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Studies of Chemically Modified Oligonucleotides Towards RNA-Binding Proteins

Abstract

Oligonucleotides are short polymeric chains of nucleic acids that are immensely
useful for a plethora of scientific applications. By way of chemical modification, post-
transcriptional processes such as RNA interference (RNAIi) or RNA editing can be studied
at the molecular level using oligonucleotides. More so, oligonucleotides, which typically
use the simple mechanism of base pairing to a complementary target nucleic acid
sequence of interest, can be exploited to create therapeutics against diseases.
Researchers developing oligonucleotide-based therapeutics often face challenges of
specificity, off-targeting effects, oligonucleotide trafficking, metabolic stability, cellular
uptake, delivery to specific tissues, and more. Therefore, chemical modifications along
the oligonucleotide sugar and phosphate backbone and, less commonly, the nucleobase

are used to overcome these obstacles.

In Professor Peter Beal's lab, we take particular interest in designing nucleobase
modifications that can be incorporated onto oligonucleotides to further understand the
structure and function of RNA that can bind to other RNA or RNA-binding proteins in RNAI
or RNA editing. This dissertation will describe chemically modified oligonucleotides that
were used to study their effects on the catalytically active RNAi protein, Argonaute2
(Ago2), and the adenosine-to-inosine (A-to-1) editing enzyme adenosine deaminase

acting on RNA (ADAR).



Chapters 2 and 3 describe a published study in examining the effects of chemically
modified antisense oligonucleotides targeting microRNA (anti-miRs) at the 3’-end
nucleotide that can interact with a nucleotide-binding pocket in human Ago2 (hAgo2)
when loaded with a microRNA strand. First, Chapter 2 describes the earlier stages of this
work and goes into detail a molecular docking method to computationally screen 1’-
triazole modified nucleotide analogs that can interact with the hAgo2 pocket. Additionally,
precursor anti-miRs with a 3’-end, 1’-alkynyl modification were designed and tested in an
established cellular based assay to confirm if the anti-miR could be converted into
triazoles with various substituents using copper(l)-catalyzed azide/alkyne cycloaddition
(CuAAC) reactions. We docked a library of 190 triazole-modified nucleotides, carefully
evaluated the scoring of each docked ligand, and picked 17 triazoles that could be

modified onto a 2’-O-methylated 15mer anti-miR with 1’-alkynyl 3’-end nucleotide.

Chapter 3 continues to describe the identification of a significantly potent ester
triazole-modified anti-miR among the 17 triazoles screened. Numerous investigative
experiments were then conducted to determine the mechanism by which the ester
modification elicits high potency. Such experiments included structure activity
relationships, generalizability to two anti-miR sequences, nuclease resistance, miRNA
target de-repression analyses, and a biotinylated anti-miR pulldown assay to determine

hAgo2 binding affinity of the ester-modified anti-miR.

Finally, Chapter 4 describes preliminary work to evaluate inhibition of ADAR1 in
cultured cells using either an 8-azanebularine-containing RNA duplex inhibitor or ADAR

mutant proteins that can impede dimerization needed for A-to-| editing activity.
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Chapter 1

Introduction

1.1 Dissertation overview

Throughout the years, the Beal lab has made many contributions towards studying
RNA and RNA-binding proteins through the design and implementation of chemically
modified oligonucleotides. More specifically, we have identified various oligonucleotide
modifications that can alter function and recognition in the post-transcriptional processes
RNA interference (RNAi) and RNA editing. Now, because of our recently solved crystal
structures, we have been able to advance our understanding of the intricate RNA editing
enzyme, adenosine deaminase acting on RNA (ADAR), and how it interacts with RNA.
Our work continues to answer basic science questions to support research that the
scientific community can use for therapeutic-related endeavors.

This dissertation will describe two studies of chemically modified oligonucleotides
and their interactions with either Argonaute2 (AgoZ2), the catalytically active component in
RNAI, or ADAR. Chapters 2 and 3 will describe our discovery of a highly potent, 3’-end
ester-modified antisense oligonucleotide targeting microRNA (anti-miR) that was
published in Bioorganic and Medicinal Chemistry Letters." Chapter 2 will first describe
the earlier stages of this study that includes computational screening of 3’-end anti-miR
nucleotide analogs into the adenosine nucleotide-binding pocket in Ago2, and
establishing a cellular-based anti-miR potency assay to identify an alkynyl-modified anti-
miR precursor for modifications using copper(l)-catalyzed azide/alkyne cycloaddition
(CuAAC, also known as “click) reactions. Chapter 3 will then describe the potency

screening of triazole-modified anti-miRs and how we evaluated the characteristics of the



highly potent ester triazole modification by structure activity relationships, its
generalizability in two anti-miR sequences, nuclease resistance, and binding affinity to
hAgo2 by a biotin pulldown assay. Finally, Chapter 4 will describe my efforts in
establishing a cellular-based ADAR1 inhibition assay using a short, 8-azanebularine-

containing oligonucleotide as part of an RNA duplex.

1.2 Chemical design of therapeutic oligonucleotides

Oligonucleotides are short polymeric chains of nucleic acid that can be used as
therapeutics to treat diseases.? The most common modality by which oligonucleotides
interact with a nucleic acid target is complementary base-pairing at the Watson-Crick
face, enabling high sequence specificity and rational design if the target sequence is
known.?® To date, oligonucleotides in drug classes such as small interfering RNAs
(siRNAs)?*, anti-microRNAs or microRNA (miRNA) mimics®, aptamers®, and antisense
oligonucleotides (ASOs)’ are being developed to target biomolecules that are involved in
cellular processes such as RNAI, splicing, gene activation, toll like receptor (TLR)
activation, and others.8?

A crucial feature in developing therapeutic oligonucleotides is designing chemical
modifications to improve characteristics such as specificity towards a target sequence,
nuclease resistance, cellular uptake, and distribution into certain tissues.® The first major
breakthrough in ASO chemical modification strategies was the incorporation of
phosphorothioate (PS) linkages, where an oxygen atom in the phosphodiester moiety
bridging two nucleotides is replaced with a sulfur atom (Figure 1.1)."° Discovered by

chemist Fritz Eckstein, PS linkages remain to be an advantageous modification strategy



for oligonucleotides to improve nuclease resistance and even trafficking and cellular
uptake.’ '3 In addition, because the PS linkage introduces a stereocenter at the
phosphorous, diastereomeric centers S, and Ry have been characterized when applied
onto oligonucleotides. For example, it was found that the Ry diastereomer can bind to a
target strand more tightly and increase RNase H activity over the Sy, diastereomer, but is
less nuclease resistant.’*'S Given this, alternating patterns or precise positioning of the

Sp and Ry stereocenters on an oligonucleotide may improve overall potency.
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Figure 1.1 Panel of chemical modifications applied onto oligonucleotides. This panel is not
exhaustive of all oligonucleotide chemistries. Abbreviations: 2’-OMe = 2’-O-methyl; 2’-F = 2’-
fluoro; 2’-FANA = 2’-fluoro-arabinonucleic acid; 2’-MOE = 2’-methoxyethyl; LNA = locked nucleic
acid; cEt = constrained ethyl; ENA = ethylene-bridge nucleic acid; C = cytosine; U = uracil; G =
guanine; PMO = phosphordiamidate morpholino oligomer; PNA = peptide nucleic acid; tcDNA =
tri-cyclo DNA; UNA = unlocked nucleic acid; FHNA = 3’-fluorohexitol nucleic acid.




Not long afterwards, during what is known as the second generation of
oligonucleotide chemistry design, modifications at the 2’-position of nucleosides such as
2’-O-methyl (2'-OMe), 2'-fluoro (2'-F), 2’-fluoro-arabinonucleic acid (2’-FANA), and 2’-
methoxyethyl (2’-MOE) were discovered and used to improve oligonucleotide properties
(Figure 1.1). The 2’-OMe modifications are naturally occurring in cells and can increase
binding affinity, nuclease resistance, and reduce immune stimulation.'®'” The 2'-F
modification has similar properties to 2'-OMe and was often used in aptamer design'® or
in an alternating pattern with 2’-OMe on siRNA strands.’® As an alternative to 2’-F, the
2’-FANA modification causes the nucleotide to adopt a DNA-like conformation (C2’-endo
sugar pucker) and was found to increase binding affinity and stability when applied in
combination with DNA nucleotides on RNase H-compatible ASOs.?°-?2 Furthermore, in
a study on 2’-O-alkyl substituted nucleoside analogs, 2’-MOE was found to increase
nuclease resistance and binding affinity more effectively than 2’-OMe and thus are used
in numerous oligonucleotide designs, including the FDA-approved, RNase-H competent
ASO mipomersen (Kynamro) that was previously used to treat homozygous familial
hypercholesterolemia.?324

Bridged nucleic acid modifications such as locked nucleic acid (LNA), constrained
ethyl (cEt), and ethylene-bridged nucleic acid (ENA) are also some commonly used
modifications in the oligonucleotide therapeutics field (Figure 1.1).25-2” The main feature
amongst these modifications is the bridging of the 2’ and 4’-carbon positions on ribose,
which pre-organizes the sugar into a thermodynamically favorable, RNA-like C3’-endo
pucker conformation. As a result, employing bridged nucleic acid-type modifications on

oligonucleotides can facilitate A-form helical formation when bound to a complementary



target strand and improve binding recognition and activity by RNA-binding proteins such
as RNase H and Ago2.2%2° Bridged nucleic acids are reported to have higher binding
affinity and potency than 2-modifications3%3'; however, other studies suggest that
cytotoxic effects, particularly in the liver, can occur if too many nucleotides in ASOs are
modified with these groups.3?

Nucleobase modifications are another approach to alter oligonucleotide properties
(Figure 1.1).3* Modifying the 5-position of pyrimidines C, U, and T is a highly explored
site for modification or substitution. For example, 5-methyl-C is a naturally occurring
epigenetic DNA modification that can enhance duplex thermal stability of RNA-targeting
oligonucleotides due to the stacking of the methyl group between nucleobases in the
major groove.®334 Other modifications such as 5-propynyl C, 5-bromo-, and 5-iodo-uracil
have also been found to improve duplex stability.333%® The Mayers group designed
CuAAC-functionalized handles using synthesized C5-ethynyl-2’-deoxyuridine and azides
bearing different functional groups to generate an aptamer library, termed “clickmers”, to
expand the chemical diversity of libraries used for SELEX- (systematic evolution of
ligands by exponential enrichment) based applications.®¢3” An example of a pyrmidine
modified at the 2-position is 2-thio-2’-deoxythymidine (2-thio dT), where Jstergaard and
colleagues found that modifying the DNA gapmer region of an ASO with 2-thio dT can
affect allele selectivity and treat Huntington’s disease by targeting single nucleotide
polymorphisms (SNPs).33% The 2-thio group was hypothesized to clash with amino acid
residues near the catalytic site in RNase H, thus altering cleavage specificity. A
comprehensive overview on more post-synthetic nucleobase modifications on RNA

oligonucleotides can be found in a review by Bartosik and colleagues.*°



As for purines, modifications such as 2,6-diaminopurine provide additional
hydrogen interactions to a complementary base, and N2-imidazolylpropyl-, and NZ?-
aminopropyl guanine modifications are reported to make electrostatic interactions with
the phosphate backbone in the major groove of a duplex (Figure 1.1).4' In our lab, we
have made numerous contributions to designing purine analogs onto oligonucleotides for
studying recognition by dsRNA binding proteins such as PKR (Protein Kinase R) and
ADAR as well as improve siRNA performance using an Ago2 structure-guided rationale.
More of our works will be briefly discussed in 1.2 and 1.3.

Lastly, there are many other alternative oligonucleotide chemistries such as PMO
(phosphorodiamidate morpholino oligomer), PNA (peptide nucleic acid), tcDNA (tri-cyclo
DNA), UNA (unlocked nucleic acid), and FHNA (3’-fluorohexitol nucleic acid), to name a
few, that are being studied in academic and industrial settings (Figure 1.1).23842 Qverall,
chemically modified oligonucleotide-based therapies have gained an increasing level of
success with FDA-approval and are becoming more common for treating a variety of
human diseases. From the first FDA-approved 21mer PS-linked DNA ASO, fomivirsen
(Vitravene)*®, discovered in 1998 by Isis Pharmaceuticals (now called lonis
Pharmaceuticals) to treat cytomegalovirus (CMV) retinitis, to the recent siRNA and ASO
drugs givosiran (Givlaari) or viltolarsen (Viltepso) by Alnylam Pharmaceuticals or NS
Pharma that are used to treat acute hepatic porphyria (AHP) or Duchenne muscular
dystrophy, respectively, it is satisfying to see the promising potential that oligonucleotide
therapeutics can provide.**  Also, pseudouridine- (y) modified mRNA vaccine
formulations by Moderna or BioNTech and Pfizer have certainly saved many people’s

lives around the world by providing dramatically improved immunity against SARS-CoV-



2 during this ongoing pandemic.*®* Pseudouridine is a naturally occurring modified
nucleotide that is found in many types of RNA in all cells and is known to enhance RNA
stability and decrease RNA-induced immune responses.*64” Both mRNA vaccines
contain modified g, namely N1-methyl-pseudouridine, that is made by methylating the N1
position by N1-specific ¢ methyltransferase Nep1 and can increase nuclease resistance
and immune response evasion even greater than unmodified y.*® Encoding of the SARS-
CoV-2 spike protein is therefore made more efficient and improves SARS-CoV-2

immunity.

1.3 Chemically modified oligonucleotides in RNAi therapeutics

The discovery of RNA interference by Nobel laureates Andrew Fire and Craig
Mello revolutionized current methods to develop RNA-based therapeutics.*®%° Post-
transcriptional gene silencing activity by RNA interference is performed by two small
noncoding RNA molecules: microRNAs (miRNAs) or small interfering RNAs (siRNAs)
(Figure 1.2).5" MiRNAs differ from siRNAs by being transcribed from the genome within
the nucleus before being processed and exported out into the cytoplasm as mature ~20
bp duplexes by the Drosha/DGCR8 complex, Exportin-5, and Dicer/TRBP complex,
respectively.5? Furthermore, in mammals, miRNAs bind to the 3-UTR of mRNA strands
with partial complementarity, resulting in translational repression and/or mRNA
degradation.?® Exogenous siRNAs typically base-pair with full complementary to a mRNA

target strand for cleavage when the guide strand is loaded into Ago2.5*
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The solved crystal structure of human Ago2 (hAgo2) stimulated efforts to design
chemical modifications on RNAi-related oligonucleotides for potential therapeutic effects
(Figure 1.3).5°°" Briefly, hAgo2 has a bilobed structure and can cradle a target RNA
strand when bound to a loaded guide strand. The PAZ domain anchors the 3’-end of a
guide miRNA or siRNA strand, whereas a phosphate-binding pocket within the MID
domain can bind a phosphorylated 5’-end (Figure 1.3 C and D).58%° The PIWI domain
contains an RNase H-like active site and is responsible for slicing activity.®® Furthermore,
a solvated, nucleotide-binding pocket located between the L2 and MID domains was
found to have higher binding specificity towards a target RNA strand adenosine at position
1 (t1A) over other canonical and modified bases.®” More details about the t1A-binding
pocket and our contribution to designing oligonucleotide modifications targeting this site

will be described in Chapters 2 and 3.
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Figure 1.3 The crystal structure of hAgo2. (A) Domain map of full-length hAgo2. (B) Crystal
structure of full-length hAgo2 with bound guide-target RNA duplex (PDB: 4W50). The guide RNA
strand is in red, and the target strand is in blue. (B) Close-up of PAZ domain interactions with 3’-
end guide RNA nucleotide (guide strand nucleotide 21, g21). (C) Close-up of guide strand 5'-
phosphate interactions with the MID domain phosphate-binding pocket. An A859 residue (green)
from the N domain and an R812 residue (light blue) from the PIWI domain also make contacts
within the pocket. g1 = guide strand nucleotide position 1

Several works to design chemically modified siRNAs guided by the structure of
hAgo2 are in literature.®" One of the most notable structure-guided chemical
modifications on siRNAs is the metabolically stable 5’-vinylphoshponate (5-VP) moiety
(Figure 1.4), discovered by lonis Pharmaceuticals, that is used to replace the natural
phosphate group at the 5-end of an siRNA guide strand. Lima et. al. found that the 5'-
VP modification on single-stranded siRNA (ss-siRNA) increased mRNA knockdown in
mouse liver compared to 5’-phosphorylated control ss-siRNA.6? As an extension to this
work, Prakash and colleagues used the crystal structure of hAgo2 to design and test
analogs of 5’-phosphate by either adding substituents at the 5’-carbon position such as
5’-(R)-methylphosphate [5’-(R)-Me P] or designing 5-methylenephosphonate analogs
such as mono-fluorinated a-fluoromethylenephosphonate (5-CHF P) and carried out
structure-activity relationship studies of ss-siRNA activity in vitro and in vivo (Figure
1.4).5% In addition, they found that rigidifying the 5’-methylenephosphonate moiety into a
trans (E)-5’-VP analog was more potent than the (Z2)-isomer as the (E)-isomer can better
mimic the conformation of 5’-phosphate bound into the hAgo2 MID domain. Overall, the
stereoelectronic-altering analogs at the 5’-end of ss-siRNAs could indeed promote gene
silencing activity.

In the case of duplex siRNA, Elkayam et al. found that applying the 5-(E)-

vinylphosphonate (5’-E-VP) modification at the 5’-end of the guide strand of siRNA duplex
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targeting transthyretin (TTR) mRNA also enhanced gene silencing activity in primary
mouse hepatocytes and mouse liver.%* To determine the structural basis for the
improvement in siRNA activity, they crystallized hAgo2 loaded with a guide RNA
oligonucleotide bearing a 5'-terminal 5’-(E)-VP 2’-OMe uridine (5’-E-VPu) modification
using similar methods to crystallize the hAgo2-miR-20a complex.®® At the 5’-phosphate-
binding pocket in the MID domain, they found that the 5’-E-VPu moiety causes slight shifts
in the pocket and generates an interaction with residues that are not seen with the
structure with unmodified RNA, suggesting that the improved RNAi activity by the
modified siRNA is strictly due to these altered interactions at the pocket. Overall, the 5'-

VP modification strategy has great potential to be applicable on therapeutic siRNAs.
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Figure 1.4 Panel (not exhaustive) listing chemical modifications on siRNA. Abbreviations:
5’-(E)-VP = 5'-(E)-vinylphosphonate; 5'-(Z)-VP = 5'-(Z)-vinylphosphonate; 5’-(R)-Me P = 5-(R)-
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methylphosphate; 5-(S)-Me P = 5-(S)-methylphosphate; 5-CHF P = 5-a-
fluoromethylenephosphonate; GalNAc = N-acetylgalactosamine. GalNAc is shown as a trivalent
structure as is used for siRNA conjugation.

Another major breakthrough in siRNA drug design is the use of GalNAc (N-
acetylgalactosamine) conjugation to improve delivery into cells (Figure 1.4).56 The
GalNAc moiety serves as a ligand to the asialoglycoprotein receptor (ASGPR) that is
highly expressed and abundant on the surface of hepatocytes.®” Indeed, FDA-approved
siRNAs such as givosiran (GIVLAARI™) and inclisiran (ALN-PCSsc, licensed as Leqvio®
by Novartis), both designed by Alnylam Pharmaceuticals, are conjugated with a trivalent
GalNAc group at the 3’-end of the sense (passenger) strand and are used to treat acute
hepatic porphyria or hypercholesterolemia.®®6®  Other GalNAc-conjugated siRNAs
including Dicerna Pharmaceuticals’ nedosiran (DCR-PHXC) to treat primary
hyperoxaluria, or Alnylam and Genzyme'’s fitusiran (ALN-AT3SC) to treat hemophilia, are
currently in phase 3 clinical trials.56:70

Our lab has reported many studies that primarily involve using CuAAC “click”
chemistry to modify siRNA strands bearing ethynyl-modified nucleobase precursors at
specific positions to facilitate interactions with hAgo2. To be succinct, we have made
triazole modifications from alkynyl-derived nucleobase analogs such as 7-ethynyl-8-aza-
7-deazaadenosine’’"2, 1’-ethynyl ribose’®"4, and 2-propargylaminopurine’® at the 5’-end
(g1), 3'-end (g20 or g21), or other nucleotides along the guide strand to probe interactions
with either the MID or PAZ domain of hAgo2, or to control miRNA-like off targeting effects
(Figure 1.5A).737476.77  Prior to reported structures of full-length hAgo2, previous
graduate student Dr. Hayden Peacock used the same post-synthetic CUAAC strategy to

design 2-aminopurine analogs that could project into the minor groove of dsRNA and
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perturb double-stranded RNA binding by proteins such as PKR or ADAR that could hinder
siRNA performance.”>’® Similarly, our lab has also collaborated with Prof. Cynthia
Burrows to design and test analogs of AN?-alkylated 8-oxo-7,8-dihydroguanine or 8-
alkoxyadenosine (Figure 1.5A) on the guide strand of siRNAs whose substituents can
also project into the minor groove and mitigate off-target recognition by PKR or ADAR,
yet can retain RNAI activity when the sterically demanding group “switches” out into the

major groove upon loading into the RNA-induced silencing complex (RISC).”®80
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Figure 1.5 Chemical modifications of RNAi molecules reported in the Beal lab. (A) Chemical
modifications on siRNAs. (B) Chemical modifications on miRNA-122 mimic.
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In the miRNA therapeutics field, synthetic antisense oligonucleotides targeting
microRNAs (anti-miRs) or miRNA mimics to treat dysregulated miRNAs correlated with
disease are also being developed.8! Unfortunately, miRNA-based therapies have not
been as successful as siRNAs as none have yet reached the market, likely due to
difficulties with overcoming off-targeting towards undesired miRNA that share a same
seed sequence in a given miRNA family.82 In either case, the chemical modification
strategies used in anti-miRs or miRNA mimics are similar to what is used for other
oligonucleotide-based therapies. To name a few miRNA-based therapeutics currently in
clinical trials, anti-miRs such as antimiR-92a (MRG-110) or cobomarsen (antimiR-155,
MRG-106) are two LNA-modified oligonucleotides developed by miRagen Therapeutics
that are in phase 2 clinical trials.®384 Santaris Pharma (acquired by Roche) developed a
15mer LNA/PS-modified anti-miR targeting miR-122 and is in phase 3 clinical trials for
treating hepatitis C virus (HCV) infection.85 RGLS4326 (anti-miR17) by Regulus
Therapeutics is a 23mer oligonucleotide comprised of cEt, 2’-OMe, and 2’-F modifications
in the complementary seed region to miR-17 and is in phase 1b trials for potential
treatment of autosomal dominant polycystic kidney disease (ADPKD).28% On the other
hand, remlarsen (MRG-201), developed by miRagen Therapeutics, is a miR-29b mimic
that is modified with a combination of 2’-OMe, 2’-F, RNA, PS linkages, and a cholesterol
conjugation and is in phase 2 clinical trials for treating pathological fibrosis. 8788

Reports of chemically-modified miRNA mimics are rather minimal in comparison
to siRNA.8 However, our group, in collaboration with Sirna Therapeutics (acquired by
Merck), reported nucleobase-modified miR-122 mimics to control immune stimulation, a

common obstacle to overcome in RNAI therapeutics.®® A guanosine analog containing
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an N2-cyclopentyl group (cPent-G) or 2-aminopurine analogs containing N?-propyl (Pr-
AP) or N?-cyclopentyl (cPent-AP) substituents were employed at various positions along
the miR-122 mimic guide strand and, at some positions, were found to be critical for
cytokine stimulation (Figure 1.5B). Similar to the chemical modification strategy on
siRNAs mentioned above, this strategy made use of nucleobase analog substituents that
would be directed towards the minor groove of the mimic duplex and block recognition at
the double-stranded RNA-binding motif by proteins PKR or ADAR1, thus mitigating TLR-
mediated immune stimulation.”

