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ABSTRACT

The siRNA duplex functions by binding to and cleaving mRNA, a process known
as the RNAI pathway. Existing siRNAs face challenges such as off-target effects and
unpredictable prolonged gene-silencing. To address these issues, enhancing their
therapeutic potential, sSiRNAs can be modified controlling their role in the RNAI pathway.
An Ortho-functionalized, tetrafluorinatedazobenzene was integrated into the SIRNA
backbone via phophoramidite chemistry to generate a class of photoswitchable F-siRNAs.
These F-siRNAs retained the ability to photoisomerize from an active trans to an inactive
cis state through blue and green light respectively. This thesis reported on a novel technique
to inject single cell medaka embryos with both Wt and F-siRNAs. Medaka are a small
freshwater teleost fish that have a number of desirable features for use as a vertebrate model
in gene silencing projects. These attributes include daily spawning, a number of useful

genetic strains, a completely sequenced genome, and a transparent egg.

Keywords: siRNA; Antisense; Japanese Medaka; Nano injection; Transgenic.



AUTHOR’S DECLARATION

| hereby declare that this thesis consists of original work of which | have authored.
This is a true copy of the thesis, including any required final revisions, as accepted by my

examiners.

| authorize the University of Ontario Institute of Technology (Ontario Tech
University) to lend this thesis to other institutions or individuals for the purpose of scholarly
research. | further authorize University of Ontario Institute of Technology (Ontario Tech
University) to reproduce this thesis by photocopying or by other means, in total or in part,
at the request of other institutions or individuals for the purpose of scholarly research. |

understand that my thesis will be made electronically available to the public.

The research work in this thesis that was performed in compliance with the regulations
of Research Ethics Board/Animal Care Committee under REB Certificate

number/Animal care certificate file number.

Modkenzie Mateis YOUR NAME




STATEMENT OF CONTRIBUTIONS

| hereby certify that I am the sole author of this thesis and that no part of this thesis has
been published or submitted for publication. | have used standard referencing practices to
acknowledge ideas, research techniques, or other materials that belong to
others. Furthermore, I hereby certify that | am the sole source of the creative works and/or

inventive knowledge described in this thesis.



ACKNOWLEDGEMENTS

I would first like to acknowledge my supervisors Dr. Dennia Simmons and Dr Jean-
Paul Desaulniers without both of you | would have never been able to complete this masters
project. Thank you for always pushing me forward and to focus on the few successes over
the many failures that come along with scientific research. This experience has not only
allowed me to grow as a scientist but as a person as well. | have been lucky enough to have
been in the Simmons lab for 4 years now and have loved every minute of helping out in
the aquatic’s facility. Through both of you | was able to travel and present our work, an

experience | will never forget.

| would also like to extent my gratitude to Dr. Sean Forrester, for not only being
involved in my thesis committee; but also, allowing me to use your lab to complete my
experiments. Additionally, thank you for providing knowledge and support on this research

which was invaluable.

My appreciation also goes out to my lab members in both lab groups. Matt without
your training this project would not have been possible for that | am extremely grateful. To
Virgina, Kevin, Ifrodet, and Autumn thank you for being the best lab mates possible. Truly,
your guy’s company made the long hours go by much quicker and I could not have asked

for a better group to share this experience with.

To Theresa, | cannot express enough thanks and gratitude for all the things you

have showed me.

Finally, I must recognize Jennifer Nichols without whom | would not have the
strength to continue this project. | sincerely dedicate all my success to you, thank you.

Vi



TABLE OF CONTENTS

Thesis Examination INfOrmation............cccooiiiiiiiiie s I
N 0] 1 - (o PRSPPSO ii
AUTNOIS DECIAIATION. ... ..o bbb 1\
Statement of CONTFIDUTIONS .........oooiiiii e %
ACKNOWIBAGEMENTS ...ttt sttt sbe e neenreas vi
TabIle OF CONTENTS ..ot sre e e vii
TS A0 1o [N SRS iX
List of Abbreviations and SymbOIS ... X
Chapter 1: Introduction and Literature REVIEW...........cccoovvieieiieiene e 1
0 (0T [T o o SR 1
1.2 The RNAT PALNWAY.........cciiiiiiieie st sre e nas 1

1.3 The current use of SIRNAS as tharpeutiCs..........ccovvieeiiiiieiiieecie e 3
R T 11 - o USRS SSPRSR 3

IR T €11V o] | - PSSR OR PSSR 4

1.3.3 LUMASITAN. c..euteteite ettt sttt et e bbb e nbeeneene e 4

IR I 1 Tod 1] - T OSSOSO 4

R TRV 11 1] | - OSSPSR 5

1.4 The current challenges siRNAs face for drug development............................ 5

1.5 Chemical modifications made to sSiRNAs to increase therapeutic potential............ 7

1.6 AZODBNZENE .......iitiiiieiieiee ettt bbbttt nb et e 9
1.6.1 Tetrachlorinated azODENZENE. .........cooieiiiiii i 10

1.6.2 Tetrafluorinated azZODENZENE ...........cvviieiiie e 11

1.6.3 Tetrafluorinated azobenzene functionalized SIRNA ...........ccooiiiiiiiieine 11

1.6.3 How F-siRNAs could work as a therapeutic drug ...........ccoceevviiieiieiiiieinnen, 13

1.7 Japanese medaka as a in VIVO MOl .........c.coviiiiiiiiiiiciie e 14

1.8 6GFP @S 8 gENE TAIGEL.......ouieiiiieii ettt 15

1.9 Rationale and ODJECTIVES .........cciiiiiiiiieee e 16
Chapter 2: IMETNOGS ........ooiiiecc e sree s 18
2.1 F-AzZ0DENZeNne SYNTNESIS.....ccviiiiiiiecie et 18
2.2 RNA synthesis and purifiCation ...........cocooiiiiiineninieeee e 22

vii



2.3 LC/MS CharaCterizZation .........ceeee et e e e e e e e e e e e e e 24

2.4 HPLC CharaCterization..........cceieieiiiniiieieie ettt 24
2.5 Duplex characterization — circular dichroism experiments...........c.ccocvveervrvenennen. 24
2.6 Medaka maintenance and embryo rearing ..........ccocoererereieienese e 25
2.7 Injection of SIRNAS into medaka embryoS ...........cocevviieiiene s 26
2.8 Light activation and inactivation of photoswitchable azobenzene siRNA ............ 27
2.9 Measurement of eGFP flUOIESCENCE.........cooveiiiiiieee s 28
2.10 StatiStiCal ANATYSIS. .......oiiiiiiiieie e 28
Chapter 3: Results and DISCUSSION.........ccciueiieieiiesie e st ste e sre e 29
3.1 Chemical synthesis diSCUSSION........ececuiieiiuireeiieeeiieeeieeeeieeeereees e e e e eaeeness 29
3.2 Fluorescence variation of treatments OVer tIme...........ccoovverenenineneniceeeee 32
3.3 Fluorescence variation between treatments..........ccocovviveienenene s 37
3.4 Silencing ability of F-siRNAs compared to control levels...........c..ccccoevveininnnn. 46
3.5 Inactivation of F-siRNA from green light treatment............ccccocoveiiiieieiee, 48
3.6 Reactivation of F-siRNA with a green to blue light treatment.................c.cocone. 50
3.7 Deactivation of F-siRNA with a blue to green light treatment...................ccoeeee. 53
3.8 SCramble CONMIOL........c.oeeceeeee e 55
3.9 PhotoSWItCh MECNANISM.........iiieicic e 56
Chapter 4: CoNCIUSION........cuiiie e 57
4.1 CONCIUSIONS. ...ttt sttt bbbttt ettt sbesbeereeneas 57
4.2 FULUIE WOTK. ..ottt ettt et e e nne e nnes 58
BIDIIOGIapNY ..o s 60
YA o] 0 1=1 [0 [Tor =L OSSR POPROSRRSOS 64
AL H NMR SPECIIA ....eiiiiie ittt ba e e annes 64
A2, CD SPECLIA. ...ttt ekttt bbbt 69
AZ.HPLC e e nraa e e rra e 71
F G T AV o1 oS PRTPR 72

viii



LIST OF FIGURES AND TABLES
CHAPTER 1
Figure 1.1: The RNAI pathway.

Figure 1.2: Azobenzene conformational change.

Figure 1.3: F-siRNA inactivation through green light to the cis conformer back to the
active trans conformation through blue light.

CHAPTER 2

Table 1.1: siRNA sequences and their modifications used throughout the study.
CHAPTER 3

Figure 3.1: The 4 ng injection treated fluorescence expression over time.
Figure 3.2: The 8 ng injection treated fluorescence expression over time.
Figure 3.3: Fluorescence variation at 24 hpi between treatments.

Figure 3.4: Fluorescence variation at 48 hpi between treatments.

Figure 3.5: Fluorescence variation at 72 hpi between treatments.

Figure 3.6: Fluorescence variation at 96 hpi between treatments.

Figure 3.7: Fluorescence variation at 120 hpi between treatments.
Figure 3.8: Fluorescence variation at 144 hpi between treatments.
Figure 3.9: Fluorescence variation at 168 hpi between treatments.
Figure 3.10: Fluorescence variation at 192 hpi between treatments.
Figure 3.11: Fluorescence variation at 216 hpi between treatments.
Figure 3.12: Fluorescence variation at 240 hpi between treatments.

Figure 3.13: Images of control Japanese Medaka embryos vs embryos injected with 8ng
of F-siRNA-G1 kept in the dark

Figure 3.14: Images of Japanese Medaka embryos injected with 8ng of F-siRNA-G1 held
under green light vs dark conditions

Figure 3.15: Images of control Japanese Medaka embryos vs embryos injected with 8ng
of F-siRNA-G1 held under green light then at 72 hpi held under blue light

Figure 3.16: Images of Azo Dark embryos vs embryos injected with 8ng of F-siRNA-G1
held under blue light then at 72 hpi held under green light

Figure 3.17: Images of control Japanese Medaka embryos vs embryos injected with 8ng
of SCR-F-siRNA-G2 h eld in the dark.



LIST OF ABBREVIATIONS AND SYMBOLS

Ago-2 Argonaute 2

BLT Blue light treated

CaCl: Calcium Chloride

CDCls Deuterated chloroform

CuCN Copper Cyanide

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene
DCM Dichloromethane

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DMT 4,4’-Dimethoxytrityl

EDTA Ethylenediaminetetraacetc acid
EMAM Methylamine 40% in H.O and Methylamine 33% in EtOH 1:1
eGFP Enhanced green fluorescent protein
FDA Food & Drug Agency

GalNAc N-acetylgalactosamine

GLT Green light treated

HAO1 Hydroxy acid oxidase 1

HCI Hydrochloric acid

HOBt Hydroxybenzotriazole

Hpf Hours post fertilization

Hpi Hours post injection

HPLC High pressure liquid chromatography
KCI Potassium Chloride

LDL-C Low-density lipoprotein cholesterol
LC/MS Liquid chromatography mass spectroscopy
MgCl» Magnesium Chloride

MgSO4 Magnesium Sulfate

MRNA Messenger RNA



NaCl
NaHCOs3
Na2HPO4
NaOH
Na2SO4
NCS

NH3
NMR

PCSK9
RFU
RISC
RNAI
RNase
SCR
SiRNA
SSRNA
TEAA
Tg
TLC
THF
TTR
Wit

Sodium Chloride
Sodium bicarbonate
Disodium phosphate
Sodium hydroxide
Sodium Sulfate
N-Chlorosuccinimide
Ammonia

Nuclear magnetic resonance

Proprotein convertase subtilisin/kexin type 9

Relative fluorescence units

RNA-induced silencing complex

RNA interference
Ribonuclease

Scrambled sequence

short interfering RNA
Single stranded RNA
Triethylamine-Acetic Acid
Transgenic

Thin layer chromatography
Tetrahydrofuran
Transthyretin

Wild type

Xi



Chapter 1: Introduction and Literature Review

1.1 Introduction

Gene silencing oligonucleotide molecules have become a popular therapeutic tool for
treating genetic disorders over the past decade.® The short interfering RNA (siRNA)
antisense molecule has emerged as one of these treatments due to its effective silencing of
specific genes.! Currently, there are five SiRNA therapeutic drugs on the market with more
being FDA approved each year.? These five siRNA drugs predominantly target therapeutic
areas including the nervous system, the cardiovascular system, endocrine functions, and
metabolism. These areas encompass conditions such as amyloidosis, familial amyloid
polyneuropathies, hyperlipidemia, and various other diseases. Although a useful
therapeutic tool for genetic disorders, there are a variety of challenges to be overcome when
using siRNAs which include toxicity, stability, tissue-specific targeting, off target effects,
controlled-timing of activity, and prolonged silencing.>** Much of the research conducted
on the use of siRNAs for therapeutics is done on how they can be modified to overcome
these setbacks.* This thesis reports on a tetrafluorinated azobenzene modified siRNA used
to silence enhanced green fluorescent protein (eGFP) expressed in transgenic (Tg) Japanese
medaka (Oryzias Latipes) potentially overcoming current antisense therapeutic

challenges.

