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Impact of oligonucleotide chemistry and silencing mechanism on applications in gene

silencing and genome editing

Hannah Michelle Pendergraff

Endogenous gene regulation is an essential tool for the survival of all organisms. In recent years,
scientists have gained valuable mechanistic insight into these endogenous gene regulation
pathways. Using synthetic oligonucleotides (chemically modified DNA or RNA), we have been

able to tap into these pathways and manipulate gene expression.

The development of techniques such as solid phase synthesis have enabled researchers to make
custom-made oligonucleotides quickly and efficiently. Although solid phase synthesis is a routine
method of obtaining oligonucleotides, more complicated oligonucleotides, e.g. chemically
modified or longer RNAs, require optimization of the synthesis cycle and deprotection
methodology. In order to synthesize complex oligonucleotides in high yield and purity, we tested
several synthesis reagents, cycles, deprotection conditions, and purification methods. Using these
optimized conditions, we have successfully synthesized a variety of oligonucleotides for gene
silencing and genome editing applications. For synthesis of locked nucleic acid (LNA)-containing
phosphorothioate oligonucleotides, tetraethylthiuram disulphide (TETD) is insufficiently reactive

but 3-Ethoyx-1,2,4-dithiazoline-5-one (EDITH) gives excellent results.

ADAM33 is a susceptibility gene for asthma and bronchial hyperresponsiveness and is implicated
in airway remodeling, but its function is only partially understood. Oligonucleotide-mediated gene
silencing of ADAM33 could provide valuable insight to its biology and allow us to observe airway
development under low ADAM33 expression levels. We show potent silencing of ADAM33 in
MRC-5 lung fibroblasts using four different classes of oligonucleotides: siRNAs, single-stranded
siRNAs, LNA gapmers, and novel conjugates of antisense oligonucleotides. We observed that
several LNA gapmers showed subnanomolar potency when transfected with a cationic lipid, and
low micromolar potency when delivered gymnotically. Also, we observed that RNase H-

dependent antisense oligonucleotides greatly outperformed RISC-dependent oligonucleotides for



silencing ADAM33. As ADAM33 mRNA is 95% retained in the nucleus, this work is consistent with
recent findings that antisense oligonucleotides are often more potent against nuclear-localised

transcripts.

single-stranded siRNAs (ss-siRNAs) are chemically modified single stranded oligonucleotides that
engage the RISC complex, they have the potential to combine the advantages of both duplex
siRNAs and antisense oligonucleotides. One disadvantage of the published single-stranded siRNA
chemical modification scheme is the use of 2’-O-methoxyethyl-RNA at the 3’ terminus. This
modification is not available to most researchers so the use of the ss-siRNA technology has been
limited up to the present. During our ADAM33 work, we observed that making small changes to
the 3’ terminus of our single-stranded siRNAs could greatly improve the potency of the
oligonucleotide. We found that replacing the 3’ terminal 2’-O-methoxyethyl residues with the
commercially available 2’-0O-methyl or LNA modifications actually improved the potency of the
single-stranded siRNA against ADAM33. We developed and optimized single-standed siRNAs
based on four additional active siRNA duplex sequences targeting different genes within
mammalian cells. In one additional gene, PR, we were able to support our ADAM33 findings that
single-stranded siRNAs show improved potency with 2’-O-methyl or LNA modification at the 3’
terminus. However, the single-stranded siRNAs against three target genes in two HEK-293 cell
lines failed to show any gene silencing activity with any 3’ terminus modification. The failure of
the oligonucleotides could be related to the specific cell lines used for the experiments as we also
observed increased toxicity with our single-stranded siRNAs in these cells compared to their

parent siRNA duplex.

Additionally, as chemically modified oligonucleotides can be used to provide greater affinity and
specificity to their target sequence, we wanted to explore whether chemical modifications can
improve DNA cleavage activity and specificity for genome editing applications. For this work, we
used the clustered regularly interspaced short palindromic repeats/crispr associated
(CRISPR/Cas9) type Il system, which is commonly used in genome editing applications as it
requires only two guide RNAs (crRNA, tracrRNA) and a single protein (Cas9 nuclease) for cleavage
of a target dsDNA. We wanted to explore whether the use of chemically modified crRNA could
improve the specificity or efficiency of cleavage of target DNA when compared to an unmodified
crRNA. However, as no work has been published on chemically modified crRNAs, it was unknown
whether the CRISPR/Cas system could tolerate chemical modifications and retain cleavage ability.
Using a variety of chemically modified crRNAs, we were successfully able to obtain cleavage of our
target DNA sequence, although none of our chemically modified crRNAs were able to match the

cleavage efficiency of our unmodified crRNA.



Table of Contents

Table of CONLENLS .....cccuiieeiiiecrrcc et rreeereeeeereeneseasserensesensserenssssensesenasesensnnanns iii
[T oY B - o1 LT PORN ix
List Of FIBUIES cuuuuiiiiieiiiiiiiiiiiiiiiiiinieieiininseeeisnnesssssssnenssssnenssssstsesssssssesnssssssensssssnens xi
DECLARATION OF AUTHORSHIP .......cceeuiiiieenncereennneeerennneeeteennnesssnnssesessnnssessennnnnnns Xix
AcknowledgemeENnts ......ccceiiiiiiiiiiiiiiiiic e res e sen s s sansesaneasnes XXi
Definitions and Abbreviations........cccceueeiiiiiiiieiirercriccrecrree e renee e ene e sennnenes Xxiii
Chapter 1: 3 Yo o [T 4] o TN 1
1.1 Overview of NUCIEIC ACIAS ...ccuuriiieeeee ettt e et e e e e e e e e aneres 1
1.2 DNA O PrOtIN o 2
1.3 Oligonucleotide-mediated gene regulation..........ccccvviieeiiiiieiccccieeee e, 4
13.1 Rationale for oligonucleotide therapeutics.......cccccceeeeiieccciiieeeeeeeen, 4

1.3.2 Antisense oligonucleotides.......ccccuveeiieciiieiiiiiiee e 5

133 SIRNA and the RISC COMPIEX...cuuuiiiiiiiiiie e 8

1.4 Current chemical modifications.........ccceeeiviiiiriiiiiie e 11
1.5 Oligonucleotide deliVery .......cuueeeeeiieicciiieeeee e e 13
1.5.1 [ 0o [oToxY o 1Y - 13

1.5.2 Gymnotic delivery of oligonucleotides........ccccceeeiieciciiiieeeee e, 15

1.5.3 Oligonucleotide CONJUBAtES .....vveeiieiieeciieeeee et 16

1.5.4 Lung delivery of oligonucleotides.......cccccceveeeeeiecciireeeeeee e, 17

IO ST AN o oY o o = TR 17
1.6.1 ADAMB3 ...ttt e e e et e e e e eatr e e e e araea s 18

1.7 Solid phase oligonucleotide Synthesis .......ccccceeieecciiiieeee e, 18
1.8 Quantitative real-time polymerase chain reaction ..........ccccceeevvvvereeeeeeenccnnnnen. 20
1.9 GENOME BAILING ..uvvrreeieeieiieicciteeeee et e e eeserr e e e e e e e e esnbbereeeeeeeeesennnrrens 23
1.9.1 ZinC fiNGEr NUCIEASES....cceceiieeeeeeee et e e 23

1.9.2 Transcription activator-like effectors ..o, 24

1.9.3 Clustered regularly interspaced short palindromic repeats............... 25

1.10 ThesSis OBJECTIVES. ...uuueieiiiiiiiitireieiee et e et e e e e s s eenbbrreeeeeeesessanreens 29

1.10.1  Optimizing oligonucleotide solid phase synthesis.........cccccvveveieeennns 29



1.10.2  Genesilencing of ADAM33.....ccuiiiiiiiiieeieniiee et 29

1.10.3 Development of sS-SiIRNA Chemistry.......ccccovvvvrveeieiieeiiiiiireeeeee e, 30
1.10.4  Genome editing with CRISPR/Cas9 .......cccceevreieiireeeeiee e 30
Chapter 2: Solid phase oligonucleotide synthesis........ccccceirreniiiiiinniiiiinnnnnns 31
% NN [ oo [ Tt o o HS U PUPRRN 31
2,11 Detritylation ..ccocuieeeeeiiee e 31
2.1.2 Activation and COUPIING.......oocceriiiieiee e 32
2.1.3 (6T o] o1 [ o ¥ =SSP P PP U PP U PO OO UUORPRPPPOPROTPRPRPRPRRt 33
2.14 Oxidation or sulfurization.........ccceeeee e 34
2.15 Cleavage from SUPPOIt ......ccoevciiieiiiieee et 35
2.1.6 Nucleobase protection and deprotection.........cccccceeeeveiciiiiieeeeee e, 36
2.1.7 RNA 2’-hydroxyl protection and desilylation .........ccccccevcvveeiieiiiennns 38
2.1.8 Oligonucleotide purification.........cccceeeieiiieeieciiie e, 38

2.2 LNA gapmer synthesis and purification.........ccccceeeiiieeeiiiiiee e, 39
2.2.1 LNA gapmer synthesis using TETD as a sulfurizing reagent................ 39
2.2.2 Troubleshooting LNA gapmer synthesis........ccovvveeeeeeeeieciiinveeeeeeeeeennns 41
2.2.3 LNA gapmer synthesis using TETD and BTT ......ccccveeeeeieiiiiiiieeeeee e 43
224 LNA gapmer synthesis using EDITH .......ccooiviiciiiiiiiee e, 45

2.3 Single-stranded siRNA synthesis and purification.........ccccccceeieeviiiiiiieeeeneeeeennn, 46
2.3.1 $S-SIRNA synthesis USING TETD ....ceveeeeeieiiiiiieeeeeee e 46
2.3.2 ss-SiIRNA synthesis USINg EDITH .........ooiviiiiiiiieiieeeceerreeeeee e, 48

D R Y T I o I 0T LT SR 49
2.5 Unmodified RNA oligonucleotide synthesis........ccccceveirreeriieeiiiiiiiireeeeeeeeeeeens 52
2.5.1 SYNENESIS CYCIE .ttt 52
2.5.2 Unmodified RNA purification .......ccccueeeeiiiiiiiiiiiieeiec e 55

