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ABSTRACT  

Small interfering RNA (siRNA) are non-coding, double-stranded RNA that enable 

efficient gene silencing through RNA interference (RNAi) mechanisms. The primary 

effector of RNAi is an RNA-guided nuclease, Ago2, which selects one of the two strands 

as a guide to form the RNA induced silencing complex (RISC). Incorporation of the 

antisense, rather than the sense, strand is crucial for potency and safety siRNA therapeutics. 

Thermodynamic stability, phosphorylation status, and nucleotide sequence play a role in 

canonical strand selection; however, chemical modifications can improve strand selection 

and activity. To evaluate the impact of novel chemical modifications on strand activity, an 

RT-qPCR-based target cleavage assay was developed and validated. Dose-response 

analysis highlighted the consequence of overdosing, as dosages over 8 pM (for our siRNA 

sequence) resulted in significant sense strand activity without any on-target benefit. This 

assay was then used to characterize strand activity for siRNAs carrying azobenzene linkers, 

propargyl linkers, triazole-bound folate linkers, cubane linkers, hydrophobic 

phosphotriester modifications, or a 5’ phosphorofluoridate. Antisense vs. sense strand 

profiles revealed that nucleic acid substitutions (linkers) tend to reduce overall potency, 

likely due to an altered helical conformation and impaired recognition, but can effectively 

limit sense strand uptake when placed within the central region. These non-nucleotidyl 

linkers lack key hydrogen bond interactions between the guide RNA and both Ago2 and 

target mRNA, which are important for orienting the mRNA for cleavage. Surprisingly, 

placing a folic acid linker at the sense 3’ end was highly effective at limiting 3’ activity. 

Hydrophobic phosphate triester modifications have been shown to facilitate carrier-free 

uptake and are well tolerated. Profiles revealed that small phenethyl linkers had a limited 
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impact of strand activity while larger octadecyloxy hydrophobic tails were more 

deactivating, likely due to steric constraints. Lastly, phosphorofluoridate analogues were 

also developed for their first introduction to siRNA. They exhibited a limited impact on 

strand activity. This may be the result of enzymatic hydrolysis and replacement with a 

natural phosphate, or efficient uptake of the modification within Ago2.  

Keywords: siRNA; Strand Selection; Chemical Modifications; Gene Therapy; Gene 

Silencing 
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Chapter I. 

Introduction 
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 Gene Regulation 

Protein expression is the result of two major processes: first, a deoxyribonucleic acid 

(DNA) sequence is used to transcribe a messenger ribonucleic acid (mRNA), and second, 

the mRNA transcript is used to translate a polypeptide. The resulting polypeptide then folds 

into a functional molecule such as an enzyme or structural protein. Once formed, a protein’s 

half-life in the body can range from as short as a few minutes to several years. For 

simplicity, gene expression can be broken down into three distinct processes: transcription, 

translation, and post-translational events (Figure 1). Some genes are not protein coding, 

but rather the RNA itself is the final product with its own cellular functions.   

Nearly all cellular functions rely, at least at some point, on RNA. Therefore, RNA 

synthesis is tightly controlled at all three stages: initiation, elongation, and termination; 

however, initiation represents the most important regulatory checkpoint. Transcription 

factors and regulatory factors are responsible for initiation of transcription and mediating 

 

 Figure 1: Overview of gene regulation, from transcription to post-translational events. 
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upstream promoter elements, respectively.1 The immature transcript then undergoes 

splicing to remove introns prior to export into the cytoplasm.   

Translation is the conversion of the genetic code in mRNA to a protein sequence. 

This is enabled through sequence pairing of mRNA codons and transfer RNA (tRNA) 

anticodons. Translational regulation is primarily controlled by ribosomal assembly to 

mRNA through recognition of the 5’ end2, although elongation, termination, and ribosome 

availability also play a role. The human ribosome is composed of four RNA strands and 80 

proteins3, divided into two major subunits named 60S and 40S for their sedimentation 

coefficients in Svedberg units. The 40S subunit binds to the 5’ end of mRNA and scans in 

the 3’ direction for the start codon. Once found, the 60S subunit is recruited and translation 

begins. Elongation continues until the stop codon is reached, at which point release factors 

bind, and the complex disassembles.  

The resulting polypeptide sequence is then folded into a fully functional unit, often 

with covalent post-translational modifications. For any given synthetic rate of a protein, an 

adequate degradation rate is also required to maintain optimal protein concentrations within 

the cell and prevent damaged proteins from persisting. Degradation is regularly controlled 

by the ubiquitin-proteasome system, a process in which proteins are labelled with a 

polypeptide tag and subsequently degraded by a corresponding proteasome.4 Protein 

degradation plays an important role in many biological functions and the regulation of such 

is especially important for processes such as the cell cycle.5  

Protein concentrations are therefore an outcome of transcription, translation, and 

protein degradation. The improper regulation of any of these processes can lead to diseases 

such as cancer, autoimmunity disorders, diabetes, neurological disorders and/or obesity. In 
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particular, gene over-expression can lead to diseases such as Parkinson’s6, Alzheimer’s7, 

and cancer8, and are excellent candidates for gene silencing therapies such as RNA 

interference (RNAi).  

 Oligonucleotides Therapeutics: Antisense RNA and RNA Interference 

I.II.I Brief History of Oligonucleotide Therapy 

Oligonucleotide therapy is an approach with over four decades of history. Prior to 

the discovery of RNAi, antisense RNA (asRNA) was the primary focus of oligonucleotide 

therapy and was the first antisense oligonucleotide (ASO) approach (Figure 2). asRNA are 

generally small, untranslated RNA transcripts that pair to complementary messenger RNA 

(mRNA) to arrest translation.9 The ability to use these molecules therapeutically was 

realized in 1978 when eukaryotic RNA induced immunity against a viral pathogen by 

inhibiting viral protein synthesis.10 Notably, a similar mechanism occurs when cells are 

treated with antisense DNA (asDNA); however, DNA-RNA hybrids are also recognized 

by RNase H, leading to a much more potent therapeutic via cleavage of the hybridized 

RNA stand.11  

Theoretically, ASO drugs could be designed to downregulate the expression of nearly 

any target gene, providing a dramatic advantage over traditional drug design. Six years 

after the discovery of asRNA, targeted knockdown was achieved through in vivo studies in 

prokaryotic and eukaryotic models (Figure 2).12–14 Of note, these studies relied on asRNA 

synthesis from artificially introduced plasmids. However, the difficulty of introducing 

large plasmids, coupled with an inability to regulate a permanently maintained plasmid, is 

a concern for clinical trials. Therefore, oligonucleotides were an appealing alternative to 

plasmid-based therapy, resulting in a major push towards ASO drugs. At the time, the 
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expertise and labor-intensive synthesis required for ASO drugs was a major roadblock to 

the design and development of any synthetic oligonucleotide. However, in the early 1980, 

the development of solid-state oligonucleotide chemistry led to a paradigm shift for both 

the time and expertise required for synthesis as yield, time, and simplicity of the process 

was dramatically improved.15,16 Many steps of RNA synthesis are now automated, and 

while careful handling of phosphoramidites requires highly qualified personnel, the refined 

control over reaction conditions have improved reproducibility and costs.   

With the ability to synthesize oligonucleotides and a successful proof of concept, 

optimism was high for oligonucleotide therapeutics, but clinical approval came slower than 

anticipated. The first FDA approved antisense drug, Vitravene, wasn’t approved until 1998 

(Figure 2).17 This 21 nt phosphorothioate asDNA hybridizes to Cytomegalovirus retinitis 

RNA (a retina-infecting virus which causes blindness) for knockdown via RNase H, 

particularly important for immunocompromised patients. Although the landmark Vitravene 

ASO is no longer in production, several ASO have been FDA approved since, with 

 

Figure 2: Brief history of antisense oligonucleotides (blue) and siRNA (green). Note that 

while several other ASOs have been approved since 2013, only the first two are mentioned 

here. 
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Spinraza being particularly exciting. Spinraza is an 18 nt phosphorothioate 2’-O-

methoxyethoxy antisense oligo carrying 5-methylcytidine monomers that block a splicing 

site in SMN1 and SMN2 mRNA to treat infants with types 1, 2, and 3 spinal muscular 

atrophy.17,18 This drug has had high clinical success, encouraging optimism for RNA drug 

therapies.  

One oligonucleotide therapy that has been particularly exciting in recent years is 

RNAi. The first scientific report of the RNAi phenomenon was by Napoli and Jorgensen 

in 1990, in which the administration of RNA in an effort to deepen the violet colour in 

 

Figure 3: Outline of siRNA mechanisms. (1) Fully complementary endogenous hairpin 

RNA or double stranded RNA (dsRNA) within the cytoplasm are recognized and cleaved 

into ∼19 bp long RNA with an additional two nucleotide-long overhang on each end. (1*) 

Lipid nanoparticles or conjugated siRNA facilitate cell entry of therapeutic siRNAs. (2) 

The distinct siRNA structure is recognized by Ago2, forming the pre-RNA induced 

silencing complex (pre-RISC). (3) The passenger strand is sliced and released from AGO2 

to form a mature RISC. (4) The RISC will search for mRNA sequences that are 

complimentary to the guide strand sequence. The seed sequence (bases 2–8) act as a 

primer for hybridization of the rest of the strand. Once the seed region is bound, 

hybridization propagates down the strand. (5) Once completely hybridized with a 

complementary mRNA sequence, the mRNA is cleaved and released. The RISC is then free 

to repeat this process to target mRNA in a catalytic fashion. Reproduced with 

permission.126 
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petunias resulted to in the inexplicable suppression of colour.19 The term RNAi was coined 

by Fire and colleagues in 1998 during gene expression experiments in Caenorhabditis 

elegans, when they discovered the dependency of double stranded RNA for activity.20 Two 

years later, the RNA-guided nuclease activity of the RNA induced silencing complex 

(RISC) was discovered in Drosophila, outlining the general mechanism for RNAi (Figure 

3).21 Much like ASOs, the discovery of RNAi was met with enthusiasm. The chemical 

modifications and delivery methods used for ASO technology were equally as applicable 

to RNAi; however, it still took nearly two decades for RNAi technology to reach 

therapeutic success. The first FDA approved RNAi drug, patisiran, by Alnylam 

Pharmaceuticals, was accepted in August of 2018. Patisiran is a double stranded, short 

interfering RNA (siRNA) that carries several 2’-O-methyl modifications and 

deoxythymidine overhangs at the 3’ ends.22 Intravenous delivery of patisiran to target 

tissues is achieved using a lipid nanoparticle (see I.IV for details on siRNA delivery), 

protecting the siRNA from serum nucleases during transport and facilitating cell entry.22,23 

At this time, three other siRNA therapeutics, givosiran, lumasiran, and inclisran, have been 

approved by federal health organizations. Notably, these three siRNAs are heavily 

chemically modified and use a trivalent GalNAc conjugate rather than a lipid nanoparticle 

for hepatic delivery (see I.IV for details).  

I.II.II Personalized Medicine  

Oligonucleotide therapeutics are unique in the drug world for the separation of their 

‘pharmacophore’ and ‘dianophore’ features that determine target specificity and tissue 

distribution/metabolism, respectively.24 Once the ideal dianophore for a particular tissue or 

cell type is defined, the pharmacophore can be selected based on the sequence alone. This 
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facilitates the possibility of rapid drug development and personalized medicine. Examples 

have already been seen as in the case of Mila Makovec, a child suffering from a fatal 

neurodegenerative disorder. In 2017, her genome was sequenced, the detrimental ~2000 

base pair repeating insertion was identified, and an ASO drug named milasen was 

developed.25 This treatment significantly improved quality of life for the patient until their 

unfortunate passing in Feb 2021; however, financial, labor, and ethical constraints limit 

similar treatments for most individuals. Novel breakthroughs in oligonucleotide 

therapeutics aim to improve delivery methods, specificity, potency, and costs of these 

drugs.  

 Mechanisms and Proteins of the RNAi Pathway 

I.III.I Small RNA Biogenesis 

There are three principal modes for mammalian small RNA biogenesis: microRNA 

(miRNA), small interfering RNA (siRNA), and Piwi-interacting RNA (piRNA) 

pathways.26 For each small RNA category, multiple biogenesis pathways exist.  

The miRNA biogenesis pathway begins with imperfectly paired RNA hairpins.27 

This transcript is recognized by the nuclear protein DiGeorge Syndrome Critical Region 8 

(DGCR8) and associates with the nuclease Drosha to form the microprocessor complex.28 

In the canonical pathway, the complex cleaves the 5’ cap and 3’ poly-A tail, allowing 

export of the hairpin pre-miRNA.29 Notably, about half of all pre-miRNA molecules are 

generated from spliceosome cleavage and therefore intragenic regions.30 Once within the 

cytoplasm, pre-miRNA hairpins are cleaved by the nuclease Dicer, forming a mature 

double stranded miRNA duplex.31  
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siRNA biogenesis is like that of miRNA, and forms as the result of endogenous or 

exogenous (viral) sources. Endogenous pre-siRNA originates from either inverted repeat 

sequences (forming hairpin-siRNA), trans derived loci, or a cis derived locus (Figure 4).32 

Like miRNA, siRNA is also cleaved by Dicer once exported to the cytoplasm.  

Much of what is known about piRNA biogenesis has been derived from Drosophila 

melanogaster, with few only some parallels seen in mammals. piRNA biogenesis is 

markedly different than siRNA, both for using ssRNA as a precursor and its independence 

from Dicer, relying instead on the single stranded phosphodiesterase named Zucchini.33,34 

Once hydrolyzed, the piRNA products contain a 5’-phosphate and 3’-hydroxyl group 

which is loaded into a Piwi-clade Argonaute protein. piRNA pathways are restricted to 

germline cells and not pertinent for this study. 

