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Abstract 

 Research in the field of nucleic acids and molecular genetics has enormously 

enhanced our knowledge about the genetic origins of a myriad of disease. Currently from 

this knowledge, various gene-targeted therapies and biomarker detection and diagnostic 

assays are being developed, which are discussed in Chapter 1, as targeting sequences of 

interest is deemed a simpler task compared to protein targeting. The treatment and 

understanding of Acute Myeloid Leukemia (AML) development has greatly benefited from 

the advances in molecular characterization and the World Health Organization (WHO) 

recognizes certain recurrent genetic abnormalities as diagnosis for the disease. In this 

thesis, we first demonstrate how we can develop gene silencing therapeutic options 

targeting messenger RNA (mRNA) in AML cells by delivering small interfering RNAs 

(siRNA) using polyethylenimine (PEI) carriers. Next, we show how we can target the 

aberrant formation of DNA adducts in the sequence of the KRAS oncogene using synthetic 

nucleobase analogs.  

 More specifically, in Chapter 2, we explored the use of RNA silencing as a promising 

candidate to be used in conjunction with traditional treatments as it has the potential to 

act in synergy to lower doses, length of treatments and side effects.  

We identified molecular targets using lipid modified PEI delivery systems that could be 

used as the basis of therapy during AML progression using the stem-cell like KG1a cell 

line and primary cells. We identified linoleic acid and lauric acid modified PEI as effective 

and versatile carriers and showed how they can effectively downregulate the mRNA levels 

of genes including BCR5 (survivin), and BCL2L12 leading to a reduction in proliferation 

of the cells. Moreover, we highlight the versatility of the synthetic delivery systems and 

how gene silencing allows for personalized and targeted patient treatment.  
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 In Chapter 3, we showed the versatility of incorporating DNA base analogs to 

oligonucleotide sequences for the detection of O6-methylguanine (O6-meG), a DNA 

adduct that is highly mutagenic. The base analogs were synthesized by the Sturla group 

in ETH Zurich to have higher affinity to the methylated guanine in comparison to the non-

methylated form. Our main objective was to develop a templated-ligation based detection 

assay and identify parameters that enhance the selectivity of the synthetic base for 

downstream sequence amplification. The templated ligation reaction would simplify 

previously reported detection methods for the same adduct and also give sequence 

specificity of the location of interest which a lot of previous methods lacked. We examined 

different parameters of the ligation reaction, modified the reacting probes, and reaction 

conditions to increase the detection limit of our assay in the presence of non-methylated 

background DNA. By enhancing the selectivity of the ligation reaction, we aimed to 

increase the selectivity of the O6-meG detection retaining sequence specificity so that in 

the future we can design a fast screening test for adduct formation that can be used as 

a biomarker test for hotspot mutation sites.  
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Preface 

 The work presented in this thesis was guided by the supervision of Dr. Julianne Gibbs 

and Dr. Hasan Uludağ.  

 Chapter 1 is a literature review to provide background about the current therapeutic 

and detection developments that have resulted from the advances in molecular biology and 

genetic sequencing with a focus in cancer. We discuss genetic therapies exploring their aim 

to enhance gene function by introducing a sequence of interest to target cells or 

downregulate an aberrant gene by ultimately inducing mRNA degradation. In Chapter 1 we 

also discuss some examples of personalized medicine and how biomarker detection and 

sequencing enhance the treatment strategies for individual patients. More specifically, we 

discuss how detecting DNA lesions such as methylation of bases can provide real-time 

information about the progress of treatment using alkylating chemotherapeutic agents. 

Hence, we highlight the versatility of the work being done with nucleic acids and gene 

targeting and how it provides alternatives for new treatments and diagnostics. Figure1.3 

and Figure 1.5 were utilized in Chapter 1 with permission from the respective publishers. 

More specifically Figure 1.3 was published in an open access article by Su Yin Lim and co-

workers in the journal of Molecular Cancer, 2018 under the Creative Commons Attribution 

4.0 International License ((http://creativecommons.org/licenses/by/4.0/). Figure 1.5 was 

utilized with permission granted by the American Chemical Society (ACS) in the journal of 

Chemical Research in Toxicology. The figure is the work of Alessia Stornetta and co-workers 

(https://pubs.acs.org/doi/10.1021/acs.chemrestox.6b00380). Further permissions related 

to the material excerpted should be directed to ACS.  

 Chapter 2 continues the work started by Dr. Breanne Landry and Dr. Hilal Gul-Uludağ 

focusing on gene therapies to treat acute myeloid leukemia via RNA interference using lipid 

substituted polyethylenimines. The primary patient samples were obtained thanks to Dr. 

Joseph Brandwein and Zoulika Zak. The RT-qPCR experiments presented in Chapter 2 were 
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performed with the generous help from Cezary Kucharski. All lipopolymers used for Chapter 

2 were synthesized by Dr. Remant K.C. My role in the project was the design of experiments, 

cell culture, analysis and processing of data. All contributors to Chapter 2 were members of 

the University of Alberta at the time the studies were conducted.  

 Chapter 3 continues the work started by Dr. Shana Sturla and Dr. Ioannis Trantakis 

from the laboratory of toxicology from the Swiss Federal Institute of Technology in Zurich 

(ETH Zurich) in collaboration with Dr. Julianne Gibbs and Dr. Eiman Osman from the University 

of Alberta. Dr. Trankakis provided the ExBIM modified oligonucleotides utilized in all 

experiments presented and Dr. Eiman Osman was involved in the synthesis of the 

oligonucleotides prepared at the University of Alberta.  
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Chapter 1. Background and Scope 

1.1 Introduction 
 Since the discovery of nucleic acids in 1868 by Friedrich Miescher, scientists have 

developed a greater understanding of the complexity of our genetic code and unveiled a 

myriad of opportunities in medicine, material science, biotechnology, pharmaceuticals, and 

more [1-6]. In this thesis project, I demonstrate how we can use the current knowledge about 

the molecular makeup of different types of cancer to develop gene therapies and biomarker 

detection methods. Moreover, I show how we can pair synthetic materials with nucleic acids 

to extend their applications given that working with nucleic acids alone has limitations that 

prevent them from being used to their full potential.  

 Advances in molecular biology in the 1980s and 1990s allowed scientists to categorize 

cancer as a genetic disorder or disease, a classification that is still accepted by the National 

Institutes of Health (NIH) [7-8]. At this time, it was elucidated that the onset of carcinogenesis 

involved different environmental and endogenous factors that affected the DNA structure or 

composition due to chemical alterations or by the addition, duplication, or deletion of bases, 

or chromosomal insertions, rearrangements, and translocations which ultimately caused 

changes in amplification, transcription, and gene expression altering cellular homeostasis [9-

10]. As more information was collected about the genetic alterations involved in 

carcinogenesis, different gene categories were established that had higher potential to be 

correlated with the onset or progression of cancer. Two main broad categories for such genes 

are: (i) proto-oncogenes, which are genes involved in promoting cellular growth and (ii) 

tumor-suppressor genes, which are involved in regulating apoptosis or cell death and slowing 

down growth [11]. More specifically, these categories include genes involved in intracellular 

signaling pathways, cell proliferation, migration, cell cycle and differentiation, DNA repair, 

transcription regulation, apoptosis, motility, adhesion, angiogenesis stress responses, and 

immune regulation [11-12]. In summary, the vast knowledge obtained through the advances 

in cancer genetics highlighted the fine balance and precise regulation of the growth-promoting 
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and growth-suppressing genes and proteins involved in cellular homeostasis and the 

complexity of their interactions. Even though the genetic basis of cancer is extremely 

complex, sequencing advances, especially after the launch of The Cancer Genome Atlas 

(TCGA) in 2005 by the US National Institutes of Health (NIH), have identified countless targets 

that have allowed for the development of more precise and targeted therapies, diagnostics 

and preventative measures [13-21]. In April 2018, the TCGA program ended with the 

publication of the Pan-Cancer Atlas, and its data portal now includes 3,142,246 mutations in 

22,872 genes involved in different types of cancer [22]. Such tremendous work provides a 

panoramic collection of interconnected interactions, events and networks which elucidate on 

further understanding of oncogenic processes and how they originate.    

1.1.2 Genetic Therapies in Oncology 

1.1.2.1 Gene expression-based therapies 

 With the knowledge gained about the genetic basis of cancer, gene therapies have 

become attractive as advanced alternatives for novel treatments, providing precise targeting 

of the disease at the genome level. Advances in gene therapies for cancer started with 

attempts to suppress oncogenes, replace or/and enhance tumor suppressor gene activity, 

modulate anti-cancer immune responses, and genetically sensitize cells to chemotherapeutic 

agents among other approaches [23]. China was the first country to approve the first gene 

therapy medication, Gendicine for the treatment of head and neck cancer, which introduces 

an adenovirus as vector to insert the P53 gene into cancer cells to reduce their growth. P53, 

the most commonly mutated gene in human cancers and also referred to as “the guardian of 

the genome”, is a tumor suppressor gene mutated in 60-80% of cancers and thus is one of 

the most studied targets to date. It is known to be involved in the cell cycle, DNA repair, and 

apoptosis and its loss of function usually leads to over proliferation of cells promoting 

development of different cancers [24-26]. A recent gene therapy to be approved by the U.S. 

Food and Drug Administration (FDA) was an immunotherapeutic approach, with the 
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development of chimeric antigen receptor (CAR) T cell therapies to treat acute lymphoblastic 

leukemias (ALL) in children and advanced lymphomas in adults [27].  CAR T cell therapy 

works by the introduction of CAR genes into T cells reprogramming them to express a receptor 

that targets specific cancer cell antigens with the ability to be expanded in vivo. CARs include 

an antigen recognition domain and a signaling domain that allows for the T cells to have 

enhanced activation, expansion and overall more effective targeting [28-29]. Currently, 

Kymriah® (tisagenlecleucel) by Novartis and Yescarta® (axicabtagene ciloleucel) by Kite 

pharma both work by reprograming T cells to target the CD19 receptor that is commonly 

present in B-cell malignancies [30]. Besides the treatment of hematologic malignancies, a 

second type of gene therapy, Luxtruna® (voretigene neparvovec-rzyl) also obtained FDA 

approval in December 2017 targeting patients with a RPE65-mediated inherited retinal 

dystrophy [31]. RPE65 is responsible for the expression of the RPE65 protein that is essential 

for normal vision producing the retinal pigment epithelium. Patients with biallelic RPE65 

mutations usually experience vision loss and have the risk of suffering from complete 

blindness [32]. Luxtruna™ then works by reintroducing the RPE65 gene directly into retinal 

cells by an adeno-associated viral vector [33]. The mentioned therapies are summarized in 

Table 1.1. Currently there are hundreds of ongoing clinical trials that focus on gene therapies 

as an intervention and with the recent FDA approvals we can only expect to have an 

exponential increase in the upcoming years.  
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Table 1.1 Recently approved gene-based therapies. 

1.1.2.2 Gene downregulation-based therapies 

 In contrast to introducing new genes, gene silencing aims at down-regulating or 

repressing genes that are over-expressed or mutated in cancer cells. Some of the most 

commonly activated oncogenes belong to the ras family, encoding a group of protein receptors 

critical for signal transduction pathways involving DNA synthesis, metabolism, proliferation, 

and cytoskeleton organization [34-35]. Therefore, the ras oncogenes have become common 

targets for silencing and down-regulation for cancer treatments and have been extensively 

studied in the past [36-39].  Other common targets for downregulation are ones that prevent 

or de-regulate apoptosis, as the evasion of apoptosis is amongst the hallmarks of cancer 

playing a central role in its development and in chemoresistance [40].  

There are three main pathways that can lead to apoptosis;  

(i) the extrinsic pathway mediated by death receptors,  

(ii) the intrinsic pathway driven by mitochondrial stimuli, and  

(iii) the perforin/granzyme pathway driven by cytotoxic T cells [41].  

All pathways converge in the activation of caspase 3 which induces the activation of 

endonucleases and proteases with the exception of the granzyme A-arm of the 

Name of therapy Disease Target Mechanism 

Gendicine Head and neck 
cancer 

P53 Adenovirus vector 
introduces p53 to 
target cells 

Kymriah B-cell acute 
lymphoblastic 
leukemia 

CD19  Chimeric antigen 
receptor T cell 
treatment 

Yescarta Non-Hodgkin 
lymphoma 

CD19 Chimeric antigen 
receptor T cell 
treatment 

Luxtruna Inherited retinal 
dystrophy 

RPE65 Adeno-associated 
vector introduces 
RPE65 gene into 
retinal epithelium  
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perforin/granzyme pathway which can promote cell death by DNA cleavage [41]. In the case 

of the intrinsic pathway, a balance between apoptotic and anti-apoptotic proteins, of the BCL-

2 family of proteins, dictate the oligomerization of two proteins, BAX and BAK at the outer 

mitochondrial membrane which commits the cell to apoptosis through permeabilization of the 

membrane [42]. The anti-apoptotic proteins, BCL-2, BCL-W, BCL-XL, MCL-1, and BFL-1 

amongst others can act by inhibiting BAX/BAK oligomerization directly or by sequestering pro-

apoptotic proteins [43-46]. Therefore, it is unsurprising that the BCL-2 family of anti-apoptotic 

proteins get constantly upregulated in many cancer types and targeting them is a popular 

approach for therapeutic development. Within the past couple of years Venclexta® 

(venetoclax, ABT-199), a first-in-class BCL-2 inhibitor, received FDA approval for patients 

with chronic lymphocytic leukemia (CLL), small lymphocytic lymphoma (SLL) and acute 

myeloid leukemia (AML) [47]. In addition to the development of small molecule inhibitors, 

several gene therapy attempts have been made for the inhibition of the anti-apoptotic BLC 

family proteins. For example, as it is known that MCL-1 and BCL-XL have cooperative 

functions and resistance to ABT-199 can arise by their upregulation [48], silencing RNA 

(siRNA) has been used as an alternative for targeting both MCL-1 and BCL-XL in combination 

inducing apoptosis in pancreatic cancer cells [49] mesothelioma cells [50-51]. Another 

creative combinatorial gene therapeutic approach was done by Ma et al., who developed a 

bifunctional vector containing small-hairpin RNA (shRNA) to silence BCL-2 and single stranded 

RNA (ssRNA) as a Toll-like receptor 7 (TLR7) stimulator for the downstream activation of an 

antitumor immune response [52-53]. Their dual approach promoted apoptosis in gastric 

cancer cells and also stimulated TLR7-mediated immune responses in mice by the activation 

of natural killer (NK) cells [53].  