I o T [ Lo o S PUUUR 56
Chapter 3: Oligonucleotide-mediated silencing of ADAM33............ccccceveanennne 59
% R [ o o [Tt o o S PUPRR 59
3.2 Identification of active SIRNA dUPIEXES.......cocuiieiriiiieiiriiee e 59
3.21 ChooSIiNg SIRNA SEQUENCES.......uteiieiiiieeeniiieeeesiieeeesrireeessereeessnaeeees 59



3.2.2

DUPIEX SIRNA FESUILS....ccoecvirieiieee ettt e e eanrreee e 62

3.3 SS-SIRNA ESISN ceeiiiiieeiiiee ettt e ee e e s s sba e e e e s abaee e e nees 64

3.4 Locked nucleic acid gapmers show increased potency for silencing ADAM33 68

34.1 LNA BapmMeEr dESIZN ..cccuuiieeieiiieeeeiiiiee et ee e e e s e e e ssvae e e s aeaeeeeans 69

3.4.2 LNA BapmMeEr rESUILS...ccueiiee ittt vae e e s eae e 70

3.5 Oligonucleotide conjugates for cellular uptake........ccccceeeeiieeeieiiiieeeciieee e, 73

351 Hexadecyloxypropyl conjugates........ccccceeeeeeeeiecciieeeeee e, 73

3.5.2 Bio cleavable hexadecyloxypropyl conjugates .......ccccceveiveerincivennnns 76

353 Dynamic light SCattering .....cccuveeeeviiiie i 78

3.6 Discussion and CONCIUSIONS ....cuuuviiiiieeeii e et e e e e e e erer e e e e e e e eeaes 80

Chapter 4: Single stranded SIRNAS .......c.ccceeieeiereeerteneerenerrenrereeseereaseseensesennes 81

g N 1 Y 4 o Yo [ ot i [ o U PPR S 81

41.1 Previous sS-SIRNA WOIK.......ccoeeeiiiiiieirieeeee e 81

4.1.2 Potent ss-siRNAs with chemical modifications........ccccccceevieinvennnn.n. 81

4.1.3 Additional ss-SiIRNA publications .........ceceevieiiiiiieeeieee e, 83

4.1.4 Current sS-SIRNA WOTIK ......coiieiiiiieieiee e 83

4.2 ADAM33 inhibition by SS-SIRNAS .......uvvieiieeiiiieiirieeeee e eeenrreeeeee s 84

4.3  ss-siRNAs targeting progesterone reCePLOr.....cvvuuvururuvivrvrurrirreriieeerereennenenann. 86

4.4 Oligonucleotides targeting SIN3A ........veeeeeeee ettt 90

4.5 EGFP-targeting oligonucleotides ........ccceeveeiieiccciiiiiee e, 91

I o o ol [T o [ 96
Chapter 5: Genome editing using the CRISPR/Cas type Il system with chemically

MOdified CrRNAS .......ieeccreccrccrecrri et reeesrneerens s reasesenssesensasenasanens 97

LT A [ o Yo [ Tt u o o ISR UUPPR 97

5.2 Gene silencing using the type Il CRISPR/Cas SyStem ........ccccceeevcverecveeeeveeennen. 97

5.2.1 Experimental DeSIZN .....ccccuuiiiiieeie et 97

5.2.2 RESUILS ..t e e s e e e e e e e s nnaee s 100

5.2.3 Chemically modified CrRNA .......covviieiiiirieeeee e 106

5.3  Conclusions and FULUIre WOorkK.........cceeeeeieiieicciiiiieeee e 108

Chapter 6: Concluding remarks........ccoiveeuiiiiiieniiiniieiiininnee. 111



Chapter 7: EXPErimental.....cccceeeeiieeerieniereenierennieienereeneeeenserensessnsesssnsesennes 113
7.1 Oligonucleotide synthesis.......cccciiiiieiiii e e e e e 113
7.1.1 RINA et sttt e e st st e b saaees 113
7.1.2 SS-SIRNA SYNTNESIS ..vvvieieiiiieece e e 113
7.1.3 I AN == T o] 1 o [=] TP 114
7.1.4 1-O-hexadecylpropanediol.......ccccveeiieiiiieiniiieee e 114
7.1.5 Bio cleavable hexadecyloxypropyl conjugates......cccccceevevccnvvvennnnnn. 115

7.2 Oligonucleotide quantitation and validation ............cceceeiiiiiiiiinieccieee 116
7.3 Oligonucleotide purification and electrophoresis.........ccccceeeeviieeeccciieeeenee. 116
7.4  Mammalian cell culture and transfection .........cccecvieviieciee e 116
7.4.1 MRC-5 fibroblast cells.......uumiieiiiieieee e, 116
7.4.2 Y [0 ey A ol <] | £ PR 117
7.4.3 HEK293 and eGFP-HEK293 cells ......cccveevieeeeiieeceeccee e, 117
7.4.4 RNA harvest and quantitative real-time PCR (qRT-PCR).................. 118
7.4.5 Thermal denaturation by UV Melt analysis.....c.cccccveeiveiivereiniinenenns 119
7.4.6 Fluorescence microscopy for detection of GFP ..........ccoevvevrrvenennnen. 119

7.5  Cloning eXPerimMENTS....uuieii it e e e e e e e e e errrer e e e e e e e eeaans 119
7.5.1 Luria broth media......cceeeieciiiee e 119
7.5.2 Y= T o] =) TR 119
7.5.3 Y@ 1Oy o 1Yo |- PR 119
7.5.4 Plasmid purifiCation.......cccveeeeeeeeiieiiieeeeeee et 119
7.5.5 TransformMation. ... 120
7.5.6 (0701 (o] 21V 2 ©1 ST PUURTRR RPN 120
7.5.7 FY o | o 1Yo == U URPRS 120
7.5.8 DNA SEAUENCING cceeeeeeeeeee ettt 120

7.6 CRISPR/CAs @XPEITMENTS ..ecccvvieeiieeeieeeeieeeeteeeeteeeeteeeeteeeeareeeeareeeeseeeeesneeeanes 120
7.6.1 DNA amplification ...ccooccciiiieeieeicecceeee e 120
7.6.2 O ol =TT T o U 121
7.6.3 DNA ClEaVAZE @SSAY ...ccccuvrriiieieeeeeieciittree e e e e e e secrtreree e e e e e e e ennrrreeeeeaens 121

22T =T =T Lo =L 123
Appendix A Solid phase synthesis cycle for ILUM RNA ..........cccoreiriiicrencirennens 145

Vi



Appendix B
Appendix C
Appendix D
Appendix E

Solid phase synthesis cycle for 1uM Sulfr+.......cccovvveeiiiiiennncinnnn. 149

Solid phase synthesis cycle for modified 1uM Sulfr+ ................... 153
Mass spectrometry Values .......ccccceiieeniiiiieniiniieniininennenn. 157
1V T Y 1Tl 1 - 161

Vii






List of Tables

Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Six different solid phase synthesis conditions for our EDITH delivery study. ................ 50
siRNA sequences designed to target ADAM33 MRNA. .......oooiiiiie e e e 61
siRNA sequences designed to target ADAM33 MRNA. .......ccocoviiiiiiiiee e 63

ss-siRNA sequences and their parent ds siRNAs designed for ADAM33 inhibition. For
duplex sequences, sense strand is listed on top. Modification code: RNA, dna, 2’-
OMe, 2'-F, 2’-MOE, ‘+': LNA, ‘S’: phosphorothioate, P: 5’ phosphate. ND, T,, not

AetermMined. c.coooooeeiieiee 66

LNA gapmer sequences: LNA: -‘S": phosphorothioate; lower case: DNA....................... 70

Oligonucleotide sequences for ADAM33 inhibition. For duplex sequences, sense strand is
listed on top. Modification code: RNA, dna, 2’-OMe, 2’-F, 2’-MOE, ‘+': LNA, ‘S’:

phosphorothioate, P: 5’ phosphate. ND, Tm not determined. ....................... 85

Oligonucleotide sequences for PR inhibition. For duplex sequences, sense strand is listed
on top. Modification code: RNA, dna, 2’-OMe, 2’-F, 2’- MOE, ‘+": LNA, ‘S’:

phosphorothioate, P: 5" phosphate.......ccceeevciiiiiiciiiecceecce e 88

Oligonucleotide sequences for SIN3A inhibition. For duplex sequences, sense strand is
listed on top. Modification code: RNA, dna, 2’-OMe, 2’-F, 2’-MOE, ‘+': LNA, ‘S’:

phosphorothioate, P: 5’ phosphate.......ccceeeeciieiicciiee e 90

Oligonucleotide sequences for SIN3A inhibition. For duplex sequences, sense strand is
listed on top. Modification code: RNA, dna, 2’-OMe, 2’-F, 2’- MOE, ‘+": LNA, ‘S’:

phosphorothioate, P: 5’ phosphate.......ccceeevciieiiiciieeccceeccec e 92

Table 10. Insert sequences for ligation into a plasmid that would express crRNAs used to target

eGFP in mammalian HEK293 cells. P represents 5’-phosphate required for

17 == YT o TR PP 100

Table 11. crRNA sequences used to target eGFP in plasmid-free CRISPR/Cas system. DNA binding

domains (DBD) are shown in red, while tracrRNA binding domains (tracrBD,

constant 3’-half) are shown in black..........cccoeeiiiiiiiiiiiciie e, 104



Table 12. Chemically modified crRNAs used in this study. Modification code: RNA, dna, 2’-OMe,
2’-F, ‘+": LNA, ‘s": phosphorothioate. ........cccceeeeeiieicciiiee e 107



List of Figures

Figure 1. The five nucleobases of DNA and RNA. ........cuiiiiiiiiiececiee e aaee e 2

Figure 2. DNA base pair interactions showing the adenine:thymine and guanine:cytosine hydrogen

oToY g Vo 11 oY= S0P URNt 2
Figure 3.5 mM’G cap Of Pre-MRNA traNSCHIPLS. . .ovevveeeeeeeeeeeeeeeeeeeeeeseeteseeeeeseeseseseeeeesesseseseseeeeeeas 3

Figure 4. mRNA schematic A) pre-mRNA following 5’ capping B) mature mRNA sequence following

5’ capping, splicing, and polyadenylation..........cccocceiviieieiieicciiiiieeee e, 3

Figure 5. Steric blocking antisense oligonucleotide mechanisms A) pre-mRNA targeting ASO for
alternative splicing mechanisms B) steric blocking of ribosomal machinery by