1.2 The RNAI pathway

The siRNA molecule is endogenous to human cells and acts to silence genes by
cleaving messenger RNA (MRNA) during the RNA interference (RNAI) pathway.® The
silencing mechanism begins when a long single stranded RNA (ssRNA) is synthesized in

the nucleolus and forms a hairpin shaped structure due to each end being complementary



to each other.># The hairpin portion is cleaved by an endoribonuclease called Dicer. After
cleavage, Dicer releases the siRNA strands which interacts with the protein Argonaute 2
(Ago-2), and others which form the RNA-induced-silencing-complex (RISC).* Once
formed, the duplex is unwound, leaving the strand that is thermodynamically less stable
due to its base pairing at the 5° end.?® The single stranded siRNA, along with RISC, scan
for complementary mRNA. Once found, the siRNA anneals to its target mMRNA and Ago-
2 cleaves the mRNA such that protein synthesis of that particular gene cannot occur.*

Therefore, synthetic siRNA is utilized to target specific mMRNAs transcribed from specific

genes effectively acting as a gene silencer.! Pathway shown in figure 1
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Figure 1.1 — Depicts the RNAI pathway. Long sSRNA forms a hairpin structure which is
picked up by dicer and then digested into a single strand. A cascade of proteins including
Ago-2 form the RISC complex and interact with the sSiRNA until a complimentary strand
of mMRNA is detected and bound to the entire complex. Once formed Ago-2 can cleave the
MRNA specific to that siRNA which is then degraded in the cell preventing protein
formation. Figure was made in Biorender.



1.3 The current use of siRNAs as therapeutics

The RNAI pathway prevents the translation of mMRNA into protein due to the innate
ability of siRNA to bind to and degrade complementary mRNA when in a complex with
RISC. siRNAs act as gene expression suppressors and, depending on the mRNA targeted,
this has great potential for therapeutic use. As a result, sSiRNAs have been intensely
researched for the past few decades to design novel medications specific for gene-related

diseases.

1.3.1 Patisiran (approved in 2018)

The first-ever FDA approved siRNA released to market was Patisiran in 2018 for
the treatment of hereditary transthyretin-mediated amyloidosis.® In individuals with this
condition, a mutated transport protein called transthyretin (TTR) accumulates in various
organs and tissues, leading to organ damage and dysfunction.® Individuals with this rare
disease suffer from a diverse array of symptoms ranging from organ damage and
dysfunction to cardiomyopathy in more advanced cases.® Patisiran works by using sSiRNAs
to target and silence the production of both mutated and wild type TTR protein encoding
RNAs.® By reducing the levels of abnormal TTR, Patisiran slows the progression of the
disease and can alleviate symptoms.® The approval of Patisiran marked a significant
milestone in the field of RNAI therapy and opened the door for the development of other
SsiRNA-based drugs for various diseases. Since then, four other siRNA drugs have been
FDA approved — Givosiran, Lumasiran, Inclisiran, and \utrirsan with more in

development for other rare genetic disorders.



1.3.2 Givosiran (approved in 2019)

Like Patisiran, Givosiran exerts its mechanism of action through RNAI
silencing.® It mediates its effect by targeting the aminolevulinate synthase 1 mRNA, found
in the liver, which leads to the decrease of aminolevulinic acid (ALA) in the blood stream.
When irregular amounts of ALA build up this leads to the disease acute hepatic porphyria.®
To ensure the SIRNA agent is taken up by hepatocytes the strand is conjugated with a trimer
N-acetylgalactosamine (GalNAc) ligand.®” This uptake into the liver occurs due to the
GalNAc trimer binding to the Asialoglycoprotein receptor (ASGPR) that is predominantly
expressed on liver hepatocytes.” Upon binding the siRNA ligand conjugate is engulfed into
the hepatocyte through endocytosis; then, due to a drop in pH the siRNA is unbound to
both GalNAc and the ASGPR.” Through a currently unknown mechanism a small portion
of siRNA can make its way out of the endosomal bilayer and participate in RNAI in the

cytoplasm of the hepatocyte.’

1.3.3 Lumasiran (approved in 2020)

Lumasiran works through RNAI in the liver resulting in cleavage and breakdown
of its target, hydroxy acid oxidase 1 (HAO1) mRNA.® Through a series of pathways,
HAOL1 leads to the production of a mutated version of the enzyme alanine glyoxylate
aminotransferase in patients with primary hyperoxaluria type 1.5 To ensure siRNA
absorption into liver hepatocytes, a GaINAc modification is used on the Lumasiran siRNA,

thus permitting drug efficacy.®

1.3.4 Inclisiran (approved in 2021)
Inclisiran produces effects through RNAI in liver hepatocytes by silencing the

expression of proprotein convertase subtilisin/kexin type 9 (PCSK9), an enzyme which



degrades hepatic low-density lipoprotein cholesterol (LDL-C) receptors.® The siRNA sense
strand is bound to the GalNAc ligand which allows hepatocytes to uptake the siRNA and
target PCSK9.%" This action promotes the expression of LDL-C receptors on the cell
surface and facilitates receptor cycling.® Lysosomal enzymes can degrade LDL-C once
bound to its receptor resulting in re-uptake into cells reducing its levels in the blood.® High
levels of LCL-C in their bloodstream can be toxic and can lead to heterozygous familial
hypercholesterolemia or clinical atherosclerotic cardiovascular disease which causes

atherosclerosis in the arteries over time.®

1.3.5 Vutrisiran (approved in 2022)

Vutrisiran works as a double stranded siRNA which targets transthyretin mRNA, a
protein created in the liver that transports vitamin A.2 Mutations in this gene result in
patients with transthyretin amyloidosis, a disease caused by large deposits of misfolded
transthyretin called amyloids located in the heart and peripheral nerves.®° Again, Vutrisiran
works in the liver, so GalNAc is ligated to the siRNA which increases uptake into
hepatocytes, where the siRNA reduces levels of transthyretin mRNA, both mutated and

wild type, consequently reducing the expression of amyloid deposits.3°

1.4 The current challenges siRNAs face for drug development

Each siRNA drug currently on the market or currently in development has a specific
chemical modification to overcome the innate challenges they face for use as therapeutics.
Although they are a useful tool to silence mutated genes that cause genetic diseases,
siRNAs have issues with toxicity, stability, tissue-specific targeting, off target effects, and
controlled-timing of activity.>3* With respect to toxicity, siRNAs are generally well

tolerated; however, in some cases they can cause an innate immune response. Previous



work demonstrating siRNAs that are approximately 23 nucleotides in length trigger an
interferon response causing cell death.® Additionally, if the sequence has a high GU
content, then it could bind to and over activate toll-like receptor 7, which has been
associated with diseases such as lupus.’® Thus, it is important to design sequences that
minimize any negative effects on their intended tissue and host by further researching the
mechanism in which an interferon response occurs and limiting the GU nucleotide content
of sequences.

To be effective as therapeutics, SIRNAs must endure throughout the body without
being degraded or metabolized by an endogenous enzyme. This is a challenge due to
extracellular siRNAs being highly susceptible to ribonucleases (RNases) which play an
important role in almost every aspect of RNA metabolism including maturation,
degradation, turnover, and quality control.}* Moreover, additional challenges that effect
stability are due to the half-life of naked siRNAs being measured from minutes to days in
serum.*?3 Even if longer-lived, targeting of specific tissues remains an issue. This stems
from the large size and overall negative charge of siRNA, which prevents them from
diffusing across cellular membranes.'® When looking at current siRNA drugs, GalNAc is
used to specifically target hepatocytes; however, not every tissue-type has such an elegant
solution at the moment. Even when GalNAc is used to enter the cell, escape from the
endosome must also be considered as very little of an SIRNA <1% is actually released into
the cytoplasm via endocytosis.” Finally, once in the cytoplasm, the siRNA remains
vulnerable to cellular RNases — and any modifications to prevent siRNA degradation must

still allow for RISC to recognize it and perform RNAI.



Even when identified properly by RISC, the RNAI pathway can cause more harm
than good through involuntary off-target effects. This is due to the suppression of important
genes other than the intended target. Studies have shown that off target-effects can occur
when an siRNA has partial (6 to 7 base pairs) nucleotide homology with an unintended
mRNA transcript leading to the suppression of the similar gene.’*® When this occurs,
undesirable mutations in gene expression can lead to dangerous side effects such as cell
death or exacerbated cell transformation.’® This may be caused by a similar
oligonucleotide gene suppression phenomenon called microRNA in which siRNAs behave
as them.™ Moreover, selection of the sense strand instead of the desired antisense strand
by RISC can lead to consequential degradation of unintended mRNA. It is only through
in vivo testing and precise modification of sSiRNA sequences that off-target silencing can
be eliminated from the gene suppression mechanism.

Finally, although stability of sSiRNAs is an issue controlling the timing of activation
is important as well as due to prolonged silencing. Each of the FDA approved siRNA
therapeutics are long lasting which in most cases is useful for us as medication; however,
there could be some instances where you may not want an siRNA to exert its effects for
this prolonged period. Therefore, there is a need to inactivate the activity of an siRNA. This
is highlighted in Zlatev et al 2018 wherein they found that GalNAc ligated siRNAs when
administered caused hepatoxic effects in mice.!® With the addition of their novel
technology REVERSIR they were able to attenuate these hepatoxic findings.

1.5 Chemical modifications made to siRNAs to increase therapeutic potential

Chemical modifications can be made to overcome the current challenges siRNAs

face as therapeutics. Different modifications have been shown to increase stability and



cellular uptake (such as GalNAC) to specific tissues.”'” Every part of the sSiRNA molecule
has been thoroughly investigated from its sugar residues, backbone, and nucleotide bases.
Each with the objective to engineer an siRNA that is not held back by negative limitations.

Currently, some of the most promising modifications come from changes to the
sugar and phosphate backbone moiety. Present alterations include changing the 2'-H to a
2'-Fluro, 2'-O-methyl, or 2’-O-methoxyethyl, all of which increase the stability of the
molecule in serum due to adopting an energetically favourable confirmation.'”°
Furthermore, it was demonstrated guanine and uracil residues that were modified with a
2'-O-Me had reduced immunostimulation and interferon response.l”*® However, to
increase resistance against nucleases, further improving stability, backbone modifications
can be used. For example, to make SsiRNAs more stable, modifications with
phosphothioate, boranophosphate, and phosphorodithioate have been developed.%” With
respect to the phosphothioate modification, stability was improved in nuclease dense
solution, while cellular uptake and silencing ability remained constant; but was toxic to
HelLa cells.!® This prompted a change to boranophosphate which increased nuclease
resistance by 10-fold while not causing any cytotoxic effects nor reducing silencing
ability.1”% In more recent years phosphorodithioate modifications have been used in which
target gene expression has been minimized and serum stability increased.!’

