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ABSTRACT
The nature of DNA has captivated scientists for more than fifty years. The
discovery of the double-helix model of DNA by Watson and Crick in 1953 not only
established the primary structure of DNA, but also provided the mechanism behind DNA
function. Since then, the demonstration of DNA secondary structure formation has
allowed for the proposal that the dynamics of DNA itself can function to modulate
transcription. We demonstrate for the first time the i-motif DNA secondary structure
formed from an element within the Bcl-2 promoter region has potential to serve as a
cellular molecular target for modulation of gene expression. Unlike typical oncogenes,
Bcl-2 acts by promoting cellular survival rather than increasing cellular proliferation. The
over-expression of Bcl-2, most notably in lymphomas, has been associated with the
development of chemoresistance.
Transcriptional regulation of Bcl-2 is highly complex and a guanine- and
cytosine-rich (GC-rich) region directly upstream of the P1 site has been shown to be
integral to Bcl-2 promoter activity. We have demonstrated that the C-rich strand is
capable of forming an intramolecular i-motif DNA secondary structure with a transition
pH of 6.6 and a predominant 8:5:7 loop using mutational studies coupled with circular
dichroic spectra and thermal stability analyses. In addition, a novel assay involving the
sequential incorporation of a fluorescent thymine analog at each thymine position
provided evidence of a capping structure within the top loop region of the i-motif. Two
different classes of steroids either stabilize or destabilize the i-motif structure and this
differential interaction results in the activation or repression of Bcl-2 expression. The i-
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motif stabilizing steroid significantly up-regulated Bcl-2 gene and protein expression in
BJAB Burkitt’s lymphoma cells while the destabilizing steroid down-regulated Bcl-2
expression in B95.8 Burkitt’s and Granta-519 mantle cell lymphoma cells, as well as in a
SCID mouse lymphoma model. More importantly, the down-regulation of Bcl-2 led to
chemosensitization of etoposide-resistant lymphoma cells demonstrating that Bcl-2 imotif interactive small molecules can act as chemosensitizing agents. Conversely,
compounds that up-regulate Bcl-2 by stabilization of the i-motif have potential for use as
neuroprotective agents.
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CHAPTER 1: INTRODUCTION
1.1 Introduction
The development of chemotherapy resistance in cancer patients has been widely
recognized for more than 20 years and continues to be a significant obstacle in achieving
effective and successful treatment. Although the precise mechanism responsible for the
resistance in many cancers remains unknown, researchers have provided evidence for the
involvement of drug transporters (1,2), and efflux pumps (3,4), drug inactivation (5), and
gene amplification (6). In addition, chemotherapy resistance may also arise from
alterations in normal processes such as DNA repair (7,8) and apoptosis or programmed
cell death (9). Of particular interest, drug resistance in lymphoma has been correlated to a
reduced apoptotic response due to over-expression of the B-cell lymphoma gene-2 (Bcl2) proto-oncogene (10-13). The Bcl-2 gene encodes for an anti-apoptotic regulatory
protein important in the mitochondrial apoptotic pathway (14). Significant overexpression of Bcl-2 is observed in B-cell lymphomas, particularly follicular and diffuse
large B cell lymphomas, and is associated with an increased resistance to a variety of
chemotherapeutic drugs (15, 16) and thus offers as an attractive target for cancer therapy.
The extensive pursuit of targeting Bcl-2 has involved numerous therapeutic
approaches aimed at lowering elevated levels of Bcl-2 in order to restore efficacy of
existing chemotherapeutic agents. While a broad spectrum of anti-Bcl-2 modalities exist
two agents have recently reached clinical trials, one targeting Bcl-2 at the mRNA level
and the other at the protein level. Treatment of breast (17) and lymphoma (18) cancer
cells in vitro with a Bcl-2 antisense oligionucleotide (Genasense, oblimersen sodium)
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and more recently, clinical trials involving chronic lymphoyctic leukemia (CLL) (19),
and a variety of non-Hodgkin's lymphoma (NHL) (20-23) patients have shown that
degradation of Bcl-2 mRNA can induce cancer cell sensitivity to chemotherapy.
Similarly, inhibition of Bcl-2 protein through a BH-3 antagonist, ABT-737, has also
demonstrated efficacy in hematological cancers (24-27). The chemosensitizing effects of
these anti-Bcl-2 therapies further support the critical role of Bcl-2 over-expression in
chemotherapy resistance. Nevertheless, additional research is required to fully elucidate
the mechanisms of Bcl-2 over-expression and the role of transcriptional and posttranslational regulation in the development and resistance of malignancy.
Transcriptional control of the Bcl-2 proto-oncogene is highly complex and
involves several key response elements including a GC-rich region directly upstream of
the P1 promoter (28). In addition to transcriptional factor recognition of the GC-rich
region, this element has been shown to form both the G-quadruplex (29-32) and i-motif
(33,34) DNA secondary structures. G-quadruplex structures have been shown to act as
molecular switches, either activating or repressing gene expression (35), and consistent
with a role for DNA secondary structures as transcriptional regulatory elements, Gquadruplexes within the c-MYC (35), c-KIT (36), KRAS (37), VEGF (38), PDGFA (39),
PDGFR-β (40), HIF-1α (41), hTERT (42) and BCL-2 (43) promoter regions have served
as molecular targets for altering gene expression. Thus far, the focus has remained on
targeting of G-quadruplexes as the molecular switch for transcriptional control; however,
it is as likely that the complementary structure, the i-motif, may also play a role in gene
expression.
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This review will describe the two main pathways and several regulatory
mechanisms of apoptosis with particular focus on the mitochondrial pathway and the role
of Bcl-2 in preventing cell death. Investigations that have linked the dysregulation of
Bcl-2 to the pathogenesis of cancer and chemoresistance will be discussed. Although,
over-expression of Bcl-2 occurs in a variety of cancers, an emphasis will be placed on
lymphoma where there has been a more direct association of Bcl-2 over-expression and
chemoresistance. In addition, a brief review of Bcl-2 transcriptional regulation will be
provided along with a discussion of the role of DNA secondary structures as cisregulatory elements. The significant correlation of Bcl-2 over-expression with
chemoresistance in lymphoma that has been documented within the literature and the
recent discovery of DNA secondary structure formation within the Bcl-2 promoter region
has prompted interest in targeting the DNA secondary structure, the i-motif, with small
molecules for the down-regulation of Bcl-2 in resistant lymphoma to restore
chemosensitivity. The literature review will be followed by descriptions of experimental
models used to assess the effects of targeting the Bcl-2 i-motif on Bcl-2 expression and
chemosensitivity, as well as the problem statement and specific aims.

1.2 Programmed Cell Death: Extrinsic versus Intrinsic Activation
Cell death is essential to the normal growth and development of multi-cellular
organisms (44). Specifically, programmed cell death, primarily executed through
apoptosis, is important for the proper formation of fingers and toes, number of neurons
within the brain and production of the middle ear space during embryogenesis as well as
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maintaining adult tissue homeostasis (44). Without appropriate and timely cell death
there exists the potential for prolonged cell survival of unwanted or damaged cells that
can lead to the development of malignancy. There are different mechanisms of cellular
death that are characterized by distinct morphological features and activation pathways.
Although the different types of cell death occur from diverse signals, some of the death
cascades exhibit points of cross-talk and convergence. Depending on the stimuli, cell
death can be propagated through autophagy, post-mitotic death, entosis, necrosis, or
apoptosis (45). However, the potential to initiate a programmed cell death in response to
a death stimulus is generally considered to occur through apoptosis.
The term apoptosis was originally adopted from the greek meaning “falling off”
as in leaves falling from a tree and used to describe a process of cell death that maintains
cell populations in a variety of tissues in a controlled manner with distinct morphological
characteristics (44). The continued interest in apoptosis and its role in tissue homeostasis
has led to the characterization of two discrete cell death initiation pathways: the extrinsic
and intrinsic. While each pathway is activated by different mechansims, the extrinsic by
cell surface death receptors and the intrinsic by intracellular stimuli and the mitochondria,
the two pathways consist of inter-pathway interaction, feedback loops, and ultimately
converge on the execution phase of apoptosis, the effector caspases (Figure 1) (46).
The extrinsic pathway involves direct signaling transduction initiated by
transmembrane cell surface receptors (death receptors) in response to binding of
extracellular ligands (Figure 1) (47). To date there have been eight death receptors
identified that belong to the tumor necrosis factor receptor (TNFR) gene superfamily,
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TNFR1, CD95, DR3, TNF-related apoptosis –inducing ligand receptor 1 (TRAIL1),
TRAIL2, DR6, ectodysplasin A receptor (EDAR), and nerve growth factor receptor
(NGFR), distinguishable by their homologous cytoplasmic domains (48-50). Death
receptors consist of an intracellular death domain (DD) that following the binding of
ligand, trimerization and activation of the receptor associates with an adaptor protein,
Fas-associated death domain (FADD). The recruitment of FADD allows for the
association of pro-caspase 8 and thus forms the death-inducing signaling complex (DISC)
(50-52). Consequently, pro-caspase-8 becomes converted to the mature cysteine protease
through a complicated process of oligomerization and autoproteolytic cleavage (53). As
one of the initiator caspases, caspase-8 then cleaves the zymogen pro-caspase-3 to form
the active, effector caspase-3 (Figure 1) (54). Caspase-3 activation not only occurs from
protease activity within the extrinsic pathway, but also from the intrinsic pathway
(51,52). The activation of caspase-3 is a pivotal point in the apoptotic pathway, where
both extrinsic and intrinsic mechanisms for cell death converge.
While activation of the extrinsic apoptotic pathway is mediated through death
receptor-ligand interaction, the intrinsic pathway of apoptosis involves initiation through
the mitochondria (46). The intrinsic or mitochondrial apoptotic pathway becomes
activated via intracellular death stimuli such as DNA damage, microtubule disruption,
growth-factor deprivation, oxidative stress and other types of severe cellular stress (52).
The most prominent factors involved in apoptosis at the mitochondrial level are pro- and
anti-apoptotic proteins within the Bcl-2 family (55). The Bcl-2 family of proteins share
conserved sequences, Bcl-2 homology (BH) domains (BH1-BH4), in up to four regions
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that are important for protein activity as well as homo- or hetero-dimerization with other
family members (52). The anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-1) share at
minimum the BH1 and BH2 domains; although, these proteins typically consist of all
four BH domains. In contrast, pro-apoptotic proteins either contain domains BH1-BH3
(Bax and Bak) or the single-BH3 domain (Bim, Bad and Bid) (52).
The BH3 only proteins act as sensors that detect the intrinsic death signal and also
serve as a point of cross-talk between the two apoptotic pathways. For instance, the
proteolytic cleavage of Bid to truncated Bid (tBid) by caspase-8 within the extrinsic
pathway leads to the activation of the intrinsic cascade (Figure 1) (56). Bid and other
BH3 only proteins interact with and activate the multi-domain pro-apoptotic proteins,
Bax and Bak, located within the mitochondrial outer membrane (56). There is also
evidence that Bax is present in the cytsol and translocates to the mitochondria following
activation (Figure 1) (57). Bax and Bak can homo- or hetero-dimerize with each other or
with anti-apoptotic proteins through the BH3 domain forming channels within the
mitochondria outer membrane. Although the precise composition of the channels remains
unclear, there is agreement that when formed by predominantly pro-apoptotic proteins
these channels, also consisting of mitochondrial proteins, serve as pores through which
cytochrome c is released (57-60). The release of cytochrome c leads to the formation of
the apoptosome and the activation of caspase-9 (Figure 1). Caspase-9 then activates the
effector caspase-3 in the final step of the intrinsic apoptotic pathway (Figure 1). As
mentioned previously, caspase-3 is not only activated by caspase-9, but also by caspase-8
and it is here that the intrinsic and extrinsic pathways converge and initiate cell death
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(Figure 1) (59-61). During the execution phase of apoptosis, caspase-3 cleaves its
substrates including lamin (62), G-actin (63), poly(ADP) ribose polymerase PARP (64),
focal adhesion kinase (65), and inhibitor caspase activated DNAse (ICAD) (66), which
then results in the typical morphological features of apoptosis: membrane blebbing,
aopoptotic vacuoles, and DNA fragmentation (44). In addition, caspase-3 also
proteolytically cleaves initiator and other effector capases such as, caspase-9, 6, and 7,
which in turn creates a positive feedback loop that amplifies apoptotic signaling because
as capase-3 is generated, it regulates its own production by activating initiator caspases
(67,68). In contrast to the function of the pro-apoptotic Bcl-2 members, anti-apoptotic
proteins such as, Bcl-2 and Bcl-xL, that reside in the mitochondrial outer membrane
prevent pore formation and release of cytochrome c by interacting and sequestering Bax
and Bak (Figure 1), consequently inhibiting activation of caspase-3 and apoptosis (58).
This provides yet another level of regulation of the apoptosis and further demonstrates
that programmed cell death is a complex, tightly regulated process.
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Figure 1. Schematic of the extrinsic and intrinsic pathways of apoptosis. Extrinsic
activation involves the binding of ligand to the death receptors such as FasL to Fas,
whereas intrinsic activation is initiated by internal, pro-apoptotic factors within the cell.
The apoptotic pathways consist of positive and negative feedback as well as points of
cross-talk. Lines ended with arrows represent activation and blunt ended lines represent
inhibition.
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1.3 Regulation of Apoptosis
The extrinsic and intrinsic pathways of apoptosis are regulated at many different
levels by both activator and inhibitor regulatory proteins that respond accordingly to cell
death and growth stimuli, respectively. While some apoptotic regulatory mechanisms are
pathway specific, such as the inhibitory function of death receptor decoys, others consist
of complex protein-protein interactions and feedback loops at transcriptional and posttranslational levels that regulate both the extrinsic and intrinsic pathways.
One mechanism of apoptotic regulation specific to the extrinsic pathway involves
decoy death receptors. Three death receptor homologs have been identified that either
lack a functional cytoplasmic domain (DcR1 (69-71) and DcR2 (72, 73)) or
transmembrane domain (DcR3 (74)) and act as decoys by competing for the death
receptor ligands. However, due to the absent domains, the decoy receptors cannot elicit
down-stream apoptotic signaling and inhibit the extrinsic induction of cell death (75).
Specifically, DcR1 and DcR2 exhibit TRAIL-1 and TRAIL-2 receptor homology and
bind and sequester TRAIL whereas DcR3 has been shown to associate with the FasL (6974). Interestingly, studies have demonstrated that tumor cells over-express decoy death
receptors; although, the expression levels do not always correlate with apoptotic
sensitivity (76).
While the decoy receptors specifically regulate the extrinsic apoptotic pathway
the tumor suppressor, p53, is a potent inducer of both the extrinsic and intrinsic apoptotic
pathways. Regulation of apoptosis by p53 occurs through transcriptional-dependent and
independent mechanisms (77). Following cellular stress, p53 promotes cytochrome c
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release from the mitochondria and activation of down-stream effector caspases through
the transcriptional induction of p53-target genes, which include, but are not limited to, the
Fas (78), TRAIL-1 (79,80) and TRAIL-2 (81) death receptors as well as the ligands Fas
(82) and TRAIL (83) (Figure 1), pro-apoptotic Bcl-2 family members Bax (84) and Bid
(85) (Figure 1), and the OKL38 tumor suppressor gene (86). p53 also facilitates cell death
by directly or indirectly repressing apoptotic inhibitors, such as, apoptosis repressor with
caspase recruitment domain (ARC) protein (87) and Galectin-3 (88). In addition to the
transcriptional-dependent regulation of apoptosis, p53 also exhibits transcriptionalindependent regulatory activities by promoting the oligomerization and activation of proapoptotic factors, Bax and Bak and inactivation of anti-apoptotic proteins, Bcl-2, Bcl-xL,
and Mcl-1 through direct protein-protein interaction (89-92).
Another mechanism of apoptotic regulation that involves both pathways, but acts
in opposition to p53, is the inhibition of cell death by proteins within the inhibitors of
apoptosis (IAPs) family. Proteins within the IAPs family directly inhibit caspases through
binding and preventing the homodimerization of initiator caspases or blocking the
caspase catalytic active site of effector caspases (93,94). To add to the complexity of
apoptotic regulation, the inhibitory activity of IAPs is also regulated and can be repressed
by SMAC/Diablo (95, 96) and Omi/HtrA2 (97) to prevent the inhibition of apoptosis.
SMAC/Diablo (96) and Omi/HtrA2 (97) are activated upon cellular death signals and
specifically, Omi/HtrA2 is transcriptionally activated by p53 (98) (Figure 1).
The complex regulation of apoptosis orchestrated by these regulators, decoy death
receptors, p53, IAPs, and inhibitors of IAPs, ensure appropriate and controlled activation
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or inhibition of apoptosis and only begins to scratch the surface of the extensive
regulation of apoptosis. This tight regulation of apoptosis is necessary for proper balance
between cell survival and cell death to maintain homeostasis in response to tissue
development and repair. Perturbations of these apoptotic regulatory proteins and
cascades results in prolonged cell survival that is associated with tumorgenesis (44, 99,
100).

1.4 Evasion of Apoptosis: A Hallmark of Cancer
In 2000, Weinberg and Hanahan published a set of characteristics exhibited by
malignant tumors that emphasized tumorigenesis as a multi-step process requiring genetic
alterations (100). The development of malignancy involves the tumor cell’s ability to
overcome constraints placed on normal cells such as, dependence on growth signals and
established vasculature, sensitivity to anti-growth signals, limited replicative potential,
adherence and relative immotility and lastly, susceptibility to apoptosis (100). Cancerous
cells have accumulated defects within regulatory processes that enable a sustained,
uncontrolled cellular growth necessary for tumor development and potentially the
metastasis and invasion into surrounding tissues. In order for uncontrolled cell growth,
cancer cells must not only undergo excessive proliferation, but must also have abnormal
rates of survival (100). The ability to evade apoptosis and exhibit prolonged cell survival
allows cancer cells with genetic defects and instabilities to be maintained throughout the
tumor rather than promptly removed from the population. This then permits the
propagation and proliferation of abnormal cells ultimately contributing to tumor burden
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and aggressiveness (100). Evasion of apoptosis is not only instrumental in the
development and pathogenesis of cancer, but also often hinders effective treatment and
plays a key role in chemoresistance (9, 16).

1.5 Role of Bcl-2 in Apoptosis
The proto-oncogene Bcl-2 is the founding member of the Bcl-2 family of pro- and
anti-apoptotic proteins that regulate the mitochondrial or intrinsic apoptotic pathway
(102). Bcl-2 was originally discovered to be highly, constitutively expressed in B-cell
lymphomas due to the insertion at the reciprocal chromosomal translocation t(14;18)
breakpoint (14). Unlike typical oncogenes that act by inducing cellular proliferation, Bcl2 promotes cell survival through the inhibition of cell death (14, 101). Bcl-2 transgenic
mice demonstrated that constitutive over-expression of this oncogene resulted in
accumulation of B-lymphocytes due to repression of apoptosis (102). Furthermore, the
premature death of lymphocytes and melanocytes in post-natal Bcl-2 knock-out mice
support the important role of Bcl-2 in cell survival (103).
Bcl-2 is an integral mitochondrial membrane protein that remains embedded in
the bilayer and inhibits apoptosis by suppressing the activity of pro-apoptotic family
members such as Bax (58). Bcl-2 has been shown to undergo a conformational change to
interact and sequester Bax and prevent Bax oligomerization to form a cytochrome c
releasing pore within the mitochondrial membrane (104). Under conditions of high Bcl-2
expression, pro-apoptotic Bax will more likely heterodimerize with Bcl-2 than
homodimerize with itself and thus, the relative ratio of pro- and anti-apoptotic factors
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determines the overall susceptibility of a cell to undergo apoptosis (58). In support of this
hypothesis, cancer cells that over-express Bcl-2 display prolonged cell survival and
resistance to apoptosis despite treatment with chemotherapeutic agents (58) and excess
pro-apoptotic proteins and/or a decrease in anti-apoptotic proteins causes premature cell
death as seen in neuronal cells of neurodegenerative diseases, such as Parkinson’s
Disease (105).