ASO C) anti-MIRNA ASO .......oociiiieeieeree st sreere e e s e see e ste e e saeeseaesrnesneeenses 7
Figure 6. Schematic diagram of the RNase H catalytic mechanism(61) .......ccccccoeevvvevcreeecveennnnn. 8

Figure 7. Schematic representing the gene silencing mechanism of siRNAs and miRNAs that

function through the RISC complex. Adapted from (46)........cccccevveeecrvreeennen. 9

Figure 8. Structures of some common current chemical modifications used for oligonucleotide

L0 01T T oL U 4 ok PRSP 11

Figure 9. Schematic of a 3-9-3 gapmer design sequence. Red colored circles represent a high
affinity, nuclease resistant chemically modified nucleotide and the white circles

represent unmodified or PS DNA nucleotides........cccceevuveeeeciieeeecciieee e, 13

Figure 10. Endocytic pathway schematic. Oligonucleotides enter into the early endosome of cells
via endocytosis and must escape to the cell cytosol before degradation in the

12 Yo 1Yo ] o o =TSP 15
Figure 11. Additional chemically modified oligonucleotides used in gymnotic delivery studies.16
Figure 12. Solid phase oligonucleotide synthesis cycle. ......ccccceiiiieciiiiieiei e, 20
Figure 13. Schematic of the fluorescent detection methods of qRT-PCR.........ccccccvvveiirieeennnen. 21

Figure 14. Image representing that a Ct value is the value of the number of PCR amplification

cycles for the fluorescent signal to reach above the background threshold. .22

xi



Figure 15. Representative quantification of gene expression of an oligonucleotide treated sample

to a negative control sample using the AACt method. This is not actual data.23

Figure 16. Representative qRT-PCR results graph. The relative gene expression level is graphed

normalized to the negative control sample set at a value of 1....................... 23
Figure 17. Schematic of zinc finger nuclease dimer bound to target DNA. ........ccccceeeeciveeeennneen. 24
Figure 18. Schematic of TALEN dimer bound to target DNA. ......ccccveiiiieeeiniieee e 25

Figure 19. Schematic representing spacer acquisition and target DNA cleavage. Invading foreign
DNA is processed into small DNA fragments by Cas nucleases. The invading
foreign DNA (spacers) are incorporated into the host genome, becoming pre-
CRISPR RNA. The pre-CRISPR RNA is transcribed into mature CRISPR RNA.
Mature CRISPR RNA complexes with Cas nucleases to target incoming foreign

DNA fOr ClEAVAZE. ....veeiiiiiee ettt s sae e e s aeaee e 26

Figure 20. Schematic representing the crRNA, tracrRNA, and Cas9 complex targeting a double
stranded DNA. The three components combine creating the CRISP\Cas complex.
The crRNA guides the complex to the complementary invading DNA strand. The
CRISPR\Cas complex binds and cleaves the foreign DNA directly adjacent to the

PAM sequence causing a double strand break. ........ccccccoveeiiiiiiieiciiiee e 29

Figure 21. Mechanism of the detritylation step of solid phase synthesis where the DMT protecting

group is removed by a 3% TCA SOlULION. .....cceiieiiiie e 32
Figure 22. Activation and coupling solid phase synthesis cycle step. .....ccccecvveveriieeeeciiee e, 33
Figure 23. Capping mechanism of solid phase oligonucleotide synthesis. ........ccccceeeeevieeennnnenn. 34

Figure 24. Mechanism of iodine/water/pyridine-mediated oxidation commonly used in solid phase

oligonucleotide syNthesis. .........ccuviiiiee i 35
Figure 25. Mechanism of sulfurization by EDITH in solid phase oligonucleotide synthesis........ 35
Figure 26. Cleavage of an oligonucleotide from a standard solid support.......ccccccvveveecrieeennnenn. 36
Figure 27. Cleavage of an oligonucleotide from a Unylinker support.........ccccceeeciireeeciieeeenneen. 36
Figure 28. Protection of DNA or RNA nucleobases used in solid phase synthesis. ..................... 37

Figure 29. Mechanism of the displacement of N-benzoyl Cytosine by the methylamine

(o 1Y oY o] =Tot [0 o VOSSR UEUURRNE 38

xii



Figure 30. Mechanism of removal of TBS protecting group from RNA by fluorine..................... 38
Figure 31. Structure of TETD sulfurizing reagent. ........ccceveveieee e 39

Figure 32. Representative mass spectrometry analysis on and LNA gapmer synthesized using TETD
as a sulfurizing reagent. This shows LNA 33-G which should have a mass peak
4798.1 g/ mol. This analysis was performed using a Time of Flight mass

Y 01T otd o] 4 1 1= 1 = (P PP PPUPRR RTINS 41

Figure 33. Results of a 20% analytical polyacrylamide gel showing the failure of the LNA gapmer
solid phase synthesis with TETD sulfurization. LNA gapmer sequences are
described in detail in Chapter 3. The control oligonucleotide was a purchased
16-mer LNA gapmer. The dye was bromophenol blue. The gel was stained

U g Y = = 11  E- | R 41

Figure 34. Mass spectrometry results on the dT oligonucleotides that were synthesized to
troubleshoot the failed LNA gapmer synthesis. A) List of dT oligonucleotides
used for this troubleshooting experiment B) PS dT oligonucleotide with
purchased dT column C) PS dT oligonucleotide with Unylinker solid support D)
PO dT oligonucleotide with Unylinker solid support.......ccccooeeiiciieeiiiiiennnns 43

Figure 35. Mass spectrometry results on LNA gapmers 33-G, H, |, and Q A) Oligonucleotide
expected and predicted mass. B) Mass spectrometry results. The red boxes

indicate the correct Mass PEaK.......cceeveciiieiiciiii e 44

Figure 36. Results of a 20% analytical polyacrylamide gel showing the failure of the LNA gapmer
solid phase synthesis with TETD sulfurization. LNA gapmer sequences are
described in detail in Chapter 3. The control oligonucleotide was a purchased
16-mer LNA gapmer. The dye was bromophenol blue. The gel was stained

USING StAINS-all. o 45

Figure 37. Mass spectrometry analysis of the two initial LNA gapmers made using the EDITH
method. A) The expected and obtained mass spectrometry values of LNAs 33-M
and 33-P. B) Mass spectrometry spectra for LNAs 33-M and 33-P. .............. 46

Figure 38. 5’ — 3’ ss-siRNA sequence representing the 5 different synthesis steps required for solid
phase synthesis of the ss-siRNAs. s": phosphorothioate; 2’-F; 2’-OMe; MOE; P: 5’

] aTo Ty o] a1 TS SRR 47

Figure 39. Mass spectrometry analysis of a synthesized ss-siRNA verifying the synthesis product

L 0T TSI o0 Y =] ot AN 48

Xiii



Figure 40.

Figure 41.

Figure 42.

Figure 43.

Figure 44,

Figure 45.

Figure 46.

Figure 47.

Figure 48.

Figure 49.

Figure 50.

Figure 51.

Mass spectrometry analysis of a synthesized ss-siRNA ss-A33-MOE-2, verifying the

synthesis product to be the correct mass. .....ccoceeeeeiieecciiieee e, 49

Results of EDITH studies A) phosphorothioated LNA sequence used in the EDITH studies
with the expected and calculated mass LNA; ‘s": phosphorothioate B)
representative mass spectrometry analysis of LNAs synthesized in the EDITH

study. The red box indicated the correct molecular weight product. ............ 51

LNA dimer formation. LNA; ‘s’ phosphorothioate. .........cccoccveeiiiieiiccciee e, 51

Results of a 20% polyacrylamide gel showing the six LNAs used for the EDITH study
compared against a known molecular weight LNA. The control is an LNA gapmer
of known weight, 4800 g/mol. The LNAs 1-6 are ~5500 g\mol which would

correspond to the LNA running as a dimer. ........ccoecvveeeccieee e 51

Mass spectrometry analysis of synthesized RNA showing the correct mass peak and a

R A N o T<T- 1 U UUUTN 53

Unylinker adduct with exact mass calculated. .......cccceeeeeeieiiiiieiee e 53

Mass spectrometry analysis of synthesized RNA showing the correct mass peak using a

180 minute heated cleavage Step. cooccvciie i 54

CPG with 3’ RNA nucleobase attached. ..o, 55

16% polyacrylamide analytical gel showing the failure RNA sequences, with the highest
molecular weight correct RNA sequence on the top. These oligonucleotides are
unmodified 40-mer RNAs of mixed sequences. The gel was stained using Stains-

Al 56

gRT-PCR results of relative ADAM33 mRNA levels when HMH-1 is co-transfected with
various transfection agents. The siRNA was transfected at 50nM concentration
and normalized to a no-lipid control. Error bars are standard deviation of the

average result from independent experiments. .........cccoeceeeeeeciieeeecveeeeeenen. 62

gRT-PCR results of relative ADAM33 mRNA levels when treated with duplex siRNAs. All
siRNAs were transfected at 50nM concentration and normalized to a scrambled

siRNA control. Error bars are standard deviation of technical replicates...... 63

gRT-PCR results of relative ADAM33 mRNA levels when treated with duplex siRNAs. All

siRNAs were transfected at 50nM concentration and normalized to a non-

Xiv



treated (NT) control. Error bars are standard deviation of two independent

biological repliCates. ....cueei i 64

Figure 52. A) Unmodified 5’-terminal phosphate chemically synthesized to the ss-siRNAs B) 5’
terminal (E)-vinylphosphonate modification necessary for in vivo ss-siRNA

(VLo [ 66

Figure 53. qRT-PCR results comparing relative potencies of duplexes siRNA and ss-siRNA. All
results are normalized to a scrambled siRNA duplex control. Error bars are
standard deviation of biological replicated. All oligonucleotides were

transfected at SONIM. ..ottt e e e e e e e e e eeeaaas 67

Figure 54. qRT-PCR results comparing relative potencies of different chemical modification
schemes on ss-siRNA activity. All results are normalized to a scrambled siRNA
duplex control. All oligonucleotides were transfected at 50nM. Error bars are

standard deviation of biological replicates..........ccceciveeeciiee e, 68

Figure 55. Schematic showing LNA gapmers folding to form stable hairpins. These make
unsuitable antisense oligonucleotides, particularly in the cases when LNA-LNA
base pairs can form, since they are unlikely to unfold even in the presence of a

fully complementary RNA target. .....ccoeeieeiiee et 69

Figure 56. qRT-PCR results showing relative ADAM33 inhibition by LNA gapmers. All results are
normalized to a scrambled siRNA duplex control. Error bars are standard

deviation of biological replicates. All oligonucleotides were transfected at 50nM.

