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ABSTRACT 

 
Although some progress has been made in the treatment of cancer over the last 

sixty years, the majority of chemotherapeutics has fallen short. Because general 

chemotherapies that target DNA replication have only a limited efficacy and significant 

non-target side-effects, a new paradigm for cancer drug development has been adopted. 

Using a molecular targeted approach, new gene and protein targets have been identified 

and the development of chemotherapies that are specific to these targets has already 

begun. In this study, compounds that interact with two key cancer targets, the G-

quadruplex of the c-Myc promoter and p-glycoprotein, have been investigated. By 

developing such compounds, improvements in treatment efficacy is anticipated with an 

aspiration for decreased mortality attributable to cancer. 

Formation of DNA secondary structures, such as the G-quadruplex, in the NHE 

III1 region of the c-Myc promoter has been shown to repress c-Myc transcription. 

Because c-Myc is an oncogene that is overexpressed in a variety of cancers, stabilization 

of the G-quadruplex by small molecules would be advantageous in cancer treatment. 

Using Fluorescence Resonance Energy Transfer, with Taq Polymerase Stop assays for 

confirmation, a group of compounds were identified that stabilize the c-Myc G-

quadruplex structure. Using a colon cancer model, two compounds were shown to 

decrease c-Myc gene and protein expression. Also, exposure to the compounds for 48 

hours results in an induction of caspase-3, indicative of apoptosis. Furthermore, surface 

plasmon resonance suggests that compound-induced stabilization of the c-Myc G-

quadruplex can prevent sustained binding of the regulatory protein NM23-H2 by 
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increasing its dissociation from the G-quadruplex. This may subsequently prevent 

unraveling of the G-quadruplex. 

Because resistance to chemotherapy reduces its effectiveness, development of 

multidrug resistance (MDR) modulators was also studied. Psorospermin is a 

topoisomerase II-directed DNA alkylating agent active against MDR cell lines. In a study 

examining the mechanism of psorospermin’s P-glycoprotein modulation, Flow 

Cytometry demonstrated that doxorubicin-resistant multiple myeloma cells pre-treated 

with psorospermin enhanced intracellular retention of doxorubicin. Because neither 

transcription of mdr1 nor translation of P-glycoprotein was downregulated by 

psorospermin, resistance reversal is most likely due to a direct interaction between the 

side chain of psorospermin and P-glycoprotein, inhibiting drug efflux. 
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CHAPTER 1 
 

INTRODUCTION 
 
1.1 Etiology of Cancer 
 

Cancer is a direct consequence of genetic mutation. In fact, genetic alterations of 

at least 291 separate genes have been linked to carcinogenesis (1). Although the majority 

of mutations found were somatic in nature, 20% of the cancer genes contained germline 

mutations, illustrating a combination of hereditary and environmental factors as causes of 

tumorigenesis (1, 2)   

For a tumor phenotype to occur, multiple mutations are necessary. Previous 

studies of cancer epidemiology by Armitage and Doll (3) has indicated that, based on 

rates of cancer incidence, 4 to 7 rate-limiting genetic mutations are required for a clinical 

presentation. In order for cells to proliferate in an uncontrolled fashion, mutations of 

certain key genes are required. Inhibition of tumor suppressor genes, such as p53 (4) and 

Rb (5, 6), which regulate cell-cycle progression and apoptosis, and overexpression or 

deregulation of oncogenes controlling cell proliferation and differentiation, such as c-Myc 

(7, 8), are crucial for carcinogenesis.  

 
1.1.1  The Hallmarks of Cancer 
 

Although cancers are quite heterogeneous in nature, with differences between 

tissues of origin as well as within the same tumor, many features are common among all 

cancers. Cells must acquire seven common characteristics, termed “Hallmarks of Cancer” 

by Hanahan and Weinberg (9) (Figure 1.1), in order to develop into invasive cancers. 
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Figure 1.1. Capabilities acquired by cancer in its development. Although cancers greatly 
vary, most, if not all, cancers overcome the same key regulatory pathways, resulting in 
increased tumorgenic capacity. Not pictured: genetic instability. Reproduced from 
reference (9) with permission from Elsevier.  
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Even though all seven hallmarks are necessary, genetic instability has been shown 

to be crucial for both the development of cancer as well as the propagation of the other 

necessary mutations. Because the normal mutation rate of each gene is rather low (10-6-

10-7 per gene per cell generation (10)), the probability of acquiring multiple point 

mutations and developing cancer would be highly improbable. Therefore, because the 

incidence of cancer is quite high, other factors must be involved to increase the mutation 

rate. Termed the “mutator phenotype” by Loeb (10), mutations that result in 

chromosomal or microsatellite instability have been shown to increase DNA mutation 

rates by as much as 100 to 1000-fold. Mutation of DNA mismatch repair genes, such as 

MSH6, which remove DNA adducts and DNA breaks (11), results in an increase in 

genetic instability and allows for further mutations. Furthermore, chromosomal 

instability, which has been observed in approximately 85% of colorectal cancers, is a 

consequence of a loss or gain of genetic material during mitosis, resulting in a loss of 

heterozygosity (LOH) and an increase in mutation rate (10, 12, 13).  

For cells to grow uncontrollably, they must be able to propagate without the 

necessity for extracellular growth signals. In normal cells, growth factors, such as 

fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF), act as 

stimulatory signals that activate downstream signaling pathways, causing cells to leave 

quiescence and enter the cell cycle (14, 15). Unlike normal cells that require these 

signaling molecules for cell proliferation, cancer cells, through a variety of mechanisms, 

can grow independent of theses growth factors. Frequently, cells can establish an 

autocrine stimulatory loop, in which cells can produce growth factors that interact with 
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receptors inside the same cell, in contrast to activation by extracellular growth factors 

from other cells (9). Also, mutations to the growth receptors have resulted in constitutive 

activation of the receptor without the need for growth factor-mediated activation. For 

example, a leucine to argenine mutation at residue 858 (L858R) of the epidermal growth 

factor receptor (EGFR) stabilizes the active conformation of the tyrosine kinase domain, 

resulting in catalytic activity without ligand binding (16). Furthermore, mutations of 

downstream activators, such as Ras in the Ras/Raf/Mek/Erk pathway, can force the 

protein to be locked in the “on” state, resulting in activation of a variety of downstream 

pathways (17, 18).  

Although mutated cells may be able to signal for proliferation, tumor-suppressor 

genes still can prevent uncontrolled growth. By either being forced to differentiate or to 

enter the G0 quiescent stage (9), development of an invasive tumor is impossible. 

Members of the Rb family of tumor suppressors, which includes Rb, p107, and p130, 

regulate the cell-cycle by preventing cells from passing the G1/S cell-cycle restriction 

point (19). By forming a complex with E2F transcription factors, a hypophosphorylated 

Rb can prevent the transcription of proteins, such as cyclin E/cdk2, necessary for 

replication in S-phase (19-21). In the presence of growth signals, cyclin D/cdk4 

phosphorylates Rb which subsequently releases E2F, allowing for transcription and 

progression into S-phase. Therefore, by either overexpressing the cyclins and cdks or by 

mutating Rb or E2F, anti-growth signaling becomes ineffective, resulting in uncontrolled 

replication. 
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Two crucial hallmarks that go hand-in-hand are immortalization and evasion of 

apoptosis. Entering the cell cycle and overriding cell cycle checkpoints allows for cells to 

replicate for a greater number of generations than they would have otherwise; however, 

due to the shortening of the telomeres on the ends of the chromosomes as a result of 

incomplete DNA replication every generation, the cells still are forced into 

senescence/crisis stage once the telomeres have reached a critical length (Hayflick limit) 

(22). However, the majority of cancer cells have been shown to overexpress the hTERT 

gene which codes for the reverse transcriptase, telomerase, which extends the telomeres 

by adding tandem repeats using its RNA sequence as a template (23, 24). Therefore, by 

extending or at least sustaining the telomere length, cancer cells are able to prevent crisis 

and allow for limitless replication. This immortalization stage is crucial as illustrated by 

an overexpression of telomerase in almost all cancers (90%) (9). 

Once limitless replicative potential is achieved, cells must escape apoptosis. In 

normal cells, in the presence of DNA damage, lack of growth factors, or other situations 

that may be detrimental to the cell, death signals, such as the Fas ligand, initiate the 

apoptosis cascade, which signals the release of cytochrome c from the mitochondria and 

activates caspases. As a consequence, the dying cell undergoes DNA condensation, cell 

shrinkage, blebbing of the membrane, and fragmentation (25). However, during 

carcinogenesis, two general mechanisms prevent cell death: 1) overexpression of anti-

apoptotic signals or 2) inhibition of pro-apoptotic signals. By focusing on only direct 

death signaling, dysregulation of a significant number of genes results in a cell’s failure 

to initiate apoptosis. Many of these genes, and the proteins transcribed from them, are 
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members of the Bcl-2 family, which includes both pro-apoptotic factors, such as Bax and 

Bad, but also anti-apoptotic proteins, including Bcl-2 and Bcl-xL (9, 26, 27). Mutations 

in the Bcl-2 gene (frequently a translocation juxtaposing the Bcl-2 gene to the 

immunoglobulin heavy chain locus (28)) results in overexpression of the Bcl-2 protein. 

Overexpression of Bcl-2, as well as Bcl-xL, prevents the release of cytochrome c from 

the mitochondria, resulting in failure to activate caspases and cell survival. Furthermore, 

by inhibiting pro-apoptotic signals, such as Bax or p53, the same can occur. P53 plays a 

key role in apoptosis, not only by activating other pro-apoptotic proteins, such as Bax, 

but also directly interacting with and inhibiting Bcl-2 and Bcl-xL (29). However, 

inhibition of p53 by mutation or by overexpression of inhibitory proteins, such as 

MDM2, prevents p53-dependent apoptosis (30). Downregulation of other pro-apoptotic 

protein, such as Bid, which participates in cytochrome c release, results in a similar 

evasion of apoptosis (31). 

Although cancer cells may have the ability to proliferate and eventually invade 

and metastasize, underdeveloped vasculature may prevent such growth. Because all cells 

must be within 100 µm of a blood vessel (9), tumors remain relatively small unless the 

cells produce signals to increase angiogenesis. As with apoptosis, angiogenesis can be 

initiated by inhibiting regulatory proteins and overexpressing pro-angiogenic factors. In 

normal cells, vascular endothelial growth factor (VEGF), a key player involved in vessel 

growth, is regulated by upstream factors, including von Hippel-Lindau (pVHL) tumor 

suppressor. In normoxic conditions, pVHL, in an E3 ubiquitin ligase complex, interacts 

with hypoxia-inducible factor-1α (Hif-1α), tagging it for degradation by the proteosome 



 19

(32, 33). However, during hypoxia, Hif-1α is stabilized, allowing it to heterodimerize 

with Hif-1β and translocate to the nucleus, where it interacts with the hypoxia-response 

elements of target genes, including VEGF (32). Interaction between VEGF and its 

receptor results in initiation of various pathways, including MAP kinase and PI3-Akt 

pathways (34). Therefore, in cancer cells, mutation of regulatory genes, such as VHL, or 

dysregulation of VEGF or its receptor, or other pro-angiogenic factors, initiates 

uncontrolled growth of the tissue vasculature. Because VEGF also plays a role in the 

inhibition of apoptosis and cell migration, it is not surprising that it is frequently 

dysregulated in solid tumors (35). 

The only factor that allows one to differentiate between pre-cancerous/carcinoma 

in situ and malignant cancers is if the cancer cells have invaded the surrounding tissues. 

In order for a neoplastic lesion to threaten other tissues and organs, it must develop a 

method of invading the basement membrane and enter the stroma of the tissue. To do so, 

cell-cell adhesion proteins, such as E-cadherin, which prevents cell motility, must be 

broken. The epithelial cells make an epithelial-mesenchymal transition (EMT) allowing 

them to migrate (36). Characteristic changes observed in EMT include a downregulation 

of E-cadherin and upregulation of N-cadherin, resulting in a loss of cell-cell adhesion, 

allowing for cell migration. Also, enzymatic degradation of the basement membrane by 

matrix metalloproteinases occurs (37), removing the barrier between the epithelium and 

the stroma. Other signaling molecules and growth factors, such as Rho GTPase and 

transforming growth factor-β (TGF-β), are also involved in EMT, facilitating remodeling 

of the cytoskeleton (36). Once the cells have invaded the stroma, they begin to migrate 
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toward blood vessels and metastasize. Millions of cancer cells detach from the primary 

tumor and enter circulation daily (38). By a similar mechanism as invasion, the cells 

breach the basement membrane and intravasate into the blood vessel. Although many 

metastatic cells perish in the blood stream due to sheer stress and attacks from the host 

immune system, some survive to adhere to capillary beds. Induction of VEGF is also 

crucial in the metastasis process, allowing for extravasation by disrupting endothelial 

cell-cell adhesion at the secondary site. If the new site contains a compatible 

microenvironment, the metastatic cell will proliferate (39, 40). Although metastatic 

disease is seen in 60% of cancers at diagnosis, only 0.01% of cells that enter the 

circulation successfully establish metastatic disease (38). 
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1.2 Treatment of Cancer 

 
Selection of the most appropriate cancer treatment modality depends on a series 

of factors, including type of cancer/cancer site, expression of select genes, as well as 

progression of disease. Surgical intervention, the oldest method of cancer treatment, 

continues to play a key role in patients’ treatment plans. In neoplastic lesions that are 

diagnosed in its early stages (i.e. no regional disease, no distant metastasis), surgical 

resection of the primary tumor can be a sufficient treatment modality (41). However, in 

many cases, especially cases in which the disease is diagnosed when the tumor is more 

developed, surgery fails to fully eliminate all signs of disease. In fact, even though the 

local disease, as well as affected lymph nodes and vasculature, is removed, 

micrometastases and residual disease may still remain (41, 42). Therefore, in order to 

eliminate any residual or metastatic disease, chemotherapy and/or radiation therapy is 

also necessary as an adjuvant therapy. By using combination therapies, in which surgery 

decreases tumor burden while the adjuvant therapies eliminate residual disease, 

recurrence risk is greatly decreased (41). However, in the late stages of disease with 

multiple metastatic lesions, chemotherapeutics is used only to decrease the tumor burden 

in an attempt at palliative treatment.  

 
1.2.1 Conventional Chemotherapeutics 

 
Prior to the early- to mid-20th century, no method other than surgery was available 

for the effective treatment of cancer. However, development of radiotherapy (1920’s) and 

later chemotherapy (1940’s) allowed for more effective therapeutic options. By studying 
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and adapting nitrogen mustards used in World War II, the first chemotherapeutic agents 

were developed and used in cancer treatment (43). 

Because DNA is the genetic material that a cell requires to perform key functions, 

such as replication, it is not very surprising that early, as well as modern, cancer drug 

discovery focused much of its resources on drugs that target DNA and cellular 

replication. As explained above, cancer cells, through the expression of growth factors, 

escape the G0 quiescent phase and enter the cell cycle, leading to rapid proliferation and 

tumor expansion (44). Due to this increased replication and proliferation, a therapeutic 

window between the cancer cells and their normal counterparts exists. Because the 

majority of normal cells are found in the quiescent, non-replicating state, cytotoxic 

compounds that target DNA synthesis/replication pathways are more specific against 

cancer cells (45). 

Although the majority of conventional/classical chemotherapeutic agents target 

cell proliferation, not all utilize the same mechanism. Multiple drug classes, including 

alkylating agents and platinum agents, directly target DNA, either by forming adducts 

with the bases of DNA (N7 of guanine) and/or causing inter- or intra-strand crosslinks. 

Formation of covalent bonds with DNA either inhibits strand separation (in the case of 

inter-strand crosslinking) or prevents necessary protein interactions, both eliminating 

DNA synthesis and causing apoptosis (46). Other anticancer drugs cause cytotoxicity by 

acting as antimetabolites. Using 5-fluorouracil (5-FU) as an example, antimetabolites 

interfere with pathways involved in DNA synthesis or precursor production, such as 

thymidylate synthase, preventing thymine 5’-phoshate production. Antimetabolite 
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intermediates also can interact directly with DNA and RNA, preventing proper synthesis, 

repair, and function (47). Topoisomerase poisons, another class of conventional 

chemotherapeutics, have been used to treat many cancer types, including cancers of the 

lung, testicles, and some leukemias. By stabilizing the complex between topoisomerase 

I/II and the DNA, single- or double-strand breaks are not repaired before replication, 

resulting in DNA damage and apoptosis (48). Some anticancer agents target mitosis 

instead of DNA synthesis. Vinca alkaloids and taxanes interrupt the microtubule spindle 

necessary in mitosis. Either by inhibiting microtubule formation or by stabilizing the 

formed spindle, the cell cycle is halted in mitosis and induction of apoptosis occurs (49, 

50). Finally, anthracyclines, which include doxorubicin, are multifunctional antibiotics 

that can act as topoisomerase poisons, generate reactive oxygen species, intercalate DNA, 

as well as induce apoptosis. Anthracyclines have also been implicated in some signaling 

pathways, such as activation of the protein kinase C pathway (51). 