There are a handful of reports towards designing unique chemical modifications
on anti-miRs that differ from the commonly used chemistries for oligonucleotides. As an
example, Lennox et. al. report using N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-
phenylamine (“ZEN”) modifiers at or near the terminal ends of anti-miR21 increased
binding affinity and exonuclease resistance, as determined by cell-based, melting
temperature, and serum resistance assays.’’ Ariyoshi et. al. used the hAgo2 crystal
structure to make amino acid-conjugated anti-miRs that, when bound to miR-loaded
hAgo2, would disrupt interactions between the PIWI-box and 5’-end of miRNA strand and
promote release, therefore inhibiting RNAI activity.®?> Finally, Gubu et. al. designed
intramolecularly  circularized  anti-miR21 and anti-miR122  using circle
oligodeoxynucleotides (c-ODNs) and CuAAC chemistry and determined reduced off-

targeting and immunostimulatory effects in cellular-based assays.®?
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1.4 Chemically modified oligonucleotides targeting Adenosine Deaminase Acting
on RNA (ADAR)

RNA editing can be generally defined as the insertion, deletion, or modification of
RNA that results in a change in coding properties.®*% The most prevalent form of RNA
editing is adenosine-to-inosine (A-to-l) editing of dsRNA that is catalyzed by ADAR.
The human ADAR family comprises of ADAR1, ADARZ2, and ADARS, where all share a
C-terminal deaminase domain as well as double-stranded RNA binding domains
(dsRBDs) (Figure 1.6A). ADAR1 has two isoforms that are produced by two different
promoters: a longer, interferon-inducible p150 isoform that has a Za-DNA-binding
domain with a nuclear export signal (NES), and a shorter p110 isoform.?¢ Both ADAR1
isoforms contain a third dsRBD that ADAR2 and ADAR3 do not possess. ADAR3
differs from ADARZ2 by the presence of an arginine-rich domain (R-domain), allowing it
to bind to single-stranded RNA (ssRNA).®” To date, ADAR1 and ADAR?2 are reported to
be catalytically active, whereas ADARS3 activity remains unknown. ADAR performs A-
to-1 editing by coordinating with a zinc ion to catalyze the hydrolytic deamination of
adenosine, converting it into inosine (Figure 1.6B).% Inosine can base pair with
cytosine, thus can be read as a guanosine by translational machinery and result in A-to-
G substitutions that can potentially change a protein’s amino acid sequence and

function (Figure 1.6C).
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Figure 1.6 The human ADAR family and A-to-l editing reaction scheme. (A) Domain maps
of human ADAR1 p150 and p110 isoforms, ADAR2, and ADAR3. (B) Reaction scheme of ADAR-
catalyzed hydrolytic deamination of adenosine to inosine. (C) Base pairing of inosine with
cytosine.

A-to-l editing of transcripts has an important role in numerous cellular functions
(Figure 1.7).%° ADAR can edit intronic or exonic sites, resulting in exon
inclusion/skipping or altered splicing events.'® Editing of dSRNA can result in
secondary structure changes that cannot therefore be recognized by RNA-binding
proteins for downstream cellular processes.'®' Alternatively, ADAR1 can edit dsRNA to
prevent recognition as pathogenic “non-self’ by dsRNA sensors MDAS5 or PKR and
bypass innate immune responses. This is an important mechanism that cancer cells

take advantage of to promote cell proliferation and mitigate tumor suppression.’02103 A-
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to-1 editing can also result in a variety of recoding events where an edited transcript can
alter the amino acid sequence of a protein, resulting in dysfunction, truncation, or a new
phenotype.'% Lastly, ADAR can modulate miRNA biogenesis or gene silencing

specificity by editing pre-microRNA (pre-miRNA) prior to processing by the Dicer/TRBP

complex or miRNA recognition sites at the 3-UTR of a transcript.19
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Figure 1.7 Functional roles of post-transcriptional A-to-l editing by ADAR.
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In the A-to-I editing field, oligonucleotides are used for applications such as site-
directed RNA editing (SDRE), crystallography, or inhibition. To date, site-directed editing
strategies such as RESTORE (recruiting endogenous ADAR to specific transcripts for
oligonucleotide-mediated RNA editing) and LEAPER (leveraging endogenous ADAR for
programmable editing of RNA) make use of oligonucleotides to recruit endogenous
ADARs to perform RNA editing at disease-related sites genes without the need to
overexpress any exogenous protein, a common obstacle in RNA editing therapy
applications.'%6.197 RESTORE, developed by Billy Li and Thorsten Stafforst’s labs, uses
ASOs that can target the 5’ UAG site at the 3’-UTR of editing sites. The ASOs contain a
self-complementary, fully unmodified ribonucleotide ADAR-recruiting domain that can be
recognized by ADAR dsRBDs, and a 2-OMe, LNA, and PS-linkage modified 18-mer
specificity domain that can be recognized by the deaminase domain for site-specific
editing activity.'” On the other hand, LEAPER, developed by numerous researchers at
Peking University and EdiGene Inc., takes a different approach by genetically-encoding
or transfecting approximately ~70-100 nt long oligonucleotides called ADAR-recruitng
RNAs (arRNAs) with minimal chemical modifications to direct endogenous ADAR to edit
at specific sites. The only chemical modifications applied onto the arRNAs are three PS-
linked 2’-OMe nucleotides on both termini of the ASO.

Recently, our lab has made great progress in designing chemically-modified
oligonucleotides for SDRE-based applications. In 2019, previous graduate student Dr.
Leanna Monteleone used a bump-hole approach to promote site-directed editing on
transcripts.’®  In cell-based assays, she showed that transfecting guide RNA

oligonucleotides containing two PS linkages on both terminal ends and an abasic
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nucleotide at the nucleotide opposite the edited adenosine, also known as the “orphan
base”, reduces off-target editing in the presence of overexpressed bulky ADAR2 E488
mutants when compared to wildtype ADAR2. More recently, in 2021, fellow colleague
Erin Doherty synthesized cytidine analogs and incorporated them at the orphan base
position onto guide editing oligonucleotides to greatly improve endogenous ADAR editing
efficiency.'® In collaboration with ProQR Therapeutics, Erin Doherty heavily modified the
orphan cytidine analog-containing oligonucleotides with specific positioning of 2’-OMe,
RNA, DNA, and PS linkages and found significantly improved endogenous ADAR editing
activity of Idua mRNA in primary mouse liver fibroblasts. It is important to note that our
lab’s SDRE oligonucleotide designs are generally shorter in length to avoid any off-
targeting or RNAI-like effects.’"®

Furthermore, we have been able to use dsRNA substrates where one strand is an
oligonucleotide containing a high-affinity 8-azanebularine analog (Figure 1.8A) to solve
crystal structures of ADAR2 deaminase domain and asymmetrically-dimerized ADAR?2
deaminase domain with dsRBD2 (Figure 1.8B and C).""""2 |n addition, Erin Doherty
generated a homology model of ADAR1 using Rosetta based on the crystal structure of
ADAR2d to supplement Dr. SeHee Park’s discovery of a second zinc metal-binding site
in ADAR1 (Figure 1.8D).""3 These structures have provided us with a wealth of
information for rational and structure-guided designs of chemically modified nucleic acids
that can interact with ADAR.

Lastly, our group is currently working on ADAR1-based inhibitors using chemically
modified 8-azanebularine-containing oligonucleotides that will be discussed further in

Chapter 4.

22



Figure 1.8 Crystal structures or models of ADAR protein bound to dsRNA substrate. (A)
The 8-azanebularine analog has high affinity to the active site of ADAR2 and can trap ADAR for
crystallography when 8-azanebularine is converted into a hydrated intermediate. (B) Crystal
structure of hADAR2d E488Q mutant bound to Bdf2-C RNA duplex at 2.75 A resolution (PDB:
5ED1).""" The 8-azanebularine-containing RNA strand is colored deep salmon and the
complementary strand is colored blue. (B) Crystal structure of hADAR2-R2d E488Q bound to
Gli1 32 bp RNA at 2.8 A resolution (PDB: 6VFF).""> Monomer B of hADAR2-R2d E488Q is
colored pale yellow. (C) Homology model of hADAR1d (light magenta) overlaying hADAR2d
E488Q structure bound (transparent light blue) to Bdf2-C RNA duplex (PDB: 5ED1).""
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Chapter 2

Identification of a precursor anti-microRNA for computationally-screened 3’-end
chemical modifications and potency screening in cellular based assays

2.1 Introduction

MicroRNAs (miRNAs) are short, ~22 nucleotide (nt) endogenous RNA molecules
that control gene regulation at the post-transcriptional level via the RNA interference
(RNAI) pathway.! MiRNAs are transcribed from the genome to form primary miRNA (pri-
miRNA), usually kilobases in length, which are then processed by the Drosha/DGCRS8
complex into ~70 nt pre-miRNAs.?2 Pre-miRNA molecules are exported from the nucleus
into the cytoplasm by Exportin-5 and are cleaved into a mature miRNA duplex where one
strand of the duplex serves as a guide strand and the other a passenger strand.34 The
mature miRNA duplex is loaded into endonuclease Ago2 and promotes passenger strand
release from the guide strand.® The guide miRNA-Ago2 complex, also known as the
RNA-induced silencing complex (RISC), can then target mRNA transcripts at the 3'-
untranslated region (3’-UTR) by base pairing with the guide miRNA seed region (nt 2-8),
causing translational repression and mRNA degradation.®

Aberrant expression of miRNA is strongly correlated with a variety of diseases,
including cancer, thus promoting incentives to generate miRNA-based therapeutics.’
Antisense oligonucleotides targeting microRNAs (anti-microRNAs or anti-miRs) have
been shown to elicit therapeutic effects by hybridizing and inhibiting upregulated disease-
associated miRNAs.®8 To date, chemical modifications of anti-miRs have been primarily
focused on the sugar-phosphate backbone to improve nuclease resistance and binding
affinity towards a miRNA target.® Additionally, there are other reported modification

strategies to improve anti-miR potency, including ZEN modifiers, crosslinked anti-miR
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duplexes, circularization, and peptide conjugation.’®'® No anti-miR-based therapeutics
have yet reached FDA-approval, but some designs are currently in clinical trials in hopes
of achieving this goal.'*15

The active fraction of miRNA is that associated with an Argonaute protein;
therefore, a potentially valuable approach to anti-miR modification is through a structure-
guided approach where a chemically modified anti-miR binds to the miRNA-Ago2
complex and improves potency and selectivity. The crystal structure of human
Argonaute2 (hAgo2) was solved in 2012 which expanded our understanding about the
molecular mechanisms underlying miRNA targeting (Figure 2.1A)."%'7 An intriguing
structural feature of the guide-target-hAgo2 ternary complex is a small solvated pocket
between the L2 and MID domains that has binding specificity towards an adenosine
nucleotide at position 1 of a target RNA strand, also known as the t1A-binding pocket
(Figure 2.1B). Anti-miRs can bind to miRNAs in a similar manner to target RNAs, thus
the t1 nucleotide corresponds to the 3’-end of a typical anti-miR. The specificity for
adenosine in the t1A pocket is likely due to hydrogen bonding interactions with the
neighboring Ser561 residue and an ordered network of water molecules within the pocket
(Figure 2.1B). Crystallographic, in vitro binding, and FRET assays confirmed the binding

specificity of adenosine over other canonical or modified bases.'®
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Figure 2.1 The t1-adenosine (t1A) nucleotide-binding pocket in human Argonaute2
(hAgo2). (A) The crystal structure of hAgo2 with bound guide (red) and target (blue) RNA
duplex.” The t1A-binding pocket is encased in a black box. (B) Close up of the t1A-binding
pocket. Four ordered water molecules within the pocket are labeled as “W". A hydrogen bonding
interaction between the Ser561 residue and the N6 exocyclic amine of t1A is shown with black
dashed lines.

We previously used the hAgo2 crystal structure to design and computationally
screen chemical modifications on the §’-end of an siRNA guide strand using copper(l)-
catalyzed azide/alkyne cycloaddition (CuAAC) chemistry to improve gene-silencing
potency and reduce miRNA-like off targeting effects.’ Herein, we used this strategy to
modify the 3’-end of anti-miRs that could potentially bind to a miRNA-loaded hAgo2
complex and improve interactions within the t1A-binding pocket, thus improve potency
and selectivity.?’ This chapter describes the early to middle stages of this study, including
the establishment of a cellular based anti-miR potency screening assay, computational
screening of 1’-triazole-modified nucleotides docked into the t1A-pocket hAgo2 receptor,

and identification of an alkynyl-precursor anti-miR for triazole modifications.
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2.2 Methods
2.2.1 MiR-21 reporter plasmid generation

The miR-21 reporter plasmid was generated by inserting the miR-21 (5’-
TCAACATCAGTCTGATAAGCTA-3’) target sequence into the 3’-untranslated region
(3’-UTR) of the renilla luciferase gene (hRluc) in dual luciferase reporter plasmid
psiCHECK-2 (Promega). Forward and reverse primers containing the miR-21 sequence
(Table S2) was amplified with psiCHECK-2 template using the Phusion Hot Start || DNA
Polymerase kit (Thermo Scientific) to generate PCR product with overlapping regions
for Gibson assembly. The PCR product was combined with Gibson Assembly Master
Mix (New England Biolabs) and incubated at 50 °C for 15 minutes then transformed into
XL10-Gold® Ultracompetent Cells (Agilent Technologies) according to the
manufacturer’s instructions. XL10-Gold cells harboring miR-21 reporter plasmid was
inoculated in 100 ug/mL ampicillin-containing LB media for antibiotic resistance
selection. Finally, miR-21 plasmid was harvested from XL10-Gold cells using the
PureYield™ Plasmid Miniprep System (Promega) and Sanger sequenced by the UC

DNA Sequencing Facility at UC Davis for sequence verification.

2.2.2 Cell culture

HelLa (ATCC CCL-2) cells were cultured in Dulbecco’s modified Eagle medium
(DMEM, Gibco 11995065) supplemented with 10% fetal bovine serum (FBS, Gibco) and
100X antibiotic-antimycotic solution (Anti-Anti, Gibco 15240062) to a final concentration
of 10% and 1X, respectively, at 37 °C + 5% CO2. All cells were passaged regularly to
maintain exponential growth and routinely checked for mycoplasma contamination using

a Universal Mycoplasma Detection Kit (ATCC, 30-1012K).
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2.2.3 Transfection and dual luciferase assay

HeLa were plated onto a 96-well plate at 1 x 10* cells per well in DMEM
supplemented with 10% FBS and 1X Anti-Anti solution 24 h before transfection. The
following day, the cells were co-transfected in triplicate with varying concentrations of
anti-miR oligonucleotide and 100 ng of miR-21 reporter plasmid using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions in 100 pL reduced serum media
(OPTI-MEM, Gibco) per well. After 6 h incubation post-transfection, the reduced serum
media was replaced with DMEM supplemented with 10% FBS. After an additional 18 h
post-transfection, 24 h total, the cells were lysed and luciferase luminescent counts were
measured using the Dual Luciferase Assay System (Promega). The transfected cells
were washed with phosphate buffer saline (PBS, Gibco) followed by addition of 20 yL 1X
Passive Lysis Buffer (Promega) and gentle shaking on an orbital shaker for 15 minutes.
Next, 100 yL of luciferase assay reagent Il (LARII, Promega) was added to each well of
lysed cells to measure firefly luciferase luminescent counts on a CLARIOstar Plus
microplate reader (BMG Labtech). Stop & Glo Reagent (100 L) (S&G, Promega) was
subsequently added to quench firefly luciferase activity and measure renilla luciferase
luminescent counts. For each luminescent count reading, there is a 2 s pre-measurement
delay, followed by a 10 s measurement period. Finally, the renilla luciferase luminescent
counts were normalized against firefly luciferase luminescent counts and plotted as a fold
change in the ratio of Renilla/Firefly (RL/FF) counts relative to cells transfected with

reporter plasmid, but without anti-miR oligonucleotide as a control.
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2.2.4 Oligonucleotide synthesis and purification

Unless noted, all anti-miR21 oligonucleotides were ordered through the
DNA/Peptide Core Research Facility at University of Utah (Salt Lake City, Utah, USA),
Dharmacon (Lafayette, CO, USA), or TriLink BioTechnologies (San Diego, CA, USA).
The 15mer anti-miR21 oligonucleotide with t1 nucleotide as 1’-ethynyl-2’-deoxyribose and
C3 spacer (1-EdR C3) was synthesized in the laboratory using an Applied Biosystems
(ABI) 394 DNA/RNA Synthesizer. Phosphoramidite, controlled pore glass (CPG), and
ancillary reagents for the ABI synthesizer were purchased from Glen Research. After
synthesis, the 15mer 1-EdR C3 anti-miR21 oligonucleotide on CPG support was removed
from the synthesizer and dried overnight at high vacuum. The following day, the
oligonucleotide was cleaved from 3’-Spacer C3 CPG using a 2:1 volume ratio of 30%
NH4OH:EtOH at room temperature overnight. The cleaved oligonucleotide solution was
transferred away from CPG and concentrated to dryness using a SpeedVac concentrator,
then resuspended in nuclease free water and desalted using an lllustra™ Nap™-10
Sephadex™ G-25 column (Cytiva 17085401). Next, the oligonucleotide was
electrophoresed in a 19% polyacrylamide gel and visualized by UV shadowing, followed
by excision from the gel and purification by crushing and soaking overnight at 4 °C in
buffer containing 0.5 M NH4OAc and 0.1 mM EDTA. Finally, the oligonucleotide was
filtered using 0.22 um cellulose acetate membrane filter (Costar® Spin-X® Centrifuge
Tube Filter, Corning 8160) and ethanol precipitated or purified using silica-based
octadecyl bonded phase SepPak C18 columns (Waters) in 1:1 acetonitrile:water elution.

All oligonucleotides described in this chapter were characterized by MALDI-TOF mass
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spectrometric analysis. Observed MALDI-TOF masses (m/z) for the oligonucleotides are

provided in Table 2.2.6.

2.2.5 Computational screening of triazole-modified nucleotides docked into the
t1A-binding pocket of hAgo2

T1-triazole modified nucleotides were docked into the t1A-binding pocket of hAgo2
using OpenEye Suite Scientific Software (New Mexico, USA)."®2" The general procedure
for docking is as follows:

1) Library generation: A library of 190 3',5’-bisphophate 2’-deoxyribose ligands
with a triazole moiety at the 1’ position were drawn using ChemDraw (PerkinElmer) then
converted into SMILES (simplified molecular-input line-entry system) format. SMILES
were uploaded onto VIDA to generate molecular models of the ligands. The triazoles
designed were from a variety of azides that were commercially available through Sigma
Aldrich or Enamine LLC for convenient and rapid potency screening in the laboratory once
triazole-modified anti-miRs were generated. Potency screening results from triazole-
modified anti-miRs are described in Chapter 3.

2) Conformer generation: Conformers of the triazole ligands were generated
using OMEGA. A maximum of 5,000 conformers per ligand were applied to allow a wide
selection of conformers for each ligand to be docked into the receptor.

3) Receptor generation: The t1A-binding pocket of hAgo2 receptor was
generated using the MakeReceptor program from OpenEye. Using the published crystal
structure of hAgo2 with bound guide and target RNA (4W50)'7, an approximate 5,000 A3

box was encased around the t1A-binding pocket to create heavy atom contours.
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Constraints were applied to the reference t1-adenosine ligand (Figure 2.6) to force the
triazole 3’,5’-bisphosphate ligand to be positioned in the pocket.

4) Fast rigid exhaustive docking (FRED): Once the conformers of the triazole
ligands and t1A-binding pocket receptor were made, all confomers of the triazoles were
docked into the binding pocket using Fast Rigid Exhaustive Docking (FRED), available in
OpenEye. The conformers were computationally scored by ChemGauss4 when docked
into the receptor based on shape complementarity from ligand to receptor, hydrogen
bonding between ligand and protein, and hydrogen bonding interactions with implicit
solvent. A more negative score indicated a more favorable docking score. Each ligand
had 25 poses assigned in the docking run.

5) Analysis of FRED poses and scoring: The docked poses were sorted from
lowest (more favorable) to highest (least favorable) ChemGauss4 score and 17 triazoles
from the top ~50 scoring ligands were chosen to determine their activity via the dual
luciferase assay (described in Chapter 3), based on availability of the azides and how
consistent the 25 poses from each ligand were oriented towards the t1A-binding pocket

receptor and overlapped with the t1-adenosine reference ligand.
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2.2.6 Table of mass spectra for anti-miR21 oligonucleotides

Bold = locked nucleic acid (LNA)
Underlined = 2’-O-methyl

d = 2’-deoxyribose

DAP = 2,6-diaminopurine

1-EdR = 1’-ethynyl-2’-deoxyribose

C3 = C3 spacer

Calculated | Observed
Oligonucleotide ID Sequence (5’-3’) Mass Mass [M-
(m/z) HY" (miz)
Anti-miR21 9mer LNA | GATAAGCTA 3013.0 3013.4
Anti-miR21 9mer 2= | 5\ JAAGCUA 2989.0 2089.9
OMe
Anti-miR21 9mer 2’-
At GAUAAGCTA 2995.0 2994.3
grll}l'ém'Rm 15mer 2- | - AGUCUGAUAAGCUA 4970.3 4969.6
gm'ém'Rm 22mer 2- | o AACAUCAGUCUGAUAAGCUA |  7276.8 7279.6
Anti-miR21 15mer dA | CAGUCUGAUAAGCUAA 4940.3 4940.1
QGgZ“iRm 1dmer | cAGUCUGAUAAGCAUJA 4910.3 4909.9
QB%“‘Rm 15mer | AGUCUGAUAAGCUJDAP 4955.3 4955.0
Anti-miR21 15mer dG | CAGUCUGAUAAGCUAG 4956.3 4956.2
AniemiR21 15mer dA | cAGUCUGAUAAGCUAA(C3) 5078.4 5084.6
Anti-miR21 1-EdR C3 | CAGUCUGAUAAGCU(1-EAR)(C3) | 4980.9 4979.9
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2.3 Results

2.3.1 MiR-21 dual luciferase reporter system for anti-miR potency studies in cells
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Figure 2.2 Anti-miR potency screening using miR-21 dual luciferase reporter assay in HeLa
cells. (A) Basic diagram of miR-21 reporter dual luciferase reporter assay. Hela cells transfected
with @ miR-21 dual luciferase reporter plasmid can be recognized by endogenous miR-21 and
perform RNAi silencing of Renilla luciferase transcripts, therefore lowering luminescence
detection. However, if an anti-miR21 is co-transfected with the miR-21 reporter plasmid, miR-21
can be inhibited and Renilla luciferase production is restored, resulting in higher luminescent
counts. (B) Validated knockdown of Renilla luciferase expression from miR-21 reporter plasmid
transfected in HelLa cells compared to control plasmid. RL/FF = Renilla/firefly luciferase activity
ratio. RL/FF from miR-21 reporter bar plot was normalized to control reporter RL/FF. (C) Potency
of fully locked nucleic acid- (LNA) modified 9mer anti-miR21 oligonucleotide at 5 and 10 nM in
Hela cells co-transfected with miR-21 reporter plasmid. Error represents the standard error of
the mean (s.e.m.) from three dual luciferase assay replicates.

MiR-21, an abundant miRNA in HelLa cells, was chosen to evaluate the potency of
anti-miR modifications using a previously reported dual luciferase assay.??>2% In this
assay, Renilla luciferase protein expression is under the control of miR-21 since the
miR-21 target sequence has been inserted into the 3’-UTR of the Renilla transcript.
Functional anti-miRs can therefore inhibit miR-21 activity and increase Renilla luciferase
signal (Figure 2.2A).