Figure 57 qRT-PCR results showing dose response analysis of LNAs 33-O and 33-R. All results are
normalized to a scrambled LNA gapmer control. Error bars are standard

deviation of technical replicates.........cceeeciieeiciiiii e 71

Figure 58. qRT-PCR dose response results. Oligonucleotides are delivered at 1uM dose and
normalized to a non-treated control. Error bars are standard deviation of

LYol oYY [or= Y I =Y o] [ ok | TP 72

Figure 59. Gymnotically delivered gapmers are effective inhibitors of ADAM33. gRT-PCR gymnotic
transfection results. Oligonucleotides are delivered at 3uM dose and
normalized to a non-treated control (NT). Error bars are standard deviation of

two biological replicates. .....ueeeiiieeeciieee e 73

Figure 60. Chemical structure of hexadecyloxypropyl LNA conjugate. ......c.cccceeeevvveeeecveeeeennnen. 74

XV



Figure 61.

Figure 62.

Figure 63.

Figure 64.

Figure 65.

Figure 66.

Figure 67.

Figure 68.

Figure 69.

Figure 70.

Figure 71.

gRT-PCR gymnotic transfection results. Oligonucleotides are delivered at 3uM dose
and normalized to a non-treated control. Error bars are standard deviation of

technical rePliCates. ..o 75

gRT-PCR results showing dose response analysis of ADAM33-0, R, and P and their lipid-
conjugates. All results are normalized to non-treated (NT) sample. Error bars are

standard deviation of biological replicates. .........cccoeevieeiviee e, 76
Chemical structure of disulfide hexadecyloxypropyl LNA conjugate. ..........cccovveennne 77

Schematic describing the synthesis of disulphide hexadecyloxypropyl LNA conjugate.

gRT-PCR results showing dose response analysis of 33-0 and conjugates. All results are

normalized to NT sample. Graph based on one biological replicate. ............ 78

Results of DLS measurement on 33-0, 33-0 conjugate, and bio cleavable 33-0
conjugate. Note that the scale of the y axis varies widely; these data indicate no
significant aggregation for the free oligonucleotide but a well defined

association of both types of conjugates........ccccvveeiiiiieiiciiee e, 79
Modified nucleotides that have been included in ss-siRNAs in this study................ 84

gRT-PCR results comparing potencies of different chemical modification schemes on ss-
siRNA activity. All results are normalized to a scrambled siRNA duplex control. All
oligonucleotides were transfected at 50nM. Error bars are standard deviation of

two biological repliCates......c.uuiiiciiiii e 86

A) Duplex siRNA and control for inhibition of progesterone receptor. Sense strand is
listed on top. Modification code: RNA, dna. (B) gRT-PCR results of PR mRNA
levels when MCF 7 cells are treated with siRNAs at 50 nM concentration. Error

bars represent standard deviation of three biological replicates.................... 87

gRT-PCR results of PR mRNA levels when MCF 7 cells are treated with ss-siRNAs. Error

bars represent standard deviation of six biological replicates. * = p<0.05.....88

Dose response data of MCF 7 cells treated with PR targeting ss-siRNA oligonucleotides
at various concentrations. Data is normalized to the 0 oligonucleotide
concentration points. N=9 for the 50 nM dose and n=3 for the other

(oloY g Tol=T 0 1 =) 1 [ 0 1N 89

XVi



Figure 72. A) gRT-PCR results of SIN3A mRNA levels when treated with duplex siRNAs. HEK293
cells were reverse transfected with siRNAs. All siRNAs were transfected at 50nM
concentration and normalized to a scrambled siRNA control. B) gRT-PCR results
of SIN3A mRNA levels when HEK293 cells are treated with ss-siRNAs. Samples
are normalized to a NT control and transfected at 50nM concentrations. In all

cases, error bars are standard deviation of N=4. ..........cccccceeiiiiiiin. 91

Figure 73. qRT-PCR results of EGFP mRNA levels when treated with duplex siRNAs. All siRNAs were
transfected at 50nM concentration and normalized to a NT control. Error bars

are standard deviation of n=4. (C)

Figure 74. qRT-PCR results of EGFP mRNA levels when treated with duplex siRNAs. All siRNAs were
transfected at 50nM concentration and normalized to a NT control. Error bars
are standard deviation of n=4. (C) Fluorescent image of EGFP-expressing cells
treated with duplex siRNAs showing potent knockdown of EGFP at the protein

level relative to control oligomers or untreated controls. ..........ccccceveeinnenn. 95

Figure 75. Simple schematic of the CRISPR plasmid developed by Cong et al.(281). The plasmid is
transcribed starting at the U6 promoter. The plasmid is digested by Bbsl
restriction enzymes causing a double strand break where a new CRISPR insert

can be ligated into the plasmid. ......ccceeeeiiiiiiii e, 99

Figure 76. Schematic of a gel image following a Ndel restriction digest. The successfully ligated
product will be ~390 base pair fragment and an unsuccessfully ligated product

will be ~366 base pairs. Unfortunately the gel image was too faint for an image.

Figure 77. . Results of optimization experiment using crRNA Fu 2 targeting eGFP DNA. Either 50
nM Cas9 and tracrRNA:crRNA complex (Lane 1) or 100 nM Cas9 and
tracrRNA:crRNA complex (Lane 2) was used in the presence of 0.1 pg (Lane 1) or
0.2 pg (Lane 2) target DNA. 1000 bp ladder was used as reference. 1% agarose
gel stained With NaNCy-520. ......cccciiiiiiee et 105

Figure 78. Results of 1% agarose gel showing the egfp cleavage by the Cas9: tracrRNA: CRISPR
RNA complex with various CRISPR RNAS. ........cccccviiieiiiiieeeeiiieeeecireeeeeineeeeas 105

Figure 79. Results of 1% agarose gel showing the same sample, HP egfp, with and without SDS

treatment

XVii



Figure 80. Results of 1% agarose gel showing the egfp cleavage by the Cas9: tracrRNA: CRISPR
RNA complex with various chemically modified CRISPR RNAs. Gel is

representative of three independent experiments. .......cccccoevveeririieerenenneen. 108

XViii



DECLARATION OF AUTHORSHIP

L) ettt e e e e e e et e e e ——eeeaaa—aeeaatbaeeeaataeeeaaraeeeanareeeeenarees [please print name]

declare that this thesis and the work presented in it are my own and has been generated by me as

the result of my own original research.

SR TSR0 B 1 o TS 1] [P SUPURR

| confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this

University;

2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated;
3. Where | have consulted the published work of others, this is always clearly attributed;

4. Where | have quoted from the work of others, the source is always given. With the exception

of such quotations, this thesis is entirely my own work;
5. I'have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have made clear

exactly what was done by others and what | have contributed myself;

7. [Delete as appropriate] None of this work has been published before submission [or] Parts of

this work have been published as: [please list references below]:

1Y =4 4 =T o RSP

XiX






Acknowledgements

First and foremost, | would like to thank my parents for their constant support, love, and

guidance. None of this would be possible without you.

Jon Watts: thanks for taking a chance on me. You’'ve been a great mentor and friend, and | can
never thank you enough. Although this experience hasn’t always been fun, it has been a chance

of a lifetime. | will always be grateful.

| would like to thank my former supervisor, David Corey, for his support throughout my scientific

journey. You’'ve been a great role model.

| would like to thank my lab mates and friends. You’ve made this experience amazing. Thanks for

the laughs, drinks, and memories.

And | would like to acknowledge the enormous support we received from Dorcus Brown of ATD

Bio and Ali Tavassoli, without their generosity, | would not have had a completed project.

XXi






Definitions and Abbreviations

ADAM
AGO2
ASO
BLAST
BTT
cET
Cas

CRISPR

crRNA
disiRNA
DLS
DMT
DNA
dsRNA
EDITH
GalNAc
HD
HPLC

1Cso

XXi

A disintegrin and metalloproteinase domain

Argonaute 2

Antisense oligonucleotide

Basic local alignment tool

5-benzylthio-1-H-tetrazole

Constrained ethyl

CRISPR associated

Clustered regularly interspaced

palindromic repeats

CRISPR RNA

Dicer-substrate siRNA

Dynamic light scattering

dimethoxytrityl

Deoxyribonucleic acid

Double stranded RNA

3-Ethoyx-1,2,4-dithiazoline-5-one

N-acetylgalactosamine

Huntingtin’s Disease

High-performance liquid chromatography

Half maximal inhibitory concentration

Liter

short



LNA
miRNA
MOE
mol

MP
mRNA
m’G
PAM
PO

PR
pre-mRNA
PS
RACE
RNP
RIP
RISC
RNA
RNAi
RSV
siRNA
ss-siRNA
TALENs
TBS

TCA

TETD

Locked nucleic acid

micro RNA

methoxyethyl

mole

metalloproteinase

Messenger RNA

7-methyl-guanosine cap

Protospacer adjacent motif
phosphodiester

Progesterone receptor

Precursor messenger RNA
phosphorothioate

Rapid amplification of cDNA ends
ribonucleoprotein

RNA- immunoprecipitation
RNA-induced silencing complex
Ribonucleic acid

RNA interference

Respiratory syncytial virus

Small interfering RNA

Single stranded siRNA
Transcription activator-like effector nucleases
Tert-butyldimethylsilyl
Trichloroacetic acid

Tetraethylthiuram disulphide

XXiv



Tm

tracrRNA

tRNA

\"H|

ZFN

ZNA

2'F

2’F-ANA

3’ UTR

5’ UTR

Melting temperature

Transactivating CRISPR RNA

Transfer RNA

Vector: insert

Zinc finger nucleases

Zipped nucleic acid

2’-fluoro RNA
2'-deoxy-2'-fluoroarabino nucleic acid
3’ untranslated region

5’ untranslated region

XXV






Chapter 1

Chapter 1: Introduction

1.1 Overview of nucleic acids

The term nucleic acid was coined by Swiss scientist Friedrich Mieschner in 1869 because it was
discovered within the nucleus of lymphocytes and it contained acidic phosphate groups (1).
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) contain the same building blocks: a
phosphate group, a nitrogenous base, and a 5-carbon sugar, either deoxyribose for DNA or ribose

for RNA.