 
1.2.2 The Need for Novel Anticancer Agents 

 
Although chemotherapy has been an integral part of cancer treatment plans since 

its inception in the 1940s, the positive effect resulting from its use has been somewhat 

limited. From 1940 until 1979, except for a small increase in 5-year survival in colon and 

breast cancer, no significant increase in survival was observed in the major solid tumors 

treated with chemotherapy (46). Furthermore, survival rates for Americans have not 

increased significantly over the last 40 years with an increase of only 10% since the 

1960s (52). In fact, US mortality rates only decreased 6% from 1950 to 2005 for all 
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cancer sites (53). However, even more staggering is the fact that, in 1999, cancer became 

the leading cause of death in Americans under the age of 85 (54). 

The fact that anticancer agents have not shown as much efficacy as other types of 

therapeutics, namely drugs to treat heart disease and infection, is only one reason why 

new drug development strategies are necessary. Another difficulty with conventional 

chemotherapy is lack of specificity. Although dividing cells are more sensitive to the 

cytotoxicity of drugs targeting DNA synthesis and cell replication, many normal cells are 

still killed from treatment. Because some cells, namely bone marrow and those of the 

gastrointestinal tract, are continually replicating, severe toxic side-effects result (55). 

Although some drugs cause nephrotoxicity (cisplatin), the most common dose-limiting 

side-effect is myelosuppression (56). Myelosuppression results in an impaired immune 

system, making patients sensitive to opportunistic infection. Use of compounds that are 

more specific would reduce the number and severity of such side-effects. 

Another difficulty with current chemotherapy is its variability between cancer 

types and from patient to patient. Due to different genetic profiles, cancers can react 

differently to treatment (57). Certain patient populations have been found to be more 

sensitive to some treatments than others. For example, overexpression of 

methylenetetrahydrofolate reductase (MTHFR), which plays a role in folate metabolism, 

confers sensitivity to 5-FU in the treatment of esophageal carcinoma (58). Genetic 

variability can also manifest in increased side-effects. Anthracyclines, which be 

associated with cardiotoxicity, induce more severe side-effects in patients with altered 

expression of genes involved in anthracycline metabolism and oxidative stress (59). 
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It would be remiss to emphasize the failures of classical chemotherapy without 

mentioning the successes brought by them. Many cancers, including Burkitt’s lymphoma, 

acute lymphocytic leukemia, Hodgkin’s disease, testicular cancer, Ewing’s sarcoma, and 

others have displayed significant increases in survival following treatment with 

chemotherapy. As previously stated, a marginal increase in survival was also seen in 

colon and breast cancer (46). That being said, many other cancers, namely that of the 

thyroid, liver, esophagus, pancreas, lung (female), and uterus, continue to have increasing 

mortality rates with the rate of liver cancer increasing 1.9% per year (53). Furthermore, 

although many cancers are treatable when diagnosed in early stages (localized melanoma 

has a 5-year survival of 98%), pancreatic cancer, for example, has a 5% survival rate for 

all stages with a 20% survival rate for localized disease (54). Although cancer 

therapeutics has made many strides over the last 50-60 years, new treatment strategies are 

necessary, requiring a change in the paradigm for cancer drug discovery. 

 
1.2.3 Cancer Treatment through Molecular Targeting 

 
Over the last 15-20 years, cancer drug discovery has evolved, altering not only its 

target, but also its method of identifying therapeutic leads. Following an increase of 

knowledge concerning the molecular basis of cancer and cell biology in general, 

including the human genome (60), a new method of developing cancer therapeutics 

emerged. Instead of targeting DNA, novel compounds focused on altering the expression 

of genes (and their associated proteins) that play key roles in a cell’s transformation from 

normal to cancer phenotype. In other words, cancer drug discovery began to target 

pathways involved in the hallmarks of cancer (9, 61). 
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By altering the target for new cancer therapeutics, the complete paradigm of 

cancer drug discovery changed. Previously, the majority of drugs were identified using 

natural and synthetic libraries of compounds that showed a decrease in tumor burden in 

murine tumors and human xenografts. Also, lead compounds had frequently been 

screened using the National Cancer Institute panel of 60 human cancer cell lines (NCI-

60). Using this model, most active compounds identified targeted DNA synthesis and cell 

replication and were highly non-specific. As a result, many compounds that were active 

in preclinical trials were ineffective clinically and also were associated with severe 

toxicities and eventual drug resistance (62, 63). However, currently, high-throughput 

screening methods, including microarray, allow for the identification of genes that are 

dysregulated in cancer compared to normal cells (64, 65). These methods can also be 

used to measure wide-spread genetic effects due to drug treatment. In some cases, once a 

target has been identified, structure-based drug design can be utilized to identify or even 

construct possible hits (64, 66). Another necessary change in the paradigm was how a 

positive response was measured. Inhibition of a pathway involved in cancer frequently 

results in cytostasis and not cytotoxicity. Therefore, drugs that impair cell growth and 

cancer progression should be further examined and not labeled ineffective (52, 57). 

The majority of cancer genes/proteins can be categorized into four target types: 

genes/proteins that are 1) involved in signal transduction leading to cell proliferation, 2) 

inactivated tumor suppressors, 3) tumor cell antigens, and 4) overexpressed/constitutively 

active oncogenes (63). Targeting signal transduction pathways involved in cancer allows 

for selection of a variety of involved proteins. Growth factors and receptors, as well as 
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their downstream effectors, are frequently overexpressed in cancers, leading to activation 

of mitogenic pathways and cell proliferation. Using antibodies or small molecules, 

members of the signaling cascade can be downregulated thus impeding the perpetuation 

of the signal (62, 63). Treatment with Trastuzumab (Herceptin), a humanized antibody 

that targets the Her2 receptor, which is overexpressed in approximately 30% of breast 

cancers (63), has shown some clinical efficacy against metastatic breast cancer with an 

increase in median survival (67). Using targeted therapies to reactivate tumor suppressors 

has been shown to be somewhat difficult. However, some positive results have been 

documented with gene therapy. Using retro- and adenovirus vectors, wild-type p53 has 

been restored in select cancer cells in vitro and in vivo, resulting in apoptosis. These 

results translated into Phase I studies, as well (68, 69). Another developing method for 

treating cancers is through the use of DNA vaccines. By priming the immune system to 

recognize an overexpressed cancer protein by injecting a DNA fusion vaccine, the host 

immune system can recognize the cancer cells and induce an immune response against 

them. Vaccination against c-Myb overexpressing cells has shown some promise in the 

treatment of colon cancer (70).  

Different approaches have been taken in an attempt to inhibit overexpressed or 

constitutively active oncogenes. Many genes responsible for cell proliferation, survival, 

and/or transformation are overexpressed in malignant tumors (57, 71). In order to alter 

the effects of a dysregulated oncogene directly, one may target either the gene or the gene 

product (RNA or protein) (63, 64). Although some success has been observed in the 

targeting of gene products, namely the Bcr-Abl fusion protein in chronic myelogeneous 
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leukemia (CML) (Imatinib mesylate/Gleevec) (72) and Bcl-2 mRNA (oblimersen 

sodium, an antisense oligonucleotide) (73, 74), some studies have begun to target 

transcriptional regulation of oncogenes using small molecules (75). By identifying 

compounds that inhibit transcriptional activation, either directly or indirectly, one can 

prevent the expression of key oncogenes, such as c-Myc, hTert, and VEGF, necessary for 

tumorgenesis. Although a variety of methods have been identified to regulate gene 

expression, including entrapment of DNA-protein and protein-protein interactions (75), 

new studies have shown that stabilization of DNA secondary structures in the promoter 

region of some genes can eliminate gene transcription (76-78). These secondary 

structures, especially G-quadruplexes, and their interaction with small molecules will be 

further discussed. 
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1.3 Cancer Treatment by Targeting the G-quadruplex DNA Secondary Structure 
 

Containing the hereditary material of all cells, DNA most frequently resides in a 

B-form that is characterized by a right-handed α-helix with two strands linked by Watson 

and Crick G-C/A-T hydrogen bonding (79). However, under certain conditions, the 

secondary structure of the DNA can change, resulting in a non-B DNA conformation 

with different characteristics and biological relevance. Therefore, as a consequence of the 

DNA’s sequence, torsional stress from negative supercoiling, as well as proteins that 

interact with DNA, and other factors, a variety of separate conformations of DNA can 

result, including cruciform, triplex, hairpins, left-handed Z-DNA, tetraplexes, and i-

motifs (80-82). Because 46 human diseases have been correlated with the formation or 

unraveling of these DNA secondary structures (82), further investigation of these 

structures is warranted. 

 
1.3.1 G-quadruplex Structure and Function 

 
As alluded to above, DNA secondary structures play key roles in human disease. 

One such structure that has received an increasing amount of interest over the last two 

decades is the tetraplex, or G-quadruplex.  

G-quadruplexes were first identified in the 1960s. Studies with guanylic acid (5’ 

and 3’ GMP) proposed that at low pH, a helix structure between the GMP molecules is 

created, resulting in the formation of a gel. It was believed that hydrogen bonding 

between the electron donating and accepting atoms of the guanines allows for the helix 

formation (83). This self-assembly of guanines was again observed in the late 1970s at 

which point it was determined that the presence of alkali metal ions, including K+ and 
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Na+, facilitated the formation of the guanine complexes, making them stable (84). 

Although further research on the tetraplex structure were performed through guanosine 

monophosphate (GMP) studies (reviewed in (85)), the field of G-quadruplexes did not 

really mount a significant following until it was determined that G-quadruplexes have a 

biological function. Once it was observed that G-quadruplexes played a role in switch 

recombination of immunoglobulin heavy chain during B lymphocyte differentiation 

through the formation of a four-stranded quadruplex (86), increased interest in the field 

resulted. 

Structurally, G-quadruplexes are single-stranded DNA complexes that form in 

regions of DNA that contain highly G-rich sequences (87). As suggested previously, 

because guanine nucleotides contain electron donors (N1 and N2) and electron acceptors 

(N7 and O6), these atoms can interact by hydrogen bonding (Hoogsteen pairing), 

resulting in the formation of guanine tetrads (86, 88). These tetrads, which are planar, are 

able to stack on top of each other; however, this depends on the DNA sequence and the 

number of runs of guanine present (Figure 1.2). Although variations do exist, three 

stacked tetrads are most commonly involved in the formation of the G-quadruplex thus 

requiring at least three guanines per run (82). Also, as touched on above, the presence of 

cations, such as Na+ and K+, stabilizes the G-quadruplex. The monovalent cation 

intercalates between the tetrads, allowing for coordination with the carbonyl groups (O6) 

of the quadruplex (87). The cation K+ has been shown to be more effective at stabilizing 

the G-quadruplex than Na+ or other monovalent cations, such as Cs+. It has been 
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suggested that the difference in their size alters how the cation fits among the tetrads, 

resulting in a difference in stability (89). 

G-quadruplexes vary in some key characteristics, namely strand orientation and 

polarity, connectivity of the loop regions, and glycosidic torsion angle. One, two, or even 

four separate strands can be involved in the formation of a G-quadruplex (85, 90, 91). In 

unimolecular and bimolecular G-quadruplexes, the bases not involved in the tetrad form 

the loop region. Depending on the strand orientation, cation coordination, and other 

factors, including presence of interactive agents, the polarity (parallel versus antiparallel) 

and the loop connectivity can be different and can even change (92, 93). Three 

unimolecular loop structures that have been identified are the double-chain reversal loop, 

edge-wise loops, and diagonal loops (Figure 1.3) (91, 94). Variability is also found in the 

glycosidic torsion angles of the quadruplex. Guanines of the G-quadruplex can have both 

syn and anti torsion angles in contrast to duplex B-form DNA that is exclusively in the 

anti conformation. Variations in torsional angles, resulting in changes in the size of the 

grooves formed by the G-quadruplex tetrads, have been seen in different G-quadruplex 

structures (90, 91) 

The prevalence of sequences in the human genome that have the possibility of 

forming G-quadruplex secondary structures is quite astonishing. Using bioinformatics, 

studies indicate that approximately 225,000-375,000 putative quadruplex sequences exist 

in the genome (95, 96). Although the actual number of G-quadruplexes is most likely 

lower than this prediction, it still suggests that G-quadruplexes play an important 

biological function. G-rich clusters, indicating a possible G-quadruplex, have been 
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identified in many regions of the genome with biological significance, including gene 

promoter regions (97), telomeres (98), and regions that play a key role in human disease, 

such as tumor suppressors and oncogenes (87). Specifically, G-quadruplex regions have 

been found in the promoters of many genes that play integral roles in carcinogenesis, 

including c-Myc (76, 77, 99), c-Myb (100), PDGF-A (101), VEGF (102), RET (103), 

HIF-1α (104), K-Ras (105), and Bcl-2 (106, 107). Also, many proteins that can interact 

with and either stabilize/promote or unwind G-quadruplex structures have been 

identified, suggesting that the G-quadruplexes have a biologically significant purpose in 

vivo (87). Furthermore, because G-quadruplex sequences have been identified in non-

human DNA, such as chicken β-globin (108) and Oxytricha telemetric DNA (109), a 

structural/sequence homology exists, suggesting conservation between species.  

Although G-quadruplexes in general have been shown to have a biological 

significance, depending on the gene promoter or other region, this significance may 

differ. Only focusing on genes involved in cancer, the formation of the G-quadruplex 

could result in completely different effects based on the gene of interest. In some genes, 

the G-quadruplex acts as a repressor element. For example, the 3’ G-rich overhang region 

of the human telomere, when in the form of a G-quadruplex, acts as a repressor element 

by preventing telomere extension by telomerase (110). However, in other genes, such as 

the human insulin gene, the formation of a G-quadruplex results in an increase of gene 

transcription. In a study that mutates the insulin-linked polymorphic region (ILPR), 

which contains the G-quadruplex region, gene transcription was inhibited, illustrating the 

positive effect that the G-quadruplex has on insulin gene transcription (111). Therefore, 
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in general, the G-quadruplex appears to act as a regulatory element—either as an 

activator/enhancer or a repressor. 
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Figure 1.2. Illustration of the G-quadruplex DNA secondary structure. Through 
Hoogsteen pairing/hydrogen bonding, four guanines can form a tetrad structure. Multiple 
tetrads can stack to form a quadruplex. The “M+” depicts cations, such as K+ and Na+, 
that can stabilize the quadruplex through coordination. 
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Figure 1.3. Polymorphic loop structures formed by intramolecular G-quadruplexes: (A) 
diagonal loop, (B) edge-wise loop, and (C) double-chain reversal loop 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B C

A B C 



 36

1.3.2 Established G-quadruplex-interactive Compounds 
 
Although targeting the G-quadruplex to inhibit oncogene transcription is a 

relatively new method of possibly treating cancer, some compounds have already been 

developed which interact with the G-quadruplex. Small molecules of various classes, 

including anthraquinones (112-114), cationic porphyrins (76, 77), perylenes (115, 116), 

and others have been shown to interact with the G-quadruplex and, in some cases, have 

displayed some antitumor activity. Even though compounds that target the telomeric G-

quadruplex show promise, the focus of this project is the G-quadruplex of c-Myc 

(detailed in Chapter 3). Therefore, three compounds, TMPyP4, Se2SAP, and a quindoline 

derivative, that interact with the c-Myc G-quadruplex, will be further discussed. 

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

pyridyl)porphine) (Figure 1.4A) is a cationic porphyrin shown to stabilize the G-

quadruplex of the c-Myc promoter. By binding of TMPyP4 to parallel G-quadruplex 

structures through external stacking interactions (117), the secondary structure of the c-

Myc G-quadruplex is converted from a parallel structure with double-chain reversal loops 

to a mixed parallel/antiparallel G-quadruplex structure (93). The biological implications 

of the addition of TMPyP4 have already been determined. Because the G-quadruplex of 

the c-Myc promoter is a repressor element (76), upon TMPyP4 treatment and the 

resulting G-quadruplex stabilization, c-Myc transcription and protein levels were 

inhibited (77). In a comparison of two Burkitt’s lymphoma cell lines, one with the G-

quadruplex region (Ramos) and one without (CA46), TMPyP4 only inhibited c-Myc 

transcription in the Ramos cell line, implicating the necessity for the G-quadruplex region 
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for TMPyP4 activity (76). Compared to TMPyP4, TMPyP2 (full name: meso-5,10,15,20-

Tetrakis-(N-methyl-2-pyridyl)porphine) (Figure 1.4B), a positional isomer of TMPyP4 

with minimal ability to interact with G-quadruplexes, did not significantly affect c-Myc 

transcription, illustrating TMPyP4’s specificity as a G-quadruplex-interactive compound 

(76, 77). 

Another G-quadruplex-interactive agent, Se2SAP (full name: 5,10,15,20-[tetra(N-

methyl-3 pyridyl)]-26,28-diselenasapphyrin chloride) (Figure 1.4C), is a porphyrin 

analogue that was designed to increase specificity for the intramolecular form of the G-

quadruplex. Unlike TMPyP4 which can only overlap with two guanine repeats, Se2SAP, 

which has a larger ring system, can make contact with all four guanine tracts. The 

rationale for the addition of selenium atoms was to improve the compound’s toxicity 

profile (93). In a dose-dependent manner, Se2SAP was shown to stabilize the c-Myc G-

quadruplex in Taq Polymerase assays. Furthermore, Se2SAP was shown to form a strong, 

specific interaction with the 1:2:1 and 2:1:1 loop isomers of the c-Myc G-quadruplex 

compared to duplex DNA. This interaction results in conversion of the parallel G-

quadruplex to a single-loop form by interacting with only one face of the quadruplex and 

not both like TMPyP4 (93). 

