermodynamically stable central loop, Drug stabilization of this less 

favored i-motif for unfolding and transcriptional activation changes the populations of i-

motif species to favor the one. Accordingly, this suggests that the i-motif is an important 

molecular target for silencing aberrant transcriptional activity.   
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APPENDIX B

Oligos and Primers

DMS WT Pu41 
TTTTTTTGCTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGGACGCTTTTTTT
DMS R1 AG Pu41 
TTTTTTTGCTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGGGCGCTTTTTTT
DMS R6 GT Pu41 
TTTTTTTGCTGGGAGAAGGGGTGGCGGCGGGGCAGGGAGGGTGGACGCTTTTTTT
DMS 2x R6 GT Pu41 
TTTTTTTGCTGGGAGAAGGTGTGGCGGCGGGGCAGGGAGGGTGGACGCTTTTTTT
DMS R1 AG 2xR6 GT Pu41
TTTTTTTGCTGGGAGAAGGTGTGGCGGCGGGGCAGGGAGGGTGGGCGCTTTTTTT
  
CD WT Pu41 GCTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGGACGC
5'-end  GCTGGGAGAAGGGGGGGCGGCGGGGCAG
5'-mid  AAGGGGGGGCGGCGGGGCAGGGAG
3'-mid  AAGGGGGGGCGGCGGGGCAGGGAGGGTG
3'-end  GCGGGGCAGGGAGGGTGGACGC
3'-end AtoG GCGGGGCAGGGAGGGTGGGCGC
3'-end AtoC GCGGGGCAGGGAGGGTGGCCGC
3'-end AtoT GCGGGGCAGGGAGGGTGGTCGC
   
3'-end 0 Flank  GGGCAGGGAGGGTGGA
3'-end 1 Flank  GGGGCAGGGAGGGTGGAC
3'-end 2 Flank  CGGGGCAGGGAGGGTGGACG
3'-end 3 Flank  GCGGGGCAGGGAGGGTGGACGC
3'-end AtoG 0 Flank GGGCAGGGAGGGTGGG
3'-end AtoG 1 Flank GGGGCAGGGAGGGTGGGC
3'-end AtoG 2 Flank CGGGGCAGGGAGGGTGGGCG
3'-end AtoG 3 Flank GCGGGGCAGGGAGGGTGGGCGC
   
DMS 5'-end TTTTTTTGCTGGGAGAAGGGGGGGCGGCGGGGCAGTTTTTTT
DMS 5'-mid TTTTTTTAAGGGGGGGCGGCGGGGCAGGGAGTTTTTTT
DMS 3'-mid TTTTTTTAAGGGGGGGCGGCGGGGCAGGGAGGGTGTTTTTTT
DMS 3'-end TTTTTTTGCGGGGCAGGGAGGGTGGACGCTTTTTTT
DMS 3'-end AtoG TTTTTTTGCGGGGCAGGGAGGGTGGGCGCTTTTTTT
   
[2-AmPur] WT Pu41 
CTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGG[2-AmPur]CGC

[2-AmPur]3'-end 
GCGGGGCAGGGAGGGTGG[2-aminopurine]CGC

WT Py41           GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 T to C Py41  GCGACCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R5 C to A Py41 GCGTCCACCCTCCCTGCCCCGAAGCCCCCCCTTCTCCCAGC
R6 C to T  Py41 GCGTCCACCCTCCCTGCCCCGCCGCCACACCTTCTCCCAGC
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Oligos  Continued...