To start, the miR-21 reporter plasmid was generated in the lab and transfected
into HelLa cells. When compared against control reporter plasmid that contains a
control sequence in the 3'-UTR of Renilla luciferase, there is a substantial reduction of
Renillalfirefly (RL/FF) ratio from miR-21 reporter plasmid-transfected cells, thus
confirming miR-21 target sequence recognition by endogenous miR-21 and knockdown
of Renilla luciferase expression (Figure 2.2B). Next, a fully LNA-modified 9mer anti-
miR21 with a complementary sequence to the seed region of miR-21 and a 3’-end
nucleotide adenosine base was used as a positive control for anti-miR activity.?? At 5
and 10 nM, the LNA 9mer anti-miR21 resulted in nearly 20-fold higher activity over
samples that do not contain anti-miR (Figure 2.2C), indicating activity and successful

transfection of anti-miR into cells.
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2.3.2 Potency screening of 2’-O-methylated 9mer anti-miR21
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Figure 2.39 Potency profile of 2’-O-methylated 9mer anti-miR21 in HeLa cells. Error bars
represent the s.e.m from three dual luciferase assay replicates.

Improvement of anti-miR activity by chemical modification at the t1 nucleotide may
not be as easily detectable when the 9mer anti-miR21 is substantially potent from LNA
modifications. Furthermore, too high of binding affinity by LNA modification can lead to
off-targeting binding to other miRNA targets.?* Therefore, the potency of 2’-O-methylated
(2’-OMe) 9mer anti-miR21 was evaluated. From a wide concentration range of 5 to 1500
nM, the 2’-OMe 9mer anti-miR21 showed only minor improvements of anti-miR activity
over no anti-miR control samples (Figure 2.3). At micromolar concentrations, there are
potential cytotoxic effects occurring, as seen by slightly lower anti-miR activity at 1200 nM

(Figure 2.2).
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2.3.3 Potency screening of 2’-O-methylated anti-miR21 at varying sequence

lengths
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Figure 2.4 Potency profile of anti-miR21 at varying lengths. Error bars represent the s.e.m.
from three dual luciferase assay replicates.

Next, potencies of anti-miR21 at varying sequence lengths were determined to
improve activity over 2’-OMe 9mer anti-miR21. Reports indicate that increasing the
length of chemically-modified anti-miRs with sequences that are complementary to more
bases than the seed region of a miRNA guide strand can result in an increase in activity,
particularly at 15 or 21 nt with full complementarity.?>2® Indeed, transfecting 50 to 150
nM of 2’-OMe 15mer anti-miR21 resulted in a modest ~2.5- to 5-fold increase in activity
over no anti-miR control. On the other hand, a 2-OMe 22mer anti-miR21 that is fully
complementary to a mature miR-21 guide strand dramatically increased activity by 20- to

30-fold, which was comparable to the fully LNA 9mer (Figure 2.4). On top of this, a 9mer
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2’-OMe/LNA mixmer anti-miR21 was tested and showed an improvement in activity at
low, 1 to 10 nM concentrations (Figure 2.4).

Although the activity of the 22mer anti-miR21 was markedly high, we hypothesized
that this design would, similar to the LNA-modified 9mer anti-miR21, likely encounter
difficulties of detecting improvements in activity upon t1 nucleotide modifications. In
addition, the full complementary nature of the 22mer would potentially promote guide
miRNA strand release from hAgo2, thus removing the desired interactions between the
t1 anti-miR nucleotide and the t1A-binding pocket of hAgo2.262” The 9mer 2’-OMe/LNA
anti-miR21 had sufficient activity at low concentrations, but avoiding any potential off-
target binding due to high affinity LNA-modifications was desired. Thus, we pursued

further studies using the 2’-O-methylated 15mer sequence.

2.3.4 Potency screening of 15mer anti-miR21 with 3’-end nucleotide substitutions
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Figure 2.5 Potency profile of 15mer anti-miR21 with nucleobase substitutions or
modifications at the 3’-end. Statistical significance between groups was determined using an
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unpaired, one-tailed t-test with Welch’s correction: *P < 0.05; **P < 0.01; ***P < 0.001; ns = not
significant. Error bars represent the standard error of the mean (s.e.m.) from three dual
luciferase assay replicates.

Nucleobase or sugar substitutions at the 3’-end nucleotides t1 and t2 were
employed on 2’-OMe 15mer anti-miR21 to screen for any relative changes in activity
compared to t1 nucleotide as 2’-OMe adenosine (mA). The goal from this experiment
was to verify if potencies derived from the cell-based luciferase assay could have a
relative correlation in binding affinities of t1 nucleobase-substituted target RNAs towards
the hAgo2 t1A-pocket, as determined by Schirle and colleagues.'® Additionally, analyzing
the hAgo2 crystal structure with bound guide-target RNA duplex revealed a 2’-endo ribose
sugar conformation at both the t1 and t2 nucleotides, indicating that 2’-deoxyribose
nucleotides could potentially be tolerated at these positions on anti-miRs and allow
convenient incorporation of nucleobase-modified 2’-deoxyribose phosphoramidite
monomers by solid phase oligonucleotide synthesis. Thus, t1 2’-deoxyriboses containing
adenosine (dA), 2,6-diaminopurine (dDAP), and guanosine (dG) were incorporated onto
15mer anti-miR21s and potencies were evaluated at 50 to 150 nM. A 15mer anti-miR21
with t1 and t2 as 2’-deoxyuridine and 2’-deoxyadenosine (dUdA), respectively, was also
tested.

On average, all t1 2’-deoxyribose nucleotide-substituted anti-miR21, except for
dG, performed better than anti-miR21 with t1 as mA, suggesting that the 2’-deoxyribose
substitution at the t1 nucleotide is tolerated in the dual luciferase assay (Figure 2.5).
Furthermore, 2’-deoxyribose substitution at the t2 nucleotide is also tolerated, as shown
by the increase in activity by dUdA anti-miR21 relative to mA. Substituting adenosine at

t1 with 2,6-diaminopurine (ADAP) generally resulted in the highest fold increase of activity
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over the other t1 nucleotides tested, whereas dG substitution did not improve activity over
dA. The activity from dDAP anti-miR21 generally reflects the binding affinity analyses by
Schirle and colleagues, but the dG anti-miR21 activities do not. Nonetheless, we were
encouraged by the tolerated dA substitution at the t1 nucleotide of 2’-OMe 15mer anti-
miR21 and proceeded with generating a precursor for click modifications after
computational screening.

2.3.5 Computational screening of t1 triazole-modified nucleotide library using

Fast Rigid Exhaustive Docking (FRED)

The program suite from OpenEye was used to computationally screen a library of
1’-triazole nucleotide ligands bearing a variety of different substituents for
complementarity with the t1A-binding pocket of hAgo2. The structures of each ligand in
the library can be found in Appendix A. The triazole library was designed for
incorporation at the t1 position of anti-miR21 using readily available azides. Conformers
were then generated from the library and docked into a rigid receptor that defines the t1A-
binding pocket from the published crystal structure of hAgo2 with bound guide and target
RNA duplex (PDB file 4W50) using FRED."” A detailed description of the docking
procedure can be found in 2.2.5. It is important to note that constraints were only applied
to the t1-adeosine reference ligand for FRED as any constraints applied to residues at
the hAgo2 receptor resulted in a failed docking run (Figure 2.6). Additionally, the 2'-
hydroxyl group that is present on the adenosine reference ligand was removed for each
triazole ligand in the library to better reflect the t1 triazole nucleotide to be used for

potency studies.
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Figure 2.6 Constraints imposed on t1-adenosine reference ligand in the hAgo2 t1A-binding
pocket receptor. The receptor is contoured in light blue. The 2’-carbon, 3’-carbon, 3’-
phosphorous, 4’-oxygen, and 5’-phosphorous are encased in a white constraint sphere. This
image was visualized using VIDA from the OpenEye suite of programs (Santa Fe, NM).

A table of the docked triazole library (Appendix B) ranked from lowest to highest
ChemGauss4 score (most to least favorable interactions toward hAgo2 receptor) was
generated from the most successful docking run after optimizing docking parameters
such as the constraints described above and number of poses and conformers docked
per ligand. In general, very large docked ligands that could not adequately fit into the
small t1A-binding pocket receptor tended to point towards the solvent or away from the
pocket to avoid clashing with receptor residues, resulting in poorer scores. Ligands that
docked well were heterocyclic, aromatic, or contained at least one hydrogen bonding
group. However, careful scanning of each pose was essential as a number of docked
ligands contained poses that scored well, but were not reasonable in terms of the ligand’s

orientation towards the pocket receptor. For example, the highest-scoring pose (1 out of
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25) for a 1'-triazole ligand with an ethoxybenzenyl substituent had a moderate
ChemGauss4 score of -2.4816 but was flipped entirely away from the pocket, whereas
the second pose (2 out of 25) had a reasonable orientation with a score of -1.0813, nearly

1.5-fold higher than the score of the first pose (Figure 2.7A and B).

(A) | (B)

Figure 2.7 Poses of a docked 1’-triazole nucleotide ligand into the t1A hAgo2 receptor. (A)
Representative pose (2 out of 25) of a triazole ligand (ethoxybenzene triazole, compound # 139)
properly oriented into the t1A-binding hAgo2 receptor with a Chemgauss4 score of -1.0813. (B)
Representative pose (1 out of 25) of compound #139 with the triazole modification orientated
away from the receptor and generating a Chemgauss4 score of -2.4816.

Control ligands 2’-deoxyadenosine (dA), 2’-deoxycytidine (dC), 2’-deoxyguanosine
(dG), 2’-deoxyuridine (dU), 2’-deoxy-2,6-diaminopurine (dDAP), and 1’-ethynyl-2’-
deoxyribose (dER) bisphosphate ligands were included in the docking study
(Appendices A and B)."® All control ligands were successfully docked into the hAgo2
receptor and generated ChemGauss4 scores with dG being the highest (-1.2471) and dU
being the lowest (-0.1175). Much like the triazole ligands, the 25 poses generated for
each control ligand were also inconsistently oriented towards or away from the receptor

pocket, thus careful examination of each pose was necessary. The dG ligand ranked 132
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out of 196, indicating that many triazole ligands with better scores could be chosen for
modifying anti-miRs in the lab to determine if potency would therefore improve.

Ultimately, we chose 17 triazole candidates from the top 50 scoring ligands docked
by FRED whose scores ranged from 10- to 20-fold higher than the control 2’-
deoxyadenosine ligand, contained substituents derived from azides that could be readily
available from commercial sources, and generated poses that predominantly oriented the
ligand towards the receptor in a reasonable manner. The docking scores and potencies
of the 17 triazole-modified anti-miRs used in this study are described in Chapter 3.
2.3.6 Design and synthesis of 15mer anti-miR precursor for 3’-end triazole

modifications

Finally, given the computational and potency screening results described above, a
t1 alkynyl-modified 15mer anti-miR21 was synthesized and tested for potency to confirm
if the modification is tolerated for subsequent triazole modifications with substituents
originating from designs in the docked library (Figure 2.8A). A C3 spacer controlled pore
glass reagent and 1’-ethynyl-2’-deoxyribose phosphoramidite were used to incorporate
the alkyne at the t1 position by solid phase oligonucleotide synthesis. Overall, at a range
of 37 to 150 nM transfected in HelLa cells, the t1 1’-ethynyl-2’-deoxyribose plus C3 spacer-
(1-EdR C3) modified anti-miR21 had near equivalent potencies to anti-miR21 with t1
nucleotide as dA or dA plus C3 spacer, indicating that the 1-EdR nor C3 modifications do

not affect anti-miR activity and could be used for triazole modifications (Figure 2.8B).
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Figure 2.8 Design and potency profile of 15mer anti-miR21 with 3’-end 2’-deoxy-1’-
ethynyl-ribose and C3 spacer modification. (A) Sequence of 15mer anti-miR21 with 1-EdR
C3 modification at t1 nucleotide. Underlined = 2’-O-methyl; 1-EdR = 1’-ethynyl-2’-deoxyribose;
C3 = C3 spacer. (B) Potency profile of 15mer anti-miR21 with t1 nucleotide as 2’-
deoxyadenosine (dA), dA with a 3’-end C3 spacer, or 1’-ethynyl-2’-deoxyribose with C3 spacer
modification. Error bars represent the s.e.m. from three dual luciferase assay replicates.
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2.4 Discussion

Chemically modifying anti-miRs can be a valuable strategy to improve therapeutic
activity by inhibiting dysregulated miRNAs that are correlated with disease.® Our research
group has done numerous studies on the effects of chemically modified siRNAs using a
structure-guided approach by analyzing the interactions of RNA with hAgo2.1928-30 |n
particular, we wished to see how our computational screening strategy that was used to
modify the §’-end of guide siRNA strands could be applicable to the 3’-end nucleotide of
anti-miRs that would interact with the t1A-binding pocket of hAgo2 when bound to miRNA-
hAgo2 as a ternary complex.'®'® Ultimately, we were successful in using the FRED
program from OpenEye to dock a moderately large library of 1’-triazole-modified
nucleotides into the t1A hAgo2 pocket receptor, albeit with some discrepancies that will
be discussed below. In addition, a cellular-based anti-miR activity assay was established
and was used to identify a precursor alkynyl-modified anti-miR that could be used to
generate desired triazole modifications with potentially improved potency, as guided by
the docking results.

This project is an extension from the work that former lab member Dr. Scott Suter
did in collaboration with Dr. Nicole Schirle during her doctoral studies at Scripps. As
described in his dissertation, Dr. Suter used FRED to dock triazole-modified nucleotides
into the t1A hAgo2 pocket receptor using very similar conditions to what is mentioned in
this chapter. He found two triazoles, furan and coumaran, to have a relatively more
favorable ChemGauss4 score (-2.8 and -2.7, respectively) than the control adenine
nucleotide ligand (-1.7) and generated a majority of poses that properly aligned with the

adenine reference nucleotide ligand (Table 2.1). These modifications were made at the
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corresponding t1 nucleotide (8" position from the 5-end) of an 11mer target RNA that
could be used by Dr. Nicole Schirle for binding affinity and crystallographic analyses when
bound to hAgo2 loaded with guide miR-122. Although the docking results were
encouraging, the binding affinities determined for the furan and coumaran triazole
oligonucleotides were unfortunately not higher than control oligonucleotide with t1A.
Furthermore, electron density of the furan triazole modification could not be detected after
crystallization and X-ray diffraction of triazole modified target-guide-nAgo2 complex,
suggesting that higher binding affinity of the triazole-modified nucleotide to the t1A-
binding pocket is necessary.

Under the guidance of Dr. Suter and as follow up to his work, a few changes were
made to the docking parameters that resulted in more encouraging results. First, a
second phosphate group was added in place of the 3’-hydroxyl group from the nucleotide
ligand, thus making a 5’,3’-bisphosphate nucleotide that better reflects the t1 adenosine
from the hAgo2 crystal structure with bound RNA duplex.'® We believe that the second
phosphate group, in combination with constraints added at the 3’-phosphorous, reduced
the degrees of freedom around the 3’-carbon of the ligand and allowed more reasonably
oriented poses to be created when docked into the receptor. Second, we increased the
number of poses from 10 to 25 per ligand to allow us to analyze more poses and improve
our confidence in ligand docking performance. Third, the number of conformers
generated per ligand was increased to the maximum 5,000 to reduce the likelihood of
missing conformers that would have docked well. Lastly, a 2’-deoxyribose at the t1
nucleotide was determined to be tolerated in the luciferase activity assay, thus was

removed from the ligands for the docking run.
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Changing the docking parameters resulted in a substantial difference between the
docked scores of the triazole and control ligands (Tables 2.1 and 2.2). Strikingly, the
difference in ChemGauss4 scores between both the furan and coumaran triazole ligands
with 2’-deoxyadenosine was nearly 10-fold or higher compared to about 1.5-fold
previously. The ranking for the other control ligands, however, is not entirely consistent
with Dr. Suter’s previous docking results. The newer coumaran ChemGauss4 score is
moderately lower than furan, and the dG ligand gave a score that was more than five
times higher than dA and was equivalent to dDAP. Also, the dC ligand scored more than

twice as high compared to dA.

Table 2.1 Former docking scores and dissociation constants of t1 nucleotide triazole-
modified and control target RNA oligonucleotides (from Dr. Scott Suter’s dissertation).

Nucleobase ChemGauss4 score Dissociation Constant (nM)
Furan -2.8 2.0+0.1
Coumaran -2.7 3.0+0.2
Adenine -1.7 1.1+£0.1
Guanine -1.5 5.2+0.1
Uracil 0.65 59+0.1
Cytosine 0.83 56+0.1

Table 2.2 Updated docking scores and luciferase activity ratios of t1 triazole-modified
and control nucleotides on 15mer anti-miR21.

ChemGauss4 Normalized RL/FF ratio
NS 1) SRR score at 150 nM in HelLa cells
Furan -2.7 3.17 £ 0.07
Coumaran -2.1 1.98 £ 0.22
2’-deoxyguanosine (dG) -1.2 246 +£0.17
2’-deoxy-2,6-diaminopurine (dDAP) -1.2 3.06 £ 0.31
1’-ethynyl-2’-deoxyribose (1EdR) -0.57 2.00£0.11
2’-deoxycytidine (dC) -0.52 N/A
2’-deoxyadenosine (dA) -0.22 1.77 £ 0.1
2’-deoxyuridine (dU) -0.12 N/A
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Nevertheless, the anti-miR potencies for some of the modifications when applied to
the t1 nucleotide of a 15mer anti-miR21 reflected, to some degree, the new docking
scores in hand and were encouraging enough to suggest that we could proceed with
further potency screening. The RL/FF activity ratio for furan triazole was ~1.4-fold higher
than dA at 150 nM, whereas the coumaran triazole had comparable activity. Indeed,
these activity values are not in parallel to the dissociation constants obtained previously.
Furthermore, both dG and dDAP scored nearly 6-fold more favorably than dA and had
~0.7 and ~1.3 higher luciferase activity, respectively. In addition to the furan triazole and
sixteen other modifications tested for activity on anti-miRs, as described in Chapter 3,
guanine and 2,6-diaminopurine base analogs could also be analyzed after organic
synthesis in the lab. For example, it may be interesting to design guanine analogs derived
from 7-ethynyl-8-aza-7-deazaguanosine (7-EAG), a molecule that was under
development in our group, and incorporate that onto anti-miRs to then evaluate potencies
after triazole modifications.

Overall, using FRED from OpenEye was fairly informative in guiding triazole
modifications onto the 3’-end of anti-miRs to be tested in the lab. However, it would be
valuable to expand our computational screening analysis and approach in future
experiments to improve the rigor of our work. As reported in Journal of American
Chemical Society, former postdoctoral researcher Dr. Kazumitsu Onizuka and colleagues
from Prof. Dean Tantillo’s group supplemented their ChemGauss4 scores from their
docked library with the slightly older ChemGauss3 scoring system as well as scoring
derived from the Consensus method.” Using these two other scoring systems may

provide us with more information about the relative trends observed by the ChemGauss4-
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derived scores from the docked library. AutoDock4 is another molecular docking software
suite that, unlike FRED from OpenEye, can allow flexibility at the receptor by treating
specific side chains as explicit and can interact with the ligand without limiting any rotation
around torsional degrees of freedom.®' In addition, as Dr. Suter mentions in his
dissertation, DOCKovalent could be used to screen for interactions of nucleophilic
residues such as Ser561 and Lys476 within the t1A hAgo2 pocket with any electrophilic
triazoles from the library.3? Indeed, it would be particularly interesting to see how
DOCKovalent could be used to identify any interactions of the nucleophilic residues with
the highly potent ester triazoles, as described in Chapter 3. Lastly, a computational
method called Rosetta-Vienna RNP-AAG combines protein modeling from Rosetta, RNA
modeling by Vienna, and free energy calculations by Rosetta to predict relative binding
affinities of RNA-protein complexes.®* Such a method may be useful to predict the
binding affinity of t1-modified anti-miR with miRNA-loaded hAgo2. Combining the
computational screening methods above may improve our understanding of the
interactions between chemically modified anti-miR and hAgo2 and could further

supplement our rationale to proceed with more cellular and biochemical experiments.
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2.6 Table of primer sequences

Name Sequence (5’ to 3’)

miR21
target F

TCAACATCAGTCTGATAAGCTAGGCCGCTGGCCGCAATAAAA

miR21
target R

TAGCTTATCAGACTGATGTTGATCGAGCGATCGCCTAGAATTACTGC
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Chapter 3

Potency and characterization of 3’-end ester-modified anti-microRNA
oligonucleotides

3.1 Introduction

This chapter continues to describe our study of computationally screened,
structure-guided 3’-end chemical modifications on anti-miRNA in cellular based assays.’
Previously, our group used OpenEye molecular docking software to screen for chemical
modifications at the 5’-end of siRNA guide strands using copper(l)-catalyzed azide/alkyne
cycloaddition (CuAAC) reactions.? Briefly, we found that 1-ethynyl-ribose-derived
triazole modifications at the 5’-end of PIK3CB siRNA was well-tolerated and need only fit
the general shape of the siRNA guide 5-end nucleotide-binding site located in the
MID/PIWI domains of hAgo2. Fortunately, this strategy proved to be successful in the
work described here. In particular, we found that a 2’-deoxy-1’-ethynyl-ribose-derived
triazole bearing an ester substituent at the 3’-end nucleotide (t1) of anti-miR21 and anti-
miR122 imparted a 9-fold and 6-fold higher activity at 300 nM and 5 nM, respectively, in
cultured human cells compared to anti-miR containing a canonical t1 adenosine. Further
investigative experiments were then conducted to identify the possible mechanism for the

substantial increase in 3’-end ester-modified anti-miR activity.

3.2 Methods
3.2.1 MiR-122 dual luciferase reporter plasmid generation
The miR-122 target sequence (5' — ACAAACACCATTGTCACACTCCA - 3') was

cloned into the psiCHECK-2 dual luciferase reporter plasmid (Promega) using the same
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methods to generate miR-21 reporter plasmid described in the Methods section of

Chapter 2. Primer sequences are listed in Table 3.6.

3.2.2 Cell culture
Culturing conditions for HuH-7 (Japanese Collection of Research Bioresources,
JCRB0403) and HEK293T (ATCC, CTRL-3216) cells are the same as for HelLa cells

described in the Methods section of Chapter 2.

3.2.3 Transfection and dual luciferase assay

Cells were transfected with anti-miR oligonucleotides at the indicated
concentrations in the Results section (3.3) and potencies were determined by the dual
luciferase assay following the same procedure described in the Methods section of
Chapter 2.

For the hAgo2 pulldown assay, HEK293T cells were plated onto a 24-well plate at
1.5 x 10* cells per well in DMEM supplemented with 10% FBS and 1X Anti-Anti solution
24 h before transfection. The cells were co-transfected with 10 pmol of miR-21 mimic
duplex and 200 ng of hAgoZ2 overexpression vector using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions in 100 pL reduced serum media (OPTI-MEM)
per well. The cells were replaced with 500 yL DMEM supplemented with 10% FBS
without antibiotic prior to adding the 100 uL nucleic acid/lipid transfection complex. After
48 h transfection, the cell media was removed and the cells were scraped into 50 pL of
lysis buffer containing Pierce IP Lysis Buffer (Thermo Scientific) and 100X Halt Protease
Inhibitor Cocktail (Thermo Scientific) diluted to 1X per well. The cells in lysis buffer were

shaken on an orbital shaker at ~75 rpm 4 °C for 30 min for lysis. The resulting cell lysate
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was then cleared of cell debris by centrifugation at 16,000 x g for 20 min at 4 °C. Finally,
the supernatant was transferred to a new tube for lysate protein concentration
determination by the Quick Start™ Bradford Protein Assay kit (BIO-RAD) according to
the manufacturer’s instructions.