Finally, siRNA nucleobase modifications have been explored with a high degree of
success. Substituting a 5-fluoro-2'-deoxyuridine throughout multiple locations on an
SsiRNA molecule enhanced cytotoxicity levels in vitro by more than 10-fold, with in some
cases a 100-fold increase in toxicity.? It was reported that the thermodynamic stability was

higher in siRNAs modified with a lipophilic boron cluster, 3-N-[(1,12-dicarba-closo-



dodecacarboran-1-yl)propan-3-yl]thymidine at N3 position of the sense and anti-sense
strand which in turn raised the stability of the molecule.?? Overall, the modifications
mentioned above are just a handful of the current set with more being researched all the
time. One thing that is clear is that the type of modification, along with the motif that is
being modified, dictates how the siRNA is changed (not one or the other individually)
whether it be increased gene silencing, increased stability, reduced cytotoxicity, or which
tissue is targeted.

Currently, many of the modifications made to the siRNA structural motif have
resulted in oligonucleotides with increased silencing and stability while reducing
cytotoxicity. GaINAc ligated siRNAs prove effective in hepatocyte-specific targeting.
Research needs to be done to target other tissues, to solve the problem of off-target effects,
and more importantly, controlled timing and activity of an already deployed siRNA once
in the cell. One solution to this latter problem is to modify siRNAs with azobenzene: a
photoswitchable molecule used in biological processes to enhance modulation, effectively

turning the molecule on or off.

1.6 Azobenzene

Azobenzene has the ability to absorb and reflect UV light; due to this, azobenzene
has been used to make dyes in the past. However, the Desaulniers lab’s interest in
azobenzene is because of its ability to photo isomerize, which was first detected in 1937
by G.S Hartley.?® The structure includes a nitrile bond that connects two benzene molecules
(Figure 1.2) and it is this unique structure that allows an azobenzene molecule to switch

conformation from trans to cis state when exposed to UV light.?* Similarly — after this



conformational change by UV light —when exposed to visible light the molecule can relax,

reverting back to its trans state.?®

hv
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-———
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Figure 1.2 - Conformational change of azobenzene from trans (right) to cis (left) state
when exposed to UV light and the reverse change when exposed to visible light or heat
energy.

1.6.1 Tetrachlorinated azobenzene

Research into azobenzene has rapidly evolved over the past several years due to its
incorporation into biological systems as a rapid and dependable method of modulation.
However, the dependence of this system on UV light, causes problems in biological
systems, because UV light has poor tissue penetration, can damage DNA, and damage
DNA repair mechanisms; thus, there can be toxic side-effects.?® To overcome UV toxicity,
chemical modifications have been implemented to azobenzene molecules so that UV light
is no longer needed for a conformational change. Past iterations of this include the insertion
of four chlorine atoms at the ortho positions along the azobenzene molecule.?” When
exposed to red light, chlorinated azobenzene molecules will red-shift, transitioning from
trans to cis state.?” Irradiation with violet light allows the molecule to relax back to trans
state.?” Additionally, when chlorinated azobenzene is incorporated into the backbone of an
siRNA molecule, it retains the ability to photo isomerize.?” However, since siRNAs are

used for therapeutic purposes, the addition of chlorine may not be an ideal chemical

modification. The chlorine atoms near the nitrogen linker can destabilize the molecule due
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to the bulkiness of the atom. Moreover, chlorinated benzenes are notoriously toxic (e.g.,
dioxins, furans, and PCBs).?® Therefore, a substitution that increases molecular stability, is
safe in biological systems, and decreases the energy requirement for azobenzene excitation

should be used.

1.6.2 Tetrafluorinated azobenzene

When compared to chlorine, fluorinated azobenzene should have a larger red-shift,
meaning more wavelengths of visible light could be used to perform the conformational
switch.?62” Both chlorine and fluorine act as electron withdrawing groups through the
inductive effect weakening the pi bonded nitrogen’s; however, fluorine is smaller than
chlorine making the final structure more stable.?® Previously it has been reported that the
half-life of fluorinated cis-azobenzene is about 15 minutes at 95 °C which is substantially
longer when compared to chlorinated cis-azobenzene’s half-life, of about 1 minute.?"?
Finally, the conformational change from trans to cis state can be controlled with longer
wavelengths of visible light when compared to chlorinated azobenzene reducing the risk
of cell damage.?’?® To that end, when inserted into oligonucleotides fluorinated
azobenzene siRNAs (F-siRNAs) should overcome the off-target effects since it can be
easily switched on, with blue light, and off, with green light, therefore better regulating the
gene silencing process depicted in Figure 1.3.

1.6.3 Tetrafluorinated azobenzene functionalized siRNA

As stated above, the Desaulniers lab has had previous success using ortho-
functionalized tetrafluorinated azobenzene siRNAs to silence firefly luciferase mRNA in
HeLa cells.?® Due to the photoswitchable nature of fluorinated azobenzene the thought was

that when in the cis confirmation, which can be initiated through green light exposure, the
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SiRNA double helix would be distorted preventing RISC loading deactivating gene
silencing. Thus, when exposed to nontoxic green light at 530nm wavelength, any gene
silencing would stop in transfected cells; however, if exposed to blue light at 470nm
wavelength, gene silencing could be reactivated. Controlling the activation of gene
expression through minimal non-toxic light exposure would make F-siRNAs a beneficial
therapeutic tool being of use in clinical settings. The F-siRNAs were transfected in HeLa
cells at different concentrations and results showed after exposure to a blue light treatment
for 1 hour post transfection there was significant knockdown from control levels when
measured at 24 hours post transfection using a luciferase assay.?® Blue light treated HeLa
cells were assayed again at 48 hours and 72 hours post transfection, during the latter time
point 80% knockdown was achieved.?® The green light treated cells showed control levels
of luciferase expression at all time points suggesting an inactive siRNA state. Additional
tests exposed the cells to green light for 1 hour post transfection then after a rest period the
cells were exposed to blue light for 1 hour, suggesting the azobenzene molecular switch
can go from a cis to trans state as the results indicated through luciferase knockdown.?
To further demonstrate the ability of the molecular switch inactivating and
reactivating the siRNA, a variation of green to blue to green light exposure tests were
completed. These included a test where at time point 0 hours and 24 hours post transfection
green light was used, with a blue light treatment in between at time point 2 hours.?® At 48
hours and 72 hours luciferase activity was measured at near control levels of activity.?®
This suggests the fluorinated azobenzene switch can flip from cis to trans and then back to
cis states. One final test with an added blue light exposure at time point 26 hours post

transfection was run showing slightly lower knockdown than in the previous experiments
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but still significantly different.?® Again, this suggests the switch can flip from cis to trans
back to cis back to trans reactivating and deactivating the gene silencing mechanism

through a simple light treatment.

470 nm

Figure 1.3 - Shows the conformational change mechanism of fluorinated azobenzene
inserted into the backbone of an siRNA from trans (active) to cis (inactive) state using
green light at 530nm and then back using blue light at 470nm.

1.6.4 How F-siRNAs could work as a therapeutic drug

From the current data collected of F-siRNAs in HeLa cells, it is clear that these
antisense therapeutics could work with a photoswitch. In theory, off-target effects could be
availed by treated the target tissue/area with green light, inactivating the gene silencing
activity of the F-siRNA thus mitigating any off-target effects. However, most internal areas
of the body can not be exposed to visible light exposure without invasive probing. To that
end, the current idea to fully utilize the therapeutic potential of F-siRNA would be to target

ocular diseases. Unlike skin, the eye allows for visible light to pass through to deeper layers
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of the tissue making it a functional candidate to target, much like how GalNAc ligated
siRNAs are specific to mRNA synthesized in the liver. Furthermore, the idea of using
siRNAs for the treatment of eye disorders is not unheard of. Glaucoma is one of the leading
causes of permanent blindness around the world caused by an increase in intraocular
pressure that can be due to a variety of different neuropathies.>® Sometimes this pressure
results from a build-up of misfolded mutant proteins in the eye, other times it can be due
to Na-K-ATPase misfunctioning.®*3! As such, there have been a variety of attempts to use
SiRNA therapeutics to alleviate the symptoms of the condition. In fact, there are other
ocular diseases in which siRNAs could be a viable solution. Diseases that have been
researched in the past include wet age-related macular degeneration, diabetic retinopathy,
retinitis pigmentosa, corneal neovascularization, fibrotic eye diseases, and various
inherited retinal diseases.®®3! Overall, this previous ocular research would serve as a
blueprint for what could be a promising new approach to siRNA therapeutics in which gene

expression could be turned on and off through a simple treatment of visible light.

1.7 Japanese medaka as a in vivo model

Before any drugs can be FDA approved for public use they must first go through
extensive testing. One of the preliminary stages of siRNA drug development is in-vivo
testing for proof of concept.®? Useful species for projects such as these includes the use of
a fish embryo system. Japanese medaka (Oryzias Latipes) are a small freshwater teleost
fish that have desirable features for use as a vertebrate model.®® These attributes include
daily spawning, availability of a number of useful genetic strains, a completely sequenced
genome, and a transparent egg chorion - the latter two of which might be the most important

for this study.**** Transparency allows for the precise introduction of DNA, RNA, or
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protein solutions directly into the cytoplasm of the egg through microinjection.®

Additionally, visible light should easily penetrate the membrane, thus enabling photo-
switchable control of gene expression while also being able to observe development of the
embryo. Furthermore, knowing the entire genome allows us to create sSiRNAs with greater
confidence that they will bind to their target mRNA. Due to daily spawning, multiple
experiments can be run throughout the week allowing for a plethora of data collection while
having several useful genetically modified medaka strains allows us to pick traits that are
specific to our research goals.

The Japanese medaka strain used in this study were obtained from the National
BioResource Project [NBRP] in Japan and are a transgenic (Tg) medaka strain denoted as
d-rR-Tg(beta-actin-loxP-GFP). In this strain, expression of enhanced green fluorescent
protein (eGFP) occurs throughout the whole body after midblastula transition. We chose
this strain so that we could target the eGFP gene, as there should be no toxic effect to the
overall organism when the gene is silenced, and we can measure the amount of silencing

by reduction in fluorescence using a plate reader.

1.8 eGFP as a gene target

The current idea is that synthetic sSiRNAs targeting eGFP can be injected into the
Japanese medaka embryo, then during a later time eGFP expression will be measured and
compared to a selection of controls. Not only has GFP been used in similar silencing studies
before, but it has been used in fish, specifically rainbow trout.®® This research group was
able to show using a range of siRNAs at different concentrations, the suppression of GFP
in Tg rainbow trout was significant after microinjection into the embryo.%® Due to the

similarities between rainbow trout and Japanese medaka, the same principles of siRNA
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technology should apply allowing us to show consistent knockdown in Tg medaka.® In
fact, medaka have been the focal point of sSiRNA research before when a group used both
siRNAs and morpholinos to supress the YPEL gene, responsible for cellular proliferation
and growth.*® One final note of concern, like all proteins, eGFP has a half-life, in this case
is approximately 26 hours.®” This should be considered when measuring the final amounts

of eGFP within each Tg embryo after SiRNA are injected.