1.6 Associations of Bcl-2 in Chemoresistance
Cancer cells can become resistant to multiple drugs via different mechanisms, and
various oncogenes and tumor suppressors have been suggested to promote chemotherapy
resistance including Bcl-2 (106). Over-expression of Bcl-2 has been found in breast
(107), cervical (108), prostate (109), colorectal (110), and non-small cell lung (111)
carcinomas as well as many types of lymphoma (112). Of particular interest, the overexpression of Bcl-2 in non-Hodgkin’s lymphoma (NHL) has been directly linked to
chemoresistance against etoposide, dexamethasone, 5-fluorouracil, taxol, cisplatin and
adriamycin (12, 13). It is of no surprise that Bcl-2 has potential to block chemotherapy
induced apoptosis from a wide variety of cytotoxic agents that have different mechanisms
of action since ultimately these agents cause cell death via activation of apoptotic
pathways (16). Clinically, Bcl-2 over-expression has been associated with poor response
to therapy and shorter disease-free survival as well as overall survival of prostate (109),
acute myeloid leukemia (113) and NHL (114) cancer patients.
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Although most indolent lymphomas are effectively treated, the majority of
patients diagnosed with malignant lymphoma experience chemotherapy failure. Several
studies evaluating expression of Bcl-2 and clinical outcome have shown most
lymphomas, particularly aggressive NHLs, over-express Bcl-2 and significantly correlate
high expression of Bcl-2 with refractory disease (114-121) in contrast to some data that
demonstrated less significant correlations of Bcl-2 expression with over-all survival
(122,123). In one study involving patients diagnosed with diffuse large B-cell lymphoma
(DLBCL), which accounts for 40% of all NHL cases, resistance occurred in 30-40% of
patients. The over-expression of Bcl-2 has been implicated in the chemotherapy
resistance and short-term survival of these patients. A similar study assessing a variety of
aggressive NHLs including DLBC, follicular, Burkitt’s, Mantle cell, and anaplastic
lymphomas, provided evidence for the significant correlation of high Bcl-2 overexpression and stage III-IV disease (P = 0.002), reduced disease-free survival (P < 0.01)
and lower overall survival rates (P < 0.05) (114). More importantly, the over-expression
of Bcl-2 was linked to patient response following chemotherapy and frequent occurrences
of relapse (114). Interestingly, most of these high Bcl-2 expressing lymphomas do not
carry the t(14:18) translocation commonly associated with the over-expression of Bcl-2
suggesting an alternative mechanism for Bcl-2 over-expression (114).
As further support for the role of Bcl-2 in chemoresistance, anti-Bcl-2 agents
restore chemosensitivity in cancer cell line models as well as within tumors of patients
with refractory disease. Bcl-2 inhibition has involved numerous approaches targeting
Bcl-2 at the protein and to a lesser extent at the transcriptional level with an expanding
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list of anti-Bcl-2 therapeutics that includes, BH-3 mimetics, antisense oligonucleotides,
and small molecules that repress transcription. Small molecular histone deacetylase
(HDAC) inhibitors, such as Trichostatin A (TSA), have been shown to repress Bcl-2
transcription indirectly through increased acetylation of Sp1 and C/EBPα, which in-turn
decreases the binding of these transcriptional activators to the Bcl-2 promoter (124).
Another approach to down-regulate levels of Bcl-2 is to target the mRNA for degradation
via antisense strand hybridization. A Bcl-2 antisense oligionucleotide, Genasense®, was
one of the first anti-Bcl-2 agents to reach clinical trials and was recently shown in a fiveyear follow-up study effective as a combination treatment regimen with
fludarabine/cyclophosphamide to achieve complete or partial remission in refractory
chronic lymphocytic leukemia (CLL) patients (125). While drugs like TSA and
Genasense® are used to target Bcl-2 transcriptionally or post-transcriptionally, most antiBcl-2 therapies target Bcl-2 at the protein level (126-128). The most prominent
mechanism by which small molecules target the Bcl-2 protein is through binding and
blocking the BH3 domain necessary for interaction with pro-apoptotic Bcl-2 family
counter-parts (126, 128). Abbott laboratories developed a BH3 mimetic, ABT-737, which
has now been modified (ABT-236) to increase bioavailability while retaining the potent
Bcl-2 and Bcl-xL inhibitory effects (129) that has proved efficacy as a single agent or in
combination in the clinic at inducing intrinsic pathway-dependent tumor cell death
(24,26, 129,130).
The evidence from studies that correlate high-levels of Bcl-2 expression with
chemoresistant tumors in addition to the ability of anti-Bcl-2 therapies to induce
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apoptosis and restore chemosensitivity, establishes that Bcl-2 over-expression is an
important mechanism of chemoresistance. However, the precise dysregulation of Bcl-2
expression that leads to up-regulation prevalent in a variety of cancers that lack
chromosomal translocations are poorly understood due to the complexity of Bcl-2
transcription.

1.7 Bcl-2 Transcriptional Regulation
As previously discussed, Bcl-2 was originally discovered as a chromosomal
translocation observed in NHLs where the IgH enhancer is juxtaposed with the Bcl-2
gene resulting in over-expression of Bcl-2 at the transcriptional level (14). Bcl-2
dysregulation in NHLs has also been shown to involve gene amplification (131). In CLL,
previous studies associated the high-levels of Bcl-2 expression with gene
hypomethylation (132), but more recently, deletion or inactivation of microRNAs that
normally repress Bcl-2 expression was observed for over 70% CLL cases (133). Despite
extensive research, the dysregulation of Bcl-2 gene expression in most cancers still
requires further attention in order to fully understand Bcl-2 transcriptional regulation.
Transcriptional control of the Bcl-2 proto-oncogene is highly complex and
involves several key players. The Bcl-2 gene consists of two promoter sites, P1 and P2,
with the majority of the control occurring at the P1 site and to a lesser extent at the P2
site (Figure 2). The P1 promoter located 1386-1423 base pairs upstream of the
translational start site consists of a TATA-less, GC-rich region with multiple transcription
initiation sites (28). To date the mechanisms of Bcl-2 transcriptional regulation are not
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well characterized; however, several response elements within the P1 and P2 promoter
region have been shown to be involved in activation or deactivation of transcription.
Various transcription factors have been identified to interact with elements in the P2
promoter region. Specifically, A-Myb exhibits potent activation of the P2 promoter in
t(14;18) lymphoma cells by interaction with the Cdx binding site (134) while p53 has
been shown to negatively regulate Bcl-2 transcription through the TATA element (135).
Similarly, both positive and negative transcriptional regulators have been shown to
interact with P1 promoter elements and effect Bcl-2 gene expression including NF-κB or
WT1, respectively (136,137). Interestingly, while there are no consensus sequences for
NF-κB, this transcription factor has been shown to activate Bcl-2 expression in
lymphoma cell lines through the CRE (cAMP response element) and Sp1 binding sites
(137). In addition, the interaction of CREB with the CRE also leads to the activation of
Bcl-2 transcription (138,139). Conversely, the transcription factor WT-1 represses Bcl-2
transcription in both HeLa and t(14;18) lymphoma cell lines (136). Of interest,
transcription factors WT-1, E2F and Sp1 have been shown to bind within the GC-rich
region upstream of P1 (28,136,140). This GC-rich element contains DNA secondary
structure forming sequences that have recently been shown to form not only Gquadruplexes (29-32) (Figure 2A), but also i-motif (33,34) (Figure 2B) structures that
may possibly regulate Bcl-2 transcription.

31

Figure 2. The Bcl-2 promoter region and the G-quadruplex and i-motif DNA
secondary structures formed from the Bcl-2 GC-rich promoter sequence. The Bcl-2
GC-rich promoter sequence capable of adopting G-quadruplex and i-motif structures is
provided in panel A. The building blocks of these secondary structures are guanine–
guanine and cytosine+–cytosine base pairings that give rise to the G-quadruplex (B) and
i-motif (C) secondary structures. The previously proposed Bcl-2 G-quadruplex (29) and
i-motif (34) structures formed under conditions of negative supercoiling serve as
examples, with the yellow, green, red, and blue circles representing the nucleobases
cytosine, adenine, guanine, and thymine, respectively.
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1.8 DNA Secondary Structures: Role of DNA Secondary Structures as cisTranscriptional Regulatory Elements
The following review (sections 1.8-1.8.5) on the role of DNA secondary
structures as cis-regulatory elements has been published in the Journal of Pure and
Applied Chemistry (141).
The nature of DNA has captivated scientists for more than fifty years. The
discovery of the double-helix model of DNA by Watson and Crick in 1953 not only
established the primary structure of DNA, but also provided the mechanism behind DNA
function (142). Since then, researchers have continued to further the understanding of
DNA structure and its pivotal role in transcription. The demonstration of DNA
secondary structure formation has allowed for the proposal that the dynamics of DNA
itself can function to modulate transcription.
For over half a century DNA has been widely recognized for its central biological
role in heredity, but how does DNA accomplish this intricate function so vital for life?
The discovery of the molecular double-helix model of DNA by Watson and Crick
provided an explanation for the mode of heredity (142). The Watson-Crick model
established that DNA exists in a form, termed “B-form DNA,” where two complementary
strands of DNA consist of hydrogen-bonded nucleotide base-pairs: adenine with thymine
and guanine with cytosine (142). Thus the complementarity of the strands and the
distinct base sequence allow for the synthesis and reconstruction of new, identical DNA
double helices. In addition, the specific nucleotide sequence serves as a template for
transcription that ultimately enables the production of peptides required for cellular

33
function (142). While the general acceptance is that the majority of DNA within cells
consists in the B-form, DNA also has the potential to exist in other conformations.
The continued investigations into DNA structure and advances in molecular
structural techniques have uncovered that structure of DNA is not limited to the B-form
conformation, but extends to both non-B-form and non-helical secondary structures.
Alternative helical structures such as the A- and Z-forms of DNA have been shown to
exist under different experimental conditions (143-146). While the presence of these
DNA forms within cells remains controversial, the formation of Z-form, or left-handed,
DNA has been observed under conditions of negative supercoiling (147). Interestingly,
this is not the only non-B-DNA structure to form in response to negative supercoiling,
indicating the important influence of topology on DNA conformation. The formation of
unconventional DNA secondary structures, including cruciforms (148), H-DNA
(triplexes) (149), G-quadruplexes, and i-motifs (150), has demonstrated that negative
supercoiling may induce and stabilize less energetically favorable structures.
The transition of DNA from the typical B-form to a non-B-form requires the local
unwinding of the double helix, which occurs to relieve the stress of negative supercoiling
(151). In nature negative supercoiling can result from nuclear processes such as
transcription, replication, recombination, and repair and produce significant torsional
stress (152,153). Specifically, the transient high degree of supercoiling induced during
transcription occurs as the RNA polymerase (RNAP) complex moves along the
transcriptionally active segment of DNA (Figure 3). In order to accommodate the RNAP
and the nascent RNA, DNA downstream of the transcription complex becomes positively
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supercoiled, or overwound, whereas DNA upstream is negatively supercoiled, or
underwound (154). Although DNA topoisomerases have been implicated as the
predominant mechanism for relieving DNA torsional stress, these enzymes may
inadequately alleviate this stress in response to the significant demand produced by
transcription (155-157). Rather, local melting of double-stranded DNA upstream of
transcriptionally active promoters has been shown to be a consequence of torsional stress
(151,158). This local unwinding results in an open, single-stranded DNA conformation
that presumably is sufficient for the formation of DNA secondary structures.
Although DNA supercoiling can induce the formation of a variety of non-B-DNA
secondary structures, it is the sequence specificity that determines whether the DNA will
adopt either a cruciform or a G-quadruplex conformation, for instance. In addition to
topological constraints, these DNA secondary structures exhibit sequence dependency.
For example, cruciform structures arise from palindromic sequences within doublestranded DNA (159). Sequences with contiguous cytosine or guanine runs have the
potential to form i-motif (Figure 2A) or G-quadruplex (Figure 2B) secondary structures,
respectively (160-163). Specifically, the G-quadruplex building block, the G-tetrad, is
formed from a sequence consisting of at least four contiguous runs of two or more
guanines (Figure 2B). The four G-tetrad guanines interact through Hoogsteen basepairing, and the tetrad is stabilized by the presence of a monovalent cation, as shown in
Figure 2B (160). The i-motif structure specified by the complementary C-rich sequence
comprises two parallel duplexes with intercalated hemiprotonated cytosine+–cytosine
base pairs (Figure 2A) (161-163).
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The dynamic topology of DNA then poses the question, what is the biological
significance of DNA interconverting between duplex and secondary conformations? We,
along with many others, have postulated that the ability of duplex DNA to adopt Gquadruplex and i-motif secondary conformations serves as a molecular switch to
modulate transcription (164). If the G-quadruplex and i-motif structures play a role in
transcriptional regulation, then, similar to other cis-regulatory elements, these secondary
structure-forming sequences must be in close proximity to the transcriptional start site
(TSS). In addition, for these structures to be effective transcription modulators they
would also need to compete with duplex DNA, exhibit diversity and complexity among
promoter regions, be recognized by proteins for remodeling, and be targeted by small
molecules to induce changes in transcription.
This section of the review will describe the prevalence, diversity, and complexity
of G-quadruplex and i-motif structures and the existence of DNA in a dynamic
equilibrium between duplex and secondary conformations. In addition, data
demonstrating that intracellular proteins can shift this equilibrium in either direction to
alter gene transcription will be discussed to provide evidence for the role of DNA
secondary structures in transcriptional regulation. While genome-wide investigations
into the occurrences of G-quadruplex-forming sequences will be discussed, emphasis will
be placed on the demonstration of stable secondary structure formation within protooncogene promoter regions and subsequent modulation of proto-oncogene expression.
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Figure 3. The proposed model for the dynamic equilibrium of DNA topology
induced by negative supercoiling. The proposed model for the dynamic equilibrium of
DNA topology induced by negative supercoiling. Negative supercoiling within duplex
DNA (A) induces the local unwinding (B), which facilitates the transition from duplex
DNA (A) to single-stranded (C) to G-quadruplex and i-motif DNA secondary formation
(D). Adapted from Kouzine, F., Levens, D. (153).
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1.8.1 G-quadruplex and i-Motif Forming Sequences are Extensively Found in Close
Proximity to Transcriptional Start Sites (TSS).
If the G-quadruplex and the i-motif play a role in transcriptional regulation, then
one would expect to find sequences capable of forming these structures near the TSS
within the promoter regions of various genes. Indeed, recent genomic analysis has
revealed that of promoter sequences within 1 kb upstream of the TSS, 43% of genes have
the potential to form at least one G-quadruplex structure (165). In consideration with
genomic wide-analyses, which have detected G-quadruplex-forming sequences
throughout the genome at ~376,000 sites (166,167), the extensive incidence within close
proximity to the TSS demonstrates an enrichment for promoter G-quadruplexes. This
enrichment has been postulated to reflect an evolutionary selection for the location of
secondary structures and thereby supports the biological role of these structures in
transcription (165). Consistent with quadruplex elements functioning as transcription
regulatory units, conservation of potential G-quadruplex-forming sequences near the TSS
has been observed across related species. A comparative genome-wide analysis among
human, chimpanzee, mouse and rat not only demonstrated at least a 40% prevalence of
promoter regions (within ± 1 kb of the TSS) to potentially adopt G-quadruplex
conformations, but that over 700 orthologous promoter regions consisted of conserved
DNA secondary structure–forming sequences (168). While the probing of the human
genome for potential sites of G-quadruplex formation provides information on the
prevalence and localization of these sequences, these studies do not demonstrate the
precise capability of the identified regions to form stable G-quadruplex structures. The
defined sequence utilized in these searches consisted of four runs of at least three
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guanines spaced by one to seven bases (G3+N1–7G3+ N1–7G3+ N1–7G3+). To date, the
majority of stable G-quadruplex conformations favor smaller loop sizes (169-172);
however, the loop N1–7 search parameters may allow for identification of potential imotif-forming sequences on the complementary strand since stable i-motif structures tend
to exhibit larger loop sizes (34, 150). Although genome investigations have focused on
the detection of G-quadruplex motifs, presumably there is an equal prevalence of
potential i-motif-forming sequences in the complementary strand. If there is a significant
incidence of these DNA secondary structure–forming sequences within promoter regions,
then which types of genes contain these elements? Furthermore, can these potential
sequences actually form stable structures?
A review of the gene ontology codes of the promoters that were found to contain
G-quadruplex motifs revealed a significant occurrence within genes involved in
transcription factor and kinase activity, development, and neurogenesis (165,173,174).
Conversely, olfaction, G-protein signaling, immune response, nucleic acid binding, and
protein biosynthesis–related genes were significantly less likely to contain G-quadruplex
motifs (165,173,174). In addition, significantly more proto-oncogenes (69%) were
shown to consist of putative G-quadruplex motifs than tumor suppressors (173,174).
Consistent with this prediction, GC-rich elements within several proto-oncogenes and a
tumor suppressor gene have been shown to adopt stable G-quadruplex and i-motif
conformations. The c-myc proto-oncogene promoter has been extensively studied and
has led to the identification of G-quadruplex motifs within the VEGF (175,176), c-kit
(177-180), c-myb (181), PDGF-A (39), RET (182), KRAS (37), hif-1α (41), Bcl-2 (29-32),
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hTERT (42), and Rb (183) promoter regions. The wild-type GC-rich element located –
142 to –115 upstream of the c-myc P1 promoter has the potential to form an
intramolecular parallel G-quadruplex structures with loop sizes of 1:2:1 (35,150, 184188) and an intramolecular i-motif structure (189), which, under conditions of negative
supercoiling, adopts a 6:2:6 loop conformation (150). To date, C-rich elements within the
VEGF (176), RET (182), Bcl-2 (190), and Rb (183) oncogene promoter regions have also
been demonstrated to form i-motif structures. The occurrence of DNA secondary
structure motifs within oncogene promoter regions in close proximity to the TSS suggests
that these alternative DNA conformations serve a regulatory function in transcription that
requires resolution of duplex DNA.

1.8.2 DNA Secondary Structures can Compete with Duplex DNA.
Cellular DNA is mostly present in the B-form, which seemingly presents an
obstacle to secondary structure formation that requires single-stranded DNA. For
secondary structures to form within B-DNA, local unwinding or melting of the duplex
must occur to provide regions of single-stranded DNA (150) and thus create an
equilibrium in which there is active transition between duplex and single-stranded DNA
(Figure 3). If secondary structure conformations efficiently compete with duplex DNA,
then there would be a favorable shift in the equilibrium toward G-quadruplex/i-motif
formation. So the question remains, can DNA secondary conformations efficiently
compete with duplex DNA? Various investigations into this issue have provided
evidence of an equilibrium between duplex and secondary DNA conformations that is

40
context- or environment-dependent. For example, G- and C-rich strands of the telomeric
sequence were demonstrated to efficiently compete with duplex DNA under conditions
that facilitate the formation of the G-quadruplex and/or the i-motif (pH ≤ 4.9 or high
temperatures of 50–64 °C) (191). Within the pH range of 5.3 to 7.0, high temperatures
(64 -70 °C) result in the melting of the duplex DNA and conversion to the G-quadruplex.
The unfolding of the G-quadruplex and consequent transition back to duplex DNA is
favored at temperatures below 64 °C. In contrast, when pH is less than 5.0, low to
moderate temperatures (below 55 °C) favor G-quadruplex formation over duplex (191).
Similarly, Li et al. (192) and Kumar et al. (193) have also confirmed the dependency of
lower pH and specific cation species on the efficiency of DNA secondary structure and
duplex competition in the telomeric or thrombin-binding aptamer sequences,
respectively. However, a closer examination of the unfolding and folding rates of the
telomeric [62] and c-myc [63] G-quadruplexes in the presence of duplex DNA
demonstrated that at low, equivalent molar strand concentrations, duplex conformation is
significantly less favorable than G-quadruplex formation, even at neutral pH. While the
low, equivalent molar strand concentration achieves more physiological conditions
compared to previous studies, these studies did not take into consideration the Gquadruplex/i-motif-flanking sequences or negative supercoiling that would normally be
present within the genome.
As mentioned previously, transcriptionally active genes generate both negative
and positive supercoiled sections of DNA, with the former acting as the driving force for
unwinding DNA. Recent studies demonstrated a significant increase in negative
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supercoiling with a concurrent increase in transcriptional activity (151,158). More
importantly, melting of a duplex region 1.2 kb upstream of the inducible c-myc promoter
resulted from the negative supercoiling stress (158). This may be sufficient to provide
single-stranded DNA within the GC-rich element capable of adopting G-quadruplex/imotif conformations (Figure 3). Recently, our group utilized the inherent negative
supercoiling within plasmid DNA as a model system to test this hypothesis for the c-myc
GC-rich promoter region. Indeed, the stress induced from negative supercoiling is
sufficient to cause unwinding of duplex DNA and allow for G-quadruplex and i-motif
formation (150). Unexpectedly, the i-motif conformation not only formed under neutral
pH, but also remained present regardless of G-quadruplex formation (150). In contrast,
single-stranded C-rich DNA requires the pH-dependent protonation of cytosines for imotif formation (189). Therefore, studies using plasmid DNA provide a more
physiologically relevant system in which to observe the dynamics of DNA topology as
consequences of negative supercoiling with respect to the formation of DNA secondary
structures. It is important to note that flanking sequence length alone is not sufficient to
increase G-quadruplex/i-motif competition with duplex DNA, as was shown within the ckit promoter region (196), further demonstrating the importance of the in vivo dynamics
of DNA topology resulting from negative supercoiling. In addition, intracellular proteins
may promote and stabilize the G-quadruplex/i-motif conformation and shift the
equilibrium away from duplex.
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1.8.3 Protein Recognition and Remodeling of G-quadruplex-Forming Regions.
Protein recognition of G-quadruplex structures with consequent biological effect
provides further evidence for the in vivo existence of DNA secondary structures and their
role as cis-regulatory elements. Several proteins, including nucleases and helicases, from
different organisms have been identified to bind selectively and with high affinity to Gquadruplex structures (197). These proteins may promote the cleavage,
folding/unfolding, or stabilization/destabilization of G-quadruplex structures (197). More
recently, proteins within the heterogeneous ribonucleoprotein (hnRNP) and NM23
families were shown to facilitate the unfolding of the KRAS (197) and c-myc (198,199)
G-quadruplexes, respectively, while nucleolin confers stabilization on the c-myc Gquadruplex (201). Initial affinity column studies using pancreatic nuclear extract and the
KRAS G-quadruplex structure revealed three proteins, poly[ADP-ribose] polymerase 1
(PARP-1); ATP-dependent DNA helicase 2, subunit 1 (Ku70); and hnRNP A1, that
bound specifically to DNA in the secondary conformation (202). Further analysis of
hnRNP A1 and its derivative Up1 demonstrated not only recognition of the KRAS Gquadruplex, but also a destabilization of the structure that resulted in transition to duplex
DNA (198). Likewise, NM23-H2 facilitates the unfolding of the c-myc G-quadruplex
and sequesters the G-rich strand in single-stranded form (199,200). The expression of
NM23-H2 was demonstrated to be inversely correlated with c-myc expression in CaCo-2,
HT29, and HCT116 colon cancer cell lines. Furthermore, c-myc expression was
significantly increased subsequent to knock-down of NM23-H2 in HeLa cells (199).
Conversely, nucleolin substantially decreases c-myc transcription through recognition and
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stabilization of the G-quadruplex (201). This study also demonstrated that the
recognition and binding of nucleolin was highly preferential to the c-myc G-quadruplex
and, to a lesser extent, the VEGF, RET, and PDGF-A structures. Nucleolin displayed low
affinity for other G-quadruplexes, such as those formed in the Bcl-2 and c-myb
promoters, indicating that nucleolin may specifically recognize parallel G-quadruplex
conformations (201). Collectively, these findings establish protein involvement in the
remodeling of DNA topology that allows for the switch from G-quadruplex/i-motif to
single-stranded or double-stranded conformations (Figure 3). In the instance of c-myc,
the presence of NM23-H2 facilitates unwinding of the G-quadruplex, allowing for
transition to duplex DNA, and double-stranded binding transcription factors, such as Sp1, can bind and initiate transcription. Alternatively, transcription becomes repressed in
the presence of nucleolin, which stabilizes the G-quadruplex and shifts the equilibrium
toward secondary structure formation. This remains consistent with the ability of DNA
secondary structures to actively participate in regulation of transcription. As key players
in the transcriptional process, targeting of DNA secondary structures with small
molecules should also modulate transcription.