I.III.II Dicer 

The nuclease Dicer is essential for canonical siRNA and miRNA processing. Dicer 

is an RNase III family ribonuclease that cleaves siRNA and miRNA into ~19 base pair 

dsRNA with two nucleotide 3’ overhangs on either end (Figure 5).35 Post-cleavage, Dicer 

 

Figure 4: Origins and resulting structures of endogenous siRNA.  
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facilitates efficient loading of the siRNA into Argonaute 2 (Ago2) during a hand-off event. 

This is exemplified by a 100-fold increase in potency of a 27 nt long precursor dsRNA 

(compared to conventional 21 nt long siRNA), which must act as a substrate for Dicer prior 

to uptake by Ago2.36  

The siRNA hand-off is facilitated by recognition between the PIWI box (within the 

PIWI domain) of human Argonautes and an RNase III domain of Dicer.37 Additionally, the 

RNA-binding cofactor of Dicer, transactivation response element RNA-binding protein 

(TRBP), improves Dicer processing of precursor miRNA (and possibly precursor siRNA) 

in RNA-crowded environments.38 Unlike D. melanogaster, human Dicer is not essential 

for asymmetric RISC loading39 (see section I.III.IV for more details on asymmetrical 

 

Figure 5: Dicer mediated cleavage of siRNA. Dicer recognizes 3' overhands on dsRNA via 

the PAZ domain and cleaves ~19 bp upstream via RNase IIIa and RNase IIIb domains, 

releasing short hairpins (shown) or longer dsRNA strands (not shown). 
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loading). It is also worth noting that although Dicer plays an important role in small RNA 

biogenesis, Dicer independent siRNA and miRNA pathways also exist.40,41  

I.III.III Argonaute 

The term Argonaute was named after an Arabidopsis thaliana mutant which 

resembled the small squid Argonauta argo.42 Argonaute proteins are classified into three 

major paralogous groups: Argonaute-like proteins (similar to Arabidopsis thaliana AGO1), 

Piwi-like proteins (closely related to Drosophila melanogaster PIWI), and the 

Caenorhabditis elegans specific group 3 Argonautes.43 Humans carry eight Argonaute 

genes: four Argonaute-like and four Piwi-like. Piwi-like proteins function distinctly from 

Argonaute proteins and are primarily restricted to germ line cells where they function in a 

Dicer independent manner (reviewed elsewhere53).   

Argonaute (Ago) proteins are the central effector molecules across RNAi pathways 

and programmed for their targets by guide RNA. The system is widespread across animals 

and responsible for regulating gene-expression networks, development, proliferation, 

metabolism, and the DNA-damage response.45 Of the four Ago proteins (Ago1-Ago4) in 

humans, only Ago2 is nuclease active and capable of target mRNA cleavage.46 This 

nuclease activity is also essential for efficient maturation of the RISC. The immature RISC 

is formed when double stranded siRNA is loaded within Ago2 and will become fully 

functional once the passenger strand is cleaved. Notably, the nuclease domain is 

responsible for cleavage of both target mRNA and passenger strand RNA. This cleavage 

occurs between nucleotides opposite position 10 and 11 relative of the 5’ end of the guide 

strand.47 Once the passenger strand is cleaved, the two short strands no longer form a 
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thermodynamically stable hybrid and are released from the complex (aided by the N-

terminal domain48), forming a mature RISC.   

The miRNA pathway is also mediated by Argonaute proteins. miRNA is a common 

mechanism for endogenous gene regulation and small RNAs are predicted to regulate over 

60% of human genes.49,50 Unlike siRNA, miRNA mechanisms do not result in target 

cleavage, but instead, downregulation is due to the inhibition of initiation or elongation.51 

Many miRNA-guided Argonautes target the 3’ untranslated region (UTR) of genes where 

they exhibit silencing via translational repression, deadenylation, and/or mRNA decay.52–

54 Notably, Argonaute proteins are also responsible for roles outside of RNAi, with 

functions ranging from heterochromatin silencing55 to upregulating translation.56 

Argonaute proteins contain four distinct functional domains: the N (terminal), PAZ, 

MID, and PIWI domains (Figure 6). While both Argonaute and Dicer contain a 3’ sensing 

 

Figure 6: Argonaute 2 (Ago2) domains and RNA regions. Black arrow indicates 

passenger/target strand cleavage site. Adapted with permission.117 
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PAZ domain, Argonaute is distinct from Dicer for the absence of a large extended loop.57 

The PAZ domain is essential for binding the 3’ overhangs in a sequence independent 

manner with low affinity, enabled by an oligonucleotide/oligosaccharide binding like 

fold.58,59 The ability to bind 3’ overhangs is a distinguishing factor that preferentially 

selects small regulatory RNAs (which carry 3’ overhangs) against degraded RNAs in non-

related pathways.43  

The nuclease activity of Ago2 is found within a P-element Induced Wimpy testis 

(PIWI) domain, a highly conserved RNA-binding motif which adopts an RNase H type 

fold associated with RNA cleavage.60,61 Notably, the PIWI domain contains a divalent 

metal ion and carries a slightly more degenerative catalytic core (Asp-Asp-

Asp/Glu/His/Lys) than RNase H.62 The MID domain anchors the 5’-nucleotide of an 

siRNA or miRNA with a bias for U or A.63 The deep binding pocket shields the 5’ 

nucleotide of small RNA, separating it from the target strand. This is in agreement with 

previous reports suggesting that the 5’-end nucleotide plays a no significant role in 

substrate mRNA recognition.64,65  

Studies have found that targeting mutant alleles with a single nucleotide 

polymorphism proposes challenges as downregulation of the wildtype and disease allele is 

often observed.66 Improved discrimination between alleles can be achieved by introducing 

a mismatch to destabilize binding between the guide and target; explained by the excess 

energy model which can be applied to all RNA-guided nucleases.66  

I.III.IV Asymmetric Loading of siRNA 

This section focuses on mechanisms behind endogenous asymmetric loading of 

siRNA and do not widely apply to therapeutic siRNA, which do not depend on Dicer. 
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Asymmetrical sensing refers to the ability for the RISC to preferentially load one strand of 

the miRNA/siRNA over the other, known as the asymmetry rule. Preferential selection of 

a strand relies on three primary factors: phosphorylation of the 5’ end, an A or U at the 5’ 

terminal67, and overall thermodynamic stability of the 5’ end (Figure 7).68,69 Once bound 

to Ago2, the passenger strand of the RNA duplex is cleaved by the PIWI domain and the 

N terminal assists in release from the RISC.48 While Drosophila requires Dicer for 

asymmetrical sensing, the mechanisms behind Dicer-independent strand selection in 

human Ago2 are less understood.70 Importantly, Dicer is not necessary for asymmetrical 

loading therapeutic siRNAs. 

Dicer-dependent asymmetrical sensing relies on interactions with TRBP, which aids 

an internal Dicer domain in sensing of the least thermostable 5’ end.71 The free 3’ end of 

the guide strand is then free for Ago2 to bind and incorporate into Ago2 during 

Dicer/Ago2/TRBP interactions. Other reports suggest that TRBP alone could recognize 

siRNA asymmetrically.72  

 

Figure 7: Major factors for guide strand selection by human Ago2. A 5’ uridine or 

adenosine are preferentially chosen as well as the end with overall lower thermodynamic 

stability (lower GC). A 5’ monophosphate group must be present for strand incorporation.  
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I.III.V Ago2-Guide RNA Interaction  

The human Ago2 crystal structure reveals extensive hydrogen bonding between 

Ago2 and the first several residues of the 5’ guide RNA within a central cleft.73 The 

terminal 5’ phosphate is anchored within a conserved basic pocket (consisting of tyrosine, 

two lysine, and a glutamine residue), containing the carboxy-terminal carboxylate and the 

divalent cation, Mg2+.61,63,74 The Mg2+ atom is octahedrally coordinated to three amino acid 

oxygens, two phosphate-group oxygens, and a water molecule.74 The binding pocket 

preferentially selects bases U or A at the 5’ terminal nucleotide due to hydrogen bonding 

at the Watson-Crick edge. This sequesters the nucleobase such that it does not contribute 

to target recognition.75,76 Bases 2-8 of the 5’ end are responsible for initial hybridization 

during target recognition and positions the target mRNA for eventual cleavage.73,74 

Interactions between the PAZ domain of Ago2 and the 3’ end tail of the gRNA are 

mediated through hydrogen bonds and salt linkages to the RNA backbone with no sequence 

preference.77 Stable anchoring of the 3’ end is essential for unwinding and passenger 

release.78 Interestingly, complete target recognition displaces the 3’ end of the guide strand 

from the PAZ cleft, likely leaving it vulnerable to nuclease activity. Upon release, the PAZ 

domain again fastens the 3’ end of the guide strand.   
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 siRNA Chemistry, Delivery, and Development 

I.IV.I RNA Structure and Stability 

Ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) monomers are composed 

of three key parts: a nucleobase, D-ribose carrying one or two hydroxyl groups, and a 

phosphate. The nucleobase is covalently bound to the anomeric carbon of β-D-ribofuranose 

(RNA) or β-2-deoxyribofuranose (DNA), with each sugar coupled by a 3’-5’ 

phosphodiester bond to form polymers. Both DNA and RNA contain the nucleobases 

adenine (A), cytosine (C), and guanine (G), while thymine (T) is only found in DNA and 

uracil (U) is only found in RNA. A 2’ hydroxyl on RNA distinguishes it from DNA, which 

imparts instability due to nucleophilic attack to the tetracoordinated phosphate backbone, 

hydrolytically cleaving (or isomerization) of the RNA (Figure 8). High pH and 

temperatures facilitate this reaction, with higher stability found at pH 4-679, and long term 

 

Figure 8: Hydrolysis of RNA due to nucleophilic attack from the 2' hydroxyl group. 
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RNA storage solutions are typically slightly acidic. Auto-hydrolysis is promoted by Mg2+ 

at temperatures above 37 °C, therefore buffers often contain ethylenediaminetetraacetic 

acid (EDTA) to chelate the divalent cation.80   

In nature, DNA is usually found as a double stranded helix, whereas RNA can fold 

upon itself to form complex secondary structures and partially hybridize to multiple 

strands. Double stranded DNA forms a right-handed B-form duplex due to the preference 

for C2’ endo sugar conformations. Double stranded RNA forms a similar, but thicker A-

form duplex with a shorter distance between base pairs due to the preference for C3’ endo 

sugar conformation (Figure 9). DNA-RNA hybrids generally exist as A-form. A third and 

radically different structure, Z-form, is characterized by a left-handed helix with ‘zig-zag’ 

pattern in the phosphodiester backbone. The cellular roles for Z-form DNA and RNA is 

poorly understood and few protein interactions have been described.81 

I.IV.I Solid Phase RNA Synthesis 

High efficiency, reactant availability, and ease of automation have made nucleoside 

phosphoramidite solid-phase synthesis the gold standard to produce synthetic 

oligonucleotides. A phosphoramidite is a monoamide of a phosphite diester. When a 

nucleoside or artificial spacer phosphoramidite must be synthesized in-house, the 

commercially available 2-cyanoethyl N,N-diisopropylchlorophosphoramidite can act as a 

 

Figure 9: Sugar pucker conformations of dsDNA (left) and dsRNA (right) 
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phosphitylating reagent for the 3’-hydroxyl group. Controlled-pore glass or polystyrene are 

two widely used solid supports for oligonucleotide synthesis, the prior being the support 

most used in the Desaulniers lab. Aminopropyl groups attached to the supports covalently 

bind a non-nucleosidic linker or a nucleoside succinate to act as a starting point for 

synthesis.  

Oligonucleotide synthesis occurs in the 3’ to 5’ direction through the stepwise 

addition of nucleotide residues to the 5’ terminus of the growing chain (Figure 10). Four 

distinct chemical reactions occur for each nucleotide addition, which repeat in a cyclical 

fashion. First, the 4,4'-dimethoxytrityl chloride (DMT) group is removed with 

trichloroacetic acid (TCA) in acetonitrile. Second, the nucleoside phosphoramidite is 

activated with 5-(ethylthio)-1H-tetrazole, which couples with a 5’-hydroxyl group to afford 

a phosphite triester linkage. Third, acetic anhydride is used to cap unreacted 5’-hydroxyl 

 

Figure 10: Solid-state DMT-phosphoramidite oligonucleotide RNA synthesis. 
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groups, preventing downstream extension of coupling-failed oligos. Lastly, I2 is added in 

water with pyridine to oxidize the tricoordinated phosphite triester linkage into a 

tetracoordinated phosphate triester. The non-linking phosphate ester bond carries a 

cyanoethyl group, protecting the oxygen from reactions until the RNA is cleaved from the 

support and deprotected.  

Once the desired RNA sequence is synthesized, it must be cleaved from the linker, 

deprotected, and purified. Cleavage from the solid support and deprotection of base-labile 

protecting groups is facilitated by 40% methylamine in 1:1 water:ethanol and the soluble 

RNA is collected. Finally, the 2’ hydroxyl is deprotected using hydrogen fluoride at 65 °C 

in DMSO to remove the tert-butyldimethylsilyl protecting groups. RNA is precipitated, 

desalted, and can be purified via HPLC or PAGE. 