Although porphyrin compounds, such as TMPyP4 and Se2SAP, have shown 

significant activity in the stabilization of the c-Myc G-quadruplex, new compounds have 

been tested using a different scaffold. One research group (118) developed G-quadruplex-

interactive agents using a quindoline scaffold with a variety of side-chains (Figure 1.4D). 

Although all of the quindoline derivatives were able to stabilize the G-quadruplex (as 
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indicated by increased Tm), derivatives containing the pyrrole ring and amino side chains 

were more effective. In fact, derivatives with terminal amino side chains selectively 

bound to the loop regions with two nucleotides due to possible electrostatic interactions 

between the side chain and the DNA backbone (119); however, this interaction was 

minor compared to that of the G-quadruplex and the quindoline scaffold (118). Treatment 

of hepatacellular carcinoma cells with select derivatives were also shown to inhibit c-Myc 

transcription which required the c-Myc G-quadruplex region. Binding energy studies 

confirmed end-stacking of the derivatives and the G-quadruplex and suggested that 

intercalation by the derivatives was unlikely (118).    
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Figure 1.4. Structures of G-quadruplex-interactive compounds. (A) TMPyP4, (B) 
TMPyP2, (C) Se2SAP, and (D) a quindoline derivative (compound i) (118) 
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1.4 Cancer Treatment by Targeting Multidrug Resistance (MDR) 
 

Although many groups have begun to target DNA secondary structures in order to 

treat cancer (75, 120), targeting overexpressed proteins involved in cancer still has a large 

following. Because many conventional therapies, as well as targeted therapies, have 

failed due to drug resistance (121), the development of novel compounds that target the 

cause of the observed resistance could result in increased drug efficacy and decreased 

tumor burden. 

 
1.4.1 Multidrug Resistance 

 
Drug-resistance has been shown to occur commonly in cancer patients. In breast 

cancer patients alone, the rate of recurrence of disease can be as high as 30% even in 

patients who have receive adjuvant therapies (chemotherapy or hormone therapy) (122, 

123). Nearly all multiple myeloma patients treated with conventional therapies become 

resistant and relapse (124, 125). Frequently, patients who had responded very well to 

chemotherapy previously show no significant improvement in the event of a relapse (126) 

Cancers that are shown to be resistant to a variety of dissimilar chemotherapeutic agents 

are said to display the multidrug resistance phenotype, or MDR (121, 126). 

Seen in many types of cancers, including multiple myeloma and colon cancers, 

MDR can result from a variety of genetic factors that the cancer cells exhibit. Multidrug 

Resistance can be either de novo or acquired. De novo, or intrinsic, resistance is observed 

in cancers that, upon diagnosis, do not respond to chemotherapeutics and must be treated 

using other modalities, such as radiotherapy or hormone therapy. In contrast, acquired 

resistance is seen in patients who initially respond to chemotherapy, leading to either 
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stable disease or remission. However, over time, the cancer cells fail to respond to 

chemotherapy and resume uncontrolled proliferation and disease progression (126). 

Unfortunately, patients who display the MDR phenotype have a poor prognosis and high 

mortality. 

Although MDR is observed in a wide variety of aggressive cancers deriving from 

many different tissue types, the mechanisms of resistance are often very similar. Previous 

studies have indicated that drug resistance can be attributed to many factors, including the 

inability of drugs to reach this target due to a lack of vasculature (pharmacological 

sanctuaries), altered drug transport, altered tumor growth kinetics, alterations in DNA 

repair mechanisms, and changes in cellular drug metabolism and excretion (121, 127). 

Although all of these factors are important for understanding the causes of MDR, 

alterations in drug transport are a very common occurrence in many refractory patients 

and will be discussed in detail. 

Variation in the transport of drugs has been indicated as a major cause of MDR in 

a variety of cancers. Although many chemotherapeutics are effective in vitro, the same 

drug is ineffective in the clinic, especially in drug resistant patients, due to the drug’s 

inability to reach its target. Specifically, two major mechanisms of resistance relating to 

drug transport have been observed. First, the chemotherapeutic is unable to enter the cell 

resulting in decreased intracellular drug concentrations, leading to a decrease in cellular 

damage. This phenomenon is especially common with water-soluble drugs that require 

transport proteins, and not passive diffusion, to enter the cell. For example, studies have 

shown that in some osteosarcomas, a decrease in the reduced folate carrier (RFC) causes 
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a decline in the amount of methotrexate that may enter the cell. This results in 

methotrexate resistance (128). 

Second, the chemotherapeutic is able to enter the cell without difficulty but is 

quickly pumped out of the cell in an energy-dependent manner thus preventing the drug 

from reaching its target. This reaction is frequently observed with drugs that are 

hydrophobic xenobiotics (121, 127, 129). Interestingly, cancers that exhibit this general 

mechanism of drug resistance (i.e. increased drug efflux) have been shown to be resistant 

to a wide variety of compounds all with different structures and mechanisms of action 

(126). Therefore, because these protein pumps are very common in drug resistant 

cancers, it is important that one completely understands their mechanism of action and 

how to circumvent their activity. 

 
1.4.2 Drug Resistance as a Consequence of Drug Efflux 
 

A group of membrane proteins has been identified that play an integral role in 

drug efflux and invariably drug resistance. These proteins are all members of the ATP-

binding cassette (ABC) superfamily. The largest protein superfamily recognized to date, 

the ABC superfamily comprises over 100 genes that code for transport proteins of which 

48 are of human origin (126, 130, 131). The ABC transport genes are variably distributed 

across the genome and can be found in an assortment of tissues, including breast, liver, 

and gut (130). It should be noted that although the ABC transport proteins have been 

shown to be overexpressed in neoplastic tissues, ABC transport proteins are found in 

normal tissues and play a role of removing toxic substances from the body (130, 132). 
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Furthermore, defects in ABC transporter genes have also been observed in other human 

diseases, including cystic fibrosis (CFTR) (131). 

The structures of ABC transporters are similar with some interesting differences. 

The ABC transport proteins are transmembrane proteins containing hydrophobic α-

helical transmembrane domains (TMD) (each with 6 passes across the membrane) and 

ATP-binding domains (nucleotide-binding domains or NBD) (Figure 1.5). Each protein 

monomer contains one TMD and one NBD. Some of the ABC transporters, such as p-

glycoprotein (P-gp), are comprised of two monomers that are connected by a polypeptide 

linker sequence (130, 131). Although functional ABC transport monomers have been 

identified (133), two TMDs and two NBDs are usually necessary for a functional 

transport protein. Therefore, ABC transport proteins that are synthesized as monomers, 

such as the breast cancer resistance protein (BCRP), must dimerize to be capable of drug 

efflux (121). 

Although somewhat structurally different and with different substrates, the 

mechanism of action of the ABC transport proteins seems to be quite similar. Commonly 

overexpressed in drug-resistant cancers, P-gp is a 170-kDa dimeric ABC transporter and 

is the protein product of the mdr1 gene found on chromosome 7q21.12 (134). The two 

TMDs (TMD1 and TMD2) form a pore in the cellular membrane and the interface 

between the two TMDs is thought to be the site for drug binding. As the first step in drug 

efflux, hydrophobic drugs that diffuse through the lipid bilayer are dehydrated and the P-

gp forces the drug to enter the binding pocket through gates formed by TM2/11 and 

TM5/8 (Figure 1.5). Once in the binding pocket, it is proposed that multiple residues 
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found on the TMs bind to the drug to form a binding site. This model is referred to as the 

“substrate-induced fit” model (133). This model explains why the ABC transport proteins 

are able to bind to and efflux a variety of unrelated compounds. By binding with different 

residues, the drug-binding site is fluid. It should also be mentioned that studies have 

indicated that both TMDs are necessary for drug binding (133). 

Once bound to P-gp, the drug must be effluxed. Previous research suggests that 

the binding of the drug substrate to the protein induces a conformational change at the 

NBDs. ATP is then thought to bind to the ATP-binding site at the interface of the NBDs 

and hydrolysis is induced. Due to ATP hydrolysis, TM6 and 12 are rearranged leading to 

a change in drug-binding affinity. By decreasing the binding affinity for the drug, the 

drug separates from the binding site, causing drug efflux (133, 135). It should be noted 

that the definite mechanism of drug release is not agreed upon. Although the mechanism 

for drug release into the extracellular medium is not fully understood, two possibilities 

have been suggested. Some studies indicate that P-gp acts as a flippase in which the ATP 

hydrolysis causes the drug to be flipped from the inner leaflet of the bilayer to the outer 

leaflet and released into the medium. However, other data suggest that the P-gp can 

actively transport the drug from the bilayer by forming an opening to the extracellular 

medium thus releasing the drug (133). Until further research is done on the subject, the 

actual mechanism will not be known. 

 The substrate and structural variability that has been observed among the ABC 

transporters play a very important role in cancer and cancer research. Because many 

chemotherapeutic agents, as well as antibiotics and other compounds, are substrates of 
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one or more of the ABC transporters, it is very difficult to treat cancer patients who either 

have high-grade disease or experience a relapse. In both cases, ABC transporters are 

frequently overexpressed leading to drug efflux and ineffective chemotherapies. In fact, 

studies have determined that the prognosis of a patient is inversely proportional to the 

expression of P-gp, as well as other ABC transporters (126). Therefore, it is imperative 

that chemotherapeutic agents be developed that either are not substrates of ABC transport 

proteins and/or are able to inhibit the ABC transporters, allowing conventional drugs to 

remain in the cell and cause cytotoxicity. 

 Over the last twenty years, research on the ABC transporters and their role in 

cancer has been rather extensive. In fact, during this time period, a multitude of 

compounds have been discovered and developed that have been determined to play a role 

in the inhibition of ABC transporter-mediated drug efflux. Three generations of MDR 

modulators have been developed beginning with compounds, such as verapamil, that 

were originally designed for other treatments. Due to extensive side-effects, second- and 

third-generation MDR modulators were produced with fewer adverse results (136-138). 

However, further research is necessary to design a broad acting compound that induces 

chemosensitivity in a variety of drug-resistant cancers. 
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Figure 1.5. Structural models of p-glycoprotein. (A) Transmembrane domains (TMD1 
and TMD2) are represented as white and grey cylinders, respectively. The nucleotide 
binding domains (NBD1 and NBD2) are represented as rectangles. Displayed residues 
are thought to be involved in cross-links between TMD1 and TMD2 to form the drug-
binding pocket. (B) Model depicting the drug-binding pocket made by cross-linking the 
two TMDs. Reproduced from reference (133) with permission from Springer. 
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1.5 Statement of the Problem 
 

Although development of various chemotherapies over the last sixty years has 

helped in the treatment of some types of cancer, especially leukemias, many cancers, 

including the most common solid tumors, remain relatively evasive, especially cancers 

that are diagnosed during the later stages of disease (54). Because many cancers, such as 

pancreatic cancer, have very dismal survival rates, even in its early stages, new 

chemotherapeutic agents, which are selective to a host of targets linked to carcinogenesis 

and not just DNA synthesis and replication, must be developed. Furthermore, because 

cancers are frequently unaffected by chemotherapy due to multidrug resistance, other 

agents must be designed to re-sensitize the cancers to treatment. 

 The purpose of this project was to identify compounds, both synthetic and natural, 

that positively affect genes and protein involved in cancer development. Specifically, two 

separate, but promising, targets were examined. In the first phase of the project, using 

high-throughput screening methods, namely Fluorescence Resonance Energy Transfer 

(FRET) and confirming with Taq Polymerase Stop assay, compounds that stabilize the G-

quadruplex of the c-Myc promoter were identified. The rationale behind studying this 

target is that stabilization of the c-Myc G-quadruplex has been shown to decrease the 

transcription of c-Myc, an oncogene overexpressed in the majority of cancers (77). 

Therefore, by stabilizing the c-Myc G-quadruplex, we believed that transcriptional 

machinery required for c-Myc activity would be unable to bind to the promoter region, 

thus preventing tumor growth. The aims of the G-quadruplex project were: 1) to identify 

and validate c-Myc G-quadruplex-stabilizing compounds, 2) measure the biological 
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effects (c-Myc transcription/translation, apoptosis) of select hits, 3) elucidate the 

mechanism of action of any identified biological effects, and 4) determine if the hits were 

specific to the c-Myc G-quadruplex. 

 In the second phase of the project, multidrug resistance and P-gp were targeted. 

Using a natural product, psorospermin, its resistance-reversal activity was elucidated. The 

rationale behind this study was that because psorospermin is active as a topoisomerase-II 

poison in a variety of multidrug resistant cell types, it was possible that psorospermin 

also evokes a resistance-reversal activity, inhibiting the activity of overxpressed efflux 

proteins, such as P-gp. We believed that in cells overexpressing P-gp, psorospermin 

interacts directly with P-gp, preventing P-gp-mediated drug efflux and allowing for other 

chemotherapeutics to reach their target. If correct, we believed that psorospermin could 

be used in combination with established chemotherapy to mediate drug efflux. The aims 

of this project were: 1) illustrate the resistance-reversal activity of psorospermin and 2) 

elucidate the mechanism of action of the resistance-reversal. 

 By developing both a G-quadruplex-stabilizing compound that inhibits c-Myc 

promoter activity and by better understanding the mechanism of action of the resistance-

reversal activity of a natural product, we hoped to develop novel agents for cancer 

treatment. 
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CHAPTER 2 
 

MATERIALS AND METHODS 
 
Cell Culture 
 
HCT116 (colorectal carcinoma), HeLa (metastatic cervical carcinoma), Ramos (Burkitt’s 

lymphoma), CA46 (Burkitt’s lymphoma), and 8226 (multiple myeloma) cell lines were 

purchased from ATCC (Manassaas, VA). The doxorubicin-resistant 8226 cell line 

(8226/D40) was a gift from the Dalton laboratory (Moffitt Cancer Center, Tampa, FL) 

(139). HCT116 and HeLa cell lines were cultured in DMEM (CellGro, Manassas, VA) 

supplemented with 8% Fetal Bovine Serum (Gemini, West Sacramento, CA). The 

Ramos, CA46, and 8226 cell lines were cultured in RPMI (CellGro) supplemented with 

8% Fetal Bovine Serum and 1% Penicillin/Strepamycin (CellGro). Cells were maintained 

at 37 °C in a humidified incubator at 5% CO2. HCT116 and HeLa cells were grown to 

90% confluency before passing. Ramos, CA46, and both 8226 cell lines were fed with 

media every 2-3 days and passaged weekly. For cell viability assays, 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 

inner salt (MTS) and phenazine ethosulfate (PES) were purchased from Promega 

(Madison, WI). The c-Myc antibody was purchased from Cell Signaling Technology 

(Dancers, MA) while the β-actin and p-glycoprotein antibodies were purchased from 

Abcam (Cambridge, MA). The goat anti-mouse and goat anti-rabbit IgG-HRP-conjugated 

antibodies were purchased from BioRad (Hercules, CA). 
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Compounds 
 
The NCI Diversity Set, including G-quadruplex-interactive agents-01 and -02 (GQC-01 

and GQC-02), were obtained from the National Cancer Institute/National Institutes of 

Health Developmental Therapeutics Program. The compounds were dissolved in 100% 

DMSO to a stock concentration of 10 mM. The compounds TMPyP2 (meso-5,10,15,20-

Tetrakis-(N-methyl-2-pyridyl)porphine ) and TMPyP4 (meso-5,10,15,20-Tetrakis-(N-

methyl-4-pyridyl)porphine) were purchased from Calbiochem (Gibbstown, NJ) and 

dissolved in water to stock concentrations of 20 mM. Doxorubicin was purchased from 

Fluka Biochemika (Buchs, Switzerland) and diluted in water to a stock concentration of 

1.8 mM. Purchased from Fluka Biochemika, (±)-Verapamil hydrochloride was diluted to 

2.2 mM in 100% methanol. All four isomers of psorospermin (PS-RR, PS-RS, PS-SR, 

and PS-SS) were obtained from Cylene Pharmaceuticals (San Diego, CA) and diluted in 

DMSO to a stock concentration of 10 mM. 

 
Fluorescence Resonance Electron Transfer (FRET) Assay 
 
The FRET probe, a 27-base oligomer labeled with a 5’-6-carboxyfluorescein (FAM) and 

3’-black hole quencher-1 (BHQ-1) (5’-d(FAM-TGGGGAGGGTGGGGAGGGTGGGAA 

GG-BHQ-1)-3’), was constructed by Biosearch Technologies (Novato, CA). The probe 

was resuspended in water at a stock concentration of 100 µM, which was then diluted in 

water to a working concentration of 1 µM. Each drug from the Diversity Set was diluted 

in DMSO to a working concentration of 1 mM. Using black 96-well plates, 1 µL of each 

drug (final concentration: 10 µM) was combined with 10 µL 500 mM Tris-acetate pH 

7.05, 10 µL water (except for the 100 mM KCl sample which contained 10 µL 1 M KCl), 
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and 79 µL 1 µM probe in duplicate. A no-drug control (probe in buffer) and drug controls 

(drug in buffer without probe) were also tested. The fluorescence of the probe was 

measured using a plate reader at 485ex/528em.  