1.8.4 Small Molecules Bind to G-quadruplexes and Modulate Transcription.
The stabilization of DNA secondary structures using small molecules has been
well established for both telomeric (203) and c-myc (35, 204-206) G-quadruplexes and
has led to studies investigating the biological consequences of targeting DNA secondary
structures. TMPyP4, a cationic porphyrin known to be a selective G-quadruplex
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stabilizer (207), stabilizes the c-myc G-quadruplex in a dose-dependent manner and
inhibits c-myc promoter transcriptional activity in the Ramos Burkitt’s lymphoma cell
line, but not in the CA46 cell line, which lacks one of the alleles of the GC-rich promoter
element (35). Similarly, in a c-kit gastrointestinal stromal tumor cells model,
Gunaratnam et al. have demonstrated that a naphthalene diimide derivative stabilizes the
c-kit G-quadruplex structures and significantly decreases c-kit transcription (208). In
contrast, a destabilizing G-quadruplex ligand would presumably result in an increase in
gene transcription. Accordingly, triarylpyridine ligands have been shown to resolve the
c-kit G-quadruplexes and increase c-kit gene expression in the HGC-27 gastric carcinoma
cell line (36). These studies demonstrate that stabilization/destabilization of DNA in the
secondary structure conformation via small molecules differentially alters gene
expression.
Although, the formation of DNA secondary structures within promoter regions
may act as steric blocks to the transcriptional machinery, it is also feasible that DNA
secondary structures actively participate in transcriptional regulation, either as silencer or
activator elements. In support of this hypothesis, G-quadruplex/i-motif-forming
sequences reside in close proximity to the TSS (as previously discussed) and also occur
in regions of transcription factor and protein recognition sites. The formation of DNA
secondary structures would then “mask” these binding sites and prevent their function in
transcription activation or repression. It is also likely that there are proteins that
recognize the structures themselves to achieve similar biological effects. Recent
investigations are beginning to elucidate the mechanism by which G-quadruplex/i-motif
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elements act as switches to modulate transcription and support this hypothesis. The
stabilization of the KRAS and c-myc G-quadruplexes through the use of TMPyP4
hindered the ability of the previously mentioned proteins, hnRNP A1 (198) and NM23H2 (99,199), to unwind the secondary structures. In these examples small molecule
targeting of DNA secondary structures disrupts DNA–protein interactions and results in
promoter silencing, suggesting that these particular DNA secondary structures act to
negatively regulate their respective promoters.
It is equally likely, however, that in different promoters DNA secondary
structures may act as positive regulators. For example, we postulate that the formation of
DNA secondary structures within the Bcl-2 promoter region results in displacement of
WT-1, a known repressor of Bcl-2 transcription (131), and activates transcription. While
studies involving the stabilization of the Bcl-2 G-quadruplex with TMPyP4 and other
small molecules have been performed (29,32,209), the effects on transcription have not
been assessed. It is important to note that similar molecules, if not the same molecules,
have been used to target multiple G-quadruplex structures; however, specificity in
molecular targeting will require taking advantage of structural differences among DNA
secondary structures. Recent development of a G-quadruplex specific antibody, hf2, has
demonstrated not only selectivity for the c-kit2 G-quadruplex structure over other Gquadruplexes, but also a 3000-fold lower affinity for duplex DNA (210). Furthermore,
interactions of these G-quadruplex specific antibodies with promoter G-quadruplex
forming sequences throughout the genome have been shown to either increase or
decrease transcription of the adjacent gene (211).
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1.8.5 Diversity and Complexity in G-quadruplex and i-Motif Structures.
As with any cis-regulatory element or targetable group of molecules, conserved
features essential to structure and overall function must exist in the presence of diversity
and complexity to allow for molecular exploitation. DNA secondary structures exhibit
conservation in the core sequences that gives rise to either G-tetrads (169,176) or
cytosine+–cytosine hemiprotonated base pairs (176) for G-quadruplex or i-motif
assembly, respectively. In addition, certain features within the loop regions are also
conserved to accommodate specific structural features in the G-quadruplex, such as the
double-chain reversal. However, the loop regions as well as the number of G-tetrads and
cytosine+–cytosine hemiprotonated base pairs that define a given DNA secondary
structure provide a source of diversity and contribute to the complexity of these
structures. For a comprehensive discussion on the diversity and complexity of Gquadruplexes readers are directed to a recently published review article (164). Most
commonly, the promoter DNA G-quadruplexes are formed from three G-tetrads;
however, PDGF-A (four G-tetrads), Rb (two G-tetrads), and c-Myb (two G-tetrads)
deviate from this trend (Table 1). Comparison of the three-tetrad G-quadruplex-forming
sequences within the c-myc, KRAS, Bcl-2, VEGF, hTERT, hif-1α, RET, and c-kit and
promoter regions reveals the conserved single-nucleotide 3´-end loop region (Figure 4,
Table 1) (169). While this nucleotide may vary depending on the promoter, it yields the
same structural feature, the double-chain reversal. The stability of a given G-quadruplex
structure has been attributed mostly to the incorporation of the double-chain reversal
(29,41,171,172,182,186). With the exception of Bcl-2, this double-chain reversal also
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includes the 5´-end loop. The central loop region of these three-tetrad structures exhibits
the greatest flexibility in terms of length and provides for the diverse folding patterns. In
addition, further diversity is shown in both the c-Myb (181) and hTERT (42) Gquadruplexes, which consist of two tandem structures separated by a linker sequence.
In contrast, promoter i-motif-forming sequences do not display as much similarity
as that observed with G-quadruplexes. For example, i-motifs formed in the VEGF, cmyc, and Bcl-2 promoters consist of six intercalated cytosine+–cytosine hemiprotonated
base pairs, while RET and Rb i-motifs are formed from five and four base pairs,
respectively (Table 2). The loop sizes for the i-motifs also vary significantly with the cmyc (150) and Bcl-2 (34) i-motifs having the largest lateral loops, with six and eight
nucleotides, and the VEGF (176), RET (182), and Rb (183) i-motifs having maximum
lateral loop sizes of three nucleotides. The differences in loop sizes of both i-motif and
G-quadruplex structures may offer one structurally diverse feature for small-molecular
targeting.
The rapid increase in recognition of the prevalence of DNA secondary structures
within the genome, demonstration of stable structure formation within several promoter
regions, and their ability to compete with duplex DNA is consistent with a cis-regulatory
function. The close proximity of secondary structure–forming sequences to the TSS
allows these regions to be included in the local unwinding that occurs during
transcription. This creates a dynamic equilibrium between DNA secondary structures
and duplex DNA that can be shifted toward G-quadruplex/i-motif formation upon
binding of stabilizing intracellular proteins or small molecules. Likewise, the equilibrium
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may be shifted in the other direction in the presence of proteins or small molecules that
facilitate the unwinding of the DNA secondary structures. More importantly, shifts in
this equilibrium result in modulation of transcription that may be exploited for the
development of novel anticancer agents.

49

Table 1. Proto-oncogene promoter G-quadruplex-forming sequences.
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Table 2. Proto-oncogene promoter i-motif-forming sequences.
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Figure 4. The proposed folding patterns of the G-quadruplex structures formed
within the c-myc, VEGF, c-kit, RET, KRAS, hif-1α , Bcl-2, and hTERT promoter
regions. Structures were either determined by NMR (*) or biophysical methods (†),
such as circular dichroism and DMS footprinting or both.
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1.9 Statement of Problem
For over 20 years, chemotherapy resistance in cancer patients has presented a
challenge to treatment with cancer cells becoming resistant to multiple drugs via different
mechanisms (106). Cancer patients resistant to first-line treatment or refractory patients
that initially achieved partial or complete responses have been associated with having
poor prognosis with increased tumor burden and short-term survival. The majority of
lymphomas over-express the anti-apoptotic protein Bcl-2; therefore, lymphoma like many
cancers has the ability to evade apoptosis despite apoptotic stimuli leading to refractory
disease.
Targeting of Bcl-2 to increase efficacy of existing chemotherapeutic agents has
been extensively explored with a variety of approaches ranging from disruption of Bcl-2
protein-protein interactions with small molecules, such as ABT-236 and ABT-737 (2427), to siRNA-mediated knock-down of mRNA transcript levels with Genasense® (1823,228,229). To date, research has focused more on inhibiting Bcl-2 at the protein level
rather than at the transcriptional level and small molecules that target Bcl-2 gene
expression tend to involve limiting the accessibility of the DNA for transcription through
inhibition of histone deactylases (124,230) or possibly affecting transcription factors
important for Bcl-2 expression as in the case of retinoid derivatives (231). As an
alternative approach, this project directly targets Bcl-2 transcription through interaction
of small molecules with a putative cis-regulatory element within the Bcl-2 promoter
region, the i-motif DNA secondary structure.
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Data from our laboratory suggest the formation of a secondary DNA structure, the
i-motif, plays a role in the transcriptional regulation of Bcl-2 and targeting of the i-motif
leads to differential modulation of Bcl-2 expression. We hypothesize the cytosine-rich
sequence directly upstream of the Bcl-2 P1 promoter adopts an i-motif DNA secondary
structure and this leads to activation of Bcl-2 transcription. Furthermore, we hypothesize
that targeting the Bcl-2 i-motif for destabilization will result in down-regulation of Bcl-2
expression and induce chemosensitization.
The purpose of this project was to first demonstrate that the C-rich, 39-nucleotide
base element located within the Bcl-2 promoter region forms a stable i-motif structure
and to then characterize the folding pattern and possible capping structures of the i-motif.
Since DNA secondary structure capping structures not only confer stability to the
structure, but also serve as potential binding sites for proteins and small molecules, this
led to the second phase of the project that involved the molecular targeting of the Bcl-2 imotif for modulation of Bcl-2 expression. The ultimate goal of the molecular targeting
project was to down-regulate Bcl-2 expression to increase chemosensitization of
etoposide-resistant lymphoma cells. The specific aims of the Bcl-2 i-motif molecular
targeting project were: 1) to identify and validate small molecules that interact with the
Bcl-2 i-motif, 2) to determine if the interaction was specific for the Bcl-2 i-motif, 3) to
demonstrate a correlation between small molecule interaction (i.e. destabilization or
stabilization) and biological effect of Bcl-2 gene expression, and 4) to evaluate ability of
i-motif destabilizing compounds to restore chemosensitivity to resistant lymphoma cells.
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Lastly, a protein pull-down experiment was performed in order to obtain possible Bcl-2 imotif interactive proteins.
As a novel approach to targeting Bcl-2, we show that Bcl-2 expression can be
modulated at the transcriptional level through targeting the i-motif with steroid
derivatives. These studies demonstrate the potential of targeting the Bcl-2 i-motif for the
down-regulation of Bcl-2 expression and chemosensitization in lymphoma cells. The
ability to modulate Bcl-2 expression through this molecular target offers an alternative to
existing anti-Bcl-2 therapies to increase the efficacy of chemotherapy for resistant and
refractory cancer patients.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Materials
2.1.1 Cell Culture Products
The MCF-7 and MDA-MB-231 breast carcinoma and the GRANTA-519 mantle
lymphoma cell lines were obtained from the American Type Culture Collection (ATCC).
The MCF-7 tamoxifen resistent (MCF-7/TAMR) cell line was purchased from the
Experimental Mouse Shared Services (EMSS) (Tucson, AZ). The BJAB Epstein Barr
Virus (EBV) negative Burkitt's lymphoma cell and BJAB EBV infected cell line, B95.8
was a kind gift from the laboratory of Dr. Maria Masucci. The following media and cellrelated regeants were purchased: Roswell Park Memorial Institute (RPMI)-1640, liquid,
with sodium bicarbonate and L-glutamine and pencillin/streptomycin from Cellgro Media
Tech Inc (Manassas, VA); fetal bovine serum (FBS) from GIBCO, Invitrogen (Grand
Island, NY); sterile phosphate buffered saline, pH 7.4 (1X-PBS) from the BIO5 Institute
Media Facility (Tucson, AZ).

2.1.2 Compounds
The NCI Diversity Set of compounds were obtained from the National Cancer
Institute, National Health Developmental Therapeutics Program (Bethesda, MD).
Etoposide was purchased from Sigma-Aldrich (St. Louis, MO). Abbott laboratories
(Abbott Park, IL) kindly provided ABT-737. All compounds were dissovled in 100%
dimethyl sulfoxide (DMSO) to obtain a 10mM stock concentration based on the
molecular weight of each compound. Stock compounds were then diluted to working
concentrations with deionized water.
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2.1.3 DNA Oligonucleotides
DNA oligonucleotides were synthesized by Biosearch Technologies (Novato,
CA) or Operon (Alameda, CA). Strand concentration for each oligonucleotide was
calculated using the Beer-Lambert law: A = ε⋅C⋅l. The extinction coefficients for each
oligonucleotide were determined by the nearest neighbor method. Since these particular
oligonucleotides exhibit higher order structures, absorbance at 260 nm was recorded at 95
°C (at least 20 °C above their respective Tm) to ensure the presence of single-stranded
DNA. The extinction coefficients (M–1 cm–1) were as follows: Py39WT, 310 640; 5´IM, 262 040; Mid-IM, 216 260; 3´-IM, 205 220; Py39 mutant, 314 200; Py39MT-5T and
36T, 305 500; Py39MT-12T, 16T, 17T, 18T, 19T, 26T, and 32T, 311 350; Py39MT-15T,
313 150; Py39MT-38T, 306 400. The Py39WT sequence corresponds to the C-rich
strand within the BCL-2 promoter region from bases –1489 to –1451. Sequences are
provided in Table 3.
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Table 3. Sequences of Bcl-2 oligonucleotides.
DNA Oligomer
Pu39WT
Py39WT
5ʹ′-IM
Mid-IM
3ʹ′-IM
Py39 mutant
Py39MT-5T
Py39MT-12T
Py39MT-15T
Py39MT-16T
Py39MT-17T
Py39MT-18T
Py39MT-19T
Py39MT-26T
Py39MT-32T
Py39MT-36T
Py39MT-38T
C22 and C23
T10
T20
T21
T24
T39

Sequence (5ʹ′ → 3ʹ′)
AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG
CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCTTCCTCCCG
GCTCCCGCCCCCTTCCTCCCGCGCCCG
GCCCCCTTCCTCCCGCGCCCGCCCCT
CAGTTTTGCTCCCGCTTTCTTCCTTTTGCGCCCGCCCCT
CAGCTCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCTCGCCCCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGTCCCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCTCCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCTCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCTCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCTTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCTTCCTCTCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCTCGCCCCT
CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCTCCT
CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCTT
CAGCCCCGCTCCCGCCCCCTTTTTCCCGCGCCCGCCCCT
CAGCCCCGCACCCGCCCCCTTCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCATCCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCTACCTCCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCTTCCACCCGCGCCCGCCCCT
CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCA
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Table 4. Sequences of Bcl-2 FRET and NdU probes.
DNA Probe
Py39WT

Sequence (5ʹ′ → 3ʹ′)
FAM- CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGC
CCCT -BHQ
Py39 mutant FAM- CAGTTTTGCTCCCGCTTTCTTCCTTTTGCGCCCGC
CCCT -BHQ
Bcl-2 GFAM- AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGG
quadruplex GGCTG -BHQ
c-Myc
FAM- CCTTCCCCACCCTCCCCACCCTCCCCA -BHQ
i-Motif
VEGF
FAM- CTCCGCCCCGCCGGGACCCCGCCCCCGGCCCGC
i-motif
CCC -BHQ
10T
CAGCCCCGCNdUCCCGCCCCCTTCCTCCCGCGCCCGCCCCT
20T
CAGCCCCGCTCCCGCCCCCNdUTCCTCCCGCGCCCGCCCCT
21T
CAGCCCCGCTCCCGCCCCCTNdUCCTCCCGCGCCCGCCCCT
24T
CAGCCCCGCTCCCGCCCCCTTCCNdUCCCGCGCCCGCCCCT
39T
CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCNdU
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2.1.4 DNA Oligonucleotide purification and end-labeling products
[γ-32P] ATP and T4 kinase used for radioactively labeling of the DNA
oligonucleotides were purchased from Perkin Elmer (Waltham, MA) and New England
Biolabs (Ipswich, MA), respectively. Labeled oligos were purified by using Bio-Spin 6
chromatography columns (Biorad, Hercules, CA).

2.1.5 Cell Assay Products
MTS (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium) was purchased as the CellTiter 96® AQueous One Solution
Cell Proliferation Kit from Promega (Madison, WI) to test cell toxicity. The ApoAlertTM
Caspase-3 Assay Plates were obtained from Clontech (Mountain View, CA).

2.1.6 Fluoresence Assay Products
DNA oligonucleotide probes used for the fluorescence resonance energy transfer
(FRET) and the naphthyl deoxyuridine (NdU) substitution assays were synthesized by
Biosearch Technologies (Novato, CA). The BCL-2 Py39WT, mutant, and poly-T
sequences were modified at the 5´-end with a FAM-fluorophore and at the 3´-end with a
black hole quencher to serve as FRET probes. For the NdU assay, probes were designed
using the BCL-2 Py39WT sequence and each of the five thymines (positions T10, T20,
T21, T24 and T39) were sequentially substituted with the NdU base at positions. The
NdU phosphoramidite was synthesized and provided by Dr. Sid Hecht. The NdU
extinction coefficient of 49 800 M–1 cm–1 was used in strand concentration calculations
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for each substituted oligomer. The extinction coefficient for each oligomer, 10T, 20T,
21T, 24T, and 39T, was 328 680 M–1 cm–1. Sequences are provided in Table 4.

2.1.7 Real-Time RT-PCR Products
The RNA purification kit, Rneasy mini kit, and the Quantitect reverse
transcription kit for cDNA synthesis were obtained from Qiagen (Valencia, CA).
Fluorescently labeled (FAM) TaqMan probes for BCL-2 (Hs00153350), BCL-xL
(Hs99999146), BAX (Hs01016552) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, Hs02758991) were purchased from Applied Biosystems (Foster City, CA).
Reverse transcription was performed using the Biorad DNA Engine peltier thermocycler .
Real-Time PCR was performed using the BioRad MyiQ Single-Color Real-Time PCR
Detection System.

2.1.8 Western Blot and Electrophoresis Mobility Shift Assay (EMSA) Products
The following products were purchased for western blot analysis: precast 4-15%
gradient Mini-PROTEAN® TGXTM Tris-Glycine gels from Bio-Rad; PageRulerTM prestained protein ladder from Fermentas Inc. (Glen Burnie, MD); Protease Inhibitor
Cocktail from Sigma-Aldrich; BCA Protein Assay from Pierce (Rockford, IL);
polyvinylidene (PVDF) mini iBlot® Transfer Stack from Invitrogen; Bcl-2 rabbit
monoclonal antibody from Cell Signalling Technology (Dancers, MA); β-actin mouse
monoclonal antibody from Abcam (Cambridge, MA); and secondary goat anti-rabbit and
anti-mouse IgG Dylight 800 or 680 conjugated antibodies from Thermo Scientific
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(Rockford, IL). Radioactive EMSA gels were prepared from 40% Acrylamide/Bis
Solution, 29:1 (Biorad) and 10X Tris Borate Ethylenediaminetetraacetic acid (EDTA)
(TBE) (Fisher BioReagents, Pittsburgh, PA). SYBR Green EMSA gels were prepared
from 10X Tris Acetate EDTA (TAE) (Roche Applied Science, Indianapolis, IN) and
stained with GelStar Nucleic Acid gel stain (Lonza, Rockland, ME).

2.1.9 Bromine Footprinting Products
Piperdine and calf thymus DNA were purchased from Sigma-Aldrich. Potassium
bromide (KBr) and Oxone, monopersulfate (KHSO5 ) were also obtained from SigmaAldrich and were used to form molecular bromine in situ. TEMED was purchased from
Biorad.