1.9 Rational and objectives

The overall objective of this research project was to photocontrol expression of
gene targets in Japanese medaka. To achieve this goal, we chemically synthesized the
fluorinated azobenzene molecule and inserted this into an sSiRNA molecule that is designed
to be complementary to gene targets within Japanese Medaka. Then we injected these
tetrafluorinated azobenzene-containing siRNAs into one-cell stage embryos and tested the
ability of visible light to penetrate and control the photo-switch in-vivo. If the eGFP gene
we have selected is silenced, this will demonstrate the first proof-of-concept in an in-vivo
vertebrate system. The research conducted throughout this project will develop a novel
SiRNA gene silencing system in Japanese medaka with the intention to flip the molecular
switch on the F-siRNAs developed by the Desaulniers group. These are an innovative
approach to solving current problems RNA gene silencing technology faces today such as,
controlling the timing in which gene silencing happens and by extension, controlling off-
target effects. Additionally, this project can answer questions surrounding the functionality

of these F-siRNAs such as:
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1) Will the photoactive light switch work in our Japanese medaka embryos?
2) How long will our siRNAs remain active?
3) Are the siRNAs capable to flip from trans to cis state and vice versa?
4) s the RISC complex functional within early embryos?
Overall, this is all for the development of potentially life enhancing medical technologies
and thus can greatly impact all our lives. This project can be broken down into two research
phases:
1. Chemical synthesis of F-siRNAzo’s:
a. Synthesizing the fluorinated azobenzene molecule.
b. Designing/finding an antisense molecule strand that silences the
eGFP.
c. Incorporating the fluorinated azobenzene into the backbone of the
antisense siRNAs using phosphoramidite chemistry.
2. Testing in-vivo, injecting the antisense molecules into one-cell stage
embryos:
a. Medaka culturing and breeding to obtain one-cell stage embryos.
b. Injection of the wt and F-siRNAs into one-cell stage embryos.
c. Demonstrate if the molecular azobenzene switch works in vivo —
detecting fluorescence changes in the embryos.
d. Injection of the scrambled wt and scrambled F-siRNAs into one-cell

stage embryos.
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Chapter 2: Methods

2.1 F-Azobenzene Synthesis

All starting materials and solvents used throughout the chemical synthesis of this
master’s thesis were obtained from either Sigma-Aldrich or TCI, unless otherwise
indicated. To dry down liquids to a concentrated form a rotary evaporator or a Gene Vac
miVac Quattro concentrator were used. Products were purified manually using flash
column chromatography with Silicycle Siliaflash P60 (230-400 mesh). A Bruker Ascend
400MHz NMR spectrophotometer was used to obtain *H NMRs recorded for 64 transients
at 400MHz 3P NMRs. To process and integrate spectra ACD labs NMR processor
Academic Edition was used. Synthesis of compound 9 was completed by Matthew

Hammill and the overall chemical schematic was designed by Kota Tsubaki

2.1.1 Synthesis of 4-bromo-2,6-difluoroaniline: Compound (2)
To a round bottom flask containing 2,6-difluoroaniline (Compound 1) (12.9 g) in 200 ml
of acetonitrile was added NBS (17.8 g) This mixture was stirred at room temperature for
24 hours and then concentrated under reduced pressure. The resulting crude product was
then extracted using water and hexanes, and the organic solution was dried over Na>SOa,
This solution was concentrated to purify the crude residue column chromatography was
used (Dichloromethane (DCM) / Hexanes = 1/ 1) resulting in 2,6-difluoro-4-
bromoaniline (compound 2) as a purple crystal powder. (19.03 g, 91%), *H NMR (400

MHz, CDCls) & 7.01 (dd, 3Juf = 5.2 Hz, J = 1.2 Hz, 2H), 3.59 (br, 2H).

2.1.2 Synthesis of 4-amino-3,5-difluorobenzonitrile: Compound (3)
To a round bottom flask containing compound 2 (1.78 g) in DMF (15ml), CuCN

(2.3 g) was added. This mixture was refluxed at 150 °C for 24 hours and then filtrated under
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pressure using a 12% aqueous solution of NH3 . The resulting filtrate was then washed
using water and ethyl acetate and the organic solution was dried over Na;SOs. During this
step an emulsion would form, to fully separate the two layers NaCl solution in excess was
used as the water layer. To purify the crude residue column chromatography was used
(DCM [ Hexanes = 1/ 1) resulting in 4-amino-3,5-difluorobenzonitrile (compound 3) as a
white solid (998 mg, 75 %). *H NMR (400 MHz, CDCl3) § 7.16 (dd, *Jur=4.0 Hz, J =

2.0 Hz, 2H), 4.29 (br, 2H)

2.1.3 Synthesis of 4-amino-3,5-difluorobenzoic acid: Compound (4)
To a round bottom flask containing compound 3 (1.78 g), a 1M NaOH aqueous solution
was added. This mixture was refluxed for 16 hours and then was quenched dropwise until
(pH =1) salts participated by the addition of a 1M solution of HCL. The crude solution was
then filtered with the remaining participate being dissolved in ethyl acetate. The resulting
filtrate was then extracted using water and ethyl acetate, and the organic solution was dried
over Na;SO4 and concentrated under reduced pressure resulting in 4-amino-3,5-
difluorobenzoic acid (compound 4) as an orange solid (932 mg, 99 %). *H NMR (400 MHz,
DMSO-ds) & 12.68 (br, 1H), 7.39 (dd, 3Jnr = 7.2 Hz, J = 2.36 Hz, 2H), 3.35 (br, 3H)

2.1.4 Synthesis of 4-amino-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-3,5-
difluorobenzamide: Compound (5)

A round bottom flask containing compound 4 (1.11 g), 2-((tert-

butyldimethylsilyl)oxy) ethanolamine (1.12 g), HOBT (81 mg) and EDC - HCI (1.22 g)

was stirred at room temperature for 24 hours in 12 ml of DMF. The mixture was then
extracted using water and ethyl acetate and dried over Na>SQOa4. To purify the crude residue

column chromatography was used (Ethyl acetate / Hexanes = 1 / 2) resulting in 4-amino-
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N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-3,5-difluorobenzamide (compound 5) as a white
solid. (1.65 g, 85 %), H NMR (400 MHz, CDCl3) & 7.29 (d, 3Jur = 2.0 Hz, 2H), 6.41 (br,
1H), 3.79 (t, J = 5.6 Hz, 2H), 3.55 (g, J = 5.2 Hz, 2H), 0.93 (s, 9H), 0.097 (s, 6H).

2.1.5 Synthesis of (E)-4,4'-(diazene-1,2-diyl)bis(N-(2-((tert-
butyldimethylsilyl)oxy)ethyl)-3,5- difluorobenzamide: Compound (6)

A round bottom flask containing compound 5 (0.12 g) in 5 ml of DCM had DBU
(0.11g, 7.2 mmol) and NCS (0.95¢g, 7.2 mmol) added after being placed in a dry ice bath at
-78 °C. The reaction solution was stirred for 20 minutes before having 15 ml of NaHCO3
added and then washed with water three times to extract any impurities. To purify the crude
solution column chromatography was used (Ethyl acetate / Hexanes = 1 / 2) resulting in
E)-4,4'-(diazene-1,2-diyl)bis(N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-3,5-
difluorobenzamide (compound 6) as an orange solid. (0.20g, 84%), *H NMR (400 MHz,
CDCl3) & 7.48 (d, 3Jur = 9.2 Hz, 4H), 6.57 (t, J = 5.2 Hz, 2H), 3.83 (t, J = 4.8 Hz, 4H),
3.61 (g, J = 5.2 Hz, 4H), 0.94 (s, 18H), 0.12 (s, 12H).

2.1.6 Synthesis of (E)-4,4'-(diazene-1,2-diyl)bis(3,5-difluoro-N-(2-
hydroxyethyl)benzamide): Compound (7)

A round bottom flask containing compound 6 (1.21 g) in 10 ml of ethanol had 10
ml of 1% HCL in ethanol added. The reaction was stirred under argon for 3 hours and then
concentrated under reduced pressure. After the molecule was washed with methanol and
an extraction using water and hexanes was done before being concentrated under reduced
pressure resulting in E)-4,4'-(diazene-1,2-diyl)bis(3,5-difluoro-N-(2-
hydroxyethyl)benzamide) (compound 7) as a reddish brown solid (0.73 g, 90%). No further

purification method was conducted on the product as it would not dissolve in a usable
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solvent for flash column chromatography and NMR showed minimal impurities. *H NMR
(400 MHz, DMSO-ds) 8.82 (t, J = 5.44 Hz, 2H), 7.84 (d, 3Jur = 10.16 Hz, 4H), 3.54 (t, J

= 6.2 Hz, 3H), 3.36 (q, J = 5.72 Hz, 2H), 3.17 (s, 2H)

2.1.7 Synthesis of (E)-N-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-4-((2,6-
difluoro-4-((2-hydroxyethyl)carbamoyl)phenyl)diazenyl)-3,5 difluorobenzamide:

Compound (8)

To a round bottom flask containing anhydrous pyridine (5 ml), compound 7 (0.20
g) was added. After the compound was fully dissolved, 4,4’-dimethoxytrityl chloride
(DMT) (0.158 g) was added, and the solution was stirred for 24 hours under argon. The
mixture was monitored by TLC (Methanol : DCM = 1/20) and then concentrated under
reduced pressure before being purified by flash column chromatography (Methanol 5% to
10% in DCM), which resulted in a dark red oil (0.341 g, 60%). *H NMR (500 MHz, CDCI3)
(E isomer) & 7.28-7.17 (m, 13H), 6.88 ((t, J = 5.3 Hz, 1H), 6.84-6.81 (m, 4H), 6.47 (t, J =
5.4 Hz, 1H), 3.87-3.84 (m, 2H), 3.77 (s, 6H), 3.66-3.61 (m, 4H), 3.41 (t, J = 5.0 Hz, 2H).

2.1.8 Synthesis of (E)-2-(4-((4-((2-(bis(4-methoxyphenyl)(phenyl)

methoxy)ethyl)carbamoyl)-2,6-difluorophenyl)diazenyl)-3,5difluorobenzamido)ethyl
(2-cyanoethyl) diisopropylphosphoramidite: Compound (9)

To a flame dried round bottom flask, compound 8 (0.22g), THF (5 ml), anhydrous
triethylamine (0.420 ml), and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (0.45
ml) were added. The reaction mixture was stirred at room temperature and monitored using
TLC until starting material was used up around 3 hours. After concentrating the mixture
by reduced pressure, the compound was purified on a silica gel column (Acetone / Ethyl

acetate / Triethylamine = 86%: 10%: 4%) resulting in compound 9 as a dark red oil (0.15
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g, 60%). *H NMR (400 MHz, CDCI3) 5 ppm 7.44- 7.30 (m, 13H), 7.18 (d, J =9.05 Hz,
2H), 6.78 - 6.87 (M, 4H), 3.78 - 3.80 (m, 6H), 3.66-3.61 (M, 4H),2.16 - 2.20 (M, 4H), 1.17

- 1.24 (m, 12H). 19F NMR (377 MHz, (CD3)2CO) & ppm -120.3 (s), -121.0 (), -121.1 (5).