 
Preparation and Purification of End-labeled Oligonucleotides 
 
Oligonucleotides were 5’-end labeled using [ -32P] dATP (Perkin Elmer, Waltham, MA) 

and T4 polynucleotide kinase (New England Biolabs, Ipswich, MA). After heating at 95 

°C for 5 minutes to quench the kinase reaction, the labeled DNA was isolated from 

unincorporated [ -32P] dATP using a Bio-Spin 6 chromatography column (Bio-Rad) 

centrifuged for 5 minutes at 4000 rpm. Denaturing loading dye (95% formamide, 20 mM 

Tris, pH 7.4, and 0.1% Bromophenol Blue) was added and the DNA was purified on a 

16% denaturing gel (1x TBE). The band was excised and eluded in water overnight. 

 
Taq Polymerase Stop Assay 
 
The protocol from Rezler et al. (78) was utilized for this assay with some modifications. 

Briefly, the 28-mer primer (5’-d(TAATACGACTCACTATAGCAATTGCGTG)-3’) was 

32P-labelled and annealed to the template strand containing the c-Myc NHE III1 sequence 

(5’-d(TCCAACTATGTATACTGGGGAGGGTGGGGAGGGTGGGGAAGGTTAGCG- 

ACACGCAATTGCTATAGTGAGTCGTATTA)-3’). The annealed product was purified 

by gel electrophoresis on an 8% native gel. The purified DNA (5000 cpm) was combined 

with reaction buffer (Taq Buffer with (NH4)2SO4 (Fermentas Inc., Glen Burnie, MD), 

12.5 mM KCl, 2.5 mM MgCl2) and 200 µM dNTPs and incubated at room temperature 

for 30 minutes. The samples were incubated with drug at indicated concentrations for 1 
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hour, followed by the addition of Taq Polymerase (Fermentas). Samples were incubated 

at 65°C for 40 minutes. Concentrated samples were analyzed by 16% denaturing gel. 

Using the ImageJ software (National Institute of Health, Bethesda, MD), Optical Density 

analysis was used to quantitate the full and stop products. 

 
Cell Viability Assay 
 
Cells (HCT116 or 8226) were plated in a 96-well plate at a concentration of 4000 

cells/well and incubated overnight. The cells were then treated with select compounds at 

increasing concentrations in triplicate and incubated at 37°C for 48 hours. Vehicle control 

samples were also included. Using the CellTiter 96® AQueous One Solution Cell 

Proliferation Kit (Promega, Madison, WI), at a ratio of 20:1, MTS and PMS were 

combined and added to the cells. The cells were allowed to incubated at 37°C for 3.5 

hours. The absorbance was then read at 490nm using a plate reader. 

 
In Vitro Transcription 
 
HCT116 cells (2.5 x 105) or Ramos/CA46 cells (1.5 x 106) were plated in 2 or 4 mL of 

media, respectively, in 6-well plates. After 24 hour incubation (HCT116 cells only), the 

cells were treated with various concentrations of compounds and incubated at 37°C. At 

the indicated time points, the cells were harvested, pelleted, washed once with ice cold 

PBS, and frozen at -80°C. Upon the collection of all samples, total RNA was extracted 

using the Nucleospin RNA II kit (Macherey-Nagel, Bethlehem, PA) and quantitated by 

spectroscopy at 260nm. Complementary cDNA was made with 100 ng RNA using iScript 

cDNA Synthesis Kit (BioRad). MacVector (MacVector, Inc., Cary, NC) was used to 
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design c-Myc primers for real-time PCR: for HCT116 experiment, NHE III1 region: 5'-

d(GCTGCTTAGACGCTG-GATT)-3' (forward) and 5’-d(AGGAGGAGCAGCGTCAT 

CT)-3’ (reverse); for Ramos/CA46 experiment, c-Myc exon 2: 5’-d(TTTTATTCCTTCC 

CCCGCCC)-3’ (forward) and 5’-d(ACACCCAAAGCAAAGCACATTC)-3’ (reverse). 

β-actin was used as a housekeeping gene. Real-time PCR was performed using the 

BioRad MyiQ Single-Color Real-Time PCR Detection System with SYBR green 1 

fluorophore (BioRad). The BioRad protocol was followed with an optimized annealing 

temperature of 65°C (HCT116) or 64°C (Ramos/CA46). 

 
For mdr1 in vitro transcription experiments, the above was followed with some 

variations. 2 x 106 8226/S and /D40 cells were plated in 10 mL media in T75 flasks. The 

cells were treated with (2´R,3´R) psorospermin (PS-RR) at concentrations of 2.5 and 5 

µM. DMSO was used as a vehicle control. After incubating the cells at 37 °C for 2 hours, 

the cells were harvested and processed as before. For the real-time PCR, the following 

primer sequences were used: 5´-CATTGGTGTGGTGAGTCAGG-3´ (forward) and 5´-

CATAGGCATTGGCTTCCTTG-3´ (reverse) with an optimized annealing temperature 

of 59 °C.   

 
Western Blot Analysis 
 
HCT116 cells (5 x 106) were plated in T75 flasks (10 mL media). After the cells had 

adhered, the cells were treated with increasing concentrations of compound or DMSO 

(1%, vehicle control) and incubated at 37°C. At designated time points, the cells were 

harvested as above. The cells were lysed with 300 µL Nonidet-P40 lysis buffer (50 mM 
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Tris-HCl pH 8.0, 150 mM NaCl, 0.02% sodium azide, 1% Nonidet-P40) with Protease 

Inhibitor Cocktail (Sigma, St. Louis, MO). After 10 minutes on ice, the lysates were 

centrifuged at 14,000 RPM at 4 °C for 10 minutes and the supernatant was collected. The 

protein concentration of each sample was measured by BCA Protein Assay (Pierce, 

Rockford, IL). 30 µg of protein was separated by SDS-PAGE using a 4-20% Tris-HCl 

gel. The protein was transferred to nitrocellulose using a BioRad Mini Trans-Blot® 

Electrophoretic Transfer Cell (100 V for 1 hour). After blocking the membrane overnight 

in 5% non-fat dry milk/TBST (20 mM Tris-HCl pH 7.6, 137 mM NaCl, 0.1% Tween-20), 

the membrane was agitated in blocking buffer with c-Myc antibody (1:1000) for 2 hours 

at room temperature. After washing the filter 3 times with TBST, the membrane was 

agitated in blocking buffer with goat anti-rabbit secondary antibody (1:1000) for 1 hour. 

The blot was again washed with TBST and stained with chemoluminescent solution 

(Pierce). The membrane was exposed to film and developed. For a loading control, the 

membrane was treated with β-actin primary antibody (1:5000) for 2 hours, followed by 

its respective secondary antibody (1:1000) and developed as above. Using the ImageJ 

software, Optical Density analysis was used to quantitate changes in c-Myc expression. 

 
Sucrose Gradient 
 
To measure the protein expression of P-gp, 8226/S and /D40 cells (2 × 108) treated with 

PS-RR for 2 hours (as above) were lysed and fractionated as follows. Pelleted cells were 

resuspended in Hypotonic Lysis Buffer (10 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl 

pH 7.4, Protease Inhibitor Tablet (Roche)) and ruptured with a 15 mL homogenizer (25 

strokes).  Lysate was centrifuged at 5,700 rpm, 4 °C, for 10 minutes.  The supernatant 
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was centrifuged at 25,000 rpm, 4 °C, for 1.5 hours and the pellet was frozen at –80 °C 

overnight.  Pellet was resuspended in a 1:1 mixture of 5 mM Tris-HCl (pH 7.4) and 16% 

sucrose and homogenized using a 7 mL homogenizer.  The lysate/sucrose mixture was 

added to the top of a 16–60% non-continuous sucrose gradient and centrifuged at 27,000 

rpm, 4 °C, for 4 hours.  The membrane vesicles were collected from the 16–31% and 31–

45% interfaces, diluted with 5 mM Tris-HCl (pH 7.4), and centrifuged at 27,000 rpm, 4 

°C, for 1 hour.  The membrane pellet was resuspended in 5 mM Tris-HCl (pH 7.4) (25 

µL) and the protein concentration was measured by BCA assay (BioRad).  Total protein 

(30 µg) was separated by SDS-PAGE using a 4–20% Tris-HCl gel.  The protein was 

transferred to nitrocellulose using a BioRad Mini Trans-Blot® Electrophoretic Transfer 

Cell (6V for 20 minutes followed by 20V for 3 hours).  After blocking the filter with 5% 

non-fat dry milk/TBST (20 mM Tris-HCl (pH 7.6), 137 mM NaCl, 0.1% Tween-20), the 

membrane was agitated in blocking buffer with P-gp primary antibody (1:1000) for 2 

hours at room temperature.  After washing the membrane with TBST, it was agitated for 

1 hour in blocking buffer with the goat anti-mouse secondary antibody (1:1000).  The 

membrane was again washed with TBST and stained with chemoluminescent solution 

(Pierce, Rockford, IL).  The membrane was exposed to film and developed.  Using the 

ImageJ software, Optical Density analysis was used to quantitate changes in P-gp 

expression. 

Caspase-3 Induction/Apoptosis Assay 

HCT116 cells (1 x 106) were plated in T25 flasks, in duplicate, and allowed to adhere. 

The cells were treated with increasing concentrations of compound, DMSO, or were 
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untreated and incubated at 37°C. At designated time points, the cells were washed once 

with ice-cold PBS and harvested with trypsin. The cells were pelleted and, after being 

washed once with ice-cold PBS, were frozen at -80°C. Caspase-3 activation of each 

sample was measured using the Apo-Alert Caspase-3 Fluorescent Assay Kit (Clontech, 

Mountain View, CA) (400ex/508em). 

 
Heparin Column Purification of Recombinant NM23-H2 
 
Recombinant NM23-H2 protein (a gift from the Montfort laboratory (University of 

Arizona, Tucson, AZ)), that was purified by gel filtration, was diluted to 4.8 µg/µL in 20 

mM Tris-HCl pH 8.0 and loaded onto a heparin column (Sigma). After washing the 

column with 500 µL of Buffer (25 mM Tris-HCl, pH 7.6, 50 mM NaCl, 0.5 mM MgCl2, 

1 mM EDTA), 500 µL of buffer was added to the column and two 250 µL fractions were 

collected. The protein was eluted from the column with a gradient of NaCl (0 to 2.0 M) 

with collection of 250 µL fractions. The fractions were concentrated using the Microcon 

Centrifugal Filters (YM-10) (Millipore, Billerica, MA) for 10 minutes and the protein 

concentration was determined by BCA Protein Assay (Pierce). 

 
Electrophoresis Mobility Shift Assay (EMSA) 
 
A 47-mer with the sequence containing the G-rich strand of the NHE III1 (5’-d(GGGGC 

GCTTATGGGGAGGGTGGGGAGGGTGGGGAAGGTGGGGAGGAG)-3’) was 32P-

radiolabeled (78) and purified with a 16% denaturing gel. The labeled DNA (7500 cpm) 

was combined with reaction buffer (12 mM HEPES, 4 mM Tris-HCl pH 7.4, 1 mM 

EDTA, 5% glycerol, 1 mM DTT, 0.5 µg BSA, and 1.5 mM MgCl2) and compound (if 



 57

applicable) and incubated at room temperature for 1 hour. Indicated amounts of NM23-

H2 protein was then added to the samples and incubated at 4 °C for 2 hours. The samples 

were loaded on a 6% non-denaturing gel with 0.25x TBE buffer (Sigma) and run for 3 

hours at room temperature at 100 V. The gel was dried and exposed for 2 days using a 

phosphoimager. 

 
Surface Plasmon Resonance (SPR) 
 
Biotinylated G-strand (5´– CGCTTATGGGGAGGGTGGGGAGGGTGGGGAAGGTG 

GGGAGGAGAG-Biotin-3´) and C-strand (5´-Biotin-TCTCCTCCCCACCTTCCCCAC 

CCTCCCCACCCTCCCCATAAGCG-3´) oligonucleotides were cartridge purified 

(Biosearch Technologies, Novato, CA).  SPR experiments were performed using a 

BIAcore 2000 optical biosensor system (BIAcore, Inc.).  Strepavidin chips (SA chip) 

were docked into the instrument and preconditioned with three consecutive one-minute 

injections of 1 M NaCl in 50 mM NaOH at a flow rate of 30 µl/min.  Biotinylated G-

strand and C-strand oligonucleotides at a concentration of 50 µg/mL were flowed through 

the SA chip surface for 7 min at a flow rate 15 µl/min.  Protein alone or in the presence of 

compounds (at the indicated concentrations) were mixed in 0.22-µm filtered/degassed 

running buffer (12 mM HEPES, 4 mM Tris-HCl pH 7.4, 1 mM EDTA, and 1.5 mM 

MgCl2) and flowed across the sensor chip for 45 seconds at a flow rate of 30 µL/min, 

followed by 150 seconds dissociation flow (buffer only). DNA-drug and DNA-protein 

binding were measured continuously by recording index of refraction.   
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Transfection and Luciferase Assays 
 
HeLa cells (1.5 x 105) were plated in 6-well plates in 2 mL media. After reaching 50-65% 

confluency, the cells were washed once with PBS and fresh media was added. The cells 

were then transfected with 0.98 µg pBV-luc/wt-del4, pBV-luc/mt-del4 (manufactured by 

TopGene (Pointe-Claire, Quebec, Canada from wt-del4 plasmid), or empty pBV-luc 

vector and 20 ng Renilla-SV40 plasmid DNA using the Effectene Transfection Reagent 

(Qiagen, Valencia, CA). After 5 hours, the transfection media was removed and, after 

washing twice with PBS, fresh media was added. The next day, the cells were treated 

with compounds and incubated at 37°C. After 24 and 48 hours, Firefly and Renilla 

luciferase activity of the cells were measured using the Dual-Luciferase Reporter Assay 

System (Promega, Madison, WI). 

 
Doxorubicin Accumulation Assay 
 
8226/S and 8226/D40 cells were plated at a concentration of 1 × 106 cells/mL in 250 mL 

conical tubes. The cells were pretreated with 5 µM psorospermin, 13 µM verapamil, or 

were not pretreated. After 15 minutes, all cells were treated with 10 µM doxorubicin and 

were incubated at 37 °C for 1 hour. The reaction was quenched with ice-cold PBS, and 

the cells were pelleted by centrifugation (2000 rpm, 2 minutes). The cells were 

resuspended at a concentration of 2.5 × 105 cells/mL in media with or without 

psorospermin or verapamil. The cells were incubated at 37 °C. At time 0 and after 60 

minutes, aliquots of 1 × 106 cells were removed from each sample in triplicate. The 

reaction was quenched with ice-cold PBS, and the cells were pelleted by centrifugation. 
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The cells were resuspended in ice-cold PBS, and intracellular doxorubicin content was 

quantitated by a FacScan flow cytometer (BD Biosciences, Franklin Lakes, NJ) at 

488ex/585em nm. 

Psorospermin Superposition Molecular Modeling 
 
Psorospermin, fluphenazine, and GF-120918 were constructed using the Insight II 

Builder program (Insight II 2005L, Molecular Modeling Software, Accelrys Inc., San 

Diego, CA).  Molecules were then minimized using the Discover 3.0 minimization 

program within the Insight II software, and the minimized energy structures were used 

for superimposition.  The psorospermin molecule was superimposed with fluphenazine 

and GF-120918 using structural similarity and manual superimposition. 
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CHAPTER 3 

 
TARGETED DOWNREGULATION OF C-MYC THROUGH STABILIZATION OF 

THE G-QUADRUPLEX DNA SECONDARY STRUCTURE 
 
3.1 Introduction 
 

3.1.1 Human c-Myc Gene 
 

The c-Myc proto-oncogene plays critical roles in a variety of cellular processes, 

both normal and pathological in nature. Because c-Myc is involved in many key pathways 

linked to carcinogenesis, including apoptosis, transformation, proliferation, and 

angiogenesis, it is not surprising that c-Myc regulation is a common target for drug design 

and development (140-142). 

 
a. The Structure and Function of c-Myc 

 
To date, three main Myc genes have been identified: c-Myc, N-Myc, and L-Myc. 

Because data that correlates L-Myc and cancer is limited and because N-Myc is 

predominantly amplified in only neuroblastoma (143), the majority of studies concerning 

the Myc genes focuses on c-Myc, resulting in a wealth of knowledge about its structure, 

function, and role in cancer. 

The protein product of c-Myc (Figure 3.1) is a member of the basic helix-loop-

helix leucine zipper (bHLH-LZ) superfamily and contains two main domains with 

separate and important functions. The N-terminal domain contains three Myc Boxes 

(MB) which are necessary for Myc activity and an acidic region. The MBs are involved 

in gene activation, transformation, differentiation inhibition, cell proliferation, gene 

transcription, and apoptosis (140). Unlike the N-terminal domain, which is involved in 
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regulation, the C-terminal domain, which includes the leucine zipper and basic helix-

loop-helix domains, play key roles in Myc’s binding to DNA. Also, a nuclear localization 

signal in the C-terminal domain allows for the protein to enter the nucleus to interact with 

the DNA (8, 140).  