I.IV.II Lipid Nanoparticle Delivery 

Effective delivery of siRNA faces several major challenges. These large (~14kDa), 

hydrophilic polyanions electrostatically resist passage through the plasma membrane and 

they must evade nuclease degradation prior to cell entry. They must also gain cell entry to 

the desired tissue type while avoiding immune and elimination systems which effectively 

clear siRNA from the body.82  

Lipid nanoparticle (LNP) delivery was the method of choice for the first accepted 

siRNA therapeutic, patisiran. LNPs have proven effective for hepatic delivery and protect 

RNA from degradation by ribonucleases present in the plasma. Hepatic delivery is 

particularly effective due to the fenestration of the liver and recognition of LNPs by ApoE, 

an apolipoprotein that associates with lipid particles for recognition by hepatic low-density 

lipoprotein (LDL) receptors.83 LNP formulations can be modified for extrahepatic delivery, 
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but current designs carry a prohibitively high cost for transfection competency.84 Once 

recognized by target cells, LNPs are engulfed within the cell and proceed through the 

conventional endocytic route (early endosome, late endosome, lysosome). The process in 

which RNA is released from both the LNP and cellular container is poorly understood, and 

only a small fraction (1-2%) are expected to evade lysosomal degradation.85 However, late 

endosome/lysosome formation may be essential for the functional delivery of 

oligonucleotides.86  

The composition of the lipid nanoparticle facilitates effective cellular uptake after 

intravenous delivery of the drug. While many formulations exist, patisiran is encapsulated 

and delivered within an LNP composed of cholesterol, 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC), (6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31 tetraen-19-yl-4-

(dimethylamino) butanoate (DLin-MC3-DMA), and 1,2-dimyristoyl-rac-glycero-3-

methoxypolyethylene glycol-2000 (PEG2000-C-DMG) (Figure 11). Cholesterol and DSPC 

 

Figure 11: Lipids used in the assembly of the lipid nanoparticle used in 

patisiran/Onpattro. 
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are included to improve physicochemical stability of the LNP.87,88 DLin-MC3-DMA is a 

neutral ionizable lipid that is predicted to aid in particle formation, fusogenicity, cellular 

uptake, and endosomal release of the siRNA.88,89 PEG2000-C-DMG also aids in stability, 

but also increases circulation time.88,90 The ratio of each of these components dramatically 

impact the overall success of the LNP; patisiran used a ratio (by weight) of 1 siRNA: 3.1 

cholesterol: 6.5 DLin-MC3-DMA: 1.65 DSPC: 0.8 PEG2000-C-DMG.  

A discussion of LNPs would not be complete with discussing the role they have 

played in the ongoing SARS-CoV-2 global pandemic. At the time of writing, only four 

vaccines are approved for use in Canada, and two of them (Moderna’s SpikeVax and 

Pfizer-BioNTech’s Comirnaty) utilize LNP for delivery of an mRNA vaccine. LNP-mRNA 

formulations for cancer therapies have been in clinical trials since 2014, while clinical trials 

for LNP-mRNA formulations for influenza vaccines and protein replacement therapies 

began in 2017.91 This set the stage well for the rapid development of anti-SARS-CoV-2 

LNP-mRNA vaccines, and without the LNP delivery system, these vaccines would not be 

possible. The massive funding influx for these technologies will likely result in substantial 

advancements in LNP formulations, including efficiency of delivery and extrahepatic 

targeting.  
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I.IV.III Conjugate Delivery 

Systemic delivery of unprotected (naked), unmodified siRNA is not feasible due to 

the rapid degradation and clearance of serum RNA from nucleases and elimination 

systems. However, recent advancements in siRNA chemistry have opened the possibility 

of delivering extensively modified, naked siRNA. Instead of an LNP for delivery to target 

tissues, these siRNA are conjugated to membrane-permeating molecules or receptor 

ligands. Early work with siRNA conjugates focused on membrane-permeant peptides, 

polyethylene glycol, or cholesterol-modified siRNAs92, with cholesterol-modified siRNAs 

gaining significant attention. Both cholesterol-formulated LNPs and cholesterol-modified 

siRNAs are readily taken up by the liver, but siRNA conjugates can go a step further to 

effectively target extrahepatic tissues. For example, Biscans and colleagues93 measured 

tissue specific uptake and retention of various lipid-conjugated siRNA with markedly 

increased uptake by the heart and lung for docosanoic acid-conjugated siRNA. Also, folic 

acid modified siRNAs facilitate uptake into key cell types, such as macrophages and folate 

receptor alpha over-expressing cancers.94–96 Currently, only a single siRNA conjugate, the 

trivalent GalNAc (Figure 12), has achieved market approval and is currently used in three 

of the four approved siRNA therapeutics. The GalNAc conjugate binds with high 

specificity to the asialoglycoprotein receptor on hepatocytes, demonstrating the efficacy of 

a functional tissue delivery system.97–100  

 Unlike LNP encapsulated siRNA, naked siRNA must tolerate nuclease assault in the 

blood. Therefore, the success of siRNA conjugates depends on well tolerated modifications 

that avoid rapid nuclease hydrolysis during systemic transport. These modifications also 

provide significant benefit for length of activity, as persistence within intracellular 
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components can serve as a long-term depot for siRNA conjugates with duration of 

therapeutic effect of up to a year.101  

I.IV.IV Current siRNA Therapeutics   

The FDA approval of Onpattro® (patisiran) by Alnylam Pharmaceuticals in 2018 

marked the introduction of a new class of therapeutics: siRNA drugs.102 Not only was this 

a breakthrough for siRNA therapeutics, but also for the field of antisense oligonucleotides 

and LNP delivery as the fundamental science behind many aspects of these drugs are alike. 

Administration of patisiran activates the RNAi pathway and leads to >85% knockdown of 

transthyretin (TTR), substantially improving outcomes for patients with hereditary 

amyloidogenic transthyretin (ATTRv) amyloidosis.103 This disease is caused by mutant 

TTR proteins which results in the deposition of amyloid fibrils in multiple organs, leading 

 

Figure 12: Trivalent GalNAc cluster. R designates 3’ end of the sense strand. 
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to neurodegeneration.104 While patisiran was novel as the first approved drug to utilize 

siRNA or lipid nanoparticles, the chemical nature of patisiran was primarily that of natural 

RNA monomers, with roughly a quarter of them carrying the 2’-O-methyl nucleotide 

analogues (Figure 13). These modifications are well studied and synthetic oligonucleotides 

containing these modifications are commercially available. 

The second FDA approved siRNA drug was givosiran/Givlaari® in 2019, which 

treats hepatic porphyria. This rare disorder leads to a buildup of toxic porphyrin molecules 

which form during heme production. Givosiran targets hepatic ALAS1, effectively 

preventing the accumulation of neurotoxic heme intermediates.105 Instead of an LNP, 

givosiran uses a GalNAc conjugate bound to the 3’ end of the sense strand for targeted 

uptake to hepatocytes (discussed in I.IV.III). Without the protection of an LNP, givosrian 

was extensively chemically modified for protection from serum nucleases. 

Phosphorothioate linkers were used at the non-conjugated termini, and every nucleotide 

carried either a 2’-O-methyl or 2’-fluoro ribose modification (Figure 14).  

 

Figure 13: Structure and chemical modifications used in patisiran/Onpattro®. 

Abbreviations include A, adenosine; C, cytidine; G, guanosine; U, uridine; Cm, 2’-O-

methylcytidine; Um, 2’-O-methyluridine; and dT, thymidine. 
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Two other siRNA therapeutics developed by Alnylam have been approved: 

lumasiran/Oxlumo (FDA approval, 2020) and inclisiran/Leqvio® (EU approval, 2020, 

currently owned by Novartis). Both siRNAs use a similar design to givosiran, targeting the 

liver via a trivalent GalNAc and use the same chemical modifications with similar designs. 

Lumasiran treats primary hyperoxaluria, characterized by high oxalate production resulting 

in urinary obstruction and kidney damage.106 This drug silences the HAO1 mRNA, 

responsible for glycolate oxidase. Inclisiran is the first approved siRNA to target a wider 

population, which treats atherosclerotic cardiovascular disease due by reducing LDL 

cholesterol but has not achieved FDA approval at this time.  

I.IV.V Considerations for Cell Culture 

Mammalian cell cultures provide an essential tool to study cellular responses, 

including those of siRNA treatments. While these studies provide consistency and 

reproducibility in results, researchers cannot assume that cells function in a similar manner 

within organs of a multicellular organism. The absence of a proper mechanical 

environment107, physiological oxygen concentrations108, and removal of waste products109 

represents considerable limitations of cell culture and responses are generally studied 

 

Figure 14: Structure and chemical modifications used in givosiran/Gilvaari®. 

Abbreviations used include: Am, 2’-O-methyladenosine; Gm, 2’-O-methylguanosine; 

Cm, 2’-O-methylcytidine; Um, 2’-O-methyluridine; Af, 2’-fluoroadenosine; Gf, 2’-

fluoroguanosine ;Cf, 2’-fluorocytidine;Uf, 2’-fluorouridine; and L96, the GalNAc 

cluster depicted in Figure 12. 
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within a narrow scope of cell types. Lastly, the cultures are grown in media that do not 

perfectly mimic serum composition, and the medium chosen can have significant 

consequences. For instance, a recent study by van Essen and colleagues discovered that the 

culture medium used during siRNA transfection experiments determined the maturation 

status of dendritic cells.110 Therefore, organism outcomes from  siRNA treatments are not 

well predicted by cell culture, and some research groups opt to limit or omit cell culture 

treatments in favour of small mammals studies.  

 Strand Selection for Therapeutic siRNAs 

During RISC maturation, either the antisense or the sense strand is selected as the 

guide strand. Incorporation of the sense strand is a major concern for therapeutic siRNAs 

for two reasons. Firstly, any strand that is incorporated into Ago2 may exhibit miRNA-like 

off-target effects. These are typically the result of recognition within the seed region 

(nucleotides 2–8) to the 3′UTR of mRNAs, which leads to widespread gene down 

regulation in an miRNA-like fashion.111–113 Therefore, limiting siRNA uptake to a single 

strand limits the number of possible off-target gene targets. If sense strand uptake is 

unavoidable, its activity can be mitigated through chemical modifications and design 

strategies which reduce seed-region binding and possible matches in the 3’UTR, 

respectively.114–116 Secondly, the selection of the sense strand leads to the degradation 

and/or removal of the antisense strand, rendering it ineffective. This means more siRNAs 

must be added to achieve the desired knockdown efficiency, typically contributing to more 

impactful immune responses. Additionally, therapeutic siRNAs compete with the 

endogenous miRNA pool, potentially leading to saturation of the RNAi machinery.117 High 

siRNA payloads can therefore lead to global de-repression of miRNA-repressed genes.  
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The extensive coordination of the 5’-phosphate MID domain binding pocket provides 

little room for tolerated chemical modifications, and this region is typically the most 

important for strand selection. The presence of a 5’ phosphate is essential for uptake of the 

associated strand118,119; however, Clp1 (kinase) and phosphatases maintain a balance of 5’ 

phosphorylated and free hydroxyl ends.120,121 An effective 5’ phosphate mimic must (1) 

sterically fit within the deep binding pocket of Ago2; (2) permit interactions with Ago2 

side chains without significant distortion to the attached nucleoside; and (3) prevent 

hydrolysis by phosphatases within the cell.122–126 The 5’ (E)-vinylphosphonate moiety at 

meets these criteria and is well tolerated (Figure 15).76 This modification is particularly 

useful for chemically modified antisense 5’ ends, as several 5’ modifications are more 

readily recognized by phosphatases than kinases, ultimately leading to a decrease in the 

phosphorylation status of the strand.127,128 In contrast, siRNA benefit from non-

hydrolyzable sense strand modifications that block 5’ phosphorylation, such as the 5’-O-

methyl or 5’ morpholino (Figure 15).129  

 



28 

 

  

 

Figure 15: Strategies for limiting sense strand uptake of siRNA. 
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While many internal modifications exist, relatively few have shown promise for 

improving strand selection. This is partly due to a lack of characterization of these 

modifications, as the impact that many modifications have on strand activity have not been 

evaluated. The utility of investigating such modifications is evident from the unexpectedly 

effective strand silencing effect of an amide linker. Replacement of the first phosphodiester 

linkage from the 5’ end with a single amide linker is sufficient to completely inactive the 

modified strand (Figure 15).130 A deactivating effect is also present when the same 

modification is placed at the second or third linker, but not the fourth.130 A similarly 

surprising modification was that of placing a 2’-O-methoxylethyl at position 9 or 10 of the 

antisense strand (Figure 15), possibly due to poor cleavage of the modified strand when 

placed in the passenger position of the RISC, preventing RISC maturation with the 

currently selected guide strand.131  

A 2’-O-methyl at position 14 of the sense strand dramatically reduces its own activity 

(Figure 15).132 This modification was shown to abolish interactions between the RNA and 

a highly conserved amino acid sequence across the Argonaute family proteins. Notably, 

this modification is widely applied and is compatible with the 2’-O-methoxylethyl at 

position 9 and 10.131 Lastly, replacing the nucleobase at position 15 with the universal base, 

5-nitroindole, inhibits activity of the modified strand.133  

 Research Goals 

I.VI.I Develop a Method to Measure Strand Activity 

Our lab utilizes a well-studied antisense siRNA sequence (5’-UCG AAG UAC UCA 

GCG UAA GdTdT-3’) for silencing experiments94,134–145; however, no assay exists for this 

sequence to measure sense strand activity. Therefore, the development of such an assay 



30 

 

would be beneficial for all siRNA carrying this sequence. Chapter II discusses the design 

and validation of a quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

based assay built upon the Dual Luciferase Assay (Promega) platform.  