For fluorescence microscopy, HelLa cells were plated at 5 x 10* per well in 450 uL
DMEM with 10% FBS over a cover slip treated with 1M HCI in a 24-well plate. After 24
h, the cells were transfected with Cy3™ Dye-Labeled Anti-miR™ Negative Control #1
(Invitrogen, AM17011) to a final concentration of 25, 50, or 100 nM using OPTI-MEM and
3 yL Lipofectamine RNAIMAX (Invitrogen) to 50 pL total volume per well for 24 h at 37 °C

+ 5% CO2 before immunostaining (see 3.2.12).

3.2.4 Oligonucleotide preparation

All anti-miR21 and anti-miR122 oligonucleotides were either purchased from GE
Healthcare Dharmacon (Horizon Discovery) or synthesized in the lab using an Applied
Biosystems (ABIl) 394 DNA/RNA Synthesizer. Primers for cloning were purchased from
Integrated DNA Technologies (IDT). All phosphoramidite, controlled pore glass (CPG),
and ancillary reagents were purchased from Glen Research. Oligonucleotides
synthesized in the laboratory were cleaved from CPG solid support using 2:1 of 30%
NH4OH and EtOH overnight. The cleaved oligonucleotide solution was transferred away
from the CPG beads and concentrated to dryness using a SpeedVac concentrator then
resuspended in nuclease free water and desalted using an illustra™ Nap™-10
Sephadex™ G-25 columns (Cytiva 17085401). All  oligonucleotides were
electrophoresed in a 19% polyacrylamide gel and extracted from the gel after UV

shadowing. The oligonucleotide was then purified from the gel by crushing and soaking
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at 4 °C overnight in buffer containing 0.5 M NH4OAc and 0.1 mM EDTA and filtered using
0.22 um cellulose acetate membrane filter (Costar® Spin-X® Centrifuge Tube Filter,
Corning 8160). Finally, the oligonucleotides were ethanol precipitated or purified by silica-
based octadecyl bonded phase SepPak C18 columns (Waters) in 1:1 acetonitrile/water
elution and characterized by MALDI-TOF mass spectrometric analysis. All
oligonucleotide sequences and masses are reported in Table 3.2.14.

3.2.5 Generation of t1-triazole modified anti-miR via copper(l)-catalyzed
azide/alkyne cycloaddition (CUAAC) reaction

The procedure to generate triazole-modified anti-miRs is an adaptation from a
report by Dr. Kazumitsu Onizuka and colleagues.? In a 1.5 mL microcentrifuge tube, 0.88
pL of 100 mM CuSO4 (88 nmol) dissolved in nuclease free water, was combined with 1.75
ML of 100 mM Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, 175 nmol), also
dissolved in nuclease free water, and incubated for 5 min at room temperature. (+)-
Sodium L-ascorbate (1.75 pyL of 100 mM, 175 nmol), in nuclease free water, was then
added to the solution for reduction of Cu?* to Cu*, where a blue-to-clear solution color
change is observed. Next, 1.05 yL of 100 mM azide (105 nmol), dissolved in DMSO, was
added to the solution and mixed well by pipetting. DMSO (6 yL) of was added to the
solution to facilitate miscibility and reduce precipitation of azide in the reaction tube.
HEPES pH 7 buffer (6.07 uL of 100 mM) was used to dissolve 3.5 nmol of dried-down
alkyne-modified anti-miR oligonucleotide and transferred to the reaction tube, resulting in
a total reaction volume of 17.5 pL. The solution was incubated for ~2.5 h at room
temperature then quenched using 17.5 pL of 80% formamide loading buffer (80%
formamide, 10 mM EDTA, 0.05% xylene cyanol FF, and 0.05% bromophenol blue in

MilliQ®-purified water). To purify the CuAAC oligonucleotide product, the quenched
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reaction was loaded into a denaturing (8 M urea) 19% PAGE gel and electrophoresed for
~3 h at 20W. After electrophoresis, the oligonucleotide bands were crushed and soaked
as described above. The oligonucleotides were either ethanol precipitated or purified
using a SepPak C18 cartridge and characterized by MALDI-TOF mass spectrometry.
CuAAC reactions were scaled 1.5- or 3-fold greater to generate more oligonucleotide

product per reaction, as needed.

3.2.6 Snake venom phosphodiesterase (SVPD) assay

Anti-miR21 oligonucleotides were diluted to 8 uM final concentration in 0.01 U/mL
SVPD diluted in buffer (50 mM Tris pH 7.2 and 10 mM MgClIz in nuclease-free water) and
incubated at 37 °C. Aliquots of 5 pL were taken at 12, 24, and 48 h timepoints and
combined with equal volume of 80% formamide loading buffer (80% formamide, 10 mM
EDTA, 0.05% xylene cyanol FF, and 0.05% bromophenol blue in MilliQ®-purified water)
then heated at 95 °C for 2 min. The samples were stored at -20 °C until all samples were
ready for electrophoresis. For each sample, 40 pmol of the oligonucleotide subjected to
SVPD was electrophoresed in a 19% denaturing (8 M urea) polyacrylamide gel for 3 h at
90 V. The gel was stained in SYBR™ Gold Nucleic Acid Gel Stain (Invitrogen) diluted in
1X TBE for 20 min with gentle shaking and imaged on a Typhoon Trio Variable Mode
Imager (GE Healthcare). The oligonucleotide gel bands were quantified using
ImageQuant software (Molecular Dynamics). Percent intact oligonucleotide at each time
point (Figure 3.7) was determined as a percentage of band intensity over the respective
zero time point band intensity.
3.2.7 hAgo2 mammalian and yeast expression vector generation

The mammalian hAgo2 overexpression vector for the 5’-biotin anti-miR21
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pulldown assay was generated by PCR-amplifying the hAgo2 gene from pIRES-neo-
FLAG-HA-N-Ago2 vector (gift from Tuschl lab® through Addgene) using “hAgo2 GA F”
and “hAgo2 GA R” primers (sequences listed in Table 3.6) and cloning into BamHI/Notl
double restriction-digested pcDNA3.1 vector by Gibson Assembly. The hAgo2 gene
insert, pcDNA3.1 vector, and Gibson Assembly Master Mix (New England Biolabs) were
combined and incubated at 50 °C for 30 min, then transformed into XL10-Gold®
Ultracompetent cells (Agilent Technologies) using the manufacturer's instructions.
pcDNA hAgo2 plasmids from XL10-Gold cells were harvested using a PureYield Plasmid
Miniprep System (Promega).

The yeast expression vector containing poly-Histidine-tagged (10xHis) full-length
hAgo2 (termed yeAgo2 vector) was generated by first PCR-amplifying the hAgo2 gene
from the pcDNA hAgo2 vector described above using forward primer “GA yeAgo2 F”
containing a TEV protease cleavage site sequence and “GA yeAgo2 R” reverse primer.
Next, the pSc yeast expression vector containing 10xHis-tagged full-length ADAR?2 (gift
from fellow colleague Alexander Thuy-Boun) was double-digested with BamHI and Xhol
restriction enzymes to remove the ADAR2 gene. The TEV-tagged hAgo2 gene insert
was then PCR-amplified again using a 78mer forward primer “BamHI His tag primer F” to
add the 10xHis-tag and BamHlI restriction site back onto the hAgo2 gene and “GA yeAgo2
R” reverse primer. Another round of PCR was performed on the hAgo2 gene using a
52mer forward primer “GA BamH| F” to add Gibson assembly overlapping region
sequences to the vector and “GA yeAgo2 R’ reverse primer. Finally, the 10xHis, TEV-
tagged hAgo2 gene insert and digested pSc vector were Gibson assembled using Gibson

Assembly Master Mix at 50 °C incubation for 1 h before XL-10 Gold® Ultracompetent Cell

66



transformation. XL-10 Gold Escherichia coli cells were harvested of yeAgo2 plasmid
using PureYield™ Plasmid MiniPrep System.

All PCR amplifications were performed using a 2-step protocol with Phusion Hot
Start 1| DNA Polymerase (Thermo Scientific). Primer annealing temperatures were

determined using the T calculator from Thermo Fisher Scientific.

3.2.8 MiR-21 mimic duplex generation

Equimolar amounts of dry microRNA-21 guide (5’ -p-
UAGCUUAUCAGACUGAUGUUGA -3’) and passenger (5’ -
AACAUCAGUCUGAUAAGCUAUU - 3’) ssRNA were dissolved in IDT™ Nuclease-Free
Duplex Buffer (100 mM potassium acetate, 30 mM HEPES, pH 7.5) and combined in a
thermal cycler PCR tube. The tube was heated in a thermal cycler at 94 °C for 5 min,
followed by gradual cooling to room temperature at a rate of 1 °C/min to allow
annealing. The resulting miR-21 duplex was stored at -20 °C prior to transfection in

HEK293T cells for subsequent hAgo2 pulldown assays.

3.2.9 hAgo2 pulldown assay

The procedure for the biotin pulldown of miR21-loaded hAgo2 was adapted from
previous reports.*® The 5'-biotinylated anti-miR21 pulldown reactions were prepared by
combining 300 ug HEK293T cell lysate, 375 uL 2X TENT (20 mM Tris-HCI pH 8.0, 2 mM
EDTA, 500 mM NaCl, and 1% (v/v) Triton X-100) buffer, 7.5 uL of 100X Halt™ Protease
Inhibitor Cocktail (Thermo Scientific), 7.5 pyL of 40 U/pL RiboLock RNase Inhibitor
(Thermo Scientific), 100 pmol of 5’-biotinylated anti-miR21 oligonucleotide, and brought

to a final reaction volume of 750 uL using Pierce™ IP Lysis Buffer (Thermo Scientific) in
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a 1.5 mL microcentrifuge tube. The samples were incubated for 30 min at room
temperature on a rotating mixer. Next, 75 uL (1.5 mg) of Dynabeads™ M-280
Streptavidin beads (Invitrogen) were separated using a BD™ IMagnet magnetic stand
(BD Biosciences) for 3 min at a time and washed three times in 1X TENT buffer. The
beads were then added to each sample, mixed by pipetting, and allowed to mix on a
rotating mixer for an additional 30 min. Next, the beads were separated using the
magnetic stand and washed three times using 750 pL of ice-cold 1X TENT buffer. The
beads were resuspended in 40 pL 1X Laemmli Buffer supplemented with DTT, boiled for
5 min at 95 °C to elute captured proteins, then separated on the magnetic stand. The
eluted proteins in 1X Laemmli buffer were transferred to a new microcentrifuge tube and

stored at -80 °C before SDS-PAGE and western blotting.

3.2.10 Western blotting

For pulled down hAgo2, 10 uL of each pulldown sample elution was loaded into a
BOLT™ 4-12% Bis-Tris Plus SDS-PAGE gel (Invitrogen) alongside 15 uL PageRuler™
Prestained Protein Ladder (Thermo Scientific) and electrophoresed at 200 V for 40 min.
The proteins were transferred onto Immobilon-P PVDF membrane (Millipore Sigma) for
30 min at 10 V using a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad). The membrane
was washed in TBST buffer three times then blocked for 1 hin TBST supplemented with
5% Blotting-Grade Blocker (nonfat dry milk, Bio-Rad) at room temperature. The
membrane was washed again in TBST three times then incubated in TBST supplemented
with 2.5% Blotting-Grade Blocker and a 1:1,000 dilution of anti-Ago2 primary antibody
(Wako, 4G8) at 4 °C overnight. The following day, the membrane was washed three

times in TBST and incubated in TBST supplemented with 2.5% Blotting-Grade Blocker
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and a 1:2,000 dilution of anti-mouse IgG alkaline phosphatase conjugate secondary
antibody (SC-2008, Santa Cruz Biotechnologies) for 1 h at room temperature. After the
PVDF membrane was washed an additional three times in TBST, the membrane was
incubated in ECF substrate (GE Healthcare) for 5 min at room temperature and imaged
on a GelDoc Go imaging system (Bio-Rad) under SYBR Gold settings on a UV/Stain-free
tray.

For PDCD4 and 10xHis-tagged ADAR2 or hAgoZ2 western blotting detection,
respective 20 pyg of Hela cell lysate or 10 to 30 ug lysate from BCY 123 cells was used
for SDS-PAGE, followed by the same western blotting procedures as described above.
PDCD4 monoclonal primary antibody (Santa Cruz Biotechnologies, k4C1) was used at
a 1:200 dilution for detection of PDCD4. Primary 6xHis-Tag Monoclonal Antibody
(Invitrogen, MA1-21315) was used at a 1:1,000 dilution for detection of 10xHis-tagged
ADAR2 or Ago2. Secondary antibody goat anti-mouse IgG alkaline phosphatase

conjugate (Invitrogen 31320) was used at a 1:30,000 dilution.

3.2.11 RT-gPCR

Hela cells transfected with modified anti-miR21 and control oligonucleotides were
lysed and total RNA was isolated using an RNeasy Plus Mini Kit (Qiagen). Up to 1 ug of
total RNA template was used for reverse transcription using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Reverse transcriptase control (RTC)
samples containing RNA and no reverse transcriptase were performed in parallel to
samples prepared for generating cDNA to check for genomic DNA contamination. The
cDNA template was then used with the following TagMan® Gene Expression Assays

(Applied Biosystems) containing 20X FAM-dye labeled TagMan® probes according to the
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manufacturer’s instructions: PDCD4 (Hs00377253_m1), TNFa (Hs00174128_m1), and
GAPDH (Hs99999905_m1). Quantitative PCR (qPCR) runs were performed using a CFX
Connect Real-Time PCR System (BioRad) and data was analyzed using CFX Maestro
software. Relative gene expression of PDCD4 and TNFa was normalized to GAPDH

control and quantified using the 2"t method.®

3.2.12 Immunofluorescence and fluorescence microscopy

HelLa cells transfected with Cy3™ Dye-Labeled Anti-miR™ Negative Control #1
for 24 h (see 3.2.3 for transfection conditions) were aspirated of media from each well
and fixed with 0.5 mL Image-iT Fixative Solution (4% formaldehyde in PBS, pH 7.3,
methanol-free, Invitrogen, FB002) for 15 min at room temperature. Fixative solution
was then removed and washed three times for 5 min each using Dulbecco’s phosphate-
buffered saline (DPBS, Gibco, 14190144). DPBS was removed and cells were
permeabilized using 0.5 mL permeabilization solution (0.5% Triton X-100 in PBS) in
each well for 15 min at room temperature. The cells were washed again three times for
5 minutes using DPBS after aspirating permeabilization solution, then 0.5 mL blocking
buffer (3% BSA in PBS, diluted from Thermo Scientific Blocker, P137525) was added
and incubated for 1 h at room temperature. After another three washes with PBS for 5
min, HelLa cells were stained overnight at 4 °C with mouse 1gG alpha tubulin
monoclonal primary antibody (Invitrogen, A11126) diluted to 1 pg/mL in 0.5 mL PBS
with 1% BSA (diluted from Thermo Scientific Blocker, P137525).

The following day, primary antibody staining solution was removed and the cells
were washed three times for 5 min using DPBS then stained for 1 h at room

temperature, covered from light, with 0.5 mL secondary antibody solution containing
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rabbit anti-mouse IgG (H+L) cross-adsorbed Alexa-Fluor 488 conjugate (Invitrogen,
A11059) diluted to 1 pg/mL using PBS with 1% BSA. The secondary antibody staining
solution was removed and cells were washed three times for 5 min using DPBS. One to
two drops of NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342, Invitrogen,
R37605) was added to each well of cells in 0.5 mL DPBS and incubated for 20 min at
room temperature. Finally, the cover slip containing fixed cells was mounted onto a
microscope slide and imaged under DAPI, GFP, and/or RFP fluorescent cube settings
at 20X magnification using an EVOS M7000 Imaging System (Invitrogen), courtesy of

Prof. Marie Heffern lab.

3.2.13 Expression of poly-Histidine-tagged full-length hAgo2 protein
Poly-Histidine-tagged full length hAgo2 was expressed in Saccharomyces
cerevisiae BCY123 cells using protocols described in previous reports.” yeAgo2 vector
(see 3.2.7) was transformed into BCY 123 cells by a lithium acetate protocol and streaked
onto plates containing yeast minimal media minus uracil (CM - Ura) and incubated at 30
°C for 2-3 days. A single colony from the plate was picked and used to inoculate a 15 mL
starter culture of CM - Ura + 2% glucose for overnight incubation at 30 °C. Next, 300 yL
of start culture was used to inoculate 30 mL of CM — Ura + 3% glycerol + 2% lactate
media and incubated for 20 — 24 h at 30 °C, until the culture ODeoo reached 1.5 — 2.0.
Once the appropriate ODgoo Was reached, a galactose solution was added to the culture
to reach a final concentration of 3% to induce protein expression for approximately 6 h.
After induction, the yeast cells were pelleted down by centrifugation, supernatant was

removed, and stored at -80 °C until ready for lysis.
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The yeast cell lysis procedure described was modified from a protocol written by

DeCaprio and Kohl.'® The yeast cells were resuspended in three volumes of ice-cold

lysis buffer'’ [50 mM NaH,POs, pH 8.0; 0.3 M NaCl; 0.5 mM Tris(2-carboxyethyl)

phosphine hydrochloride (TCEP)] supplemented with Halt™ Protease Inhibitor Cocktail

(Thermo Scientific, 78430) to 1X concentration then combined with one volume of pre-

acid-washed 500 pym glass beads in ice-cold lysis buffer. The sample was vortexed for 30

s and allowed to cool in an ice water bath for 1 to 2 min for a total of three times. Lysate

supernatant was cleared away from the beads by centrifugation at 10,000 x g for 5 min

at 4 °C, transferred to a new tube, then centrifuged again at 10,000 x g for 30 min at 4 °C

to remove any aggregated proteins and reduce any background from western blotting.

Finally, the supernatant was transferred to another tube and stored at -80 °C or kept on

ice for western blotting.

3.2.14 Tables of mass spectra and sequences for anti-miR oligonucleotides

Antisense oligonucleotides targeting microRNA (Anti-miR) and MALDI-TOF MS

data:

Underlined = 2’-O-Methyl (2’-O-Me)
Bold = Locked nucleic acid (LNA)

d = 2’-deoxyribose

(1-EdR) = 1’-ethynyl-2’-deoxyribose

(Bi) = Biotin
(C3) = C3 spacer
Calculated | Observed
Oligonucleotide ID Sequence (5’-3’) Mass Mass [M-
(m/z) H]" (m/z)
Anti-miR21 9mer LNA | GATAAGCTA 3013.0 3013.4
Anti-miR21 15mer CAGUCUGAUAAGCUA 4968.9 4969.6
Anti-miR21 22mer XCAACAUCAGUCUGAUAAGCU 7276.8 7279.6
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Anti-miR21 dA CAGUCUGAUAAGCUGJA 4940.3 4940.1
Ant-miR21 dAC3 | CAGUCUGAUAAGCUAA(C3) 5090.0 5090.6
Anti-miR21 1-EdR C3 | CAGUCUGAUAAGCU(1-EdR)(C3) |  4980.9 4979.9
é%“'miRm 5-1-EdR | (1 EdR)CAGUCUGAUAAGCU(C3) |  4980.9 4984.0
Anti-miR122 15mer | CAUUGUCACACUCCA 4878.9 4875.0
Anti-miR122 LNA/2-

O-Me mixmer, 1-EdR | CATTGTCACACTCC(1-EdR)(C3) | 4925.9 4925.6
C3

MALDI-TOF MS data of Anti-miR21 with t1 or t15 triazole modification bearing

various substituents:

Anti-miR21 triazole sequence:

5 — CAGUCUGAUAAGCU(triazole)(C3) -3’ or
5" — (triazole) CAGUCUGAUAAGCU(C3) - 3’

Subs.tituent. on anti- Calculated Mass (m/z) Observed Mass [M-H]

miR21 triazole (m/z)
quinoline 5166.0 5164.1
chlorobenzene 5134.9 5135.0
1,4-difluorobenzene 5137.0 5136.4
piperidine amide 5149.0 5154.1
pentanoic acid 5125.0 5123.3
benzene 5099.5 5099.3
oxazolidine 5122.5 5123.5
pyridine 5102.0 5101.7
butanol 5097.0 5097.3
methyl furan 5118.0 5121.0
thiophene 5119.5 5120.0
fluorobenzene 5119.0 5117.0
methyl acetate 5096.0 5095.9
furan 5105.0 5104.8
bromothiophene 5198.9 5197.0
nitrobenzene 5146.0 5143.9
1,2-difluorobenzene 5137.0 5138.4
ethyl acetate 5109.9 5111.3
N-ethylacetamide 5108.9 5109.3
acetic acid 5069.0 5072.0
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5 methyl acetate 5091.4 5096.0
5’ ethyl acetate 5109.9 5109.7
5" N-ethylacetamide 5110.5 5108.9

MALDI-TOF MS data of Anti-miR122 2’-O-Me/LNA mixmer with t1 triazole bearing

various substituents:

Anti-miR122 triazole sequence: 5" - CATTGTCACACTCC(triazole)(C3) — 3’

Substituent on anti-

Calculated Mass (m/z)

Observed Mass [M-H]

miR122 triazole (m/z)
ethyl acetate 5055.0 5053.4
methyl furan 5063.0 5064.6
N-ethylacetamide 5054.0 5054.9

5’-biotinylated anti-miR21 sequences and MALDI-TOF MS data:
Calculated Observed
Oligonucleotide ID Sequence (5’-3’) Mass (m/z) Mass [M-H]
(m/z)

> biotin antrmiR2T | (8i)CAGUCUGAUAAGCUGA(C3) 5388.4 5389.0
5’-biotin scramble .
sequence (BI) ACCAUAUUCGGAUAdG(C3) 5496.5 5496.8
5’-biotin anti-miR21 . .
triazole, t1 ethyl E(Bzgc):AGUCUGAUAAGCU(“'aZO'e) 5517.5 5515.1
acetate
5’-biotin anti-miR21 . .
triazole, t1 N- Egg():AGUCUGAUAAGCU("'aZO'e) 5516.5 5512.4
ethylacetamide
5’-biotin anti-miR21 . .
triazole, t1 E(Bzgc):AGUCUGAUAAGCU(tr'aZO'e) 5525.5 5525.3
fluorobenzene
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3.3 Results

3.3.1 Improved potency of anti-miR21 by 3’-end triazole modifications in HeLa
cells

Based on the computational screening results described in Chapter 2, seventeen
3’-end triazole-modified 15mer anti-miR21 oligonucleotides with different substituents
were chosen out of fifty of the top-scoring docked ligands to be synthesized in the lab by
copper(l)-catalyzed azide/alkyne cycloaddition (CUAAC) chemistry (Figure 3.1A and
B). The ChemGauss4 scores (Table 3.1) for all seventeen triazoles selected were
approximately 10- to 20-fold lower (more favorable docking) than 2’-deoxyadenosine (-
0.2178) and had docked poses that were reasonably oriented towards the hAgo2 t1A-
binding receptor. All the triazoles were generated at quantitative yields, as determined
by PAGE, using commercially available azides and reagents with the precursor 15mer
anti-miR21 with t1 1-EdR C3 modification (see 3.2.5 for CUAAC reaction procedure).
After purification and characterization, the triazole-modified anti-miR21 oligonucleotides
were then transfected into HelLa cells at a concentration range of 25 to 300 nM and

potency was determined by the dual luciferase assay.
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- —UAGCUUAUCAGACUGAUGUUG 3’ miR21 (guide)

- (cat-Eam Edn)uéél\l\uxéuéuéxé 5 anti-miR21 (arge)
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O. 9 ° o. O
/ Cu(l)-catalyzed N=1
’P\o@ click reaction P00
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t1 nucleotide =
1’-ethynyl- 1’-triazole with
2’-deoxyribose R substituents
with C3 spacer
(1-EdR C3)

Figure 3.1 Design of 3’-end triazole-modified 15mer anti-miR21. (A) Sequence of miR21
guide and anti-miR21 sequences. Underlined = 2’-O-methylated; 1-EdR = 1’-ethynyl-2’-
deoxyribose; C3 = C3 spacer. (B) Copper(l)-catalyzed azide/alkyne cycloaddition (CuAAC)
reaction scheme on the t1 1-EdR C3 moiety to generate triazoles bearing R substituents.