The major function of c-Myc is to act as a transcription factor and regulate a 

variety of target genes and their expression. In order for c-Myc to specifically bind DNA 

and activate target genes, it must heterodimerize with another bHLH-LZ protein Max. 

With the stabilized dimer, the Myc-Max complex interacts with the DNA E-Box 

sequences, initiating gene transcription (140). It has been suggested that Myc-Max 

dimers are able to form heterotetramers, allowing for simultaneous binding to two distant 

E-Boxes (144, 145); however, this idea has not been fully validated (146). Some studies 

have suggested that c-Myc plays a role in the regulation of approximately 15% of genes 

in the human genome. Although 3000-4000 human c-Myc target genes may have been 

proposed, many of these genes are regulated by c-Myc indirectly and not by direct 

interaction (147, 148). Through characterization of c-Myc target genes, the majority of 

genes were shown to be involved in key growth processes, including protein synthesis, 

cell motility/adhesion, cell cycle, cellular metabolism, signal transduction, apoptosis, and 

others. Also, c-Myc has been shown to repress anti-growth genes, such as p21 and 

GADD45 (142, 147). 
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Figure 3.1. Structure of the human c-Myc protein. The c-Myc protein contains an N-
terminal domain (NTD) (amino acids 1-262) and a C-terminal domain (CTD) (amino 
acids 263-439). The NTD consists of three Myc Boxes (MB I-III) and an acidic region 
(AR). In the CTD, a nuclear localization signal (NLS) and basic helix-loop-helix leucine  
zipper (B-HLH-LZ) domains can be found. Reproduced from reference (140) with 
permission from Elsevier.. 
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b. Role of c-Myc in Carcinogenesis 
 

In normal, uninitiated cells, c-Myc is tightly regulated. Activation of c-Myc is 

controlled by growth factors, such as FGF and PDGF, that activate mitogenic signaling 

pathways to cause c-Myc transcription (14, 15). Transcription of c-Myc results in 

expression of target genes, resulting in cell cycle progression and cell growth. However, 

anti-proliferative signaling helps to inhibit continued c-Myc activity. Furthermore, 

because the half-life of c-Myc mRNA and protein is quite short (20-30 minutes), c-Myc-

induced signaling is transient and not long-lasting—an illustration of its strict regulation 

(149). These regulatory pathways act as safe-guards against deregulated cell proliferation. 

Although strict checks-and-balances are in place to prevent uncontrolled growth 

and carcinogenesis, the oncogenic potential of c-Myc has been well-documented since the 

late 1970s (150, 151). First identified in chickens, Myc (in this case v-Myc) was shown to 

induce acute transformation and tumorgenesis. The human c-Myc gene, homologous to v-

Myc, was later identified (152). Studies have shown that dysregulation of the c-Myc gene 

can be a product of chromosomal translocation (153), gene amplification (154, 155), or 

viral infection (156). For example, early studies found a casual link between a 

translocation in chromosome 8, which contains the c-Myc locus, and Burkitt’s lymphoma 

(157). Upon the dysregulation of c-Myc, its constitutive activity can be observed, 

resulting in uncontrolled cell growth, eventually culminating in the formation of a tumor. 

Unsurprisingly, because c-Myc is a transcription factor that regulates many target genes, 

especially those involved in cancer, c-Myc is deregulated in the majority of cancers, 

including cervical, breast, and colon, as well as certain leukemias (7, 158-160).  
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c. Transcriptional Regulation of c-Myc by the NHE III1 Promoter Region 
 

Because c-Myc is deregulated in the majority of cancers, targeting its regulation 

for drug development may be quite promising. Regulation of c-Myc has been observed at 

the protein level with repressor proteins, such as Mad and histone deacetylases, 

preventing binding to the E-Box sequences and at the transcriptional level (147, 161). 

Although regulation of c-Myc by targeting the protein has been attempted with Myc-Max 

inhibitors (162-164), many new drug development strategies have begun to target the 

regulation of the c-Myc gene through a variety of alternative methods (reviewed in 

reference (142)). Because the c-Myc gene must be transcribed and its mRNA must be 

translated into protein before it actually becomes oncogenic (i.e. acts as a transcription 

factor and causes cell growth), one regulatory strategy, and the one employed here, is to 

inhibit gene transcription. 

The c-Myc gene is highly conserved in vertebrates with its two major exons 

having up to 90% sequence identity between species (165). Transcription of c-Myc is 

regulated by four promoters (P1, P2, P3, and P0) (Figure 3.2); however, the majority of c-

Myc promoter activity and steady-state RNA can be attributed to the P2 (75-90%) and P1 

(10-25%) promoters. Following promoter activation and transcription, translation of the 

two major transcripts of sizes 2.2 (P2) and 2.4 kb (P1) results in two proteins, one p64 

(439 amino acids) and the other p67 (453 amino acids), both which are phosphorylated 

(8, 165). As mentioned earlier, the mRNA and the protein both have relatively short half-

lives, resulting in quick turnover and transient gene/protein expression (156). 
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Through studies with DNase1 and S1 nuclease, many regions of the c-Myc 

promoter that are highly sensitive to nucleases have been identified. This hypersensitivity 

to cleavage by nucleases identifies sequences of DNA that have altered nucleosomal 

structure, such as active transcription sites and regions of non-B form chromatin. In the 

promoter of c-Myc, seven separate nuclease hypersensitive elements (NHEs), four 

upstream of the P1 promoter and three downstream, were identified (8). NHE III1, located 

upstream (-142 to -115) of the P1 promoter, has been thought to regulate 75-90% of c-

Myc transcription (166, 167). This 27-base pair polypurine/polypyrimidine region (Figure 

3.2) has been identified as a repressor element for c-Myc promoter activation (76). 

Through structural studies of the c-Myc promoter region (80, 81), the formation of 

alternative, non-B-form DNA secondary structures has been observed in the NHE III1 

region as a method of relaxing negative superhelicity resulting from gene transcription 

(168-170). These secondary structures, namely the G-quadruplex in the G-rich, non-

coding strand, and the i-motif in the C-rich coding strand (Figure 3.3), have been shown 

to play key roles in c-Myc promoter regulation (76, 80, 81). 

As previously mentioned, many possible G-quadruplex regions have been 

identified. Although these genes can all form G-quadruplexes, the actual structures can 

differ greatly depending on the gene and the sequence. The c-Myc NHE III1 region 

(Figure 3.2) contains five tracts of guanine, each with three or four bases, which allow for 

the formation of the G-quadruplex. Studies using NMR by Seenisamy et al. (171) have 

indicated that the NHE III1 sequence can form a parallel-stranded propeller-type G-

quadruplex with double-chain reversal loops. Upon mutational studies by the same group, 



 66

it was determined that four separate G-quadruplex structures can form, all involving the 

four 3’ guanine tracts. All biologically relevant, these loop isomers (1:2:1, 1:2:2, 2:1:1, 

and 2:1:2) can form because two tracts of guanine (G11-14 and G20-23) contain four 

guanines. Because only three guanines are needed per tract to form the three tetrads in the 

quadruplex, degeneracy can occur in the loops, allowing for one guanine that was in the 

loop to be utilized in the formation of the tetrads (94, 171). Although it was thought that 

the first 5’ guanine tract (G2-5) was not involved in G-quadruplex formation with a 

possible role in capping interactions and G-quadruplex stability (172, 173), a study that 

mutated the third 5’ G-tract (G11-14) illustrated that a G-quadruplex utilizing 5’ G-tracts 

1, 2, 4, and 5 can form in a basket confirmation with 1:6:1 loops. Although this structure 

is possible, its biological relevance has not been validated (174).  

Depending on the gene and the topology of the G-quadruplex, G-quadruplex 

DNA secondary structures can regulate gene transcription by acting as activator (106, 

107) or repressor elements (76). The G-quadruplex of the c-Myc promoter has been 

shown to act as a repressor of c-Myc gene transcription (76). Upon the stabilization of the 

G-quadruplex by cations or small molecules, necessary transcriptional machinery, 

namely RNA polymerase II (175), TBP, CNBP, and hnRNPK (176-178) is unable to bind 

to the c-Myc promoter region, thus inhibiting c-Myc transcription. Inhibition of c-Myc 

gene transcription results in a decrease in cell proliferation and can lead to differentiation 

and even apoptosis (179, 180). For c-Myc promoter activity to be reactivated, 

transcription factors, such as NM23-H2, are required to unravel the G-quadruplex and i-

motif, allowing CNBP and hnRNPK to bind (181-183). 
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Figure 3.2. Structure of the c-Myc promoter region. The sequence of the NHE III1 region 
(-142 to -115 from the P1 promoter) is depicted in the insert. 
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Figure 3.3. The G-quadruplex and i-motif formed by the NHE III1 region of the c-Myc 
promoter. The G-quadruplex is formed in the non-coding G-rich strand while the i-motif 
forms with the coding C-rich strand. 
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3.1.2 NM23-H2 Protein 
 

As stated above, in order for sufficient c-Myc promoter activation, the G-

quadruplex must be dissolved to allow transcription factors to bind. Previous studies have 

implicated that NM23-H2 may play a role in this unraveling (181). 

The NM23-H2 protein, also called nucleoside diphosphate kinase B (NDPK-

B)/PuF, has been well-examined over the last two decades with many studies focusing on 

the c-Myc promoter region. A member of a family of enzymes, NM23-H2 can 

catalytically transfer the γ phosphates from the nucleoside triphosphate to diphosphates 

(184). Over 70 NDPKs have been identified in various organisms with 8 of them being 

found in humans (185). Through further studies, especially of NM23-H1 and NM23-H2 

(186), other biological functions have been attributed to these enzymes, including gene 

transcription (182), differentiation (187), inhibition of metastasis (188), and apoptosis 

(189). Nuclease activity has also been proposed for select NM23 proteins; however, this 

idea remains somewhat controversial (reference (190), unpublished data). 

Structurally, NM23-H2  contains six α-helices and a four-stranded antiparallel β-

sheet per monomer. Residues involved in the NDPK active site are highly conserved 

among species. Although two binding clefts have been identified per monomer, only one 

cleft is used for nucleoside binding. In solution, NM23-H2 can be found as a trimer of 

dimers (Figure 3.4), containing five distinct regions, involved in substrate binding (head 

and Kpn regions) and interactions between the dimers (191, 192). Previous studies have 

also indicated that NM23-H2, and not NM23-H1, contains a DNA binding domain, found 

in the equatorial surface of the protein (193). Due to a confirmation change by NM23-H2 
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and through electrostatic interactions between it and the phosphate backbone of DNA, 

DNA-protein interactions can be made (194). Furthermore, NM23-H2 has been shown to 

preferentially bind to single-stranded DNA compared to duplex DNA (195). Other 

studies have suggested that the N-terminal domain of the protein may be involved in 

inhibition of cell differentiation (I-factor) (196).  

Although NM23-H2 has many biological functions, most relevant, in this case, is 

its involvement in gene regulation. Acting as a transcription factor, NM23-H2 has been 

shown to interact with single-stranded DNA, including the c-Myc NHE III1 region, 

resulting in an increase in c-Myc promoter activity (177). Although it binds preferentially 

to single-stranded DNA, NM23-H2 interacts with DNA in a non-sequence specific 

manner (unpublished data, reference (195)), which is contrary to some published findings 

by other groups (182, 197). Previous studies by Postel (197) have identified three 

residues (Arg34, Asn69, and Lys135) that are necessary for DNA binding activity in the 

c-Myc NHE III1 region. Independent of its binding specificity, it is believed that NM23-

H2 unravels DNA secondary structures by an interaction between the DNA and the 

putative single-stranded binding sites, causing the dissolution of the secondary structure 

in possibly a stepwise fashion (unpublished data). Some have suggested that the binding 

of NM23-H2 to DNA can foster a local elasticity that allows for binding of other 

transcription factors. This interaction would be impossible for duplex DNA due to its 

rigid nature (194). 

In this study, high-throughput screening methods have been utilized to identify 

and characterize compounds that stabilize the G-quadruplex of the c-Myc promoter. By 
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stabilizing the G-quadruplex, these compounds should either prevent NM23-H2 binding 

to the NHE III1 region or prevent its unwinding. Regardless of the mechanism, the 

stabilized G-quadruplex should prevent c-Myc transcription. Interestingly, two G-

stabilizing compounds identified were able to decrease c-Myc promoter activity, resulting 

in a significant inhibition of c-Myc transcription and translation. The compounds were 

also shown to induce apoptosis. Furthermore, it appears that the compounds may increase 

the dissociation of NM23-H2 from the G-quadruplex, resulting in the observed decrease 

in c-Myc activity. Using these compounds for proof of principle of a novel mechanism of 

c-Myc regulation, improvements of these compounds are planned, allowing for the 

development of compounds to bring to the clinic. 
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Figure 3.4. Ribbon model of the NM23-H2/NDPK protein as a trimer of dimers. Each 
color depicts a separate dimer. Side chains are shown as ball and stick.  
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3.2 Results 
 

3.2.1 Compounds that Stabilize DNA Secondary Structures were Identified by 

Fluorescence Resonance Energy Transfer (FRET) 

In order to identify compounds that may stabilize DNA secondary structures, such 

as the G-quadruplex, the FRET assay was developed as a high-throughput screening 

method. Used in a variety of applications, including studies of DNA-protein (198) and 

protein-protein (199) interactions, the FRET assay involves the transfer of fluorescent 

energy between two molecules, a fluorescent donor and a quencher, with emission and 

absorbance spectra that overlap. When the donor and quencher molecule are far apart, the 

donor molecule emits a measurable photon of energy. However, if the donor and 

quencher are close together, the quencher absorbs the emitted photon and the 

fluorescence decreases (200).  

Using this principle, a DNA 27-mer with a sequence that corresponded with the 

G-rich strand of the NHE III1 region of the c-Myc promoter was labeled with a 5’- FAM 

fluorophore and a 3’-BHQ-1 quencher (Figure 3.5A). Using the National Cancer Institute 

(NCI) Diversity Set as the initial screening library, the FRET probe was treated with 10 

µM of each compound and the fluorescence of the FAM fluorophore was measured at a 

pH of 7.05. Because KCl has been shown to stabilize the G-quadruplex by coordination 

with the O6 of guanine (89), any compound that decreased the fluorescence by more than 

that of 100 mM KCl was designated a hit and further examined. Upon screening 1600 

compounds, 30 hits were identified (hit rate of 1.9%). In one plate of compounds (Figure 

3.5B), 100 mM KCl decreased the fluorescence of the FRET probe by 22% compared to 
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that of the probe alone (7538±489 versus 9664±642 RFU). Nine compounds were 

identified that decreased the probe’s fluorescence by more than 22% with an average 

decrease of 47% and extremes of 25% and 79%. One compound, which was given the 

designation GQC-01 (G-quadruplex compound-01), decreased probe fluorescence by 

47% and was chosen for further study. A structural similarity search using Unity/Sybyl 

7.2 software was performed and analogues of GQC-01 were identified, purchased, and 

tested with the FRET assay over a range of concentrations of compound. Although seven 

analogues were examined some showing positive results, only one compound, designated 

GQC-02, significantly inhibited the fluorescence of the FRET probe at 10 and 20 µM 

(decrease of 80 and 93% compared to vehicle-treated probe, respectively) (Figure 3.5C). 

The GQC-01 compound again decreased fluorescence by 65% (10 µM) and 80% (20 

µM). Because both GQC-01 and GQC-02 were able to stabilize DNA secondary 

structures (as indicated by the FRET assay), these compounds were selected for 

validation. 
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Figure 3.5. Identification of G-quadruplex-stabilizing compounds by Fluorescence 
Resonance Electron Transfer (FRET). (A) Schematic of the FRET assay. A 27-mer 
oligomer containing the sequence of the G-strand of the c-Myc NHE III1 region was 
tagged with a 5’-FAM fluorophore and a 3’-BHQ-1 quencher and used as the FRET 
probe for screening the NCI Diversity Set. (B) Fluorescence values of the FRET probe in 
the presence of 10 µM compound from Plate #3972 of the NCI Diversity Set measured in 
Relative Fluorescence Units (RFU). Dashed line represents the fluorescence of the probe 
treated with 100 mM KCl. (C) FRET Fluorescence values of GQC-01 and -02 at 
increasing compound concentrations. Statistical analysis performed using t-test, equal 
variances. 
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3.2.2 GQC-01 and -02 Can Stabilize the G-quadruplex of the c-Myc Promoter 
 
 Although the FRET data was able to identify compounds that stabilize DNA 

secondary structures in a high-throughput manner, the assay has some limitations. 

Namely, because fluorescence is inhibited when the fluorophore and quencher are in 

proximity, stabilization of a variety of secondary structures, and not just G-quadruplexes, 

can result in a positive result. Therefore, although the FRET assay is useful in the initial 

identification process, all hits must be validated. 