Methods for gene silencing can be divided into two: (i) those that act post-transcription 

including the use of antisense oligonucleotides, RNA interference (RNAi), ribozyme transcript 

degradation, and (ii) those that edit the DNA directly before transcription including zinc finger 

nucleases, transcription activator-like effector nucleases, and CRISPR/CAS9 [54-59]. In 
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Chapter 2 I will focus on gene silencing post-transcriptionally by the use of silencing RNA 

(siRNA). Here I present other alternatives to siRNA as a background. The first post-

transcriptional gene silencing approach was by the use of antisense oligonucleotides (ASOs) 

in 1978 to inhibit viral replication in vitro [60]. The first ASOs that were developed were single 

stranded deoxynucleotides that could base pair to target mRNA leading to its degradation by 

endonucleases and thus inhibiting protein production [60]. However, the original ASOs were 

highly unstable and new strategies to enhance their efficacy have been developed; 

modifications were attempted on their backbone, sugar moiety or nucleobase offering a 

variety of options for improvement [61-62]. A common ASO modification is the incorporation 

of phosphorothioate backbones, shown in Fig. 1.1, to replace naturally occurring 

phosphodiester bonds, specifically by the introduction of a sulfur in the place of a non-binding 

oxygen atom in the natural phosphodiester bond. Phosphorothioate oligonucleotides (PS-ONs) 

are more biologically stable as they are more resistant to nuclease-degradation and activate 

RNase-H (the endonuclease that catalyzes the cleavage of DNA/RNA hybrids) more readily 

enhancing the gene silencing activity of ASOs [63-65]. On the other hand, one drawback of 

PS-ONs is that they display low binding affinity to the target mRNA. To improve their binding, 

the sugar moieties of ASOs have been enhanced by modifying their 2’ position, which 

differentiates the DNA from RNA. In this way, the DNA/RNA hybrids can better mimic 

RNA/RNA duplexes and have increased affinity [62]; common substitutions include 2′-O-

Methyl (2’-OMe), 2′-O-methoxy ethyl (2’-OMOE) and locked nucleic acids, which have a 

modification that connects the 2’ oxygen with the 4’ carbon of the ribose [62, 66-67]. Another 

category of ASOs are splice switching oligonucleotides (SSOs) which target pre-mRNA and 

modify their normal splicing pattern [68]. RNA splicing requires precise sequence recognition 

of the splicesosome machinery for the proper translation of the desired protein after the mRNA 

has been processed. When SSOs are used, they cause a steric block in the normal protein:RNA 

or RNA:RNA recognition that would normally occur as part of the splicing process and thus 

inhibit translation [69]. In addition, SSOs have been commonly used to promote exon skipping 
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therapies [78].  Both siRNA and miRNA are emerging therapeutic agents in the development 

of targeted cancer treatments and almost one-third of the current ongoing clinical trials using 

them are directed towards cancer as the clinical application [79]. Figure 1.2. illustrates the 

different examples discussed that result in post-transcriptional gene silencing.  

In this thesis, I will also highlight how molecular therapies or detection methods that 

focus on nucleic acids offer tremendous versatility and ease in the design process as changing 

a nucleic acid probe or effector molecule is by nature simpler than changing a small molecule 

inhibitor, including the production of a monoclonal antibody or a chemical moiety. As we now 

have vast sequence information of the basis of many diseases, in the future we expect more 

precise and personalized nucleic acid-based therapies and detection methods to be employed 

in clinics or in point of care devices.  

1.1.3 Nucleic Acid Biomarker Detection Methods  

Another area that has benefited from the extensive effort into disease-associated 

nucleic acid identification/sequencing research has been early biomarker detection in different 

types of cancer. A biomarker is defined as “any substance, biological structure or process that 

can be measured in a bio-specimen and may be associated with health-related outcomes” 

[80]. As genetic variations by themselves can dictate the course or susceptibility of a person 

to a disease, sequencing and early diagnostics of these changes is of great importance for 

improving patient prognosis and extensive genome comparison studies have been performed 

in the past to analyze differences between patients [81]. A milestone even more impressive 

than devising a therapy to achieve complete remission in patients would be the ability to 

detect and address early disease onset markers preventing the development of oncogenesis 

all together. At the same time, biomarker detection methods have as an overall goal to 

improve patient prognosis by dictating and personalizing therapeutic regimes, predicting 
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outcomes to therapies and monitoring the progress of the patient once a therapy has been 

administered (Fig 1.3) [82].  

 

In the genome, biomarkers are commonly found in the forms of single nucleotide 

polymorphisms (SNPs), short tandem repeats (STRs), deletions or insertions. More recently 

circulating tumor-associated DNAs have also been elucidated as a more convenient pool of 

biomarkers [81-83]. Another change that has also been considered as a biomarker is DNA 

hypermethylation more commonly in gene promoter regions [83-84]. In the example of acute 

myeloid leukemia (AML), patients that are screened for molecular abnormalities at diagnosis 

have a clearer understanding of the prognosis, remission rates, disease-free survival, and risk 

of relapse [85-87]. Currently, the World Health Organization (WHO) encourages the search 

for genetic defects during AML diagnosis as differences in mutations could identify different 

subsets or pathologies of the disease that can be treated specifically with particular drugs and 

highly improve the outcome of treatment [88-89]. The mutation that is most involved in AML 

Figure 1.3. Clinical applications of biomarkers including their use for diagnostics, 

prognostic assessment and predictions of therapeutic outcomes. This image is public 

domain material, distributed under the terms of the Creative Commons Attribution 4.0 which 

permits unrestricted use, distribution, and reproduction of the material published. [82. Lim, S.Y. 

et al., Mol Cancer. 2018; 17: 8. DOI: 10.1186/s12943-018-0757-5]. 
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prognosis is the internal tandem duplication in the FLT3 gene (FLT3-ITD) [90]. FLT3 encodes 

a membrane-bound receptor with a tyrosine kinase domain that when activated relays a 

cascade of phosphorylation reactions involving the MAP kinase, STAT and AKT/PI3 kinase 

signal transduction pathways responsible for the regulation of cell differentiation, 

proliferation, apoptosis and cellular survival [91]. The FLT3-ITD mutation then renders the 

resultant protein constitutively active dysregulating the former pathways [92]. Approximately 

30-40% of AML patients have the FLT3-IDT mutation and this subset of patients is strongly 

associated with poor patient prognosis and reduced disease-free survival and overall survival 

[93-95]. Thus, given the specificity of the FLT3-IDT mutation, multiple AML targeted 

therapeutics have been developed including Midostaurin (Rydapt) which in 2017 became the 

first targeted therapy for FLT3-positive AML patients after almost 40 years of having no new 

drugs approved for the treatment of AML [96-99].  

1.1.3.1 Interrogation of nucleic acid methylation 

 Besides specific genetic mutations, other changes in the genome that have been used 

as important biomarkers in cancer include DNA methylation patterns. DNA methylation is a 

common and important process for cellular processes including transcriptional regulation; 

methylation patterns are considered epigenetic marks in the genome which can be heritable 

[100]. DNA methylation by itself can also induce gene silencing and it is known that in early 

stages of tumorigenesis DNA methylation can be involved in the downregulation of tumor 

suppressor genes [101]. Moreover, changes in methylation patterns or dysfunctions are 

involved in the onset and progression of different types of cancer [100]. In this case, the 

addition of the extra methyl group happens in the C-5 position of the cytosine (5-mC) ring of 

the DNA by a DNA methyltransferase which can appear in any position of the genome yet 

98% of it happens in CpG islands, genomic regions rich in cytosine and guanine usually found 

near transcription sites, in somatic cells [102-106].  In Chapter 3, we discuss another type of 

DNA methylation which is caused by environmental exposure or endogenously, for example 
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by the S-adenosylmethionine methyl group donor, leading to the formation of methylated 

DNA bases other than cytosine. In particular, we focus on the detection of the O6-

methylguanine (O6-meG) adduct which has the greatest mutagenic and carcinogenic potential 

[107]. The presence of O6-meG along with other DNA adducts, which are DNA bases that 

have been covalently modified compared to canonical bases, are also considered biomarkers 

of the effective dose of exposure to a particular carcinogen [108-109]. Common carcinogens 

have included polycyclic aromatic hydrocarbons (PAHs), aromatic amines, heterocyclic 

amines, aflatoxins, nitrosamines, cancer chemotherapeutic agents, styrene, and 

malondialdehyde and even dietary sources. However, the use of DNA adducts as biomarkers 

has been limited by their short half-lives in the body as they are usually repaired by different 

enzymes [110-112]. Nevertheless, their early detection could be very beneficial to understand 

disease onset and enhance patient care. The most common ways to detect adducts have been 

radiolabeling, antibodies that are specific to a certain adduct, modified DNA, or structural 

characterization methods using analytical instrumentations and detection limits are usually of 

1 adduct/109 nucleotides [113].  

1.1.3.2 Detection of DNA methylation 

 To detect DNA methylation, the gold standard is the bisulfite sequencing technique as 

current sequencing methods by themselves cannot distinguish between methylated or non-

methylated cytosine [114]. Instead, bisulfite treatment converts the cytosine sugar into 

uracil, but not the methylated cytosine, by deamination and these converted residues are 

then detected as thymines after PCR-amplification and subsequent sequencing [115]. Now, 

this method is applied to entire genomes and methylation patterns are commonly assessed. 

However, this method is still challenging in its own regard as complete conversion is essential 

and post-sequencing analysis can be difficult as bisulfite treatment might lead to DNA 

fragmentation or have other effects on its structure [115]. To avoid some of the limitations, 

it is also common to enrich a sequence of interest before the analysis and specifically isolate 
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CpG islands [115]. One of the main hallmarks of the bisulfite conversion method paired with 

sequencing is that it is quantitative, but it also offers sequence specificity of the methylation. 

Before introducing sequencing analysis, methylation detection methods focused on 

quantification of the modification and mass spectroscopy was a common analysis which was 

highly sensitive, yet it required sample hydrolysis. Mass spectroscopy was also paired with 

liquid chromatography and the sensitivity of the analysis was furthered improved being able 

to detect down to 0.05% methylated bases in a sample of interest [116]. An advantage that 

the mass spectrometry analysis offered compared to bisulfite treatment is that poor-quality 

DNA samples can be analyzed [116-118]. However, just like sequencing techniques these 

methods require expensive equipment and highly trained personnel to analyze a sample. 

Novel detection techniques have focused on reducing the number of modification steps or 

hydrolyzation steps prior to the detection with the development of nanosensors that are able 

to detect current changes when a methylated base is read through a detector compared to a 

non-methylated base [119-121]. Microarray chip systems have also been developed that are 

able to examine the entire genome and analyzed for specific DNA damage using 

immunoprecipitation [122].  

 As mentioned above, methylation can also occur in other bases besides cytosine, 

mainly by chemical exposure or by cellular metabolic pathways and the most common sites 

for alkylation are the Nitrogen (N) and Oxygen (O) atoms in DNA, as they are nucleophilic 

targets of alkylating agents which are electrophilic: N-methylpurines (N3 and N7 of guanine, 

N1 and N3 of adenine),  and O6 of guanine [123]. However, in contrast to 5-mC, these 

methylated bases are often found in low abundance in the genome [111-112] making their 

detection and analysis more challenging. Some chemotherapeutic agents act by inducing 

methylation, including temozolomide and dacarbazine for the treatment of high-grade glioma 

and melanoma [124]. By inducing DNA methylation, these therapeutic agents can lead to 

double strand breaks after different repair pathways remove the adduct causing cytotoxicity 

and reduction of the malignant cells [125]. In this manner, monitoring the methylation 



 14 

achieved in the target cells can also be useful for tracking the progress of the treatment and 

its effectiveness. The presence of O6-meG, for example has been monitored in tissues before 

by antibody staining and ultra-performance liquid chromatography-tandem mass 

spectrometry (UPLC-MS/MS), a highly sensitive approach that offers the most accurate 

quantification analysis of the adduct and allows for dose-response monitoring of treatment in 

liver and colon tissues with O6-meG; however, single base resolution in a sequence is not 

possible through this method [126].  For sequence specific resolution, Sturla and co-workers 

have created several DNA base surrogates that are able to preferentially bind adducts 

compared to non-modified bases. In a previous report they were able to engineer a KlenTaq 

DNA polymerase, which is able to bypass various DNA lesions, to specifically incorporate one 

of their surrogates across from any O6-meG or O6-carboxymethylguanine (O6-CMG) [127-

128]. Their modified polymerase was able to incorporate their synthetic bases across from 

O6-meG and/or O6-CMG with a catalytic advantage of up to 150-fold when compared to 

guanine. However, the polymerase also incorporated canonical dNTPs across from O6-meG 

bypassing the lesion but not across from O6-CMG and stalling instead without the addition of 

the surrogate base. Thus, even though their surrogate had specificity towards O6-meG 

compared to guanine they needed to develop a more sensitive system to perform the 

amplification [127].  

 In Chapter 3, we discuss another method for the sequence-specific detection of O6-

meG by introducing a “second-generation” surrogate from the Sturla group. When it was first 

introduced, Trantakis et al. designed an approach in which they achieved colorimetric 

detection of O6-meG with sequence specificity. To do this, they designed “detection probes” 

and “discrimination probes” with the surrogate bases and functionalized them to gold 

nanoparticles (AuNPs) so that when a target was present in solution, the AuNPs would lead 

to a colorimetric change based on their intrinsic properties as they formed aggregates [129]. 

More specifically, in their assay they designed 13-nucleotides long targets (13-mer) that had 

either O6-meG or guanine in the middle position and their respective complementary probes 
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these properties, Trantakis et al. were able to develop an assay that was able to detect a 

1.6% O6-meG containing target compared to non-specific background DNA or 96 fmol of O6-

meG target in the presence of 6 pmol background DNA [129].  

One of the points for improvement in their assay was the analysis of longer sequences, 

as the sensitivity of the hybridization of the probes is highly dependent on the destabilization 

due to the mismatch, a longer probe then would be more tolerable to said destabilization. In 

their article, they also analyzed a 17-mer probe which require some modifications to their 

AuNP probes; however, they managed to still achieve discrimination [129]. In Chapter 3, we 

extend the use of the modified surrogate probes into a ligation-mediated detection method 

which would allow for downstream exponential amplification and thus be able to further 

enhance the limit of detection of the system and potentially reduce the time needed to 

complete the detection as AuNP aggregation in their case was performed in 6 hours. The 

development of synthetic base surrogates that preferentially bind adducts is an exciting field 

as in the future sequencing methods could be developed that are able to detect these 

unnatural base pairs and give very precise information about their position, quantity and be 

able to track changes as treatments are administered.  