2.1.10 i-Motif Binding Protein Purification Products
Streptavidin beads (4% activated by CnBr) were purchased from Sigma-Aldrich,
and HeLa nuclear extracts at a protein concentration of 5 µg/µL were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The biotinylated i-motif wild-type (5ʹ′Biotin-TTTTCTTTTCCCCCACGCCCTCTGCTTTGGGAACCCGGGAGGGGCGCTT
ACAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT - 3ʹ′) and mutant (5ʹ′ Biotin – TTTTCTTTTCCCCCACGCCCTCTGCTTTGGGAACCCGGGAGGGGCGC
TTACAGTTTTGCTCCCGCTTTCTTCCTTTTGCGCCCGCCCCT - 3ʹ′) probes were
synthesized by Operon.
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2.2 Methods
2.2.1 Cell Culture
Breast carcinoma cell lines, MCF-7, MCF-7/TAMR, and MDA-MB-231 were
cultured in 10% FBS, 5% pencillin/streptomycin supplemented DMEM. MCF-7/TAMR
were also cultured in the presence of tamoxifen. Lymphoma cell lines, Granta-519,
BJAB, and B95.8 were cultured in 10% FBS, 5% pencillin/streptomycin supplemented
RPMI-1640 and sub-cultured at a ratio range from 1:6-1:10. Cells were initially subcultured to yield stock that was stored in 10% DMSO, 30% FBS, and 60% RPMI-1640
(v/v) at -80°C (short term) and liquid nitrogen (long term), and subsequently sub-cultured
for up to 12 passages. All cell lines were cultured at 37°C in a humidified atmosphere of
5% CO2. Cells were assessed for viability (>90%) using trypan blue exclusion prior to
use for experimental purposes. The Granta-519, BJAB, and B95.8 lymphoma cell lines
were verified using DNA fingerprinting analysis by the Unverisity of Arizona Genetics
Core facility.
2.2.2 SCID Mouse Model
The mice were housed in microisolator cages (Allentown Caging Equipment
Company, Allentown, New Jersey) and maintained under specific pathogen-free
conditions.

The mice ate NIH31 Irradiated pellets (Tekland Premier, Madison,

Wisconsin) and drank autoclaved water. Every month mice were screened by ELISA
serology for mycoplasma, mouse hepatitis virus, pinworms, and Sendai virus and tested
negative. Female or male mice 6-8 weeks of age were bled (50µl) by cheek pouch
puncture to determine the mouse immunoglobulin (Ig) levels using ELISA. Only mice
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with Ig levels < 20µg/ml were used for the experiments. Mice were weighed once
weekly beginning prior to cell injection. Cells were tested for mycoplasma prior to
injection and viability assessed using the trypan blue assay technique for 95-100%
viability. Cells were re-suspended to obtain a concentration of 10 x 106 cells/100µl in
sterile saline.
A total of 12 SCID mice (4 groups of n = 3) were injected with Granta-519 cancer
cell line subcutaneously in the left flank in a total volume of 100 µl. NSC 59276 was
prepared in DMSO for a total volume of 50 µl to achieve the desired concentrations (6, 8,
and 10 mg/kg) and administered by intraperitoneal (IP) injection (50 µl) within less than
hour after tumors were established (~100 mm3). NSC 59276 was administered every day
for a total of five days. A fourth group of SCID mice were injected with DMSO only to
serve as the vehicle control group. As tumors developed, SC tumors were measured for
tumor volume estimation (cm3 or mm3) in accordance with the formula (a2 x b/2) where a
is the smallest diameter and b is the largest diameter. The mice were sacrificed by CO2.
2.2.3 Cell Toxicity Assay: MTS Colorimetric Assay
Cell toxicity and IC50 of compounds for each of the cell lines, Granta-519, BJAB,
and B95.8 were determined by the MTS colorimetric assay. MTS is a tetrazolium
compound that can be reduced to a formazan crystal by mitochondrial enzymes. The
formazan absorbance mearsured at 450-500nm with a microtiter plate reader directly
correlates to the cell number and metabolic activity of mitochondrial enzymes. MTS
requires an electron-coupling reagent, N-methyl dibenzopyrazine methyl sulfate (PMS),
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that increases efficiency of bioreduction. On day 1, cells were seeded at a density of
10,000 cells/90 µL into the bottom of each experimental well of a 96-well plate and left
to equilibrate over-night at 37°C in a humidified atmosphere of 5% CO2. On day 2, the
cells were treated with 10µL of 10X compound to achieve a final concentration range of
1.2 – 100 µM or with 10 µL of 10% FBS, RMPI-1640 for negative control. Cells were
treated in at least triplicate wells. The cells were incubated at 37°C in a humidified
atmosphere of 5% CO2 for 24 or 96 h and then incubated with 20µL of MTS plus PMS
solution, prepared according to supplier (2mg MTS/mL in PBS with a MTS-PBS ratio of
20:1) for 2 h at 37°C in a humidified atmosphere of 5% CO2. At 2 h incubation with
MTS-PMS solution, asborbance was measured using a microtiter plate reader at 490nm.
Negative control absorbance wells were prepared with RMPI-1640 only or RMPI-1640
with compound only (i.e. no cells) to account for any background interference. These
absorbances were subtracted from absorbances obtained from control and experimetnal
wells (i.e. with cells).

2.2.4 Preparation and End-Labeling of DNA Oligonucleotides
The DNA oligonucleotides were 5´-end-labeled with [γ-32P] ATP upon incubation
with T4 polynucleotide kinase for 1 h at 37 °C. Subsequently, T4 kinase was heat
inactivated for 5 min at 95 °C, and the labeled oligonucleotides were purified using a
Bio-Spin 6 chromatography column via centriguation at 4000 rpm for 5 min. The
oligonucleotides were mixed with denaturing loading dye (95% formamide, 20mM Tris,
pH 7.4, and 0.1% Bromophenol Blue) and further purified by denaturing gel
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electrophoresis (12% denaturing gel). The bands were excised and eluded in water
overnight at room temperature.

2.2.5 Circular Dichroism (CD)
CD analyses were conducted on a Jasco-810 spectropolarimeter (Jasco, Easton,
MD, USA), using a quartz cell of 1 mm optical path length. Specifically, spectra were
obtained at an instrument scanning speed of 100 nm/min, with a response time of 1 s,
over a wavelength range of 200–350 nm and were recorded three times, averaged,
smoothed, and baseline-corrected for signal contributions from buffers. Molar
ellipticities for melting curves were recorded at 286 nm (the λ of the maximum molar
ellipticity) over a temperature range of 4–100 °C and then plotted against temperatures
for Tm determination. Tm values were calculated within ±1 °C error. The i-motif-forming
oligonucleotides were prepared at a 5 µM strand concentration in a 50 mM Na cacodylate
buffer (pH 4.4, 5.0, 5.4, 5.9, 6.1, 6.5, 7.1, or 8.0). Due to the buffering capacity of
cacodylate buffer (pH 5.0-7.4), experiments at pH 4.4 were also performed using Trisacetate, which has a buffering capacity at pH 4.4. These experiments produced similar
results as with the cacodylate buffer (data not shown) and for experimental consistency
only results using cacodylate buffer were discussed. CD samples containing
oligonucleotide and compounds were prepared with a DNA strand concentration of 5 µM
and molar concentration equivalents of compound ranging from 5 – 100 µM in a pH 6.3
Na cacodylate buffer.
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2.2.6 Fluorescence Resonance Energy Transfer (FRET) Assay
Each probe was placed in a 50 mM Na cacodylate buffer (pH 4.4, 5.0, 5.4, 5.9,
6.1, 6.5, 7.1, or 8.0) at a concentration of 1 µM and incubated at room temperature (25
°C) for 1 h to allow for i-motif formation. Samples were prepared in triplicate, and 100
µL was placed into each well of a black 96-well optiplate (PerkinElmer). For the highthroughput screen (HTS), the Py39WT FRET probe (1 µM) was incubated with
compounds from the NCI diversity set (5 µM) at pH 5.8. Samples were prepared in single
wells according to the NCI plate set-up. Following flourescent measurements, NCI plate
maps were used to determine compound identity. Interactive compounds were validated
by FRET studies performed with increasing concentrations of compound (1, 2, and 5 µM)
at pH 4.4, pH 5.4 and pH 6.3. Samples were prepared in triplicate wells. Fluorescence
measurements were recorded by a Bio-Tek Synergy HT spectrofluorimeter at 25 °C with
20 nm bandwidths. The excitation and emission wavelengths were set at 495 nm and 528
nm, respectively. Endpoint fluorescence or quenching was plotted as the average relative
fluorescence units of the triplicate wells after correction for background. For samples
containing compound, compound in buffer only (i.e. no probe) was measured to
determine inherent fluorescent compounds for correction of test wells. The control poly-T
probe was used to evaluate the effects of acidic pH on the emission spectra of the FRET
probes. The excitation wavelength was fixed at 495 nm, and emission spectra were
recorded from 500 to 540 nm for pH 4.4, 5.4, 6.1, 7.1, and 8.0. The maximum
fluorescence for emission was observed at 515 nm for probe in pH 4.4 and 5.4, 516 nm
for pH 6.1, and 517 nm for pH 8.0 (data not shown).
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2.2.7 Naphthodeoxyuridine (NdU) Fluorescence Assay
A fluorescent thymine analogue, naphthodeoxyuridine (NdU), was prepared as
previously reported (Scheme 1) (232). Briefly, TMS-mediated activation of
benzo[g]quinazoline-2,4-(1H, 3H)-dione (1) (233) in N, N-hexamethyldisilazane
followed by condensation with bis-3, 5-O-methylbenzoyl-2-deoxy-ribofuranosyl chloride
(2) (234,235) in the presence of CuI afforded an α, β anomeric mixture of NdU
derivative 3 in 40% yield over two steps. Removal of the O-3 and O-5 methylbenzoyl
groups was accomplished using sodium methoxide in MeOH to afford 4 in 71% yield.
5´-DMTr protection in pyridine and separation of the anomers by chromatography gave
5, as the β-anomer, in 11% yield. Phosphitylation using diisopropylethylamine and 2cyanoethyl-N,N-diisopropylchlorophosphoramidite in CH2Cl2 then afforded NdU
phosphoramidite 6 in 41% yield. The NdU was incorporated into five separate
oligonucleotides to replace each of the five thymidines present in the Py39WT sequence
one at a time. The NdU extinction coefficient of 49 800 M–1 cm–1 was used in
calculations for each substituted oligomer (234). The extinction coefficient for each
oligomer, 10T, 20T, 21T, 24T, and 39T, was 328 680 M–1 cm–1. Each probe was placed
in a 50 mM Na cacodylate buffer (pH 4.4, 5.1, 6.0, 6.3, 6.6, 7.4, or 8.0) at a strand
concentration of 10 µM, incubated at 95 °C for 5 min, and allowed to cool to room
temperature (25 °C) to allow for i-motif formation. During the compound study, the
probes were incubated with increasing molar concentration equivalents (10, 20, and 50
µM) at pH 6.3. Samples were prepared in triplicate to a final volume of 150 µL, and 50µL aliquots were placed into each triplicate well of a black 96-well optiplate

68
(PerkinElmer). Fluorescence measurements were recorded using a Bio-Tek Synergy HT
spectrofluorimeter at 25 °C with 20 nm bandwidth. The excitation and emission
wavelengths were set at 250 nm and 440 nm, respectively. Endpoint fluorescence or
quenching was plotted as the average relative fluorescence units of the triplicate wells
after correction for background.

2.2.8 Electrophoretic Mobility Shift Assay (EMSA)
The Py39WT, Py39 mutant, and poly-T oligonucleotides were 5´-end-labeled
with [γ-32P] ATP as noted above. These oligonucleotides were prepared at 10 000 cpm in
50 mM Na cacodylate buffers, pH 4.4 and 6.1, and subjected to electrophoresis on a 12%
non-denaturing PAGE gel. As a control, the same oligonucleotide preparations were also
subjected to electrophoresis on a 12% denaturing PAGE gel to demonstrate similar
mobility among all three oligonucleotides.
For SYBR Green EMSAs, the following oligonucleotide samples were prepared
at strand concentration of 5 µM: (1) duplex, Py39WT with the complementary Pu39WT
(pH 7.5 buffer); (2) G-quadruplex, Pu39WT in 50mM Tris, 100mM NaCl pH 7.5 buffer;
(3) single-stranded C-rich sequence, Py39WT in pH 7.4 buffer; (4) i-motif, Py39WT in
pH 6.3 buffer; (5) i-motif with compound; Py39WT and increasing molar concentration
equivalents of compound (1, 6, and 20 Eq) in pH 6.3 buffer; and(5) i-motif with
compound and complementary strand, Pu39WT, increasing molar concentration
equivalents of compound. All samples were heated to 95 °C for 10 min and allowed to
anneal by slow cooling to room temperature. Samples were subjected to electrophoresis
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on a 12% TAE acrylamide gel for 5 h at 100 V and visualized under UV light in a Kodak
Imager after staining with SYBR GelStar Nucleic Acid gel stain for 5 min.

2.2.9 Bromine Footprinting Assay
The bromine footprinting assay protocol was adapted from a previously
established procedure (236). Briefly, Py39WT oligonucleotide was 5´-end-labeled with
[γ-32P] ATP as previously described. The purified 5´-end-labeled Py39WT oligomer was
incubated in either the presence or absence of compound (15 µM) in pH 6.1 buffer with
molecular bromine formed in situ by mixing an equal molar concentration (50 mM) of
KBr with KHSO5 for 20 min and terminated by the addition of 60 µL of a 0.6 M sodium
acetate and calf thymus DNA (10 mg/mL) solution. Any unreacted bromine was
removed in subsequent ethanol precipitation steps. After ethanol precipitation, the DNA
pellet was dried and resuspended in 30 µL of a 100 mM piperidine solution. Samples
were heated at 90 °C for 20 min to induce bromination-specific strand cleavage, dried,
and resuspended with alkaline sequencing gel loading dye. The bromination-specific
strand cleavage was visualized on a sequencing gel (20% PAGE with 7 M urea). A
pyrimidine-specific reaction was performed using hydrazine to generate a cytosine
sequencing marker (237).

2.2.10 i-Motif Protein Binding Purification Assay
Prior to the biotinylated Bcl-2 i-motif wild-type and mutant oligomers (4 µg each)
conjugation to 40 µL of streptavidin beads in separate 1.5 mL eppendorf tubes, the beads
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were washed five times in 1X PBS. The oligomers were incubated with the beads in 80
µL binding Buffer B (1mM DTT, 25mM Tris HCl pH 7.6, 50mM NaCl, 0.5mM MgCl2,
1mM EDTA, 10% glycerol) plus 1X protease inhibitor cocktail overnight at 4 °C,
rotating. All of the following incubations, washes and centrifugations (1min at 500g)
were performed at 4 °C. Following overnight incubation, the beads were washed three
times in Buffer B, centrifuged, and supernatent discarded. The mutant oligomer
conjugated beads were incubated with 500 µg HeLa extract in 100 µL for 3 h, rotating.
The beads were centrifuged and supernatent was transferred to the wild-type oligomer
conjugated beads and incubated for 3 h, rotating. The mutant oligomer/bead/HeLa extract
complex was washed three times in 200 µL Buffer B, supernatent from each wash was
transferred to the wild-type oligomer. Proteins were eluted off of the mutant oligomer
conjugated beads with 500 µL successive washes of a NaCl gradient (0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, 1 and 2 M) in Buffer B and each supernatent was collected and
placed in the same 15 mL conical tube. The wild-type oligomer/bead/HeLa nuclear
extract complex was subjected to the same procedure of washing and elution as described
for the mutant oligomer complex. The eluted proteins were stored at -80 °C until
processed by the BIO5 Proteomics Core Facility (BIO5 Institute, Tucson, AZ). The two
protein samples were subjected to SDS PAGE and visualized by Coomassie and Silver
staining. Prominent bands were excised from the gel and analyzed for protein
identification by LC/MS/MS.
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2.2.11 Statistical Analysis
Statistical significance was evaluated by using a Student t-test between
experimental conditions and the untreated or DMSO vehicle controls. Data are presented
as mean ± standard error. Significant and trends towards significant differences relative
to control conditions were considered when p < 0.05.
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CHAPTER 3: THE C-RICH REGION UPSTREAM OF THE Bcl-2 P1
PROMOTER FORMS A STABLE I-MOTIF STRUCTURE WITH AN 8:5:7 LOOP
FOLDING PATTERN
3.1 Introduction
The following result section (Chapter 3) has been published in the Journal of the
American Chemical Society (34) with the exception of the additional figures (Figures 6,
8, 13) and amendment of Figures 1 and 7.
While other oncoproteins stimulate cellular proliferation, the anti-apoptotic Bcl-2
oncoprotein promotes cell survival through the inhibition of cell death (14). Despite
extensive research, the aberrant Bcl-2 expression present in various diseases and the
direct effect of this expression on cell survival are poorly understood due to the
complexity of Bcl-2 transcription. Transcriptional control of the Bcl-2 proto-oncogene is
highly complex and involves two promoter sites, P1 and P2, with the majority of the
control occurring at the P1 site (Figure 2). The P1 promoter located 1386-1423 base pairs
upstream of the translational start site consists of a TATA-less, GC-rich region with
multiple transcription initiation sites (135). To date, the mechanisms of Bcl-2
transcriptional regulation are not well characterized; however, several response elements
within the P1 and P2 promoter regions have been shown to be involved in the activation
or deactivation of Bcl-2 transcription. Of particular interest, transcription factors WT-1,
Sp1, and E2F recognize and bind within the GC-rich region upstream of the P1 promoter
(135,136,140). This GC-rich region contains potential DNA secondary structure-forming
sequences. These sequences have recently been shown to form not only G-quadruplexes
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(29-32) but also i-motif (33) structures, which may act as additional regulators of Bcl-2
transcription.
The dynamic nature of DNA topology and the conformational transitions that may
occur during transcriptionally induced negative superhelicity as a result of unwinding or
resolution of the double helix are becoming increasingly recognized (150-153). Recently
it has been demonstrated that G- and C-rich sequences are capable of rearranging from BDNA conformations into non-B-DNA secondary structures (G-quadruplexes and imotifs) under negative superhelicity (150). These dynamic GC-rich sequences have been
discovered within or near numerous promoter regions throughout the human genome,
suggesting that these structures may function in the regulation of gene transcription (165,
166, 168, 174, 238-240). While previous research has focused principally on the
characterization of G-quadruplex structures, more recent studies have been expanded to
also include characterization of i-motif structures within a variety of promoter regions,
such as c-Myc (189, 243, 244), Rb (183), RET (37), VEGF (176), and EPM1 (245). Of
interest, the Bcl-2 C-rich promoter sequence contains six runs of at least three contiguous
cytosines that may serve as the core building block for i-motif formation. Recent
experimental data with the Bcl-2 C-rich promoter sequence utilizing only the middle four
runs of cytosines has illustrated the ability of this sequence to form two intramolecular imotif structures (33). These Bcl-2 i-motif structures were not only present at low pH but
persisted at pH 6.1, and approximately 5% of the oligomer remained at pH 7.19. This
supports the possibility that i-motif structures may form opposite to the G-quadruplex in
vivo and may also play an important role in the transcriptional process. Since the Bcl-2
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promoter region consists of six cytosine runs, our studies utilized the full-length sequence
rather than the previously studied truncated sequence of four cytosine runs (33) to
investigate the ability of this C-rich element to form i-motif structures. We demonstrated
through CD, FRET, and fluorescence analyses that the full-length C-rich sequence
upstream of the Bcl-2 P1 promoter forms intramolecular i-motif structures in vitro with a
transitional pH of 6.6. Isolation of three separate possible i-motif-forming DNA
sequences from the full-length element as well as mutational studies of the full-length
sequence confirmed that the full-length sequence is required to form the most stable imotif structure. Bromine footprinting and fluorescent analog substitution of thymines
within the loop regions have provided evidence that the predominant, biologically
relevant Bcl-2 i-motif species consists of an 8:5:7 loop folding pattern.