Table 3.1 Triazoles tested for potency on 3’-end of 15mer anti-miR21.

Triazole substituent Structure of triazole ChemGauss4
Number . .
name substituent docking score
< )
1 quinoline _ -4.8338
B X
Cl
2 chlorobenzene f;t\@ -3.4750
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3 1,4-difluorobenzene -3.2672
F
0]
4 piperidine amide f\)k,\(j -3.0777
H
5 pentanoic acid ‘fr\/\/ﬁ(o -2.9892
@)
6 benzene Hﬁ\@ -2.8743
NH
7 oxazolidine fv[cfzo -2.8354
LN
8 pyridine N -2.8075
=
9 butanol o~ op -2.8021
10 methyl furan 2 O™\ -2.7051
NS
, ST\
11 thiophene va@ -2.6758
Y F
12 fluorobenzene \©/ -2.6706
@]
13 methyl acetate F:r\)J\ _ -2.6650
0]
0]
14 furan < ) 2.6633
Br
15 bromothiophene & ST -2.5260
NS
NO
16 nitrobenzene Jfrr\@/ ? -2.3583
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Y F
17 1,2-difluorobenzene \©: -2.3280

N \
2’-deoxyadenosine ¢ )N -0.2178
N N/
da,

At 150 and 300 nM, four anti-miR21 triazoles: thiophene, methyl furan, furan, and
methyl acetate, showed an increase in miR-21 inhibitory activity in comparison to
control anti-miR21 where the t1 nucleotide is 2’-deoxyadenosine (Figure 3.2). The
thiophene, methyl furan, and furan triazole anti-miR21 showed a ~2.5- to 3-fold higher
Renillalfirefly (RL/FF) luciferase ratio than adenine control at 150 and 300 nM.
However, most strikingly, the triazole anti-miR21 bearing a methyl ester substituent was
about 6- to 9-fold more potent at these concentrations. Structure activity relationships
of the ester-modified anti-miR21 were therefore carried out to further explore the cause

for its substantial increase in potency.
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10- ] adenine (control)
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Figure 3.2 Potency profile of 3’-end triazole-modified anti-miR21 in HeLa cells. All bar plots,
except for adenine control, are arranged in ascending fold change in Renilla/firefly (RL/FF)
luciferase activity ratio at 300 nM anti-miR21 concentration and are normalized to no anti-miR21
control. Error bars are represented as a standard error of the mean (s.e.m.) from at least three
biological replicates.

3.3.2 Structure activity relationships of ester functional group on 3'-end modified
anti-miR21

Two approaches to explore the structure activity relationship of the 3’-end ester-
modified anti-miR21 were employed (Figure 3.3A). One approach was to replace the
methyl ester triazole substituent with other similar functional groups such as an ethyl
ester, N-ethylacetamide, or acetic acid. The other approach was to determine the
modification position dependence by instead modifying the 5’-end with the ester triazole
and similar functional groups. From 25 to 300 nM, the ethyl acetate substituent, which

extends the alkyl chain from the methyl acetate group by one carbon, increased the fold
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change of RL/FF by 1- to 2-fold over the methyl acetate modification when applied at the
3’-end (Figure 3.3B). However, substituting the ester with an amide (N-ethylacetamide)
or carboxylic acid (acetic acid) resulted in little to no improvement of activity over 3’-end
2’-deoxyadenine control (Figure 3.3B). Modifying the §’-end of anti-miR21 with methyl
and ethyl ester triazole resulted in a nearly 3- to 4-fold improvement in activity over 3’-
end adenine control from 25 to 300 nM, respectively, whereas the N-ethylacetamide

modification had equivalent activity (Figure 3.3B).

(A)
N- N-
O\\; o@ Q o@ methyl Oacetate ethyloacetate
O/’P\O O//P\O :"J:‘\)J\OH JJIF[\)J\N/\
/ H
or ] acetic acid  N-ethylacetamide
5’-end triazole
OH anti-miR21
3’-end triazole
anti-miR21
(B)
124
i [] 3-adenine
T 84 Il 3'-methyl acetate
oy Il 3'-ethyl acetate
S B 3-N-ethyl-acetamide
e
_g [ 3'-acetic acid
E 44 [ 5'-methyl acetate
Il 5'-ethyl acetate
I 5'-N-ethyl-acetamide
0 AR THRRREAY |
25 75 150 300

Concentration anti-miR21 (nM)

Figure 3.3 Structure activity relationship of 3’-end ester-modification on anti-miR21 in HeLa
cells. (A) Potency profile of 3’- or 5’-end triazole modified anti-miR21. Bar plots are represented
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as fold change in RL/FF ratio normalized to no anti-miR21 control. Error bars are represented as
s.e.m. from at three biological replicates. (B) Structure of 3’- (t1) or 5-end (t15) triazole
modification bearing R substituents on anti-miR21.

3.3.3 Improved potency of anti-miR122 by 3’-end triazole modification in HuH-7
cells

Next, we wanted to determine the generalizability of 3’-end triazole modifications
when applied onto other anti-miRs that would target different miRNAs. Thus, we pursued
modifications on anti-miR122 that would be capable of de-repressing miR-122 targets in
hepatocarcinoma HuH-7 cells.'>'* To start, fully 2’-O-methylated 15mer anti-miR122
was co-transfected with a miR-122 reporter plasmid in HuH-7 cells and was compared
against transfected 15mer anti-miR21 with t1 2’-deoxyadenosine. No apparent
improvement of activity was observed with either oligonucleotide from 25 to 300 nM
(Figure 3.4B), indicating that the anti-miR122 may require more chemical modifications
to improve metabolic stability and that anti-miR21 has specificity towards only a miR-21

target sequence.
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(A) 5 — CAGUCUGAUAAGCUJA — 3’ anti-miR21
5 — CAUUGUCACACUCCA - 3’ anti-miR122
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Figure 3.4 Potency of 2’-O-methylated anti-miR122 oligonucleotide in HuH-7 cells. (A)
Sequence of anti-miR21 and anti-miR122 oligonucleotides. Underlined = 2’-O-methylated; dA =
2’-deoxyadenosine. (B) Potency profile of anti-miR122 in HuH-7 cells co-transfected with miR-
122 reporter plasmid. Psi-CHECK2 plasmid without miR-122 target sequence (control reporter)
in the Renilla luciferase 3'-UTR was transfected into HuH-7 cells as a control. Bar plots are
represented as fold change in RL/FF activity ratio normalized to no anti-miR control with a ratio
of 1. Error bars are represented as s.e.m. from three biological replicates.

The 2’-O-methyl uridine nucleotides in anti-miR122 were replaced with locked
nucleic acid thymidine (LNA T) modifications to improve potency and metabolic stability
(Figure 3.5A). LNA modifications are reported to improve anti-miR potency." Indeed,
modifying anti-miR122 with LNA T and an ethyl ester or methyl furan triazole modification
at the 3’-end resulted in a dose-dependent increase in potency from 0.25 to 5 nM

concentration (Figure 3.5B).  Furthermore, anti-miR122 with the 1’-ethynyl-2’-
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deoxyribose plus C3 spacer modification at the t1 nucleotide (labeled as “ethyne” in
Figure 3.5) or a triazole modification bearing an N-ethylacetamide substituent did not
significantly increase potency. These results are in agreement with what was observed

with 3’-end triazole-modified anti-miR21 in HelLa cells.

o)
(A)
~p Y NH
] © o
3’ — (C3)(triazole) CCTCACACTGTTAC - 5’ o
‘ X ' t5 t10 t15 —
U anti-miR122 9
LNAT
®) 4
t 6
3
o
qé’ 4- Il ethyne
e Il ethyl acetate
; Bl methyl furan
M 2. I N-ethyl-acetamide
0-
0.25 0.5 1 2.5 5

Concentration anti-miR122 (nM)

Figure 3.5 Potency profile of 3’-end triazole-modified anti-miR122 in HuH-7 cells. (A)
Sequence of anti-miR122 oligonucleotide. 2’-O-methyl and locked nucleic acid thymidine (LNA T,
structure on right) modified nucleotides are underlined and in bold red, respectively. (B) Potency
profile of t1 triazole-modified anti-miR122 oligonucleotides in HuH-7 cells. Bar plots are
represented as a fold RL/FF change normalized to no anti-miR122 control. Error bars are
represented as s.e.m. from three biological replicates.
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As follow-up, a control experiment was performed to evaluate the sequence
specificity of ethyl ester triazole-modified anti-miR122 in HelLa cells transfected with miR-
21 reporter plasmid. No increase in activity was observed from 6.25 to 30 nM anti-
miR122, whereas anti-miR21 with the ethyl ester modification had a 2- to 4.5-fold increase
in activity over no anti-miR control within this concentration range (Figure 3.6B),
indicating that the highly-potent ethyl ester modification on anti-miR122 is specific
towards a miR-122 target sequence. This result supplements what was observed in the
contrary experiment in determining sequence specificity of anti-miR21 in HuH-7 cells with

miR-122 reporter (Figure 3.4).

(A) 5 — CAGUCUGAUAAGCU(e.a.)(C3) — 3’ anti-miR21 ethyl acetate
5 — CATTGTCACACTCCA(e.a.)(C3) — 3’ anti-miR122 ethyl acetate

(B) ;-
LL
L 44
—
e
qév 3- [] no anti-miR
g o5 B anti-miR21 ethyl acetate
k) B anti-miR122 ethyl acetate
2 1
0-

0 6.25 125 25 30

Concentration anti-miR (nM) co-transfected
with 20 ng miR-21 reporter plasmid
Figure 3.6 Potency selectivity comparison of anti-miR21 to anti-miR122 in HeLa cells. (A)
Sequence of ethyl acetate-modified anti-miR21 and anti-miR122 oligonucleotides. Underlined =
2’-O-methylated; e.a. = ethyl acetate triazole modification; C3 = C3 spacer; Bold = locked nucleic
acid. (B) Potency profile of ethyl acetate-modified anti-miR21 and anti-miR122 in HeLa cells co-
transfected with 20 ng miR-21 reporter plasmid.
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3.3.4 Exonuclease resistance assay of 3'-end triazole-modified anti-miR21
Next, snake venom phosphodiesterase (SVPD) assays were carried out to

evaluate the effect of 3’-end triazole-modified anti-miR21 oligonucleotides on nuclease
resistance. After 37 °C incubation in 0.01 U/mL SVPD for up to 48 h, the control 15mer
2’-O-methylated anti-miR21 with t1 2’-deoxyadenosine and C3 spacer was completely
degraded to shorter products (Figure 3.7). Interestingly, all the other oligonucleotides in
the assay showed a substantial degree of SVPD resistance, including anti-miR21 bearing
the precursor 1’-ethynyl modification and 1’-triazole with chlorobenzene or N-
ethylacetamide substituents that did not improve anti-miR potency (Figure 3.7). An
explanation to this result could be that the C-nucleoside nature at the t1 nucleotide of
these modified anti-miR21 may reduce recognition by 3’-exonuclease, thus improve

metabolic stability.'®
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Figure 3.7 Decay curve of 3’-end triazole-modified anti-miR21 in snake venom
phosphodiesterase (SVPD). Error bars represent as a standard deviation from three SVPD
assay replicates.

3.3.5 Biotin pulldown of miR-21-loaded hAgo2 using 3'-end modified anti-miR21
to assess binding affinity

Pulldown assays of hAgo2 loaded with miR-21 using 5’-biotinylated anti-miR21
were than conducted to evaluate the correlation of improved activity of 3’-end ester-
modified anti-miR21 with increased binding affinity to the t1A-binding pocket of hAgo2.
hAgo2 was overexpressed in HEK293T cells transfected with miR-21 mimic duplex and
captured with 5’-biotinylated anti-miR21 containing 3’-end modifications and streptavidin-
coated magnetic beads, then eluted to detect hAgo2 protein levels by western blotting
(Figure 3.8A). Anti-miR sequence specificity of this assay was confirmed by quantifying
a lower amount of hAgo2 pulled down by scramble sequence 5-biotin anti-miR21 in

comparison to t1 adenine anti-miR21 (Figure 3.8B and C). However, inconsistent levels
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of hAgo2 were pulled down by anti-miR21 bearing the potent ethyl ester triazole
modification and ineffective N-ethylacetamide and fluorobenzene substituents (Figure
3.8B and C), suggesting that this assay may be too insensitive for adequately quantifying

changes in binding affinity to hAgo2 or requires further optimization.

hAgo2 complex

(A)
t1 triazole —
modification g miR-21 guide .
i T
Incubate I
3 anti-miR21 5' HEK293T

biotin Iysate
tag
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complex %
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Western blot 4/\
Elute -

hAgo2 | B -
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t1 adenine t1 triazole =
control modification ' \‘
(B) (C) 54 ns
c I ns I
S | T
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Q2 I * I
2 I . — [ adenine
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=N
o
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5’-biotinylated anti-miR21 type
for hAgo2 pulldown

Figure 3.8 5-biotin anti-miR21 pulldown of miR-21 guide-loaded hAgo2. (A) Workflow
schematic of 5-biotinylated anti-miR21 pulldown of hAgo2 from HEK293T lysate. (B)
Representative western blot of hAgo2 protein from pulldown assay. hAgo2 control is from 10 pg
HEK293T lysate overexpressed with hAgo2. (C) Bar plot of fold change pulled down hAgo2
protein detected by western blotting. Statistical significance between groups was determined
using an unpaired, one-tailed t-test with Welch’s correction: *P < 0.05; **P < 0.01; ns, not

87



significant. Error bars represent the standard deviation of fold change hAgo2 from three biological
replicates.

3.3.6 Analyses of 3’-end modified anti-miR21-induced changes in endogenous
miR-21 target gene regulation

Two endogenous miR-21 target transcripts, Programmed Cell Death 4 (PDCD4)
and tumor necrosis factor a (TNFa), were evaluated for changes in regulation in the
presence of 3-end modified anti-miR21 in HeLa cells (Table 3.2).'7'® PDCD4 is reported
to be downregulated by upregulated levels of miR-21 in HelLa cells whereas TNFa is
upregulated. Anti-miR21 treatment is therefore expected to increase and decrease levels
of PDCD4 and TNFa, respectively (Table 3.2).77-1°

To detect changes in PDCD4 protein expression, HeLa cells were treated with 150
or 300 nM of 3’-end triazole-modified 15mer anti-miR21 with ethyl acetate or
fluorobenzene substituents alongside controls that include t1 adenine, a fully 2’-O-
methylated 22mer anti-miR21 (used in experiments described in Chapter 2), and a 2’-O-
methylated 15mer scramble sequence oligonucleotide (Figure 3.9A and B). Surprisingly,
at 150 nM, both 22mer anti-miR21 and scramble sequence controls seemed to increase
PDCD4 expression by 0.5-fold, while the ethyl ester triazole-modified anti-miR21
decreased expression by about 0.25-fold (Figure 3.9C). Adenine and fluorobenzene anti-
miR21-transfected samples had nearly equal levels of PDCD4 expression to no anti-miR
control. On the other hand, the ethyl ester triazole-modified anti-miR21 seemed to
increase PDCD4 expression at an equivalent level to 22mer control at 300 nM.
Additionally, fluorobenzene anti-miR21-treated samples increased expression slightly
and scramble sequence control reduced expression to near equivalent levels of no anti-

miR control samples (Figure 3.9C). Similar to the results determined with the hAgo2
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pulldown assay, PDCD4 protein expression changes in HelLa cells upon treatment with

3’-end modified anti-miR21 were overall minimal.

Table 3.2 Endogenous miR-21 targets in HelLa cells for analyses upon anti-miR21
treatment.

Expected change
upon anti-miR21
treatment

Regulation by

Target gene Function miR-21

Tumor suppressor;

inhibits cell growth, tumor
PDCD4 invasion, metastasis, and Downregulated Increase
inducing apoptosis

Pro-inflammatory

cytokine (cell signaling);
TNFa cell survival, proliferation, Upregulated Decrease
differentiation, and death

(A) 5 — CAGUCUGAUAAGCUdX(C3) -2 15mer anti-miR21
5 — UCAACAUCAGUCUGAUAAGCUA -3 22mer anti-miR21

B
(B) 150 nM 300 nM no oligo control

1)

1 2 3 4 5 6 1 2 3 4 5 6 2;adenine

3) 22mer anti-miR21 control
5) fluorobenzene

AP DH |l el | )

15mer scramble control

(C) g 2.0-
c [] no oligo control
% - 1.5 [] adenine
?E - B 22mer anti-miR21 control
8 5 1.0- B ethyl acetate
E e} Il fluorobenzene
.“2’ 0.5- B 15mer scramble control
©
i
0.0
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Figure 3.9 Protein expression analysis of PDCD4 from HeLa cells treated with 3’-end
modified anti-miR21. (A) Sequence of 15mer and 22mer anti-miR21 oligonucleotides.
Underlined = 2’-O-methyl ribose; d = 2’-deoxy; Bold X = adenosine, ethyl acetate triazole, or
fluorobenzene triazole modification; C3 = C3 spacer. (B) Western blot of PDCD4 from Hela cell
lysate transfected with anti-miR21. (C) Bar plot of relative PDCD4 protein level to GAPDH from
HeLa cells transfected with anti-miR21 oligonucleotides.

Furthermore, PDCD4 mRNA levels generally did not change when Hel a cells were
treated with 3’-end modified anti-miR21 (Figure 3.10A). A fully LNA-modified, highly
potent 9mer anti-miR21 oligonucleotide (used in experiments described in Chapter 2),
however, increased relative PDCD4 mRNA expression by up to about 1.5-fold at 100 nM
(Figure 3.10B). Interestingly, all oligonucleotides tested reduced TNFa mRNA at 300
nM, where the ethyl ester and fluorobenzene triazole-modified anti-miR21 decreased
TNFa mRNA by nearly 0.5-fold (Figure 3.10C). Yet, when the concentration was doubled
to 600 nM, TNFa levels returned to base level relative to scramble sequence control

(Figure 3.10C).
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Figure 3.10 RT-gPCR analysis of endogenous miR-21 targets in HeLa cells treated with
anti-miR21. (A) Bar plot of relative expression level of PDCD4 mRNA to GAPDH from samples
treated with 22mer or 15mer anti-miR21. (B) Bar plot of relative expression level of PDCD4 mRNA
to GAPDH from samples treated with a fully LNA-modified 9mer anti-miR21. (C) Bar plot of
relative expression of TNFa mRNA to GAPDH from samples treated with 22mer or 15mer anti-
miR21. All bar plots are normalized to a 15mer scrambled sequence oligonucleotide control.
Errors are represented as a standard deviation from triplicate RT-qPCR runs.

3.3.7 Transfection efficiency of anti-miR oligonucleotide by fluorescence
microscopy

In response to the inconsistent results of miR-21 target gene repression or de-
repression observed above, anti-miR transfection efficiency was qualitatively assessed
by transfecting HeLa cells with cyanine 3 (Cy3) conjugated anti-miR scramble sequence
control. It is apparent that the abundance of Cy3-conjugated anti-miR transfected into
HelLa cells increases as the concentration is raised from 25 to 100 nM, as seen in the
“Cy3” column of fluorescent cell microscope images (Figure 3.11). When the DAPI
(nuclei-stained), Alexa Fluor 488, and Cy3 images are merged together, it can be seen
that the Cy3-conjugated anti-miR predominantly overlaps with the Alexa Fluor 488-
stained regions of HelLa cells (Figure 3.11). This result indicates that transfection was
highly efficient and transfected anti-miR by lipid nanoparticle reagents is localized in the

cytoplasm.
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Figure 3.11 Fluorescence microscopy of HelLa cells transfected with Cy3- conjugated anti-
miR. DAPI (4’,6-diamino-2-phenylindole) fluorescent cube setting was used to detect nuclei
staining. Alexa Fluor 488 fluorescent dye, conjugated to alpha tubulin antibody cytosolic marker,
was detected by GFP (Green Fluorescent Protein) fluorescent cube setting. Cyanine 3 (Cy3) dye
was detected by RFP (Red Fluorescent Protein) fluorescent cube setting. All three images at
each respective concentration were merged in the right column.

3.3.8 Protein expression of poly-Histidine-tagged full-length hAgo2 in
Saccharomyces cerevisiae BCY123 cells

Lastly, recombinant, poly-Histidine-tagged full-length human Ago2 was expressed
in Saccharomyces cerevisiae BCY123 strain cells to be used for future hAgo2 filter

binding assays, as done by Schirle and colleagues.'’?%2'  Our research group
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established a robust method, based on methodology written by Macbeth and Bass, in
expressing and purifying ADAR protein in S. cerevisiae cells for biochemical and
crystallographic studies.®22-25 A poly-Histidine (10xHis), TEV (tobacco etch virus)
protease-tagged hAgo2 gene was cloned in the pSc expression vector then transformed
into BCY123 cells (see 3.2.7). The BCY 123 cells were grown, induced by galactose, then
lysed by glass beads to detect expression of hAgo2 by western blotting (see 3.2.13).
Although not as abundant as full-length 10xHis-tagged ADARZ2 protein, expression of

hAgo2 was moderate in 10 to 30 ug of yeast cell lysates (Figure 3.12).

Mg yeast lysate
10 20 30

10xHis hADAR2

Figure 3.12 Western blotting detection of polyhistidine-tagged human ADAR2 and Ago2.
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3.4 Discussion

Chemical modifications on anti-miRs are typically applied on the sugar and
phosphate backbone to improve metabolic stability, binding affinity to a miRNA strand,
and to minimize off-target effects.?6?” Aside from our publication in Bioorganic and
Medicinal Chemistry Letters, no other reports suggest designing hAgo2 structure-guided
chemical modifications in place of or at the nucleobase of anti-miRs. We designed
triazole modifications at the 3’-end of two anti-miRs using copper(l)-click chemistry that
were guided by a computational screening approach of docking triazole-modified
nucleotides into the t1A-binding pocket of hAgo2, as described in Chapter 2. Using cell-
based dual luciferase assays, three 1’-triazoles bearing structurally similar heterocyclic
substituents (furan, methyl furan, and thiophene) imparted a modest, ~3-fold increase in
activity at 300 nM when applied at the t1 nucleotide of anti-miR21 and compared against
anti-miR21 with t1 adenine control (Figure 3.2). Surprisingly, however, a methyl ester-
substituted triazole anti-miR21 at the t1 nucleotide resulted in a substantial, upwards of
9-fold higher anti-miR activity when transfected into HelLa cells at 300 nM (Figure 3.2).
Thus, multiple experiments and analyses addressing different parameters were
conducted to elucidate the mechanism behind the highly active ester triazole-modified
anti-miR.