2.2 RNA synthesis and purification

The standard B-cyanoethyl 2'-O-TBDMS protected phosphoramidites, reagents and
solid supports used to synthesize the Wt and F-azobenzene modified antisense strands were
purchased from ChemGenes corporation and Glen Research. The complimentary sense
strands were purchased from Integrated DNA Technologies. Strands were synthesized with
a sequence intended to target the eGFP gene shown in Table 1.3 Standard
phosphoramidites were dissolved to a concentration of 0.10 M in anhydrous acetonitrile
while synthesized azobenzene amidites were dissolved in a mixture (anhydrous acetonitrile
| THF = 75%:25%) to a concentration of 0.10 M. Phosphoramidite coupling cycle reagents
include acetic anhydride/pyridine/THF (Cap A), 16% N-methylimidazole in THF (Cap B),
0.25 M 5-ethylthio tetrazole in ACN (activator), 0.02 M iodine/pyridine/H,O/THF
(oxidation solution), and 3% trichloroacetic acid/dichloromethane. Each sequence was
synthesized on a 1.00 uM dT solid support column running for a coupling time of 999
seconds using an Applied Biosystems 394 DNA/RNA synthesizer operating at a 1.00 uM
cycle kept under argon at 55 psi. Each cycle consists of five steps: an acid catalyzed
deprotection of DMT in which a primary alcohol reacts with the 2° phosphoramidite of the
next base in the sequence. An activation step where diisopropylamine is displaced from the
phosphoramidite by reacting with ethylthiotetrazole. A coupling step due to the exposed
primary alcohol attacking the phosphoramidite linking the bases together. An oxidation

step where phosphite is converted to phosphate through water, pyridine, and iodine. The

22



cycle will then either continue coupling the next base or when fully synthesized
oligonucleotides can be cleaved from the solid support. Once each cycle was completed
the columns were detached off the synthesizer and stored at 4 °C after being placed in a
sealed tube. Using 1 ml of EMAM (methylamine 40% in H,O / methylamine 33% in
ethanol = 1:1 (Sigma-Aldrich)) oligonucleotides were cleaved from their respective
columns leaving the solution in contact with the pore glass for 1 hour. To fully deprotect
the bases the columns were left to incubate in EMAM solution overnight. The next morning
the samples were concentrated under reduced pressure and resuspended carefully in
DMSO:3HF/TEA (100 pL:125 pL). To remove the 2'-O-TDBMS protecting groups the
solution was incubated at 65 °C for 3 hours. To desalt the RNA, the strands were placed in
dry ice for 1 hour after being precipitated in ethanol and centrifuged at 4 °C for 30 minutes.
Oligonucleotides were then run through Millipore Amicon Ultra 3000 MW cellulose.
Equal concentrations of sense and antisense RNA were annealed by heating complimentary
strands to 95 °C for 2 minutes in binding buffer (75.0 mM KCI, 50.0 mM TrisHCI, 3.00

mM MgClz, pH 8.30) and allowing the solution to cool to room temperature.

Strand SiRNA sequence Target
Wit-siRNA-G1 3’-dtdt GUU CGA CUG GGA CUU CAA G-5°(s) eGFP
5’-CAA GCU GAC CCU GAA GUU Cdtdt -3’ (as)
F-siRNA-G1 3’-dtdt GUU CGA CUG GGA CUU CAA G-5°(s) eGFP
5’-CAA GCU GAC U GAA GUU Cdtdt -3’(as)
SCR-F-siRNA-G2 3’-dtdt GUA CGU CGU GAG CUU ACA G-5°(s) N/A
5’-CAU GCA GCA C GAA UGU Cdtdt -3’ (as)

Tabel 2.1 Oligonucleotide strands that were tested on transgenic Japanese Medaka
embryos expressing eGFP. WT-siRNA-G1 reflects the full unmodified sequence used to
silence eGFP while F-siRNA-G1 represents the tetrafluorinated azobenzene modified
SIRNA. SCR denotation represents a scrambled sequence used to act as a control.
*Incorporation of the azobenzene modification denoted as at site in strand.
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2.3 LC/MS characterization

LC/MS chromatograms were obtained on an Agilent 6545 QTOF-MS with Agilent
1260 Infinity Binary Pump HPLC using a ZORBAX Eclipse Plus C18 2.1x100mm 1.8-
Micron Agilent column and a mobile phase of 5 mM ammonium acetate buffer (pH
7)/acetonitrile (95:5). Sample preparation included diluting oligonucleotides to a
concentration of 0.01 O. D/puL. An injection volume of 20 puL/ sample was used. Data was

analyzed using MassHunter Workstation Qualitative Analysis Software (Qual. 10.0).

2.4 HPLC characterization

Using a Waters 1525 binary HPLC pump with a waters 2489 UV/Vis detector and
C18 4.6 mm x 150 mm reverse phase column, HPLC chromatograms were taken. Empower
3 software was for analysis of scans. An injection volume of 100 puL/ sample was used
while running the column at 5% acetonitrile in 95% 0.1 M TEAA (Triethylamine-Acetic

Acid) buffer up to 100% acetonitrile over 30 min.

2.5 Duplex characterization — Circular Dichroism experiments

CD spectra were calculated by averaging three replicates on Jasco’s Spectra
Manager version 2 software, ran on a Jasco J-815 CD equipped with a temperature
controller. Equal concentrations of sense and antisense strands were annealed in 999 pL of
CD sodium phosphate buffer (90.0 mM NaCl, 10.0 mM NazHPQOs, 1.00 MM EDTA, pH
7.00) by heating complimentary strands to 95 °C for 2 minutes and allowing the solution
to cool to room temperature. When annealed 500 pL of this solution was pipetted into a
CD cuvette and ran on the CD with a blank to measure against the baseline of the buffer.
Measurements were recorded in triplicate with duplex’s being scanned at 25 °C from 200-

500 nm at a scanning rate of 20.0 nm/min and a 0.20 nm resolution.
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2.6 Medaka maintenance and embryo rearing

Fish were housed in the Aquatic Omics lab with a maximum density of 2.3 cm of
fish length per liter of water. To ensure genetic variety between test eggs two medaka
rearing tanks were used. They were fed live brine shrimp twice daily (once in the morning,
once in the afternoon) and flakes once per day (at Noon) during the breeding period.
Currently, the Aquatic Omics lab at Ontario Tech University houses the wild type (wt) and
d-rR-Tg(beta-actin-loxP-GFP) strains that were used in this experiment purchased from
NBRP in Japan. This transgenic strain allows for the silencing of eGFP to be easily and
efficiently examined after injection with siRNAs in single cell embryos. It is important to
collect and inject the eggs during this period as it ensures proper siRNA distribution to each
rapidly dividing cell. However, before injecting, fertilized eggs must be collected. Stage 1
embryos were obtained by placing 1 male in a tank for every one 1 female and controlling
for consistent photoperiods of 14 hours of light and 10 hours of dark to simulate spring
breeding conditions for optimal production. Fish breeding typically occurs immediately
after light stimulation at 8: 00 am; however, it can occur up to two hours post onset. As
such, the fish were monitored during this time period. After observing typical courtship
behaviour which include a male sporadically chasing a female and then performing quick
circling movements beneath her. If accepted the male will wrap its anal fin at the posterior
of the female and she produces the oocytes which remain attached to her body during
fertilization. After fertilization, the embryos can remain on the mother for a varied amount
of time, approximately 24 to 48. Eggs were obtained no later than 10 minutes post
fertilization to ensure they were in the single cell stage (stage 1) for injection. A net was

used to catch the female medaka and hold her close to the surface of the water while
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retrieving the fertilized embryos. Using a 50 ml pipette and an aspirator, the eggs were
carefully and gently removed from the females’ abdomens while remaining in the water to
reduce stress. If the eggs could not be removed this way, the female was briefly taken out
of the water and the eggs were removed from her abdomen with a finger or thumb. Once
collected, the eggs were stored in a petri dish with tank water. The filaments on the embryos
were removed using tweezers. The embryos were then gently rolled over P1200 sandpaper
to remove any remaining debris and placed back into petri dish containing a mixture of
50% tank water and 50% rearing solution (methylene blue, NaCl, MgS0,, CaCl,, and KCI
dissolved in MilliQ water). Finally, to ensure the eggs remained at the one cell stage for as

long as possible, the petri dish was kept on ice until injection.

2.7 Injection of siRNAs into medaka embryo

Special needles were prepared from aluminosilicate glass capillaries (outside
diameter 1.00 mm inside diameter 0.64 mm) using a P-97 Micropipette Puller from Sutter
Instruments under these settings: Pressure = 200, Heat = 346. Pull = 30, Velocity = 120,
and Time = 44 seconds. The pulled needles were snipped at the tip under a
stereomicroscope using a razor blade. The needle was then backfilled with mineral oil and
placed on the Drummond NanoJect Il microinjector (Broomall, PA, USA). Using a
HAMILTON 10 pL needle 0.5 pL. of siRNA is placed on as fresh sheet of parafilm and
then lining the tip of the needle with the spot of liquid the Nanoinjector is filled with
injectate. It is important to perform this action slowly as any air bubbles introduced into
the injector needle may cause problems such as a loss of suction when injecting. Using a
plastic pipette all the collected embryos were placed at the north side of a glass petri dish

rolling each individual egg to the center of the dish when ready to inject. Eggs were
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manipulated using tweezers to allow the single cell of the embryo to face the injector needle
perpendicularly. Finally, carefully using the right-hand micro-adjuster, the needle was
inserted into the cell and the siRNA injected. Injection amounts were carried out at 8ng and
4ng of siRNA/ egg for WT/ F-siRNA-G1 and 8ng /egg for SCR-F-siRNA-G2. After

injections any non-viable embryos were removed to not interfere with the results.

2.8 Light activation and inactivation of photoswitchable azobenzene siRNA

2.8.1 No light exposure (Dark) experiment

Immediately after being injected with F-siRNAs, individual embryos were
transferred from a petri dish to separate wells (1 embryo per well) of a Costar 96 Well
Optical Btm PolymerBase black plate by Thermofisher Scientific using a plastic pipette.
Each well with an embryo was filled completely with embryo rearing solution. The plate
had no light exposed to it other than natural light to determine if F-siRNA-G1 would silence
as well as Wt-siRNA-G1. The eGFP of each egg was measured as stated below in section
2.9 every 24 hours for 10 days. If during this period, an embryo became non-viable the egg
was removed and the previous measurements for that well were deleted from the data set

for each of the light experiments.

2.8.2 Green light exposure (Azo Green) experiment

Immediately after being injected with F-siRNAs, individual embryos were placed
into the wells of a black 96 well plate (one embryo per well) and exposed to green
wavelength light (530 nm) using a 4.0-Watt discrete green LED wavelength 530 nm
(LEDsupply) for 1 hour to inactivate the siRNA to the cis conformer. The embryos were

approximately 14 cm away from the LED light. Due to being exposed to natural light

27



during each fluorescence reading every 24 hours post injection (hpi) the embryos were re-

exposed to the same green light.

2.8.3 Green to Blue light exposure (Azo Green/Blue @72) experiment

Immediately after being injected with F-siRNAs, individual embryos were placed
in the wells of a black 96 well plate and exposed to green wavelength light (530 nm) for 1
hour to inactivate the siRNA to the cis conformer. After each eGFP reading every 24 hpi
the embryos were re-exposed to the same green wavelength light until 72 hpi when the
embryos were then exposed to a blue light every 24 hours using a 4.0- Watt blue LED
(LEDsupply) 470 nm (+/- 5 nm) wavelength to reactivate the siRNA to the trans

conformer.

2.8.4 Blue to Green light exposure (Azo Blue/Green @72) experiment

Immediately after being injected with F-siRNAs, individual embryos were placed
in the wells of a black 96 well plate and exposed to blue wavelength light (470 nm) for 1
hour to activate the siRNA to the trans conformer. After each eGFP reading every 24 hpi
the embryos were re-exposed to the same blue wavelength light until 72 hpi when the
embryos were then exposed to a green light every 24 hours (530 nm) inactivating the

siRNA to the cis conformer.

2.9 eGFP fluorescence measurements

Measurements of fluorescence were taken using a BioTek CytationGen5 plate
reader by Agilent with expression being quantified in relative fluorescence units (RFU).
Each embryo had to be centered in a 96 well plate using a tweezer to detect optimal

fluorescence with a read height of 8.00 nm. The detection method was set to absorbance,
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read type was set to endpoint Kinetic, and optic was set on monochromators. The exposure
was kept to a minimum for each run to ensure a baseline between embryos and the specific
fluorophore used was eGFP. To eliminate autofluorescence, unmodified wild type medaka

embryos fluorescence was measured at each time point and subtracted.