3.2 Results
3.2.1 The Cytosine-Rich Sequence within the Bcl-2 Promoter Region Can Form One
or More Intramolecular i-Motif DNA Secondary Structures.
The full-length wild-type C-rich sequence from the Bcl-2 promoter region
(Py39WT, Table 3) was subjected to a pH gradient CD spectral analysis. Previous studies
involving i-motif-forming oligonucleotides at acidic pHs have determined that the
signature CD spectra specific for an i-motif secondary structure consists of a maximum
positive peak within 280-288nm and a negative peak within 260-267 nm (33, 242-244).
Purified Py39WT oligonucleotide displayed the characteristic i-motif positive peak at 286
nm and a negative peak approximately half the amplitude of the positive peak at 264 nm
at pH 6.5 (Figure 5A, left). These CD spectral features are distinctive for hemiprotonated
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cytosine+-cytosine base pairs (244). The positive maximum begins to shift toward 277
nm at pH 7.1, and the molar ellipticity decreases by over 50% at pH 8.0, which is
consistent with an unordered, random-coiled structure (245). The transitional pH of 6.6
was quantitatively determined from the plot of molar ellipticity at 286 nm versus the
corresponding pH (Figure 5A, right). Subsequent CD melt curve experiments
were performed to examine the pH dependence of the thermal stability of Py39WT. In
agreement with the CD spectra analysis, the melting curves (Figure 5B, right) and
calculated Tm (Figure 5B, left) revealed a pH-dependent stability of the i-motif
structure. The i-motif structure has a Tm of 69 °C under acidic conditions that decreases
with increasing pH to 40 °C near neutral pH. These Tm values are consistent, albeit
slightly higher, with previously published data using a Py39WT truncated sequence
containing only the middle four runs of cytosines that yielded a Tm of 68 °C at pH 4.5
and 36 °C at pH 6.1 (33). Since our thermal stability studies involved the full-length
sequence containing all six cytosine runs, it is expected to potentially exhibit greater
stability and therefore provide slightly higher Tm values. In addition, a pH gradient
experiment was conducted using a FRET assay to further illustrate the potential of the
Py39WT sequence to adopt an i-motif structure. A FRET probe consisting of the
Py39WT sequence with 5′-end FAM fluorophore and 3′-end black hole quencher labels
was assayed for relative fluorescence at various pH levels (Table 4). In the presence of
i-motif formation, the black hole quencher resides in close proximity to the fluorophore
and quenches fluorescence (Figure 5C, left). A poly-T probe served as a negative control
for the absence of i-motif formation, and a Py39 mutant probe unable to form a stable i-
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motif was designed as an intermediate control probe. The relative fluorescence units of
the Py39WT probe steadily increased with rising pH levels (Figure 5C, right). At pH 6.5
and higher the Py39WT probe reached similar relative fluorescence units as the mutant
and poly-T probes, confirming the loss of i-motif stability that occurs at the transitional
pH. The pH dependent fluorescence of the Py39WT probe exhibited almost 100%
quenching under the most stable i-motif structure-forming conditions (pH 4.4), in
contrast to the mutant and poly-T probes that displayed significantly more fluorescence
(Figure 5C, right). This trend remains observable at pH 5.0 with a 4- and 21-fold decrease
in fluorescence of the wild-type probe compared to the mutant and poly-T probes,
respectively, and the decreases at pH 5.4, pH 5.9, and pH 6.1 were 6- and 40-fold, 9- and
23-fold, and 12- and 20-fold, respectively. The mutant Bcl-2 i-motif oligomer, Py39MT,
does not form a stable i-motif as compared to the wild-type (Figure 6). The molar
ellipiticity at the 286 nm i-motif peak of Py39MT was 70% lower than the corresponding
peak of the Py39WT (Figure 6A) and the thermal stability was decreased by 36.4 °C
(Figure 6B).
In addition, we conducted a concentration-dependent thermal stability analysis as
well as an electrophoretic mobility assay to assess whether the Py39WT oligonucleotide
formed an intramolecular or intermolecular secondary structure. Under non-denaturing
conditions, the Py39WT sequence displayed faster electrophoretic mobility at both pH
4.4 and 6.1 with respect to the Py39 mutant and poly-T sequences, indicative of an
intramolecularly folded structure (Figure 7A). In contrast, denaturing conditions
demonstrated that all three sequences exhibited similar mobility and thus consist of the
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same oligomer length (Figure 7B). CD melt curves of increasing DNA strand
concentration (2.5-50 µM) at pH 4.4 (Figure 7C) and 6.1 (Figure 7D) revealed a
concentration-independent thermal stability of the Py39WT i-motif structure, confirming
formation of an intramolecularly folded structure at both acidic and near neutral pHs.
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Figure 5. CD spectral, thermal stability and FRET analyses of the C-rich Bcl-2
promoter sequence. Bcl-2 Py39WT sequence was subjected to a pH gradient for CD
spectra analysis (A, left), melt temperature determination (B, left), and the FRET assay
(C). The transitional pH was determined from the plot of pH versus the corresponding
molar ellipticity at 286 nm (A, right). Melt temperatures were calculated from CD thermal
curves (B, right). The FRET probe was designed with a 5ʹ′ FAM fluorophore and a 3ʹ′
black-hole quencher so that the probe will fluoresce when it is in a more linear
conformation and under conditions that promote i-motif folding, this fluorescence
becomes quenched (C, left). The Bcl-2 Py39 mutant and poly-T sequences were also used
in the FRET assay as i-motif unstable and negative controls, respectively. Relative
fluorescence was plotted in log scale (C, right). Adapted from Kendrick, et al. (34).
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Figure 6. Comparison of the stability of the Bcl-2 Py39MT relative to the Py39WT
i-motif. The Bcl-2 Py39MT was evaluated for stability in comparison to the Py39WT at
pH 4.4 using CD spectral (A) and thermal stability (B) analyses. Sequences of each
oligomer are provided in Table 3.
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C

D

Figure 7. EMSA and concentration dependent thermal stability analyses of the
Bcl-2 i-motif forming sequence. Twelve percent nondenaturing (A) and denaturing
(B) gel analysis of the Bcl-2 Py39WT sequence at pH 4.4 and 6.1 (lanes 1 and 4). For
comparison, the Py39 mutant (lanes 2 and 5) and 39-mer poly-T (lanes 3 and 6)
sequences were analyzed. CD thermal stability of the Bcl-2 Py39WT sequence over a
concentration range of 2.5-50 µM at pH 4.4 (C) and 6.1 (D).
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3.2.2 Isolation and CD Analysis of Three Truncated Py39WT Sequences
Demonstrate the Ability to Form Different i-Motif Structures within the Bcl-2
Promoter.
The G- and C-rich strands within the Bcl-2 promoter region both display highly
complex arrangements of repetitive tracts. Previous studies conducted to elucidate the
predominant G-quadruplex structure demonstrated that the 5′- and 3′-end contiguous
runs, as well as the middle four guanine runs, formed three different secondary structures
(29,32). Therefore, we utilized this approach as the starting point for the determination of
the predominant folding pattern of the i-motif. The Py39WT sequence was truncated to
isolate the three major i-motif structures that may form from four adjacent 5′-end, middle,
or 3′-end runs of cytosines. These i-motif structures are denoted as 5′-IM, Mid-IM, and
3′-IM, and the sequences are provided in Table 1 and Figure 8A. The transitional pH for
each truncated sequence was determined following CD spectral analysis of a pH gradient
(Figure 8, B-D). The transitional pHs for 5′-IM (6.4) and Mid-IM (6.2) were comparable
to the full-length (6.6), while 3′-IM yielded a lower transitional pH of 5.8. In addition, the
CD spectra of all three oligonucleotides at pH 4.4 (Figure 8A) and pH 6.1 (Figure 8B)
were compared to spectra obtained from the Py39WT sequence. Although all three
truncated sequences displayed spectra specific for an i-motif structure at both pH 4.4 and
6.1, the molar ellipticity decreased by at least 50 and 25%, respectively (Figure 8, A and
B). In addition, with the exception of the Mid-IM, which retained the 286 nm positive
maximum at pH 4.4, the oligomer fragments of Py39WT displayed a shift in the
maximum toward 290 nm (Figure 8, A and B).
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Figure 8. Transitional pH of Bcl-2 Py39WT truncated sequences. Full-length
Py39WT sequence, with each of the truncated sequences bracketed, is shown in (A).
Truncated sequences are also listed in Table 1. The molar ellipticity at the 286 nm
peak was plotted against pH to determine the transitional pH of the three possible imotif-forming sequences involving either the 5′-end (5′-IM) (B), middle (Mid-IM)
(C), or 3′-end (3′-IM) (D) four runs of cytosines to the full-length (Py39WT).
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Figure 9. Comparison of CD spectra of Bcl-2 Py39WT truncated sequences to the
full-length oligomer. Comparison of CD spectra at pH 4.4 (A) and pH 6.1 (B) of the
three possible i-motif-forming sequences involving either the 5′-end (5′-IM), middle
(Mid-IM), or 3′-end (3′-IM) four runs of cytosines to the full-length (Py39WT).
Truncated sequences are shown in Figure 8A and listed in Table 3.
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3.2.3 Characterization of the Predominant Bcl-2 i-Motif Species at pH 6.1 Suggests a
Major 8:5:7 Loop Folding Pattern of the Full-Length Sequence.
A series of mutational, thermal stability, fluorescent thymine substitution, and
bromine footprinting experiments were performed to characterize the predominant Bcl-2
i-motif conformation from the full-length wild-type sequence. Mutational analysis of the
Py39WT sequence was performed in conjunction with thermal stability studies to
evaluate which of the major runs of cytosines are most important for i-motif stability. CD
melt curves were obtained for each mutant at pH 6.1 and compared to the wild-type
sequence. Bromine footprinting analysis was then performed to identify the specific
cytosines involved in i-motif formation at pH 6.1 and consequently served as a basis for
predicting the loop sizes and folding pattern. Last, each thymine within the Py39WT
sequence was substituted with a fluorescent analog, not only to serve as a secondary pH
gradient assay, but also to provide information regarding thymine position and stacking
environment within the i-motif loop regions.

3.2.4 Mutational Studies in Combination with Thermal Stability Analysis Suggest
That the Predominant Bcl-2 i-Motif Structure Involves Noncontiguous Runs of
Cytosines Separated by Large Loops.
Sequential mutation of a single cytosine to a thymine within each of the six
cytosine tracts was performed to predict which runs of cytosines are involved in the
formation of the predominant Bcl-2 i-motif (Table 3 and Figure 9A). The Tm of each
mutant oligomer at pH 6.1 was then determined by CD thermal analysis (Figure 9A). In
addition, each cytosine within tracts III and VI, which consist of more than three
cytosines, was mutated in order to determine the specific cytosines involved in the base-
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pairing of the i-motif (Figure 9A). Overall, mutations of cytosines within runs I, III, IV,
and VI most significantly affected the thermal stability of the Bcl-2 Py39 i-motif (Figure
9A). The mutation of cytosine C5 within run I produced an 8.5 °C decrease in Tm of the
Bcl-2 Py39 i-motif. Mutation of each of the central three cytosines in run III (C16, C17,
C18) resulted in a 9.5 °C or greater decrease in melting temperature, while mutation of
the flanking cytosines, C15 and C19, produced a much smaller ΔTm (-4.9 and -6 °C,
respectively). A decrease of 5.8 °C in Tm was observed for mutation of C26 within run
IV. Mutations of cytosines C35, C36, C37, and C38 within run VI significantly lowered
the Tm of Py39WT by 7.5, 7.2, 7.7, and 9.3 °C, respectively. In contrast, mutations of
cytosines within runs II (C12) and V (C32) produced minimal effects on the thermal
stability of the Py39WT i-motif, with only a 2.1 or 2.8 °C decrease in melt temperature,
respectively. These mutational studies implicate the major involvement of runs I, III, IV,
and VI in providing the stability of the Bcl-2 promoter i-motif (Figure 9B) and also
provide additional information on which cytosines in runs III and VI are used for i-motif
formation.
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Figure 10. Mutational analysis of the Bcl-2 Py39WT sequence. The full-length Bcl-2
Py39 oligomer sequence with each of the mutated cytosines labeled (A, upper).
Graphical representation of the specified Bcl-2 Py39 oligomer melting temperatures
obtained by CD thermal analysis of each mutant at pH 6.1 (A, lower). Potential folding
pattern based on mutant thermal analysis (B).

87
3.2.5 Bromine Footprinting Protection Pattern Identifies the Specific Cytosines
Involved in the Bcl-2 Promoter i-Motif Structure.
Bromine footprinting can be used to identify the specific cytosines involved in the
base pairing and intercalation in the Bcl-2 i-motif structure due to preferential
bromination of cytosines that lack steric or electrostatic hindrance at the C5 position
(150,236). Reactivity of these cytosines with bromine results in their increased
susceptibility to cleavage by piperidine, and PAGE can then be used to visualize the
resulting cleavage products. Consistent with the result from Tm measurements of mutant
oligomers, the overall protection pattern of the Py39WT oligomer at pH 6.1 revealed that
cytosines within runs I, III, IV, and VI were consistently protected or partially protected,
whereas cytosines within runs II and V displayed strong piperidine cleavage (Figure 10,
A and B). The three 3′-end cytosines of run I (C5, C6, and C7) were strongly protected in
comparison to the 5′-end cytosine, C4. The 5′-cytosine of run III (C15) showed
pronounced cleavage in comparison to the protection of the other four cytosines.
Cytosines C17 and C18, were well protected, whereas C16 and C19 were only partially
protected. Complete or partial protection from piperidine cleavage was observed for the
three cytosines within both runs IV and VI (Figure 10, A and B). In contrast, all of the
cytosines within runs II and V displayed significant cleavage (Figure 10A). Significantly,
cytosines within the 5′- and 3′-lateral loop regions, C9 and C29, respectively, displayed
different cleavage patterns (Figure 10, A and D). Complete protection was observed for
C9, which resides between runs I and II, whereas C29, located between runs IV and V,
was significantly cleaved. A scan of the band intensities from the 0.5 mM bromine
reaction was performed to confirm the protection pattern observed in the PAGE analyses
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(Figure 10, A and B). A schematic of this protection pattern along with the identification
of the cytosine tracts and loop regions is provided in Figure 10C. On the basis of these
results, and in conjunction with data obtained from the mutational studies, a folding
pattern of the predominant Bcl-2 i-motif structure is proposed to consist of seven
intercalated cytosine+-cytosine base pairs with loop regions of 8, 5, and 7 bases (Figure
10D).
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Figure 11. Bromine footprinting pattern obtained from the Py39WT oligomer at
pH 6.1. (A and B) Autoradiogram and densitometric scans of the PAGE band intensities
of the cleavage products from the Py39WT sequence. The CT lanes represent
pyrimidine sequencing, while the bromine lanes reflect cytosine cleavage in the
presence of 0.5 mM bromine. Lane C in (A) represents the cleavage reaction in the
absence of bromine. The scanned band intensities correspond to the 0.5 mM bromine
reaction displayed in the bromine lanes. Illustrations of (C) the cytosine protection
pattern with the designated loop regions and (D) the proposed folding pattern are based
on the bromine footprinting PAGE analysis. The open (white), half open (white/black),
and closed (black) circles represent full protection, partial protection, and no protection
from cleavage of cytosines, respectively. The yellow, green, red, and blue circles
represent the nucleobases cytosine, adenine, guanine, and thymine, respectively.
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3.2.6 NdU Substitutions and Mutational Analyses Indicate the Potential
Involvement of Loop Thymines and Cyotsines in a Stabilizing Capping Structure.
To gain further information on the potential for base stacking interaction in the
loops of the Bcl-2 i-motif, each thymine within the Bcl-2 Py39WT sequence was
sequentially replaced with the fluorescent thymine analog NdU, which fluoresces in an
unquenched environment or becomes quenched in the presence of base-base stacking
interactions. Replacement of thymine T39, which resides at the 3′-end of the oligomer
and outside the i-motif forming region, served as an internal control and does not exhibit
pH-dependent fluorescence (Figure 11A). Significantly, thymines within the loops of the
i-motif-forming region of the Py39WT sequence demonstrated different fluorescence
patterns. Substituted thymines at positions 20, 21, and 24 displayed quenched
fluorescence at low pH levels (pH 4.4-6.3) and fluorescence at higher pH levels (pH 6.68.0) (Figure 11A). Incorporation of a fluorescent thymine at positions 20 or 21 resulted in
at least 50% less fluorescence, which persisted over the low pH levels (pH 4.4-6.3).
Significant quenching was also observed for a fluorescent thymine at position 24 (pH
4.4); however, fluorescence steadily increased with increasing pH. In contrast,
substitution of thymine 10 resulted in fluorescence only at acidic pH levels and quenched
fluorescence at neutral pH levels (Figure 11A). Figure 11B displays the proposed loop
positions of the thymines in a schematic model of the i-motif structure.
In addition, each of the thymines within the 5ʹ′ and central loops were sequentially
mutated to adenines to determine which thymines are involved in a stabilizing capping
structure. Mutation of thymines at positions 20, 21, and 24 significantly decreased the imotif peak intensity by 43, 20 and 40%, respectively (Figure 12B). Similarly, dual
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mutation of the central loop cytosines (C22 and C23) to thymines resulted in a 40%
decrease in molar ellipticity of the 286 nm peak as well as shifted the peak towards 290
nm (Figure 12B). These mutants also exhibited a concomitant lowering of the wild-type
i-motif melt temperature as detected by CD thermal stability analysis (Figure 12C).
Specifically, the thymine mutants (T20, T21 and T24) produced a 6 °C decrease in
melting temperature as compared to the wild-type i-motif structure (Figure 12C). The
cytosine mutant (C22 and C23) had a ΔTm of -8 °C (Figure 12C). In contrast, mutations
of thymine 10 and 39 did not significantly alter either the CD spectra or thermal stability
of the i-motif (Figure 12B and Figure 12C).
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Figure 12. Fluorescent pattern of Bcl-2 i-motif forming sequence with NdU
substituted thymines. Each of the thymines within the Bcl-2 Py39 sequence was
substituted with a fluorescent tricyclic naphthodeoxyuridine thymine analog. (A)
Fluorescence was plotted for each substituted thymine as relative fluorescence units
over a pH gradient. (B) Proposed folding pattern of the Bcl-2 i-motif with
identification of the substituted thymines. The yellow, green, red, and blue circles
represent the nucleobases cytosine, adenine, guanine, and thymine, respectively.
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Figure 13. Mutational analysis of the nucleotides within the 5ʹ′ and central loop
regions. Each of the thymines within the Bcl-2 Py39 sequence was mutated to adenines
and the two central loop cytosines were mutated to thymines (A). The mutant oligomers
were subjected to CD spectral and thermal stability analyses. CD spectra (B) and melt
curves (C) of the mutant oligomers in comparison to the wild-type at pH 6.3. Sequences
are provided in Table 1. The yellow, green, red, and blue circles represent the
nucleobases cytosine, adenine, guanine, and thymine, respectively.
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3.3 Discussion
The Bcl-2 proto-oncogene encodes an anti-apoptotic protein involved in the
inhibition of the mitochondrial apoptotic pathway. Dysregulation of Bcl-2 expression
may lead to prolonged cell survival despite apoptotic stimuli, which is hypothesized to
result in the chemoresistance observed in a wide variety of cancers that overexpress Bcl-2
(14,108,110). Alternatively, downregulation of Bcl-2 has been associated with extensive
neuron apoptosis in a number of neurodegenerative diseases (105,246). The prevalence of
defects in Bcl-2 expression in the two distinct pathologies makes Bcl-2 an attractive
target for therapy. The P1 promoter region responsible for the majority of Bcl-2
expression consists of multiple transcription factor binding sites, as well as a GC-rich
element, that may serve as sites for modulating transcription.
While our previous studies have focused on the G-rich strand within the Bcl-2
promoter region, the present study involves the characterization of the dynamic topology
of the complementary C-rich strand. The pH-dependent formation of the Bcl-2 i-motif
within an in vitro system raises the question of the biological relevance of i-motif
formation within cellular DNA. Significantly, recent studies have demonstrated that imotif formation within the c-myc promoter region may occur purely as a result of
negative supercoiling (150). This provides a precedent that the C-rich strand of Bcl-2 will
also exhibit dynamic properties, including an i-motif structure in vivo. Further plasmid
chemical probing experiments are required to address the induction of i-motif formation
through negative supercoiling within the Bcl-2 promoter. These studies are ongoing.
There are numerous i-motif folding patterns possible from the six runs of three, four, or
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five cytosines in the complex runs of cytosines within the Bcl-2 C-rich promoter
sequence. Consistent with a recent publication in which only the central four cytosine
runs were examined (33) our results confirm that intramolecular i-motif formation occurs
within the Bcl-2 promoter sequence. However, our data suggest the presence of a
different conformation that requires all six runs of cytosines of the full-length sequence to
form the most stable, biologically relevant i-motif structure. We demonstrated, through
mutational studies coupled with bromine footprinting, that the predominant i-motif
structure formed by the Bcl-2 C-rich promoter sequence consists of an 8:5:7 loop folding
pattern (Figures 9 and 10). The discovery of these large lateral loops poses the question,
what significance or advantage does the large loop size offer the i-motif structure?
Typically, the most stable G-quadruplex structures exhibit smaller loop sizes than those
found in i-motifs, which accommodate the characteristic double-chain reversal and lateral
loops (169-172). The complementary Bcl-2 promoter G-rich strand forms a mixed
parallel/antiparallel G-quadruplex that can adopt three different G-quadruplex structures.
Although an equilibrium between the three conformations may exist, the middle four runs
of guanines were shown to provide the most predominant, stable conformation,
consisting of three G-tetrads with a 3:7:1 loop folding pattern, which results in the
double-chain reversal and two lateral loops (29). Therefore, the additional nonquadruplex forming guanine tracts within the G-rich strand may provide the necessary
number of cytosine tracts for stable i-motif formation A possible reason for the larger
loop sizes in the Bcl-2 promoter is that these are needed to provide additional stability,
perhaps through the formation of capping structures. Indeed, the mutational studies and
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the bromine footprinting analyses provided evidence for the involvement of loop
cytosines in a capping structure, while thymine involvement was demonstrated through
the NdU fluorescence assay. The complete and partial protection observed for the 5′-loop
cytosines C9 and C13, respectively (Figure 10A) suggest that these cytosines may be
involved in a capping structure formed by the bases within the lateral loop regions.
Consistent with the bromine footprinting pattern and the possibility that these cytosines
function in stabilizing the i-motif through the formation of capping structures, mutation
of C9 to a thymine resulted in a ΔTm of -7.8 °C (Figure 12C). A novel assay was
designed based on the unique fluorescence emission properties of a NdU thymine analog
that was previously used to detect the formation of triplex DNA (243). For our purposes,
the incorporation of NdU into a secondary structure forming oligomer provided
information regarding the local environment of each thymine within the loop regions.
The phosphoramidite of NdU was prepared as previously described (243) for
incorporation into five separate oligonucleotides to sequentially replace each of the five
thymines within the Py39WT sequence. Thymine substitution with NdU at positions 20,
21, and 24 within the top (middle) loop resulted in quenched fluorescence in the presence
of i-motif formation at pH 6.3 or lower (Figure 11A). Presumably, these thymines are
involved in stacking interactions within the loop regions to form a capping structure. The
capping structures formed by the large 8:5:7 loop conformation of the Bcl-2 i-motif may
be responsible for the high transitional pH (6.6) and stability. Similarly, the well
characterized c-Myc i-motif also utilizes six cytosine tracts, which results in a 6:2:6 loop
conformation, and, as in the Bcl-2 i-motif, these large lateral loops most likely contribute
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to the high transitional pH of 6.5-6.8 (183,242). This is in contrast to the previously
characterized smaller i-motif loop conformation of 2:(3-4):2 for the VEGF, (176) RET,
(37) and Rb (189) structures, which exhibit lower transitional pHs of 5.9, 6.4, and 5.9,
respectively. Interestingly, thymine substitution with NdU at position 10 gave a different
pH-dependent pattern of fluorescence quenching, suggesting that the local environment
of this residue is distinctly different than those at positions 20, 21, and 24. In addition to
the importance of loop size to the overall conformation and stability of the i-motif,
perhaps the capping structures formed from these large loops may also serve as
recognition scaffolds for specific interaction with nuclear proteins and even small
molecules. In support of this hypothesis, loop sizes and capping structures in RNA
secondary structures are important for stabilization and protein recognition of hairpins.
Single-stranded RNA most often folds back on itself to form a stem-loop structure where
the stem adopts a duplex conformation and the loop consists of non-canonical base
pairing and stacking of nucleotides (247). In DNA the i-motif structure is also formed
from a single-strand that folds into an antiparallel duplex with a loop structure; however,
the i-motif consists of a second fold-back that produces additional loop regions (161163). While the stem of RNA secondary structures primarily consists of Watson-Crick
base pairs, there is evidence of non-Watson-Crick regions (247). For example, RNA
hairpins have been shown to consist of protonated adenine-cytosine base pairs at neutral
pH that contribute to structure stabilization (248, 249). In addition, the thermal and
structural stability of RNA hairpins also depend on the loop nucleotide sequence and size
(250,251). For example, rRNA hairpins appear to be most stable with a tetraloop,
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whereas stable hairpins formed from tRNA consist of seven nucleotides in the loop
region (252). As a consequence, it is not surprising that proteins have been shown to
recognize and interact with RNA secondary structures in a sequence specific fashion.
Specifically, the loop regions are important protein recognition sites, as mutations within
the loop region disrupt RNA-protein interaction (253). Thus, in addition to providing
stability through the formation of capping structures, the two lateral loops of 8 and 7
bases may together offer selectivity in protein recognition and small molecular targeting
of the i-motif for modulation of Bcl-2 transcription.
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CHAPTER 4. DIFFERENTIAL MODULATION OF Bcl-2 EXPRESSION BY
STABILIZATION OR DESTABILIZTION OF THE PROMOTER I-MOTIF
STRUCTURE HAS THERAPEUTIC IMPLICAITONS FOR CANCER AND
NEURODEGENERATIVE DISEASES
4.1 Introduction
The dysregulation of the anti-apoptotic protein Bcl-2 has significant implications
from two different disease perspectives: 1) cancer and 2) neurodegenerative diseases. In
cancer, the over-expression of Bcl-2 results in prolonged cell survival and resistance to
apoptosis despite treatment with chemotherapeutic agents (12,13). Alternatively, excess
pro-apoptotic proteins and/or a decrease in anti-apoptotic proteins, like Bcl-2, causes
premature cell death as seen in neuronal cells of neurodegenerative diseases, such as
Parkinson’s Disease (105). Therefore, targeting the mitochondrial apoptotic pathway,
specifically Bcl-2, has implications for therapy in both neurodegenerative diseases and
cancer.
As discussed in section 1.6, targeting of Bcl-2 to increase the efficacy of existing
chemotherapeutic agents has been extensively explored with a variety of approaches
ranging from disruption of Bcl-2 protein-protein interactions with small molecules, such
as ABT-236 and ABT-737 (24-27, 129,130), to siRNA-mediated knock-down of mRNA
transcript levels with Genasense® (17-23, 125). Research has primarily focused on
inhibiting Bcl-2 at the protein level rather than at the transcriptional level and small
molecules that target Bcl-2 gene expression tend to involve limiting the accessibility of
the DNA for transcription through inhibition of histone deactylases (230) or possibly
affecting transcription factors important for Bcl-2 expression as in the case of retinoid
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derivatives (231). As an alternative approach, this study directly targets Bcl-2
transcription through interaction of small molecules with a putative cis-regulatory
element within the Bcl-2 promoter region, the i-motif DNA secondary structure.
G-quadruplex and i-motif DNA secondary structure forming sequences have been found
extensively throughout the genome in regions including telomeres, 5ʹ′-UTRs, and
oncogene promoters (168,238). DNA secondary structures have the potential to form
during nuclear processes, such as transcription, when local unwinding of the duplex DNA
occurs to relieve the high degree of negative supercoiling and associated torsional stress
(158). G-quadruplex structures have been shown to act as molecular switches and as
previously described in section 1.8.4, G-quadruplexes in a variety of promoter regions
have served as molecular targets for altering gene expression. In support of the role of
DNA secondary structures in transcriptional modulation, the c-myc G-quadruplex has
been demonstrated to function as a transcriptional repressor in vitro (35). TMPyP4, an
established G-quadruplex-interactive compound (35,206) and more recently discovered
quindoline derivatives (256) and actinomycin D (257) bind to and stabilize the c-myc Gquadruplexes and result in the downregulation of c-myc mRNA levels in RAMOS
Burkitt’s lymphoma (35,206,257) and Hep G2 hepatocellular carcinoma (256) cell lines.
In further support of secondary structure involvement in gene transcription, proteinfacilitated unwinding or folding of the c-Myc G-quadruplex by NM23-H2 (150,199) and
nucleolin, (201) resulted in activation or repression of c-myc transcription, respectively.
For a more in-depth discussion on the formation of DNA secondary structures within
promoter regions and their potential role as cis-regulatory elements readers are directed to
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recently published reviews (43,141, 255). To date, transcriptional repression studies have
focused on the G-quadruplex as a molecular target and no similar studies have been
published for i-motif forming regions.
For the first time, our studies suggest that the formation of the i-motif plays a role
in the transcriptional regulation of Bcl-2 as an activator element and therefore can be
targeted for modulation of transcription through interaction with small molecules.
Initially, these studies were conducted in the extensively characterized MCF-7, MCF-7
tamoxifen-resistant (TAMR), and MDA-MB-231 breast cancer cell lines. Bcl-2 is overexpressed in 40-80% of primary invasive breast carcinoma and previous research has
correlated Bcl-2 expression with estrogen receptor (ER) positive breast cells (212-217).
ER expression may be elevated or absent in breast epithelial cancer cells relative to nonmalignant breast epithelial cells and has been associated with degree of malignancy. The
absence of ER expression indicates estrogen-independent growth and thus a more
aggressive phenotype. Conversely, the expression of ERs confers a slower proliferative
rate (218-220). ER expressing cells such as MCF-7 cells are moderately invasive and
express high levels of Bcl-2 in comparison to ER negative MDA-MB-231 cells that
exhibit lower basal levels of Bcl-2 (221). MCF-7/TAMR cells retain the ER positive
status of the MCF-7 cells; however, Bcl-2 levels are lower than the parental MCF-7 cells
(222). The correlation between ER positivity and high levels of Bcl-2 expression is
abolished in both tamoxifen-resistant cell lines in vitro and tumors in vivo. The breast
cancer cell lines served as a useful proof of principle model due to the differential
expression of Bcl-2; however, there is not as strong evidence for a direct role of Bcl-2
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over-expression in chemotherapy resistance as for other cancers, such as lymphoma.
Therefore, subsequent studies focused on a lymphoma cell line model that has potential
for clinical application.
The well-established malignant Burkitt’s lymphoma cell line model consisting of
the BJAB parental and EBV-infected B95.8 cells (224) that have been utilized for in vitro
assessment of proliferation, susceptibility to apoptosis, protein and gene expression (224226). These were used to characterize the biological effect of Bcl-2 i-motif interactive
compounds on Bcl-2 expression and induced-apoptosis. Relative to the BJAB cells,
B95.8 cells are regarded as an aggressive lymphoma cell line and express significantly
higher levels of Bcl-2 (224-226). In addition, the B95.8 cells are etoposide-resistant while
the BJAB parental cells remain sensitive to etoposide-induced apoptosis (224). The
Granta-519 mantle cell lymphoma cell line was also used to evaluate the effects of Bcl-2
i-motif interactive compounds on the expression of Bcl-2 and synergy with etoposide. In
addition the Granta-519 cells were used for a preliminary maximum tolerated dose
(MTD) study in an in vivo lymphoma model.
The severe combined immuno-deficient (SCID) mouse model provides a useful
cell transplantation strategy that allows for xenograft of human tumors to test toxicity and
efficacy of novel therapeutics (227) and was used for the preliminary in vivo study. The
SCID mice are immunocompromised due to the inability to make T or B lymphocytes or
activate components of the immune complement system and therefore the
immunodeficient properties allow inoculation of human tumor cells with minimal
inflammatory response and rejection (227). Human lymphomas have been recognized as
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difficult to grow and develop in most animal models; however, with the development of
the SCID mouse model, researchers have been successful at growing both B- and T-NHL
cell lines within an in vivo system that reflects progression commonly associated with the
human disease (227). A SCID mouse colony was developed at the University of Arizona
using original SCID mice (C.B-17/IcrACCscid) obtained from Taconic (Germantown,
New York).