The only distinction between the native structure of DNA and RNA is the 2’OH group on the ribose
of RNA. The additional hydroxyl group impacts the structure and conformation of RNA, giving it

very different properties from DNA.

There are five DNA and RNA nucleobases: adenine, guanine, cytosine, thymine (DNA), and uracil
(RNA) (Figure 1). Each base is attached to a sugar ring at the 1’ position, and the sugars are linked
together with a phosphate backbone. DNA and RNA bind to their compliment nucleobase using
Watson and Crick base pairing (Figure 2)(2). Watson-Crick base pairing proved that with the DNA
double helix, a pyrimidine base (thymine or cytosine) will always bond with a purine base
(guanine or adenine). The G:C base pair contains three hydrogen bonds while the A:T base pairs
only contain two. The GC-content of a nucleic acid sequence helps to estimate the thermal
stability of a DNA sequence of interest due to the base stacking interactions of GC base pairs (3,

4).
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Figure 1. The five nucleobases of DNA and RNA.
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Figure 2. DNA base pair interactions showing the adenine:thymine and guanine:cytosine hydrogen bonding.

1.2 DNA to protein

Transcription is the first step in gene expression where the enzyme RNA polymerase creates a

complementary RNA transcript from a segment of DNA (5, 6). RNA polymerase Il catalyzes the

transcription of precursor messenger RNAs (pre-mRNA), small interfering RNA (siRNA), and micro

RNAs (miRNA) in the nucleus (7-11), and RNA polymerase lll is responsible for the transcription of

small non-coding RNAs, such as transfer RNA (tRNA)(12).

In both prokaryotic and eukaryotic cells, pre-mRNA needs further processing to become mature

MRNA (13). Pre-mRNA must undergo three main processing events to become a stable mRNA

transcript and be exported to the cell cytoplasm. The first processing event consists of attaching a

methylated guanosine by a 5’ to 5’ triphosphate linkage to the transcribed pre-mRNA (Figure 3).

The step in the pre-mRNA maturation is called 5’ capping by adding the 7-methyl-guanosine cap

(m’G) (14-17).
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Figure 3.5’ m’G cap of pre-mRNA transcripts.

The second post-transcriptional pre-mRNA modification is the addition of ~250 adenosine
ribonucleotides at the 3’ end of the pre-mRNA transcript, forming a poly(A) tail (18) (Figure 4).
This polyadenylation process takes place in both prokaryotic and eukaryotic cells (19). In
eukaryotic cells, poly(A) tail has many useful roles, including mRNA protection against nucleases,
aiding with the export of messenger RNA (mRNA) to the cytoplasm from the nucleus, and helping

to stimulate and regulate translation (20, 21).

m’'G — exon intron exon intron exon

m’G —  exon exon exon —— AAAAAAAAAAA

Figure 4. mRNA schematic A) pre-mRNA following 5’ capping B) mature mRNA sequence following 5’ capping,
splicing, and polyadenylation.

During the process of transcription, the pre-mRNA is also undergoing splicing, in which the
transcribed introns are removed and the exons are joined (22-24). Importantly, most pre-mRNA
transcripts have several splice variants or alternatively spliced products (25, 26). Through the
alternatively spliced variants of a transcript, up to hundreds of different proteins can result from a
single mRNA transcript (27-30). Unfortunately, not all splice variants are beneficial to an
organism. Many abnormally spliced mRNA transcripts are responsible for diseases such as cancer

and some hereditary diseases (31-34).
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After transcription and processing, the mRNA may be exported to the cytoplasm to undergo
translation, in which proteins are synthesized by cellular ribosomes with the aid of tRNAs using
mRNA as a template. Once the mRNA is translated, the completed polypeptide chain folds into

an active protein, and often undergoes additional post-translational modification.

1.3 Oligonucleotide-mediated gene regulation

13.1 Rationale for oligonucleotide therapeutics

Gene regulation is an essential tool for the survival of all organisms. Endogenous gene regulation
mechanisms allow a cell to control the expression of RNAs and proteins, and every step from
transcription to post-translational modification is regulated (35, 36). Synthetic agents that would

allow us to control gene expression would provide a powerful platform for treating disease.

1.3.1.1 Small molecule drug development

The average cost of discovery and development of a new therapeutic is estimated at over $800
million (37) due to the time and resources invested by researchers in the discovery and trials

process as well as to the high failure rate of drug candidates (38).

Historically the pharmaceutical industry has focused attention on small molecule therapeutics
which typically target proteins. One limitation of the small molecule therapeutic approach is the
tremendous amount of resources that must be invested into the discovery of every drug

candidate.

There are several steps in the drug discovery process of small molecule therapeutics, starting with
target identification and validation. Following validation of a biological drug target, a screening
assay needs to be developed and a high throughput screen is typically carried out with up to
millions of compounds. Leads undergo a long optimization process in order to improve potency,
make the drug more stable in vivo, and reduce off-target effects. After all of the aforementioned

steps are completed, the drug candidate can be progressed to preclinical and clinical trials.

1.3.1.2 Oligonucleotides as therapeutics

Oligonucleotides are short sequences of DNA or RNA used to either activate or inhibit the
expression of a gene of interest (39-41). Using oligonucleotides for therapeutic gene silencing is
not a recent approach. Zamecnik and Stephenson (42) first reported the inhibition of viral
replication and cell transformation in Rous sarcoma virus by a specific complementary antisense

oligonucleotide in 1978. Over the past 40 years, the manipulation of gene expression by
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oligonucleotides has led to the development of over 100 potential drugs currently in clinical trials

for the treatment of various diseases, including genetic diseases, cancers, and viruses (43-45).

The discovery of oligonucleotides as therapeutics has allowed the early stages of drug discovery
to be streamlined (37). Unlike small molecule therapeutics which typically target proteins,
oligonucleotides target a specific DNA or RNA sequence which allows for a rapid, sequence-based
design of lead compounds. Since the therapeutic efficacy of oligonucleotides can be quickly
established, several hundred potential sequences can be evaluated within a short time frame.
There are already a number of well-established oligonucleotide chemistries offering high
specificity to the target RNA or DNA sequence, these modification patterns can be applied broadly

between drug targets.

Although there are advantages of oligonucleotide therapeutics over small molecule drugs, many
challenges still need to be overcome. The main challenges include toxicity, off-target effects, and

inefficient cellular uptake.

Before we can explore how chemistry can help overcome these obstacles, however, we need to
look at the principal mechanisms by which oligonucleotide therapeutics can achieve gene
silencing. In all cases, this depends on the oligonucleotide binding a specific region of target RNA,
through Watson-Crick base pairing. However, depending on the chemistry of the oligonucleotide

and the biological partners involved, the mechanism can vary widely.

1.3.2 Antisense oligonucleotides

The conceptually simplest approach to oligonucleotide-mediated gene silencing is to introduce a
single stranded oligonucleotide that is complementary (“antisense”) to its target. This so-called
antisense oligonucleotide (ASO) must find its target mRNA unassisted since there is no

endogenous cellular machinery to protect and guide it once inside the cell (46).

The use of antisense oligonucleotides as therapeutics was not a well-developed strategy, even
after the initial paper by Zamecnik and Stephenson (42). Several reasons contributed to the lack
of antisense oligonucleotide developments. Firstly, the concept of antisense oligonucleotides
being able to enter eukaryotic cells was not widely accepted. It was assumed that the negatively
charged oligonucleotide would not be able to pass the outer cell membrane (47). Secondly,
oligonucleotide synthesis methods had not yet been optimized, resulting in a challenging process
to synthesize an oligonucleotide of sufficient length for ASO applications (47). Thirdly, there were
not many RNA and DNA target sequences available, as the breakthrough Human Genome Project

was still decades away (47, 48).
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Once those obstacles were overcome, the use of ASOs as therapeutic agents became a widely-
used practice. There are two distinct mechanisms by which an ASO can inhibit gene expression,

either an RNase H-dependent mechanism or steric blockage mechanisms (49).

One therapeutic steric blocking technique involves the use of ‘anti-miR” ASOs. As miRNAs bind to
complementary mRNA strands, anti-miR ASOs bind to complementary miRNAs (Figure 5C). This
ASO:miRNA binding causes a steric blockage of the miRNA to the target mRNA sequence leading
to upregulation of gene expression. This technique has been used for numerous in vivo mRNA

targets and it a promising therapeutic tool (50-54).

Another clinically relevant steric blockage approach used by ASOs involves alternative splicing
mechanisms (Figure 5A). For instance, using ASOs to target the pre-mRNA of the liver protein,
APOB, can lead to exon skipping and a lowering of LDL levels (55). Alternatively, Peacey et al.

used an ASO to target the pre-mRNA of the TAU protein to inhibit exon splicing (56).