 In order to confirm that GQC-01 and -02 were in fact stabilizing the c-Myc G-

quadruplex, Taq Polymerase Stop assays (175, 201) were employed. By this assay, in the 

presence of a G-quadrulex-stabilizing agent, the G-quadruplex would inhibit full 

elongation of the primer sequence by Taq polymerase, resulting in a stop product at the 

location of the G-quadruplex. Using a 78-mer that contained the c-Myc G-quadruplex 

sequence and annealing it to a radiolabeled primer, the DNA was incubated with GQC-01 

and GQC-02 at increasing concentrations. The compounds TMPyP2 (P2) and TMPyP4 

(P4) were used as positive controls with 100 mM KCl as the cutoff for a hit. Compared to 

the untreated control which produced only 15% stop product, both GQC-01 and -02 

caused significant Taq polymerase arrest with 52 and 64% stop product at the 10 µM 

concentration, respectively (Figure 3.6A, B). Not surprisingly, the major arrest sites for 

both compounds were at the first two guanines involved in the G-quadruplex (i.e. G37 

and G38 from 5’-end) (Figure 3.6B). At both 1 and 10 µM, P4 was able to increase stop 

product by 86% at the same position, causing a complete arrest (no full product). In 

comparison, treatment with P2 resulted in an increase of 49% stop product at 10 µM. 
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Because treatment with 100 mM KCl only caused an increase in stop product of 16% 

(data not shown), it could be definitively asserted that GQC-01 and -02 (Figure 3.7A, B) 

stabilize the G-quadruplex of the NHE III1 region of the c-Myc promoter and that these 

compounds should be further studied.  
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5’-d(TCCAACTATGTATACTGGGGAGGGTGGGGAGGGTGGGGAA 
GGTTAGCGACACGCAATTGCTATAGTGAGTCGTATTA)-3’ 
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Figure 3.6. Dose-dependent inhibition of Taq polymerase DNA synthesis by treatment 
with TMPyP2, TMPyP4, GQC-01, and GQC-02. (A) A 32P-labeled primer was annealed 
to a DNA template containing the G-rich strand of the c-Myc NHE III1 region. Samples 
were pre-treated with TMPyP2 (P2), TMPyP4 (P4), GQC-01, or GQC-02 for 1 hour 
before elongation by Taq polymerase at 65 °C. Template sequence depicted with the 
sequence to which the p28 primer binds (blue) and G-quadruplex guanines (red) (refer to 
cartoon which depicts the assay). (B) Graphical representation of stop product resulting 
from increasing concentrations of GQC-01 and -02. Performed in triplicate.  
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Figure 3.7. Structure of (A) GQC-01 and (B) GQC-02 
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3.2.3 Treatment of HCT116 Colon Cancer Cells with GQC-01 and -02 Inhibits 

Both c-Myc Transcription and Translation 

 Once it was confirmed that the lead compounds GQC-01 and -02 could stabilize 

the c-Myc G-quadruplex in cell-free assays, their effects in vitro were examined. In order 

to observe the greatest effect on c-Myc regulation in the presence of the compounds, the 

HCT116 cell line, which greatly overexpresses the c-Myc gene (>60-fold increase 

compared to normal colon) (unpublished data), was used for compound validation. 

Before such studies could be performed, the cytotoxicity of each compound in the 

HCT116 cell line was determined. Using an MTS assay, cell viability after 48 hours of 

treatment was calculated. This study showed that both compounds were equally cytotoxic 

with cell viability IC50s of 2.8 (GQC-01) and 2.6 µM (GQC-02) (Figure 3.8A). In order 

to test the effect of the compounds at a moderate and high concentration, 5 and 10 µM 

were chosen. 

 To determine how GQC-01 and -02 may regulate c-Myc transcription, the 

HCT116 cells were treated with each compound for up to 48 hours. The relative c-Myc 

mRNA expression was quantitated using Real-time RT-PCR. Although both compounds 

did affect c-Myc transcription, the timing and extent of this effect differed. No inhibition 

of c-Myc was observed until 12 hours of GQC-01 treatment at which point c-Myc gene 

expression was decreased by approximately 40% at both concentrations (Figure 3.8B). 

Although the effect of the 5 µM treatment appeared to dissipate after 24 and 48 hours 

(almost equal expression compared to DMSO control at 48 hours), the 10 µM treated 

cells continued to inhibit c-Myc expression (decrease of 59% at 48 hours). Unlike GQC-
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01, GQC-02 failed to cause any significant difference in c-Myc expression until 24 hours. 

After 24 and 48 hours of treatment, GQC-02 inhibited c-Myc expression by almost 55% 

of the control (Figure 3.8D). Although GQC-02’s effect on transcription was delayed 

compared to that of GQC-01, both compounds significantly inhibited c-Myc transcription, 

especially after 48 hours and at the higher concentration. 

 In order to reveal if the observed inhibition of c-Myc gene transcription would 

translate into an inhibition of protein expression, Western blot analysis was utilized to 

measure the c-Myc protein levels in HCT116 cells treated with each GQC compound as 

above. As expected, treatment with GQC-01 resulted in a significant dose-dependent 

inhibition of c-Myc protein expression at both 5 and 10 µM beginning at 24 hours (78% 

at 10 µM compared to vehicle control) (Figure 3.8C). After 48 hours of treatment, only 

trace amounts of protein were observed in the treated samples. When the HCT116 cells 

were treated with GQC-02, a dose-dependent decrease of c-Myc protein expression was 

also observed beginning at 24 hours (31 and 72% decreases at 5 and 10 µM, respectively, 

compared to vehicle control) and continued at 48 hours (94% at 10 µM compared to 

vehicle control) (Figure 3.8E). These data illustrated the inhibitory effect that both GQC-

01 and -02 have on c-Myc transcription and translation. 
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Figure 3.8. c-Myc transcription and translation following treatment of HCT16 colon 
cancer cells with GQC-01 and -02. (A) GQC-01 and -02 dose-response curve (cell 
viability) following 48 hours of treatment in HCT116 cells. (B-E) Cells were treated with 
(B, C) GQC-01 or (D, E) GQC-02 and their c-Myc mRNA (B, D) and protein (C, E) 
expression were measured over 48 hours. DMSO is a vehicle control and β-actin was 
used as a housekeeping gene/loading control. Statistical analysis performed using t-test, 
equal variances. 
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3.2.4 Initiation of Apoptosis in HCT116 Cells Following Treatment with GQC-01 

and -02 

 Although both lead compounds were shown to inhibit c-Myc transcription and 

translation within 24 hours, it was necessary to determine if these genetic changes would 

result in cell death. HCT116 cells were treated with the lead compounds as previously 

described and caspase-3 activation was measured as an indication of apoptosis over 48 

hours. In the GQC-01-treated cells, after 24 hours of treatment, a significant activation of 

caspase-3 was observed at both concentrations (3.5-fold (5 µM) and 5.1-fold (10 µM)) 

(Figure 3.9A). Further activation was seen at 48 hours with an increase of caspase-3 

activation of over 15-fold at both concentrations of GQC-01 compared to the untreated 

control. Cells that were treated with GQC-02 also activated caspase-3 but to a lesser 

extent (Figure 3.9B). Treatment with GQC-02 for 24 hours resulted in a relatively 

minimal increase in caspase-3 activity (2.2-fold compared to control in 10 µM). 

However, upon 48 hours of treatment, a 5.2-fold increase in caspase-3 activation (10 µM) 

was observed. Treatment with 5 µM GQC-02 had much less of an effect on the cells than 

the higher concentration with only a 2.1-fold increase after 48 hours and no significant 

effect after 24 hours. In both studies, DMSO was used as a vehicle control and did not 

affect caspase-3 activity. 
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Figure 3.9. Measurement of caspase-3 activation as a result of GQC-01 and -02 
treatment. HCT116 cells were treated with (A) GQC-01 or (B) GQC-02 and caspase-3 
activation was measured over 48 hours. DMSO was used as a vehicle control. Statistical 
analysis performed using t-test, equal variances. 
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3.2.5 NM23-H2 Interacts with the c-Myc G-quadruplex which May Be Inhibited by 

G-quadruplex Stabilization 

Because stabilization of the G-quadruplex may prevent NM23-H2 binding and 

transcription activation, the effects of GQC-01 and -02 on the DNA/NM23-H2 complex 

were studied. Before doing so, confirmation that NM23-H2 interacts with the G-

quadruplex sequence was necessary. Using the gel mobility shift assay with the protein 

and a DNA oligomer containing the purine-rich strand of the NHE III1 region, a band 

with slowed mobility signifying the DNA/protein complex was observed at protein 

concentrations as low as 600 ng (Figure 3.10A). Upon the addition of more protein (up to 

8000 ng), the complex band increased in intensity. This data was confirmed using a 

similar technique, Filter Binding assays (for details, see reference (202)), which showed 

that increasing concentrations of NM23-H2 resulted in significant increases of 

DNA/protein complex formation and decreases in unbound DNA, even at low 

concentrations of protein (100-300 ng) (data not shown). These data confirm that NM23-

H2 can readily interact with the purine-rich strand of the NHE III1 region of the c-Myc 

promoter and could possibly unravel the G-quadruplex. 

 The next step was to determine what effect, if any, the lead compounds had on 

NM23-H2 binding to the c-Myc G-quadruplex region. A gel mobility shift assay was 

performed as before; however, the DNA was pre-treated with GQC-01 or -02 an hour 

before addition of the protein (1 µg). Pre-treatment with P4 was used as a positive 

control. Compared to 1 µM P4 which completely inhibits the formation of the 

DNA/NM23-H2 complex (Figure 3.10B, lane 8), treatment with GQC-01 was unable to 
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prevent NM23-H2 binding. Compared to the untreated control (Figure 3.10B, lane 2), the 

intensity of the DNA/protein complex does not decrease significantly, even after 10 µM 

treatment, indicating that GQC-01 does not appear to prevent NM23-H2 binding to the c-

Myc G-quadruplex. However, upon pre-treating the DNA with GQC-02, a small but 

noticeable, dose-dependent decrease in the DNA/protein complex band intensity was 

observed (Figure 3.10C, lanes 5-7). Although this decrease was not as extensive as that 

seen following P4 (lane 8), it still suggests that at high concentrations of GQC-02, 

NM23-H2 binding is partially inhibited. 

 In order to quantititate the results that were seen above, a more accurate 

technique, Surface Plasmon Resonance (SPR), was utilized. Briefly, by measuring the 

differences in the index of refraction resulting from the association/dissociation of 

NM23-H2 with the DNA, the extent of protein binding to DNA can be calculated. 

Therefore, using the G-rich strand of the c-Myc NHE III1 region, the effect of the lead 

compounds on NM23-H2 binding was again tested. Previous unpublished work from our 

lab has already confirmed the ability of NM23-H2 to bind to the G-quadruplex by SPR 

with a KD value of 14.3 nM (data not shown). However, before performing studies 

looking at NM23-H2 binding in the presence of compound, the interaction of GQC-01 

and -02 with the G-strand was first calculated. Injection of increasing concentrations 

(0.01 µM to 10 µM) of each compound resulted in a dose-dependent increase in binding 

for both compounds, as expected (Figures 3.11A, B); however, GQC-02 bound 

significantly more strongly to the G-strand than GQC-01 (KD(GQC-02): 84 nM versus 

KD(GQC-01): 20 µM). Upon the co-injection of GQC-01 and NM23-H2 (300 nM), no 
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change in association or dissociation was observed at 1 or 10 µM; however, treatment 

with 100 µM GQC-01 resulted in a noticeable increase of protein dissociation while 

association was still unaffected (Figure 3.11C). Although a small change was seen 

following treatment of the G-strand with 10 µM GQC-02, 100 µM was also necessary to 

produce the increase in dissociation (Figure 3.11D). Comparing the two compounds, at 

100 µM, GQC-02 was more effective at dissociating NM23-H2 from the G-strand DNA, 

as illustrated by the lower value of the GQC-02 curve (~1000 RU versus ~5000 RU). 

Therefore, these data illustrate that both compounds interact with the G-strand DNA and 

can inhibit sustained NM23-H2 binding. 
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Figure 3.10. Interaction between the c-Myc G-quadruplex and NM23-H2 in the presence 
of the GQC compounds. (A) A 32P-labeled 47-mer containing the sequence of the c-Myc 
G-quadruplex region (Pu47) was incubated with increasing concentrations of NM23-H2 
protein. The samples were separated on a 6% non-denaturing gel and imaged by 
autoradiography. (B, C) Pu47 was pre-treated with increasing concentrations of (B) 
GQC-01 or (C) GQC-02 for 1 hour before incubation with 1 µg NM23-H2 for 2 hours at 
4 °C. The samples were then processed as in (A). The compound P4 was used as a 
positive control. 
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Figure 3.11. SPR sensorgrams depicting the binding between the c-Myc G-quadruplex 
DNA and NM23-H2 in the presence of compound. A biotinylated 44-mer containing the 
c-Myc G-quadruplex region was immobilized on a streptavidin-coated sensor chip. 
Increasing concentrations (0.01 µM (red, pink), 0.1 µM (purple, maroon), 1 µM (green, 
cyan), and 10 µM (black, grey)) of (A) GQC-01 and (B) GQC-02 were injected and 
flowed across the sensor chip for 45 seconds at a flow rate of 30 µL/min, followed by 
150 seconds dissociation flow (buffer only). DNA-drug binding was measured 
continuously by recording index of refraction. Binding of NM23-H2 (300 nM) in the 
absence and presence of (C) GQC-01 and (D) GQC-02 (0 µM (brown), 1 µM (green), 10 
µM (grey), 100 µM (red)) were then examined using the same injection cycle but with 
co-injection of the drug and protein. By fitting the sensorgrams using a 1:1 Langmuir 
model, the KD’s for the compound binding were calculated.  
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3.2.6 GQC-01 and -02 Lack Specificity for the c-Myc G-quadruplex at High 

Concentrations 

 Because G-quadruplex secondary structures have been identified in a variety of 

different gene promoters and sequences, including the promoters of VEGF (102, 203), 

PDGF (101), and c-Myc (76, 99), it was necessary to examine the specificity of GQC-01 

and -02 for the c-Myc promoter. To do so, a luciferase reporter vector with an insert 

containing the c-Myc NHE1 region and the P1/P2 promoters (wt-del4) was co-transfected 

with the Renilla-SV40-luciferase plasmid into HeLa cells. As expected, treatment with 

GQC-01 resulted in a dose-dependent decrease of wt-del4-luciferase expression at both 

24 and 48 hours with a decrease of almost 50% luciferase activity in the 10 µM-treated 

cells (Figure 3.12A). Treatment with GQC-02 showed a similar inhibition of luciferase 

activity at 10 µM; however, the 5 µM concentration was unable to significantly alter the 

luciferase expression at either time interval. Although both compounds can inhibit wt-

del4 luciferase expression, suggesting that the compounds can also inhibit c-Myc 

promoter activity, only treatment with the compounds for 24 hours were statistically 

significant (p < 0.05). Used as a positive control, P4 appeared to be an even more potent 

inhibitor of the c-Myc promoter due to its ability to decrease luciferase expression by 

over 82% after 48 hours. 

 To determine the specificity of GQC-01 and -02 for the c-Myc NHE III1 region, a 

mutated del4 plasmid was constructed. Because two guanines (G8 and G17) are involved 

in the formation of the center tetrad of the c-Myc G-quadruplex in both the 1:2:1 (major) 

and 1:6:1 (minor) loop isomers (94) , the mutant del4 plasmid (mt-del4) was constructed 
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to contain G8A and G17A mutations in order to destabilize/eliminate the G-quadruplex. 

Before the stability of the lead compounds were examined, the luciferase activity of the 

mt-del4 was compared to the wt-del4 to confirm a sufficient destabilization of the G-

quadruplex. Transfection of the HeLa cells with the mt-del4 plasmid resulted in a ~2-fold 

increase in luciferase activity compared to that of the wt-del4-transfected cells (data not 

shown), indicating a destabilization of the G-quadruplex. When HeLa cells, transfected 

with the mt-del4, were treated with GQC-01, c-Myc promoter activity was decreased by 

28 (5 µM) and 48% (10 µM) after 24 hours (Figure 3.12B). After 48 hours, the 10 µM 

treated cells continued to show a decrease of luciferase activity of over 40%; however, 

the cells treated with 5 µM GQC-01 were comparable to that of the untreated control. 

Following treatment with GQC-02, c-Myc promoter activity was inhibited by 32 and 52% 

after treatment with 5 and 10 µM, respectively, after 24 hours. No significant change was 

observed between the 24 and 48 hour time points in the GQC-02-treated cells. Treatment 

with 100 µM P4 resulted in a decrease of 17% after 24 hours; however, a marginal 

decrease in luciferase (approximately 40%) was observed following 48 hours of P4 

treatment. Because even without a stabilized G-quadruplex structure (mutant plasmid), c-

Myc promoter activity is inhibited, suggesting only a weak specificity of the GQC 

compounds for the c-Myc G-quadruplex exists.  

 To further investigate the specificity of the GQC-01 and -02, c-Myc gene 

expression was measured in two Burkitt’s lymphoma cell lines, the Ramos and CA46 

cells. Although both cell lines contain a translocation within the c-Myc and Ig loci, the 

translocation in the Ramos cell retains the wild-type NHE III1 region of the c-Myc 
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promoter while that of the CA46 cells translocates the NHE III1 region to chromosome 14 

(Figure 3.13A, (76)), thus preventing G-quadruplex-mediated gene regulation. Both cell 

lines were treated with the lead compounds, as well as TMPyP4, and the c-Myc gene 

expression measured at exon 2 was measured after 48 hours. As shown previously (76), 

TMPyP4 illustrates its specificity for the NHE III1 region of the c-Myc promoter by 

causing a 77% decrease in c-Myc expression in the Ramos cells and a moderate increase 

in expression in the CA46 cells (27% increase) (Figure 3.13B). Interestingly, when the 

cells were treated with increasing concentrations of GQC-01, at low concentrations of 

compound (2.5 and 5 µM), c-Myc expression in the Ramos cells was inhibited by over 

30% while only a marginal decrease (~14% at 5 µM) was observed in the CA46 cells, 

indicating specificity of GQC-01 for the c-Myc NHE III1 region at these concentrations. 