4.2 Results
4.2.1 Identification of Bcl-2 i-Motif Interactive Compounds using a HighThroughput FRET Screening Assay
A fluorescence resonance energy transfer (FRET) high-throughput screening
(HTS) assay described previously (Figure 5C, left) was used to identify small molecules
from the NCI diversity set I (1,990 compounds) that interacted with the Bcl-2 i-motif
promoter sequence. The HTS led to the discovery of Bcl-2 i-motif interactive small
molecules that either stabilized or destabilized the structure as indicated by a decrease or
increase in fluorescence intensity, respectively (Figure 14A). A compound that either
decreased fluorescence by more than 50% or increased fluorescence by at least 250% was
considered a “hit”. This cut-off provided an overall i-motif interactive hit rate of 0.8%
(14/1,990) with 0.5% for i-motif destabilizing compounds (9/1,990) and 0.3% for
stabilizing compounds (5/1,990). A cholesterol derivative, NSC 59276 (Figure 14B,
left), significantly increased the Bcl-2 i-motif probe fluorescence by 250% (Figure 14C,
left) and was selected for further characterization. This led to a secondary screening of an
additional 14 NCI steroidal compounds from which compound NSC 138948 a cholestane
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dervivative (Figure 14B, right) was selected. This was based on its Bcl-2 i-motif
stabilizing effect as it significantly decreased fluorescence by 53% at 5 molar
concentration equivalents (Figure 14C, right). In subsequent experiments, NSC 59276
and 138948 were used as contrasting compounds in parallel ex vivo to demonstrate a
correlation between differential effects on i-motif stability and the modulation of Bcl-2
transcription through small molecule interaction with the i-motif.
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Figure 14. Identification of Bcl-2 i-motif interactive compounds. NCI diversity set I
compounds were screened against the Bcl-2 i-motif forming sequence using the FRET
assay. (A) One of the 96-well plates containing 80 compounds with asterisks
representing compounds that decreased the probe fluorescence (compound 24) or
increased probe fluorescence (compound 54). (B) Structures of identified i-motif
destabilizing compound, NSC 59276 (left), and stabilizing compound, NSC 138948
(right). (C) Graphical representation of fluorescence in the absence or presence of
increasing molar equivalent concentrations of NSC 59276 (left) or NSC 138948 (right).
Fluorescence is given as percent change in fluorescence relative to probe alone that was
set to 100%. *p ≤ 0.02
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4.2.2 Validation of Selective Bcl-2 i-Motif Destabilizing and Stabilizing Interactive
Compounds
The interaction of NSC 59276 was specific for the Bcl-2 i-motif as no significant
increase in fluorescence was observed with the mutant sequence (Py39MT), the c-MYC
and VEGF i-motif forming sequences, the complementary Bcl-2 G-quadruplex sequence
or for the double-stranded region (Figure 15A, sequences are provided in Table 3).
Destabilization of the Bcl-2 i-motif by NSC 59276 (Figure 15B and Figure 15C, left) and
stabilization by NSC 138948 (Figure 15B and Figure 15C, right) was confirmed with CD
spectra and thermal analyses. The CD spectral analysis revealed a concurrent decrease in
the intensity of the i-motif signature peak at 286 nm with increasing concentrations of
NSC 59276 and the molar ellipticity decreased by 55% in the presence of 20 molar
equivalents (Figure 15B, left). Similarly the thermal stability of the i-motif was
decreased in the presence of NSC 59276 as reflected in a ΔTm of -15 °C at 20 molar
equivalents (Figure 15C, left). In contrast, increasing molar equivalents of NSC 138948
resulted in an increase in the i-motif peak intensity (Figure 15B, right) as well as a +8 °C
shift in the thermal stability at 6 molar equivalents (Figure 15C, right).
As further support for the destabilizing effect of NSC 59276, the Bcl-2 Py39WT imotif FRET probe was shown to unfold at lower temperatures in the presence of
increasing molar concentration equivalents as compared to probe alone (Figure 16A).
The FRET assay was performed at increasing temperatures using the wild-type sequence
(Py39WT) in the absence or presence of NSC 59276 to demonstrate a lowering of the
melting temperature, and thus the thermal stability, of the i-motif. The mutant sequence
(Py39MT) was used as a comparison to represent fluorescence levels of an unfolded
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structure. At 46 °C, fluorescence of the Py39WT probe in the presence of 5 molar
concentration equivalents of NSC 59276 (14885 FU, Figure 16A) was similar to the
fluorescence level of the Py39MT probe (14232 FU, Figure 16B) at 25 °C indicating an
unfolded structure. NSC 59276 did not alter the fluorescence of the Py39MT probe with
increasing temperature as compared to the Py39WT (Figure 16B).
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Figure 15. Ex vivo validation of Bcl-2 i-motif interactive compounds. (A) FRET
assay with Bcl-2 Py39WT and mutant, c-Myc, and VEGF i-motif, duplex, and Bcl-2 Gquadruplex probes in the absence and presence of increasing concentrations of 59726.
CD spectral (B) and thermal stability (C) analyses of Bcl-2 Py39WT in the presence of
increasing concentrations of 59726 and 138948.
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Figure 16. FRET temperature gradient in the presence of NSC 59276. The FRET
assay for the Py39WT probe (A) and the Py39MT probe (B) was performed while
increasing the temperature from 25 to 46 °C in the absence or presence of NSC 59276.

110
4.2.3 The Bcl-2 i-Motif Destabilizing Compound, NSC 59276, Facilitates the
Unfolding of the i-Motif Structure.
To address whether NSC 59276 facilitates the destabilization of the i-motif or
alters the i-motif structure to a less stable conformation, a bromine footprinting assay in
the absence and presence of NSC 59276 was performed (Figure 17A, lanes 4 and 6,
respectively). As previously shown (34) in the absence of NSC 59276 cytosines from
runs I, III, IV and VI were involved in the cytosine+-cytosine base pairing in the i-motif
(Figure 17A) and were either completely or partially protected from bromination and
subsequent piperdine cleavage due to steric and electrostatic hindrance at the C5 position
(Figure 17A, lane 4). The bromine footprint of the i-motif in the presence of NSC 59276
(Figure 17A, lane 6) revealed an overall increase in susceptibility of cytosines in runs III,
IV, and VI to cleavage (Figure 17A, lanes 4 and 6 comparative scans at right of gel). This
confirms a destabilization of the i-motif structure by NSC 59276 rather than conversion
to a less stable structural isomer.
Next, we performed an EMSA to determine if the destabilized, unfolded Bcl-2 imotif structure induced by NSC 59276 allowed for the C-rich strand to participate in
duplex formation. Both the Py64WT in the single-stranded (ss) (Figure 17B, lane 1) and
in the i-motif conformation (IM) (Figure 17B, 2) migrated faster on the 12% native
acrylamide gel compared to the duplex DNA formed from annealing of the Py64WT and
Pu64WT oligomers (Figure 17B, lane 4). The EMSA study revealed that the Py39WT
oligomer incubated with increasing concentrations of NSC 59276 was available for
formation of duplex DNA in the presence of the complementary G-rich strand (Figure
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17B, lanes 5-7). In contrast, a Bcl-2 i-motif non-interactive (NSC 65900) did not as
efficiently convert the i-motif forming C-rich strand to duplex DNA (Figure 17B, lanes 810). CD spectral analysis also demonstrated that the Py64WT i-motif in the presence of
NSC 59276 and the complementary DNA strand was predominantly in the duplex
conformation (orange line, Figure 17C). Taken together, these data suggest
destabilization of the i-motif by NSC 59276 results in a shift of the equilbrium towards a
single-stranded DNA conformation that would enable re-formation of the duplex.
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Figure 17. Effect of NSC 59276 on the i-motif structure. (A) Bromine footrprint
analysis of Bcl-2 Py39WT in the absence and presence of NSC 59276. Lanes 1 and 2
represent the CT sequence and the footprint pattern of Py39WT at pH 8, respectively.
Lanes 3 and 5 are control lanes and contain no bromine. The Py39WT sequence was
subjected to bromine footprint analysis in the absence (lane 4) and in the presence of
NSC 59276 (lane 6). The black and blue histogram lines represent band intensities of
the footprinting patterns in the absence (black) and presence (red) of NSC 59276 with
the solid black circles indicating protected cytosines in the absence of NSC 59276. (B)
SYBR green EMSA of Py64WT sequence in single-stranded (ss), i-motif (IM), and ds
(double-stranded) conformations. The ss and IM samples were prepared in different
buffered solutions, pH 7.4 and 6.3, respectively. The samples incubated with NSC
59276 at 1, 6 and 20 molar concentration equivalents contain the i-motif conformation
and the complementary ssPu64WT sequence to assess the availability of the unfolded
i-motif structure to re-form duplex DNA. Reactions with NSC 65900, an i-motif noninteractive compound served as controls. (C) CD spectral analysis of the EMSA
samples.
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4.2.4 The Destabilizing and Stabilizing Interactive Compounds Differentially
Interact with the Bcl-2 i-Motif Capping Structure
A second fluorescence assay in which each of the thymines within the Bcl-2 imotif forming oligmer were sequentially replaced with a fluorescent analog,
napthyldeoxyuridine (NdU) was used to determine both the contrasting effects of NSC
59672 and NSC 138948 and where these two compounds are likely to interact with the imotif (Figure 18). We have previously postulated that nucleotide bases within the central
loop of the Bcl-2 i-motif form a capping structure, particularly thymines at positions 20,
21, and to a lesser extent 24, and contribute to the i-motif stability (Figures 12 and 13)
(34). In addition, the capping structure could also serve as a binding site for small
molecules or proteins. In the presence of NSC 59276 the fluorescence emission of
thymines at position 20, 21, 24, and 39 was significantly quenched in contrast to the
effect of NSC 138948 where there was either no significant effect on fluorescence
emission (thymines T20, T24 and T39) or an increase in fluorescence (thymine T21) (Figure
18). In further support for the role of the capping structure in i-motif structure stability as
well as a binding site for small molecules, mutations made to bases within the central
loop (thymines T20, T21, or T24 and cytosines C22 and C23) not only produced a less stable
i-motif structure (ΔTm = -6 to -8 °C) as compared to that formed by the wild-type
sequence (Figure 13), but the mutations also abrogated the interaction and destabilizing
effect of NSC 59276 as detected by CD spectral and thermal analyses (Figure 19).
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Figure 18. Fluorescent pattern of Bcl-2 i-motif forming sequence with NdU
substituted thymines in the presence of either NSC 59276 or NSC 138948. The
effect of increasing concentrations of NSC 59276 (red lines) or NSC 138948 (blue
lines) on fluorescence of each of the thymine substituted probes and represented as
percent change in fluorescence relative to probe in the absence of either compound.
Sequences are provided in Table 4.
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Figure 19. CD spectral and thermal stability analyses of capping mutants in the
absence and presence of NSC 59276. CD spectra of the Bcl-2 i-motif capping
mutants C22 and C23, T20, T21, and T24 in the absence and presence of 4 molar
concentration equivalents of NSC 59276. The change in melting temperature is
displayed on each corresponding graph as ΔTm. C22 and C23 were mutated to
thymines. T20, T21, and T24 were mutated to adenines. Sequences are provided in
Table 3.
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4.2.5 i-Motif Interactive Compound Effect on Bcl-2 i-Motif Probe Fluorescence
Correlates with Biological Effect on Bcl-2 Expression
Initially we evaluated the biological effect of NSC 59276 using a breast
carcinoma cell line model consisting of (1) MCF-7 cells, which express high levels of
Bcl-2, (2) MCF-7/TAMR cells, which express high levels of Bcl-2, and (3) MDA-MB231 cells, which express low levels of Bcl-2. The cytotoxicity of NSC 59276 was
determined for each of the cell lines using the MTS assay and the IC50 values were as
determined following 96 h exposure (Figure 20A and Table 5). After 24 h of treatment
with NSC 59276, Bcl-2 mRNA levels were significantly decreased by 43% (P = 0.002),
48% (P = 0.02) and 61% (P = 0.01) at 1, 10 and 25 µM, respectively, in MCF-7 cells
(Figure 20B). Similarly, Bcl-2 mRNA levels detected in MCF-7/TAMR were decreased
by 50% at both 10 µM (P = 0.001) and 25 µM (P = 0.01) concentrations of NSC 59276
(Figure 20B, note Bcl-2 levels are relative to Actin for MCF-7 and MDA-MB-231 cells
and GAPDH in MCF-7/TAMR cells). In contrast, NSC 59276 did not significantly effect
Bcl-2 mRNA levels in MDA-MB-231 cells (Figure 20B).
Next, we assessed the effect of the Bcl-2 i-motif interactive compounds on Bcl-2
expression in the three lymphoma cell lines that differentially express Bcl-2: 1) Epstein
Barr Virus (EBV) negative parental Burkitt’s lymphoma cells (BJAB) that expresses little
to no BCL-2, 2) EBV infected parental cells (B95.8) that express significantly higher
levels of BCL-2 and display apoptotic resistance to etoposide (224) and 3) EBV positive
GRANTA-519 mantle cells that express similar levels of Bcl-2 to B95.8 cells (Figure
21). Cells were treated with increasing concentrations of NSC 59276 and NSC 138948
based on the 24 h and 96 h IC50 values determined by an MTS assay to avoid
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cytotoxicity (Figure 22 and Table 5). Compound NSC 59276 significantly reduced Bcl-2
mRNA levels at 0.25 and 0.5 µM in the B95.8 cells by 56% (P = 0.04) and 54% (P =
0.001), and in the GRANTA-519 by 23% (P = 0.02) and 33% (P = 0.02), respectively
(Figure 23) after 24 h treatment, while the Bcl-2 expression in BJAB cells remained
unaffected (Figure 23, note Bcl-2 levels are relative to GAPDH in each cell line). This
was expected since the basal levels of Bcl-2 expression are negligible. The downregulation of Bcl-2 observed at the transcriptional level was also observed at the protein
level (Figure 24). In contrast, 24 h treatment with the Bcl-2 i-motif stabilizing compound,
NSC 138948, resulted in the up-regulation of Bcl-2 gene expression in BJAB cells with a
360% (P = 0.04) increase at 2 µM and no significant affect was observed in B95.8 and
GRANTA-519 cells (Figure 23). This Bcl-2 activation was also seen at the protein level
(Figure 24).
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Figure 20. Effect of NSC 59276 on cell toxicity (MTS Assay) and Bcl-2 mRNA
levels (qPCR) in breast carcinoma cell lines. Percent survival (A) determined by the
MTS cytotoxitcity assay and Bcl-2 mRNA levels (B) as determined by qPCR for
MCF-7, MCF-7/TAMR and MDA-MB-231 breast carcinoma cell lines following
treatment with NSC 59276. Percent survival and change in mRNA were calculated
relative to untreated controls. MCF-7 and MDA-MB-231 Bcl-2 mRNA levels were
normalized to actin and MCF-7/TAMR levels were normalized to GAPDH. *p ≤ 0.02.
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Figure 21. Basal mRNA and protein expression levels of Bcl-2 in the lymphoma
cell lines. (A) Bcl-2 mRNA levels as determined by qPCR for BJAB, B95.8 and
Granta-519 lymphoma cell lines represent an average of three independent collections
of growing cells to provide basal levels as compared to BJAB cells. Bcl-2 mRNA
levels were normalized to GAPDH. (B) A representative western blot analysis of Bcl2 protein expression in the BJAB (lane 1), B95.8 (lane 2), and Granta-519 (lane 3)
lymphoma cell lines. β-actin protein levels were detected as a loading control.
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Figure 22. Effect of NSC 59276 and NSC 138948 on cell toxicity (MTS Assay) in
lymphoma cell lines. Percent survival determined by the MTS cytotoxitcity assay in
response to treatment with NSC 59276 (A) or NSC 1384948 (B) for BJAB, B95.8, and
Granta-519 lymphoma cell lines at 24 h (top) and 96 h (bottom). Percent survival was
calculated relative to untreated controls from at least three independent experiments.
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Figure 23. Effect of NSC 59276 and NSC 138948 on Bcl-2 mRNA levels in
lymphoma cell lines. Bcl-2 mRNA levels were determined by qPCR for BJAB,
B95.8, and Grant-519 cell lines following treatment with NSC 59276 (A) or NSC
138948 (B). Fold change in mRNA was calculated relative to untreated controls and
normalized to GAPDH from at least three independent experiments. *p ≤ 0.04.
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Figure 24. Effect of NSC 59276 and NSC 138948 on Bcl-2 protein levels in
lymphoma cell lines. Western blot analysis of Bcl-2 protein levels in BJAB, B95.8,
and Granta-519 cell lines following 24 h treatment with NSC 59276 (A) or NSC
138948 (B). In both (A) and (B), lanes 1 and 5, and 2 and 6 represent untreated and
DMSO vehicle cell lysates, respectively. In (A), lanes 3 and 4 contain lysates from
cells treated with 0.25 and 0.5 µM NSC 59276, respectively. In (B), lanes 7 and 8
contain lysates from cells treated with 1 and 2 µM NSC 138948, respectively. The
western blots are representative of three independent experiments with β-actin as a
loading control.
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Table 5. NSC 59276 and NSC 138948 IC50 values of breast carcinoma and
lymphoma cell lines.