WT            GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 T0C                 GCGCCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C1T  GCGTTCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C2T  GCGTCTACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C4T  GCGTCCATCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C5T  GCGTCCACTCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C6T  GCGTCCACCTTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C8T  GCGTCCACCCTTCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C9T  GCGTCCACCCTCTCTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C10T GCGTCCACCCTCCTTGCCCCGCCGCCCCCCCTTCTCCCAGC
WT C13T GCGTCCACCCTCCCTGTCCCGCCGCCCCCCCTTCTCCCAGC
WT C14T GCGTCCACCCTCCCTGCTCCGCCGCCCCCCCTTCTCCCAGC
WT C15T GCGTCCACCCTCCCTGCCTCGCCGCCCCCCCTTCTCCCAGC
WT C16T GCGTCCACCCTCCCTGCCCTGCCGCCCCCCCTTCTCCCAGC
WT C18T GCGTCCACCCTCCCTGCCCCGTCGCCCCCCCTTCTCCCAGC
WT C19T GCGTCCACCCTCCCTGCCCCGCTGCCCCCCCTTCTCCCAGC
WT C21T GCGTCCACCCTCCCTGCCCCGCCGTCCCCCCTTCTCCCAGC
WT C22T GCGTCCACCCTCCCTGCCCCGCCGCTCCCCCTTCTCCCAGC
WT C23T GCGTCCACCCTCCCTGCCCCGCCGCCTCCCCTTCTCCCAGC
WT C24T GCGTCCACCCTCCCTGCCCCGCCGCCCTCCCTTCTCCCAGC
WT C25T GCGTCCACCCTCCCTGCCCCGCCGCCCCTCCTTCTCCCAGC
WT C26T GCGTCCACCCTCCCTGCCCCGCCGCCCCCTCTTCTCCCAGC
WT C27T GCGTCCACCCTCCCTGCCCCGCCGCCCCCCTTTCTCCCAGC
WT C32T GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTTCCAGC
WT C33T GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCTCAGC
WT C34T GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCTAGC
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Oligos  Continued...

R1 T0C               GCGCCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C0T               GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C1T               GCGCTCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C2T               GCGCCTACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C4T               GCGCCCATCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C5T               GCGCCCACTCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C6T  GCGCCCACCTTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C8T              GCGCCCACCCTTCCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C9T  GCGCCCACCCTCTCTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C10T  GCGCCCACCCTCCTTGCCCCGCCGCCCCCCCTTCTCCCAGC
R1 C13T  GCGCCCACCCTCCCTGTCCCGCCGCCCCCCCTTCTCCCAGC
R1 C14T  GCGCCCACCCTCCCTGCTCCGCCGCCCCCCCTTCTCCCAGC
R1 C15T  GCGCCCACCCTCCCTGCCTCGCCGCCCCCCCTTCTCCCAGC
R1 C16T  GCGCCCACCCTCCCTGCCCTGCCGCCCCCCCTTCTCCCAGC
R1 C18T  GCGCCCACCCTCCCTGCCCCGTCGCCCCCCCTTCTCCCAGC
R1 C19T  GCGCCCACCCTCCCTGCCCCGCTGCCCCCCCTTCTCCCAGC
R1 C21T  GCGCCCACCCTCCCTGCCCCGCCGTCCCCCCTTCTCCCAGC
R1 C22T  GCGCCCACCCTCCCTGCCCCGCCGCTCCCCCTTCTCCCAGC
R1 C23T  GCGCCCACCCTCCCTGCCCCGCCGCCTCCCCTTCTCCCAGC
R1 C24T  GCGCCCACCCTCCCTGCCCCGCCGCCCTCCCTTCTCCCAGC
R1 C25T  GCGCCCACCCTCCCTGCCCCGCCGCCCCTCCTTCTCCCAGC
R1 C26T  GCGCCCACCCTCCCTGCCCCGCCGCCCCCTCTTCTCCCAGC
R1 C27T  GCGCCCACCCTCCCTGCCCCGCCGCCCCCCTTTCTCCCAGC
R1 C32T  GCGCCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTTCCAGC
R1 C33T  GCGCCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCTCAGC
R1 C34T  GCGCCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCTAGC 
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Promoter sequences and Cloning Information 

Sequence included in the PDGFR-β  WT NHE Luciferase Construct: UCSC Genome 
Browser on Human Feb. 2009 (GRCh37/hg19) Assembly; chr5:149,535,263-149,535,551 
 
Sequence included in the PDGFR-β  NO NHE Luciferase Construct: UCSC Genome 
Browser on Human Feb. 2009 (GRCh37/hg19) Assembly;chr5:149,535,263-149,535,483 
 
Location of the PDGFR-β  G-quadruplex region: UCSC Genome Browser on Human 
Feb. 2009 (GRCh37/hg19) Assembly; chr5:149,535,506-149,535,548 
 