To start, it is important to note that although we were successful in identifying a
highly active anti-miR21 using our chemical modification strategy, we could not clearly
demonstrate that better molecular docking scoring was directly correlated with higher
potency, based on the implication that the docked ligand has improved non-covalent

interactions towards the t1A hAgo2 pocket receptor (Table 3.1). The methyl ester triazole
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ligand gave a ChemGauss4 score of -2.6650, which was actually lower than methyl furan
and thiophene with scores of -2.7051 and -2.6758, respectively. Nonetheless, this
computational screening approach allowed us to identify some patterns that could be
used for future 3’-end triazole modification strategies. For one, it is apparent that smaller,
heterocyclic triazole substituents such as thiophene and furan are favorable to improving
anti-miR activity at the 3’-end. Interestingly, a methylated furan (methyl furan) substituent
is tolerated and exhibited nearly equivalent activity as furan, whereas a brominated
thiophene (bromothiophene) substituent scored decently, but did not improve activity
comparatively to thiophene. These results suggest that alkylation on these compounds
are tolerated while halogenation is not. A methylated thiophene and brominated furan
azide were not commercially available, therefore was omitted from computational and
potency screening. The second pattern identified from the screening approach is the
highly improved activity by particularly small esters. No other large esters that were
docked in this study (e.g. ligands 17, 94, or 186) scored well and would presumably not
have shown improvement in anti-miR activity. The ethyl acetate ligand did not rank in the
top 50 compounds from the computational screening approach, unlike methyl acetate,
but nonetheless scored far better than the larger esters docked and was even more potent
than methyl acetate. A closer examination of the scores and ranking of the docked
triazole ligands can be found in the Appendix section of this dissertation.

Structure activity relationship analyses were then conducted to determine the
specificity of the ester substituent by either replacing the methyl ester with other similar
functional groups or testing activity at the 5’-end of anti-miR21 (Figure 3.3A). An ethyl

ester triazole-modified anti-miR21 slightly improved activity over methyl ester, while an
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N-ethylacetamide substituent showed no improvement (Figure 3.3B). Additionally, we
hypothesized that the methyl ester could be hydrolyzed after endosomal uptake into HelLa
cells, resulting in a free acid that could introduce electrostatic interactions with the t1A-
binding hAgo2 pocket.?® A 3’-acetic acid triazole anti-miR21 however, did not improve
activity from 25 to 300 nM (Figure 3.3B). Further testing, such as using a propyl ester
triazole modification, would need to be conducted to better understand the small
enhancement of activity by the ethyl ester substituent.

Modifying the 5’-end of anti-miR21 with methyl and ethyl ester triazoles resulted in
an improved activity that had a similar trend to what was seen with 3’-end modified anti-
miR21 but at a lower magnitude (Figure 3.3B). It is still unclear how the activity can be
improved when ester-modified at the 5-end. Upon structural analysis of the t16
nucleotide in the crystal structure of hAgo2 with bound duplex guide and seed-plus-
supplementary target RNA extending beyond the seed region, we noticed that the amino
group from the Lys65 residue may provide hydrogen bonding interactions towards the
carbonyl oxygen group of cytosine (Figure 3.13).2° The 5.8 A distance of this hydrogen
bond is quite distant, however. Nonetheless, a similar interaction could perhaps be
occurring at this site if a carbonyl oxygen from a methyl or ethyl ester 1’-triazole modified
t16 nucleotide can hydrogen bond with Lys65, therefore contributing to improved anti-miR
activity. Note that inserting a nitrogen atom between the carbonyl and the alkyl group to
generate the N-ethylacetamide modification at either end of anti-miR did not increase
activity, suggesting that atom placement can shift the positioning of the alkyl group and

dramatically interfere with potential interactions towards hAgo2. Another possibility is the
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ester functional group is susceptible to reaction by a nucleophilic residue whereas an

amide is not.

Figure 3.13 Close up of target RNA nucleotide 16 (t16) interaction in hAgo2 crystal
structure complexed with guide-target RNA duplex (PDB: 6N40). A possible hydrogen
bonding interaction between the side chain of Lys65 and cytosine base on t16 nucleotide is shown
as a dashed black line with a measured distance of 5.8 A.

Next, we successfully established that the potent 3’-end ester modification can be
reproducible and generalizable when applied to an anti-miR122 sequence. Interestingly,
adding LNA modifications was necessary to improve potency to a degree where a dose-
dependent increase of activity by an ethyl ester modification could be observed (Figure
3.5A and B). Furthermore, we found that methyl furan triazole-modified anti-miR122 had
slightly higher activity then when modified on anti-miR21 (Figures 3.2 and 3.5B).
Differences in miR-122 abundance in HuH-7 cells compared to miR-21 in HeLa cells as
well as duplex stability of anti-miR122 towards a miR-122 target strand could account for
this slight variation in methyl furan activity. Sequence specificity experiments in either

HelLa or HuH-7 cells with miR-21 or miR-122 reporter plasmids, respectively, furthermore
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confirmed that improvement of triazole-modified activity was not limited to anti-miR21
sequences (Figures 3.4A-B, and 3.6A-B).

Snake venom phosphodiesterase (SVPD) assays were conducted to rule out if the
high potency of 3’-end ester-modified anti-miR21 oligonucleotide was solely due to
improved nuclease resistance. Indeed, all modifications tested, including 1’-ethynyl
precursor and fluorobenzene and N-ethylacetamide triazole anti-miR21 that did not
improve activity, demonstrated a significant increase in 3’-exonuclease resistance over
48 hours in comparison to t1 adenine anti-miR21 control (Figure 3.7). As mentioned
above, the C-nucleoside structure of the 1’-ethynyl or 1’-triazole modification in
combination with a 3’-end C3 spacer at the t1 nucleotide is likely not recognized by 3'-
exonucleases. This nuclease-resistant chemical modification pattern could be beneficial
for designing oligonucleotides intended for other areas of research in our laboratory —
RNA editing oligonucleotides, for example.?>3° Supplementary SVPD assays for 3'-end
modified anti-miR122 sequences could further confirm the validity of using 3’-end ester
triazole modifications as well.

A pulldown assay with 5-biotinylated anti-miR21 bearing different 3’ end
modifications and human cell lysates containing miR21-loaded hAgo2 (Figure 3.8A) was
then used with the goal of determining if improved potency was correlated with increased
binding towards miRNA-loaded hAgo2. However, while the assay results clearly
indicated that the modified anti-mR21 oligonucleotides bound miR21-loaded hAgoZ2 (i.e.
a scrambled sequence control showed less hAgo2 pulled down), no differences were
observed between the anti-miRs with different 3’ end modifications (Figure 3.8B and C).

Thus, we still have not unequivocally established that the novel 3’ end modifications
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described here increase hAgo2 binding affinity. It is possible that the hAgo2 affinity
differences for the differently modified anti-miRs are too small to be observed with this
assay system or the differences in anti-miR activity observed here arise from effects other
than changes in binding affinity to hAgo2. The improved activity could come from a variety
of other sources including improved binding to other human Argonaute proteins with
structurally similar t1-binding pockets (e.g. hAgo1).3!

Anti-miR transfection efficiency could be another source of variability when
observing improved anti-miR activity by 3’-end modification. However, we determined
that control Cy3-conjugated anti-miRs were efficiently transfected in a dose-dependent
manner in HelLa cells (Figure 3.11). Given this, it is unclear to what degree 3’-end
modified anti-miR21 can inhibit endogenous miR-21 in cells, based on our work in
quantifying regulatory changes of miR-21 target genes such as PDCD4 and TNFa
(Figure 3.9 and 3.10). Another target, PTEN (phosphatase and tensin homolog), as well
as a control HMGAZ2 (high mobility group AT-hook 2) gene assay by Thermo Fisher, was
also evaluated for changes upon HelLa cell treatment with anti-miR21 or control let-7 anti-
miR, but was unsuccessful.>> Some reports suggest that changes in miR-21 gene target
regulation in cells treated with anti-miR21 are subtle.’®33 Indeed, a 9mer LNA-modified
anti-miR21 that we determined to be highly potent in dual luciferase assays (described in
Chapter 2) only increased PDCD4 mRNA levels by 0.5-fold in HelLa cells at 100 nM

(Figure 3.10 B).
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Figure 3.14 Highest-scored pose of methyl acetate triazole ligand docked into the t1A-
binding hAgo2 receptor. hAgo2 amino acid residues in close proximity to the ligand are labeled.

Overall, we successfully computationally screened and experimentally identified a
highly potent 3’-end ester triazole anti-miR modification that was reproducible in multiple
luciferase assays, generalizable in two different anti-miR sequences, and was highly
metabolically stable. This study expands the repertoire of anti-miR chemical modification
strategies to improve potency of miRNA inhibition. However, further work is necessary
to confirm our hypothesis that improved binding interactions of t1 ester-modified anti-miR
towards the nucleotide-binding pocket of hAgo2 is the primary contributor to improved
anti-miR activity. The highest-scoring docked pose of methyl ester triazole ligand with
t1A hAgo2 receptor suggests that nearby polar residues Ser561, Asp480, and Lys476, or

non-polar Met437 and Phe442 could provide hydrogen bonding and/or van der Waals-
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type interactions towards the methyl ester substituent that are more substantial than when
the t1 nucleotide is adenine (Figure 3.14).

Given that the hAgo2 pulldown experiments using 5’-biotinylated anti-miR21 were
overall inconclusive, we decided to pursue expression and purification of full-length
hAgo2 using methodologies established in our lab and Prof. lan MacRae’s lab at Scripps
Research Institute.8112021.23.243435  To date, we were successful in expressing poly-
Histidine, TEV-tagged full-length hAgo2 in S. cerevisiae BCY123 strain yeast cells
(Figure 3.12). The next steps are to increase the scale of hAgo2 expression and purify
miR-21-loaded hAgo2 complex using methodologies described by Schirle and
colleagues, perform hAgo2 cleavage assays to confirm hAgo2 activity, then do filter
binding assays with radiolabeled, 3’-end triazole-modified anti-miR21 to obtain binding
affinity data (Kp).""?' Additionally, making mutations at t1A-pocket residues described
above can allow us to proceed with structure activity relationship binding studies of 3'-
end modified anti-miR with miRNA-loaded hAgo2 (Figure 3.14). One caveat to consider
with the filter binding assay is that Schirle and colleagues found a small, ~0.5-fold
reduction in Kp when substituting a short target RNA t1 nucleotide adenosine with
modified bases 2,6’-diaminopurine (DAP).2" Thus, larger fold reduction in Kp values
determined by t1 ester-modified anti-miR would be desirable and could provide us with

the last piece of evidence needed to fully address our hypothesis.
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3.6 Table of primer sequences

Name

Sequence (5’ to 3’)

miR122_target_forward

ACAAACACCATTGTCACACTCCAGGCCGCTGGCCGCA
ATAAAA

miR122_target_reverse

TGGAGTGTGACAATGGTGTTTGTTCGAGCGATCGCCTA
GAATTACTGC

hAgo2 GA F CGACTACGCCGGATCCATGTACTCGGGAGCCGGC
GCATGCTCGAGCGGCCGCTCAAGCAAAGTACATGGTG
hAgo2 GA R CGCA
GAGAACCTCTATTTCCAGGGAATGTACTCGGGAGCCG
GA yeAgo2 F GCCC
ATCTAGTCATTACGATCCTCGAGTCAAGCAAAGTACAT
GA yeAgo2 R

GGTGCGCAG

BamHI His tag primer F

GGATCCGTAACCATGTCACACCATCACCATCACCATCA
CCATCACCATGAGAACCTCTATTTCCAGGGAATGTACT
CG

GA BamHI F

AACGTCAAGGAGAAAAAACCCCGGATCCGTAACCATG
TCACACCATCACCAT
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Chapter 4

Cellular-based ADAR inhibition assays using 8-azanebularine-containing HER1
oligonucleotides and ADAR deaminase domain mutants

4.1 Introduction

It is becoming increasingly known that ADAR is strongly associated with cancer
and immune stimulatory processes.”® For example, downregulated expression of
ADAR?2 is reported to correlate with brain cancer cell development due to under-edited
levels of glutamate receptor GIuR-B mRNA, known to influence cell apoptosis.® In other
cancer cells, interferon-stimulated genes (ISGs) and type | interferon (IFN) production is
upregulated, resulting in higher expression of ADAR1 that can perform A-to-l editing on
dsRNAs and evade recognition by dsRNA sensors MDA5 and PKR which are responsible
for immune filtration, inflammation, translation inhibition, and cell growth arrest.’
Furthermore, mutations in ADAR1 are associated with autoimmune disorder Aicardi-
Goutiéres syndrome (AGS) and rare genetic pigmental disorder dyschromatosis
symmetrica hereditaria 1 (DSH).2 Developing therapeutics that target ADAR is therefore
desirable.

To date, there are no FDA-approved ADAR-targeting therapeutics. In particular,
molecules targeting ADAR1 for inhibition are currently being studied and developed in
academic and industrial settings to treat cancer. Our research group, as well as others,
has worked on screening and testing small molecule inhibitors targeting ADAR1.%-13
There is recent dispute over the validity of using nucleoside analogs 8-azaadenosine
and 8-chloroadenosine as small molecule inhibitors of ADAR1, thus indicating that
careful, continued exploration of ADAR inhibitor design and testing is required.

Additionally, to our knowledge, there are no reports of inhibiting ADAR1 using
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chemically-modified oligonucleotides that contain 8-azanebularine (8-azaN), a well-
studied nucleoside analog in our lab for ADAR structural and biochemical studies.®-2°
In this chapter, numerous preliminary, cellular-based experiments using HER1 RNA
oligonucleotide containing 8-azanebularine with the goal of inhibiting ADAR1 are
presented. Preliminary data from ADAR deaminase domain (ADARd) protein inhibitors

of ADAR in cells are also described.

4.2 Methods
4.2.1 Oligonucleotide synthesis and purification

All strands of HER1 RNA containing the 8-azanabularine modification (top) and
the complementary (bottom) strand for the second generation HER1 16bp duplex were
synthesized on an Applied Biosystems (ABI) 394 RNA/DNA Synthesizer. Otherwise, all
2’-O-methylated complementary strands for the other HER1 16bp duplexes were ordered
from Integrated DNA Technologies (IDT). All phosphoramidite, controlled pore glass
(CPG), and ancillary reagents for the ABI synthesizer were purchased from Glen
Research, except for 8-azanebularine (BA0425) and 2’-deoxy-Benner’s base (dZ, product
number dZ-PA-101), which were purchased from Berry and Associates and Firebird
Biomolecular Sciences, LLC, respectively.

Synthesized oligonucleotides on controlled pore glass (CPG) solid support were
removed from the synthesizer and dried overnight under high vacuum. Next, the
oligonucleotides were deprotected and cleaved from the CPG support in 3:1 volume ratio
of 30% NHsOH:EtOH at 55 °C overnight. The cleaved oligonucleotide solution was
transferred away from the CPG and dried down to a pellet using a SpeedVac

concentrator. HER1 oligonucleotides containing 8-azanebularine base were treated with
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55% (v/v) EtsN<3HF for ribose 2’-deprotection overnight at room temperature then
precipitated using 75 mM sodium acetate in 65% butanol with freezing at -80 °C for at
least 2 h. The supernatant containing deprotected oligonucleotide was then concentrated
to dryness using the SpeedVac concentrator, resuspended in nuclease free water, and
desalted in lllustra™ Nap™-10 Sephadex™ G-25 columns (Cytiva 17085401).

For the “generation 2” HER1 16mer complementary strand, the dZ base was
deprotected by treating the oligonucleotide on CPG support with 1 M DBU (1,8-
diazabicyclo[5.4.0]lundec-7-ene) in acetonitrile at room temperature overnight. The dZ-
deprotected oligonucleotide was then removed of supernatant and dried under high
vacuum again before CPG solid support cleavage as mentioned above. After cleavage
from CPG support, the oligonucleotide was treated with 1 M tetrabutylammonium fluoride
solution in THF dried over 3 A molecular sieves for 24-hour 2’-deprotection at room
temperature, followed by 65% butanol precipitation as mentioned above.

All oligonucleotides were electrophoresed by denaturing PAGE and visualized by
UV shadowing. The gel bands were excised and gel-purified by crushing and soaking in
buffer containing 0.5 M ammonium acetate and 0.1 mM EDTA at 4 °C overnight, followed
by filtering in 0.22 um cellulose acetate membrane filter (Costar® Spin-X® Centrifuge Tube
Filter, Corning 8160). The filtrate containing oligonucleotide was ethanol precipitated or
purified by silica-based octadecyl bonded phase SepPak C18 cartridges (Waters) in 1:1
acetonitrile:water elution and characterized by MALDI-TOF mass spectrometric analysis.

The MALDI-TOF mass spectra for the HER1 oligonucleotides are provided in Table 4.2.9.

108



4.2.2 Human serum stability assay of 8-azaN-containing HER1 RNAs

HER1 RNAs with 8-azaN were hybridized in IDT Nuclease-Free Duplex Buffer (30
mM HEPES, pH 7.5; 100 mM potassium acetate) by heating at 95 °C for 5 minutes,
followed by a slow cooling of -1 °C/min to room temperature. The 8-azaN-containing and
complementary strands of the 16 bp duplex were hybridized in a 1:1 molar ratio. In a 50
WL reaction volume, the HER1 8-azaN RNA was diluted to a final concentration of 8 yM
with Dulbecco’s Phosphate Buffer Saline (DPBS, Gibco 14190144) and 5 pL of human
serum (Millipore Sigma H4522) to 10% final concentration. Each reaction was incubated
at 37 °C and 5 uL aliquots were taken out at 0, 15, 30, 60, 120, 240, and 480 min and
combined with 5 uL of 10% glycerol in 1X TBE buffer and immediately stored at -80 °C.
Each aliquoted time point containing 40 pmol of HER1 8-azaN RNA was loaded into either
10% or 20% non-denaturing Novex™ TBE Gels (Invitrogen, EC62752BOX or
EC63152BOX) for the larger or 16bp HER1 8-azaN RNAs, respectively, and
electrophoresed at 200 V for 30 min. The gel was then stained in SYBR™ Gold Nucleic
Acid Gel Stain (Invitrogen S11494) for 20 min and imaged on the GelDoc Go Imaging

System (Bio-Rad) under SYBR™ Gold settings on a UV/Stain-free tray.

4.2.3 Cell culture

HelLa (CCL-2), HEK293T (CRL-3216), and U87 (HTB-14) cells were purchased
from ATCC and cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco 11995065)
supplemented with fetal bovine serum (FBS, Gibco) and 100X antibiotic-antimycotic

solution (Anti-Anti, Gibco 15240062) to a final concentration of 10% and 1X, respectively.
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All cells were passaged at exponential phase and routinely tested for mycoplasma

contamination using LookOut® Mycoplasma Detection PCR kit (Sigma Aldrich, MP0035).

4.2.4 Transfection of cells with HER1 8-azaebularine-containing RNA inhibitors

Hela cells were plated at 3 x 10* cells per well in a 24-well plate and transfected
with 50 nM siRNA targeting ADAR1 (siADAR1 L + S)?" with sense strand sequence 5" —
CCAGCACAGCGGAGUGGUAUU - 3 and antisense strand sequence 5 -
UACCACUCCGCUGUGCUGGUU - 3, scramble siRNA negative control with sense
strand sequence 5 - GGCGAGGUAGCUCCUAACUGA - 3’ and antisense strand
sequence 5 — UCAGUUAGGAGCUACCUCGCC - 3’, both purchased from Dharmacon,
or 31.25 — 500 nM HER1 RNA duplex using 1.5 Lipofectamine RNAIMAX for 48 h.
HEK293T cells were transfected either by co-transfection or a two-step transfection
method when overexpressing ADAR1 alongside treatment with HER1 8-azaN-containing
RNA. For the co-transfection method, HEK293T cells were plated at 7.5 x 10* in a 24-
well plate and transfected with 500 ng of pcDNA ADAR1 p110, full-length ADAR2, or
pcDNA3.1 empty vector control plasmid and 25-500 nM HER1 8-azaN 16bp RNA duplex
using 5 pL Lipofectamine 2000 per well for 48 h at 37 °C + 5% CO2. For the two-step
transfection method, HEK293T cells were plated at 7.5 x 10* in a 24-well plate and
transfected with 500 ng of plasmid for 24 hours using 5 pL Lipofectamine 2000, then
subsequently transfected with 25-500 nM HER1 8-azaN for 24 hours using 1.5 pL
Lipofectamine RNAIMAX per well.

For endogenous NUP43 editing inhibition studies, HEK293T cells were plated at 4
x 10% cells in 6-well plate format and transfected with 100 nM siADAR1 (Silencer® Select

siRNA, Ambion, s1008) or Stealth™ RNAi Negative Control, Medium GC duplex
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(Invitrogen, 12935-300) and HER1 16bp 8-azaN RNA duplexes at a concentration range
of 125-500 nM using 7.5 pL Lipofectamine RNAIMAX for 48 h at 37 °C + 5% CO..

U87 cells were also plated at 4 x 10° cells per well in a 6-well plate and transfected under
the same conditions described above with HEK293T cells for endogenous NUP43 editing

inhibition.

4.2.5 Electroporation of cells with HER1 8-azaN inhibitors

HEK293T and U87 cells were electroporated at 5 x 10° final cell density at 250 V
pulse in a 0.4 cm cuvette with a final concentration of 250 nM siADAR1 (s1008), Stealth™
RNAi Negative Control, Medium GC duplex, or HER1 16bp RNA duplex using the
Ingenio® EZporator® Electroporation System (MIR51000) and plated at 4 x 10° cells in 6-

well plate format for 72 h at 37 °C + 5% CO..

4.2.6 Transfection of cells with ADAR deaminase inhibitor plasmid constructs
HelLa cells were plated at 5 x 10° cells per well in a 6-well plate and transfected
with 2500 ng pcDNA.3.1 overexpression vector containing ADAR1 deaminase (ADAR1d)
gene with E912A, E912A/D1023A, or E912/D1023K mutations or pcDNA3.1 empty vector
control using 12.5 pL Lipofectamine 2000 (Invitrogen) for 48 h at 37 °C + 5% CO..
HEK293T cells were plated at 1 x 10° cells per well in 24-well plate format and co-
transfected with a constant 500 ng pcDNA3.1 ADAR?2 full-length and 250, 500, or 750 ng
of ADAR2 deaminase (ADAR2d) gene with E396A, E396A/D503A, or E396/D503K
mutations using 5 pL Lipofectamine 2000 for 48 h at 37 °C + 5% CO2. pcDNA3.1 empty
vector plasmid was transfected along with the ADAR2d vector to keep the amount of

plasmid equal in each well.
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4.2.7 RNA editing analysis from cultured cells

Transfected HeLa or HEK293T cells were lysed in 1 mL TRIzol reagent per
duplicate of wells in a 24-well plate or per single well in a 6-well plate and purified of total
RNA using the TRIzol Plus RNA Purification Kit (Invitrogen, 12183555) followed by
DNasel treatment using Turbo DNA-free kit (Invitrogen, AM1907) to remove any genomic
DNA contaminants. Total RNA was reverse transcribed into single-stranded cDNA using
High Capacity Reverse Transcription Kit (Applied Biosystems, 4368813) according to the
manufacturer’s instructions. The total cDNA was then amplified into amplicons using
PCR primers covering a specific ADAR RNA editing target of interest and Phusion Green
Hot Start Il High-Fidelity PCR Master Mix (Thermo Scientific, F566). Annealing
temperatures for each set of primers were determined by the Tr, Calculator website from
Thermo Fisher Scientific. A list of editing target primer sequences and annealing
temperatures are provided in 4.6 Table of Oligonucleotides.

Total RNA from U87 cells were also isolated using the TRIzol PureLink RNA Mini
Kit then subsequently treated with Dynabeads™ mRNA Purification Kit (Invitrogen,
61006) to acquire purified mRNA, according to the manufacturer’s instructions. Next, U87
MRNA was used as the template for RT-PCR using Access RT-PCR System (Promega,
A1250) and forward and reverse primers for NEIL1 (NEIL1 out F and NEIL1 out R) or 5-
HTcR (5HT2cR Xbs F and 5HT2cR HiA R)?? to generate cDNA. The thermal cycler
conditions for RT-PCR were set as follows: 1) reverse transcription at 45 °C for 45 min;
2) AMV Reverse Transcriptase and RNA/cDNA/primer denaturation at 94 °C for 2 min; 3)
second strand cDNA synthesis and PCR amplification at 94 °C for 30 s, 60 °C for 1 min,

and 68 °C for 2 min; repeat 3) for 24 cycles total; 4) final extension at 68 °C for 7 min; 5)
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Hold at 4 °C. After RT-PCR, the resulting cDNA was further amplified by nested PCR for
20 cycles under two-step protocol using Phusion Green Hot Start Il High-Fidelity PCR
Master Mix and primers “NEIL1 in F” and “NEIL1 in R” for NEIL1 and “5-HT>cR S16 in F”
and “5-HTocR A11 in R” for 5-HT2cR, respectively. The nested RT-PCR primer
sequences can be found in 4.6 Table of Oligonucleotides.