1.1.4 Personalized Cancer Therapy at the Intersection of Molecular Therapy and 

Diagnostics 

 Both efforts to develop nucleic acid-based genetic therapies and detection methods for 

early genetic biomarkers of oncogenesis have as a main goal to support the advances in 

personalized medicine and attempt to understand and address the molecular basis of disease 

on a more personalized patient basis (Fig. 1.5). It is well known that patients with the 

‘apparent’ same type of cancer may not respond in the same way to treatment as the genetic 

alterations present in their disease could be completely different [134]. Acute Myeloid 

Leukemia is a case in-point for the need for personalized medicine. As mentioned before, the 

sequencing work performed in the past has led to the development of specific therapeutics 

like the ones targeting the FLT3 mutation. Currently AML includes around 11 categories in 
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which patients can be grouped into depending on sequencing analysis and cytogenetics and 

more than 20 subsets when considering cellular differentiation states [135-136]. Recently the 

Druker group also reported an extensive genomic analysis on 562 AML patients where they 

examined correlations between gene mutation signatures and drug responses [137]. In their 

studies, they reported how mutations in certain genes including TP53 and KRAS could lead to 

broad patterns of drug resistance and analyzed which drugs would be best tolerated when 

these mutations were present [137]. Moreover, utilizing genetic interrogation to predict drug 

sensitivity patterns can be highly beneficial in the understanding and treatment of patients 

like in the example with AML given that hundreds of patients with seemingly the “same” 

disease can have unique gene mutation patterns that can effectively differentiate them to 

design treatments that improve their prognosis [137].  

 

Figure 1.5. Schematic representation of the shift towards personalized cancer 

treatments driven by the molecular profile of each patient [138]. 

Published in: Alessia Stornetta; Maike Zimmermann; George D. Cimino; Paul T. Henderson; 

Shana J. Sturla; Chem. Res. Toxicol.  2017, 30, 388-409. DOI: 

10.1021/acs.chemrestox.6b00380. Copyright © 2016 American Chemical Society, 

permissions related to the material excerpted should be directed to the ACS. 
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Theranostics, as the name implies, is an area of research that combines detection and 

diagnostic information with therapy with the focus of developing more effective, safer and 

treatments that can be tracked once administered. In theranostics, the biomarker that is the 

detected is the same target of therapy and thus the therapeutic agent is only active in its 

presence [139-140]. Other examples of theranostic developments are nano-delivery systems 

that are loaded with anti-cancer agents which are able of being tracked once in the tumor and 

only then receive a signal to delivery their cargo [139-140]. For example, Wu et a., developed 

a polyethylenimine (PEI) passivated carbon dot nanoparticle with folate on the surface of 

particles to effectively target their cells of interest which have upregulated folate receptors 

[141]. Because of the carbon dot component, the particles were able to emit visible light and 

the PEI allowed them to encapsulate siRNA at the same time as PEI and siRNA can form 

complexes due to electrostatic interactions. One of the main advantages in the development 

of these systems is that for in vivo studies the nanoparticles can be tracked and their 

biodistribution assessed at the same time that they deliver their therapeutic outcome [141]. 

The particles were administered via the intrapulmonary route to access lung cancer cells in 

mice and showed retention and accumulation at the lung region providing a multifunctional 

example of the potential of nanomaterials for the administration of precise therapeutic agents 

[141].  

Overall, in the future the most effective and personalized cancer treatment will 

combine efforts in multidisciplinary fields, using the knowledge obtained from sequencing 

information, molecular biology synthetic chemistry and biology, nanotechnology, and 

materials science. In the following 2 chapters, I will combine a few examples from the 

advances gained in the molecular therapy and diagnostics areas to analyze two projects 

individually focusing on detection of biomarkers and nucleic acid (siRNA) based therapy.  
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Chapter 2. RNA Interference for the treatment of Acute Myeloid 

Leukemia 

 

2.1 Introduction 

Acute myeloid leukemia (AML) is the most prevalent myeloid disorder in adults [142], 

with a mortality rate exceeding 90% for those diagnosed over the age of 65 [143]. AML 

originates in the hematopoietic stem and progenitor cells and it is characterized by the 

increase of immature myeloblasts or “blasts” in circulation overcrowding healthy cells and the 

space in the bone marrow. The abnormal growth and differentiation of the myeloblast cell 

population is driven by mutations and chromosomal alterations that lead to differentiation 

blocks which arrest the cells in immature stages of development [144]. Over the years, the 

molecular features of AML have been extensively characterized and now AML is classified as 

a highly heterogeneous disease from a molecular and pathological point of view [145-146]. A 

plethora of mutations may lead to the development of the disease and as a result, multiple 

molecular targets have been exploited to date. Due to the advances in molecular 

characterization, the World Health Organization recognizes certain recurrent genetic 

abnormalities in patients as basis for diagnostics for AML [88]. Being the most prevalent acute 

leukemia in adults and second most common in children, ongoing research has led to a better 

understanding about the disease and treatment options [145-149]. However, until the 

introduction of new targeted therapies last year, treatments had not significantly changed for 

almost 30 years, and cytotoxic chemotherapy was still the standard [148]. Still, hematopoietic 

stem cell transplantation (HSCT) best allows for the prevention of AML recurrence and for 

increased disease-free survival but has the highest treatment-related morbidity and mortality, 

especially in older patients [148]. Another challenge with current treatment options is that 

most AML patients become chemo-resistant [150], making new treatment options of urgent 

need, especially for patients that endure high risks with chemotherapy and who are not 

eligible for HSCT. In this thesis, we explore the use of RNA interference using polymeric 

delivery systems to identify molecular targets that can be silenced and inhibit leukemic cell 



 20 

survival and proliferation. We hypothesize that we can use RNA interference using polymeric 

carriers to explore potent AML treatments that are less cytotoxic and can become an 

alternative for patients. With this strategy, we aim to develop versatile therapies that in the 

future can be tailored in a per-patient basis and can be better translated to clinical 

applications. 

2.1.2 Leukemic cell model 

In AML it is thought that a subset of leukemic stem cells (LSCs) are the primary cause 

of malignancy and disease relapse [150]. LSCs have self-renewal potential and resistance to 

apoptosis amongst other characteristics that aid in their survival in the face of drug treatment. 

This resiliency also makes them capable of re-initiating the disease once thought to be 

eradicated [151]. For this reason, treatment options that can target LSCs are highly sought-

after. Thus, in the presented studies we focus on the effects of the silencing therapy on 

primary cells and KG1/KG1a cell lines, which are relevant cell line models for LSCs [152]. 

KG1a have been found to keep their self-renewal potential and be inherently resistant to 

chemotherapy and drug treatments, including daunorubicin (DNR) and mitoxantrone [154] 

induced apoptosis [154], TNFa [155] and natural killer cell killing [152]. 

2.1.3 RNA interference 

In 1998, RNA interference by double stranded RNA was first discovered in the 

nematode Caenorhabditis elegans by Fire, Mello and colleagues as a method to control gene 

expression [156]. The process of RNA interference or gene silencing starts with the formation 

of short interfering RNA (siRNA) by the Dicer enzyme triggering the beginning of the RNAi 

process. The siRNA is incorporated into the effector nuclease, the RNA-induced silencing 

complex (RISC) where the sense strand is cleaved by the Argonaute proteins and the 

antisense strand guides it to cleave mRNA sequences that are complementary [157]. In 2001 

the Tuschl group found that RNAi was also present in mammalian cells and multiple biomedical 

applications for RNAi have been developed ever since [158]. With advances in molecular 
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genetics and sequencing, RNAi offers a novel and alternative form of targeted therapy for 

countless malignancies and diseases, including AML [159]. In this project, we make use of 

post-transcriptional gene silencing by introducing exogenous therapeutic siRNAs, which are 

introduced directly to the RISC complex, targeting specific genes responsible for the survival, 

proliferation and self-renewal of leukemic cells and analyze the capacity of mRNA silencing to 

induce cell death and reduce proliferation. Using siRNA as the therapeutic agent may provide 

advantages compared to small molecule inhibitors which can lead to some known drawbacks 

as they have been shown to be costly, toxic, and pose risk of immunogenicity [160]. The main 

limitation that gene therapy with siRNA would address is that proteins and small molecule 

drugs cannot access every disease-causing protein or aberrant gene, whereas siRNA can be 

easily designed to target any disease-causing genetic sequence [161]. Moreover, unlike 

targeting protein activity alone, typical of conventional drugs, RNAi agents can eradicate the 

protein all together in the cell. 

2.1.4 Synthetic delivery systems 

Even though siRNA has great potential for therapeutic applications, some obstacles 

prevent siRNA to be readily used: it is easily degraded by nucleases and cleared by glomerular 

filtration, it is also highly hydrophilic and negatively charged making it almost impossible to 

cross lipophilic cell membranes on its own [162-163]. Thus, the development of delivery 

systems to bring RNAi into clinics is a high priority and countless materials have been 

developed to circumvent these obstacles, the most advanced being nanoparticle formulations 

[164]. Carriers are generally categorized into two main groups: synthetic or viral; however, 

due to toxicities and undesired immune responses associated with viral vectors as well as 

their scalability limitations [165], we focused this project on non-viral carriers. Given their 

ease of synthesis and chemical flexibility with the incorporation of countless functional groups, 

we used modified polymers to address siRNA delivery [166]. More specifically, we used low 

molecular weight polyethylenimine (PEI) modified with aliphatic groups, which have shown to 
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make PEI into an effective delivery system for AML cells [167]. PEI is a cationic polymer that 

complexes and encapsulates the siRNA by electrostatic interactions forming a polyplex, i.e., 

polymer-siRNA complex [166]. PEI is also known to have a high proton buffering capacity in 

the endosome once it has been taken up by the cell, allowing it to be bound to endosome 

entrapped H+, increasing the endosomal osmotic pressure that ultimately ruptures the 

endosomal membrane [168-169]. However, the complete process of endosomal escape with 

PEI complexes is yet to be fully elucidated. 

2.1.5 AML therapy  

The therapeutic regimen for AML patients is dictated by the patients’ age, cytogenetic 

or molecular markers and abnormalities, comorbidities, performance status, and antecedent 

hematologic disorders [170-171]. For most patients, intensive therapy is administered which 

is divided into two stages: remission induction and consolidation therapy which might include 

a stem cell transplantation. Depending on the risk of administration and age of the patient, 

the intensity of the induction therapy is customized. The chemotherapeutic options that are 

most commonly administered include cytarabine and an anthracycline (daunorubicin or its 

analog idarubicin), which have both drastically increased disease-free survival in the AML 

population [172-174]. Advances in therapeutic agents have made AML curable in 35-40% of 

patients who are 60 years or younger compared to a disease that was incurable about 50 

years ago [172]. Even though cytarabine, amongst other nucleoside analogs developed after, 

and the anthracyclines are essential for the treatment of AML, they have broad mechanisms 

of action which induce cytotoxicity and comorbidities that targeted treatments wish to 

overcome. For example, anthracyclines are known to have cardiotoxic effects exposing 

patients to cardiovascular morbidities and mortalities [175]. Additionally, 15–30% of patients 

show no response to cytarabine treatment and 30–80% of patients experience relapse [176]. 

Changes and optimization in the intensity and dosage of cytarabine depending on the patient 

are common, however, even though high dose cytarabine increases the probability of relapse-
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free survival the high dosing induces greater side effects which can be fatal and not 

recommended for older patients [174, 176]. In more than 30 years until 2017, no new drugs 

had been approved by the US Food and Drug Administration (FDA) for the treatment of AML 

[177]. 2017 marked an exciting year for the introduction of four new targeted therapies for 

the treatment of AML. In April, August and September, novel targeted therapies were 

introduced: Midostaurin for treating fms-like tyrosine kinase 3 (FLT3)-mutated AML, 

enasidenib for relapsed or refractory AML patients with an isocitrate dehydrogenase-2 (IDH2) 

mutation, CPX-351 for newly diagnosed therapy-related patients or with myelodysplasia-

related changes, and gemtuzumab ozogamicin (GO) for the treatment of adults with newly 

diagnosed CD33+ AML [177-181]. More recently, in July 2018, ivosidenib also received FDA 

approval for relapsed or refractory patients with an IDH1 mutation [182]. Midostaurin first 

emerged as a kinase inhibitor aimed to increase the selectivity of the staurosporine inhibitor 

of protein kinase C and was investigated to treat solid tumors and in ophthalmologic 

applications [177, 179-180]. Now, midostaurin is used as a multi-kinase inhibitor for two 

patient groups with AML: newly diagnosed patients with FLT3-mutations, which are found in 

about one third of patients with AML, and for patients with advanced systemic mastocytosis 

[180]. Enasidenib, is a small-molecule inhibitor of the IDH2 mutant enzyme that affects 12% 

of AML patients leading to DNA and histone hypermethylation which prevents cellular 

differentiation [183]. Similarly, ivosidenib targets the IDH1 mutated gene which is present in 

6-10% of patients with AML and also leads to aberrant differentiation [183-184]. In contrast, 

CPX-351 is not directed to a new target but is a new liposomal formulation of cytarabine and 

daunorubicin in a 5:1 ratio which showed lower toxicity and increased survival rates compared 

than the conventional treatment regime [185-186].  GO consists of the anthracycline, 

calicheamicin, conjugated to an anti-CD33 monoclonal antibody, as CD33 is readily seen in 

leukemic blasts [178, 181].   GO was first given accelerated approval by the FDA in 2000; 

however, soon after its introduction different studies could not demonstrate the efficacy of 

the drug and showed increased toxicities causing its withdrawal in 2010. After treatment 
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optimization and more advanced studies, however, GO was re-approved in September of 2017 

and has become the first antibody-drug conjugate for humans [181].   