ASOs can also bind to mature mRNA and cause steric blocking of the ribosome during translation
(Figure 5B). However this approach is typically only efficient when the ASO binds either to the
AUG start or the 3’UTR of the mRNA(49). One main reason that the target mRNA site must not be
in a coding region is that the ribosomal machinery can readily unwind the ASO from its target

mRNA (49).
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Figure 5. Steric blocking antisense oligonucleotide mechanisms A) pre-mRNA targeting ASO for alternative splicing
mechanisms B) steric blocking of ribosomal machinery by ASO C) anti-miRNA ASO

1.3.2.1 RNase H

RNase H is a non-sequence specific endonuclease that cleaves the RNA strand in an RNA/DNA
duplex (57, 58) (a proposed mechanism for the hydrolysis is shown in Figure 6). RNase H is
capable of cleaving the target mRNA strand in both the cell cytoplasm and the nucleus (59).
However, recent work indicated that RNase H dependent mechanisms tend to be more potent for

nuclear targets than cytoplasmic targets (60).
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Figure 6. Schematic diagram of the RNase H catalytic mechanism(61)

133 siRNA and the RISC complex

1.3.3.1 Duplex siRNAs

The second principal gene silencing pathway in therapeutic development makes use of double-
stranded RNA. This is perhaps surprising since the ‘antisense strand’ of this duplex is not
immediately available for binding to a target RNA, being tied up in a duplex. Indeed, the
observation of potent gene silencing by double-stranded RNA was sufficiently surprising and
important to earn a Nobel prize for its discoverers, Andrew Fire and Craig Mello (62). This type of
silencing was named RNA interference (RNAi), and occurs when the dsRNA is taken up by the
RNA-induced silencing complex (RISC), an endogenous gene silencing protein complex within cells

(62, 63) (Figure 7).

microRNAs (miRNAs) are small non-coding RNAs which play roles in RNA silencing and post-
transcriptional gene regulation. miRNA are RNAs that fold back on themselves forming a stable
hairpin structure called a pre-miRNA. Before being incorporated into RISC, pre-miRNAs are
processed by the protein Dicer to remove the stem-loop structure and become mature miRNAs.
miRNA use Watson-Crick base pairing to bind complementary mRNA targets and cause gene
silencing by three mechanisms. Firstly, they may guide the RISC complex to a target mRNA
causing cleavage of the mRNA strand. Secondly, miRNAs may also cause mRNA destabilization by
binding and shortening the polyA tail. And thirdly, they may bind a target mRNA and cause

translational blockage.
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To make use of the RNAi pathway for therapeutic use, researchers have traditionally administered
a duplex small interfering RNA (siRNA) or miRNA (64). siRNAs and miRNAs are double-stranded
RNAs, having a guide strand (antisense strand) that is complementary to the target RNA sequence
and a passenger strand (sense strand) that is complementary to the guide strand (65). Once in
the cytoplasm, the duplex RNA associates with Argonaute 2, the main catalytic component of the
RISC complex (66). Once loaded into RISC, the passenger strand of the duplex is removed, and the
guide strand guides the RISC complex to the target RNA. If the duplex siRNA is perfectly
complimentary to the target mRNA strand, the mRNA will be cleaved by Argonaute 2. However, if
the siRNA contains mismatches in relation to the target mRNA, translation is repressed by a
complex mechanism involving both translational blockage mechanism and mRNA degradation by

a cleavage-independent mechanism (67, 68) (Figure 7).

RISC complex
Duplex siRNA or miRNA
—> Argonaute 2 5 [
Duplex associates with Argonaute 2
m’G AAAAAAA
Guide stand guides Argonaute Passenger strand is removed

2 to complementary mRNA

PN

mG AAAAAAA m’G —O AAAAAAA
Cleavage of target mRNA if Translational blockage of ribosome
perfectly complementary if mismatches are present

Figure 7. Schematic representing the gene silencing mechanism of siRNAs and miRNAs that function through the RISC
complex. Adapted from (46)

The oligonucleotide target is of crucial importance for the optimal chemistry to be used for gene

silencing (69). As Behlke presented, RISC-engaging oligonucleotides are generally more potent

silencers of cytoplasmic non-coding RNA targets (60).
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1.3.3.2 Single-stranded siRNAs

The RNAI pathway normally responds to double-stranded RNA. However, it has been previously
reported that single stranded RNAs were able to inhibit gene expression via the RNAi pathway by
associating with RISC components Argonaute 2 and Dicer (70) but were much less potent than

duplex siRNAs at inhibition gene expression (71, 72) .

A milestone was reached in 2012 when it was published that a chemically modified single-
stranded siRNA (ss-siRNA) was able to inhibit the mutant Huntingtin gene and PTEN in potencies
comparable to duplex siRNAs (73, 74) using a chemical modification motif based primarily on a
pattern of alternating 2’-fluoro and 2’-0O-methyl modifications. This alternating pattern has been
previously identified as highly potent in the context of duplex siRNAs (75, 76). Since duplex RNA is
harder to deliver in vivo than single stranded oligomers, ss-siRNAs could combine the best of both
previous gene silencing classes: a single-stranded oligonucleotide that can effectively be delivered
in vivo while also achieving the potency of a duplex siRNA by engaging the RISC complex. More

detail about previous and current work on the chemistry of ss-siRNAs is given in chapter 4.

10
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1.4 Current chemical modifications

Unmodified DNA and RNA is inherently unstable in biological systems due to nuclease digestion.
Chemical modifications are incorporated into DNA or RNA oligonucleotide strands to improve
affinity of the oligonucleotide for the desired target, improve biodistribution in vivo, increase
stability in biological systems, increase potency, and have a longer duration of silencing. For our
work, we will only concern ourselves with the phosphate backbone and sugar modifications for

our oligonucleotides (Figure 8).
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Figure 8. Structures of some common current chemical modifications used for oligonucleotide therapeutics.

The most widely used therapeutic modification is phosphorothioate (PS), in which a non-bridging
phosphate oxygen is replaced by a sulfur atom (77). PS was first synthesized in 1966 by Fritz
Eckstein (78) and evidence of the stability of PS linkages to nuclease digestion was soon published

(79).

The PS modification greatly increases oligonucleotide stability in biological systems, increasing the
half-life of the modified DNA or RNA to 1-3 days which is more stable to nucleases than
unmodified DNA or RNA (80). Oligonucleotides that contain the PS modification are capable of
recruiting RNase H to cleave the desired target, leading both to a decrease in RNA level and
reduced protein expression (81). Even though the PS modification is a powerful tool for
oligonucleotide therapeutics, it has two main limitations: a tendency to bind proteins
nonspecifically, leading to undesirable off target effects when introduced into biological systems,

and a reduced affinity for the target complementary RNA (82).

The rings of oligonucleotide sugars are the other most common site of modification, maintaining a

similar structure and conformation to RNA. Typical 2’ modifications preorganize the nucleoside

11
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into a C3’-endo conformation that mimics the structure of RNA. RNA/RNA duplexes typically show
higher affinity than hybrids, and these 2’-modified RNA analogues often show even higher binding
affinity than RNA itself (83).

The 2’fluoro-RNA (2’F) modification has a fluorine atom in the place of the 2’0OH group on the
ribose. This modification has the highest binding affinity of the 2’ RNA modifications due to the
electronegativity of fluorine (84). A large family of modifications replace the hydroxyl group with
an alkoxy substitutent. Notable examples include methyl and methoxyethyl substituents, both of
which feature in FDA-approved oligonucleotide drugs. The 2’-O-methyl analogues, for example,
shows increased binding, improved resistance to nucleases (85) and reduced stimulation of the
innate immune system (86). The 2’-O-methoxyethyl (MOE) modification shows even higher
nuclease stability and higher binding affinity: by replacing the 2’OH hydrogen of the RNA ribose
with a methoxyethyl group, the melting temperature (T.,) is increased by 2°C per modified

nucleotide (87).

Locked nucleic acids (LNA) contain bicyclic sugars in which a methylene bridge links the 2’-oxygen
and 4’-carbon of RNA. This rigidifies the LNA into a RNA-like N-type conformation (88, 89). LNAs
are extremely thermally stable when bound to a complementary RNA (90) increasing the T, by
approximately 5°C per substitution (91). Constrained ethyl (cET), a derivative of LNA, is a cyclic

version of the MOE modification and has shown a 5 fold potency over MOE modifications (92).

All of the aforementioned 2’ chemical modifications are insufficient recruiters of RNase H when
the oligonucleotide is uniformly modified (93, 94). Fully modified oligomers can be used to work
through a translational blockage mechanism, but this approach is ineffective for applications
where cleavage is needed to repress expression of the gene of interest, such as when non-coding
transcripts are the target. Translational blockage also tends to be a lower potency approach for
gene silencing. Thus another approach was needed, that brings together high affinity with RNase

H activity.

In 1993, Monia et al. reported optimizing RNase H activity in mammalian cells by using an
oligonucleotide containing 2’-modified RNA near the termini and a central region or ‘gap’ of DNA
(95). These ‘gapmers’ have become the dominant class of RNase H dependent ASOs. Today’s
gapmers include two to five nucleotides per “wing” of high affinity, RNA-like modified
nucleotides, flanking eight to ten central DNA nucleotides (46) (Figure 9). The central section
provides the DNA/RNA hybrid needed for the recruitment of RNase H within a cell, while the
wings provide the oligonucleotide with the higher target affinity and increased nuclease

resistance. The backbone of gapmers is typically made with PS linkages throughout both sections.
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Figure 9. Schematic of a 3-9-3 gapmer design sequence. Red colored circles represent a high affinity,
nuclease resistant chemically modified nucleotide and the white circles represent
unmodified or PS DNA nucleotides.

1.5 Oligonucleotide delivery

An oligonucleotide cannot be effective unless it is able to enter the cell, avoid nuclease digestion,
and base pair with the target sequence. There are several factors that affect the degree of
cellular uptake of oligonucleotides, including the cell type, temperature, and the structure and
concentration of the oligonucleotides (96). The use of a cationic lipid transfection agent (eg.
Lipofectin) is often used to aid in cellular uptake of the oligonucleotides in vitro (97). However,
these transfection reagents can be toxic to cultured cells, and this kind of delivery vehicle is
usually not used in vivo. It would be beneficial to have oligonucleotides that efficiently enter cells

and reach their target sequence without any assistance.

The methods used for the delivery of oligonucleotides vary greatly depending on the types of
oligonucleotides used. siRNAs cannot enter the cell without the aid of conjugation or a
transfection agent of some sort. This is due to the negatively charged hydrophilic phosphate
backbone being exposed to the negatively charged cell membrane. Without the aid of a cationic
agent, cellular uptake of siRNAs is extremely limited. Single-stranded oligonucleotides are more
flexible than duplex oligonucleotides. They are amphiphilic and are more easily able to bind to
cell surface receptors. Single-stranded oligonucleotides, therefore may be taken up by the cell

without the aid of conjugations or formulations.

1.5.1 Endocytosis

Nakai et al. proposed that there are five distinct mechanisms by which an oligonucleotide can
enter a cell: 1) passive diffusion, 2) carrier-mediated uptake, 3) receptor mediated endocytosis, 4)
absorbance mediated endocytosis, and 5) fluid phase endocytosis (98). Passive diffusion is a
method of entry into cells that requires no input of chemical energy and is dependent on the
permeability of the cell membrane (99). Carrier-mediated uptake requires a specific carrier
recognizing a ligand in order to enter cells. With both passive diffusion and carrier-mediated
uptake, the oligonucleotide will enter the cytoplasm directly upon entry into cells (100). Both
receptor mediated and absorbance mediated endocytosis describe a process in which cells take
up molecules by the plasma membrane budding inward and forming an endosome (101).