Cell Line
MCF-7
MCF-7/TAMR
MDA-MB-231
BJAB
B95.8
Granta-519
ND - not determined

NSC 59276 IC50 (µM)
24 h
96 h
ND
9.4
ND
9.4
ND
5.8
9.0
5.2
13.8
7.9
47.9
8.4

NSC 138948 IC50 (µM)
24 h
96 h
ND
ND
ND
ND
ND
ND
20.4
8.4
24.7
24.2
19.6
2.7
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4.2.6 Down-regulation of Bcl-2 by an i-Motif Destabilizing Interactive Compound
Leads to Chemosensitization
Repression of Bcl-2 through transcriptional modulation by NSC 59276 should
also result in chemosensitization of the etoposide resistant lymphoma cell line, B95.8.
The B95.8 cells exhibited resistance to apoptosis following treatment with etoposide
alone; however, upon co-treatment with NSC 59276 (0.25 µM) caspase-3 activity was
significantly increased by 2.5 fold (P = 0.03) in B95.8 cells (Figure 25A). The BH-3
mimetic from Abbott Laboratories, ABT-737 (0.25 µM), was used in parallel as a
positive control and demonstrated similar chemosensitizing effects (2.2 fold increase, P =
0.03). Similar effects were observed with NSC 59276 (2.5 fold increase, P = 0.04) and
ABT-737 (2.2 fold increase, P = 0.04) in the Granta-519 mantle cell lymphoma cell line
(Figure 25B). In contrast and as expected, there was no significant effect on apoptotic
induction by etoposide on the sensitive BJAB parental cell line with NSC-59276 or ABT737 treatment (Figure 25C). It is also important to note that NSC 59276 and ABT-737
single treatment as well as the DMSO vehicle control did not induce apoptosis relative to
untreated controls.
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Figure 25. Effect of NSC 59276 on the chemosensitivity of lymphoma cells to
etoposide. Caspase 3 activity of B95.8 (A), Granta-519 (B) and BJAB (C) cell lines
following 24 h treatment with etoposide, NSC 59276 or ABT-737 alone or in
combination are provided as percent activity relative to untreated that has been set to
100%. The data represents the mean from three independent experiments. *p ≤ 0.04
relative to etoposide treated caspase-3 levels.
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4.2.7 i-Motif Destabilizer Compound NSC 59276 Down-Regulates Bcl-2 within
Lymphoma Tumor Tissue.
In a preliminary maximum tolerated dose (MTD) study, we evaluated the in vivo
efficacy of NSC 59276, with SCID (severe combined immunodeficient) GRANTA-519
lymphoma xenograft mice that were treated at fractionated doses of 6 mg/kg, 8 mg/kg
and 10 mg/kg for five days (n = 3). Tumors were harvested from the mice two weeks post
last drug injection or when the tumor burden reached 2000mm2 in size. Analysis of tumor
cell lysates from all three mice in each group revealed that two out of three tumors from
each treatment group had lower Bcl-2 mRNA and protein levels, while the third mouse
tumor showed no significant difference in Bcl-2 expression compared to DMSO vehicle
treated mice. When averaged, the two responsive mice from the 6 and 8 mg/kg treatment
group displayed a 20% decrease and a more significant decrease of 48% in the 10 mg/kg
mice (Figure 26A). The Bcl-2 protein expression was evaluated by western blot analysis
and a representative blot using lysate from one mouse within each group is shown in
Figure 26B. All three concentrations of NSC 59276 were well tolerated in the mice and
there was no significant weight loss observed during the course of treatment (Figure
26C).
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Figure 26. Bcl-2 expression in an SCID mouse model following NSC 59276
treatment. (A) Percent change in Bcl-2 mRNA levels measured by qPCR relative to
DMSO vehicle treated control and normalized to GAPDH (B) Representative protein
lysates from a mouse within each treatment group, 0 (lane 1), 6 (lane 2), 8 (lane 3),
and 10 (lane 4) mg/kg that responded with a decrease in Bcl-2 mRNA levels following
treatment with NSC 59276 were probed with Bcl-2 antibody. β-actin served as a
loading control. (C) Mean weight of the mice within each treatment group, DMSO
vechile control, NSC 59276 at 6, 8, or 10 mg/kg concentrations. Mice were weighed at
days post injection of Granta-519 cells.
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4.3 Discussion
The down-regulation of Bcl-2 within tumor tissue and in B95.8 and GRANTA519 lymphoma cell lines through destabilization of the i-motif by NSC 59276 suggests
that the Bcl-2 i-motif acts as a transcriptional activator. Specifically, the destabilization of
the i-motif by NSC 59276 appears to result in a single-stranded conformation that is
available for re-forming duplex DNA as shown by EMSA. These studies also
demonstrate the potential of targeting the Bcl-2 i-motif for the down-regulation of Bcl-2
expression and subsequent chemosensitization in lymphoma cells. Albeit, the i-motif
interactive-chemotherpay combination therapeutic approach may be most effective in
increasing efficacy of current chemotherapies where induction of apoptosis occurs via the
mitochondrial pathway, such as with etoposide (228). In contrast, an i-motif stabilizing
compound, NSC 138948, elevated Bcl-2 transcription. The two steroidal compounds
were also shown to differentially interact with nucleotides within the i-motif capping
structure, suggesting that both interact primarily with the bases in the central loop to
produce different effects on stability. Stabilization of the Bcl-2 i-motif, as seen with NSC
138948, might be therapeutically beneficial for neurodegenerative diseases by providing
a mode of transcriptional activation of Bcl-2 in neurons undergoing premature apoptosis.
The ability to modulate Bcl-2 transcription through the i-motif DNA secondary
structure not only presents a novel approach to target Bcl-2, but also provides insight into
the normal transcriptional regulation of Bcl-2. Characterization of the interaction of
transcription factors with and without i-motif formation within the Bcl-2 promoter region
as well as identification of putative activator proteins that bind to the i-motif may begin
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to resolve the complex transcriptional regulation of Bcl-2 and demonstrate the importance
of targeting Bcl-2 gene expression in the treatment of drug resistant tumors in cancer
patients.
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CHAPTER 5. IDENTIFICATION OF PUTATIVE I-MOTIF BINDING
PROTEINS
5.1 Introduction
In the second half of this project, we demonstrated the potential for the Bcl-2 imotif to serve as a molecular target for altering Bcl-2 gene expression. DNA secondary
structures in a variety of promoter regions have been shown to function as cis-regulatory
elements and a mechanism by which these structures can modulate gene expression is
through an interaction of nuclear proteins (140). Proteins that recognize and interact with
DNA secondary structures may act to differentially modulate transcription, similar to
linear regulatory elements that associate with both transcriptional repressors and
activators. For instance, nucleoproteins that interact with DNA secondary structures and
facilitate their unfolding and transition the single-stranded region of DNA to duplex DNA
may repress transcription as in the case of hnRNP A1 (197) and NM23-H2 (198, 199)
binding to the KRAS and c-Myc G-quadruplexes, respectively. The transition to duplex
DNA also provides the opportunity for double-stranded binding transcription factors to
re-bind and exert their effects on gene expression. Alternatively, if activator or repressor
proteins were bound to the DNA secondary structures, the change in DNA topology
could result in the displacement of these transcription factors and loss of the activation or
repression of transcription. In contrast to the facilitated unfolding of DNA secondary
structures by proteins like NM23-H2, nucleolin stabilizes the DNA secondary structure as
shown for the c-Myc G-quadruplex (200). The stabilization of a DNA secondary
structure can result in either prevention of duplex DNA binding proteins (e.g. Sp1,) or
recruitment of other transcriptional proteins or complexes that bind to the folded DNA.
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While protein recognition of DNA secondary structures has been demonstrated for Gquadruplexes such as those found in the KRAS (197) and c-Myc (198) promoters. Similar
investigations have not been conducted for the i-motif. For the first time, we have
complied a list of potential i-motif interacting proteins that were found to bind to the Bcl2 i-motif forming sequence.
5.2 Results
5.2.1 Identification of Bcl-2 i-Motif Binding Proteins
Nuclear proteins from HeLa nuclear extract that putatively bind and interact with
the Bcl-2 i-motif structure were purified using a biotinylated oligomer-streptavidin bead
complex pull-down assay and identified by liquid LC/MS/MS sequencing analysis. Two
biotinylated oligomer-bead complexes were used consisting of either the wild-type Bcl-2
i-motif forming sequence or a mutant oligomer (sequences provided in section 2.1.10).
The mutant oligomer complex served as a control for non-specific binding of proteins
since the mutant sequence cannot form a stable Bcl-2 i-motif structure as compared to the
wild-type (Figure 6). The HeLa nuclear extract proteins that bound to the wild-type Bcl-2
i-motif oligomer (Figure 27, lane 2 in A and B) as well as to a mutated Bcl-2 i-motif
sequence (Figure 27, lane 3 in A and B) were visualized on a SDS-PAGE stained with
coomassie (Figure 27A) or silver stain (Figure 27B). The silver stained gel revealed more
protein bands than the coomassie gel and these bands appeared in between the molecular
standard markers of 10 kDa to 250 kDa. Similar protein bands were present in both the
wild-type and the mutant samples, but these bands displayed different relative intensities
(Figure 27). In addition, both the silver and coomassie stained gels also detected bands
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that distinctly appeared in only the wild-type or mutant samples. The SDS-PAGE
analysis shown represents results from two independent experiments. Proteins were
eluted from five different regions of bands on the gel from each sample.
A total of 96 proteins were identified using liquid LC/MS/MS sequencing to bind
to either the wild-type Bcl-2 i-motif forming sequence (35 proteins, Table 5), a mutant
(20 proteins, Table 6) or both sequences (41 proteins, Table 7). The proteins were
categorized into groups based on primary activities. This analysis showed there was an
enrichment for proteins involved in transcriptional and translational regulation as well as
protein folding. In addition, there were some proteins associated with energy metabolism
or other enzymatic processes and some miscellaneous proteins that are mostly
cytoskeletal-related. Proteins of interest that specifically bound the wild-type sequence
include, hnRNP U-like protein 2, hnRNP L-like protein, and nucleolar RNA helicase 2
(Table 5). However, there were transcription factor proteins that also bound to the mutant
sequence such as, hnRNP K, hnRNP D0, hnRNP C1/C2, and the far upstream element
binding protein 1 (FUSE). Interestingly, hnRNP A1 and A3, hnRNP R, hnRNP G,
NM23-H1 and a protein highly similar to nucleolin were identified to bind both the wildtype and mutant sequences. Proteins of interest have been delineated by an asterisk (*)
within Tables 5-7 and will be pursued in subsequent studies for evaluating interaction
with the Bcl-2 i-motif.
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Figure 27. SDS-PAGE analysis of purified proteins from biotinylated-streptavidin
complex pull-down. Protein eludes from the wild-type (lanes 2) and mutant Bcl-2
forming sequences (lanes 3) were resolved on coomassie (A) and silver (B) stained SDSpolyacrylamide gels. Sequences are provided in section 2.1.10 and lane 1 in both gels
represent the molecular weight standard.
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Table 6. Proteins purified using a wild-type Py39 Bcl-2 i-motif biotinylatedstreptavidin bead complex and identified by LC/MS/MS.
PROTEIN
SYMBOL
HMG-I
hnRNP UL2
hnRNP LL
GEMIN5
HDGF
HMGN1
DDX21
RBBP4
RBBP7

eEF2
eEF1G-like
EIF3A
CPSF5
HSPA5
HSP70-4

GAPDH
SHMT
ALDOA
TrxR
NMT-1
ArgRS
LARS
CKB
TPI-2
DTD
S100-A7
S100-A8
S100-A9

PROTEIN IDENTIFICATION
Transcription-Related
Isoform HMG-I of High mobility group protein HMGI/HMG-Y
Heterogeneous nuclear ribonucleoprotein U-like protein 2
Isoform 1 of Heterogeneous nuclear ribonucleoprotein L-like
Gem-associated protein 5
Hepatoma-derived growth factor
Nucleosome-binding protein 1
Isoform 1 of Nucleolar RNA helicase 2
Histone-binding protein RBBP4
Histone-binding protein RBBP7
Translation and Protein Folding-Related
Elongation factor 2
cDNA FLJ56389, highly similar to Elongation factor 1gamma
Eukaryotic translation initiation factor 3 subunit A
Cleavage and polyadenylation specificity factor subunit 5
Heat Shock A5 protein
Heat shock 70 kDa protein 4
Energy Metabolism or other Enzmyatic-Related
Glyceraldehyde-3-phosphate dehydrogenase
Isoform 1 of Serine hydroxymethyltransferase, cytosolic
Fructose-bisphosphate aldolase A
Isoform 5 of Thioredoxin reductase 1, cytoplasmic
Isoform Short of Glycylpeptide N-tetradecanoyltransferase 1
Isoform Complexed of Arginyl-tRNA synthetase, cytoplasmic
Leucyl-tRNA synthetase, cytoplasmic
Creatine kinase B-type
Isoform 2 of Triosephosphate isomerase
D-tyrosyl-tRNA(Tyr) deacylase 1
Protein S100-A7
Protein S100-A8
Protein S100-A9

ACCESSION
NUMBER

IPI00179700*
IPI00456887*
IPI00103247*
IPI00291783
IPI00020956
IPI00006157
IPI00015953*
IPI00328319
IPI00395865

IPI00186290
IPI00000875
IPI00029012
IPI00646917
IPI00003362
IPI00002966

IPI00219018
IPI00002519
IPI00465439
IPI00554786
IPI00218830
IPI00004860
IPI00103994
IPI00022977
IPI00451401
IPI00152692
IPI00219806
IPI00007047
IPI00027462
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Table 6 Continued. Proteins purified using a wild-type Py39 Bcl-2 i-motif
biotinylated-streptavidin bead complex and identified by LC/MS/MS.
PROTEIN
SYMBOL
EZR
CK5
CK14
CaBP3
DERP12
BUB3
JUP

PROTEIN IDENTIFICATION
Cell Surface Adhesion, Migration or Organization-Related
Ezrin
Keratin, type II cytoskeletal 5
Keratin, type I cytoskeletal 14
Calreticulin
Dermal papilla derived protein 12
Mitotic checkpoint protein BUB3
Junction plakoglobin

ACCESSION
NUMBER
IPI00843975
IPI00009867
IPI00384444
IPI00020599
IPI00382990
IPI00013468
IPI00554711
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Table 7. Proteins purified using a mutant Py39 Bcl-2 i-motif biotinylatedstreptavidin bead complex and identified by LC/MS/MS.
PROTEIN
SYMBOL
hnRNP K
hnRNP D0
hnRNP C1/C2
HMGI-10
FUSE
PC4
NCL
RECQ1

PROTEIN IDENFICATION
Transcription-Related
Isoform 1 Heterogeneous nuclear ribonucleoprotein K
Isoform 1 Heterogeneous nuclear ribonucleoprotein D0
Isoform C1 Heterogeneous nuclear ribonucleoproteins C1/C2
High mobility group protein 1-like 10
Isoform 1 of Far upstream element-binding protein 1
Activated RNA polymerase II transcriptional coactivator p15
Nucleolin Protein
ATP-dependent DNA helicase Q1

ACCESSION
NUMBER
IPI00216049*
IPI00028888*
IPI00216592*
IPI00018755*
IPI00375441
IPI00221222*
IPI00183526*
IPI00178431

Pcpb1
Pcpb2b
SRSF3
NSEP1
RPA
FEN1

Translation and DNA Replication-Related
Poly(rC)-binding protein 1
poly(rC) binding protein 2 isoform b
Splicing factor, arginine/serine-rich 3
Nuclease-sensitive element-binding protein 1
Replication protein A 70 kDa DNA-binding subunit
Flap endonuclease 1

IPI00016610
IPI00012066
IPI00010204
IPI00031812
IPI00020127
IPI00026215

ENO1
PC

Energy Metabolism
Isoform alpha-enolase of Alpha-enolase
Pyruvate carboxylase, mitochondrial

IPI00465248
IPI00299402

Cell Surface Adhesion, Migration or Organization-Related
Putative uncharacterized protein ALB
Keratin, type I cytoskeletal 16
Tubulin beta chain
Tublin alpha-1C chain

IPI00022434
IPI00217963
IPI00011654
IPI00166768

ALB
CK16
TUBB
TUBA1C
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Table 8. Proteins purified that bound both the wild-type and mutant Py39 Bcl-2 imotif biotinylated-streptavidin bead complex and identified by LC/MS/MS.