Table 2.1. Recently approved targeted therapies for acute myeloid leukemia 

Name of therapy Target Functional Goal 

Midostaurin FLT3 Multi-kinase inhibitor of 
the FLT3 mutation 
inducing cytotoxicity 

Enasidenib IDH-2 Inhibit IDH-2 and 
promote cellular 
differentiation 

CPX-351 - Dual-drug liposomal 
formulation of cytarabine 
and daunorubicin in 5:1 
ratio 

Gemtuzumab ozogamicin CD-33 Anti-CD33 monoclonal 
antibody 

Ivosidenib IDH-1 Inhibit IDH-1 and 
promote cellular 
differentiation 

 

Besides the introduction of the new targeted molecules, not too many therapeutic 

advances have been achieved for the older patient population (older than 65); despite the 

attainment of ~50% complete remission at some point, these patients still achieve only a 2-

year survival rate of 15-20% [187-188]. It is to be noted, however, that hypomethylating 

agents such as decitabine and azacitidine hold promise as they were shown to have a survival 

advantage for the older patient population [173,176]. Currently decitabine or low dose 

cytarabine are used for this population of patients. Another patient population that needs 

treatment alternatives are the adolescent and young adult patients. Recently, the adolescent 

and young adult patients, defined by the US National Cancer Institute to be of 15-39 years of 

age, have also been shown to have higher risk of treatment-related mortality (TRM) than 

younger patients and could have up to three times more TRM [189-191]. Hence, the 

development and use of more targeted therapies is highly desired in AML as dosage 

optimization does not convey the new innovative approaches currently being developed.  
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2.1.6 RNA interference as a treatment option for AML  

In this thesis we focused on gene silencing as a targeted therapeutic approach, able 

to target specific genetic mutations or genes that get overexpressed in leukemic cells 

compared to healthy tissues. As the specificity of RNAi therapy is given by the siRNA 

sequence, using this type of approach can offer alternatives and potent combinations to treat 

AML other than relying on protein inhibitors or chemotherapeutic agents with broad 

mechanisms of action. In addition, the development of molecular databases, including disease 

gene databases, has strengthened the versatility of gene silencing, the ease for its rational 

design, and encouraged the identification of new targets and delivery systems for the 

treatment of AML along with many other diseases [192]. 

The Kiyosawa group in Japan and the Druker group in the United States were amongst 

the first to test RNAi in AML models. Kiyosawa et al., successfully targeted the Raf-1 kinase 

and the Bcl-2 oncoprotein as their overexpression had been demonstrated to be involved with 

chemo-resistance [193]. In their studies, they also compared siRNA to antisense 

oligodeoxynucleotides (AS-ODN or antisense DNA) and showed how siRNA was more effective 

at achieving gene silencing. Antisense DNA was the method for mRNA targeting and gene 

expression downregulation before the use of siRNA and had been previously employed in 

myeloid leukemia cells as well [193-196]. The second example of one of the first uses of RNAi 

in AML targeted FLT3, which plays an important role in the survival, proliferation and 

differentiation of blasts, and showed that siRNA treatment in combination with a small 

molecule inhibitor provided a more effective alternative for treatment than either method 

alone [196]. These two examples introduced RNAi as a potent and novel alternative for AML 

therapeutics, yet, also pointed to a few challenges to be overcome to introduce siRNAs to 

patients, highlighting the delivery challenge. In the case of Kiyosawa, 400 nM of siRNA had 

to be transfected with a synthetic reagent to achieve the desired level of silencing 

(Oligofectamine, from Invitrogen). Typically, concentrations in the order of 50-60 nM in 



 26 

culture are considered viable to be translated to a clinical setting and concentrations of 0.3-

0.01 mg/kg have been reported to be effective in mice and non-human primates with 

synthetic lipidic carriers [197-199].  In the case of the Druker group, the transfection was 

performed by electroporation, which is not suitable for in vivo delivery. The two examples 

portrayed chemical and physical transfection methods employed for siRNA delivery over the 

years, both facing unique challenges. Merkerova et al., compared some of the first chemical 

transfection methods used for leukemias, in a chronic myeloid leukemia model specifically, 

(Oligofectamine, Metafectene and siPORT Amine) to electroporation and revealed common 

concepts when comparing the two: synthetic carriers usually show very low delivery for 

patient cells and electroporation usually leads to high toxicity even though it has a higher 

capacity for transfection [197]. Currently, these delivery obstacles are addressed by the 

formulation of targeted synthetic carriers and materials that have improved chemical and 

physical transfections. Many approaches have been developed to address in vivo delivery as 

well as to improve the effectiveness of the siRNA to be delivered avoiding the high 

concentrations that were necessary before [197-199]. 

The transfection of hematopoietic cells poses yet another delivery challenge by the 

nature of these cells being able to grow in suspension (or freely unattached in the body). 

Compared to most other cells in our bodies, cells in suspension have reduced surface area 

available to encounter the transfection reagents and thus are more difficult to transfect. Also, 

compared to attachment-dependent cells, cells in suspension possess morphological 

differences at their surfaces that will have an effect on surface recognition and penetration 

[200-201]. Such molecules could act as non-specific receptors for highly cationic 

siRNA/nanoparticle formulations. To circumvent these challenges, our group has identified 

lipid-modified PEI as an effective delivery agent for leukemic cells in the past [167]. 

 Here, we analyzed and compared different aliphatic groups that are able to improve 

the delivery potential of PEI with a focus on leukemic stem cell models and primary cells. 
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Combining the polymeric carrier with lipid modifications has shown to increase its 

hydrophobicity and therefore ease its interactions with the hydrophobic cellular membrane 

allowing for a more effective entry and cargo delivery to the cytoplasm [202-204]. We 

identified two main modifications that were able to consistently and effectively transfect our 

cells of interest at specific modification ratios: linoleic acid and lauric acid. We also utilized 

the modified polymers to downregulate the expression of genes that target the proliferation 

and apoptosis of the leukemic cells and focused on the BCL2 Like 12 (BCL2L12) and 

Baculoviral IAP Repeat Containing 5 (BIRC5 or survivin) genes. BCL2L12 is an anti-apoptotic 

protein that has previously been shown to promote the proliferation of leukemic cells and 

when downregulated, the engraftment of the cells in mice models is impaired [205]. 

Thomadaki et al., evaluated the expression level of BCL2L12 of AML patients compared to 

healthy donors and observed that AML patients had increased expression, which gave them 

a predisposition for relapse [206]. BCL2L12 overexpression is also observed in chronic 

lymphocytic leukemia patients and it was predictive of a shorter overall survival [207]. 

Similarly, to BCL2L12, survivin is also part of an inhibitor of apoptosis family and has been 

shown to be overexpressed in the majority of cancer cells [208]. Specifically, in AML patients, 

survivin is an indicator of poor prognosis, associated with drug resistance and it is 

overexpressed in the leukemic stem cell population compared to the bulk leukemic cells 

making it a promising target for downregulation [209-210]. Its overexpression has also been 

shown to have a role in the initiation of AML making it a suitable target in the early stages of 

treatment [211].  

As they have been proven to be potent targets in treatment of AML, we examined the 

silencing of both BCL2L12 and survivin and showed how it leads to the decrease in 

proliferation of the KG1 and KG1A leukemic stem cell models at different time points. Also, 

by optimizing the transfection schedule we were able to enhance the effect of the siRNAs on 

proliferation over a period of 10 days. In addition, we showed how after selecting the proper 

modifications for PEI we are also able to target multiple genes including MAP2K3, CDC 20, 
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and SOD-1 and observe decreased proliferation in the desired cells. The overall studies in this 

thesis demonstrated the versatility of siRNA delivery with modified PEI to elicit an effect in 

leukemic cells that are difficult to transfect as well as paramount therapeutic targets for AML, 

offering an alternative for more precise and targeted treatment options.    

2.2 Materials and Methods 

2.2.1 Materials 

The low molecular weight 0.6, 1.2 and 2.0 kDa PEI, and 25 kDa PEI, linoleyl chloride, 

stearic acid, lauric acid, caprylic chloride, alpha-linoleyl acid, Hanks’ Balanced Salt Solution 

(HBSS without phenol red), were obtained from Sigma–Aldrich (St. Louis, MO). 

LipofectamineTM RNAiMAX was purchased from Invitrogen (Grand Island, NY). Penicillin (1000 

U/mL) and streptomycin (10 mg/mL) were purchased from Invitrogen. Fetal bovine serum 

(FBS) was purchased from VWR (PAA, Ontario, Canada). RPMI Medium 1640 with L-glutamine 

was purchased from Qiagen (Huntsville, AL) and IMDM medium with GlutaMax from Thermo 

Fisher (Waltham, MA).  Unlabeled, negative control siRNA as well as 6-carboxyfluorescein 

FAM-labeled siRNA were from IDT (Coralville, IA). The following siRNAs were also from IDT: 

survivin (Cat. No. HSC.RNAI. N001012271.12.1), BCL2L12 (Cat. No. HSS.RNAI. 

N001040668.12), CDC20 (Cat. No. HSC.RNAi. N001255.12.1), and SOD-1 (Cat. No. 

HSC.RNAI.N000454.12). MAP2K3 (Cat. No. AM16708) and RPS6KA5 siRNA (Cat. No. 

AM51334, unmodified) were obtained from Ambion. 

2.2.2 Cell Culture 

Suspension cells were cultured with Roswell Park Memorial Institute (RPMI) medium 

containing 10% FBS (heat inactivated at 56 oC for 30 min) and 1% penicillin/streptomycin 

under normal conditions (37 oC, 5% CO2 under humidified atmosphere). KG1A and KG1 cell 

lines were obtained from the American Type Culture Collection (Rockville, MD, USA) and 

cultured under the same temperature and CO2 conditions, with Iscove's Modified Dulbecco's 

Medium (IMDM) and 20% FBS. Primary cells were obtained frozen from the Canadian 
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Biosample Repository (University of Alberta) and belonged to AML patients with active disease 

at diagnosis from the University of Alberta Hospital. Experiments involving primary samples 

were performed within 24 hours of thawing after determining their viability with the Trypan 

blue staining method. For thawing, cells were transferred dropwise to a tube containing DNase 

I (100 µg/ml) and incubated for 2-4 minutes, then 5 mL of FBS were added to the DNase/cell 

mixture dropwise; the suspension was distributed into different 1.5 mL tubes and spun down 

at 600 rpm for 10 minutes. The supernatant was removed, and cell pellets were resuspended 

in IMDM supplemented with GlutaMAX (1x, Thermo Fisher Scientific). The medium was also 

supplemented with 100 ng/ml SCF (Shenandoah 100-04), 50 ng/ml FLT3L (Shenandoah 100-

21), 20 ng/ml Il-3 (Shenandoah 100-80), 20 ng/ml G-CSF (Shenandoah 100-72), and 10−4 

M of β-mercaptoethanol. 

2.2.3 Synthesis of lipid modified polyethylenimine carriers  

The low molecular weight (0.6, 1.2 or 2.0 kDa) PEI-modified polymers were 

synthesized in-house by published methods [167, 202, 204, 212-213] by grafting aliphatic 

lipids via N-acylation at different feed ratios. The modifications tested include linoleic acid 

(LA), alpha-linolenic acid, stearic acid (St), lauric acid (Lau), and caprylic acid (CA). The 

nomenclature of the polymers is exemplified as follows: PEI 0.6 CA 4 refers to a 0.6 kDa PEI 

modified with caprylic acid at a theoretical feed ratio of 4 caprylic acids per PEI.  

Table 2.2 Chemical structure of lipid substitutions 

Name (Chemical Formula) Structure 

Alpha-linolenic acid (C18H30O2) 
 

Linolenic acid (C18H32O2) 
 

Stearic acid (CH3(CH2)16COOH) 
 

HO

O

HO

O

HO

O
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Lauric acid (C12H24O2) 
 

Caprylic acid (C8H16O2) 
 

2.2.4 siRNA delivery to suspension cells   

To assess the uptake of the complexes, FAM-labeled siRNA was delivered with a variety 

of modified carriers. Complexes were prepared by combining siRNA and polymers at different 

siRNA:polymer ratios (1:6, 1:8, 1:10) and incubating them for 30 minutes at room 

temperature in serum-free medium before introducing them to the cells. With RNAiMAX, a 

ratio of 1:2 was used as increasing this ratio has shown to be toxic in our previous experience. 

For delivery experiments, we used an siRNA concentration of 30 nM and approximately 45,000 

cells in X-well plates. Cells were analyzed after 24 hours of transfections using flow cytometry. 

On the day of the analysis, the cells were prepared by collecting them in 1.5 mL Eppendorf 

tubes, centrifuging them at 14000 rpm for 5 minutes, washing twice with HBSS and fixing 

them to a final concentration of 1.2% formaldehyde. All transfections were performed in 

triplicate. To set the baseline for uptake and fluorescence a no treatment control was used, 

and a gate was set at approximately 1% uptake. For the uptake experiment in Figure 2.1 we 

utilized a cell line thought to be THP-1; however, after authentication they match the genetic 

profile of the Raji Burkitt’s Lymphoma cell line. These cells were only used to generate Figure 

2.1 as a model for suspension cells.  

2.2.5 Analysis of cellular proliferation 

The CyQUANT cell proliferation kit (Cat. No. C7026) was obtained from Thermo Fisher 

and the manufacturer’s protocol was followed. Briefly, cells were transfected on “day 0” and 

analyzed after 3 days, 7 days or 10 days after treatment. For Figure 2.4 cells were analyzed 

on day 15. Cells were also transfected on day 7 for most studies, with the exception of Figure 

2.4. On the day of the analysis, cells were lysed using lysis buffer prepared in house (0.5 

mol/L 2-amino-2-methylpropan-1-ol and 0.1% Triton-X; pH 10.5). After 1 hour of incubation 

O

HO

O

HO
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in the lysis buffer, we prepared a DNA calibration curve including concentrations of 2.0, 1.0, 

0.5, 0.25, 0.125 and 0.0 µg/mL of DNA by preparing serial dilutions of the DNA standards 

provided by the kit in the lysis buffer and adding 1x dye to the samples in a black 96-microwell 

plate (Thermo Fisher). The fluorescent intensity values were obtained with the Fluoroskan 

Ascent plate reader (Thermo Fisher) with λex=485 and λem=530 nm and graphed against the 

DNA concentrations. The samples were prepared in a similar way by adding 50 µL of the lysed 

cells and 50 µL of 1x dye to the wells. The DNA concentration from the samples was then 

obtained using the fluorescent intensity and comparing it to the calibration curve from the 

standards. The results were plotted as a percentage of DNA by setting the no treatment 

control as the reference: [DNA from sample] / [DNA from no treatment control] x 100.    