I.VI.II Characterize the Impact of Novel Chemical Modifications on Strand 

Activity  

The Desaulniers lab has several promising chemical modifications for siRNA 

experiments and/or therapeutics. The utility of these modifications depends on the role they 

play in all aspects of siRNA efficacy, including potency, specificity, and safety. Comparing 

mRNA-level (provided through a strand activity assay) and protein-level (Dual Luciferase 

Assay from Promega) knockdown will also provide insights into the impact that these 

modifications have on siRNA mechanisms. Therefore, measuring strand specific potency 

for all chemically modified siRNA is valuable and will improve our understanding of these 

molecules. Analysis of several types of modifications, placed at several locations, will 

eventually lead to general conclusions for limiting sense strand activity through chemical 

modifications. Chapter III and Chapter IV discusses and characterizes the impact of several 

chemical modifications.  
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 Plasmid Design 

siRNA strand activity can be measured through two primary outcomes: target mRNA 

cleavage or reduction in protein abundance. This assay was developed to measure activity 

through mRNA cleavage via RT-qPCR, built upon the Dual Luciferase Reporter Assay1 

platform. This assay utilizes both the firefly and Renilla luciferase enzymes, expressed 

from pGL3-Control and pRLSV40, respectively. Bioluminescence can be separately 

measured from each enzyme through the addition of ATP and either luciferin (firefly) or 

coelenterazine (Renilla). The antisense strand of most of the Desaulniers Lab’s siRNA 

library targets the firefly luciferase coding sequence within pGL3-Control, while the 

Renilla luciferase from pRLSV40 is used as a reference control. Specifically, the siRNA 

targets nineteen nucleotides at position 155 to 173 of the coding sequence (CT TAC GCT 

GAG TAC TTC GA; contributing to codons for Thr-Tyr-Ala-Glu-Tyr-Phe-Glu). 

Modifying pGL3-Control by replacing the antisense target sequence with the reverse 

compliment sequence (TC GAA GTA CTC AGC GTA AG; contributing to codons for Ile-

Glu-Val-Leu-Ser-Val-Arg) allowed this new gene to be an effective sense strand target 

 

Figure 16: Design of pGLR3. The antisense strand of siRNA targets pGL3-Control, 

while the sense strand of siRNA targets the reverse compliment sequence in pGLR3.  

 



43 

 

(Figure 16). The new plasmid is named pGLR3 and is expected to express the modified 

luciferase gene at the same abundance as the pGL3-Control derived luciferase. However, 

the dramatic change of seven amino acids is expected to disrupt protein function.  

The plasmid pGLR3 was developed using a unique application of the NEBuilder® 

HiFi DNA Assembly (Gibson Assembly).2 While this method is typically used to assemble 

multiple DNA strands, here it was used to replace the 19 bp region within pGL3-Control 

without the need for an insert. This was achieved through the amplification of nearly the 

entire pGL3-Control plasmid using primers with the desired replacement sequence on the 

5’ end. PCR amplification was performed using an annealing temperature gradient with 

New England Biolabs’ Q5 DNA Polymerase (98 °C for 1:00; 35 cycles of 98 °C for 0:10, 

60-70.1 °C for 0:30, and 72 °C for 3:20; 72 °C for 5:00). Gel electrophoresis identified 

70.1 °C as the ideal annealing temperature (Figure 17). The PCR products from this sample 

were purified using BioBasic PCR Cleanup Kit. NEBuilder® HiFi DNA Assembly was 

then used to circularize the plasmid (0.1 pmol DNA in 10 µl reaction; 50 °C for 15 

 

Figure 17: Gel electrophoresis of pGLR3 precursor amplification. 
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minutes), which was transformed into E. coli DH5α via electroporation and chemical 

transformation.  

 Electroporation and chemical transformation were performed to deliver the 

assembled plasmids into E. coli DH5α. Electrocompetent cells were prepared using a 5 ml 

starter culture grown in LB overnight at 37 °C. The starter culture was then diluted into 

500 ml of prewarmed LB and grown until an OD600 of 0.4 was reached. The culture was 

then quick cooled on ice, harvested by centrifugation and washed thrice with cold 10% 

glycerol. Cells were resuspended to an OD600 of 100-200 in cold 10% glycerol and 

immediately stored at -80 °C.  Chemically competent cells were prepared with the same 

starter culture preparation, then washed once with cold 30 mM CaCl2 and resuspended in 

cold 30 mM CaCl2 to an OD600 of approximately 50. All centrifugation steps were 

performed at 8000g for 1 minute at 0 to 4 °C.  

Electroporation and chemical transformation were performed using 1 μl of assembled 

pGLR3 and 50 μl of thawed cells. Electroporation was performed at 2500 V applied over 

5 to 5.5 ms. Chemical transformation was performed by Shreya Jain, by placing the pGLR3 

and cell mixture on ice for 30 minutes, followed by 42 °C heat shock for 30 seconds and 

immediately returned to ice. Cells were recovered in 1 ml LB at 37 °C under agitation for 

one hour prior to plating on prewarmed LB agar with 100 μg/ml ampicillin for selection. 

After one day’s growth, well isolated colonies were selected for screening by colony PCR 

using Taq 2x Master Mix from New England Biolabs (95 °C for 0:30; 35 cycles of 95 °C 

for 0:25, 55 °C for 0:30, and 68 °C for 0:20; 68 °C for 5:00) using seq_forward and 

seq_reverse (Appendix A). Screening identified sixteen colonies with the desired amplicon 

size, which were grown in 5 ml LB overnight at 37 °C under agitation. Plasmids were 
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extracted using QIAprep Spin Miniprep Kit – Plasmid DNA (Qiagen). Screening PCR was 

re-performed on twelve randomly selected plasmids to produce high purity amplicons for 

sequencing. Several steps of the screening processes were performed by Shreya Jain. 

Sanger sequencing was completed by BioBasic (Markham, ON). Of these, a single sample 

was found to have the desired pGLR3 sequence. Glycerol stocks of E. coli DH5α/pGLR3 

were prepared in 10% glycerol in LB and frozen at -80 °C for long-term storage.  

The modified luciferase in pGLR3 was tested using the Dual Luciferase Assay 

(Promega) by Shreya Jain for whether it retained bioluminescent properties. As expected, 

the pGLR3 plasmid did not produce a functionally bioluminescent luciferase.  

 HeLa Cell Culture 

Culture media, solutions, and chemicals were obtained from MilliporeSigma. HeLa 

cells were obtained from American Type Culture Collection and maintained at 37 °C in an 

atmosphere of 5% CO2 and 100% humidity in Dulbecco’s modified Eagle’s medium 

supplemented with 10% (v/v) fetal bovine serum (DMEM-FBS). For routine cell 

passaging, 500 U/ml penicillin and 100 mg/ml streptomycin was added to the media. When 

cultures reached 80%–90% confluence, the cells were washed twice with phosphate-

buffered saline, treated with trypsin ethylenediaminetetraacetic acid solution for up to 5 

min, and harvested using two volumes of DMEM-FBS. The cells were centrifuged at 200 

g for 5 min then resuspended in DMEM-FBS. Cells were then counted on a hemocytometer 

using trypan blue exclusion to test for cell viability and used for seeding cultures. 

 siRNA Treatment and cDNA Synthesis 

In a 24-well culture dish, 500 ml of 105 cells/ml (50,000 cells per well) were 

dispensed and grown until 50-70% confluency. For siRNA treatments, 50 ml of Opti-MEM 
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was mixed with 2.0 µl of Lipofectamine 2000 (both from ThermoFisher) and incubated at 

room temperature for at least 5 min. This mixture was added to a separately prepared 

mixture of 50 ml OptiMEM containing 100 ng pGL3-Control, 100 ng pGL3-Reverse, 25 

ng pRLSV40, and an appropriate mass of siRNA for the desired culture concentration. The 

combined mixture was incubated at room temperature for 20 to 30 min then added to 50-

70% confluent cultures to yield a final volume of 600 ml and incubated for an additional 

24 h. RNA was then extracted from cells using an RNA Purification Plus Kit, including the 

supplementary on-column DNase I treatment, according to the manufacturer’s instructions 

(Norgen Biotek). RNA was spectrophotometrically analyzed on a Bio-Drop DUO 

(BioDrop) to measure nucleic acid concentration, A260/A280, and A260/A230. First-

strand cDNA was synthesized using 100 to 250 ng RNA in 10.0 µl reactions using the 

iScript Reverse Transcription Supermix according to the manufacturer’s instructions (Bio-

Rad) and diluted to 2.5 ng/µl to 5.0 ng/µl for qPCR amplification. Assays performed for 

azobenzene, propargyl, and folic acid modified siRNAs were subject to randomly sampling 

of 10% of RNA samples for DNA through reverse transcriptase-free cDNA synthesis 

mixtures; no significant DNA contamination was found in these samples.  

 qPCR Design and Validation 

Measuring target cleavage requires efficient RNA extraction, first strand cDNA 

synthesis, highly specific primer sets, and optimized amplification conditions. Each of 

these aspects were carefully considered and validated to provide a robust and specific assay 

system. Where possible, the assay design closely followed Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines.  



47 

 

Primers pairs were designed using a combination of primerBLAST (NCBI), 

SnapGene Viewer (GSL Biotech LLC), and/or NetPrimer (Premier Biosoft), to evaluate 

specificity, melting temperature, self/cross complementarity, and predicted secondary 

structures. To validate primer sets, three cDNA samples were prepared and pooled. qPCR 

amplification was performed in 96 well plates in 10 µl using SsoAdvanced™ Universal 

SYBR® Green Supermix (Bio-Rad) on a CFX96 Connect Real-Time PCR System (Bio-

Rad). Four primer sets for firefly luciferase and two primer sets (See Appendix A1 for 

primers) for Rinella luciferase were evaluated by annealing temperature gradient (98 °C 

for 0:30; 40 cycles of 96 °C for 0:05 and 55-65 °C for 0:10) and melt curve analysis (65 

°C to 95 °C, 0.5 °C increment per 0:05). Ideal primers were identified by those with the 

lowest Cq values and single amplicon. For firefly luciferase, Luc_qPCR2.F and 

Luc_qPCR2.R were selected at 58 °C. For Rinella luciferase, Rluc_qPCR1.F and 

Rluc_qPCR1.R were also selected at 58 °C. Two antisense and two sense specific forward 

primers were analyzed using Luc_qPCR2.R as the reverse primer. Similar analysis 

identified AS_qPCR2.F and SS_qPCR2.F as the ideal primers for the antisense and sense 

target, respectively. Due to significant similarity between these primer sets, specificity 

between pGL3-Control and pGLR3 was confirmed by qPCR. These target-specific primers 

were selected for standard curve analysis, identifying the linear dynamic range of 95%-

105% efficiency for each gene (Appendix B). These results confirmed that the same 

conditions (98 °C for 0:30; 40 cycles of 96 °C for 0:05, then 57 °C for 0:25) efficiently 

amplified each gene, simplifying the assay design by allowing each gene target to be 

simultaneously quantified with a single, highly specific amplification protocol. Statistical 
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significance for gene expression experiments was determined by t-test comparison of three 

biological replicates at a 95% confidence level. 

Strand activity was measured using 0.8 pM to 4 nM wildtype siRNA to measure the 

natural knockdown potency of either strand. As expected, greater knockdown was observed 

for the antisense strand than the sense strand (Figure 18). No significant gene silencing 

occurred at 0.8 pM; however, the antisense strand reached maximum potency of 78% 

knockdown at 8 pM indicating an optimal dosage within the 0.8 pM to 8 pM range. 

Importantly, the sense strand did not reach statistically significant silencing by 8 pM. These 
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Figure 18: The antisense strand is more active than the sense strand in siRNA. 

Luciferase mRNA expression was measured in HeLa cells 24 hours after treatment with 

wildtype siRNA. Mean ± SEM values of independent triplicates are shown. (*) indicates 

a statistically significant difference (p < 0.05) between the untreated and treated 

sample. 
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results also suggest that approximately 20% of mRNA is protected from the RNAi 

machinery. This may be immature mRNA in the nucleus, mature mRNA that has not yet 

left the nucleus, or possibly a subset of cells that receive the expression plasmids, but no 

the siRNA. To ensure that gene expression was not altered by any unexpected variables, a 

scrambled siRNA was also tested at 8 pM, 800 pM, and 4nM (Figure 19). No significant 

changes in gene expression were observed.   
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Figure 19: Luciferase gene expression is not altered by scramble siRNA. Mean ± 

SEM values of independent triplicates are shown. (*) indicates a statistically 

significant difference (p < 0.05) between the untreated and treated sample. 
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Chapter III. 

Characterizing the Impact of 

Modifications on Strand Activity 
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 Azobenzene Modified siRNAs 

The azobenzene modification was first introduced into siRNA by Dr. Matt Hammill1, 

imparting novel photo-switchable properties. The azobenzene linker is about 9.9 Å long 

when in trans form; however, the extra length provided by the ethyl linkage increases this 

distance to be similar to that of two A-form (3’ endo sugar pucker) nucleotides (12 Å).2,3 

Isomerization to the cis form decreases this distance by about 4.4 Å, disrupting the siRNA 

structure and preventing uptake by the RISC (Figure 20).1,4-6 The transition between these 

states is easily controlled by light, as irradiation by ultraviolet or visible light causes 

photoisomerization to the cis or trans form, respectively. These characteristics are 

promising for limiting activation of therapeutic siRNA in off-target tissues or facilitating 

developmental studies where timely activation/deactivation of gene silencing is essential.  

 

 

Figure 20: The azobenzene linker isomerizes between the trans (left) and cis (right) 

form under visible or ultraviolet light, respectively. Within siRNA, the isomerization 

from trans to cis disrupts the helical conformation and prevents uptake by the RISC. 
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Centrally located sense strand azobenzene modifications impart uptake tolerance or 

inhibition when in the trans or cis form, respectively, with a reduction in overall antisense 

potency (siRNA synthesis and assays performed my Dr. Hammill; Figure 21).4 However, 

the modification is likely to have a substantial impact on the activity of the modified strand. 

Therefore, strand activity assays were performed to characterize target cleavage by each 

strand. To facilitate these studies, Dr. Hammill introduced an azobenzene at nucleotide 

one, eight, ten, or twenty on the sense strand (Table 1). These positions provide an 

opportunity to evaluate the impact of 5’, central, or 3’ modifications. Additionally, an 

azobenzene control was also investigated through placement of the azobenzene within the 

sense strand of an siRNA which targets the endogenous gene bcl-2. 