2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism 10. Data is represented at
mean * s.d. Values in figures are reported as eGFP fluorescence as a % of our control
denoted as a red dotted line (noninjected embryos). A Two-way ANOVA with a Tukey’s
post hoc test was used to compare each light treatment to one another with an emphasis on
comparing them back to the control within the same time point. An additional repeated
measures Two-way ANOVA with a post hoc Tukey’s test was conducted to compare each

light treatment to the same light treatment at a different time point.
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Chapter 3: Results and Discussion

3.1 Chemical synthesis analysis

3.1.1 Analysis for 4-bromo-2,6-difluoroaniline (compound 2)

Three syntheses for reaction 1 (synthesis of 4-bromo-2,6-difluoroaniline) were
performed to ensure an adequate amount of starting material. The first attempt resulted in
a low yield (35%), as the crude product was not split into two portions when performing
column chromatography and a dry load column was not used. Due to the large amount of
crude product, a dry load allows for a higher yield of purified product to be obtained by
first binding our product to silica in a rotary evaporator and then splitting the portion in
half to run the column twice. This method led to a much higher yield (60 %), with the third

and final synthesis having the highest yield (91%).

3.1.2 Analysis for 4-amino-3,5-difluorobenzonitrile (compound 3)

The synthesis of 4-amino-3,5-difluorobenzonitrile was performed seven times due
to many attempts resulting in low yields (5 to 20 % for the first three reactions). This was
most likely due to losing a large amount of product in an emulsion that formed consistently
during the extraction step of the work up. To prevent this loss of product, a number of
strategies were implemented. First, a large volume of water and ethyl acetate was used
during the extraction step, approximately 500 ml of each. This led to a smaller emulsion
forming and thus the reaction work up was easier to perform. The second technique
implemented was to use a concentrated NaCl water solution during the extraction which,
when done with the first preventive measure, led to almost no emulsion forming. Another

problem leading to a low yield was that the purified material coming from the column was
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a clear and colourless solution. However, when using a UV flashlight, the molecule could

be tracked throughout the column to observe when the product was eluting

3.1.3 Analysis for 4-amino-3,5-difluorobenzoic acid (compound 4)

The synthesis of 4-amino-3,5-difluorobenzoic acid was fairly straight forward and
was performed five times to have a large stockpile of compound 4. Each reaction led to a
yield above 80% most likely due to there being no final purification step after precipitation
of the product from high acidic conditions.

3.1.4 Analysis for 4-amino-N-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-3,5-

difluorobenzamide (compound 5)

The synthesis of 4-amino-N-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-3,5-
difluorobenzamide was performed two times. The first attempt had a low yield due to
overloading the thick viscous crude product in the column. When separating the crude
product into two equal portions, the column became much more manageable, and the yield
increased significantly from 43% to 85%.

3.15 Analysis for (E)-4,4'-(diazene-1,2-diyl) bis(N-(2-(tert-

butyldimethylsilyl)oxy)ethyl)-3,5-difluorobenzamide (compound 6)
The synthesis of (E)-4,4'-(diazene-1,2-diyl) bis(N-(2-(tert-

butyldimethylsilyl)oxy)ethyl)-3,5-difluorobenzamide was performed three times. A
challenge encountered during the second reaction attempt was the formation of a precipitate
when loading the column. This precipitate blocked the flow of air throughout the column,
thus slowing down product elution. Additionally, due to having a trans and cis form, it is
possible to get two separate product spots with slightly different Rf values, as each

conformer has a different polarity.
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3.1.6 Analysis for (E)-4,4'-(diazene-1,2-diyl)  bis(3,5-difluoro-N-(2-
hydroxyethyl)benzamide (compound 7)
The synthesis of (E)-4,4'-(diazene-1,2-diyl) bis(3,5-difluoro-N-(2-

hydroxyethyl)benzamide was performed once at a large scale. The deprotection of the TBS
group did not require any further purification after extracting out unreacted starting
material and OH-TBS. Due to this, unlike the prior reactions, this reaction needed to be
conducted under argon gas to ensure no impurities formed.
3.1.7 Analysis for (E)-N-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-4-
((2,6-difluoro-4-((2-hydroxyethyl)carbamoyl)phenyl)diazenyl)-3,5

difluorobenzamide (compound 8)
The synthesis of compound 8 was performed five times due to obtaining

low yields in the first three attempts. The low yield most likely occurred due to the DMT
group becoming unstable and leaving the desired product on the acidic silica column. Like
reaction five (3.1.5), precipitates would sometimes form when loading the column, slowing
down the purification and allowing for the degradation of the desired product. To
counteract this, the percentage of methanol used was increased from 5 % to 10 %.
3.1.8 Analysis for E)-2-(4-((4-((2-(bis(4-methoxyphenyl)(phenyl) methoxy)
ethyl)carbamoyl)-2,6-difluorophenyl)diazenyl) 3,5difluorobenzamido) ethyl

(2-cyanoethyl) diisopropylphosphoramidite (compound 9)
The synthesis of compound 9 was performed four times with only one successful

attempt. There are a variety of challenges to overcome when completing a phosphoramidite
reaction such as making sure there is absolutely no water in the reaction and performing
the purification step quickly. One water molecule can disrupt the entire reaction and the
phosphoramidite is very sensitive so the column must be performed quickly. The first three

attempts showed no 3!P peak in the NMR spectra indicating the reaction did not occur.
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3.2 Fluorescence variation of treatments over time
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Figure 3.1 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1
and Wt-siRNA-g1 at 4 ng in Japanese medaka embryos 24 - 240 hpi. Azo Green
corresponds to the siRNA being exposed to green 530 nm wavelength light at 0 hpi every
24 hours (n=3). Azo Green/Blue (G/B) @72 h corresponds to exposing the eggs at 0, 24
and 48 hpi to green light; however, at 72 hpi the eggs were exposed to 470 nm blue
wavelength light every 24 hours (n=5). Azo Blue/Green (B/G) @72 h corresponds to the
eggs being exposed to blue light at 0, 24 and 48 hpi; however, at 72 hpi the eggs were
exposed to green light every 24 hours (n=8). Azo Dark corresponds to embryos being
injected with F-siRNA and kept in the dark (n=6). Wt corresponds to embryos being
injected with Wt-siRNA (n=9).

There was no statistically significant variance in fluorescence of the GLT embryos
(Azo Green) (Repeated measures Two-way ANOVA, Tukey’s test, P <0.05) which
concurs with the trend of the bars between the 24 to 240-hour time period. This strongly
supports that the azobenzene molecular switch was in the off position after the green light
exposure and thus minimal siRNA activity was occurring. Notably, when compared to the
control data, the GLT embryos have slightly lower fluorescence suggesting not all the F-

SiRNA remain in the cis off position.

The trend of the green light to blue light experiment in figure 3.1, (Azo G/B @72),
implies a photo-switch did occur as after the 72 hpi time point a drop in fluorescence is

shown at 96 hpi. However, the results of the Two-way ANOVA indicate no significant
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drop between these data points; but there is a significant drop in fluorescence between 72
hpi and 120 hpi in the green to blue light experiment with 4 ng of F-siRNA. This
demonstrates that sSiRNA gene silencing is activated by blue light exposure, though it
required 48 hours for the eGFP silencing to cause a statistically significant and observable
effect. This is further reinforced by the results from the 8 ng injections, for which there was
a similar statistical result after 48 hours (Figure 3.2). One explanation for differences in
fluorescence between 72 hpi to 96 hpi from both the 4 ng and 8 ng injections may be due
to the actual life cycle of the embryo. Between this time period the embryo goes from stage
29 to stage 32 with significant growth development occurring within each.3**° For
example, throughout this 24-hour period the sinus venosus, atrium, ventricle, and bulbus
arteriosus all become differentiated allowing blood to start circulating the body while the
brain and liver become pronounced enough to be identified.3® Additionally, the tail
elongates due to muscle development to prepare for hatching.®*3° Due to the considerable
growth and development of the embryo during this stage a substantial increase in eGFP
expression should also occur as these Tg medaka are designed to produce eGFP with organ
development. Therefore, this substantial increase in eGFP production compounded with
the fact that RNAI takes time to activate, may be the reason why a significant decrease in
fluorescence occurs after 120 hpi and why the effect lasts longer with the larger injection
mass®. After this period fluorescence steadily returns to baseline indicating the F-siRNA

may be entirely used up or destroyed through enzymatic degradation.

When evaluating the blue to green light treated eggs (Azo B/G @72) there is a clear
silencing effect during the first 72 hpi (similar to the Azo dark experiment). The green light

was introduced at the 72 hpi timepoint, and the fluorescence significantly increased 48
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hours afterward (Two-way ANOVA, Tukey’s test, P <0.05). Like the previous experiment
this suggests 48 hours after a change in light treatment a significant difference in

fluorescence can be seen which indicates a photoswitch occurred turning the F-siRNA off.

We observed a steady decline in fluorescence in the Azo Dark experiment until the
120 hpi time point after which fluorescence starts to progressively increase. This was
supported by the results of the ANOVA analysis, with a significant decrease in expression
from 48 hpi to 72 hpi (Two-way ANOVA, Tukey’s test, P < 0.05). Fluorescence then
marginally (but not significantly) increased from 72 hpi to 96 hpi (most likely due to the
proposed reason above). After this, there is a significant increase in fluorescence from 120
hpi to 144 hpi, suggesting the siRNA has been used completely or has been degraded by a
nuclease enzyme. The trends associated with this experiment closely resemble the Wt
SiRNA data, however the Wt siRNA was slightly more effective at silencing, which is to
be expected as the F-azobenzene modifications has been shown to slightly decrease
silencing potential.?° In general, these observations are consistent with previous data when

measuring luciferase in an in vitro cell line.
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Figure 3.2 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1
and Wt-siRNA-g1 at 8 ng in Japanese medaka embryos 24 - 240 hpi. Azo Green
corresponds to the siRNA being exposed to green 530 nm wavelength light at O hpi every
24 hours (n=5). Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi to green
light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light every 24
hours (n=7). Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0, 24
and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours (n=8).
Azo Dark corresponds to embryos being injected with F-siRNA kept in the dark (n=7). Wt
corresponds to embryos being injected with Wt-siRNA (n=12).

Again, there was no statistical variance in GLT embryos between the 24 to 240-
hour time period for the 8 ng injected embryos. This observation suggests that the
azobenzene molecular switch was in the off position due to green light exposure for the
duration of this experiment, and thus minimal siRNA activity occurred. Like the 4 ng
injections, the GLT embryos have slightly lower fluorescence compared to the control

eggs, suggesting not all the F-siRNA remain in the cis off position.