2.2.6 Apoptosis Analysis    

To analyze the effect of siRNA delivery with the selected polymers, the cells were 

analyzed for apoptosis using the FITC-Annexin V and Propidium Iodide apoptosis assay kit 

from BD Biosciences (Cat. No. 556547) following the manufacturer’s instructions. Briefly, the 

suspension cells were collected in 1.5 mL Eppendorf tubes, centrifuged and washed with the 

apoptosis binding buffer (1X) provided. The cells were then incubated with 2.5 µL of FITC-

Annexin V and 2.5 µL of Propidium Iodide in the dark for 15 min at room temperature. Then, 

cells were analyzed with a flow cytometer within 30 min. 

2.2.7 mRNA silencing of suspension cells  

To determine the silencing effect of the transfections against specific genes, RT-qPCR 

was used to assess the level of intracellular mRNA. First, total RNA from the treated cells was 

extracted using the TRIZOL method according to the instructions from the manufacturer 

(Invitrogen), extracts were quantified with a NanoVue spectrophotometer (GE Healthcare Life 

Sciences). For primary cells, cDNA was synthesized using the SuperScript™ VILO™ cDNA 

Synthesis Kit from Thermo Fisher (Cat. No.11754050). Otherwise, we used the Invitrogen 

cDNA kit including Master Mix 1 (Oligo dT 0.5 µg/µL, random hexamers and dNTPS 10 mM) 
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and Master Mix 2 (5x Synthesis Buffer, DTT 0.1M, RNAout 1.8 U/µL and M-MLV RT enzyme). 

After adding Master Mix 1 to the samples (2000 ng of RNA) they were heated to 65 oC for 5 

minutes. After adding Master Mix 2, the samples were heated at 25 oC for 10 min, 37 oC for 

50 min and 70 oC for 15 min, then stored at 4 oC. For the quantitative PCR, human β-actin 

was used as the endogenous control (Forward: 5’ GCG AGA AGA TGA CCC AGA T 3’ and 

Reverse: 5’ CCA GTG GTA CGG CCA GA3’). 5 µL of master mix containing 2X SYBR Green 

(FroggaBio Cat. No. BIO-92005, otherwise obtained from the Molecular Biology Facility MBSU 

at the University of Alberta) and 1.0 µL of each forward and reverse primer (10 µM) per 

sample were combined and added to 3 µL of cDNA (7.5 ng/µL). The samples were analyzed 

using a StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA) based on the 

manufacturer’s recommendations (initial denaturation for 10 min at 95 oC, followed by 40 

cycles of denaturation at 95 oC for 15 sec and hybridization and elongation at 60 oC for 1 

minute) results were then processed using the 2-ᐃᐃCT method and presented as relative 

quantities normalized to the β-actin housekeeping gene. 

Table 2.3 List of Primers for RT-qPCR 

BCL2L12 Forward 5’ CCC GCC CCT ATG CCC TTT TT 3’ 

BCL2L12 Reverse 5’ ACC GGC CCA GCG TAG AA 3’ 

CDC20 Forward 5’ CGCTATATCCCCCATCGCAG 3’ 

CDC 20 Reverse 5’ GATGTTCCTTCTTGGTGGGC 3’ 

MAP2K3 Forward 5’ CGGCTGCAAGCCCTACAT 3’ 

MAP2K3 Reverse 5’ CAGACGTCGGACTTGACATTGT 3’ 

RSP6KA5 Forward 5’ GAC ACT GCA GCC CAG CAA 3’ 

RSP6KA5 Reverse 5’ CCT AAG CTA CTG AGT CCG AGA ACT G3’ 

SOD-1 Forward 5’ GCA CAC TGG TGG TCC ATG AAA 3’ 

SOD-1 Reverse 5’ TGG GCG ATC CCA ATT ACA CC 3’ 

Survivin Forward 5’ TGAGAACGA GCCAGACTTGG 3’ 

Survivin Reverse 5’ ATGTTCCTCTATGGGGTCGT 3’ 
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2.2.8 Statistical Analysis  

All results were plotted as means of 3 replicate samples with standard deviations. 

Statistical significance was determined by the unpaired Student’s t-test where an asterisk (*) 

represents (p≤0.05) and a plus sign (+) represents (p≤0.1). The analysis was performed by 

comparing the control siRNA (csiRNA) sample with the siRNA-treatment samples.  

2.3 Results  

2.3.1 Selection of carriers for siRNA delivery to AML cells  

A library of low molecular weight PEI (0.6, 1.2, and 2.0 kDa) modified polymers 

including saturated and unsaturated lipid substitutions was analyzed using FAM-siRNA. We 

plotted the percentage uptake and mean fluorescence intensity in a suspension cell model, 

Raji Burkitt lymphoma cells (Fig. 2.1), KG1 (Fig. 2.2A) and KG1A cells (Fig. 2.2B) and AML 

patient cells (Fig. 2.3). RNAiMAX and PEI 25 were used as commercially available delivery 

reagents for reference. From the library screens, PEI 1.2 Lau 8 (C-12) was consistently the 

most effective carrier with uptake percentages of up to 95% and the highest fluorescent 

intensities for both, cell lines and patient samples (Fig. 2.1-2.3). In addition, PEI 1.2 LA 6 (C-

18) was selected from our screens as the linoleic acid substitution had been previously shown 

to be highly effective at delivery of siRNA to AML cells [167, 214] and was effectively used to 

inhibit cell growth in up to 80% of MDA-MB-231 cells [213]. Also, the linoleic acid substitution 

was the only unsaturated carbon modification chosen in comparison to the rest of the 

modifications selected. In the past, we have hypothesized that the increased level of 

saturation gives the carrier more fluidity which allows it to have better interactions with the 

cell membrane [167]. Other polymers selected for further experiments in the case of KG1 and 

KG1A cells were PEI 0.6 Lau 4 (C-12), PEI 1.2 St 4 (C-18) and PEI 2 LA 9 (C-18). For the 

patient studies, PEI 0.6 St 4 (C-18) was also selected as it consistently delivered FAM-siRNA 

at higher percentages in 3/5 patients (Fig. 2.3) 
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Delivery was examined with various PEI:siRNA ratios: 6:1, 8:1, and 10:1, FAM-siRNA 

concentration was 30 nM. Uptake percentage (percentage of cells that are positive for FAM) 

and mean fluorescence intensity (MFI) from the FAM-siRNA positive cells were assessed.  
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Figure 2.2. siRNA delivery to KG1 (A) and KG1A cells (B). 
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5 patient cell samples (JB 48, 50, 65, 

80 and 117) were obtained and tested for the uptake of complexes using FAM-siRNA and a 

library of polymers. siRNA:PEI ratio was 1:10 and siRNA concentration 30 nM, uptake 

percentage (percentage of cells that are positive for FAM) and mean fluorescence intensity 

(MFI) from the FAM-siRNA positive cells were assessed.  

2.3.2 Exploring growth inhibition in leukemic cells by siRNA delivery  

To study the effect of siRNA delivery on AML cells over time, we first examined the 

growth inhibition in a hematopoietic cell model, Raji Burkitt lymphoma cells (Fig. 2.4). 

Different siRNAs were delivered on day 0 and cellular proliferation was assayed on days 7, 10 

and 15 after the delivery, changing the media each time the cells were analyzed. The time 

points were selected to explore the outcomes of the delivery after longer periods of time than 

what we had previously reported [214-215]. From this analysis, we observed that the 

maximum cell growth inhibition was of 35% targeting CDC 20 with RNAiMAX on day 7. By 

day 15 the effect of siRNA on cell proliferation was lost in all the targets except in the case of 

survivin which retained about 12% of inhibition with both RNAiMAX and PEI 1.2 LA 6. In order 

to better analyze the differences between the targets, we repeated the experiment analyzing 
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Figure 2.4. siRNA delivery to AML patient cells. 
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the cells on day 3, 7, and 10. At this time, we also treated the cells for a second time on day 

7 (Fig. 2.4). For most cases, we did not observe any growth inhibition on day 3 but instead 

noticed that some targets were promoting cell proliferation, in particular NTN1-1 and STAT3 

doubled the DNA content extracted (Fig 2.4). The only inhibition that was observed on day 3 

was of ~14% by targeting BCL2L12 with PEI 1.2 LA 6. However, after the second siRNA 

treatment on day 7 we are able to report up to 80% of growth inhibition by targeting RPS6K5A 

(RPS) with PEI 1.2 LA 6. By delivering two doses of siRNA on days 0 and 7, most of the targets 

were able to reduce cellular proliferation by at least 40% with PEI 1.2 LA 6 with the exceptions 

of CD29 and PIK3CB. With these conditions we also observed that the PEI 1.2 LA 6 carrier 

was more effective at inhibiting growth on day 10 than RNAiMAX.  

We used the same transfection time frames and delivered different siRNAs to KG1A 

cells on days 0 and 7 (Fig 2.5). Six carriers were selected including RNAiMAX, PEI 1.2 LA 6, 

PEI 2 LA 9, PEI 1.2 St 4, PEI 1.2 Lau 4 and PEI 1.2 Lau 8. PEI 2 LA 9 gave the most increased 

proliferation with CDC 20, SOD-1 and survivin and thus was not used for further studies. 

Similarly, increased proliferation was observed by targeting RPS with RNAiMAX, PEI 1.2 LA 6, 

PEI 1.2 St 4, and PEI 1.2 Lau 8 (Fig 2.5).  

In terms of growth inhibition, PEI 1.2 St 4 did not show any significant effect and was 

also not used for further studies. For KG1A cells, PEI 1.2 Lau 8 was the most successful carrier 

at significantly inhibiting cell growth with 4 out of 6 targets on day 10. On this day, the most 

inhibition was seen after targeting MAP2K3 with 5/6 carriers, SOD-1 with 4/6 carriers and 

BCL2L12 with 3 out of 6 carriers (Fig 2.5).  
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The effects of different siRNAs on DNA content were analyzed on days 3, 7 and 10 after siRNA 

treatments on days 0 and 7. By utilizing different transfection reagents, we aimed to select 

the most effective delivery vehicle to elicit an effect on the cells. Percent DNA is expressed 

compared to the no treatment control. siRNA:PEI ratio utilized was 10 and siRNA 

concentration was 50 nM.  
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Figure 2.5. Effect of siRNA treatment on the proliferation of KG1A cells. 
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 We further analyzed the effect of siRNA delivery on KG1 cells using three carriers, 

RNAiMAX, PEI 1.2 LA 6 and PEI 1.2 Lau 8. For KG1 cells, the control siRNA impaired cellular 

proliferation on day 3 and more cell proliferation was observed with different targets and the 

three carriers instead of growth inhibition. On day 10, no growth inhibition was observed with 

any carrier, except when survivin was used with PEI 1.2 LA 6. Significant growth inhibition 

was also observed with PEI 1.2 Lau 8 on day 7 targeting MAP2K3 (Fig. 2.6).  

Effects of different siRNAs on DNA content were analyzed on days 3, 7 and 10 after siRNA 

treatment on days 0 and 7. Percent DNA is expressed compared to the no treatment control. 

siRNA:PEI ratio utilized was 10 and siRNA concentration was 50 nM. 
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As most of the silencing effect was observed with ratio 6:1, we targeted BCL2L12 and 

survivin in KG1 cells (Fig. 2.9). For these cells, PEI 1.2 LA 6 was the most effective at silencing 

both BCL2L12 and survivin. PEI 0.6 Lau 4 also achieved some silencing with both targets, but 

the effect was not as pronounced, and PEI 1.2 Lau 8 did not have any effect on the mRNA 

transcripts (Fig. 2.9), even though at this ratio it had been the most effective at siRNA delivery 

for KG1 cells (Fig. 2.3).  

 

 

 

 

Silencing was assessed after 3 days of treatment by RT-qPCR using β-actin as the 

housekeeping reference gene. The siRNA concentration was 60 nM.  

2.3.4 Apoptosis in KG1A cells  

 We then examined the levels of apoptosis and cell death in KG1A cells with ratio 1:6 

as they demonstrated the most effects in proliferation and silencing with the selected carriers. 

Early apoptosis was achieved with PEI 1.2 LA 6 with the three chosen targets, BCL2L12, 

MAP2K3 and survivin. PEI 0.6 Lau 4 also allowed for the upregulation of early apoptosis when 

targeting survivin. Late apoptosis or cellular death was promoted by targeting MAP2K3 with 

PEI 1.2 Lau 8 (Fig. 2.10).  
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and effector functions allow LSCs to maintain and regulate the disease leading to resistance 

to chemotherapy and other targeted therapies [152, 218]. As a result, focusing on LSCs is 

one of the most promising approaches to tackle chemo-resistance and decrease disease 

morbidity. For this reason, we have focused these studies on the identification of siRNA 

delivery systems to KG1 and KG1A stem cell models for AML that can also be translated for 

use in primary patient samples.  

We demonstrated that PEI 1.2 Lau 8 was the most effective carrier for all cell lines 

studied as well as for primary samples (Fig. 2.1-2.3). This is promising as were able to identify 

that a chemical modification able to achieve delivery in up to 80% of KG1A cells also achieved 

delivery of up to 80% in one of the patient samples and an elevated MFI (Fig. 2.2-2.3). Lauric 

acid is a medium-length saturated fatty acid containing 12 carbons which is naturally sourced 

and metabolized [219]. In addition, this fatty acid has been found to have   antiproliferative 

and pro-apoptotic effects in some cancer cells [220]. The use of lipids for drug delivery 

specifically in nano-carrier formulations is extremely popular as they increase membrane 

interactions and permeability promoting high levels of cellular uptake, with liposome delivery 

systems being the first to be translated into clinical applications [221]. In our case, we use 

lipids to increase the surface recognition and interactions between the PEI polymer and the 

cellular membrane [214-215, 222]. However, when using lipid formulations, we must also 

consider that lipids are highly involved in cell signaling pathways, gene expression regulation, 

apoptosis, metabolism, inflammation amongst other essential cellular functions [223-225]. 

Therefore, it is expected to observe some non-specific effects when studying lipid-based 

carriers as their interactions with the cellular membrane might trigger signaling cascades that 

might be independent from the target of interest. Such effects might be over-expressed in in 

vitro studies as the effective concentration of each carrier available to interact with each cell 

would be significantly greater than its bioavailability when used in vivo. In some of our studies, 

we noticed that our control treatments promoted cellular proliferation (Fig. 2.5) or led to an 

increase in transcript levels in BCL2L12 and survivin specially when the higher ratio of 1:10 
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of siRNA:PEI was used with control siRNA (Fig. 2.8). These effects might be caused by 

increased signaling from the lipids themselves, but also by endocytotic effects on proliferation 

which have been observed before via the Wnt/β-catenin pathway [226-227]. Also, we noted 

that the effects were more prominent with the carriers that had higher levels of lipid 

substitutions: PEI 2 LA 9 and PEI 1.2 Lau 8, and were decreased when the ratio was lowered 

to 1:6 which is why we hypothesize that the lipids themselves might be triggering cellular 

signals that we have yet to explore. Another reason for the non-specific effects observed could 

be from the siRNAs as these could arise when siRNA interacts with specific parts of the mRNA 

transcripts or with non-specific sequences, yet these can be reduced with ease by designing 

different siRNA sequences or by chemically modifying the siRNA [228-230]. Hence, even 

though some off-target effects in proliferation and mRNA transcript levels are observed there 

are various alternatives to mitigate these outcomes that could be explored in future work.  