Similarly, fluid phase endocytosis also results in the formation of an endosome, but the initiation
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of endosomal formation and uptake is not dependent on receptor binding. This process is

routinely used by cells to ‘clean up and test’ their surrounding environment (102).

siRNAs and antisense oligonucleotides enter cells through an endocytic pathway via an endosome
(103). At high oligonucleotide concentrations, ASOs enter cells in a fluid-phase endocytosis
mechanism, but this process can lead to non-specific effects due to the high levels of
oligonucleotide (104). The most efficient mode of entry for oligonucleotides into cells is by
receptor-mediated endocytosis (105). Cell plasma membrane proteins bind to the
oligonucleotide and become internalized. Once the oligonucleotide is internalized but entrapped

in an endosome, it must escape into the cytoplasm to be therapeutically beneficial (Figure 10).

The first compartment in the endocytic pathway is an early endosome. Early endosomes are
classified by the initial enclosing of the cell membrane into compartments. The early endosome is
used to recycle materials back into the cell via tubules, mainly through a slightly acidic pH causing
the material to disassociate from its receptor. An effective oligonucleotide would ideally escape
the endosome at this phase in order to avoid an increasingly acidic pH in the later stages of the
endocytic pathway. As the endosome matures, it becomes a late endosome, where additional
material sorting takes place. Late endosomes are lacking the tubules of early endosomes and have
a more acidic pH of 5.5. The last compartment of the endocytic pathway is the lysosome. The
function of the lysosome is to break down cellular waste which is then returned to the cytoplasm
as raw materials for cell building. The lysosome accomplishes the breakdown of materials with a

pH of 4.8 and active lysosomal hydrolases.
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Figure 10. Endocytic pathway schematic. Oligonucleotides enter into the early endosome of cells via endocytosis and
must escape to the cell cytosol before degradation in the lysosome.

1.5.2 Gymnotic delivery of oligonucleotides

Transfection methods including electroporation and lipofection (formulation with cationic lipids)
provide useful tools for aiding the uptake of oligonucleotides into cultured cells. However, these
methods are often too toxic for in vivo use, and the correlation between in vitro and in vivo
activity if often limited. Stein et al. developed a process called “gymnosis” that does not require
any type of serum additives or transfection reagent in order to have sequence specific gene
silencing when working with cultured cells (106). As oligonucleotides are polyanions they cannot
enter into cells through passive diffusion (107). Gymnotically delivered oligonucleotides instead

enter into the endosomes of cells through a fluid phase endocytosis mechanism (108).

This method shows a better correlation with in vivo activity. In gymnosis, short (12-15 mer) PS-
modified gapmer oligonucleotides containing LNA or -deoxy-2'fluoroarabino nucleic acid (2'F-
ANA) showed optimal uptake into cells (106). Since the initial report of gymnotic delivery, many
labs have gymotically delivered several types of oligonucleotides in order to silence a target gene
including PS-modified LNA gapmers (109-111), zipped nucleic acid (ZNA) conjugated LNAs (112),
or 2'F-ANA (113) (Figure 11).

Several differences are present between lipofection and gymnotic delivery of oligonucleotides to

cells. Firstly, while for a lipofection the oligonucleotides are taken up by cells within 4-24 hours,
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gymnotically delivered oligonucleotides must remain on the cultured cells for the duration of the
experiment due to much slower cellular uptake of oligonucleotides. Gymnosis also depends on
the cells being in an actively dividing growth phase. Also, gymnotic transfections require a much
higher concentration of oligonucleotide than lipofection (nM concentrations with lipofection to
UM concentrations with gymnotic delivery). However, gymnotic delivery has very low toxicity
since it does not use any toxic transfection reagents or supplements, and shows a much higher

correlation between in vitro work and in vivo activity due to the absence of serum additives.
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Figure 11. Additional chemically modified oligonucleotides used in gymnotic delivery studies.

153 Oligonucleotide conjugates

One promising technique for improving oligonucleotide uptake into cells is to covalently attach a
small molecule that is recognized by cell-surface receptors (114-116). In order for this strategy to
be effective, two conditions must be met: the covalent linkage chosen must be stable to the
conditions of oligonucleotide synthesis or suitable for post-synthesis conjugation, and the

modification must not interfere with the oligonucleotide’s specificity to the target mRNA (117).

There has been a great focus on conjugates to siRNAs in particular, given the challenge of siRNA
delivery in vivo and their very high hydrophobicity (118). Several strategies have been developed
to aid siRNAs in cellular uptake, especially with the attachment of lipophilic molecules. Soutschek
et al. (119) and Wolfrum et al. (114) are two of multiple groups that demonstrated that covalent

conjugation of cholesterol to siRNAs triggered uptake of siRNAs into liver cells in vivo.

However, like many chemical modifications, useful conjugates can often be applied to both siRNA
or ASO approaches. For instance, in 2010, Akinc et al. published work from Alnylam
Pharmaceuticals on their use of an N-acetylgalactosamine (GalNAc)-cluster conjugated to an
siRNA to target ApoE in the liver (120). And in 2014, Prakash et al. demonstrated that the same
GalNAc conjugate could provide a 5-10 fold increase in the potency of MOE or cEt gapmer ASOs

with targets in the liver (116). Naked oligonucleotides already tend to accumulate in the liver
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(121), so it is significant that the GalNAc conjugates that were targeted to a liver-cell-surface

receptor showed such dramatically increased potency.

154 Lung delivery of oligonucleotides

Oligonucleotide delivery into the lungs is a very challenging process due to many endogenous
biological lung protection barriers, such as an overlying mucus layer, cilia, and phagocytes in the
lungs to destroy foreign particles. Delivery of oligonucleotides by inhalation would be
transformational for treating lung diseases since the lungs are the entry point for many pathogens
(viruses and bacteria), one of the primary sites for tumor development, and of primary relevance

in the pathology of many genetic diseases (122).

Several studies have been published reporting the successful treatment of lung diseases with
oligonucleotides. In 2005, Bitco et al. reported successful treatment of respiratory syncytial virus
(RSV) with intranasally delivered duplex siRNAs with and without the aid of transfection agents
(123). Their study reported that treatment of mice 4 hours prior to viral exposure showed a 99%
reduction in RSV relative to the untreated mice. Additionally, they showed that siRNA treatment
post-viral exposure also had a therapeutically relevant knockdown of RSV. In 2010, DeVincenzo et
al. reported an RSV study on eighty-eight human male volunteers testing siRNA efficacy against
RSV upon delivery via nasal spray (124). The patient’s RSV levels were collected by nasal washes
and measured at 2-3 days post treatment. In all of the treated patients, statistically significant

knockdown of RSV was observed.

1.6 Asthma

Asthma is a common chronic inflammatory lung disease involving structural changes in the
airways leading to airway obstruction, remodelling, hyperresponsiveness, and bronchospasms
(125, 126). An estimated 300 million people worldwide suffer from asthma, and over 250,000
deaths annually are caused by the disease (127). Although many treatment options are available

for the treatment of asthma symptoms, the disease remains a worldwide health problem.

Both environmental factors, such as smoking, air pollution, or dust, and genetic factors impact the
severity of asthma symptoms (128). Studies have shown a correlation between early allergen
exposure and asthma, spawning the idea that limiting allergen exposure could affect asthma
development (129). Asthma has been shown to have between 35% and 95% genetic
contributions, but identifying the asthma-causing genes was challenging until genome wide

sequencing made linkage analysis of asthma associated genes possible (130).
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1.6.1 ADAM33

ADAM (a disintegrin and metalloproteinase domain) 33 is the first asthma susceptibility gene to
be identified by positional cloning (131). It encodes a membrane anchored protein belonging to
the zinc metalloprotease superfamily, located on chromosome 20p13 (132). The ADAM33 protein
has 7 functional domains which have been linked to diverse cellular processes including
proteolysis (133), cell adhesion (134), intracellular signaling (135), and membrane fusion (136).
Although many studies have been conducted on ADAM33, the exact physiological functions of
gene and its role in the pathophysiology of asthma are still unknown (137). ADAM33 is expressed

solely in mesenchymal cells especially smooth muscle cells and fibroblasts (138, 139).

A number of single nucleotide polymorphisms (SNPs) of ADAM33 have been used to predict lung
function of children ages 3-5, although no one particular SNP has been common to all populations
(140). These mutations have been linked to airway remodeling, which in the past has been
considered to be the result of long-standing inflammation (141). However, airway biopsies taken
from young children have shown tissue restructuring before the onset of asthma symptoms (142).
The inhibition of ADAM33 gene expression in early stages of life could potentially prevent or
correct the airway remodeling that leads to asthma and could be a novel treatment option.
Moreover, recent results by our collaborators E. Davies and H.M. Haitchi show that inhibition of
ADAM33 in a mouse model can reverse pathological airway remodeling (unpublished). Thus
oligonucleotide-mediated silencing of ADAM33 has the potential to be a clinically useful approach

in treating the root causes of asthma.

1.7 Solid phase oligonucleotide synthesis

Solid phase oligonucleotide synthesis is a routine method for obtaining a sequence specific,
custom-made, unmodified or chemically modified oligonucleotide. Four pivotal contributions led
to the development of the current phosphoramidite method used almost universally today,

including for this project.

In 1955, Sir Alexander Todd’s group at Cambridge University published the first account of the
chemical synthesis of a dithymidinyl nucleotide, creating the phosphate linkage using either H-
phosphonate or phosphoryl chloride reagents (143, 144). This method was novel, but did have

limitations such as the phosphoryl chloride intermediate was very sensitive to hydrolysis.

By the late 1950s, the synthesis of oligonucleotides longer than a few bases became possible
when H. Gobind Khorana (then at the University of Chicago) developed the phosphodiester

method of oligonucleotide synthesis, which consists of a phosphorylated nucleoside that can be
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activated and coupled to a desired nucleotide (145). In addition, Khorana developed most of the

nucleoside protecting groups we still use today.

In the late 1960s, the phosphotriester method of oligonucleotide synthesis was published by
Robert Letsinger (Northwestern University). Letsinger observed that protecting the nonbridging
oxygen of the phosphate prevented the formation of branched structures that had previously
been a major class of impurities. (146) Letsinger also developed the phosphite triester approach
(using P(lll) rather than P(IV) species as reagents). The idea that P(lll) would be more reactive
than P(V) to nucleophilic attack was non-intuitive, but this change dramatically reduced reaction
times. This change required the inclusion of an additional oxidation step in each synthesis cycle
(147). Finally, Letsinger was also the first to apply a solid phase approach to oligonucleotide

synthesis (148).