Similarly, to the 4 ng experiments, the Azo G/B @72, indicates a photo-switch did
occur after the 72 hpi time point, which was observed as a mild drop in fluorescence at 96
hpi, and then a significant drop in fluorescence after 120 hpi, which demonstrates how the
molecular switch can be turned on and off again through blue light and green light
respectively, although observable effects take time. After 120 hpi, fluorescence starts to

steadily increase, which is in agreement with our other findings.
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When evaluating the 8 ng Azo B/G @72 injected eggs it is clear that there is a
silencing effect during the first 72 hpi, until which point the embryos were exposed to green
light, and then fluorescence significantly increases 24 hours later at 96 hpi (Figure 3.2). In
contrast, a 48-hour period was needed to significantly increase eGFP fluorescence in the
embryos injected with 4 ng F-siRNA. This was in opposition to the hypothesized effect,
where a higher dose would cause greater silencing, and thus when the F-siRNA is switched
off at the 72-hour mark, a lower increase in fluorescence. This could be an indication that
RISC loading had reached its limit around 4 ng of siRNA in the medaka embryos and thus

an 8 ng dose was in excess.*°

In the 8 ng Azo Dark experiment, there was a statistically significant decline in
fluorescence until the 120 hpi time point, after which fluorescence progressively increased
(Two-way ANOVA, Tukey’s test, P <0.05). This was likely due to the siRNA being
completely consumed or degraded by an enzyme. The observations from this experiment
closely resemble the Wt siRNA data, however with Wt siRNA having better silencing. This

is an expected result observed in our previous F-siRNA data in HeLa cells.?®
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3.3 Fluorescence variation between treatments
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Figure 3.3 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1 (4ng and 8ng), and SCR-F-siRNA-g2 (8ng) in Japanese medaka embryos at
24 hpi. Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength
light at 0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and
48 hpi to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength
light. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0, 24 and 48
hpi; however, at 72 hpi the eggs were exposed to green light. Azo Dark corresponds to
embryos being injected with F-siRNA and exposed to natural light. Wt corresponds to
embryos being injected with Wt-siRNA. The numbers on the bars denote the sample size.
(n value)

As expected, the SCR-CRTL (SCR-F-siRNA-g2) data were nearly equivalent to
the control levels of eGFP expression at 24 hpi (Two-way ANOVA, Tukey’s test, P
< 0.05). In accordance with this result both the 4 and 8 ng GLT (Azo Green) eggs show no
knockdown at this time point. For both the 4 and 8 ng injections there was no statistical
difference in fluorescence from green to blue light treated (Azo G/B @72 h) eggs when
compared to the control, which makes sense as at this time point, they are exactly the same
as GLT eggs. Notably, although there is a downward dose-dependent trend for the BLT
embryos there is no significant decrease which also occurred in the Azo Dark treatment
eggs. Finally, the positive control Wt siRNA caused significant dose-dependent silencing

at this time point when compared to the control.
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Figure 3.4 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 48 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

As expected, each of SCR-control siRNA-treated embryos had the same levels of
eGFP expression at 48 hpi as the control (Two-way ANOVA, Tukey’s test, P < 0.05). Both
concentrations showed no knockdown for Azo green, Azo G/B @72h and Azo B/G @72h
treated eggs. Both concentrations of F-siRNA exposed to no light (Azo dark) depict
decreasing fluorescence however only the 8 ng showed a significant decrease from the
control, which may indicate dose-dependence at the 48-hour time point. In contrast, both
concentrations of Wt siRNA produced a significant drop in eGFP expression with the 4 ng

injected eggs showing a slight increase in silencing.
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Figure 3.5 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 72 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

Comparing the fluorescence measurements from the scramble controls, green light
(Azo green), and green to BLT (Azo G/B @72h) embryos at 72 hpi, no knockdown
occurred when compared to the control. When comparing the blue light to GLT (Azo B/G
@ 72h) eggs there was significant eGFP silencing for both the 4 and 8 ng injections, which
makes sense as these were only exposed to blue light at this timepoint (Two-way ANOVA,
Tukey’s test, P < 0.05). There was no statistical difference when comparing these embryos
to no light (Azo Dark) F-siRNA fluorescence for both concentrations. There was a
significant difference between the fluorescence of Azo B/G, Azo dark and Wt embryos
when individually compared to Azo green embryos, further reinforcing that the activated
F-siRNAs silenced eGFP expression. This clearly demonstrates that the blue light

treatment caused silencing while the green light treatment removed the effect of silencing.
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Figure 3.6 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 96 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

All scramble controls along with both concentrations of GLT eggs had no drop in
fluorescence when compared to the control at 96 hpi. After being exposed to blue light 24
hours prior, the Azo G/B @72h had a decrease in fluorescence and showed a significant
difference in fluorescence from the control. However, the effect was not affected by dose,
as the 8 ng injected embryos were marginally higher than the 4 ng ones. After being
exposed to green light 24 hours prior (Azo B/G @72h), an increase in fluorescence was
observed for both injection amounts with each concentration being statistically similar to
the control (Two-way ANOVA, Tukey’s test, P < 0.05). Both the Azo Dark and Wt siRNA
embryos had a significant decrease in fluorescence compared to the control, indicating

silencing was still in effect.
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Figure 3.7 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 120 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

At time point 120 hpi, the SCR controls and GLT eggs showed no fluorescence
silencing. However, fluorescence silencing remained in Azo G/B treated embryos at both
concentrations when compared to the control (Two-way ANOVA, Tukey’s test, P < 0.05).
This indicates that F-siRNA gene suppression was activated after exposure to blue light at
72 hpi. Further evidence of the switch working is the fact that there is a difference in
fluorescence when comparing GLT to Azo G/B eggs. Both concentrations of Azo B/G had
no statistical difference in fluorescence compared to the control. This also supports the fact
that the F-siRNA can be turned off in vivo with green light. This is further strengthened by
the fact that when compared to the GLT data, there is no statistical difference; but when
compared to the Azo Dark embryos there is. Finally, when assessing the fluorescence of

Azo G/B compared to Azo B/G there is a variation, where the G/B fluorescence was lower.
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Figure 3.8 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 144 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

At time point 144 hpi the SCR controls and GLT eggs show no fluorescence
silencing. Additionally, the G/B treatment data shows an increase in fluorescence from the
120 hpi graph; however, they are still significantly different from the control (Two-way
ANOVA, Tukey’s test, P < 0.05). This implies the F-siRNA has either been depleted or
degraded while the embryos start expressing control levels of eGFP. Another indication
that this is the case is that G/B and B/G are not statistically different from one another thus
suggesting even after being exposed to blue light silencing is no longer occurring. To
further back this claim when comparing just B/G to the control they are statistically similar.
Both Azo dark and Wt embryos have less fluorescence when compared to the control,

however, they have increased from the 120 hpi time point.
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Figure 3.9 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 168 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

Statistical analysis of the SCR control data shows that each of treated embryos
continues to show control levels of eGFP expression after 168 hours. In accordance with
this result both the 4 and 8 ng GLT eggs show no knockdown at this time point which
concurs with the previous statistical test in which no silencing occurred across each time
point. For each of the 4 ng injected embryos all statistical analysis demonstrates control
levels of expression except for the Wt treatment. This makes sense as the Wt-siRNA has
consistently shown the greatest knockdown effect. For the 8 ng injected embryos G/B, Azo
Dark and Wt still remain different from control levels of fluorescence (Two-way ANOVA,

Tukey’s test, P < 0.05)
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Figure 3.10 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 192 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)

By the 192 hpi time point, only the 8 ng Wt RNA treated embryos remain
statistically different from control levels of fluorescence. This is likely because each F-
SiRNA has either been degraded or consumed. At the 216 hpi time point, (Figure 3.11)
each treatment is not significantly different to the control and to each other (Two-way
ANOVA, Tukey’s test, P < 0.05). At the 240 hpi time point, (Figure 3.12) each treatment
is significantly no different to not only the control but also to each other (Two-way

ANOVA, Tukey’s test, P < 0.05).
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Figure 3.11 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 216 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars denote
the sample size. (n value)
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Figure 3.12 — Normalized enhanced green fluorescent protein expression for F-siRNA-g1,
Wt-siRNA-g1, and SCR-F-siRNA-g2 at 4 and 8 ng in Japanese medaka embryos 240 hpi.
Azo Green corresponds to the siRNA being exposed to green 530 nm wavelength light at
0 hpi every 24 hours. Azo G/B @72 h corresponds exposing the eggs at 0, 24 and 48 hpi
to green light; however, at 72 hpi the eggs were exposed to 470 nm blue wavelength light
every 24 hours. Azo B/G @72 h corresponds to the eggs being exposed to blue light at 0,
24 and 48 hpi; however, at 72 hpi the eggs were exposed to green light every 24 hours. Azo
Dark corresponds to embryos being injected with F-siRNA and exposed to natural light.
Wt corresponds to embryos being injected with Wt-siRNA. The numbers on the bars
denote the sample size. (n value)

3.4 Silencing ability of F-siRNAs compared to control levels

The embryo images (Figure 3.13), taken using the Cytation5 plate reader, show a
clear difference in green pigmentation (representing the expression of eGFP) when
comparing the control embryos to the 8 ng injected embryos at 48 hpi to 168 hpi. Overall,
this is the anticipated result, especially when looking at the statistical and graphical data. It
should be noted that even though the 4 ng injections show a drop when measuring
fluorescence, there was no difference in the physical image when compared to control

embryos. (Data not shown)
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Figure 3.13 — A) Images of control Japanese Medaka embryos vs B) embryos injected with
8ng of F-siRNA-G1 kept in the dark (Azo Dark right) from 24 to 240 hpi.

The purpose of the Azo dark experiment had two goals. First to demonstrate that
our F-siRNAs could silence eGFP in Tg Japanese medaka embryos. Second, if they could
act as effective gene suppressors how comparable would this be to Wt naked siRNA. From
the data collected it appears that the first goal was a success and F-siRNAs when kept under
natural light can act to supress genes in-vivo. This is a step beyond our previous work which
had only shown silencing in HeLa cells.?® Furthermore, as previously shown F-siRNAs

silence eGFP somewhat less effectively than Wt siRNA, but still with high potency.
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3.5 Inactivation of F-siRNA from green light treatment

Figure 3.14 — A) Images of Japanese Medaka embryos injected with 8ng of F-siRNA-G1
held under green light (Azo Green) vs B) dark conditions (Azo Dark) from 24 to 240 hpi.

The images above (in Figure 3.14) show a clear disruption in eGFP fluorescence
between embryos exposed to green light and no light on the left and right respectively
around 72 hpi, when it is clear to see the embryo on the right has a less vibrant green colour
which continues until 168 hpi. This not only highlights the silencing effect of embryos left
in the dark, but also demonstrates the ability of the F-siRNA to be switched off in real time,
in vivo. These results are a clear indication that the F-siRNA when exposed to green light

remains in the cis position (Figure 3.14). This supports our previous work on F-siRNAS in
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which they deactivated the silencing ability for up to 72 hours in HeLa cells through a 1-
hour exposure to green light post transfection.?® Unlike the prior experiments, our current
model had to be re-exposed to green light after every fluorescence measurement because
they were exposed to natural light when placed in the plate reader. This is still an
improvement over the use of UV light with non-F-azobenzene, as visible light remains
nontoxic to cells and our mammalian tissues. A future experiment could be conducted in
which we expose our embryos to green light at 0 hpi for 1 hour and then keep them in
complete darkness for a 72-hour period, and then measure fluorescence in order to
demonstrate that the F-siRNA will remain in the off-form multiple days after injection, and
the stability of the cis conformer in our in-vivo fish embryo model. This may come with
additional challenges, however, as the embryo rearing solution must be changed daily to
ensure the viability of the eggs and thus medium exchange would have to be completed in

complete darkness.?"3

Regardless, exposure to 1 hour of green light immediately post injection has
demonstrated the F-siRNA does not cause gene silencing for at least 24 hpi by remaining
in the cis conformer. This inactivation demonstrates control levels of eGFP fluorescence
which is what to expect when looking for a poor silencing profile.?° Based on our previous
work this is the intended result. Maintaining the inactive form of the F-siRNA for 24 hours
with nominal exposure would make for a good therapeutic medication as more time in the

cis conformer would help to control off-target effects.
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3.6 Reactivation of F-siRNA with a green to blue light treatment

Figure 3.15 - A) Images of control Japanese Medaka embryos vs B) embryos injected with
8ng of F-siRNA-G1 held under green light for 1 hour at 0 hpi, 24 hpi, and 48 hpi then at
72 hpi held under blue light every 24 until the 240 hpi time point. (Azo G/B @72)

To ensure the F-siRNA can be reactivated from the inactive cis state, the embryos
were given a blue light treatment after confirming siRNA inactivation. Figure 3.15 clearly
indicates where the green colour of the medaka becomes muted when compared to the
control at 120 and 144 hpi. This is different from what occurred with our previous work in
HeLa Cells where strong silencing was demonstrated 24 hours after flipping the

azobenzene switch.?® Both the graphical and visual data seem to emphasize that it takes at
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least 48 hours post blue light activation for the results to be fully realized in a living
embryo. This may be due to the nature of the embryo’s growth period during the 72 to 96
hpf, and the additional complexity of a multi-cellular tissue-differentiated organism as
compared to a monoculture of identical cells, as suggested earlier. The massive

development could result in increased eGFP production skewing the results.?