Focusing on the specific effects on proliferation after targeting genes involved in cell 

proliferation, apoptosis, and differentiation we demonstrated how when comparing growth 

inhibition on days 7, 10 and 15, the maximum effects are seen on day 7 as expected since 

the effects of siRNA are known to be transient, especially as cells proliferate (Fig. 2.4). 

However, proliferation can be successfully inhibited by transfecting the cells on day 0 and 

reinforcing the effects on day 7 as on this day we could still see some of the inhibition by a 

single transfection. By delivering siRNA twice, we were able to decrease growth inhibition by 

up to 80% and by at least 40% with all targets used (Fig. 2.4). We applied the same treatment 

schedule to KG1 and KG1A cells which from our experience are less responsive to treatment 

and more difficult to transfect. For KG1A cells, we were able to achieve up to 45% growth 

inhibition when targeting MAP2K3 and were able to decrease proliferation of all targets tested 

with different carriers by the 10 with the exception of survivin (Fig. 2.5). When testing the 

same transfection schedule on KG1 cells, we observed that they were less responsive, yet 

this was expected as they also had less cellular uptake of the particles that we tested than 

KG1A (Fig. 2.2, 2.6). Most of the effects were achieved on day 3 and only by targeting survivin 
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with PEI 1.2 LA 6 were we able to obtain about 40% decreased proliferation by day 10. In 

order to enhance these effects, we can design different carriers that are more specific and 

effective when transfecting KG1 cells. In this instance, we noticed how even though the 

carriers that we chose are able to effectively transfect suspension cells, they still hold high 

specificity and their effectiveness changes even when comparing two very similar cells that 

share the same origin. The specificity given by the simple design of the particles, without 

being targeted to any receptor or antigen, highlights the importance of the lipid membrane 

interactions themselves when considering a drug delivery vehicle.  

To reduce some of the non-specific effects, we lowered the siRNA:PEI ratio to 1:6 and 

noticed that the KG1A cells still were more responsive to the transfections than the KG1 cells 

even though the effects were not as pronounced as when using the higher polymer ratio (Fig. 

2.7).  For both cells, PEI 1.2 Lau 8 was still the most effective carrier and both BCL2L12 and 

survivin were able to inhibit proliferation with effects lasting up to 10 days in KG1A cells (Fig 

2.7).  

To examine the outcomes of siRNA targeting at the molecular level, we analyzed the 

mRNA transcript levels using RT-qPCR. We tested ratios 1:10 and 1:6 in KG1A cells and 

noticed how ratio 1:6 was more effective at downregulating the mRNA levels on day 3 even 

though these effects were not translated to more effective proliferation inhibition (Fig. 2.8). 

We were able to achieve up to 40% reduction in mRNA content with the ratio of 1:6 when 

comparing the control siRNA to the treatment. With the ratio of 1:10, PEI 1.2 Lau 8 and the 

control siRNA showed non-specific transcript upregulation and, in this manner, using the 

effector siRNA targeting survivin, showed up to 500% reduction in mRNA content; however, 

this result is an artifact of the non-specific effect. The 1:6 ratio was also tested in KG1 cells 

and the most transcript suppression was achieved with using PEI 1.2 LA 6 and targeting 

survivin obtaining about 20% downregulation (Fig. 2.9). In our experience we have observed 

that when the lower siRNA:PEI ratio is used the dissociation of the siRNA from the carrier 

happens more readily and this could lead to more effective mRNA downregulation.  
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As we were examining targets that are highly involved in the regulation of apoptosis 

and proliferation, we looked into Annexin V staining and observed how PEI 1.2 LA 6 was the 

most effective carrier to increase apoptosis with all the targets tested. However, survivin with 

PEI 0.6 Lau 4 increased early apoptosis the most and MAP2K3 with PEI 1.2 Lau 8 was the 

most effective at promoting cellular death. With this assay we observe that each target 

behaves differently depending on the carrier that is used to deliver it again highlighting the 

importance of analyzing the effects and interactions that the carriers themselves might have 

which contribute to cellular outcomes. For a more thorough analysis on how silencing 

influences apoptosis, more time points can also be studied to get a better understanding of 

when the peak of the effect is and when it settles down. In this way we can also design a 

treatment regime that allows for reinforcement of the effect as we optimized for proliferation.  

Finally, we analyzed the silencing effect on primary cells using the three top carriers 

and BCL2L12, CDC 20, survivin and RPS. By comparing the ratio of mRNA with the use of the 

control siRNA and the effector siRNAs we observed that with two patients we were able to 

obtain silencing with BCL2L12 and RPS. Also, we noticed how PEI 1.2 Lau 8 had the most 

effect on 4 patients when survivin was targeted. For this study the higher 1:10 ratio was used 

on the samples and now we understand that the lower ratio of 1:6 might be more effective 

to achieve silencing. Nonetheless, we must always keep the specific goals we aim to achieve 

when utilizing RNAi as in the example using KG1A the 1:6 ratio achieved more silencing, yet 

the 1:10 ratio was more effective at inhibiting cellular growth.  

This chapter highlights the versatility and inherent specificity of the polymeric carriers 

after they are modified with aliphatic groups. By using modified PEI we have access to 

countless chemical modifications that in the future can be screened for individual patient 

samples to create personalized delivery systems. When an effective carrier is established, we 

can then design and optimize the siRNA personalizing it given the molecular information about 

the patients’ transcriptome and genome making this system extremely potent to achieve 
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targeted therapy. For the use of RNAi in clinics we propose that most of its utility can be from 

providing an alternative to patients who do not respond to induction therapy or that are older 

and more vulnerable suffering from co-morbidities and previous malignancies. RNAi could be 

paired up with the current targeted therapies and chemotherapeutic reagents and allow for 

the use of lower dosage of the broad-mechanism drugs.  
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Chapter 3. Molecular targeting to detect of O6-methylguanine 

(O6-meG) using synthetic DNA surrogates  

3.1. Background  

3.1.2 O6-Methylguanine (O6-meG) 

Exposure of DNA to chemicals and environmental carcinogens can result in the 

formation of DNA adducts, or covalently modified DNA bases [231]. However, these modified 

DNA bases do not remain in the genome for long as they are removed by specific DNA repair 

proteins. Thus, their presence can reflect exposure levels or aberrant metabolic pathways 

[232]. Of all known DNA adducts, O6-methylguanine (O6-meG) has the greatest mutagenic 

and carcinogenic potential [233]. Exposure to N-nitrosamines from materials such as rubber, 

tobacco, or dietary sources such as grilled foods and dairy [233-234], chemotherapeutic 

alkylating agents, cosmetics, hydraulic fluids [234-236], and endogenous methylation [236] 

can all lead to the formation of O6-meG. The main mechanism of O6-meG carcinogenic and 

cytotoxic effects are during replication; O6-meG:thymine base pairs can form as readily as 

O6-meG:cytosine leading to a G:C to A:T transition mutation during replication. However, 

such mutations are usually prevented as the O6-methylguanine-DNA methyltransferase 

(MGMT) removes the methyl group from the O6-meG transferring it to an internal cysteine 

residue of itself [233].  

Besides causing mutations during replication, O6-meG can also cause cytotoxicity by 

failure of the post-replication mismatch repair pathway to fix the aberrant base pair causing 

a double strand break in the DNA, a pathway that is readily exploited by many alkylating 

agents used for cancer treatment [235]. Consequently, O6-meG detection in tissues has been 

highly investigated, but research has been hampered by the fact that DNA adducts are only 

typically found in very low concentrations: 2,000 O6-meG /nmol dG or 50,000 O6-meG per 

cell compared to approximately 3 billion canonical base pairs [236-237]. Additionally, these 

numbers are dynamic as the repair pathways are actively demethylating the adducts as 

previously described. Variations when comparing different tissues and individuals based on 

geographic regions have also been observed [238-241].  
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3.1.3 O6-methylguanine detection  

Since the discovery of the link between O6-meG and its roles with cytotoxicity, 

mutagenesis and cancer, many detection methods have been developed to quantify and 

correlate the presence of the adduct to disease. One of the first assays for the detection of 

O6-meG relied on the specificity of the O6-alkylguanine-DNA-alkyltransferase repair enzyme. 

In this case, the amount of O6-meG repair was compared against the amount in a known 

standard using immunoprecipitation and radiolabeling. With this method, O6-meG was able 

to be detected at levels of 50 fmol/mg of DNA or a 0.5 fmol detection limit in vitro [242]. 

Other early detection methods included 32P-postlabeling [243], immunoassays [244-245], 

and mass spectroscopy [246] along with combinations of analytical methods including high-

performance liquid chromatography (HPLC) fractionation of the adduct before quantification 

to extend the sensitivity of the assays [247-249]. The main drawback from these assays is 

that none of them provide sequence specificity but instead they were meant to solely detect 

and quantify the amount of O6-meG. With time, new assays were developed that provided 

sequence specificity of O6-meG in the target of interest. This is extremely beneficial as 

advances in the genomic basis of distinct disease are made.  

Amongst the first attempts to analyze the occurrence of O6-meG and understand its 

distribution in a given sequence was to use radio-labelled guanine residues, but only short 

sequences could be analyzed [250-251]. Dolan et al., noticed an uneven distribution of the 

adduct in dodecamer sequences and found that when the modified guanine is preceded by a 

purine the incidence of the adduct is greater and the extent of repair is slower [250]. Shortly 

after, Richardson et al., elucidated that O6-meG was preferentially formed in single-stranded 

oligonucleotides compared to double stranded and that the incidence of O6-meG varies in a 

sequence-dependent manner [251]. Furthermore, it was highlighted that some regions of the 

genome may be more susceptible to mutagenesis by the formation of O6-meG [251]. The first 

report of high throughput DNA sequencing including the detection of several adducts was in 

2011 by Clark et al., where they applied single molecule real time (SMRT) DNA sequencing 
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previously used for the detection of DNA methylation on cytosine and adenine [252-253]. 

SMRT DNA sequencing relies on the differences in polymerase kinetics to incorporate modified 

DNA compared to an unmodified template [252]. Clark et al., used the same method to 

analyze methylated bases including O6-meG, 1-methyladenine, and O4-methylthymine. The 

kinetic signal generated by the incorporation of O6-meG varied depending on its position. Yet, 

the distinct signature of the polymerase could still be used to detect the adduct in a sequence-

specific manner [253]. Even though SMRT sequencing offers a potent method for the analysis 

of DNA damage, special instrumentation is required and quantification of the adduct 

abundance was not addressed. With the goal of obtaining sequence and quantitative 

information about DNA adducts, Sturla and co-workers have synthesized various synthetic 

DNA analogs that are able to pair preferentially to methylated bases including O6-meG and 

O6-benzylguanine (O6-BnG) [254]. In this case, the analogs varied in their hydrogen bonding 

and pi-stacking interactions with the adducts and the canonical bases allowing them to form 

more stable interactions with the former [254]. In 2016, the Sturla group synthesized new 

surrogates that had even higher affinity to O6-meG than to the unmodified base:  1′ -β -[1-

naphtho[2,3-d ]imidazol-2(3H )-one)]-2′ -deoxy-D -ribofuranose (ExBenzi) and 1′ -β -[1-

naphtho[2,3-d ]-imidazole]-2′ -deoxy-D -ribofuranose (ExBIM) with ExBIM being more 

selective [251]. In their report they were particularly interested in the detection and 

quantification of the adduct with sequence specificity in a particular mutagenic hotspot of the 

Kristen Ras proto-oncogene (KRAS) [255].  

3.1.3 KRAS  

The KRAS or Kristen Ras proto-oncogene belongs to a group of GTP-binding proteins, 

known as the Ras-like GTPases, that relay signals from extracellular growth factors and 

modulate gene expression and homeostasis. Specifically, KRAS expresses a guanosine 

triphosphate (GTP)/guanosine diphosphate (GDP) binding protein in the Ras/MAPK pathways 

[256]. Normally the protein remains inactive, but once it binds GTP it acts as a switch to 

activate genes and modulate intracellular activity [257]. The Ras/MAPK signaling pathways 
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affect cellular differentiation, growth, chemotaxis and apoptosis. Also, as a key regulator of 

cell survival, cancer cells that become resistant to chemotherapies often have KRAS mutations 

[258]. Commonly, activating mutations are linked to carcinogenesis, resistance to 

chemotherapy, and poor patient prognosis [259]. Dominant KRAS mutations are the most 

common ones in any type of cancer, thus, the KRAS gene has been highly studied [260]. The 

most common recurring mutation in the KRAS gene of cancer cells happens in codons 12 and 

13 of exon 1 [261]. KRAS mutations are the most prominent in colorectal carcinomas, non-

small cell lung cancer and pancreatic ductal carcinoma [262-263]; however, mutations are 

also found in biliary tract carcinomas, endometrial cancer, bladder cancer, breast cancer, liver 

cancer and myeloid leukemias amongst other types of cancer [264].  

3.2 Introduction 
 

This thesis presents a continuation of the work developed by the Sturla lab on the use 

of synthetic DNA surrogates to obtain sequence specificity and quantitative information of the 

presence of O6-meG in the codon 13 hotspot of the KRAS proto-oncogene. Out of the 

surrogates developed, we focused on ExBIM, a synthetic nucleoside analogue with an 

elongated hydrophobic surface that was previously shown to preferentially bind to O6-meG. 

Ioannis et al., elucidated that ExBIM interacts more strongly with O6-meG based on its 

increased hydrophobicity due to the extra methyl group compared to a guanosine base [255]; 

O6-meG and ExBIM are shown in Scheme 3.1. 
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selectivity of the O6-meG detection retaining sequence specificity so that in the future we can 

design a fast screening test for adduct formation that can be used as a biomarker test for 

hotspot mutation sites such as KRAS codon 13.  