After PCR, all amplicons were run on 1.3% agarose gel and purified using
QIAquick Gel Extraction Kit (Qiagen, 28706). The gel extracted amplicons were then
submitted to GeneWiz for Sanger sequencing. The “A” and “G” (inosine read as
guanosine) peaks at a given edit site from the amplicon were quantified to determine %
editing by the following calculation: % editing = [(peak value of G)/(peak of value A + peak

of G)] x 100

4.2.8 Western blotting

Transfected cells were lysed in Pierce™ IP Lysis Buffer (Thermo Scientific™
87787) and protein concentration was determined using Pierce™ BCA Protein Assay Kit
(Thermo Scientific™ 23225). Bolt Plus Bis-Tris 4-12% gels were loaded with 10, 20, or
40 ug lysate and electrophoresed at 200 V for 40 min in a Mini Gel Tank (A25997) then
transferred onto PVDF membrane using an iBlot™ 2 Gel Transfer Device (IB21001). The
PVDF membrane was blocked in 5% blocking solution for 1 h at room temperature using
Tris-buffered saline with 0.1% Tween® 20 detergent (TBST) and Blotting-Grade Blocker
nonfat dry milk (BioRad 1706404). The membrane was washed three times for 5 min
with TBST on an orbital shaker then incubated in anti-HA tag monoclonal antibody

(Invitrogen MA1-21315, 1:1,000 dilution) in 2.5% blocking solution at 4 °C overnight with
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shaking. The following day, the PVDF membrane was washed three times for 5 min with
TBST then incubated with goat anti-mouse IgG secondary antibody (Invitrogen, 31320,
1:30,000 dilution) in 2.5% blocking solution for 1 h at room temperature. The membrane
was washed three times for 5 min again then stained with ECF Western Blotting substrate
(Cytiva Lifesciences, RPN5785) for 5 min and imaged for fluorescence on the GelDoc Go

Imaging System (Bio-Rad) under SYBR™ Gold settings on a UV/Stain-free tray.

4.2.9 Table of mass spectra for HER1 oligonucleotides

, , Calculated | Observed

Name Sequence (5’ — 3’) Mass Mass
HER18-azaN 16mer, | 57\ GAAUUNGCGGGUCG 5186.2 5186.9
top strand
HER1 16mer, CGACCCGCCAAUUCUC 4976.0 4975.9
bottom strand
HER1 16mer GCctrl, | 5AGAAUUGGCGGGUCG 5216.2 5218.8
top strand
HER1 16mer, bottom
omd. 3ond >.OMe | CBACCCGCCAAUUCUC 5032.2 5031.4
HER1 16mer, bottom
omd. 5mond >OMe | CBACCCGCCAAUUCUC 5046.2 5046.0
HER1 8-azaN 16mer,
top strand, 2’0OMe both | GAGAAUUNGCGGGUCG 5312.4 5313.5
ends
HER1 16mer, bottom
omd. 2OMo ot onds | CBACCCGCCAAUUCUC 5102.3 5098.9
HER1 8-azaN 16mer, | . \+GAAUUNGCGG+G+T*+C*G 5356.6 5359.1
generation 2, top strand | ———
HER1 16mer,
generation 2, bottom C*G*ACCCGCdzdNAUUC*U*C 5121.4 5112.4
strand
HER18-azaN 33mer | Gonac o 0w CAAVUCUUCGAGARUUNGEGG | 105304 | 105275
HER1 8-azaN 33mer, | C*G*ACCCGCCAAUUCUUCGAGAAUUNGCG
SN o 105946 | 10608.5
HER1 8-azaN 34mer, | CGACCCGCCAAUUCUUCGAGAAUUNGCGG
3'-end 1-EdR C3 GUCG(1-EdR)(C3) 10872.5 | 10869.6

114




N = 8-azanebularine

+=LNA

Underlined = 2°-OMe

dN = 2’-deoxynebularine

dZ = 2’-deoxy Benner’s Base

* = phosphorothioate (PS) linkage

1-EdR C3 = 2’-deoxy-1"-ethynyl-ribose with C3 spacer

4.3 Results

4.3.1 Human serum stability of HER1 RNA oligonucleotides containing 8-
azanebularine.

The nuclease resistance of seven HER1 RNAs containing 8-azanebularine that vary in
length and backbone modifications (Figure 4.1A) was determined by incubation in 10%
human serum at 37 °C for 0, 5, 15, 30, 60, 120, 240, and 480 min. Four of the seven
RNAs are short 16bp duplexes with or without phosphate or ribose sugar modifications
to improve duplex stability and metabolic stability. The other three RNAs were longer, 33
and 34mer sequences that contain a small hairpin structure on the 5’ end based on
previous reports in our lab when determining ADAR1 or ADAR2 substrate selectivity via

biochemical assays and Sats-FACS-Seq methodology.?3%4
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(B)
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(C)

-G~ 16bp 8azaN, unmodified
B+ 16bp 8azaN, 3'-end 2'-O-Me
~&-- 16bp 8azaN, 5' end 2'-O-Me
- 16bp 8azaN, gen. 2
--¥--33mer 8azaN, unmodified
- 33mer 8azaN, 5' and 3' end PS-linkages
®-- 34mer 8azaN, 3'-end 1'-ethynyl-2'-deoxyribose with C3 spacer

% intact RNA

0 80 160 240

time (min.)
Figure 4.1 Serum stability of 8-azanebularine- (8-azaN) containing HER1 RNAs. (A)
Sequence and chemical modification structures of the HER1 8-azaN RNAs tested in serum
stability assay. (B) Non-denaturing PAGE of HER1 8-azaN RNA at indicated timepoints in 10%
human serum. (C) Plot of % intact HER1 8-azaN RNA over time in presence of 10% human
serum.

In 10% human serum, all HER1 8-azaN RNAs are nuclease resistant at up to 240
min. At 480 min, however, there is reduction or complete loss of an RNA band, indicating
nuclease degradation (Figure 4.1B). Surprisingly, complete retention of RNA at 480 min
was observed for the 16 bp duplex where its bottom strand is 2’-O-methylated at the 5’-
end (16 bp 8N, 5-2°OMe) and the generation 2 duplex (16bp 8N, gen. 2) where both the
8-azaN-containing and bottom strands are heavily modified with nuclease resistant and
thermally stable modifications, in addition to modified bases nebularine and Benner's
base based on work by colleagues Erin Doherty, Hannah Brinkman, and Dr. Leanna
Monteleone.?> Also, duplex stability for the generation 2 duplex seemed to improve at
increasing incubation time at 37 °C with 10% human serum, as seen by the converging
of diffused gel band at O min to a clear, distinct band from 60 min onward. For the longer

RNAs, there is complete loss of RNA at 480 min for the unmodified RNA and a modest
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reduction in gel band intensity for the 33mer RNA containing phosphorothioate (PS)
linkages on either end. Only a minor reduction in RNA band intensity is seen at 480 min
for the 34mer RNA containing a 1’-ethynyl-2’-deoxyribose, C3-spacer (1-EdR C3)
modification at the 3’-end. The improved nuclease resistance of HER1 8-azaN RNA by
modification with 1-EdR C3 on the 3’-end is in agreement with what we observed in the
snake venom phosphodiesterase (SVPD) stability assay of the anti-miR21 with 3’-end 1-
EdR C3 modification, as was discussed in Chapter 3.

4.3.2 Inhibition profile of endogenous ADAR1 targets in HeLa cells by HER1 8-
azaN duplex.
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Figure 4.2 Editing of endogenous ADAR1 targets in HeLa cells upon transfection with
HER1 8-azanebularine 16bp duplexes. (A) Editing percentage of Cog3 in HelLa cells with 0-
500 nM 16 bp HER1 8-azaN duplex or GC base pair control. (B) Editing percentage of Eef2k in
HeLa cells with 0-500 nM 16 bp HER1 8-azaN duplex or GC base pair control. (C) Editing
percentage of Blcap in HeLa cells with 0-500 nM 16 bp HER1 duplexes. (D) Editing percentage
of Blcap in HelLa cells with 50 nM siRNA targeting ADAR1 p110 and p150 (L + S) or scramble

duplex control.

HelLa cells were used as the starting point for inhibitory studies by HER1 RNA
duplexes containing 8-azaN based on data from our lab’s collaboration with the Emeson
lab at Vanderbilt University, where a sufficiently detectable level of percent A-to-I editing
of endogenous transcripts Cog3 and Eef2k in HelLa cells was determined.?® Cog3 was
to serve as a HER1 RNA inhibitor negative control as Cog3 is preferentially edited by
ADAR2, whereas Eef2k target is preferentially edited by ADAR1.27-30 |f the HER1
duplexes containing 8-azaN successfully inhibited ADAR in cells, there would be an

expected reduction in editing towards a given transcript that can be determined through
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Sanger sequencing cDNA derived from cellular RNA isolates (see ‘RNA editing analysis
from cultured cells’ in Methods section). However, at 31.25 to 500 nM concentrations of
8-azaN-containing HER1 16 bp unmodified RNA duplex, both Cog3 and Eef2k targets did
not show any significant reduction in percent editing relative to 16bp RNA duplex
containing a G-C base pair in place of 8-azaN across from C base. (Figure 4.2A and
4.2B).

Blcap was another transcript determined by Malik and colleagues to be a more-
preferred editing target by ADAR1 over ADAR2 where its mRNA expression levels were
not affected upon media acidification.?® Again, at 31.25 to 500 nM concentrations
unmodified HER1 8-azaN 16bp RNA duplex, there was no percent editing reduction at
the Blcap edit site (Figure 4.2C). Additionally, HER1 8-azaN RNA duplexes bearing
varying degrees of backbone modifications (3’-end 2’-OMe, 5’-end 2'OMe, and generation
2) tested in 10% human serum stability assays described above also did not reduce Blcap
percent editing. However, transfecting HeLa cells with 50 nM of siRNA targeting ADAR1
p110 and p150 isoforms (siADAR1 L+S)?! resulted in an approximate two-third fold
reduction in % editing of Blcap compared to scramble sequence duplex control, indicating

that RNA transfection was efficient (Figure 4.2D).

120



4.3.3 Editing profile of endogenous ADAR1 targets in HEK293T cells treated with
HER1 8-azaN 16 bp duplex.
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Figure 4.3 Percent editing profile of ADAR targets in HEK293T cells. (A) Panel of editing
from co-transfection of ADAR overexpression plasmid and HER1 8-azaN duplex or (B) two-step

transfection.
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Next, editing inhibition of overexpressed ADAR1 p110 targeting endogenous
transcripts Gli1, Cog3, AZIN1, and NUP43 by HER1 8-azaN RNA duplexes in HEK293T
cells was determined. Full-length ADAR2 (ADAR2 FL) was overexpressed in HEK293T
cells with empty vector used as a control for editing inhibition by HER1 RNA duplex.
These experiments followed previous graduate student Dr. Leanna Monteleone’s work to
check for ADAR1 editing activity inhibition by the same targets but with 33mer HER1 8-
azaN-containing RNA with PS linkages on both 5" and 3’ ends (Figure 4.1A).

A dose-dependent reduction of percent editing, from 60% to 30%, of Gli1 can be
seen in HEK293T cells co-transfected with 500 ng ADAR1 p110 overexpression vector
and 0 to 500 nM unmodified HER1 16bp RNA duplex containing 8-azanebularine at the
edited adenosine position (Figure 4.3A and B). At edit site 2 of Cog3 and AZIN1, there
is an editing reduction from 20% to 15% and 10% to 5%, respectively, in the presence of
up to 500 nM HER1 8-azaN 16bp RNA duplex. Editing percentages remained generally
the same for the remaining edit sites in ADAR1 p110-overexpressed HEK293T cells. In
the case of ADAR2 FL-overexpressed cells, both Cog3 edit sites doubled in percent
editing, thus showing that Cog3 is more sensitive to A-to-I editing by ADAR2 over ADAR1
(Figure 4.3A). Editing percentages for all transcripts were minor, ranging from ~2% to
~10%, when HEK293T cells were co-transfected with 500 ng pcDNA3.1 empty vector
control and HER1 8-azaN 16bp RNA duplex, suggesting that both ADAR1 p110 and
ADARZ2 FL were successfully transfected and overexpressed to increase editing activity
(Figure 4.3A).

To check for potential transfection interference by co-transfection of vector and

HER1 duplex, HEK293T cells were also transfected by a “two-step” transfection method
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where the ADAR overexpression vector was transfected first for 24 hours, then the HER1
8-azaN 16bp RNA duplex was subsequently transfected for an additional 24 hours before
lysis and processing for RNA editing analysis. Indeed, differences in editing for all
endogenous transcripts was observed using this transfection method (Figure 4.3B). In
particular, percent editing increased by nearly two-fold at site 1 and ~five- to eight-fold at
site 2 in the AZIN1 transcript (Figure 4.3B) with ADAR1 p110 overexpression, which is
in agreement with reports stating the correlation between AZIN1 editing and ADAR1
overexpression.?' Also, the editing levels remained relatively equal from 0 to 500 nM of
transfected HER1 8-azaN 16bp RNA for all transcripts in the presence of overexpressed
ADAR1 p110, ADAR2 FL, or empty vector control, suggesting that the HER1 duplex did
not elicit any inhibition.

After optimization of primer design, the amplicons corresponding to transcript
NUP43 was successfully generated and editing was analyzed from HEK293T cells
transfected with the two-step method. Interestingly, NUP43 had a high degree of ~60%
editing at all concentrations of HER1 8-azaN 16bp RNA duplex and overexpression of
ADAR1 p110 and ADAR2 FL or empty vector control (Figure 4.3B). This result indicated
that NUP43 is a highly-preferred editing transcript by endogenous ADAR in HEK293T
cells and would not require ADAR overexpression for inhibitory analysis using modified
HER1 8-azaN RNA duplex. This hypothesis was explored further and is described in

Result 4.3.5.
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4.3.4 Quantification of overexpressed ADAR protein at varying concentration of
HER1 8-azaN 16 bp duplex in HEK293T cells.
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Figure 4.4 Overexpression of HA-tagged ADAR1 p110 isoform or ADARZ2 full length protein
in cells with respect to HER1 RNA inhibitor. (A) Western blotting detection of overexpressed
ADAR1 p110 and full-length ADAR2 (ADAR2 FL) in HEK293T cells transfected with HER1 8-
azanebularine-containing 16bp RNA duplex. (B) Bar plot of relative protein expression of ADAR1
p110 and ADAR2 FL to GAPDH control.
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Western blotting analysis was then performed to quantify expression of ADAR1
p110 and ADAR2 FL protein in HEK293T lysate treated with HER1 8-azaN 16bp RNA
duplex. In HEK293T lysate co-transfected with overexpression vector and HER1 duplex,
the relative expression of both ADAR1 p110 and ADAR2 FL proteins are significantly
lower than cells transfected with vector and HER1 duplex by the two-step transfection
method (Figure 4.4A and B). ADAR1 p110 protein is expressed at a range of three- to
five-fold higher amounts from the two-step transfection method compared to co-
transfection, whereas ADAR2 FL is expressed two- to four-fold higher. In both
transfection methods, ADAR1 p110 expression decreases as the concentration of HER1
8-azaN 16bp RNA duplex is transfected into HEK293T cells; ADAR2 FL expression
remains generally equal across all concentrations of HER1 duplex, with some error.
Additionally, ADAR2 FL expression is relatively higher than ADAR p110 in both
transfection methods, suggesting that ADAR2 can, in general, express more readily than
ADART1 in cells.

Overall, ADAR1 p110 expression seems to be sensitive to HER1 8-azaN RNA
duplex treatment in HEK293T cells while ADAR2 FL remains unaffected. Co-transfecting
ADAR overexpression vector and increasing concentrations of HER1 8-azaN duplex
results in a decrease in both ADAR1 p110 protein expression as well as editing
percentages for endogenous transcripts in HEK293T cells (Figure 4.3A). On the other
hand, decreases in ADAR p110 expression from cells treated with the two-step
transfection method did not decrease editing percentages from increasing amounts of

HER1 8-azaN duplex (Figure 4.3B).
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4.3.5 Endogenous transcript editing profile in cells treated with HER1 8-azaN RNA
duplexes.

Based on the results from 4.3.3., HER1 8-azaN-containing duplexes were
introduced into HEK293T cells by either electroporation or lipid nanoparticle-mediated
transfection to investigate if endogenous ADAR would be inhibited and therefore reduce
editing of transcript NUP43. In both electroporation and transfection methods, editing of
NUP43 at four different edit sites (chr6:150046736, chr6:150046673, chr6:150046643,
and chr6:150046642, identified through REDIportal)®? was identified (Figure 4.5A and
B). Furthermore, treating HEK293T cells with siRNA targeting ADAR1 (siADAR1)
resulted in a decrease in percent editing at all edit sites, indicating that siADAR1 was
successfully being introduced into the cells and performing knockdown of endogenous
ADAR1 transcripts to reduce editing activity. Interestingly, editing at NUP43 edit site 4
was most sensitive to siADAR1 treatment by both electroporation and transfection,
approximately two- to three-fold lower than scramble siRNA control samples. Thus,
editing at NUP43 site 4 served as a potentially valuable and sensitive ADAR1-editing

target to compare with HER1 8-azaN duplex.
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Figure 4.5 Editing profile of endogenous NUP43 editing target at various edit sites in
HEK293T cells transfected with siRNA control or HER1 8-azaN inhibitor duplexes. (A)
Editing profile of NUP43 at edit sites 1-4 with electroporated (left plot) or transfected (right plot)
siADAR1 or scramble control at indicated concentrations. (B) Editing profile of NUP43 at edit
sites 1-4 transfected with 100 nM siADAR1, scramble siRNA control, or 125-500 nM HER1 RNA
inhibitor duplex. (C) Sequence of HER1 RNA duplexes. Bold N = 8-azanebularine base;
underlined = 2’-O-methyl ribose.

Subsequently, unmodified 8-azaN-containing HER1 16bp RNA duplex, duplex
containing 2’-OMe modifications on both strands (8-azaN 2’-OMe all ends), and 16bp
duplex with G-C base pair in place of 8-azaN as a control (Figure 4.5C) were transfected
into HEK293T cells at 125 to 500 nM concentration using Lipofectamine RNAIMAX. No
editing reduction of NUP43 at any edit site was observed for either unmodified or 2’-O-
methylated HER1 8-azaN duplexes at any concentration (Figure 4.5 B).
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Figure 4.6 Percent editing profile of endogenous NEIL1 and 5-HT.cR mRNA transcripts in
U87 cells treated with HER1 8-azaN duplexes. (A) Predicted RNA sequence and secondary
structure of NEIL1 pre-mRNA surrounding edit and splice sites.®® Intronic sequences are in
(B) Predicted RNA sequence secondary structure of 5-HT>cR pre-mRNA with
indicated edit sites, splice site, and intronic loop.** Intronic sequences are also in lowercase. (C)
Editing of NEIL1 at two sites in U87 cells electroporated with 250 nM siADAR1 (s1008), scramble
siRNA negative control, or HER1 16bp RNA inhibitor duplex for 72 hours. (D) Editing of the A



site of 5-HT2cR in U87 cells electroporated with scramble siRNA negative control or HER1 16bp
RNA inhibitor duplex for 72 hours. (E) Editing of NEIL1 at two sites in U87 cells transfected with
100 nM siADAR1 (s1008), scramble siRNA negative control, or 125-500 nM HER1 16bp GC
control, unmodified 16bp 8-azaN, or 16bp 2’-OMe 8-azaN using Lipofectamine RNAIMAX for 48
hours.

Human glioblastoma U87 cells were also treated with HER1 8-azaN duplex
inhibitors to see if endogenous ADAR1 could be inhibited and reduce editing activity
towards NEIL1 and 5-HT2cR, two transcripts that our research group has used for A-to-I
editing studies in great detail (Figure 4.6A and B).26:33-37 Electroporated U87 cells with
siADAR1 resulted in greater than two-fold reduction in NEIL1 editing at site 1 and six-fold
reduction at site 2 relative to scramble siRNA control (Figure 4.6C). Unmodified and 2’-
O-methylated HER1 16bp duplexes containing 8-azanebularine at 125 to 500 nM
concentration did not reduce NEIL1 editing by any degree relative to GC control duplex
(Figure 4.6C). Surprisingly, in the case of 5-HT2cR transcript, electroporation with all
three HER1 16bp duplexes tested nearly abolished editing at Site A (Figure 4.6D).
Sanger sequence traces could not be generated from amplicon samples derived from
U87 cells siADAR1 electroporation, thus percent editing values were omitted from the bar
plot. Nonetheless, scramble siRNA control-treated U87 samples resulted in ~45% editing
at Site A. No editing was observed at any of the other exonic 5-HT>cR editing sites on
the pre-mRNA transcript (Figure 4.6B).

U87 cells were then transfected with 100 nM siADAR1 or scramble siRNA control
and 125 to 500 nM HER1 16bp duplexes using Lipofectamine RNAIMAX. Editing analysis
could be determined for only NEIL1 as generating amplicons for the 5-HT>cR transcript
was unsuccessful. Similar to the results seen by electroporation, NEIL1 editing from U87

cells transfected with HER1 8-azaN duplexes did not reduce editing to any significant
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degree at any concentration (Figure 4.6E). siADAR1 at 100 nM reduced editing ~two-
fold at site 1 and ~six-fold at site 2 from NEIL1 which is consistent with what was seen in
electroporated U87 cell samples (Figure 4.6C).