PROTEIN
SYMBOL
NCL-like
hnRNP A2/B1
hnRNP A1
hnRNP R
hnRNP G
hnRNP A3
FUS
NM23-H1
HMG-B2
HMG-B3
ILF-2
ILF-3
ELAV-like

PROTEIN IDENFICATION
Transcription-Related
cDNA FLJ45706 fis, highly similar to Nucleolin
Putative uncharacterized protein HNRNPA2B1
Isoform A1-B of Heterogeneous nuclear ribonucleoprotein A1
Heterogeneous nuclear ribonucleoprotein R
Heterogeneous nuclear ribonucleoprotein G
Isoform 1 of Heterogeneous nuclear ribonucleoprotein A3
Isoform Short of RNA-binding protein FUS
Isoform 1 of Nucleoside diphosphate kinase A
High mobility group protein B2
High mobility group protein B3
Interleukin enhancer-binding factor 2
Isoform 5 Interleukin enhancer-binding factor 3
cDNA FLJ60076, highly similar to ELAV-like protein 1

ACCESSION
NUMBER
IPI00444262*
IPI00386854*
IPI00215965*
IPI00012074*
IPI00304692*
IPI00419373*
IPI00221354
IPI00012048*
IPI00219097*
IPI00217477*
IPI00005198
IPI00219330
IPI00301936

PA2G4
SDN1

Translation and Protein Folding-Related
Elongation factor 1-alpha
DNA damage-binding protein 1
Isoform 1 DNA damage-binding protein 2
Heat shock 70 kDa protein 1
Isoform 1 of Heat shock cognate 71 kDa protein
Peptidyl-prolyl cis-trans isomerase A
Peptidyl-prolyl cis-trans isomerase B
Protein disulfide-isomerase A3
Protein disulfide-isomerase
Proliferation-associated protein 2G4
Staphylococcal nuclease domain-containing protein 1

IPI00025447
IPI00293464
IPI00021518
IPI00304925
IPI00003865
IPI00419585
IPI00646304
IPI00025252
IPI00010796
IPI00299000
IPI00140420

PGK1
ACLY

Energy and Purine Metabolism
Phosphoglycerate kinase 1
ATP-citrate synthase

IPI00169383
IPI00021290

eEF1-A

DDBP1
DDBP2
HSP70-1
HSC71
PPIase A
PPIase B
PDIA3

PDI
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Table 8 Continued. Proteins purified that bound both the wild-type and mutant
Py39 Bcl-2 i-motif biotinylated-streptavidin bead complex and identified by
LC/MS/MS.

PROTEIN
SYMBOL
GPI
PURH

RCC2
CK6B
CK1
CK10
CK9
CK2
CLF-1
ACTA1
FSCN1

RKIP

PROTEIN IDENTIFICATION
Glucose-6-phosphate isomerase
Bifunctional purine biosynthesis protein PURH
Cell Surface Adhesion, Migration or Organization-Related
Regulator of Chromosome Condensation 2
Keratin, type II cytoskeletal 6B
Keratin, type II cytoskeletal 1
Keratin, type I cytoskeletal 10
Keratin, type I cytoskeletal 9
Keratin, type II cytoskeletal 2 epidermal
Cofilin-1
Actin, cytoplasmic 1
Fascin
Isoform 2 of 4F2 cell-surface antigen heavy chain
32 kDa protein
Phosphatidylethanolamine-binding protein 1

ACCESSION
NUMBER
IPI00027497
IPI00289499

IPI00465044
IPI00293665
IPI00220327
IPI00009865
IPI00019359
IPI00021304
IPI00012011
IPI00021439
IPI00163187
IPI00027493
IPI00176692
IPI00219446
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5.3 Discussion
Proteins that bound uniquely to the Bcl-2 i-motif forming promoter element were
classified based on function into four groups: 1) transcription, 2) translation or proteinfolding, 3) energy metabolism or other enzymatic processes, and 4) cell adhesion or
migration functions, mostly related to the cytoskeleton (Table 6). Of interest were the
proteins with documented function related to transcription, particularly the hnRNP
isoforms and helicases. Importantly, these proteins have been shown to also recognize Gquadruplex structures (197,201). One candidate i-motif binding protein, hnRNP U-Like 2
(hnRNP UL2), which is also known as scaffold attachment factor-A2 (SAF-A2), is not
characterized within the literature. However, a homologous protein within the same
family, hnRNP U has been associated with the formation of DNA loops and involvement
in the formation of the pre-initiation complex through interactions with RNA polymerase
II (Pol II) during early stages of transcription. The hnRNP U isoform is absent from the
elongating Pol II complex (258, 259) and appears to inhibit TFII-H mediated
phosphorylation thereby inhibiting Pol II elongation activity (259). More recently,
Spraggon, et al. demonstrated hnRNP U co-localization and direct interaction with WT-1
in the nucleus and the ability of hnRNP U to modulate the transcriptional activity of WT1 (260). In the context of amphiregulin regulation Wilm’s Tumor-1 (WT-1) acts as a
transcriptional activator, however, in the presence of hnRNP U this activation was
attenuated and WT-1 was no longer able to increase amphiregulin expression (260).
Since then WT-1 has also been shown to transcriptionally regulate Bcl-2, as previously
discussed in section 1.7. The WT-1 transcription factor binds to the Bcl-2 promoter
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within the i-motif forming region, so it is possible that hnRNP U has potential to
modulate WT-1 repression of Bcl-2 expression. It is possible that hnRNP UL2 may have
similar function to hnRNP U, which makes this protein of interest for further study.
Similarly, the other hnRNP protein, hnRNP LL, has not been studied. However, the
related family member hnRNP L is known to bind and stabilize Bcl-2 mRNA (261).
Another putative i-motif interactive protein discovered in this search, DDX21, is also of
interest as this helicase has been shown to bind both RNA and DNA and facilitate the
unwinding and formation of secondary structures within RNA (262). In addition, DDX21
acts as a transcriptional co-activator through transcription protein interaction and
recruitment of Pol II (263). Lastly, despite the binding to both the wild-type and mutant
Bcl-2 i-motif forming sequences, NM23-H1 is of interest to pursue as an i-motif binding
protein because of the established role of the H2 isoform of the NM23 protein, NM23H2, in transcriptional regulation and G-quadruplex unwinding (198,199). Significantly,
NM23-H1 has recently been shown to down-regulate Bcl-2 expression and in the absence
of NM23-H1, through siRNA knock-down, Bcl-2 mRNA levels are enhanced (264).
Further studies to confirm the binding of these proteins to the Bcl-2 i-motif structure and
the biological consequence of the protein-i-motif interaction are required and will not
only strengthen the support for the role of the i-motif in transcriptional regulation, but
will also enhance the understanding of Bcl-2 transcriptional regulation.

141
CHAPTER 6. CONCLUDING REMARKS
6.1 Overview
Despite advances in cancer research and treatment, there still remains a significant
portion of cancer patients that experience resistance to first-line therapy or become
refractory following treatment. Of interest, primary refractory disease or relapse occurs in
40-50% of NHL patients (264) and less than 10% of lymphoma patients will achieve
long-term disease-free survival (265). Over-expression of the pro-survival oncogene, Bcl2, has been associated with chemotherapy resistance and poor survival in malignant
lymphoma patients (113). Interestingly, a significant proportion of lymphoma cells that
over-express Bcl-2 do not carry the translocation t(14:18) normally attributed to the
enhanced Bcl-2 expression (113). The complex transcriptional regulation of Bcl-2 and the
deregulation of this process in cancer still remain unclear. Although many research
attempts have yielded various anti-Bcl-2 agents, only a few have made it to clinical trials.
Most of these drugs inhibit or antagonize Bcl-2 at the protein level and have already
shown issues regarding development of resistance and adequate modes of delivery to
retain the preclinical potency.
The current work has investigated whether the C-rich region within the Bcl-2
promoter region can adopt an i-motif DNA secondary structure, the role this structure
plays in Bcl-2 transcriptional regulation, and the potential for the i-motif to serve as a
molecular target for modulation of Bcl-2 expression in cancer.
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6.2 The Cytosine-Rich Element Directly Upstream the Bcl-2 P1 Promoter Forms a
Stable i-Motif Structure
The results show that the pH-dependent i-motif signature spectra (i.e. positive
maxma peak at 286 nm) of the Bcl-2 Py39 wild-type promoter sequence considered
together with the mutational analysis and cytosine protection pattern of the bromine
footprint is consistent with the formation of an i-motif. The Bcl-2 C-rich promoter region
forms a predominantly stable i-motif structure with a transitional pH of 6.6 consisting of
two large lateral loops of 8 and 7 nucleotides and one large central loop of 5 nucleotides.
Characterization studies of DNA secondary structures have mostly focused on the Gquadruplex as it is believed to be more stable than an i-motif at neutral pH under ex vivo
conditions and thus more biologically relevant. However, this study as well as others,
have demonstrated that some i-motif forming sequences can form stable i-motif
structures that persist even at near neutral pHs, including those formed in the Bcl-2
(33,34), c-Myc (188,266), and RET (181) promoters. It is quite possible that within the
nucleus of the cell there is also sufficient molecular crowding from biomolecules (267)
that would shift the dynamic equilibrium of DNA topology towards DNA secondary
structure formation. But, perhaps the more significant driving force in vivo for i-motif
formation, as well as for the G-quadruplex, arises from the stress induced by negative
supercoiling that occurs during transcription. We have previously demonstrated that
under negative supercoiling conditions within a plasmid both the G-quadruplex and imotif formed from the c-Myc GC-rich promoter sequence at neutral pH (150). More
importantly, the formation of the c-Myc i-motif was not dependent on the formation of
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the complementary G-quadruplex structure. The i-motif remained intact despite mutation
and disruption of the G-quadruplex structure within the plasmid.
In addition, the stability of the i-motif appears to be sequence dependent and
possibly constrained by the sizes of the loop regions. Consistent with this observation, the
C-rich sequences that form more stable i-motif structures consist of larger loop sizes,
such as the Bcl-2 (34) and c-Myc (188,266) i-motifs. Here, we also provide evidence that
nucleotides within the central loop region interact to form a capping structure. We
hypothesize that the capping structure not only serves to stabilize the i-motif structure,
but also provides a site for protein and small molecule interaction.

6.3 Small Molecules Differentially Modulate Bcl-2 Expression through Targeting of
the i-Motif Structure and Down-Regulation of Bcl-2 results in Chemosensitization.
Our laboratory, in addition to others, has demonstrated the involvement of DNA
secondary structure formation in transcriptional regulation within a variety of oncogenes.
The second half of this project demonstrated a novel drug target, the Bcl-2 i-motif is
available for modulation of Bcl-2 expression. Down-regulation of Bcl-2 expression by a
small molecule led to chemosensitization of etoposide-resistant lymphoma cells. A highthroughput screening assay yielded several small molecules that interacted with the Bcl-2
i-motif to either destabilize or stabilize the structure. We focused on two steroid
derivative compounds that exhibited contrasting effects on the stability of the i-motif
structure that correlated with contrasting biological effects. The i-motif destabilizing
compound, NSC 59276, resulted in down-regulation of Bcl-2 expression both in cell line
models, breast carcinoma and lymphoma, as well as in a lymphoma in vivo SCID mouse
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model. Currently, a mouse study (n = 12) is ongoing to assess the synergistic affect of
NSC 59276 and etoposide on tumor regression of etoposide-resistant tumors in vivo. Of
clinical significance, the down-regulation of Bcl-2 restored chemosensitivity in
etoposide-resistant lymphoma cells.
In contrast, NSC 138948, which stabilized the Bcl-2 i-motif structure, elevated
Bcl-2 levels in the lymphoma cell line model. The differential modulation of Bcl-2
expression through stabilization or destabilization of the i-motif supports the hypothesis
that the Bcl-2 i-motif plays a role in Bcl-2 transcriptional regulation. Specifically, the
down-regulation of Bcl-2 expression induced by destabilization of the i-motif and
conversely the stabilization results in increased expression, suggests the Bcl-2 i-motif acts
as a transcriptional activator. We have also discovered that other Bcl-2 family members,
such as Bcl-xL, Mcl-1, Bax, Bid and Bad, contain putative i-motif forming sequences
within their promoter regions or within the 3ʹ′ UTR (Bax) (Table 8). Accordingly, we
tested the effect of NSC 59276 on Bcl-xL and Bax mRNA levels; however, there was no
significant change in B95.8 cells at 24 h (data not shown). Consistent with this, current
studies in our laboratory have demonstrated thus far that neither NSC 59276 nor NSC
138948 interacted with the i-motif structures capable of forming from the Bcl-xL, Mcl-1,
and Bax. Furthermore, directly targeting Bcl-2 transcription through the i-motif offers an
advantage over small molecular inhibitors of Bcl-2 at the protein level in that mutations
of the protein will not confer resistance to the i-motif interactive molecule. Here, we
discovered a single “receptor” through which differential modulation of Bcl-2 expression
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can occur to elicit contrasting biological outcomes that have implications in the treatment
of two diseases: cancer and neurodegenerative diseases.

6.4 Summary and Future Directions
The studies in Chapter 3 describe the characterization of the i-motif structure that
arises from the complementary, pyrimidine-rich sequence (published in 34) which in
concert with the studies outlined in Chapter 4 have provided further insight into the
transcriptional regulation of Bcl-2 with the potential role for the i-motif DNA secondary
structure as a transcriptional activator. As discussed previously (section 1.8.3), initially
DNA secondary structures were suspected to sterically hinder transcriptional machinery
thereby providing a negative regulatory mechanism for controlling transcription.
However, recent research demonstrating nuclear protein recognition, binding, and
modification of DNA secondary structures indicates a more involved and active role of
DNA secondary structures in transcriptional modulation. This is further supported by
evidence that demonstrates not all DNA secondary structures act as repressors, as was
found in the case of the c-Myc G-quadruplex, but may also activate transcription as we
have shown for the Bcl-2 i-motif. Based on the hypothesis that DNA secondary structures
modulate transcription through interaction with transcriptional factors, we sought to
identify putative transcription-related proteins that may recognize and bind to the Bcl-2 imotif.
The pull-down experiments identified potential transcription factors that may bind
to the i-motif forming sequence. This, along with the biological effect of i-motif
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stabilizing and destabilizing compounds, has provided a basis for a model of i-motif
regulation of Bcl-2 expression (Figure 28). We hypothesize, that the formation of the imotif, as well as the complementary G-quadruplex, activates Bcl-2 transcription,
presumably by converting the double-stranded DNA to an open conformation and
displacing WT-1, a known repressor to bind within the same region (Figure 28).
Transcriptional activator proteins such as those involved in recruitment of RNA Pol II
(selected hnRNP proteins) or in co-activation through interaction with other
transcriptional activator proteins (DDX21) may bind to the i-motif structure and initiate
transcription (Figure 28). In addition, there may be proteins, such as the identified high
mobility group proteins or GEMIN-5, a novel RNA cap binding protein (268), that
stabilize the i-motif structure similar to the stabilizing compound NSC 138948 and
prevent the unwinding and transition to duplex DNA (Figure 28). In contrast, proteins
including NM23-H1 could facilitate the unfolding of the i-motif structure or sequester the
single-stranded form and shift the equilibrium towards duplex DNA (Figure 28).
Interestingly, the closely related protein, NM23-H2, that has been previously described to
interact with the c-Myc G-quadruplex, was not identified in this assay. The binding of
protein such as NM23-H1 may displace any activator proteins from the i-motif and allow
for WT-1 binding and repression of Bcl-2 expression and ultimately restore
chemosensitivity comparable to the observed effect of the destabilizing compound, NSC
59276 (Figure 28). Additional studies are required to confirm the binding of the identified
proteins to the Bcl-2 i-motif using EMSA and CD analysis and to more quantitatively
determine binding affinities through surface plasmon resonancne (SPR). Likewise, CD
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analysis may be used to assess the effect the binding of proteins, like hnRNP UL2,
hnRNP LL, and NM23-H1 has on the stability of the i-motif structure. Knock-down
studies mediated through siRNA targeted against the putative i-motif interactive protein
will also be important to establish any positive or negative regulation on Bcl-2
transcription. In addition, evaluating the effect i-motif interactive compounds have on the
binding of transcription factors to the i-motif forming region through ChIP analysis
would also provide possible mechanisms by which the compounds exert their biological
effect on Bcl-2 expression.
While the studies of this project have shown efficacy in breast cancer cell lines
(MCF-7 and MCF-7/TAMR) as well as Burkitt’s and mantle cell lymphoma cell lines, it
would be of interest to investigate whether Bcl-2 i-motif destabilizing compounds also
have similar efficacy in lymphoma cell lines that carry the translocated allele t(14:18)
such as SUDHL -4 or SUDHL-6 cells. It is expected that a similar down-regulation of
Bcl-2 would be observed since the translocation does not alter the DNA secondary
structure forming region. However, treatment with the destabilizing i-motif compound
may differentially affect transcription factor binding such as WT-1 to the two Bcl-2
alleles. Moreover WT-1 has been shown to only interact with the normal Bcl-2 allele and
not the allele that contains the translocation (136). In addition to the in vitro gene
expression studies, luciferase reporter assays should also be performed in parallel to
provide further evidence that the i-motif interactive compounds are effecting Bcl-2
transcription directly through the interaction with the i-motif. These studies should
involve luciferase promoter plasmid constructs that contain the wild-type Bcl-2 G-
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quadruplex/i-motif forming sequence and compare the effect of compounds on luciferase
levels produced by plasmids that contain mutations that knock-out both DNA secondary
structures as well as single mutations that selectively knock-out either the G-quadurplex
or i-motif. Furthermore, another important cell line study would be to assess if there is
any synergistic effect between Bcl-2 G-quadruplex and i-motif interactive compounds,
not only to show a more potent effect on Bcl-2 expression and subsequent
chemosensitization compared to single treatment, but also to further establish that the
effects of these compounds are mediated through interaction with DNA secondary
structures rather than other targets.
Steroid compounds have been shown to bind directly to DNA (269,270) or
indirectly through the interaction of nuclear receptors and hormone response elements
(271), and effect transcription of various genes (272). However, the interaction of
steroids with nuclear receptors results in transcriptional activation, not repression.
Interestingly, high concentrations (1-5 µM for B95.8 cells and above 10 µM for Granta519 cells) of NSC 59276 resulted in increased Bcl-2 mRNA levels (data not shown) in
contrast to the decreased levels observed with low concentrations (nM range).
Persumably, the higher concentrations of NSC 59276 result in off-target effects such as
binding to nuclear receptors that led to transcriptional activation. The structural similarity
of NSC 59276 to existing steroid derivative anti-cancer agents led to the investigation as
to whether dexamethasone (DEX), a glucocorticoid steroid-derivative currently used in
chemotherapy regimens for lymphoma and known to repress Bcl-2 expression, interacts
with the Bcl-2 i-motif. Preliminary studies have demonstrated that DEX did not appear to
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affect the fluorescence of the i-motif probe in the FRET assay. In a secondary FRET
screening assay of 42 steroidal compounds, compounds within three different classes of
steroids interacted with the Bcl-2 i-motif. The three different classes of steroids were
designated based on structural similarity of the compounds to 1) cholesterol/cholic acid,
2) testosterone, or 3) betulin/betulinic acid. Consistent with our observed effect of steroid
i-motif interactive compounds on Bcl-2 expression, testosterone (274), bile acids
(deoxycholic and ursodeoxycholic acids) (275) and betulinic acid (reviewed in 276) can
either act as repressors or activators of Bcl-2 gene expression. This further supports that
structurally similar steroid derivatives can have contrasting biological effects. Although
these studies suggest that steroids may be a natural ligand for the i-motif, due to the
controversial nature of steroid binding, difficulty in synthesis and production of steroid
analogs, and the limited intellectual property surrounding the steroid space, it is
worthwhile to explore the non-steroidal i-motif interactive compounds for further drug
development. In conclusion, it is our hope that these studies on Bcl-2 will serve as proof
of principle for the following: 1) a new paradigm in drug modulation of gene expression
via i-motifs, 2) down-regulation of Bcl-2 expression through targeting the i-motif can
lead to chemosensitization of tumor cells in resistant or refractory cancer patients in order
to salvage existing chemotherapies, and 3) a new avenue for therapeutic development for
the treatment of neurodegenerative diseases.
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Table 9. Putative i-Motif forming sequences within other Bcl-2 family member
proteins.
Anti-Apoptotic Bcl-2 Family Members
Gene
BclxL
Mcl-1

Putative i-Motif Forming Sequence (5ʹ′- 3ʹ′)
CCCTCCCGGCGTCCCCACAACCCCGCCCC

Location
Promoter

CCCCGGCCCCGGCCCCGGCCCCGGCCCCGCCCCGGCCC Promoter

Pro-Apoptotic Bcl-2 Family Members
Gene
Bax
Bid

Bad

Putative i-Motif Forming Sequence (5ʹ′- 3ʹ′)
CCCACGTCCCCCAATCCCCACCCCTCCC
CCCCCCACGCCCGGGCCCGCCCCGGCCCGCCCCGGCCCGCCCC
CCCGCCGCCCGCCCTGGGCCC
CCCCTCCCCCTCCCCGCGCCCCGCACCCCACCCCTGAATCCCC
CCCTGATACCCTCTCCCACACCACCCTGCCCC
CCCGCGGAGCCCCGAATCCCCCGCGCGGGCCCGCCCCTCGCC
CCGGCGCGCCCGCGGCCC
CCCCGGCCCTCCTCCCGCGCCC
CCCGGCCCGGCCCCGCCCCCCC
CCCCTCAGAACCCCGGTCCACCCAGGCCCCGCCCCGCCC

Location
3ʹ′ UTR
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
Promoter
5ʹ′ UTR
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Figure 28. Proposed model for i-motif regulation of Bcl-2 transcription. The
formation of the i-motif can be induced by negative supercoiling, binding of stabilizing
small molecules, and/or the binding of an as of yet identified i-motif stabilizing protein.
As a consequence the formation of the i-motif would displace WT-1, a known repressor
of Bcl-2 transcription and may allow for the binding of i-motif interactive proteins that
are also transcriptional activators. In contrast, proteins, such as NM23-H1, that facilitate
the unfolding of the i-motif similar to destabilizing small molecules result in
destabilization of the i-motif and a shift in the equilbrium towards duplex formation. This
would also lead to displacement of activator proteins from the i-motif and transcriptional
repression.
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