3.3 Materials and Methods  

3.3.1 Materials  

 All materials for DNA synthesis, including phosphoramidites and reagents, were 

purchased from Glen Research (Sterling, VA). DNA synthesis was performed with the ABI 392 

solid-phase synthesizer. T4 DNA ligase and 10x ligase buffer was purchased from New 

England Biolabs (NEB, Ipswich, MA, Cat M020T 2,000,000 units/mL). The DNA analysis was 

performed using polyacrylamide gel electrophoresis (PAGE) with 40% acrylamide/bis Solution 

from Bio-Rad (Cat. 1610156) and a Biorad Mini-PROTEAN Tetra Cell chamber. When the gels 

were finished running, they were imaged with an ImageQuant RT ECL imager from Healthcare 

Life Science using UV transillumination. For gel preparation, tris base (BP-152-1), boric acid 

(BP-168-1), urea (BP-169-212) and ethylenediamine tetraacetic acid (EDTA) (BP-120-500) 

were purchased from Thermo Fisher Scientific (Waltham, MA). Tetramethylethylenediamine 

(TEMED, BO-150-20) was also purchased from Fisher BioReagents. Ammonium persulfate 

solution (APS, A3678) was purchased from Sigma-Aldrich (St. Louis, MO) and prepared as a 

10% w/v solution. For temperature regulation of the reactions we used a Torrey Pines 

Scientific Echotherm Chilling/Heating Plate model IC22.  

3.3.2 DNA synthesis  

DNA was prepared using the ABI 392 solid-phase synthesizer and Glen Research 

reagents. Standard phosphoramidites were used and fluorescein-dT phosphoramidite (Glen 

Research Cat. No. 10-1056-95), and abasic phosphoramidite (Glen Research Cat. No. 10-

1914-90). Both abasic and fluorescein-dT phosphoramidites are shown in Scheme 3.3; when 

part of a strand the absic phosphoramidite is abbreviated as “ab” and the fluorescein-dT 

modification as “F”. All strands were purified using Glen-Pak DNA purification cartridges (Cat. 

# 60-5200-01) following the DMT-on protocol or reverse phase HPLC. After purification, the 
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Table 3.1 DNA sequences and nomenclature 

Name  Sequence 

KRAS target (TKras) 5’ GTT GGA GCTG GT GGC GTA 3’ 

Methylated KRAS target on 14th 
guanosine (TKras14) 

5’ GTT GGA GCTG GT GG CH3C GTA 3’ 

Methylated KRAS target on 11th 

guanosine (TKras11) 

5’ GTT GGA GCT GG CH3T GGC GTA 3’ 

ExBIM probe (DNAEI) 5’ TAC GExC CA 3’ 
ExBIM probe (DNAEII) 5’ TAC GCC AC Ex 3’  
Fluorescent probe 1 (DNAFII) 5’ PCAG CTCAb CAA AbF 3’  
Fluorescent probe 2 (DNAFI) 5’ PCAG CTC CAA CF 3’ 
Fluorescent probe 3 (DNAF0)  5’ PCAG CTC CAA CF 3’ 
Blocking probe 5’ TAC GCC ACA AA C3’ 
DNA-C 5’ AAAA CA CCG CAT 3’ 

 

3.3.3 DNA ligation experiments  

DNA ligation experiments were performed by mixing 1 equivalent of target (either 

methylated or non-methylated KRAS), 1 equivalent of fluorescently-labeled probe, and 2 

equivalents of the ExBIM containing probe, so that the complete consumption of the 

fluorescent probe indicated that 100% of the product had reacted. The final concentration of 

the probes was 1.4 µM and the reaction volume used was 7.5 µL. The master mix used per 

reaction was: Enzyme (1.0 µL), buffer (1.5 µL) and water (2.5 µL). The buffer was obtained 

with the T4 ligase from NEB and its composition was: Tris-HCl (50 mM), MgCl2 (10 mM), ATP 

(1 mM), DTT (10 mM) at pH 7.5. Table 3.2 exemplifies the reaction volumes and mixtures. 

Reactions were performed at different temperatures: 10 oC, 13 oC, or 16 oC were tested, but 

most experiments were done at 16 oC unless otherwise specified. At the desired time points, 

samples (2.0 µL) from each reaction were collected and combined with “stop solution” (1.8 

µL) to stop the ligations. The stop solution was prepared by combining 100 µL of bromophenol 

blue stock (11 mg of bromophenol blue in 1 mL of H2O) with 800 µL of sucrose stock (4 g 

sucrose + 10 mL of 0.5 M EDTA). The reaction products were then analyzed using 

polyacrylamide gel electrophoresis (PAGE) and a UV transilluminator. For ligation experiments 

we used a denaturing polyacrylamide gel at a 15% concentration: urea (4.8 g, moles), 5x 

Tris Borate EDTA (TBE) buffer (1 mL), 40% acrylamide/bis 19:1 (5 mL) brought to a 10 mL 
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final volume with Millipore water. The solution was then polymerized by adding 10% (w/v) 

APS (80 µL) and TEMED (10.7 µL) and incubated in a 0.75 mm spacer plate. The 5x TBE 

buffer was made with TRIS (108 g), boric acid (55 g), 0.5M EDTA (40 mL) and brought to a 

2L final volume with Millipore water. The buffer was diluted to 1x to run the gels using the 

electrophoretic chamber. The product percentage yield was calculated by comparing the 

fluorescent intensities of the reactant band with the ligation product band: 

"#$%&'()	+,-&

"#$%&'()	+,-&	.	"$/,(),-)	+,-&
	𝑥	100%.  

Table 3.2. T4 ligase reactions to detect methylated or non-methylated KRAS DNA. 

The reactions were performed by mixing the set volumes of reactants and collecting fractions 

at different time points and combining these with stop solution. 

 

 

 

 

 

Table 3.3. T4 ligase reactions to detect methylated or non-methylated KRAS DNA 

introducing a blocking step. 

 

 

 

 

 

 

 

The reactions were performed by mixing the set volumes of reactants and collecting fractions 

at different time points and combining these with stop solution. In this reaction a blocking 

step was implementing by adding 1.25 µL of blocking probe 20 minutes prior to the addition 

of the rest of the probes tested. 

 Target  

(µL) 

DNAF0  

(µL) 

DNAEI 

(µL) 

H2O 

(µL) 

Master 

Mix (µL) 

TKRAs14
 0.625 0.625 1.25 2.5 2.5 

TKRAS 0.625 0.625 - 2.5 2.5 

Control - 0.625 1.25 3.13 2.5 

 Target  
(µL) 

DNAF0  
(µL) 

DNAEI 
(µL) 

Blocking 
probe 

(µL) 

NEB 
buffer 

(µL) 

TKRAs14
 1.25  1.25 2.5 1.25 5 

TKRAS 1.25 1.25 2.5 1.25 5 

Mixed 1.25 each 1.25 2.5 1.25 5 
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3.3.4 DNA hybridization experiments 

 DNA hybridization experiments were performed by incubating the targets of interest 

with their complementary probes at 4 oC for 24 hours and at least 2.2 picomoles of reaction 

sample were run for PAGE analysis (3.7 µL of 1.4 µM reaction). In contrast to the ligation 

reactions, the hybridization reactions were run using a non-denaturing gel using 5.6 mL of 

acrylamide:bis 19:1, 4.0 mL of H2O and 2.4 mL of 5x TBE buffer and polymerized with of 10% 

APS (200 µL) and TEMED 10 (µL). Hybridization reactions were run at 150 mV by keeping the 

electrophoresis chamber in ice. 

Table 3.4. Hybridization reaction set up to detect methylated or non-methylated 

KRAS DNA. 

The reactions were performed by incubating the set volumes of reactants at 4 oC overnight. 

For the PAGE analysis 5 µL of sample were combined with 2 µL of sucrose solution and 1 µL 

of bromophenol blue solution (3.7 µL from the prepared samples were ran in the non-

denaturing gel). We must note that the samples containing two targets had lower MgCl2 

concentrations as less NEB buffer (10 mM MgCl2) was used for their hybridizations.  

 

 

 

 

 

 

 

 

 

 

 Target  

(µL) 

DNAF0  

(µL) 

DNAEI 

(µL) 

DNA-C 

(µL) 

NEB 

buffer 

(µL) 

TKRAs11
 3.45  5.25  1.45 - 4.85 

TKRAS 3.45 5.25 1.45 - 4.85 

Mixed 3.45 each 5.25 1.45 - 1.4 
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3.4 Results and Discussion  

3.4.1 Selectivity of ExBIM in ligation reactions 

3.4.1.1 Destabilization and ExBIM selectivity  

 To increase the sensitivity of ExBIM for the detection of O6-meG we started by 

modifying the DNA probe with the fluorescein label by introducing abasic sites as in the past 

abasic sites have shown to increase the selectivity of SNP detection [269]. First, we observed 

that if no abasic sites were used we obtained approximately 63% product formation when the 

non-methylated guanosine was present and 82% product formation with O6-meG after 5 

minutes at 16 oC (Fig. 3.1). Thus, ExBIM has some preference for O6-meG, yet the ExBIM 

probe by itself was not enough to be selective during the ligation reaction with T4 ligase. As 

we mentioned before, T4 ligase is known to tolerate mismatches. In this case, we believed 

that the change in the DNA hybrid structure was not sufficiently different when there was 

methylation or not for the ligase to differentiate between the non-ideal base pairing [266]. As 

the ExBIM probe is able to hybridize with non-methylated guanosine non-selectively, we 

hypothesized that the abasic sites on the complementary probe might disrupt the stability of 

the hybrids, especially if the interactions were not as favorable as for ExBIM:G. By increasing 

the number of abasic sites to one and two we obtained yields of 23% or 0%, respectively, 

with the non-methylated target and 20% and 15% with O6-meG after 5 minutes (Fig. 3.1). 

Therefore, the addition of abasic sites on the fluorescein probe increased the selectivity of the 

ExBIM probe as well. However, after 60 minutes, even when the two abasic sites were used 

we still observed 10% product formation without the presence of methylation (Fig 3.1). 

Consequently, the dynamic nature of the DNA hybrid formation, regardless of destabilization 

with the introduction of abasic sites, allowed for the product formation between the ExBIM:G 

if given enough time utilizing the T4 ligase. 
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Reactions: 5’ GTTGGAGCTG     GTGGCGTA 3’  

                  3’FCAACAbTCGAAbpCACExGCAT 5’ 

 

 

Ligation reactions were performed with the methylated or non-methylated KRAS targets on 

position G14. The fluorescently labeled probes contained one, two or no abasic sites. The 

ligation reaction was performed at 16 oC and analyzed with PAGE. The control reaction was 

performed without target DNA using the two abasic probe. Percent yield was obtained by 

comparing the product and reactant intensities. The reaction sequences are color-coded, 

where green shading highlights the guanine where the methylation may be present. Light 

blue shading indicates the fluorescent probe and grey shading shows the probe which contains 

the ExBIM. Finally, “Ab” indicates an abasic nucleoside, Ex indicates ExBIM, and F indicates 

fluorescein. 

For the ligations reactions we also analyzed the activity of a less concentrated ligase, 

1 unit compared with 5-units which we used for all of the presented experiments. Yet at the 

1-unit concentration we were only able to observe a maximum of 6% product yield when 

using the two abasics and the methylated KRAS target, and 12% product yield with the one 

abasic probe. However, the abasic probe also allowed for product formation with non-

methylated target (Fig. 3.2). Therefore, to be able to increase the product yield we utilized 

the 5-units of enzyme for all ligation experiments. 
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Figure 3.4. Selectivity of methylated KRAS recognition using abasic 

destabilization. 
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 Reactions: 5’ GTTGGAGCTG     GTGGCGTA 3’  

                  3’FCAACAbTCGAAbpCACExGCAT 5’ 

Ligation reactions were performed with the methylated or non-methylated KRAS targets on 

position G14. The fluorescently labeled probes contained one or two abasic sites. The ligation 

reaction was performed at 16 oC and analyzed with PAGE. The control reaction was performed 

without target DNA using the two abasic probe. Percent yield was obtained by comparing the 

product and reactant intensities. The reaction sequences are color-coded, where green 

shading highlights the guanine where the methylation may be present. Light blue shading 

indicates the fluorescent probe and grey shading shows the probe which contains the ExBIM. 

Finally, “Ab” indicates an abasic nucleoside, Ex indicates ExBIM, and F indicates fluorescein.  

3.4.1.2 Temperature effects on ligation kinetics with ExBIM  

Next, we analyzed temperature variations and how these affect the rates of the ligation 

reactions (Fig. 3.3). Temperature is one of the most important parameters for nucleic acid-

based diagnostic assays as DNA hybridization is dictated by its dissociation, or melting 

temperature (Tm), and therefore altering the temperatures in a reaction can have a huge 

impact on the selectivity and sensitivity of an assay without changing any other parameter 

[270-271]. As expected, we observed that product formation and temperature were inversely 

related; as we lowered the temperature from 16 oC to 10 oC we were able to obtain 100% 

product formation after 60 minutes when the methylated KRAS target was present. However, 

at 10 oC and after 60 minutes 74% product was formed without methylation (Fig. 3.3). By 

selecting 16 oC and two abasic sites on the fluorescent probe we were able to increase the  
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Figure 3.5. Selectivity of methylated KRAS recognition using 1-unit T4 ligase. 
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selectivity of the ExBIM probe. We also analyzed the reaction at 23 oC yet at this temperature 

there was no discrimination between methylated and non-methylated target.  

 

Reactions: 5’ GTTGGAGCTG     GTGGCGTA 3’  

                  3’FCAACAbTCGAAbpCACExGCAT 5’ 

Ligation reactions were performed with the methylated or non-methylated KRAS targets on 

position G14. The fluorescently labeled probe contained two abasic sites. The ligation reactions 

were performed at 16 oC, 13 oC, and 10 oC and monitored after 5, 10, 45 and 60 minutes and 

analyzed with PAGE. Percent yield was obtained by comparing the product and reactant 

intensities.  

3.4.1.3 ExBIM recognition site   

Next, we looked into moving the methylation site with respect to the ligation site, to 

the guanosine at the 11th position (Fig. 3.4). It is known that T4 ligase is more selective at 

the ligation site and thus we hypothesized that this position would allow for the maximum 

discrimination between methylated target and non-methylated [264]. However, when the 

ExBIM:O6-meG or ExBIM:G were at the enzyme ligation site, we observed no product 

formation, even after 60 minutes (Fig. 3.4). This lack of reactivity was likely due to the ligase 

not being able to detect the DNA nick when the ExBIM was at the site of ligation, one 

possibility for this is that the ExBIM changed the conformation of the duplex structure when 

positioned at the ends of a strand yet this would need to be confirmed with further analysis.  
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example, after four hours, 23% of product had formed with 99% of non-methylated target 

alone, (Fig. 3.5); unexpectedly adding 1% methylated target reduced this product to 13%. 