However, once the cells were exposed to 10 µM compound, both cell lines were affected 

with more inhibition seen in the Ramos cells (57% decrease) compared to the CA46 cells 

at the same concentration (40% decrease). Treatment with GQC-02 shows even less 

specificity for the NHE III1 region. At the lower compound concentrations, GQC-02 

displayed little inhibitory effect (17% average decrease at 2.5 and 5 µM) while no change 

in expression was observed in the treated-CA46 cells (Figure 3.13B). Similar to GQC-01, 

GQC-02 lost the little specificity that it had when the cells were treated with 10 µM 

compound. Although a 36% inhibition of c-Myc expression was detected in the Ramos 

cells, a similar decrease (40%) was measured in the CA46 cells treated with GQC-02. 

These data taken as a whole suggest that although GQC-01, and to some extent GQC-02, 

appears to specifically inhibit c-Myc expression by means of the NHE III1 region at low 
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concentrations, at high concentrations, other mechanisms, which do not require the NHE 

III1 region, become involved, resulting in inhibition of c-Myc gene expression. 
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B  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12. Determination of c-Myc promoter activity following drug treatment in the 
presence and absence of the G-quadruplex. HeLa cells were transfected with pBV-luc 
plasmid with either (A) the wild-type or (B) the mutant (G8A, G17A) del4 plasmid. 
Renilla-Sv40 plasmid was used as a transfection control. The transfected cells were 
treated with GQC-01, GQC-02, or P4 and Fifefly/Renilla luciferase activity was measure 
after 24 and 48 hours of drug treatment. Data was graphed as ratios of Firefly/del4 to 
Renilla and normalized to the control. A pBV-luc empty vector was used as a negative 
control. Statistical analysis performed using t-test, equal variances. 
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Figure 3.13. RNA expression of c-Myc in Ramos/CA46 cells treated with the GQC 
compounds. (A) Schematic of the t(8:14) translocations in the Ramos and CA46 Burkitt’s 
lymphoma cell lines. Breaking and relegation points marked by vertical arrows. (B) 
Ramos and CA46 cells were treated with increasing concentrations of GQC-01 and -02, 
as well as 100 µM P4. c-Myc RNA expression (exon 2) was measured after 48 hours of 
treatment and normalized to the control. DMSO was used as a vehicle control. Statistical 
analysis was performed using t-test, equal variances. 
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3.3 Summary and Discussion 

In this study, two compounds, GQC-01 and -02, were identified that stabilize the 

G-quadruplex of the NHE III1 region of the c-Myc promoter. In doing so, both 

compounds were shown to inhibit c-Myc transcription and translation, resulting in 

apoptosis. 

 Because the main objective of this study was to identify compounds that 

stabilized the G-quadruplex of c-Myc, an initial high-throughput screening method was 

employed. Although many compounds were screened, only a small percentage of 

possible hits were identified (approximately 2%). Interestingly, a significant number of 

the hits found were located on the same drug plate of the NCI Diversity Set, signifying a 

similarity in structure. Upon further examination of the plate in Figure 3.5B, a common 

feature of all 9 hits was the presence of planar, multi-ring systems. Because planar 

compounds are frequently capable of intercalation of the tetrads of the G-quadruplex, it is 

not surprising that these hits (including GQC-01) can interact with the c-Myc G-

quadruplex. This finding also could possibly hint at a mechanism of compound binding to 

the G-quadruplex. 

 Although the structures of GQC-01 and GQC-02 vary by only one atom (a 

selenium versus a sulfur, respectively), the effects of the compounds in both the cell-free 

and in vitro assays differed. GQC-02 was more effective in all of the cell-free assays 

compared to GQC-01. GQC-02 was able to better stabilize the G-quadruplex as well as 

prevent NM23-H2/DNA binding. However, in the in vitro assays, GQC-01 inhibited c-

Myc transcription and translation more quickly and extensively than GQC-02, resulting in 
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a greater amount of apoptosis. Previous studies of compounds containing heterocyclic 

thiol and seleno groups (pyrylium dyes) have indicated that the sulfur, selenium, or even 

tellurium heteroatoms did not significantly affect the toxicity of the compound in vitro 

(204). Therefore, because GQC-01 appears more effective in vitro than GQC-02, it is 

possible that the compounds may be having off-target (i.e. non-G-quadruplex) effects that 

result in variation among the compounds. Previous research with selenophene-containing 

compounds has had interesting results. Treatment with sodium selenite, as well as some 

selenophene-containing compounds, inhibit cell growth and initiate apoptosis as a 

consequence of DNA-selenium adduct formation and reactive oxygen species production 

(205-207). The additional efficacy that was observed by treatment with GQC-01 may be 

attributable to an increase in oxidative stress and not increased inhibition of c-Myc 

activity compared to GQC-02. Also, it is possible that GQC-02, compared to GQC-01, 

may not enter the cell or nucleus as easily which would hinder its effects in vitro. 

However, further studies must be performed to elucidate this difference. 

 Previous studies have suggested that NM23-H2 acts as a transcription factor that 

binds to the c-Myc NHE III1 region in a sequence-specific manner (166, 181, 182, 208). 

This interaction is believed to result in a modification of the DNA structure thus 

dissolving the G-quadruplex structure and allowing c-Myc gene transcription (197). 

Because both GQC-01 and GQC-02 were able to increase the dissociation of NM23-H2, 

sustained binding of NM23-H2 to the G-quadruplex was inhibited. By preventing the 

formation of the NM23-H2/G-quadruplex complex, NM23-H2 would be unable to 

resolve the G-quadruplex secondary structure. Because the G-quadruplex is stabilized, 
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transcription factors, such as CNBP, hnRNPK, and RNA Polymerase II, would also be 

unable to bind to the c-Myc promoter and initiate transcription (176). However, in order 

to confirm this hypothesis, further studies, namely Chromatin Immunoprecipitation 

(ChIP) assays, must be performed to determine the effects that GQC-01 and -02 have on 

the binding of transcription factors to the c-Myc promoter in vivo. 

 Previous studies with G-quadruplex-interactive compounds provided the addition 

of a novel mechanism of c-Myc transcriptional regulation, namely stabilization of the G-

quadruplex  (76-78, 93). TMPyP4, a cationic porphyrin, has been shown to stabilize the 

c-Myc G-quadruplex (Figure 3.6A, (93)). This TMPyP4-induced stabilization results in 

inhibition of c-Myc transcription and promoter activity (Figure 3.12A,  (76, 77)). 

Compared to TMPyP4, GQC-01 and -02 are much less effective at stabilizing the G-

quadruplex. Because of this decreased potency, inhibition of c-Myc transcription and 

translation, as well as c-Myc promoter activity, fails to be as effective as TMPyP4. This 

may be a result of the minimal specificity that has been characteristic of the GQC 

compounds. However, although the GQC compounds appear to be less potent than 

TMPyP4 in vitro, in the SPR studies, both GQC compounds, especially GQC-02, were 

able to disrupt NM23-H2 binding by increasing protein dissociation. Not surprisingly, 

because TMPyP4 stabilizes the G-quadruplex, it prevents the binding of NM23-H2 as 

well. However, unlike the GQC compounds, TMPyP4 inhibits NM23-H2 binding by 

decreasing the initial binding of the protein to the G-quadruplex DNA (unpublished data). 

Therefore, theses data indicate that the GQC compounds and TMPyP4 stabilize the G-

quadruplex by different mechanisms. Because evidence has suggested that TMPyP4 
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binds to the top and bottom of the tetrads (76, 93), it is possible that the GQC compounds 

may bind differently and may act as groove binding agents. However, structural studies 

with the GQC compounds are necessary before a definitive mechanism of binding can be 

determined. 

 Inhibition of c-Myc transcription and translation by treatment with the GQC 

compounds has shown a significant induction of apoptosis. Previous studies by Weinstein 

(209, 210), Felsher (179, 180, 211, 212), and others (213) have suggested the possibility 

of a reversal of the cancer phenotype by inhibition of one or more oncogenes. Referred to 

as “oncogene addiction,” (209, 210) inhibition of c-Myc and/or Ras, even transiently, has 

been shown to result in tumor regression and apoptosis. In fact, even upon the 

reactivation of c-Myc, apoptosis was still observed in many cases (211, 212). This data 

suggests that certain oncogenes, especially ones involved in early cancer initiation, 

become requirements of survival for the transformed cells, and upon deactivation of the 

oncogene, the cell undergoes apoptosis. Therefore, because the GQC compounds 

stabilize the G-quadruplex of the NHE III1 of the c-Myc promoter, c-Myc transcription 

and translation is inhibited by over 50% after 48 hours. It is quite possible that the dose-

dependent apoptosis that is observed after 48 hours of GQC treatment is a consequence of 

c-Myc addiction. An interesting study would be to measure the effects of the GQC 

compounds in vivo, similar to studies performed by the Felscher group, to determine if 

transient GQC treatment would cause tumor regression. 

 In summary, we have identified two compounds that stabilize the c-Myc G-

quadruplex. By stabilizing the G-quadruplex, transcription factors, namely NM23-H2, 
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cannot interact with the NHE III1 region, resulting in prevention of c-Myc gene 

transcription. Inhibition of c-Myc transcription results in decreases in c-Myc protein 

levels, and, in the end, apoptosis. The GQC compounds appear to stabilize the G-

quadruplex by a different mechanism than other established G-quadruplex-stabilizing 

agents. Although the mechanism of G-quadruplex stabilization by the GQC compounds is 

not fully understood, these compounds successfully demonstrate a proof of principle that 

stabilization of the G-quadruplex can regulate c-Myc promoter activity. These studies 

show promise for the development of similar compounds for the treatment of c-Myc-

overexpressing cancers in the clinic.  
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CHAPTER 4 
 

PSOROSPERMIN MEDIATES BOTH TOPOISOMERASE-II-DIRECTED DNA 
ALKYLATION AND P-GLYCOPROTEIN RESISTANCE REVERSAL 

 
4.1 Introduction 
 

Much research has been performed over the last twenty years in an attempt to 

treat cancers that are resistant to conventional chemotherapeutic agents. However, few of 

the compounds resulting from this research have been able to be used in the clinic long-

term due to severe toxicity and other pharmacological difficulties. Therefore, presently, 

the search for an effective MDR modulator continues. 

Psorospermin, a natural product, was isolated from the stembark and roots of the 

African plant Psorospermum febrifugum (214, 215). Although studied for over thirty 

years, the four isomers of psorospermin were only recently synthesized in 2005 (Figure 

4.1) (216). Significantly, psorospermin has shown activity against drug-resistant cell 

lines, including breast cancer, leukemias, and AIDS-related lymphomas (217-219). 

Psorospermin’s cytotoxic activity stems from its ability to intercalate with DNA at the 

major groove by site-directed electrophillic addition, resulting in a covalent 

psorospermin-DNA adduct (Figure 4.2) (220). Previously studies have shown that the 

alkylation activity of psorospermin is greatly increased in the presence of topoisomerase 

II, an enzyme which assists in DNA breakage and re-ligation. This increase is due to 

psorospermin’s ability to trap the topoisomerase II-DNA complex in the initial 

noncovalent binding step of the topoisomerase II catalytic cycle, resulting in 

topoisomerase II-mediated DNA cleavage (221). Due to its mechanism of topoisomerase 
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II-directed alkylation, psorospermin has been characterized as a novel topoisomerase II 

poison (220, 221). 

Because psorospermin’s cytotoxic activity is not affected by overexpression of P-

gp or other ABC transport proteins (219), psorospermin may play a role in MDR 

modulation. In this study, the mechanism underlying psorospermin’s P-gp modulation 

activity is investigated in multiple myeloma cells. These studies have shown that 

treatment with the natural (2’R, 3’R) isoform, and not the other isoforms, of 

psorospermin inhibits the doxorubicin export in these cells. Furthermore, neither mdr1 

transcription nor P-gp translation is inhibited by psorospermin, leading to the hypothesis 

that psorospermin affects P-gp directly. 
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Figure 4.1. Structures of the four isomers of psorospermin 
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Figure 4.2. Covalent alkylation reaction between psorospermin and N7 of guanine of 
DNA.). Reproduced from reference (220) with permission from American Chemical 
Society. 
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4.2 Results 
 

4.2.1 Psorospermin Can Induce Drug-resistance Reversal in Multiple Myeloma 
 

Previous data demonstrated equivalent psorospermin cytotoxicity in the 8226/S 

and 8226/D40 cell lines.  In comparison, in the same pair of cell lines, doxorubicin 

showed a 500-fold level of resistance (219).  These data indicate that psorospermin is 

either not a substrate for P-gp or perhaps a modulator of it.  

To measure the P-gp reversal activity of psorospermin, doxorubicin efflux assays 

were performed, and relative intracellular doxorubicin concentrations were measured by 

flow cytometry (Figure 4.3).  The 8226/D40 cells that were only treated with doxorubicin 

(no psorospermin or verapamil) showed a significant decrease in intracellular 

doxorubicin after 60 minutes of efflux, retaining only 38.2% of the initial doxorubicin.  

However, 8226/D40 cells that were treated with PS-RR retained the majority (74.7%) of 

the doxorubicin after 60 minutes.  As a comparison, doxorubicin efflux in the presence of 

a known P-gp modulator, verapamil, was greatly inhibited:  82.2% of doxorubicin was 

retained in the same time interval.  The 8226/S cells did not show any significant change 

in doxorubicin levels over 60 minutes of efflux with or without psorospermin or 

verapamil (data not shown). 
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Figure 4.3. Intracellular doxorubicin fluorescence in 8226/D40 cells treated with 
psorospermin (PS-RR) or verapamil.  Doxorubicin (10 µM) fluorescence was measured 
after 60 minutes of uptake (0 min) and following efflux (60 min) in the absence or 
presence of verapamil (13 µM) or PS-RR (5 µM) using flow cytometric analysis.  
Doxorubicin fluorescence was normalized to the measurement at time 0. Statistical 
analysis was performed using t-test, equal variances, comparing the percent fluorescence 
of pretreated cells to that of the Dox only cells at 60 minutes. 
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4.2.2  Mechanism of Psorospermin-induced Resistance Reversal is Separate from 
Alkylation 

 
To identify a psorospermin concentration at which only chemosensitization, and 

minimal cytotoxicity (< 10%), is observed, PS-RR dose response curves were generated 

using MTS assays (data not shown).  A PS-RR concentration of 3 nM produced a 

decrease in cell viability of 10.2% in the 8226/D40 cells.  Therefore, using three 

psorospermin doses (1, 5, and 10 nM), the enhancement of doxorubicin cytotoxicity in 

the presence of psorospermin was examined.  When psorospermin is combined with 

doxorubicin, even at very low concentrations (5 nM and 10 nM), the cytotoxic effect 

overwhelmed the reversal effect (Figure 4.4).  Thus, the data indicate that the percent 

survival is reduced to about 50% and 20% for those two psorospermin concentrations.  

Then, as the doxorubicin concentration increases, doxorubicin’s cytotoxic effect is 

observed, but this appears to be an additive effect with psorospermin.  At the lowest 

concentration of PS-RR (1 nM), no effect is seen.  The reversal effect (Figure 4.3) seems 

to require a higher concentration than that of the PS alkylation-mediated cytotoxic effect.  
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Figure 4.4.  Doxorubicin dose response curve of 8226/D40 cells treated with PS-RR or 
verapamil.  Cells were pretreated with vehicle, PS-RR, or verapamil and increasing 
concentrations of doxorubicin.  After three days, cell viability was measure by MTS 
assay.  
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4.2.3 Psorospermin Does Not Significantly Alter mdr1/P-glycoprotein 
Transcription or Translation 

 
To determine if the P-gp reversal by psorospermin can be attributed to 

transcription or translation of the mdr1 gene or P-gp, respectively, these endpoints were 

measured following treatment with psorospermin.  Because resistance reversal has been 

observed within 2 hours after psorospermin treatment (Figure 4.3), it was important to 

determine how the mdr1 mRNA and P-gp expression levels changed within that time 

period.  Therefore, using the 8226/S and 8226/D40 cell lines, the cells were treated with 

PS-RR at concentrations of 0 (vehicle), 2.5, and 5 µM for 2 hours.  The cells were then 

collected and processed for real-time PCR and Western blot analysis.  The transcriptional 

analysis showed that the mdr1 mRNA levels did not change significantly in either cell 

line when treated with PS-RR (Figure 4.5A).  When P-gp expression from PS-RR-treated 

membrane isolates was measured, an increase of 23.1% and 51.4% was observed in 

8226/D40 cells treated with 2.5 µM and 5 µM PS-RR, respectively, compared to vehicle 

control (Figure 4.5B).  As expected, no P-gp was detected in the 8226/S cells, which do 

not overexpress P-gp (139). 
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Figure 4.5.  Transcription and translation of mdr1/P-gp following two hours of PS-RR 
treatment. (A) The mdr1 gene expression in 8226/S and 8226/D40 cells treated with PS-
RR.  Cells were treated with DMSO, 2.5, and 5 µM PS-RR for two hours.  The mdr1 
mRNA levels were quantitated by real-time PCR.  The measurements were normalized to 
the untreated control.  (B) The P-gp protein levels of membrane isolates from 8226/S and 
8226/D40 cells treated with PS-RR for two hours.  Cells were treated as above.  
Membranes were isolated and P-gp levels were measured by Western blot. Changes in P-
gp expression were quantitated using Optical Density analysis. Statistical analysis was 
performed using t-test, equal variances. 
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4.2.4 The resistance reversal activity of psorospermin is stereospecific 
 
The cytotoxicity of psorospermin varies based on its stereochemistry.  Previous 

studies have determined that, in the 8226/D40 cell line, the IC50 of psorospermin ranges 

from 0.037 µM (PS-RR) to 0.335 µM (PS-SS) (219).  Due to this variability of cytotoxic 

potency, we determined if stereochemistry was a factor in its resistance-reversal activity.  