 

 

 

 

Figure 21: Reduction in normalized firefly luciferase protein expression for siRNAs 

bearing an azobenzene linker on the sense strand, performed by Dr. Hammill. The two 

sense strand nucleotides replaced by the azobenzene linker are indicated as #/# from 

the 5’ end. Each siRNA was treated at a concentration of 8, 20, 40, 80, 160, 400 or 800 

pM HeLa cells and lysed 22 hr post transfection. 
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Table 1. Azobenzene modified siRNAs used in this study. 

siRNA Sequence and Location of Azobenzene   

WT[a] 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

A1/2 
5'  **UACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

A8/9 
5' CUUACGC**AGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

A10/11 
5' CUUACGCUG**UACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

A20/21 
5' CUUACGCUGAGUACUUCGA** 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

Abcl2[b] 
5' GCCUUCUUU**GUUCGGUGtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  
[a] The top and bottom strands correspond to the sense and 

antisense strand, respectively. Deoxynucleotides indicated with 

lower case. 
[b] Endogenous target (bcl-2) and azobenzene negative control 

* Indicates modification location  
 

 As expected, azobenzene modified siRNAs potency for mRNA cleavage was 

substantially reduced compared to the wildtype (Figure 22). Modification of the 5’ end 

(A1/2) led to dramatic loss in both antisense and sense strand activity, suggesting poor 

recognition by Ago2. Antisense activity for centrally modified sense strand siRNA was 

tolerated (A8/9 & A10/11) and managed to reach maximum potency of up to 85% silencing 

by 4 nM. Although the antisense potency was reduced up to 500-fold for these siRNAs, 

sense strand activity was dramatically lower with a maximum of target reduction of only 

35%, suggesting either limited uptake or poor target recognition. Central modifications 

may interrupt recognition by Ago2 but may also prevent cleavage of the passenger strand 

due to misaligned phosphodiester linkages at the cleavage site. In contrast, siRNA modified 
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at the 3’ end (A20/21) retained good antisense strand potency, but also carried relatively 

high sense strand activity. At the 3’ end, the azobenzene is not expected to have a large 

impact on RISC uptake. Modifications at the 3’ end are generally well tolerated for either 

strand but preferred for the sense strand. Examples include the large GalNAc trimer present 

on the siRNA therapeutic givosiran7, or asymmetrical siRNA which lack several sense 

strand nucleotides at the 3’ end altogether.8  

In conclusion, sense strand azobenzene modifications improve antisense vs sense 

strand activity; however, there is also a loss in overall potency. Since the azobenzene 

modification was developed for control of siRNA activity, rather than strand selection 

properties, these assays have characterized an additional benefit for the modification, 

therefore increasing the value of the azobenzene modification.
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Figure 22: Reduction in antisense or sense strand target mRNA expression for siRNAs bearing an azobenzene linker on the sense 

strand. Expression was measured in HeLa cells 24 hr after transfection. Mean ± SEM values of independent triplicates are shown. 

(*) indicates a statistically significant difference (p < 0.05) between the untreated and treated sample. 
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 Propargyl and Folic Acid Modified siRNAs 

The propargyl linker and triazole-linked folic acid modifications were introduced 

into siRNA by Dr. Lidya Salim (Figure 23). The propargyl linker acts as a convenient 

handle for the copper catalyzed click reaction addition of molecules of interest, such as 

folic acid. Folic acid is an important vitamin for the healthy growth and function of cells, 

and particularly important for pregnant women. Several types of cancer are associated with 

increased folate uptake and will over express folate receptor alpha.9 This provides the 

opportunity for carrier free, semi-selective uptake of a folic-acid conjugated siRNA into 

 

Figure 23: The propargyl linker (top) and triazole-bound folic acid linker (bottom). 

The propargyl linker acts as a convenient handle for click-chemistry, for molecules 

such as folic acid.  
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cancerous cells. This approach is particularly well suited for cancers which overexpress 

both the folate receptor alpha and an identified oncogene. Notably, click chemistry has 

previously been used to attach folic acid to an siRNA; however, previous work involved 

long linkers such as PEG10 rather than the proximal attachment developed by Dr. Salim.  

Dr. Salim performed protein level gene silencing assays with propargyl or folic acid 

modified siRNAs (Figure 24).11 The most active siRNAs after carrier-free transfection 

carried a folic acid linker that replaced position 9, or both 9 and 10 of the sense strand. 

Despite the small size of the linker (approximately one nucleotide long), omitting a second 

nucleotide did not inhibit activity; perhaps due to the high flexibility of the modification. 

To better understand the impact of these modifications, assays were performed with 

propargyl or folic-acid modified siRNAs which replace a single central or the two terminal 

3’ end nucleotides (Table 2).  

 

Figure 24: Reduction in antisense or sense strand target mRNA expression for siRNAs 

bearing a propargyl or folic acid linker on the sense strand, performed by Dr. Salim. 

The nucleotide(s) replaced by the propargyl (P-#) or folic acid (F-#) linker are 

indicated on each graph. Expression was measured in HeLa cells 24 hr after 

transfection. Mean ± SEM values of independent triplicates are shown. 
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Table 2. Propargyl and folic acid siRNAs used in this study. 

siRNA Sequence and Location of Modification   Modification     

WT[a] 
5' CUUACGCUGAGUACUUCGAtt 3'  N/A 
3' ttGAAUGCGACUCAUGAAGCU 5'      

P10 
5' CUUACGCUG*GUACUUCGAtt 3'  Propargyl 
3' ttGAAUGCGACUCAUGAAGCU 5'      

F10 
5' CUUACGCUG*GUACUUCGAtt 3'  Folic Acid 
3' ttGAAUGCGACUCAUGAAGCU 5'      

P20/21 
5' CUUACGCUGAGUACUUCGA*  3'  Propargyl 
3' ttGAAUGCGACUCAUGAAGCU 5'      

F20/21 
5' CUUACGCUGAGUACUUCGA*  3'  Folic Acid 
3' ttGAAUGCGACUCAUGAAGCU 5'   

    
[a] The top and bottom strands correspond to the sense and antisense strand, 

respectively. Deoxynucleotides indicated with lower case. 

* Indicates modification location 

 

Assays were performed on siRNA carrying propargyl and folic acid modifications at 

either position 10 (P10 and F10) or 20 (P20/21 and F20/21) of the sense strand (Figure 25). 

Notably, the 3’ terminal modification removes both thymidine residues, truncating the 

sense strand by one nucleotide. Despite having the same backbone, the impact of the 

propargyl modification does not predict the impact of the folic acid modification for either 

modification location tested.  P1 reaches 74% to 97% antisense silencing at 800 pM to 4 

nM, respectively, while F1 is only capable of 47% to 65% antisense silencing at the same 

concentrations. Both P10 and F10 modifications limited sense strand activity, with a 

maximum of silencing of 43% seen at 800 pM with P10. The small size of the propargyl 

linker is not likely to interrupt recognition of the adjacent phosphodiester bond, allowing 

cleavage of the sense strand when oriented as the passenger strand. However, the large size 

and charge of folic acid is likely to impart electrical or spatial constraints to strand 
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positioning within Ago2. The dissimilarity of these modifications was even more evident 

when comparing P20/21 and F20/21. The placement of a 3’ propargyl modification in 

P20/21 substantially increased sense strand activity while limiting antisense strand activity.  

At 800 pM and 4 nM, the antisense and sense strand were roughly equal in potency. 

However, a dramatic shift in strand activity balance was observed upon the addition of folic 

acid. The antisense strand of F20/21 had surprisingly high potency; comparable to 

wildtype. The high antisense activity was accompanied by the dramatic inhibition of the 

sense strand, with statistically significant silencing of 31% only at 4 nM. Although 3’ 

modifications are often well tolerated by RISC machinery12, the folic acid moiety may be 

involved in hydrogen bond interactions with nearby nucleobases, or base stacking as seen 

phenyl groups.13 This could substantially increase the thermodynamic stability of the end, 

preventing uptake. Alternatively, the size and charge of folate may play a steric or 

electrostatic role in limiting strand activity. 

In conclusion, the proximal, triazole linked folic acid provides a benefit for strand 

activity at the sense strand 3’ terminal, but not at position ten. Additionally, the backbone 

used for the propargyl linker is not the primary contributor to the selection effects observed, 

as the propargyl linker itself was a poor predictor for the folic acid modifications. These 

findings are of interest for decisions regarding the location of conjugated moieties for 

siRNA.  
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Figure 25: Reduction in antisense or sense strand target mRNA expression for siRNAs 

bearing a propargyl (P) or folic acid (F) linker within the central region (A) or 3’ end 

(B) of the sense strand. Expression was measured in HeLa cells 24 hr after transfection. 

Mean ± SEM values of independent triplicates are shown. (*) indicates a statistically 

significant difference (p < 0.05)  between the untreated and treated sample. 
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 Cubane Modified siRNAs 

The cubane molecule is of great interest, both from an organic chemistry and 

therapeutic approach. It is thermodynamically unstable and highly strained; however, no 

kinetically viable path exists for its decomposition at physiological temperatures.14 

Importantly, the cubane is of pharmaceutical interest as it can act as a bioisostere of 

benzene. Much like benzene, the cubane holds significant potential as a robust scaffold, 

but is preferred for its biological stability and absence from inherent toxicity. Therefore, 

siRNA may greatly benefit from the incorporation from such a molecule. To introduce a 

cubane to siRNA (Figure 26), Dr. Kouta Tsubaki synthesized a cubane diol precursor for 

phosphoramidite coupling, performed by Dr. Hammill.  

Most modifications that are structurally unique from natural nucleotides are 

associated with reduced siRNA potency, and luciferase assays (performed by Dr. Salim) 

revealed that the cubane is no exception. When placed on the antisense or sense strand, the 

IC50 was reduced from 7.7 to 52 fold, with the most dramatic loss in potency seen with a 

centrally located antisense modification (Figure 27, A).15 When placed on both the 

antisense and sense strand, the IC50 was reduced by up to 213 fold (Figure 27, B). 

Modifications near the 3’ end were least impactful, while central modifications lead to the 

most dramatic loss in activity.  

 

Figure 26: The cubane linker in RNA. The cubane has similar functionality to a benzene 

but carries less inherent toxicity.  
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A 

 

B 

 

Figure 27: Reduction in antisense or sense strand target mRNA expression for siRNAs 

bearing a cubane linker (C) on the antisense (A#) or sense strand (S#) (top, A), or both 

strands (bottom, B), performed by Dr. Salim. The nucleotide position replaced by the 

linker is indicated as a number from the 5’ end. Expression was measured in HeLa cells 

24 hr after transfection. Mean ± SEM values of independent triplicates are shown. 
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Table 3: Cubane modified siRNAs used in this study. 

siRNA Sequence and Location of Cubane   

WT[a] 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

CS7 
5' CUUACG*UGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

CS11 
5' CUUACGCUGA*UACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

CA12 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCG*CUCAUGAAGCU 5' 

  

CS7:A12 
5' CUUACG*UGAGUACUUCGAtt 3' 

3' ttGAAUGCG*CUCAUGAAGCU 5' 
  

CS7:A20 
5' CUUACG*UGAGUACUUCGAtt 3' 

3'  *GAAUGCGACUCAUGAAGCU 5' 

  

CS11:A20 
5' CUUACGCUGA*UACUUCGAtt 3' 

3'  *GAAUGCGACUCAUGAAGCU 5' 
  
[a] The top and bottom strands correspond to the sense and 

antisense strand, respectively. Deoxynucleotides indicated with 

lower case. 

* Indicates modification location 

 

To further our understanding of the role that the cubane has on siRNA, and predict 

where the loss in activity occurs, strand activity assays were performed on select siRNAs 

(Table 3). As expected, the addition of cubane modifications reduced siRNA potency at 

the mRNA level (Figure 28). Sense strand modifications, as seen with CS7 and CS11, were 

effective at limiting sense strand activity. A central sense strand cubane modification 

(CS11) completely abolished sense strand activity while facilitating up to 90% antisense 

knockdown at 5000 pM. Fittingly, the cubane was not well tolerated in the central region 

of the antisense strand (CA12, CS7:A12) and resulted in the inactivation of siRNA. In 

contrast, antisense modifications at the 3’ end were well tolerated. The modification in CS7 
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and CS11 were each combined with a 3’ cubane to create CS7:A12 and CS7:A20. These 

siRNAs had comparable potency to those bearing the single sense strand modification and 

exhibited desirable antisense vs sense strand activity.  

The ability to measure both the antisense and sense strand activity of cubane modified 

siRNAs identified that, in the locations tested, the cubane will not result in increased uptake 

of the non-modified strand. This was exemplified by CA12, as no sense strand activity was 

measured at the high concentration of 5000 pM, indicating poor recognition siRNA 

structure itself. However, the location of the modification is critical. Placing the cubane at 

position 7 of the sense strand (CS7) effectively eliminates sense strand activity, but at a 

slightly higher penalty to antisense potency than when placed at position 11 (CS11). This 

is somewhat surprising as a central modification is more likely to impact the position of 

the passenger strand phosphodiester bond relative to the nuclease active site. Notably, the 

addition of the 3’ cubane on the antisense strand had a more impactful inactivating effect 

when added to a sense strand cubane at position 11 than 7, as seen by CS11:A20 and 

CS7:A20. These findings exemplify the benefits for characterizing the impact that 

chemical modifications have on strand activity and can reveal mechanisms behind reduced 

activity. 
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Figure 28: Reduction in antisense or sense strand target mRNA expression for siRNAs bearing an azobenzene linker on the antisense 

strand, sense strand, or both strands. Expression was measured in HeLa cells 24 hr after transfection. Mean ± SEM values of 

independent triplicates are shown. (*) indicates a statistically significant difference (p < 0.05) between the untreated and treated 

sample. 
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 Phenylethyl Phosphate Modified siRNAs 

Phosphate backbone modifications have been instrumental in the development of 

siRNA therapeutics for their ability to resist nuclease degradation. The most widely used 

chemical modification in marketed oligonucleotide therapeutics is the phosphorothioate. 