However, even though there might be some inhibition by the combination of methylated and 

non-methylated target, evidently the ExBIM probe is not sufficiently discriminatory with mixed 

samples using ligation reactions.  

 

 

 

 

 

 

 

Reactions: 5’ GTT GGA GCT G    GT GGC GTA 3’  

                  3’FCAA CAbT CGA Abp  CA CExG CAT 5’ 

Mixtures of methylated and non-methylated targets were made 1% methylated and 99% non-

methylated DNA to examine the selectivity of ExBIM. In the legend,1% refers to 1% 

methylated target only, “Mix” refers to 1% methylated target and 99% non-methylated 

target, and 99% refers to non-methylated target only. The fluorescently labeled probe in the 

reactions contained two abasic probes and the reactions were performed at 16 oC. Samples 

were analyzed by PAGE.  

In order to increase the discrimination of the O6-meG detection in a mixed sample we 

hypothesized that we could introduce a “blocking step” in the reaction to reduce the effective 

concentration of non-methylated guanine encountered by the ExBIM probe. To achieve this, 

we added an extra blocking step with a probe containing a cytosine instead of ExBIM to 

observe if the cytosine could have higher affinity towards the non-methylated target and allow 

for the methylated target to be free for detection by the ExBIM. Sturla and co-workers had 

reported that the approximate Tm of the DNA hybrid with C:G is 66 oC while that with C:O6-
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Figure 3.8. Selectivity of ExBIM probe to O6-meG in the presence of background non-

methylated target. 
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meG is 55.2 oC.  For hybrids with ExBIM:G the Tm was 51.7 oC and 54 oC for ExBIM O6-meG 

hybrid strands [251]. Therefore, the C:G bond is significantly more stable than the ExBIM:G 

by a difference of around 15 oC, yet there is only a 2.3 oC difference in Tm that gives ExBIM 

selectivity towards O6-meG. Therefore, we expected that if given the choice to hybridize non-

methylated guanine or O6-meG, a cytosine containing probe would preferentially bind and 

“capture” the non-methylated guanines. Next, in order to actually block the ligation reaction, 

we added three extra adenine bases at the ligation site so that no nick could be recognized 

by the T4 ligase once the cytosine-probe bound. We analyzed the selectivity of the ExBIM 

probe by combining 5% methylated target with 95% non-methylated target (Fig. 3.6). First, 

we analyzed the reaction without the blocking probe, and observed that by 30 minutes both 

the 5% methylated target only and 95% non-methylated target only had similar product 

yields of approximately 16% (Fig. 3.6). When the blocking probe was introduced by incubating 

the probe alone with the targets for 20 minutes at 4 oC prior to the addition of the fluorescein 

and ExBIM probes, we observed that the reaction had a slower kinetic rate, and by 30 minutes 

the maximum product yield was about 5% (Fig 3.5). In this reaction, the 5% methylated 

target and 95% non-methylated target still resulted in similar product yields by 30 minutes 

meaning that the blocking probe could bind to either target as well as the ExBIM probe and 

thus no discrimination was observed. We can improve this experiment by incubating the 

blocking probe with cytosine at a temperature that is above the Tm of C:O6-meG yet still below 

the Tm of C:G. Yet to do this study we expect that more time would be required for the blocking 

step and we would need to analyze the optimal time for maximum blocking before the cytosine 

target hybridizes with the O6-meG. In the future, to increase the selectivity of the ligation 

reaction we could also examine different ligase enzymes that are more stringent than the T4 

ligase and observe if this could increase the selectivity of the O6-meG recognition along with 

changing some of the physiochemical parameters as we have done in this project.    
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Reactions: 5’ GTT GGA GCT  G      GT GGC GTA 3’  

                  3’FCAA CAbT CGA Abp   CA CExG CAT 5’ 

Or  

                  5’ GTT GGA GCT    G         GT GGC GTA 3’  

                  3’FCAA CAbT CGA Abp  AAACA CCG CAT 5’ 

 

Mixtures of methylated and non-methylated targets were made by combining 5% methylated 

and 95% non-methylated DNA. A) We mixed the TKRAS14 target with complementary ExBIM 

probe and fluorescein labeled probe with two abasic sites. B) We included a blocking step by 

incubating the targets with a probe equal to ExBIM with extra bases at the ligation site at 4 

oC before adding the ExBIM probe 20 minutes later. In the legend, 5% refers to 5% 

methylated target only, “Mix” refers to 5% methylated target and 95% non-methylated 

target, and 95% refers to non-methylated target only. The ligations were performed at 16 oC 

and samples were analyzed by PAGE.  

3.4.2 Analysis of probe hybridization utilizing ExBIM  

 To further understand the selectivity and discrimination capacity of the ExBIM probe 

we decided to analyze the hybridization of the probes alone without the addition of the T4 

ligase as we noticed that the ligations were not stringent enough to recognize methylated 

target from non-methylated. To analyze probe hybridizations, we included non-methylated 

targets and methylated targets at the 11th position of the guanine to further understand if the 

inability for the T4 ligase to ligate the product at this site had to do with probe hybridization 

itself. To perform hybridizations, we compared an ExBIM probe with a similar probe that 
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on the polyacrylamide gel (Lanes 1-9, Fig. 3.8). Lanes 1-3 compared Tkras11 methylated target 

with ExBIM probe (DNAEII) or non-methylated Tkras target with ExBIM probe (DNAEII) or both 

targets with DNAEII. As shown, when the ExBIM probes are hybridized to either methylated or 

non-methylated targets their resulting duplexes are unable to be differentiated on a gel as 

their molecular weights are too close to each other (Fig. 3.8). Thus, in order to observe the 

difference between ExBIM binding a methylated or unmethylated target another type of 

analysis must be performed. In the future the ExBIM probe could contain a fluorophore moiety 

and one of the targets a quencher, and thus be able to differentiate which target is bound 

based on fluorescent intensity changes.  

We then analyzed the hybridization products with DNA-C with non-methylated (Lane 

4) or methylated target (Lane 5). As expected, when DNA-C formed a duplex with the non-

methylated target, we were able to observe a band that ran higher when compared to when 

the ExBIM probe was bound (Lane 4) but, surprisingly, the duplex formed between the 

methylated target and the DNA-C probe appeared at a slightly lower position (Lane 5) when 

compared to the ExBIM probe duplex (Lane 1). From our analysis it was unclear if the DNA-

C probe was not able to bind to the target at all, since the band seemed to be at a similar 

position as the target and fluorescein probe only duplex (Lane 9) or if another DNA structure 

was being formed that prevented the observation of the DNA-C probe hybridized with 

methylated target. In lanes 6-7, we analyzed the hybridization product formed when either 

non-methylated (lane 6) or methylated (lane 7) targets were given the choice to either bind 

DNAEII or DNA-C. In this case, the non-methylated target formed a hybrid product with DNA-

C only. This is observed by comparing the positions of lane 6 and lane 4 where only DNA-C 

was given as an option for binding to the target. Similarly, the methylated target seems to 

bind only to the DNAEII probe by comparing the position of the duplex with the duplex formed 

when only DNAEII was given as an option for binding (Lane 1). To summarize, by doing the 

hybridization reactions we learned that the ExBIM probe will detect and hybridize to a non-
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methylated target in a similar manner as a methylated target, producing product bands of 

the same length (Fig. 3.8). Thus, the non-specific hybridization when performing the ligation 

reactions can explain why the discrimination of the ExBIM was not sufficient to obtain 

selectivity even after adjusting the physiochemical characteristics of the reaction. Sturla and 

co-workers had also observed that a hybrid containing C:O6-meG  had a slightly higher Tm 

(55.2 oC) than with the ExBIM:O6-meG pair (54 oC) and thus if given enough time O6-meG  

can hybridize as readily with ExBIM or cytosine. However, their reported melting temperatures 

correspond to the bases located in the middle of the target strand and not at the ends as in 

figure 3.8 and thus we expect melting temperature changes in our analysis. We want to 

highlight that when the probes are analyzed with only one target, we can observe how the 

ExBIM probe hybridizes with methylated target and the “c” probe hybridizes with the non-

methylated target preferentially indicating that ExBIM offers some affinity towards O6-meG. 

Yet, in mixed reactions this affinity needs to be enhanced for an effective detection assay 

(Fig. 3.7). In the future, we can exploit the affinity differences between guanine binding 

cytosine preferentially compared to ExBIM (Lane 6) when at the end of a strand and devise 

an assay that is able to block guanine targets but not targets with O6-meG.  
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of the target of interest, however, we might be able to obtain better selectivity when the 

adduct is found at the end of the sequence. The ideal option would be to either further modify 

the O6-meG to enhance its discrimination between O6-meG or guanine or to include a step 

that completely removes the non-methylated targets. In the future we could also increase the 

discrimination of the detection reactions by selecting a more stringent enzyme or by exploring 

other detection methods that do not rely on an enzyme.  
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Chapter 4. Conclusion and Future Work  
 

This thesis exemplifies the versatility of nucleic acids for the development of 

targeted therapies and biomarker detection methods. By their nature, nucleic acids allow for 

the development of specific targeting based on base pairing interactions and are highly 

modifiable which allows for enhanced detection and reduced side effects [62-65]. Moreover, 

in Chapter Two we highlighted how some of the limitations of working with siRNA including 

its lack of stability in vivo and its low efficiency to pass through cellular membranes can be 

overcome with the use of synthetic delivery systems.  

The main goal in Chapter Two was to exploit the potential of RNA interference using 

lipid-substituted polyethylenimine carriers as an alternative to current AML therapeutics that 

focus on protein targeting or have broader mechanisms of action. We selected lipid 

modifications that increased the potential of the carriers and mRNA targets that responded to 

silencing and resulted in the reduction of cellular proliferation. However, we observed that not 

all targets allowed for the same level of mRNA reduction or even though silencing was 

observed, the effect did not correlate with a reduction in proliferation or increase in apoptosis 

as expected. Thus, in the future to have a better insight on the effect of mRNA 

downregulation, we can expand the time points that we do the analysis on proliferation and 

apoptosis and directly analyze protein downregulation as well. In the past, correlating mRNA 

levels with protein levels have also not always been successful as the proteins that are already 

in the cell might have longer half-lives than expected to be downregulated with one mRNA 

treatment. Or, de novo protein synthesis might not be as active in the given cell. Also, genome 

correlations have been studied to understand in what cases mRNA might not match protein 

abundance levels. Greenbaum et al., elucidated how there are target categories that might 

be more or less susceptible to correlations based on the localization of the protein [272]. For 

example, proteins that act on the nucleolus were found to be better correlated with mRNA 

levels when compared to proteins that have their major effects in the mitochondria or cellular 

rescue. Another factor that could be hampering the outcome of mRNA downregulation is that 
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some genes have shown less variation in mRNA levels during cellular division and instead 

their protein levels are controlled at the translational or post-translational level [272]. To 

overcome these limitations, siRNA targeting could be analyzed across a group of genes in the 

same cellular pathway as each one might have variations in the processes mentioned above 

yet still allow for similar therapeutic outcomes lowering cellular proliferation, inducing 

apoptosis or differentiation. Also, combinational targeting of siRNAs could be employed in the 

future to study synergistic effects in one specific cellular pathway or in pathways that result 

in two different outcomes. For example, targeting the Ras/MAPK pathway involved in cellular 

differentiation, growth, chemotaxis and apoptosis and the BCL-2 intrinsic apoptotic pathway. 

Other considerations for future work are the introduction of modifications to the siRNA itself 

to increase its stability and have more potent effects on mRNA content with lower doses 

[230]. Besides focusing on the siRNA itself, to increase the potential of RNAi for the treatment 

of AML we can further examine the delivery systems and the specific interactions each lipid 

modification we introduced has on enhancing cell membrane interactions or triggering non-

specific cellular pathways. For in vivo delivery, the carriers could also be further modified to 

target a specific antigen on the surface of the desired cells.  

In Chapter Three the main objective was to introduce the ExBIM base surrogate to 

a ligation-mediated detection method for the in-sequence recognition of O6-meG so that the 

ligated product could be further amplified. From our observations, when O6-meG is in the 

middle of the target sequence the T4 ligase which catalyzes product formation tolerates less 

than optimal base pairing and thus the selectivity of the assay was not optimal. By changing 

the O6-meG to the recognition site we aimed to increase the discrimination of the ligase; 

however, the rate of the reaction was significantly diminished. As an alternative to ligation-

based detection, we can introduce the ExBIM modification to other types of oligonucleotide 

probes that are still able to hybridize to a target for detection such as molecular beacons 

(MB). MBs are synthetic oligonucleotides that include a stem structure of hybridized bases 

and a loop portion with unhybridized bases that are able to detect a target of interest [273-
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274]. MBs are also commonly modified with a reporter feature by having a fluorophore and a 

quencher at the ends of the stem so that when the loop section hybridizes to its 

complementary target the MB changes its conformation and the fluorophore and quencher 

separate allowing for the emission of fluorescence [273-274]. In the past the most optimal 

lengths for the loop portion are 15-25 and 5-7 for the stem [275] and in the past they have 

been paired with signal amplification steps including PCR for detecting single nucleotide 

polymorphisms [276]. Thus, as an alternative for O6-meG ligation-based detection, a MB could 

be designed with an ExBIM base in the loop sequence and abasic sites that enhance the 

specificity of the hybridization. By optimizing the position of the abasic sites in relationship to 

the ExBIM we could survey the maximum discrimination without the loss of signal from the 

fluorophore. Another advantage of using MB for the assay would be the analysis of the 

detection by fluorescence in contrast to gel electrophoresis which is less sensitive and more 

time consuming [277].  

Finally, the projects presented in Chapters Two and Three of these thesis illustrate 

the various approaches that can be examined when developing a nucleic acid-based therapy 

or detection method. Pairing nucleic acids with synthetic materials makes them potent in-cell 

targeting moieties and introducing chemical modifications into a sequence can further 

increase their selectivity. Targeting genetic sequences of interest or introducing genetic 

modifications is considered as an alternative and/or complement to the treatment and 

diagnosis of different disease and in the future, we will only experience more developments 

in the area.  
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