Another important finding in the present study is that the F-siRNA can remain in
the inactive cis state for at least 24 hours before being photochemically reversed to the
active trans conformer. This result supports what was previously found in HelLa cells;
however, being able to control gene silencing in-vivo is a new and novel development.?®
This is important as we had some uncertainty that the visible light would bypass the medaka
chorion effectively enough to turn the F-siRNA on or off at the 72-hour time point. As
well, as the medaka matures in the embryo, they develop many distinct cell types for
protection including stratified epithelial cells, fibroblasts, melanophores, mast cells, and
Merkel cells.*4? However, a study in 2020 determined that when exposed to large amounts
of high intensity visible light for prolonged periods of time medaka embryos sustain
minimal damage from oxidative stress.*? Along with the data from the present study, this
suggests our F-siRNA was hit with at least a small amount of visible light photons needed
to reactivate gene silencing, and therefore bypassed some of the protective layers that

incase the embryo.

Overall, the present study clearly demonstrates that reversible gene silencing can
be achieved after exposure to green light through blue light. Unlike our previous work in
HeLa cells, the F-siRNA cannot reach the silencing levels of the Azo Dark experiment.?®

However, this may be accounted for as the RNAI system in zebrafish fish has been shown
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to be less effective due to an Ago-2 mutation resulting in impaired mRNA catalyzation.*® It
is possible this mutation is carried over to other teleost fish; however, this impairment may
not be present in medaka at all. Instead, another explanation may simply be due to the half-
life of the eGFP being 26 hours and the long duration of the experiment compounded with

the fact that this is a novel silencing mechanism in a complex multicellular organism.*’
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3.7 Deactivation of F-siRNA with a blue to green light treatment

Figure 3.16 — A) Images of Azo Dark embryos vs B) embryos injected with 8ng of F-
SIRNA-G1 held under blue light for 1 hour at 0 hpi, 24 hpi, and 48 hpi then at 72 hpi held
under green light every 24 until the 240 hpi time point. (Azo B/G @72)

To ensure the F-siRNA can be deactivated after being switched on through
exposure to blue light, the embryos were given a green light treatment for 1 hour after
confirming siRNA inactivation, which is evident in Figure 3.16 where the eGFP does not
decrease after 72 hpi when compared to our Azo Dark experiment where silencing took
place. This is the expected result as it was our intention to stop the silencing capabilities of

the F-siRNA after showing gene suppression. Overall, this is important as it demonstrates
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the reversibility from the active to the inactive state for F-siRNAs in our fish embryos. This
is a similar result to what we have reported earlier in HeLa cells; however, previously we
never started with a blue light exposure.?® This additional blue light exposure to start is
significant as it demonstrates two new concepts. First, the F-siRNA can be exposed in vivo
to blue light so that it is in the active state, and then it can still be switched back to the
inactive state with green light, in vivo, which has never before been done. Instead, in earlier
experiments green light would be used first and then blue light would be used. The reason
for starting with blue light in our fish model system, as opposed to starting with green, and
then to blue, and back to green, was due to the fact that we thought it may take time for the
results to be fully realized. Notably, the inactivation of the F-siRNA (Azo B/G @72)
showed quicker significant results, after 24 hours, than reactivating the F-siRNA (Azo G/B
@72), after 48 hours. Due to the trans state being the more thermodynamically favourable
state it was assumed the opposite should be the case. The second novel development is that
this experiment was now conducted using fish embryos, a more complex system than HeLa
cells.?® This is consequential as it shows that the photochemical switch can be activated in
vertebrates, which makes this F-SiRNA study more relevant to humans.** As the end goal
of F-siRNAs is to potentially have them work as gene silencing therapeutics it is important

to demonstrate this reversibility in complex living tissues.
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3.8 Scramble control

Figure 3.17 — A) Images of control Japanese Medaka embryos vs B) embryos injected with
8ng of SCR-F-siRNA-G2 h eld in the dark.

The scramble controls were used as a negative control to show injection of F-siRNA
does not cause silencing through any unknown mechanism. Each time a scramble control
was injected into the embryos they were subjected to the same light experiments as the F-
SIRNA injected embryos. Figure 3.17 above demonstrates that the scramble control
embryos given the Azo Dark treatment expressed control levels of fluorescence; and this

was the case for all other treatments (data not shown).
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3.9 Photoswitch mechanism

The current mechanism for this system is still unknown at the moment; however,
we have two hypothesized mechanisms. The first, and more likely, mechanism is that when
loaded into RISC the enzyme complex is disrupted as the F-siRNA distorts creating a bulge
when in the cis conformer. Thus, F-siRNA annealing to its target mMRNA is inhibited
leading to a downregulation in silencing activity. When exposed to blue light the F-siRNA
reforms to its natural conformation within the RISC complex allowing for mMRNA base
pairing and silencing to occur. This allows for true reversibility of the F-siRNA as the light-
switching F-azobenzene modification is placed on the antisense strand and thus is retained

in the RISC complex after the sense strand is discarded.

The second mechanism would occur outside of the RISC complex wherein the F-
SiRNA cannot be picked up by RISC when in the cis state and only once reverted to the
trans state can it be loading into RISC. Once complexed the F-siRNA may not be able to
revert from one state to another. This is still a plausible mechanism as we have previously
before shown the azobenzene inactivation of gene silencing works when the moiety is on
the sense strand.*® After transfection only about 4% of active siRNA is immediately bound
into the RISC complex, as such, it is possible the system prevents uptake of the remaining

unbound siRNA into RISC.%

One thing of note is the long-lasting effects of the sSIRNA despite there being no
modifications to stabilize the sSiRNA. Not much is known about the production of RNases
in the early medaka embryo and as such it is possible these RNA degrading enzymes are
sparce during early embryonic development. To test this theory a western blot targeting

nucleases’ can be conducted every 24 hpf going to 144 hpf. From the silencing data we
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obtained our hypothesis would be as time goes on an increase in nuclease presence should

appear, with minimal accumulation at 24 hpf and potentially around 120 hpf a saturation.

Chapter 4: Conclusion and Future work

4.1 Conclusions

The present study explored as proof of concept, the photochemical control of F-
SIRNA activity in live Tg Japanese medaka embryos by using only visible light. To do this
a variety of light experiments were implemented, including: a full green light exposure to
demonstrate how the F-siRNA remains inactive when exposed to 530 nm wavelength light;
a green light to blue light experiment where the siRNA was inactivated and then exposed
to 470 nm blue wavelength light re-activate silencing; and finally, the reverse of was
carried out (blue to green light) to show how the F-siRNA can be deactivated from the
active state. This represents a significant advancement upon our previous systems wherein
the need for UV light has been eliminated, the half-life of the inactive cis conformer is
longer, and the tunable control of gene silencing has been demonstrated in a live embryo.
To our knowledge, this is the first time an siRNA with an azobenzene moiety has been used
to reversibly control gene silencing in a fish embryo system. This is a dramatic step forward
by showing the physiological relevance of our novel F-siRNA in a complex, multicellular
system. Overall, this is one step closer to being able to one day use these modified
azobenzene siRNAs for therapeutic use, helping to counteract any off-target effects current
oligonucleotide medications may cause. Moreover, SiRNA toxicity may also be
diminished due to the cis form being stable for up to 24 hour which when inactive should
not affect other biological functions. In fact, treatments could be conducted at home as all

that is required to photoswitch is minimal light exposure after injection. In conclusion, this
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technology has the potential to be revolutionary in gene therapeutics for both quality-of-

life improvements of treatment and eliminating current siRNA challenges.

4.2 Future work

The light experiment tests conducted in this study were designed to demonstrate
the robustness of the F-siRNA to activate and deactivate gene silencing in living organisms.
To further expand upon these, ON/OFF cycling tests could be conducted in which the
embryos are first exposed to green light at time O hpi, then blue light at 24 hpi, and finally
green light again at 72 hpi. The fluorescent measurements taken at 96 hpi should show
minimal eGFP silencing, which would further demonstrate the reversibility of our F-
SiRNA. This experiment could be taken further by adding in a final blue light treatment
which may show silencing again. However, it is suspected, due to the nature of naked
SiRNA being degraded quickly, that past the 72 hpi time point a photoswitch will not
work.*” This experiment can then be reconducted in reverse. At time 0 hpi blue light would
be exposed to the embryos, then at 16 hpi green light, then finally at 24 hpi blue light again.
The eGFP fluorescence measurement should be taken around 72 hpi to gage if silencing is
occurring due to the 48-hour time period it took to see silencing in our study. Moreover, to
further demonstrate the results of this study RT-gPCR analysis can be conducted on the

eggs to show silencing of the F-siRNA.

Moving on from medaka it may be useful to test this system in other organisms,
such as rainbow trout. In fact, the first effective sSiRNA knockdown system conducted in
fish was done using rainbow trout to silence GFP. Due to the larger size of the fish, it may
be possible to test the F-siRNA in just the eyes, demonstrating proof of concept for our

future ocular therapeutic. This could entail purchasing a rainbow trout that express eGFP
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in the eyes and then administering the F-siRNA in a safe and effective manner such that it
could silence our intended target. Visible blue or green light can be safely exposed to the
eye and then at a later time expression of the target gene can be measured through RT-

gPCR or perhaps even fluorescence readings if possible.
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APPENDICES

Al. 'H NMR spectra
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Al.1. 'H NMR Spectrum 4-bromo-2,6-difluoroaniline Compound (2) in CDCL3 at 400
MHz.
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Al1.2. 'H NMR Spectrum 4-amino-3,5-difluorobenzonitrile Compound (3) in CDCL; at
400 MHz.
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A1.3. 'H NMR Spectrum 4-amino-3,5-difluorobenzoic acid Compound (4) in DMSO-ds
at 400 MHz.
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Al4. 'H NMR Spectrum 4-amino-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-3,5-
difluorobenzamide Compound (5) in CDCL3at 400 MHz.
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Al5. H NMR Spectrum (E)-4,4'-(diazene-1,2-diyl)bis(N-(2-((tert-
butyldimethylsilyl)oxy)ethyl)-3,5- difluorobenzamide (Compound (6) in CDCL3z at 400
MHz.
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Al6. 'H NMR Spectrum (E)-4,4'-(diazene-1,2-diyl)bis(3,5-difluoro-N-(2-
hydroxyethyl)benzamide) Compound (7) in DMSO-ds at 400 MHz.
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AL7. 'H NMR Spectrum (E)-N-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-4-
((2,6-difluoro-4-((2-hydroxyethyl)carbamoyl)phenyl)diazenyl)-3,5difluorobenzamide
Compound (8) in CDCL3zat 400 MHz.

A18. M NMR  Spectrum  (E)-2-(4-((4-((2-(bis(4-methoxyphenyl)(phenyl)
methoxy)ethyl)carbamoyl)-2,6-difluorophenyl)diazenyl)-3,5difluorobenzamido)ethyl
(2-cyanoethyl) diisopropylphosphoramidite Compound (9) in CDCL3z at 400 MHz.
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A2. CD spectra
F-siRNA-G1 and SCR-F-siRNA-G2
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A2.1 CD spectra of azobenzene modified spacers replacing two nucleobases targeting
eGFP mRNAs. All scans were performed in triplicate and averaged using Jasco’s Spectra

Manager version.
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A3. HPLC
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A3.1. HPLC chromatogram for the antisense strand of F-siRNA-G1 in the trans conformer
(blue) and the cis conformer (green). To ensure the strand was in the trans conformer the
experiment was conducted in the dark with only 470nm blue light being exposed to the F-

SiRNA strand. This was repeated for the cis conformer using 530nm green light.
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A4. LC/MS Spectra
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A4.1. LC/MS chromatogram for the antisense strand of F-siRNA-GL1 in the trans
conformer.
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A4.2. LC/MS chromatogram for the antisense strand of SCR-F-siRNA-G2 in the trans
conformer.
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