While the replacement of a non-bridging oxygen with a sulfur atom provides excellent 

nuclease resistance with low toxicity, the persisting negative charge of the backbone 

remains and prevents cell entry through the phospholipid bilayer. Therefore, a neutral 

backbone modification that is both tolerated within the RISC and provides nuclease 

resistance is highly desirable. Towards this goal, phenylethyl dinucleotide triesters were 

developed by Dr. Tsubaki for incorporation the synthesis of phenylethyl phosphotriester 

(PP) modified siRNA (Figure 29).  

The dinucleotide phosphoramidites were developed as deoxyuridine or 

deoxythymidine dimers, thus limiting their placement within the siRNA to UU repeats. 

The modification was therefore placed directly after position 2, 15, or 20 by Dr. Hammill. 

The PP modification was generally well tolerated at all locations tested in siRNA and 

provided nuclease resistance (performed by Dr. Salim; Figure 30).16 To further 

investigate the utility of this modification, strand activity assays were performed on 

selected siRNAs (Table 4).  

 

Figure 29: The natural (left) and phenylethyl phosphate linker (right) in RNA. The 

phenylethyl phosphate is a hydrophobic, neutral backbone modification. 
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Table 4: Phenylethyl phosphotriester modified siRNAs used in this study. 

siRNA Sequence and Location of Modifications   

WT[a] 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

U2:15 
5' Cu*uACGCUGAGUACu*uCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

U20 
5' CUUACGCUGAGUACUUCGAu*u 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

U20+dT 
5' CUUACGCUGAGUACUUCGAu*ut 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  
  
[a] The top and bottom strands correspond to the sense and antisense 

strand, respectively. Deoxynucleotides indicated with lower case. 

* Indicates modification location 
 

Little to no improvement in strand activity was seen for U20 or U20+dT, which carry 

the modification only at the 3’ end of the sense strand (Figure 31). However, when the PP 

 

Figure 30: Reduction in normalized firefly luciferase protein expression for siRNAs 

bearing a phenylethyl phosphotriester linker on the sense strand, performed by Dr. 

Hammill. U indicates a linker placed between two deoxyuridine nucleotides, T indicates 

a linker placed between two deoxythymidine nucleotides. The number that follows 

indicates the location(s) of the modified phosphate on the sense strand. For two of the 

siRNAs, an additional deoxythymidine (+dT) was placed at the 3’ end of the sense 

strand. (*) indicates a statistically significant difference (p < 0.05) between the 

untreated and treated sample. 
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was placed at position 2 and 15 (U2:15), antisense activity reached a maximum potency of 

75% silencing by 200 pM with the sense strand only reaching a statistically insignificant 

silencing of 13% at the same concentration. At four times the concentration (800 pM), there 

is still a clear difference in activity between the two strands. Taken together, the PP 

modification is tolerated within the antisense and sense strand but do not have a dramatic 

impact on strand activity, suggesting that other hydrophobic triester modifications will 

likely be well tolerated in siRNA.  
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Figure 31: Reduction in antisense or sense strand target mRNA expression for siRNAs bearing a phenylethyl phosphotriester linker 

on the sense strand. Expression was measured in HeLa cells 24 hr after transfection. Mean ± SEM values of independent triplicates 

are shown. (*) indicates a statistically significant difference (p < 0.05) between the untreated and treated sample. 
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 Hydrophobic Phosphate Modified siRNAs 

Expanding on previous work with the phenylethyl phosphate triester modification, 

Dr. Tsubaki developed three more hydrophobic triester modifications. These contain either 

one (H1), two (H2), or three (H3) hydrophobic octadecyloxy groups bound to a phosphate 

triester backbone (Figure 32). Like previous work, the hydrophobic triesters were prepared 

as dinucleotides which limits their placement to UU repeats within siRNA. The long 

hydrophobic octadecyloxy group used in these dinucleotides are similar in length to lipids 

within the phospholipid bilayer, theoretically facilitating hydrophobic interactions with the 

cell membrane.  

The H1 and H2 modification replaced phosphodiester linkages number 2, 15 and 20 

of the sense strand; however, SARS-CoV-2 pandemic-related interruptions resulted in only 

linkage number 20 of the sense strand being replaced with H3 (siRNAs assembled by Dr. 

Hammill). Dual luciferase assays were performed by Dr. Salim to evaluate siRNA potential 

with or without a transfection reagent. Carrier-assisted uptake of siRNA identified high 

tolerance for the H2 and H3 modification at the positions tested, and moderate tolerance 

for the H1 modification (Figure 33). The H1 and H2 modifications facilitated efficient 

cellular uptake in the absence of a transfection carrier (Figure 34). H1 at position 2 or 15 

was the most effective at facilitating carrier-free gene silencing. Interestingly, the H3 

modification did not permit uptake.   

 

Figure 32: Three novel hydrophobic triester phosphate backbone modifications.  
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Figure 33: Reduction in normalized firefly luciferase protein expression for transfected 

siRNAs bearing hydrophobic phosphate triester backbone modifications, performed by 

Dr. Salim. H1, H2, and H3 refer to modifications described in Figure 32. The number 

that follows indicates the location(s) of the modified phosphate.  

 

Figure 34: Reduction in normalized firefly luciferase protein expression for carrier-

free delivery of siRNAs bearing hydrophobic phosphate triester backbone 

modifications, performed by Dr. Salim. H1, H2, and H3 refer to modifications 

described in Figure 32. The number that follows indicates the location(s) of the 

modified phosphate.  
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 Although the polyanionic macromolecular structure of RNA prevents diffusion past 

the cellular membrane, hydrophobic interactions between the triester modifications and the 

lipid membrane are likely to anchor the siRNA into the membrane. From there, two 

methods of cell entry are theorized. The anchoring may be sufficient to enable diffusion 

past the cell membrane, as polyanionic macromolecules have been shown to achieve 

cellular entry when sufficient hydrophobicity is present.17 Alternatively, the oxtoxy 

backbone modifications, which resemble the hydrophobic tails of phospholipids, may be 

recognized by cellular flippase or scramblase pumps to undergo translocation from the 

outer to the inner leaflets of the membrane.18 It is also possible that the octadecyloxy groups 

are recognized by cellular/intracellular trafficking mechanisms and gain entry via 

endocytosis as seen with lipid siRNA conjugates.19  

siRNAs with carrier-free delivery functionality were selected for strand activity 

assays, as described in Table 5. Importantly, the Lipofectamine 2000 carrier was used for 

these assays to control for variations due to uptake mechanisms. The H1 modification 

facilitated slightly higher antisense activity than the H2 modification at each position tested 

(Figure 35). Strand activity was not heavily impacted by the hydrophobic phosphate triester 

modifications, but position 15 was the most effective for H1, while position 2 was the most 

effective for H2. H2:2 was the only hydrophobically modified siRNA tested to completely 

inactivate the sense strand at the concentrations tested.  

 These results suggest that increasing hydrophobicity or steric hinderance on the 

phosphate backbone is sufficient to inhibit activity. These findings agree with the 

phenylethyl phosphate triester modifications, indicating that an overall high tolerance 

exists for small hydrophobic phosphate modifications. Multiple H1 modifications, such as 
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at position 2 and 15, may increase inhibition of the strand as seen for the phenylethyl 

phosphate triester.  

 

 

 

Table 5: Hydrophobic phosphate triester modified siRNAs used in this study. 

siRNA Sequence and Location of Modifications   

WT[a] 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

H1:2 
5' CU*UACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

H1:15 
5' CUUACGCUGAGUACU*UCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

H1:20 
5' CUUACGCUGAGUACUUCGAU*U 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

H2:2 
5' CU*UACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

H2:15 
5' CUUACGCUGAGUACU*UCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

H2:20 
5' CUUACGCUGAGUACUUCGAU*U 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
    
[a] The top and bottom strands correspond to the sense and antisense strand, 

respectively. Deoxynucleotides indicated with lower case. 

* Indicates modification location 
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Figure 35: Reduction in antisense or sense strand target mRNA expression for siRNAs bearing a hydrophobic phosphate triester 

linker on the sense strand. Expression was measured in HeLa cells 24 hr after transfection. Mean ± SEM values of independent 

triplicates are shown. (*) indicates a statistically significant difference (p < 0.05) between the untreated and treated sample. 
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Chapter IV. 

Synthesis and Characterization of 

Phosphorofluoridate Modified siRNA 
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 Phosphorofluoridates 

Monofluorophosphate esters are highly toxic gases, borne from the search for nerve 

gas agents during World War II.1,2 For example, the nerve gas Sarin is a 

monofluorophosphate ester bearing a methyl and isopropoxy group. Sarin is highly toxic, 

with an oral LD50 of 550 µg/kg.3 The most well studied phosphorofluoridate ester is 

diisopropyl phosphorofluoridate, a less toxic (LD50 of 6mg/kg) derivative that potently 

inhibits cholinesterase enzymes.4 Instead of a chemical weapon, diisopropyl 

phosphorofluoridate has been investigated for use as a therapeutic and biochemical 

research tool.5,6 Therefore, safety is of concern when working with monofluorophosphate 

esters and care must be taken in considering possible side reactions.  

More recently, the success of solid phase oligonucleotide chemistry in the 1980’s led 

to widespread research into alternative building blocks and methods for DNA/RNA 

synthesis, including nucleoside fluorophosphates. Multiple approaches to the synthesis of 

DNA and RNA fluorine-substituted phosphate derivates have been described7-12; however, 

no reports exist for their impact on oligonucleotide therapeutics. Therefore, widely 

applicable fluorinated phosphoramidite reactants for solid state oligonucleotide synthesis 

are of interest for oligonucleotides therapeutics. In this research, fluorinated 

phosphoramidites were investigated for the addition of a 5' phosphorofluoridate on siRNA 

termini.  

 General Methods 

Solvents were purchased from Sigma-Aldrich. Tetrahydrofuran and triethylamine 

were dried on a Pure-Solv 400 solvent purification system (Innovative Technology (China) 

Ltd.). Column chromatography was performed using Silicycle Siliaflash P60 according to 
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standard chromatographic protocols.13 NMR spectra were obtained on a Bruker Avance III 

HD 500 MHz NMR Spectrometer (1H: 400 MHz, 31P: 162 MHz, 13C: 101 MHz, and 19F: 

377 MHz). Spectrum analysis was performed using ACD/NMR Processor (Advanced 

Chemistry Development, Inc.). LC/MS chromatograms were performed by Afrodet 

Giorgees using LC-QTOF on an Agilent 6545 QTOF-MS after separation on a Zorbax 

Eclipse Plus C18 1x100 mm 1.8-Micron Agilent column with an Agilent 1260 Infinity 

Binary Pump. The mobile phase was 0.6 ml/min of 5% ACN in 5 mM ammonium acetate 

pH 7 buffer. Tuning was done in negative mode, mass range 3200 m/z, extended dynamic 

range 2 GHz, high resolution mode. Sample concertation was 0.01 O.D/µl with injection 

volume of 20 µl. Data was analyzed using Agilent Technologies MassHunter Workstation 

Qualitative Analysis Software (Qual. 10.0).  

 Synthesis of Phosphorofluoridates  

The synthesis of phosphorofluoridates can be achieved through replacing aryloxy 

groups bound to a phosphoramidite with a fluoride anion.9 To achieve an aryloxy 

substituted phosphoramidite, aryloxy groups can be readily bound to commercially 

available starting materials, N,N-diisopropylaminodichloro-phosphine, O-(2-cyanoethyl) 

N,N,N’,N’-tetraisopropylphosphoro-diamidite 1, or O-(2-cyanoethyl) N,N-

diisopropylchlorophosphoramidite 4.9 This can be achieved through an SN2 substitution of 

a chlorine or activated diisopropylamine group in basic or acidic conditions, respectively. 

Ionic fluorine can then perform another SN2 substitution using tetrabutylammonium 

fluoride (TBAF) to afford their fluorinated counterparts. A mono- or di-fluorinated 

phosphoramidite can then be coupled to the 5’ hydroxyl of a growing oligonucleotide 

through standard coupling conditions. Based on work by Dąbkowski and Tworowska9, 
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proposed schemes for the synthesis of 3-(((diisopropylamino) 

fluorophosphaneyl)oxy)propanenitrile 3 (Figure 36) and 1,1-difluoro-N,N-diisopropyl 

phosphanamine 6 (Figure 37) are described. Both 5-(ethylthio)-1H-tetrazole (5-ETT; from 

Sigma-Aldrich) and 4,5-dicyanoimidazole (DCI; from TCI Chemicals) were evaluated for 

activating the diisopropylamine leaving group for the synthesis of 2-cyanoethyl (4-

nitrophenyl) diisopropylphosphoramidite 2. 5-ETT has a pKa of 4.3, and has become a 

standard coupling reagent used for rapid, high yield phosphoramidite synthesis in the mid 

1990’s14; however, DCI is a less acidic (pKa of 5.2), more soluble alternative that may 

react slower than 5-ETT. With the presence of two diisopropylamine leaving groups, a 

slower reaction may be beneficial to prevent di-substitution.  