WT NHE Promoter sequence 
AAGCTTTGGGCAGGGCGAGCACAGGCTGCTGCTGGGCAGCAGGGCTGAGGG
GCCGGCTCTCTCCTCCTCCTTGTTGATCTCCTCTCTGGCTCCAAGTTGCTCACA
GAGCGATCCTGGGTCCCAGATAGGGCGGGCAGTCACTGCTGGCTGCTGGCAG
CCTCAGGAGCTCACACCACTATGGGCTTCCATGCCCCCCCACTTCCCCCGCC
ACTTTGGGGGAAAGGCTGCAGGGTGGCTTCTGATTGGCCCAGCTGGGAGAA
GGGGGGGCGGCGGGGCAGGGAGGGTGGACGCGTGCGGTACC 
 
CCAAT Box      – ATTGG  
SACI site       – GAGCTC (Not used just good to know) 
HIND III site   – AAGCTT (chr5:149,535,263) 
KPN I site      – GGTACC (chr5:149,535,551) 
PST I site      – CTGCAG (chr5:149,535,481-149,535,487) 
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qRT-PCR Primers  

Taqman Primers and PMID for papers showing G-quadruplex formation 
GAPDH (Hs02758991) 
PDGFR-β (Hs01019589_m1)  PMID: 20377208 
BCL2 (Hs00153350)    PMID: 16998187 
VEGFA (Hs00900055_m1)    PMID: 18413801 
cMYC (Hs00153408_m1)    PMID: 12195017 
VEGFR-2 (Hs00911700_m1)  PMID: 24335081 
cKIT (Hs00174029_m1)   PMID: 16045346 
RET (Hs01120030_m1)   PMID: 17672459 
hTERT (Hs00972656_m1)    PMID: 19601575 
Hif1-alpha (Hs00153153_m1)  PMID: 24450937 
MYOD (Hs02330075_g1)   PMID: 15908587 

PDGFR-β  Intron/Exon2 (chr5:149,516,569-149,516,619)  
tggcccaagctggggctcattctgcaggagccaggtggtgagatagcccctgtcgctgcctccacctgccctgggccctgactc
ctgtttaactctgcagGACACCATGCGGCTTCCGGGTGCGATGCCAGCTCTGGCCC
TCAAAGgtgggtagatgggagataaggtaggggacccggggggctgcggagtggaaccctggagctggcaggggtg
atgtgtgctggtggcagggcgtgaagcacc 

 
CTCCTGTTTAACTCTGCAGGAC (Sense – Primer; Intron2+) 
GATGCCAGCTCTGGCCCTCAAA(Sense – Probe; Exon 2) 
CCCTACCTTATCTCCCATCTACC (AntiSense – Primer; Intron1) 
Amplicon - chr5:149,516,545-149,516,635 (91bp) 
Exon2 in [   ]  
 
PDGFR-β  Intron/Exon1 (chr5:149,534,799-149,535,104)     
CCCTGACATCACCCACAGTCTCCCAGCCTCCTCTCATCTTGTTTTGTTAAAAA
TATCTTCCCTTTTTTTTTTTTTTTTTTTTTTTACCTACTCGAAGAGATGCAGGT
TAGGGCAAAGGGACAGGGCATGGGGCTGGGGTTCCCACTTTTTCCAGCACT
TACCTTGCTGCTGATGGCTTCTGGTGTGGGCACAGTTCCAGGCTCTGGAC
AGTCACCCCCTCCAGGAAGTCCTCCTTACTGCCCTCTCCCAGTTATCAGAAAG
ACTGCTGGTCCCAGAGTGGGTAACAGCTGAGTAGAAGGACAGGCA 
 
TGGAACTGTGCCCACACCAGAAG (AntiSense – Primer) 
TCCAGCACTTACCTTGCTGCTGAT (Sense – Probe) 
CTACTCGAAGAGATGCAGGTTAG (Sense – Primer) 
Amplicon - chr5:149,534,886-149,534,996 (111bp) 
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Appendix C 

Supplemental Information for Chapter 3 

 

 
Supplemental Figure 3.1. Point mutations in the PDGFR-β  NHE shift the dynamic 
equilibrium of G-quadruplexes to favor 3’-end G-quadruplex formation. 
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Supplemental Figure 3.2. GSA1129 stabilizes the 3’-end G-quadruplex from the 
dynamic equilibrium of G-quadruplexes formed from the full length PDGFR-β  
NHE. 
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