4.3.6 Editing profile of ADAR editing targets in cells treated with ADAR deaminase
domain (ADARd) protein inhibitors.

Cellular-based editing inhibition by ADAR deaminase domain (ADARd) mutants
was performed to supplement fellow graduate student Herra Grajo’s in vitro analyses (not
yet published). HelLa or HEK293T cells were overexpressed with ADARd mutants that
are catalytically inactive or with control ADARd double mutants that are both catalytically
inactive and mutated at the dimerization interface and thus cannot asymmetrically
dimerize with a monomer of ADAR to perform RNA editing.?°

To start, ADAR1d protein was overexpressed in HelLa cells by transfection with
2500 or 5000 ng pcDNAS.1 vector containing ADAR1d E912A catalytically inactive single
mutant gene or E912A/D1023A or E912A/D1023K catalytically inactive and dimerization
interface-mutated double mutants then quantified by western blotting (Figure 4.7A).20:38
Although ADAR1d mutant expression was detectable, protein abundance at 5000 ng
overexpression vector transfection did not seem to increase in comparison to 2500 ng
(Figure 4.7B). Thus, 2500 ng pcDNA3.1 ADAR1d mutant vector was used to determine
editing of endogenous transcripts Blcap, Eef2k, and Cog3 in HelLa cells. No reduction
was observed in any of the transcripts in the presence of overexpressed ADAR1d E912A
mutant relative to E912A/D1023A or E912A/D1023K double mutant controls (Figure

4.7C).
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Figure 4.7 Editing of endogenous transcripts in HeLa cells treated with overexpression of
ADAR1d mutant protein inhibitors. (A) Protein expression of HA-tagged ADAR1d E912A,
E912A/D1023A, and E912A/D1023K mutants transfected at 2500 or 5000 ng overexpression
vector in HelLa cells detected by western blotting. As a blotting detection control, lysate from
HEK293T cells transfected with 500 ng HA-tagged ADAR?2 full length overexpression vector was
used. (B) Relative protein expression of ADAR1d mutants to GAPDH control. (C) Percent editing
profile of Blcap, Eef2k, and Cog3 editing targets in HelLa cells with transfected 2500 ng pcDNA
ADAR1d E912A, E912A/D1023A, and E912A/D1023K mutants.
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In the case of ADAR2d mutants, HEK293T cells were co-transfected with a
constant amount (500 ng) of pcDNA3.1 containing full-length ADAR2 gene and 250 to
750 ng of ADAR2 E396A catalytically inactive single mutant or E396A/D503A or
E396A/D503K double mutants.?%3%40 pcDNA3.1 empty vector was also transfected to
keep the amount of plasmid transfected equal per sample. No significant editing inhibition
of ADAR2-preferred substrate TMEM63B"9-294142 was observed using any amount of
overexpressed ADAR2d E396A mutant relative to ADAR2D E396A/D503A or

E396A/D503K double mutants (Figure 4.8A).
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Figure 4.8 Editing of endogenous ADAR2 target in HEK293T cells co-transfected with
ADAR2 full length protein and ADAR2d mutant protein inhibitors. (A) Editing profile of
ADAR? editing target TMEM63B with transfected ADAR2d mutants at 0, 250, 500, and 750 ng
vector amount. (B) Representative western blot of ADAR2 full length (ADAR2 FL), ADAR2d
E396A, E396A/503A, E396A/503K, and GAPDH control protein expression at varying ADAR2d
mutant overexpression vector amounts. (C) Bar plot of relative ADAR2 full length protein
expression to GAPDH control with respect to amount of transfected ADAR2d mutant
overexpression vector. (D) Bar plot of relative ADAR2d mutant expression to GAPDH from 250-
750 ng overexpression vector transfected. Error bars are represented from three western blotting
experiments.

Protein expression of the ADAR2d mutants was then quantified by western blotting
in order to determine if improper expression led to inefficient inhibition of endogenous
ADARZ2 in HEK293T cells. Although transfection of full length ADAR2 vector was kept
constant, its expression was overall inconsistent when co-transfected with ADAR2d
mutant vector (Figure 4.8B and C). Yet, expression of the ADAR2d mutants was

modestly consistent with increasing amounts of vector transfected, particularly with 250
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ng vector for all three mutants and 500 ng for ADAR2d E396A/503A and E396A/D503K

double mutants (Figure 4.8D).

4.4 Discussion

There is an increasing number of reports strongly suggesting that ADAR1 editing
activity can be correlated with cancer and autoimmune disorders."-> Thus, the
development of inhibitors targeting ADAR1 is desirable as a therapeutic. In the case of
nucleoside analog inhibitors, there are disagreements over the experimental validity of
some analogs purported to act as an ADAR1 inhibitor, molecules such as 8-azaadenosine
and 8-chloroadenosine.''* In fact, previous graduate student Dr. SeHee Park
demonstrated in in vitro deamination assays that incubating 0.1 to 1,000 uyM 8-
azaadenosine with human Gli1 RNA substrate and wild type ADAR1d or full length
ADAR1 p110 did not result in inhibition, as described in her doctoral dissertation. Thus,
it is clear that the development of ADAR1 inhibitors necessitates careful attention to detail
in experimental design in order to be used as a therapeutic inhibitor.

Here, an array of cellular-based assays was conducted to assess the effectiveness
of RNA-based and protein-based inhibitors. Unfortunately, none of the conditions from
cells treated with either chemically modified HER1 RNA duplexes or ADARd mutant
protein proved to be successful in terms of inhibiting ADAR1 or ADAR2. Based on the
results obtained, a handful of key parameters to consider when designing cell-based
experiments for ADAR inhibition will be discussed.

We were motivated to pursue the use of HER1 16bp RNA duplex containing 8-
azanebularine that substitutes the edited adenosine as an inhibitor because Dr. SeHee

Park found that, in her efforts to crystallize ADAR1, the duplex bound to hyperactive
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ADAR1d E1008Q mutant with substantially higher affinity (Ko = 11 nM) than HER1 16bp
duplex containing canonical adenosine at the editing site, as determined through EMSA.
This result can also be found in her doctoral dissertation. Not only was the high binding
affinity in parallel to what was determined with 23mer, 8-azaN-containing dsRNA for
ADAR2d crystallization'®, it also suggests that the 8-azaN in HER1 can act as a catalytic
trap in ADAR1 and inhibit enzymatic activity.'®#3 Indeed, fellow graduate student Herra
Grajo determined via in vitro deamination assays that HER1 8-azaN 16bp RNA duplex
can inhibit full length ADAR1 p110 in the presence of RNA substrates NEIL1 and 5-HT2cR
at nanomolar ICso values (data not yet published), which further stimulated efforts to
determine inhibition in cells.

Prior to inhibitory analyses in cells, HER1 16bp RNA duplexes or longer (33 or
34mer) RNAs containing 8-azaN, with or without sugar and/or phosphate backbone
chemical modifications, were incubated in 10% human serum at 37°C to assess metabolic
stability. As anticipated, the heavily modified “generation 2 HER1 16bp duplex and
34mer RNA bearing a 3’-end 1’-ethynyl-ribose analog with C3 spacer exhibited an
improvement of nuclease resistance compared to unmodified 8-azaN-containing duplex
or 33mer RNA controls (Figures 4.1A, B, and C). On the contrary, it was surprising to
observe a substantial improvement of metabolic stability by the HER1 16bp duplex where
the 5’-end of the bottom strand was 2’-O-methylated compared to both the 3’-end bottom
strand 2’-O-methylated and unmodified duplexes (Figured 4.1A, B, and C). One
possibility for this result may be that the 3’-exonucleases present in human serum can
generally degrade the 3’-end of 2’-O-methylated oligonucleotides at a faster rate than

when 2’-O-methyl modifications are placed toward the 5-end. Increasing the number of
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2’-O-methyl groups on the 5’-end of one duplex and the 3’-end of another could be done
to further explore sensitivity towards 3’-exonuclease in human serum.

Although the 16bp HER1 8-azaN-containing duplexes mentioned above were
found to have high metabolic stability, none of them resulted in inhibition by any degree
when determining RNA editing of endogenous transcript Blcap in HelLa cells (Figure
4.2C). There are a lot of possible explanations to this result, which could be narrowed
down to: concentration of inhibitor, relative expression of endogenous ADAR1 in Hela
cells for editing activity, half-life of transcript, or insufficient degree of chemical
modification for metabolic stability, cellular uptake, or thermal stability. To address the
issue of concentration dependence of inhibitor, a wide range of 31.25 — 500 nM of HER1
16bp duplexes containing 8-azaN was transfected into Hela cells. Using higher
concentrations than 500 nM was undesirable as we did not want to reach concentrations
where cell cytotoxicity may potentially be observed, which can be normally found within
the micromolar range of chemically modified nucleic acids.*44”

HelLa cells are known to contain a sufficient amount of endogenous ADAR1. In
particular, human ADAR1 isoform p110 is predominantly found in the nucleus of HelLa
cells whereas p150 is found in the cytoplasm.4-5° Also, the editing percentages towards
transcripts Cog3, Eef2k, and Blcap from Hela cells are in agreement with what was seen
by Malik and colleagues.?® Given this information, we considered HelLa cells to be an
encouraging starting point to determine ADAR1 editing inhibition by 8-azaN-containing
RNA duplex. However, none of the endogenous transcripts described above showed
reduced editing when Hela cells were treated with HER1 inhibitor, therefore other cell

lines containing overexpressed or sufficient amounts of endogenous ADAR was pursued.
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Our laboratory has made great use of HEK293T cells to overexpress ADAR1 p110
and increase editing signals of various endogenous transcripts.’®2%5"  Former lab
member Dr. Leanna Monteleone investigated the inhibitory profile of 33mer HER1 RNA
containing 8-azaN in place of the edited adenosine and two PS linkages on both 5’- and
3’-ends (sequence shown in Figure 4.1A) in HEK293T cells overexpressed with ADAR1
p110 and full-length ADAR2 and empty vector as controls. Her preliminary data revealed
a relatively dose-dependent reduction of editing towards endogenous transcript AZIN1 at
two different edit sites when using 50 to 500 nM of the 33mer HER1 RNA that was not as
apparent in the ADAR2 FL overexpressed or empty vector control samples (data not
published). This result was encouraging as AZIN1 is an ADAR1-preferred editing
substrate for regulation and led us to believe that ADAR1 was indeed being inhibited by
the HER1 RNA containing 8-azaN.3'253 However, Dr. Monteleone found that the relative
protein expression of ADAR1 p110 to GAPDH as increasing amounts of HER1 RNA was
transfected was overall inconclusive. Thus, follow-up experiments using HER1 8-azaN
16bp RNA duplex were performed.

The transfection method seemed to have a moderate contribution to the RNA
editing sensitivity and, in particular, the levels of ADAR overexpression in HEK293T cells.
Although not at the same magnitude as Dr. Monteleone’s result, a dose-dependent
reduction of editing at AZIN1 edit site 2 was observed when HEK293T was co-transfected
with 50 to 500 nM HER1 8-azaN 16bp RNA duplex and ADAR1 p110 overexpression
vector (Figure 4.3A). However, when HEK293T cells were treated with the two-step
transfection method, percent editing at both AZIN1 edit sites more than doubled and did

not show a reproducible dose dependent reduction of editing at site 2 due to HER1 8-
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azaN 16bp RNA duplex treatment (Figure 4.3B). Furthermore, the relative ectopic
expression of full-length ADAR1 p110 and ADAR2 proteins were dramatically different by
both transfection methods (Figure 4.3C). An intriguing observation that came from the
western blotting analysis is a decrease in relative expression of overexpressed ADAR1
p110 to GAPDH control as transfected HER1 8-azaN duplex increased, whereas ADAR2
FL was generally unaffected (Figure 4.4A and B), which may indicate that ADAR1 p110
overexpression is not a desirable method to pursue further for HER1 inhibition studies.
Overall, it is crucial to monitor ADAR1 expression and ensure that it remains consistent
as the concentration of HER1 8-azaN RNA inhibitor treatment increases. Otherwise, false
positive results of HER1 8-azaN inhibition may arise. Given this, we turned back to HER1
8-azaN RNA inhibitory assays that depend strictly on endogenous levels of ADAR and
transcripts in cells.

Interestingly, we found that an NUP43 edit site>* was highly edited at equal
percentages in HEK293T overexpressing ADAR1 p110, ADAR2 FL, or transfected with
empty vector control, indicating that NUP43 was a transcript that could be edited well
without the need of overexpressed ADAR1 (Figure 4.3B). As anticipated, the NUP43
edit site, along with three others, showed moderate to high levels of editing, presumably
by endogenous ADAR1 (Figures 4.5A and B). Indeed, electroporating or transfecting
an siRNA targeting ADAR1 (siADAR1) resulted in a ~20% to 60% reduction in editing of
NUP43, therefore confirming that endogenous ADAR1 in HEK293T cells highly edits
NUP43 (Figures 4.5A and B). A similar effect was be seen by an siADAR1 with a
different sequence targeting ADAR1 in HelLa cells (Figure 4.2D). The siADAR1 control

also gave some insight into how long-lived the ADAR1 mRNA is and that it can be
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silenced by siRNA over the course of 48 hours. In other words, if ADAR1 transcripts had
longer half-lives, evaluating inhibition of ADAR1 editing activity towards substrates by
HER1 8-azaN inhibitors would have proven more difficult.

Nonetheless, even by using two different methods to introduce HER1 8-azaN
duplexes into HEK293T cells, no degree of inhibition could be observed from any NUP43
edit site (Figure 4.5B). Note that we included a duplex containing 2’-OMe modifications
on both 5’- and 3’- ends of the top and bottom strands that we thought could be another
metabolically stable candidate to test, based on Herra Grajo’s in vitro deamination assay
data (not yet published) showing that this duplex was as equally potent as the unmodified
duplex (Figure 4.5A). This result was also observed in glioblastoma U87 cells with
respective NEIL1 transcript (Figure 4.6A, C, and E).333% Furthermore, the puzzling result
of nearly abolished editing activity towards U87 transcript 5-HT>cR at Site A was
determined, including electroporated GC control duplex (Figure 4.6B and D).??33
Obtaining editing data for the 5-HT2cR transcript in U87 cells treated with HER1 duplexes
by lipid nanoparticle-mediated transfection was unsuccessful. Future optimization will
need to be performed to generate inhibitory profiles by HER1 8-azaN-containing duplexes
towards NEIL1 and 5-HT2cR transcripts in U87 cells that can satisfactorily align with Herra
Grajo’s in vitro inhibition data. Western blotting can then be performed to quantify
endogenous ADAR1 expression with transfected HER1 8-azaN inhibitor.

As mentioned above, none of the ribose and phosphate backbone modifications
applied to the HER1 8-azaN-containing duplex seemed to improve inhibition of ADAR in
cells, even though some designs were found to be highly metabolically stable in 10%

human serum (Figure 4.1A, B, and C). Thus, other chemical modification strategies are
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being implemented by colleagues Herra Grajo and Victorio Jauregui-Matos to achieve
desired inhibitory effects. To date, Herra Grajo designed a longer, highly modified 32mer
8-azaN HER1 oligonucleotide bearing 2’-OMe groups, a polyethylene glycol (PEG) linker
that connects the 3’-end of the 8-azaN-containing strand to the 5-end of the
complementary strand for improved nuclease resistance®°7, a cholesterol triethylene
glycol (TEG) spacer conjugation at the 5’-end of the 8-azaN-containing strand to increase
cellular uptake®®°, and, finally, a cyanine 3 (Cy3) fluorophore conjugate at the 3’-end of
the complementary strand to examine cellular localization upon transfection of the
oligonucleotide by fluorescence microscopy. She found that this oligonucleotide has an
ICs0 comparable to the unmodified 8-azaN 16bp duplex and the duplex containing 2’-O-
methylation on all ends of each strand (data not yet published). Meanwhile, Victorio
Jauregui-Matos designed crosslinked HER1 8-azaN 16bp duplex based on vinyl or
copper(1)-catalyzed alkyne-azide cycloaddition (CUAAC) chemistry to further diminish
degradation by nucleases.?%-%2 Future work will be done to evaluate nuclease resistance
and inhibitory potency of these newly modified duplexes.

One final parameter to establish convincing cell-based potency analysis of the
HER1 8-azaN inhibitors is to explore the use of other cell lines and transcripts. For
example, ADAR-dependent HCC1806 and MDA-MB-468 and ADAR-independent SK-
BR-3 and MCF-7 cells can be used to assess A-to-l editing of transcript BPNT1 in the
presence of HER1 8-azaN inhibitor.’ DHFR is another transcript in MCF-7 cells that was
reported to be highly edited by ADAR1 and is substantially reduced at multiple sites when

treated with siADAR1.%3 We attempted to generate amplicons from DHFR primers to
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quantify A-to-l editing in HEK293T and U87 cell lines in the presence of HER1 8-azaN
inhibitor, but the outcome was unsuccessful.

Finally, cellular-based assays were performed to determine inhibitory potency of
ADARd mutant proteins that take advantage of the dimerization-dependent editing
mechanisms our group discovered through crystallographic and biochemical studies.??5
Similar to HER1 8-azaN inhibitor treatment, HeLa and HEK293T cells transfected with
respective catalytically inactive ADAR1d E912A or ADAR2d E396A, or double mutants
E912A/D1023A, E9Q12A/D1023K, E396A/D503A or E396A/D503K that are catalytically
inactive and mutated at their dimerization interface, did not result in inhibition of full-length
ADAR1 or ADARZ2 and reduce in editing activity across several transcripts (Figure 4.7A-
C and Figure 4.8A-D). ADAR1d mutant protein expression in HelLa cells was relatively
low and did not increase when transfected overexpression vector was doubled (Figure
4.7A and B), suggesting that overexpression in another cell line such as HEK293T cells
could be more suitable for higher expression, therefore increase the likelihood of
observing inhibition. However, western blotting data of overexpressed ADAR2 FL and
ADAR2d mutant from co-transfected HEK293T cells led to relatively inconsistent
expression (Figure 4.8B, C, and D). Herra Grajo determined a low micromolar ICsq for
the ADAR2d E396A mutant and no inhibition of ADAR2 FL by the double mutants,
indicating that increasing the expression of the ADARd mutants while decreasing full-
length ADAR1 or ADAR2Z may be conducive to inhibition detection. Lastly, including
nuclear export and/or import signals onto the ADARd mutant constructs with fused
fluorescent protein tag may prove useful to improve monitoring and control of protein

localization and, therefore, inhibition of ADAR in cells.?4
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In conclusion, it is apparent that inhibiting ADAR in cellular based assays by 8-
azaN-containing, chemically modified RNA or ADARd mutant protein inhibitors requires
a careful attention to detail in experimental design in order to reflect the encouraging
results that our group has determined in vitro. Nevertheless, the work described in this

chapter may serve as a valuable starting point for optimization.
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4.6 Table of Oligonucleotides

Primers for A-to-| editing in cells:

Name Sequence (5’ to 3’)

Cog3 F CAGTCCTTACTTGGAGCGTCA

Cog3 R CTGAATAAACTGCTCACAGGCC

Eef2k F GTAATTTACAGCAGGACGCTTTCA
Eef2k R GTAGAGACAGGGTCTCGC

Blcap F GACAGCCAGAGAGCACAG

Blcap R TGAGCAGGTAGAAGCCCAT

Gli1F CGAGCCGAGTATCCAGGATACAAC
Gli1R CCCATATCCCAGAGTATCAGTAGGTGG
AZIN1 F TGATGGTGTTTATGGTTCTTTTGCAAG
AZIN1 R CAGCATCTTGCATCTCATACCAATC
NUP43 F ATTGACCTGAGACCTTAATGAC

NUP43 R ACCTGTAATCCCAGCTACTC

NEIL1 out F TCCAGACCTGCTGGAGCTAT

NEIL1 out R TGGCCTTGGATTTCTTTTTG

NEIL1 in F CCCAAGGAAGTGGTCCAGTTGG
NEIL1in R CTGGAACCAGATGGTACGGCC
5HT2cR Xbaout F | GCTCTAGAGATTATGTCTGGCCACTACCTAGATAT
5HT2cR HiAout R | CCGCAAGCTTATAGGAACTGATACACCTATAGAAATTGC
5HT2cR S16in F TTTGTGCCCCGTCTGGATTTCTTTAG
5HT2cR A11inR TCTTCATGATGGCCTTAGTCCGCGA
TMEMG63B F AACTACGTCATTGCCTCAGC
TMEM63B R AGGTAGGCGTAGTAGAGATTG
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Appendices

Appendix A: Library of 3’,5’-bisphosphate, 1’-triazole-modified nucleotides for Fast
Rigid Exhaustive Docking (FRED) into the adenosine-binding pocket of hAgo2,
from Chapter 2.
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Appendix B: Table of ChemGauss4 scores of docked triazole nucleotide ligands,
from Chapter 2.

Ranking Number Molecule ID FRED Chemgauss4 score
1 142 -4.8338
2 95 -3.4750
3 73 -3.4477
4 83 -3.3766
5 22 -3.3605
6 92 -3.2672
7 138 -3.2660
8 186 -3.2652
9 147 -3.2516
10 37 -3.1801
11 164 -3.0777
12 8 -2.9892
13 185 -2.9726
14 63 -2.8916
15 79 -2.8743
16 76 -2.8354
17 116 -2.8075
18 139 -2.8067
19 41 -2.8021
20 32 -2.7696
21 183 -2.7363
22 75 -2.7294
23 133 -2.7051
24 96 -2.6950
25 127 -2.6758
26 88 -2.6706
27 70 -2.6650
28 188 -2.6633
29 128 -2.6291
30 135 -2.5858
31 152 -2.5606
32 81 -2.5377
33 16 -2.5343
34 30 -2.5308
35 131 -2.5260
36 150 -2.4967
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37 158 -2.4926
38 144 -2.4857
39 48 -2.4827
40 117 -2.4738
41 108 -2.4443
42 155 -2.3909
43 111 -2.3851
44 114 -2.3583
45 182 -2.3480
46 25 -2.3421
47 190 -2.3391
48 93 -2.3280
49 80 -2.3078
50 65 -2.3070
51 134 -2.2999
52 130 -2.2901
53 187 -2.2784
54 103 -2.2657
55 45 -2.2178
56 33 -2.2174
57 168 -2.2168
58 7 -2.2051
59 26 -2.2036
60 97 -2.1671
61 19 -2.1553
62 189 -2.0997
63 156 -2.0904
64 121 -2.0893
65 109 -2.0596
66 12 -2.0541
67 167 -2.0205
68 154 -2.0035
69 149 -2.0018
70 34 -1.9971
71 28 -1.9816
72 118 -1.9536
73 157 -1.9448
74 145 -1.9319
75 2 -1.9171
76 165 -1.9150
77 23 -1.9129
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78 39 -1.9124
79 101 -1.9049
80 29 -1.9012
81 125 -1.8976
82 166 -1.8926
83 132 -1.8739
84 129 -1.8571
85 24 -1.8527
86 175 -1.8454
87 143 -1.8395
88 36 -1.8264
89 146 -1.8233
90 87 -1.8054
91 54 -1.8006
92 162 -1.7911
93 85 -1.7856
94 171 -1.7713
95 43 -1.7669
96 148 -1.7534
97 3 -1.7468
98 98 -1.6973
99 170 -1.6942
100 124 -1.6818
101 18 -1.6801
102 110 -1.6561
103 136 -1.6495
104 106 -1.6442
105 172 -1.6386
106 180 -1.5962
107 105 -1.5769
108 13 -1.5674
109 47 -1.5661
110 151 -1.5386
111 161 -1.5376
112 77 -1.5320
113 90 -1.5308
114 181 -1.5133
115 174 -1.5025
116 91 -1.4922
117 66 -1.4755
118 169 -1.4706
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119 140 -1.4674
120 119 -1.4576
121 173 -1.4536
122 99 -1.4162
123 31 -1.4039
124 102 -1.3999
125 50 -1.3988
126 107 -1.3844
127 27 -1.3835
128 61 -1.3141
129 122 -1.3085
130 160 -1.2932
131 178 -1.2890
132 dG -1.2471
133 20 -1.2268
134 21 -1.2151
135 dDAP -1.1723
136 62 -1.1423
137 71 -1.1181
138 153 -1.1044
139 120 -1.0874
140 78 -1.0858
141 56 -1.0843
142 35 -1.0763
143 4 -1.0457
144 163 -1.0393
145 137 -1.0047
146 52 -0.9577
147 89 -0.9299
148 86 -0.9171
149 59 -0.8715
150 104 -0.8461
151 100 -0.8279
152 74 -0.8207
153 68 -0.7604
154 72 -0.6570
155 64 -0.6414
156 67 -0.6066
157 dER -0.5693
158 49 -0.5646
159 141 -0.5547
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160 17 -0.5430
161 84 -0.5238
162 53 -0.5220
163 dC -0.5213
164 1 -0.4448
165 176 -0.4162
166 126 -0.4089
167 57 -0.3678
168 112 -0.2996
169 38 -0.2777
170 dA -0.2178
171 82 -0.1711
172 58 -0.1707
173 184 -0.1383
174 du -0.1175
175 42 -0.0887
176 123 -0.0700
177 60 -0.0127
178 6 -0.0047
179 10 0.0151

180 69 0.0264
181 51 0.0655
182 14 0.1025
183 5 0.2634
184 179 0.3184
185 46 0.4500
186 113 0.4761

187 159 0.5030
188 55 0.6522

189 11 0.7269
190 9 0.8010
191 177 0.8286
192 115 0.9064
193 94 1.3489
194 40 1.5459
195 44 1.8495
196 15 3.0367

159