By doxorubicin accumulation assay, 8226/D40 cells that were treated with the PS-RR 

isomer demonstrated a significant retention (80.4%) of doxorubicin after 60 minutes 

compared with cells treated with doxorubicin only (36.2%), similar to that seen in Figure 

4.3.  As previously reported, verapamil retained doxorubicin at a comparable level 

(Figure 4.6).  Although statistically significant, the other three isomers of psorospermin 

(PS-RS, PS-SR, and PS-SS) did not show extensive retention of doxorubicin compared to 

the control. 
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Figure 4.6.  Intracellular doxorubicin fluorescence in 8226/D40 cells treated with 
psorospermin isomers or verapamil.  Cells were pretreated with 5 µM PS-RR, PS-RS, 
PS-SR, or PS-SS or 13 µM verapamil, and doxorubicin uptake and efflux were examined.  
Doxorubicin fluorescence was normalized to the measurement at efflux time 0. Statiscal 
analysis was performed using t-test, equal variances, comparing the percent fluorescence 
of pretreated cells to that of the Dox only cells at 60 minutes. 
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4.3 Summary and Discussion 
 

In this study, we have achieved a better understanding of the mechanism of 

psorospermin-induced P-gp resistance reversal.  Psorospermin’s resistance reversal 

activity appears to be due to its stereospecific interaction with P-gp directly and is not 

based on transcriptional or translational downregulation. 

Previous studies have shown that psorospermin has cytotoxic activity in drug-

resistant cancers, including doxorubicin-resistant breast cancer and multiple myeloma 

(219).  This cytotoxicity has been attributed to its interaction with topoisomerase II and 

DNA (221).  However, currently, treatment of doxorubicin-resistant 8226 cells with PS-

RR has resulted in a significantly enhanced intracellular retention of doxorubicin.  Since 

the doxorubicin resistance of the 8226/D40 cell line is due to an overexpression of P-gp 

(139, 219), psorospermin-induced resistance reversal may be attributed to an inhibition of 

P-gp function.  By reducing P-gp activity, doxorubicin efflux is decreased, allowing the 

drug to accumulate intracellularly. 

Although it is apparent that psorospermin plays a critical role in the observed 

doxorubicin retention, psorospermin’s mechanism of P-gp inhibition is still unclear.  

Because inhibition of transcriptional and/or translational activity of mdr1/P-gp and 

inhibition by a direct interaction with the protein could both result in a decrease of drug 

efflux, each possible mechanism had to be examined.  Treatment with PS-RR did not 

result in a decrease in either mdr1 transcription or P-gp translation within the time 

interval in which resistance reversal was observed.  Therefore, it is unlikely that 

psorospermin-induced resistance reversal is due to transcriptional/translational regulation.  
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In particular, psorospermin (5 µM) increased P-gp protein expression in the 8226/D40 

cells, yet P-gp function was decreased, further highlighting the likely physical interaction 

of PS-RR with P-gp.  The observed increase in P-gp expression in the presence of PS-RR 

may be indicative of an attempt by the cells to counteract the resistance-reversal effect of 

PS-RR.  However, the hypothesis that transcriptional/translational regulation is not 

involved in resistance-reversal is still strengthened by the fact that psorospermin-induced 

resistance-reversal is observed within two hours of treatment, while the half-lives of the 

mdr1 mRNA and P-gp are 4–10 hours and 14–72 hours in P-gp-overexpressing cell lines, 

respectively (222-225), indicating that psorospermin would most likely have to interact 

directly with the P-gp to inhibit drug efflux, as observed. 

Because a direct interaction between psorospermin and P-gp appears to be 

necessary for resistance reversal activity, it was not surprising that the stereochemistry of 

psorospermin significantly affects potency.  Because only PS-RR was shown to have any 

resistance reversal activity, this activity is stereospecific.  The two chiral centers of 

psorospermin, which define the four diastereomers, are on the side chain of the molecule 

and not the xanthone ring.  Thus, the side chain is apparently necessary for P-gp 

functional inhibition.  While the side chain is necessary for any inhibitory activity, the 

xanthone ring is also likely to be functionally relevant.  Established P-gp modulators, 

such as fluphenazine (a first-generation MDR modulator) and GF-120918 (a third-

generation MDR modulator), contain planar ring structures that are similar to the 

xanthone ring of psorospermin.  An overlay of these molecules and psorospermin showed 

that the xanthone ring of psorospermin fits well with the phenothiazine ring of 
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fluphenazine (RMS value of 0.221) (Figure 4.7A) and the 9-acridinol ring of GF-120918 

(RMS value of 0.09) (Figure 4.7B).  Because fluphenazine and GF-120918 have been 

shown to have in vitro reversal activity in drug-resistant solid cancers, psorospermin, a 

compound with a similar structure, could be expected to display resistance-reversal 

activity as well.  It is possible that the planar xanthone ring is necessary to allow for 

psorospermin to access and interact with the binding pocket of P-gp. 

Previous studies by Seelig and colleagues (226, 227) that identified general 

structural elements necessary for P-gp substrate recognition correlate with our 

psorospermin findings.  Seelig proposed that substrates of P-gp must contain at least one 

type I (two electron donor groups separated by 2.5 ± 0.3 Å) or one type  II (two or three 

electron donor groups separated by 4.6 ± 0.6 Å (outer groups)) electron donor group to 

interact with P-gp.  Using these criteria, it is not surprising that psorospermin may 

interact with P-gp because its structure contains two type I electron donor groups (a 

carbonyl and ether group separated by 2.71 Å and an alcohol and an ether separated by 

2.77 Å (Figure 4.7C)), characteristic of a P-gp substrate.  These structural elements are 

comparable to that of verapamil, an established resistance reversal agent (228, 229) that 

has two type I electron donor units but also one type II unit (227).  Although 

psorospermin’s mechanism of resistance reversal is not yet known, but because both 

psorospermin and verapamil contain multiple type I electron donor groups and also 

display similar levels of resistance reversal activity, psorospermin is likely to share a 

similar mechanism with verapamil, which competitively inhibits P-gp (230).  If this is the 

case, psorospermin would act as a competitive inhibitor of P-gp, thus reversing the cell’s 
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resistance mechanism and preventing efflux of doxorubicin, allowing doxorubicin to 

interact with topoisomerase II.  This illustrates the unique dual mechanism of 

psorospermin.  Psorospermin can act both by a topoisomerase II–mediated alkylation 

mechanism as well as by a specific mechanism that inhibits P-gp and causes resistance 

reversal.  The stereochemistry required for both mechanisms is the same (2´R,3´R) and 

corresponds to the natural isomer of psorospermin.  Taken together, this data shows how 

important stereochemistry is for psorospermin activity. 

While further studies are warranted to fully understand its mechanism of action, 

we hypothesize that psorospermin interacts directly with P-gp most likely by 

competitively inhibiting drug efflux.  By inhibiting P-gp-mediated efflux, 

chemotherapeutic agents, such as doxorubicin, accumulate in the cell, resulting in 

therapeutic efficacy.  This is extremely important in patients with refractory disease due 

to P-gp overexpression because combining the modulatory effect of psorospermin with 

standard chemotherapeutics is likely to positively affect patient survival, but only if high 

enough concentration of psorospermin can be achieved. 
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Figure 4.7.  Superimposition of psorospermin and established P-gp modulators.  Using 
the Insight II Builder program and its Discover 3.0 minimization program, the molecules’ 
minimized energy structures were used to construct an overlay of psorospermin (colored 
by atoms) with (A) fluphenazine (red) and (B) GF-120918 (red).  (C) Identification of the 
type I electron donor groups of PS-RR.  Measurements were made between oxygen 
atoms. 
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CHAPTER 5 

CONCLUSIONS 

Although chemotherapeutics have made some significant strides over the last 

sixty years, the need for novel treatment options still remains. Classical 

chemotherapeutics, although effective at eliminating some cancers, target cells that are in 

the cell cycle, actively replicating their DNA. This general elimination of proliferating 

cells, although effective, results in significant side effects that can be dose-limiting and 

even sometimes fatal (55, 56). Furthermore, some cancers, including multiple myeloma, 

remain elusive to the present treatment modalities (54), many times as a result of 

multidrug resistance. Because of these unacceptable side effects and the lack of efficacy 

of classical chemotherapeutics in some cancers, a new, target-based approach has been 

utilized for the selection of compounds for clinical development. Utilizing the increased 

knowledge of molecular biology, gene and protein targets that play key roles in 

carcinogenesis have been further studied to develop compounds that regulate their 

activity. Even though a targeted approach has resulted in some key discoveries, including 

Gleevec for the treatment of CML (72), many targeted therapies have failed to be 

efficacious. These failures force scientists to identify other non-conventional targets that 

are involved in cancer, such as DNA secondary structures. 

Because c-Myc acts as a transcription factor that regulates a multitude of target 

genes involved in the development of cancer, it is not surprising that identification of 

compounds that negatively regulate c-Myc gene promotion would be clinically relevant. 

GQC-01 and -02 were shown to stabilize the G-quadruplex of the NHE III1 region of the 
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c-Myc promoter, resulting in downregulation of c-Myc transcription and translation by 

preventing c-Myc promotion. Treatment with these compounds produced cell death in 

vitro (Chapter 3). Although it appears that the mechanism of the GQC compounds may 

involve destabilization of the NM23-H2/G-quadruplex complex, it is still uncertain what 

the complete mechanism of action is. Also, without structural studies, such as nuclear 

magnetic resonance (NMR), how the GQC compounds interact with the G-quadruplex 

and in what stoichiometric ratio will remain elusive. However, with studies that are 

presently ongoing, namely Chromatin Immunoprecipitation (ChIP), the effect that the 

compounds have on the binding of transcription factors, including NM23-H2, CNBP, and 

RNA Polymerase II, should be soon elucidated. 

Resistance to chemotherapy has become a significant problem in the treatment of 

human cancers. Many chemotherapeutics fail to decrease tumor burden due to 

overexpression of efflux proteins, including P-gp. Therefore, development of a 

compound that acts as both a topoisomerase II poison and a resistance-reversal agent 

shows great clinical promise. The fact that psorospermin’s cytotoxic activity was 

unaffected in drug-resistant cancers (219) led to the hypothesis that psorospermin was not 

a substrate of P-gp. However, upon further evaluation, more accurately, psorospermin 

acts as a P-gp modulator, preventing P-gp-mediated doxorubicin efflux (Chapter 4). 

Comparable with that of verapamil, psorospermin appears to interact directly with P-gp 

to modulate its efflux activity. In order to develop psorospermin as both an alkylating 

agent and a P-gp modulator, both with therapeutic indices, the two mechanisms must be 

separated. Unfortunately, because the side-chain of psorospermin is involved in its 
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topoisomerase-II-mediated alkylation and its resistance-reversal activities, separation of 

the two mechanisms may be difficult. It may be possible to reduce psorospermin 

alkylation activity without affecting the resistance-reversal potency. However, further 

studies would be necessary to test this hypothesis. 

In these studies, two separate methods were utilized to identify compounds for 

cancer drug development—identification of G-quadruplex-stabilizing agents and 

development of a natural product as a P-gp modulator. Each method has its own 

advantages and disadvantages. In the G-quadruplex project, high-throughput screening of 

established sets of compounds were able to identify multiple hits that stabilize the G-

quadruplex. By targeting the promoter of a commonly overexpressed gene that regulates 

many other cancer pathways, the inhibition of gene promotion by small molecules 

downregulates multiple downstream genes. One major difficulty that was observed in this 

project was the colorimetric properties of the compounds. Many of the hits were colored 

and fluorescent which skewed the results of some assays, making them unfeasible. In 

developing a natural product as a P-gp modulator, the obvious difficulty arises in 

compound availability. Although the compound has been synthesized (216), it is patented 

and the natural product is only available from the NCI in small quantities. One advantage 

of developing a P-gp modulator is that it is active in a variety of multiple resistant cancers 

that overexpress P-gp, allowing for its wide-spread usage with other chemotherapeutic 

agents. 

Although neither the GQC compounds nor psorospermin are ready for clinical 

trials, these compounds have hinted at a proof of principle for the treatment of cancer. 
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Focusing on two separate targets, compounds with novel mechanisms of action have been 

identified and developed. Because targeting the G-quadruplex of the promoters of 

oncogenes is relatively uncharted territory, these studies are a significant addition to the 

field of cancer drug discovery. With further evaluation and development, it is anticipated 

that similar compounds will reach clinical trials. 
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Laurence H. Hurley. Targeted downregulation of c-Myc through stabilization of the G-
quadruplex DNA secondary structure. In Preparation. 
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Quadruplex-Forming Element. In Preparation. 
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ABSTRACTS 
 
Identification of the structural basis of drug resistance-reversal by psorospermin 
 
Steven S. Carey, Mary Gleason-Guzman, and Laurence H. Hurley. Presented at the 2007 
American Association of Cancer Research Annual Meeting. Los Angeles, CA. 
 
Resistance to chemotherapy reduces the effectiveness of chemotherapy and results in an 
increase in mortality. Chemosensitizing agents have been used in combination with 
standard chemotherapeutics to improve cytotoxicity. Psorospermin, a natural product, is a 
DNA alkylating agent and has been shown to be active against drug-resistant cell lines, 
including myeloma. The purpose of this study was to determine the mechanism for the 
chemosensitizing activity of psorospermin as well as identify structural moieties of 
psorospermin necessary for its drug resistance-reversal activity. By doxorubicin 
accumulation assay, we determined the effect of psorospermin on doxorubicin 
accumulation in multiple myeloma 8226 parental and doxorubicin resistant cell lines 
(8226/D40). Although the accumulation of doxorubicin was not significantly affected by 
psorospermin in the parental cell line, doxorubicin accumulation was greatly increased in 
the doxorubicin resistant cell line following psorospermin treatment compared to the 
control (75% versus 38% after 1 hour). Using MTS assays to measure cell viability, we 
also determined that the cytotoxic activity of psorospermin is more potent than its drug 
resistance-reversal activity, which implies that the two activities may have independent 
mechanisms of action. Overexpression of p-glycoprotein has been identified as the cause 
of doxorubicin-resistance in the 8226/D40 cells. Using Real Time PCR, we determined 
that psorospermin does not transcriptionally regulate p-glycoprotein expression. 
Therefore, we believe that psorospermin produces drug-resistance reversal by interacting 
directly with the p-glycoprotein at the cellular membrane thereby preventing doxorubicin 
efflux. This hypothesis is strengthened by the fact that psorospermin is structurally 
similar to established p-glycoprotein inhibitors. 
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Targeted downregulation of c-Myc through disruption of the transcription factor/G-
quadruplex complex 
 
Steven S. Carey, Tracy A. Brooks, and Laurence H. Hurley. Presented at the 2008 
American Association of Cancer Research Annual Meeting. San Diego, CA 
 
Overexpression of the c-Myc oncogene plays a role in carcinogenesis in a variety of 
cancers, including cervical, breast, and colon, due to disregulation of cellular growth and 
apoptosis. Studies have shown that up to 90% of c-Myc promoter activity is tightly 
controlled by the formation of a G-quadruplex secondary structure in the NHEIII region of 
this promoter. The formation of the secondary structure silences gene transcription and, 
subsequently, translation. Using high-throughput screening techniques, such as 
Fluorescence Resonance Energy Transfer, with Circular Dichroism and Taq 
Polyermerase Stop assays for confirmation, a group of compounds were identified that 
stabilize the c-Myc G-quadruplex structure. Using a colon cancer model, two compounds 
were shown to decrease c-Myc gene expression by at least 50%, as measured by real-time 
PCR. This decrease translates into a similar decrease in protein expression, seen by 
Western blot analysis. Also, exposure to the compounds for 48 hours results in an 
induction of caspase-3, indicative of apoptosis. Furthermore, electrophoretic mobility 
shift assays suggest that compound-induced stabilization of the c-Myc G-quadruplex can 
inhibit binding of the regulatory protein NM23-H2 and subsequent unraveling of the G-
quadruplex. Together, these data characterize the activity of small molecule agents with a 
novel mechanism of transcriptional regulation which holds great promise for a unique 
method of anticancer therapy. 
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Figure 3.1: 
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