 

Figure 37: Proposed scheme for synthesis of 1,1-difluoro-N,N-diisopropyl 

phosphanamine (6).  Note: this does not describe the optimal conditions found through 

this research 

 

 

 

Figure 36: Proposed scheme for synthesis of 3-(((diisopropylamino) 

fluorophosphaneyl)oxy)propanenitrile (3) via activation by 5-(ethylthio)-1H-tetrazole 

(A) or 4,5-dicyanoimidazole (B). Note: this does not describe the optimal conditions 

found through this research.  
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Proposedly, once the phosphoramidites 3 and 6 are prepared, standard 

phosphoramidite chemistry can be used to couple the molecule at the 5’ hydroxyl through 

a condensation reaction, followed by oxidation, to transform the tricoordinated 

phosphorous compounds to tetracoordinated phosphorofluoridates.  

 Preparation of Phosphorofluoridates 

IV.IV.I Preparation of 2-cyanoethyl (4-nitrophenyl) diisopropyl 

phosphoramidite (2) 

Initial attempts to synthesize 2 resulted in limited yield (under 50%) with a significant 

4-nitrophenol disubstituted side product. Two approaches to improving yield were 

hypothesized. Firstly, by eliminating the activator, as 4-nitrophenol may be sufficiently 

acidic to activate the leaving group. Secondly, quenching the reaction with triethylamine 

once the starting material is consumed would deactivate diisopropylamine groups and 

increase stability of the product. Indeed, these adjustments improved yield to 63% with 

significantly reduced time compared to the proposed scheme. The ideal conditions are 

described here. 

In a flame dried 100 ml round bottom flask, a stirred mixture of 2.5 mmol 3-

((bis(diisopropylamino)phosphaneyl) oxy)propanenitrile 1 (Toronto Research Chemicals) 

in 25 ml dry THF was treated with 1.05 equivalents (2.6 mmol) of 4-nitrophenol under 

argon gas. Upon addition of 4-nitrophenol, the mixture turns yellow, and the production of 

a soluble black side product slowly formed. The reaction was monitored by TLC 

(dichloromethane) using UV light and KMnO4 staining. Once the starting material was 

consumed (30 minutes), 1 ml of dry triethylamine was added to quench the reaction and 

dried on a rotary evaporator at 30 °C to yield a yellow oil. The oil was purified by silica 
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gel chromatography, using a mobile phase of neat dichloromethane with a product Rf of 

0.7. Solvent removal afforded the colourless oil 2-cyanoethyl (4-nitrophenyl) 

diisopropylphosphoramidite 2 in 63% yield. Rapid purification during gel chromatography 

is essential, as the acidic silica degrades the product and the use of triethylamine in the 

mobile phase is not possible due to co-elution of other compounds. Nuclear magnetic 

resonance (NMR) spectra of the product agree with previous reports (Appendix C1).2 1H 

NMR (CDCl3, 400 MHz): Shift (ppm) 8.17 (d, J=8.6 Hz, 2H), 7.13 (d, J=8.8 Hz, 2H), 3.95 

(t, J=3.9 Hz, 2H), 3.69-3.79 (m, 2H), 2.70 (t, J=6.2 Hz, 2H), 1.25 (d, J=6.8 Hz, 6H), 1.17 

(d, J=6.8 Hz, 6H). 31P NMR (CDCl3, 162 MHz): Shift (ppm) 147.5 (quin, J=17.6 Hz).  

IV.IV.II Preparation of 3-(((diisopropylamino)fluorophosphaneyl)oxy) 

propanenitrile (3) 

In a flame dried 50 ml round bottom flask, a stirred mixture of 1.85 mmol 2-

cyanoethyl (4-nitrophenyl) diisopropylphosphoramidite 2 in 10 ml dry THF was treated 

with 1 equivalent of 1.0 M TBAF in THF (1.85 ml; 1.85 mmol) under argon gas. The 

solution instantly turned yellow, and after several minutes, the tetra-n-butylammonium 

para-nitrophenolate salt crashed out of solution. The reaction was monitored by TLC 

(dichloromethane) under UV light and staining with KMnO4. Once the starting material 

was consumed (10 minutes), the solution was filtered, rinsed with dry THF, and dried on a 

rotary evaporator at 30 °C. The residue was purified by silica gel chromatography, with a 

mobile phase of neat dichloromethane with a product Rf 0.70 to afford the clear oil 3-

(((diisopropylamino) fluorophosphaneyl)-oxy)propanenitrile 3 in 80% yield. Rapid 

purification during gel chromatography is essential. Nuclear magnetic resonance (NMR) 

spectra agree with previous reports (Appendix C2).2 1H NMR (CDCl3, 400 MHz): Shift 
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(ppm) 3.93 - 4.02 (m, 2H), 3.62 - 3.74 (m, 2H), 2.68 (td, J=6.4, 1.8 Hz, 2H), 1.23 (d, J=8.6 

Hz, 6H), 1.24 (d, J=8.6 Hz, 6H). 31P NMR (CDCl3, 162 MHz): Shift (ppm) 155 (d, 

J=1117.0 Hz). 19F NMR (CDCl3, 377 MHz): Shift (ppm) 77.9 (d, J=1118.5 Hz). 

IV.IV.III Preparation of bis(4-nitrophenyl) diisopropylphosphoramidite (5) 

In a flame dried 100 ml round bottom flask, a mixture of 6 equivalents 4-nitrophenol 

(24 mmol) and 10 equivalents of triethylamine (5.57 ml) was added to 25 ml THF under 

argon gas. In a separate flame dried 20 ml vial, a mixture of 4 mmol 1,1-dichloro-N,N-

diisopropylphosphanamine 4 (TCI Chemicals) in 10 ml dry THF was prepared. This 

solution was slowly added to the 4-nitrophenol/TEA solution over 60 seconds (highly 

reactive). The reaction was monitored by TLC (45:5:1 acetone:ethyl acetate:glacial acetic 

acid) under UV light and stained with KMnO4. Acetic acid was included in the TLC mobile 

phase to protonate and retard obscuring compounds on the TLC. Once the starting material 

was consumed (within 2.5 h), the solution was filtered to remove the triethylammonium 

hydrochloride salt and dried on a rotary evaporator at 30 °C. The residue was purified by 

silica gel chromatography, with a mobile phase of 2:3 hexanes:dichloromethane and 

product Rf of 0.6. Solvent removal afforded white crystals at 73% yield. Rapid purification 

during gel chromatography is essential. Proton and phosphorous NMR agreed with 

previous reports (Appendix C3).2 1H NMR (CDCl3, 400 MHz): Shift (ppm) 8.15 - 8.19 (m, 

4H), 7.12 - 7.17 (m, 4H), 3.85 (dquin, J=11.4, 6.8 Hz, 2H), 1.20 - 1.27 (m, 12H). 31P NMR 

(CDCl3, 162 MHz): Shift (ppm) 143.8 (t, J=11.7 Hz).  
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IV.IV.IV Attempted Preparation of 1,1-difluoro-N,N-diisopropyl 

phosphanamine (6) 

This product was not successfully isolated due to poor stability. Several attempts to 

make this product indicated a successful reaction, and NMR spectra of crude reaction 

mixtures suggest the presence of 6 (Appendix C4); however, any attempts at purification 

were unsuccessful. The following describes reaction conditions that afforded a crude 

product.  

Prepare 2.2 equivalents of 1M TBAF in THF by stirring 3Å molecular sieves under 

argon gas for 1 hour. A stirred mixture of 0 °C 150 nmol bis(4-nitrophenyl) diisopropyl 

phosphoramidite (5) in 2.5 ml dry THF was prepared in a 25 ml flame dried round bottom 

flask. To this mixture, the TBAF dry was added dropwise over 60 seconds. After 10 

minutes, the reaction was filtered and dried on a rotary evaporator. Quantitative proton and 

carbon NMR spectra suggested a low relative abundance of 6 compared to the 

tetrabutylammonium salt suggesting low product conversion. No aromatic protons were 

identified, meaning that filtration effectively removed 4-nitrophenol. Several phosphorous 

shifts were identified. Fluorine NMR did not identify a significant peak associated with 

tetrabutylammonium fluoride in CDCl3 (-129 ppm).15 Instead, two doublets were present 

at -73.2 ppm and -70.1 ppm, as well as a triplet in the 31P spectrum, suggesting the presence 

of two fluorine atoms bound to a phosphorous. Purification using silica gel, liquid-liquid 

extraction, or precipitation proved unsuccessful due to rapid degradation. Notably, no 

literature reports exist for the isolation of 6.  
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 Coupling, Oxidation, Cleavage, and Deprotection 

RNA was synthesized on an Applied Biosystems 394 DNA/RNA synthesizer using 

1.00 µM cycles kept under argon at 55 psi using β-cyanoethyl 2’-O-TBDMS protected 

phosphoramidites. These phosphoramidites, reagents, and solid supports were purchased 

from Chemgenes Corporation and Glen Research. Both commercial and 

phosphorofluoridate phosphoramidites were dissolved in anhydrous acetonitrile to a 

concentration of 100 mM. Coupling reagents include acetic anhydride/pyridine/THF (Cap 

A), 16% N-methylimidazole in THF (Cap B), 0.25 M 5-ETT in ACN (activator), 0.02 M 

iodine/pyridine/H2O/THF (oxidation solution), and 3% trichloroacetic 

acid/dichloromethane. Activated phosphoramidite coupling occurred over a period of 999 

seconds. Antisense and sense strands were synthesized using 1.00 µM dT solid supports, 

while 10mer oligos were synthesized using 1.00 µM Universal III solid supports.  

For synthesis of phosphorofluoridate modified RNA, manual or automatic coupling 

was performed, with manual coupling proving most effective. Automatic coupling 

followed standard synthetic procedures for phosphoramidites. Manual coupling was 

performed by preparing 250 µl of 100 mM 3 in anhydrous ACN under argon gas in a flame 

dried vial. The phosphoramidite was activated using 250 µl of 250 mM 5-ETT in anhydrous 

ACN, quickly mixed and loaded into a 1 ml syringe. With an empty syringe inserted into 

the opposite end of the solid support column, the 500 µl activated phosphoramidite solution 

was syringed through the column several times over a period of 10 minutes. The column 

was then washed with anhydrous ACN. The coupling and wash process was repeated twice 

more to achieve highest possible conversion. To oxidize the 5’ phosphorofluoridite to a 
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phosphorofluoridate, 500 µl of oxidation solution was applied to the column for 60 seconds 

then washed with ACN.  

Cleavage of oligonucleotides from their solid supports was performed using 1 ml of 

1:1 40% w/v methylamine in H2O and 33% w/v methylamine in ethanol for 1 hr at room 

temperature. This solution was transferred to a 1.5 ml microcentrifuge tube and incubated 

overnight at room temperature to remove cyanoethyl protecting groups. Solvent was 

evaporated using a Genevac miVac Centrifugal Concentrator (Fisher Scientific) evaporator 

and resuspended in a mixture of 100 µl DMSO and 125 µl triethylamine trihydrofluoride 

and incubated for 3 hours at 65 °C to remove the 2’-O-TBDMS protecting groups. 

Triethylamine trihydrofluoride was removed using a miVac evaporator overnight. 

Oligonucleotides were then precipitated with -70 °C 125 mM sodium acetate in EtOH and 

washed twice with -70 °C ethanol. Desalting of 21mers was performed thrice using 

Millipore Amicon MWCO 3000 spin columns.  

 Purification and siRNA Preparation  

Oligonucleotides were HPLC purified using a Vydac 218MS 5μm C18 4.6 mm x 150 

mm reverse phase column (HiChrom) on a Waters 1525 binary HPLC pump with a Waters 

2489 UV/Vis detector controlled by Empower 3 software. Conditions were 5 to 20% ACN 

gradient in 0.1M aqueous triethylammonium acetate pH 7 over 30 minutes. Peaks were 

collected, dried on a miVac evaporator, suspended in ultrapure H2O, and evaluated via 

electrospray ionization tandem mass spectrophotometry. High purity antisense (Appendix 

C5) and sense (Appendix C6) strand samples with the desired product mass were used for 

siRNA annealing. These were 6771.92 g/mol (measured 6772.02 g/mol) for the antisense 

and 6685.86 g/mol (measured 6685.90 g/mol) for the sense strand (Appendix C7).  
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Equimolar quantities of RNAs were annealed by heating RNA to 95 °C for 2 minutes 

in binding buffer (75.0 mM KCl, 50.0 mM Tris-HCl, 3.00 mM MgCl2, pH 8.30) and slowly 

cooling the samples to 35 °C. For circular dichroism (CD) analysis, 1.0 OD of siRNA was 

annealed in sodium phosphate buffer (90.0 mM NaCl, 10.0 mM Na2HPO4, 1.00 mM 

EDTA, pH 7.00). CD spectroscopy was performed on a Jasco J-815 CD at 25 °C with a 

screening rate of 20.0 nm/min and a 0.20 nm data pitch. Only samples with a spectra that 

correspond to A-form helixes were used for further analysis.   

 Protein Silencing 

The phosphorofluoridate modification is a close analogue to the natural phosphate 

and should fit well in the Ago2 binding pocket; however, the fluorine may alter binding 

within the pocket. siRNAs bearing the phosphorofluoridate at the 5’ end of the antisense 

strand, sense strand, or both strands, can be easily characterized via the dual luciferase 

assay (Table 6). Starting at either 405 pM (wildtype) or 1215 pM (modified siRNA), 

concentrations were diluted seven times by a factor of 3 until reaching a final concentration 

of 0.55 pM (wildtype) or 1.66 pM (modified siRNA). These concentrations were selected 

due to preliminary experiments suggesting a slightly lower potency for the modified 

siRNA. Each modified siRNA had an approximately 10-fold reduction in potency, 

regardless of where the modification was placed (Figure 38 and 39). The greatest loss in 

potency was for PF1, which carries a single 5’ phosphorofluoridate on the antisense strand, 

suggesting a minor inhibitory effect due to the modification. Further investigations would 

be required to determine whether this modification is accepted into Ago2, cleaved and 

replaced with a natural phosphate, or both.  
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Table 6: Phosphorofluoridate modified siRNAs used in this study. 

siRNA Sequence and Location of Modifications   

WT[a] 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

PF-AS 
5' CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU* 5' 
  

PF-SS 
5' *CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU 5' 
  

PF-ASS 
5' *CUUACGCUGAGUACUUCGAtt 3' 

3' ttGAAUGCGACUCAUGAAGCU* 5' 
  
  
[a] The top and bottom strands correspond to the sense and antisense strand, 

respectively. Deoxynucleotides indicated with lower case. 

* Indicates modification location 
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Figure 38: Reduction in normalized firefly luciferase protein expression for siRNAs 

bearing a 5’ phosphorofluoridate on the antisense (PF1), sense (PF2), or both strands 

(PF12). Mean ± SEM values of independent triplicates are shown. (*) indicates a 

statistically significant difference (p < 0.05) between the untreated and treated sample. 
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Chapter V.  

Conclusions and Future Directions 
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 Conclusions and future directions 

This dissertation set out to accomplish two primary goals: (1) to develop a method to 

measure both antisense and sense strand activity of siRNA, and (2) to characterize novel 

chemical modifications for their impact on strand specific activity.  

The first goal was achieved through the adaptation of the Dual Luciferase Assay from 

Promega. This assay relies on two expression vectors, pGL3-Control and pRLSV40, which 

transcribe distinct luciferase enzymes from the SV40 promoter whose abundance can be 

uniquely measured via bioluminescence. The commonly used siRNA sequence (5’-UCG 

AAG UAC UCA GCG UAA GdTdT-3’) targets the mRNA transcript from the pGL3-

Control derived luciferase.1-13 To create an mRNA target for the sense strand with similar 

expression and secondary structure, the antisense target sequence in pGL3-Control was 

replaced with the reverse compliment sequence through a unique application of the 

NEBuilder HiFi Assembly (Gibson Assembly) to create pGLR3. Disruption of the protein 

sequence rendered the mutant luciferase non-functional; however, transcript cleavage 

offers a valuable measure of strand activity. Combining antisense mRNA cleavage and 

protein silencing data provides new insights into the mechanisms behind the impacts of 

chemical modifications.  

Apart from a string of 21 bp, the pGL3-Control and pGLR3 derived luciferase 

transcripts are identical, providing relatively few options for primer design. For confidence 

in assay design, multiple primer pairs were designed and evaluated to ensure high 

specificity between targets. Wildtype (unmodified) siRNA was used to validate the assay 

and identified higher silencing potency for the antisense sense strand compared to the sense 

strand. This was expected, as the siRNA sequence encourages antisense strand uptake 
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through low thermodynamic stability and the presence of an A or U at the 5’ terminus.14-16 

Furthermore, scramble siRNA was unable to significantly alter expression of either target, 

confirming that the siRNA sequence was responsible for the measured decrease in mRNA. 

The second goal was achieved through employment of this strand activity assay to 

measure the impact of numerous chemically modified siRNAs. Most of the siRNAs tested 

were synthesized through the efforts of Dr. Hammill, Dr. Salim, and Dr. Tsubaki. Perhaps 

unsurprisingly, chemical modifications that replace entire nucleotides with chemically 

distinct structures, such as the azobenzene, propargyl, triazole-linked folate, and cubane 

were the most deactivating to their respective strand. These modifications are generally not 

well tolerated within antisense strands apart from the 3’ supplementary region, for which 

no significant interactions between the RNA and Ago2 have been identified.17 If placed 

within the 5’ end, seed region, or central region of a strand, these modifications typically 

lead to the loss of Ago2-phosphate backbone interactions that stabilize the strand. They 

may also disrupt the canonical A-form RNA duplex structure, important for efficient 

recognition of siRNA. This likely significantly contributes to the reduced potency seen for 

the nucleotide-substitution modifications. The only one of these modifications to seem to 

enhance activity of the associated strand was the 3’ propargyl linker (P20/21), and the 

reasons for this are unclear. Perhaps the positively charged tertiary amine interacts with the 

anionic backbone or 5’ phosphate of the opposite strand, interfering with uptake of the 

competing strand.  

The impact of hydrophobic phosphate triester backbone modifications on strand 

activity were also explored. Unlike the nucleotide substitution modifications, these 

modifications do not alter the sugar structure or sugar substituents. Therefore, sugar 
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puckering is unlikely to be affected and the typical A-form conformation of the duplex 

should be favored. Indeed, these modifications were well tolerated; however, increasing 

the number of hydrophobic moieties on the backbone had a deactivating effect. The most 

impactful sense strand deactivation was identified for the double modified U2:15 siRNA, 

in which two phenylethyl phosphate modifications were placed within the strand. 

Hypothetically, the interruption of multiple phosphate backbone interactions may be 

sufficient to inhibit strand uptake. Notably, the improved strand activity profile was also 

associated with a small reduction in antisense potency. The mechanisms behind reduced 

potency for the dual octadecyloxy hydrophobic phosphate modification (H2) are unclear 

but may be the result of steric constraints with Ago2, interfering with the ideal orientation 

for target strand hybridization and subsequent cleavage.  

With the dependence for a 5’ phosphate for RNAi, it’s not surprising that some of 

the most impactful chemical modifications for strand uptake/activity have been 5’ terminal 

modifications such as the 5’ morpholino or 5’ vinylphosphonate.18,19 To further expand the 

chemical modifications investigated within this category, 5’ phosphorofluoridate modified 

siRNAs were developed and investigated. Phosphorofluoridate modifications have been 

explored within the phosphate backbone, but this is the first report for a 5’ terminal 

phosphorofluoridate.20,21 Coupling efficiency was low, with multiple coupling treatments 

required to achieve appreciable yields. With only a single phosphorofluoridate group 

differentiating the parent compound from the product, purification required substantial 

HPLC optimization. Unfortunately, a di-substituted phosphorofluoridate was not 

synthesized as the required phosphoramidite was unstable and isolation was not achievable.  



95 

 

Dual luciferase assays with phosphorofluoridate modified siRNAs revealed similar, 

but less potent, activity profiles as wildtype siRNA. Two non-mutually exclusive 

explanations for this exist. It is possible that Ago2 recognizes the 5’ phosphate mimic with 

slightly less efficiency and incorporates the strand as the guide strand, or the 

phosphorofluoridate is recognized and hydrolyzed by cellular phosphatases. The resulting 

primary alcohol is naturally phosphorylated by the Clp1 kinase and subsequently 

recognized by Ago2.22,23 If the latter is the case, it is valuable to consider the combination 

of the 5’ vinyl phosphonate with the 5’ phosphorofluoridate to create a 5’-(E)-

vinylphosphonoflouridate (Figure 40). This modification is not a substrate for cellular 

phosphatases, locking the phosphate mimic in place. To determine whether the 

phosphorofluoridate is a substrate for cellular phosphatases, a phosphatase assay could be 

performed via treatment with a phosphatase followed by gel mobility shift analysis on 

PAGE.  

The assay developed in this study was based on the pGL3-Control expression vector; 

however, Promega has since re-engineered the system. The new pGL4 backbone is meant 

to reduce anomalous expression and increases the reliability of reporter gene expression.24 

Migrating over to the pGL4 system may provide more consistent gene expression (and 3.7-

fold increased expression) over a greater number of cell types, growth stage, and passage 

number, providing a more robust platform. Importantly, the luciferase gene between 

 

Figure 40: Structure of 5’-(E)-vinylphosphonofluoridate 
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plasmids are identical and the siRNA sequence used in the Desaulniers’ lab can be 

preserved. If a new assay was to be designed, it would also be possible to create a Dual 

Luciferase Assay-compatible platform that is simultaneously compatible with the 

Desaulniers’ lab siRNA sequence, by moving the target site into the 3’UTR in a two-step 

process. Firstly, the original target can be removed by introducing multiple silent 

mutations, thereby maintaining the amino acid sequence while allowing the mRNA to 

evade detection by the RISC. Secondly, placing the antisense or sense strand within the 

3’UTR would still facilitate rapid mRNA degradation upon RISC recognition. This design 

would effectively measure gene silencing via the Dual Luciferase Assay; however, the 

antisense and sense target plasmids must be delivered separately (in contrast to the mRNA 

level assay developed in this thesis).   

In conclusion, this dissertation has improved our ability to evaluate the impact of 

novel chemical modifications and improved our general understanding of the role that 

different types of modifications play in strand activity. Continued research in this field is 

essential for limiting off-target effects to develop safe and reliable siRNA therapeutics. 

This assay can be used by any research group to further investigate novel modifications 

and improve the mechanistic understanding of chemical modifications on strand activity.   
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 Primers and Plasmids 

A1. Primer Pairs Used in this Study 

Primer Name  Sequence Tm Product (bp) Note 

Asbml.F 
 TCGAAGTACTCAGCGTAAGAA 

TGTCCGTTCGGTTGGCAG 69 
5275 

Tm for pGL3-Control target is 
60 °C for each primer Asbml.R 

 CTTACGCTGAGTACTTCGATG 
ATGTCCACCTCGATATGTGCATC 69 

Seq_F  ACATAAAGAAAGGCCCGGCG 60 
183 

Sequencing primers for pGLR3 Seq_R  TAGCTTCTGCCAACCGAACG 60 

Luc_qPCR1.F  GAAGAGATACGCCCTGGTTCC 59 
193 Universal for firefly luciferase 

from pGL3-Control or pGLR3 Luc_qPCR1.R  GCCCAACACCGGCATAAAGA 58 

Luc_qPCR2.F  AGATGCACATATCGAGGTGGAC 58 
170 Universal for firefly luciferase 

from pGL3-Control or pGLR3 Luc_qPCR2.R  CTCCGATAAATAACGCGCCC 59 

Luc_qPCR1.F  GAAGAGATACGCCCTGGTTCC 59 
209 

Universal for firefly luciferase 
from pGL3-Control or pGLR3 Luc_qPCR2.R  CTCCGATAAATAACGCGCCC 59 

Luc_qPCR2.F  AGATGCACATATCGAGGTGGAC 58 
154 

Universal for firefly luciferase 
from pGL3-Control or pGLR3 Luc_qPCR1.R  GCCCAACACCGGCATAAAGA 58 

Rluc_qPCR1.F  GGTAACGCGGCCTCTTCTTA 58 
228 For Renilla luciferase from 

pRLSV40 (reference controll) Rluc_qPCR1.R  AAATGCCAAACAAGCACCCC 59 

Rluc_qPCR2.F  ATGGTAACGCGGCCTCTTC 59 
230 For Renilla luciferase from 

pRLSV40 (reference control) Rluc_qPCR1.R  AAATGCCAAACAAGCACCCC 59 

AS_qPCR1.F  ACATATCGAGGTGGACATCACTTAC 58 
164 Specific for firefly luciferase 

from pGL3-Control  Luc_qPCR2.R  CTCCGATAAATAACGCGCCC 59 

AS_qPCR2.F  TCGAGGTGGACATCACTTACGC 61 
159 Specific for firefly luciferase 

from pGL3-Control Luc_qPCR2.R  CTCCGATAAATAACGCGCCC 59 

SS_qPCR1.F  ATCGAGGTGGACATCATCGAAGTAC 60 
160 Specific for firefly luciferase 

from pGLR3 Luc_qPCR2.R  CTCCGATAAATAACGCGCCC 59 

SS_qPCR2.F  GAGGTGGACATCATCGAAGTACTC 58 
157 Specific for firefly luciferase 

from pGLR3 Luc_qPCR2.R  CTCCGATAAATAACGCGCCC 59 
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A2. Plasmids Used in this Study 

Plasmid 
Name Relevant Features Source 

pGL3-Control Firefly luciferase reporter vector. Target for the antisense siRNA strand Promega 

pGLR3 
Mutant firefly luciferase reporter vector. Target for the sense siRNA 
strand 

This 
Study 

pRLSV40 Rinella Luciferase Reporter Vector. Used as a reference control. Promega 
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A3. Plasmid Map for pGL3-Control 
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A4. Plasmid Map for pGLR3 
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A5. Plasmid Map for pRLSV40 
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  Standard Curves 

B1. Standard Curve for Firefly Luciferase Expressed from pGL3-Control 

  

B2. Standard Curve for Mutant Firefly Luciferase Expressed from pGLR3 
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B3. Standard Curve for Renilla Luciferase Expressed from pRLSV40 
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 Spectra of Compounds from Chapter IV 
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C1. NMR of 2-cyanoethyl (4-nitrophenyl) diisopropyl phosphoramidite (2) 
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C2. NMR of 3-(((diisopropylamino)fluorophosphaneyl)oxy) propanenitrile (3) 
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C3. NMR of Preparation of bis(4-nitrophenyl) diisopropylphosphoramidite (5) 
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C4. NMR of 1,1-difluoro-N,N-diisopropyl phosphanamine (6) 

 



116 

 

 



117 

 



118 

 



119 

 

 

  



120 

 

C5. HPLC Trace of Phosphorofluoridate Modified Antisense Strand 

 

HPLC chromatogram of the phosphorofluoridate modified antisense strand used in siRNA synthesis. Conditions were 5% acetonitrile 

in 95% 0.1 M triethylammonium acetate pH 7.0 with exponentially increasing acetonitrile up to 20% over 30 minutes. Spectra were 

processed using Empower 3 software.  
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C6. HPLC Trace of Phosphorofluoridate Modified Sense Strand 

 

HPLC chromatogram of the phosphorofluoridate modified antisense strand used in siRNA synthesis. Conditions were 5% acetonitrile 

in 95% 0.1 M triethylammonium acetate pH 7.0 with exponentially increasing acetonitrile up to 100% over 30 minutes. Spectra were 

processed using Empower 3 software.  
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C7. Mass Spectrometry Data for Phosphorofluoridate Modified Antisense and Sense Strands 

 