In the early 1980s, Marvin Caruthers (University of Colorado) made a very small but highly
significant modification to Letsinger’s synthesis. He replaced the chloride leaving group with an
amine (149, 150). This substitution changed the field because the resulting phosphoramidite
could be synthesized in advance, stably stored, and used when needed with only a mild acid-

activation step before coupling.

Today’s phosphoramidite-based synthesis, used almost universally, makes use of 3-O-(N,N-
diisopropyl phosphoramidite) building blocks (149) and adds one nucleotide per synthesis cycle in
the 3’-5’ direction. The phosphoramidite synthesis cycle is summarized in Figure 12; each step

will be described in more detail in Chapter 2.
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Figure 12. Solid phase oligonucleotide synthesis cycle.

1.8

For this thesis work, quantitative real-time polymerase chain reaction (qRT-PCR) was used to
quantitate levels of gene transcription upon treatment with our gene-specific oligonucleotides.
gRT-PCR monitors the amplification of a specific DNA target sequence in real-time as it is being

PCR amplified (151-154). The real-time PCR system is a thermal cycler with the ability to detect a

Quantitative real-time polymerase chain reaction

e
o — B4
' </O >
. \
F~
L

Unreacted 3’ nucleoside
that did not couple with
the incoming amidite

fluorescence signal emitted by an excited flurophore at a specific wavelength (151, 154, 155).

gRT-PCR reactions use the same reagents as conventional PCR but gRT-PCR reactions also contain
a fluorescent label that can be monitored. There are two main detection methods used for gRT-
PCR experiments: Tagman probes (155-157) which emit a fluorescent signal upon DNA

amplification and SYBR dyes (158-160) which emits a fluorescent signal when bound to double

stranded DNA (Figure 13).
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Figure 13. Schematic of the fluorescent detection methods of qRT-PCR.

The quantification of the fluorescent signal associated with the amplification of a target gene is
normalized to an internal reference gene (e.g. GapDH or 18-S RNA) (154, 161-165). The data
from a gRT-PCR experiment is presented as a Ct value initially, which is the number of
amplification cycles for the fluorescent signal to cross the threshold of detection (154, 156, 164,

166)(Figure 14). The lower Ct values indicate a higher amount of gene transcription.
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Figure 14. Image representing that a Ct value is the value of the number of PCR amplification cycles for the
fluorescent signal to reach above the background threshold.

The Ct values from the gene of interest are normalized to both the reference gene and a
scrambled or non-treated (NT) sample (154, 162-164, 167). This method is referred to as the
‘AACt” method (162-164, 167). The quantitation equation is as follows: AACt= ACt
(oligonucleotide treated gene of interest - oligonucleotide treated control gene) - Act (negative
control sample from gene of interest- negative control sample from control gene) (162-164, 167).
The fold change in the gene of interest sample is then calculated using the equation: The fold
change= 2-(**“") (162-164, 167) (Figure 15). The qRT-PCR data from this thesis work is presented in
graph form as the relative ‘gene of interest expression’ on the y-axis versus the oligonucleotide
concentration on the x-axis. The negative control value is set to 1.0 and the oligonucleotide

expression levels are normalized to that value.
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Oligonucleotide treated Negative control
sample Ct sample Ct
Row
1 Oligonucletide treated sample Ct 24 20
2 GAPDH control gene Ct of the oligonucleotide 18 18
treated sample
3 Oligonucleotide treated sample Ct -GAPDH Ct 6 2
of the oligonucleotide treated sample
4 \alue from row 3 - Value from row 3 of negative 4 0
control sample Ct
5 Fold change of sample 0.06 1

The level of gene expression for the oligonucleotide gene of interest relative to the negative control sample
is 0.06%. This means that the oligonucleotide inhibits 99.94% of the expression of this gene.

Figure 15. Representative quantification of gene expression of an oligonucleotide treated sample to a negative
control sample using the AACt method. This is not actual data.
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Figure 16. Representative qRT-PCR results graph. The relative gene expression level is graphed normalized to the
negative control sample set at a value of 1.

1.9 Genome editing

Genome editing allows DNA within a genome to be replaced, inserted, or removed using artificial
nucleases that create double strand breaks in the target DNA sequence. Genome engineering has
a diverse range of applications including the exploration of gene function as well as therapeutic
purposes such as correction of genetic mutations, elimination of viral sequences and exploration
of genetic functions. Due to recent advances in genome engineering, researchers are now able to

rapidly and reproducibly modify a specific sequence of DNA.

1.9.1 Zinc finger nucleases

Zinc finger nucleases are site-specific nucleases containing two protein domains, one which binds

DNA and contains the zinc finger (a small protein structural motif stabilized by one or more zinc
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ions) and the other domain is the nuclease domain which uses Fokl restriction enzyme to

catalytically cleave target DNA.

Zinc finger proteins are highly abundant proteins in eukaryotic genomes, with various functions
including DNA recognition (168). The zinc finger proteins are capable of recognizing and binding
three base pairs of DNA (169). Approximately 3-6 zinc finger proteins can be combined together
and tethered to a nuclease, to produce a zinc finger nuclease that can site-specifically target DNA
(169). However, the process of developing a multi-zinc-finger protein that targets a DNA
sequence is non-intuitive and requires significant empirical optimization. Moreover, zinc finger
nucleases must be constructed as dimers, based on two independent binding events, since the
catalytic component, the Fokl restriction enzyme, must dimerize in order to cleave DNA (Figure

17).

The zinc finger nuclease creates a double strand break in the target DNA strand. Genome editing
is enabled at this stage, as the endogenous DNA repair pathways are utilized to either insert a
new fragment of DNA into the genome or remove the cleaved section entirely. Zinc finger
nucleases have been used for gene disruption in model organisms (170-173) or gene correction in
human cells and plants (169, 174, 175). And recently, a zinc finger nuclease was approved by the

United States Food and Drug Administration as a cancer immunotherapy (176).

Zinc finger proteins
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Zinc finger proteins
Figure 17. Schematic of zinc finger nuclease dimer bound to target DNA.

1.9.2 Transcription activator-like effectors

Another popular genome engineering technique uses transcription activator-like effector
nucleases (TALENs) which cleave target DNA sequences by fusing the DNA binding domain of TAL
effectors (proteins secreted by Xanthomonas bacteria) with a DNA cleavage domain of a Fokl
restriction enzyme. To date, TALENs have been used for genome engineering in several

organisms including cattle (177), mouse (178), and human (179-181).

24



Chapter 1

Transcription activator-like effectors (TALEs) are proteins which are transcriptional activators that
bind specifically to gene promotors in plants to regulate gene expression (182). TALEs contain a
central repeat domain which mediates target DNA recognition. Natural TALEs contain nuclear
localization signals which aid the protein into plant nuclei where it binds and activates gene

expression.

However, for genome engineering purposes, TALEs may be fused with Fokl (constituting the
TALEN) in order to bind and cleave target DNA sequences. TALENs may be constructed to target
almost any DNA sequence by altering the central repeat domain of the TALEs (183) (Figure 18). As

with zinc finger nucleases, the TALENs must create a dimer in order for DNA cleavage by Fokl.
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Figure 18. Schematic of TALEN dimer bound to target DNA.
1.9.3 Clustered regularly interspaced short palindromic repeats

Comparable to the RNAI gene silencing pathway in eukaryotes, bacteria and archea have evolved
defensive systems for protection against foreign invading threats, such as viruses (184, 185). The
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas)
system is an adaptive immunity against invading threats and is present in 50% of bacteria and

90% of archea (186).

The first report of bacterial genome repeat sequences was published by Ishino et al. in 1987 for
Escherichia coli (187), and additional clustered repeat sequences were identified in the genome of
other bacteria and archaea species in 2000 (188). CRISPR repeats range from 23 — 50 nucleotides
long with an average length of 31 nucleotides. The CRISPR repeats are separated by spacer
regions ranging from 17 to 84 nucleotides, with an average of 36 nucleotides. In 2005, it was
suggested that CRISPR/Cas genes could actually be an adaptive immunity defense in bacteria
(189-191) when the spacer regions were identified as nucleotide sequences from invading phage

or viral genomes. This observation was further validated in 2007 when Barrangou et al. altered
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the resistance of phage attacks in Streptococcus thermophiles by altering the spacer DNA

sequences (192).

The CRISPR spacers are a heritable memory of past bacterial cellular intrusions. Invading foreign
DNA is processed into small DNA fragments by Cas nucleases. The spacers are transcriptional
templates for the production of crRNAs. The mature crRNA guides the appropriate Cas protein to

the target DNA strand where it is cleaved (Figure 19).

Invading foreign DNA (e.g. phage)
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Figure 19. Schematic representing spacer acquisition and target DNA cleavage. Invading foreign DNA is processed
into small DNA fragments by Cas nucleases. The invading foreign DNA (spacers) are incorporated into
the host genome, becoming pre-CRISPR RNA. The pre-CRISPR RNA is transcribed into mature CRISPR
RNA. Mature CRISPR RNA complexes with Cas nucleases to target incoming foreign DNA for cleavage.

1.93.1 CRISPR types |, 11, and 11l

CRISPR-Cas systems are classified into three distinct categories by their mechanism of cleavage
due to the various Cas genes associated with the CRISPR complex (193). However, all three
categories operate through three main stages: adaptation of novel spacer sequences; expression
and processing of crRNAs from pre-crRNA precursors; and interference where the foreign DNA or

RNA is targeted and cleaved by the CRISPR-Cas complex.
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All three CRISPR-Cas systems have Casl and Cas2 proteins, which play a critical role in the

adaptation of spacer sequence integration (194).

1.9.3.2 CRISPR-Cas type i

Of the three types of CRISPR-Cas systems, type Il is the most used in genome editing applications
and will be the system used in this thesis work. One of the greatest advantages of the type Il

system over the others is the use of a single nuclease for cleavage, Cas9.

The CRISPR-Cas type Il system most commonly used for genome editing originates from S.
pyogenes and is adaptable for many genome editing applications (195). Cleavage using this
system only requires a mature CRISPR RNA (crRNA), a helper RNA called transactiving CRISPR RNA
(tracrRNA), and a Cas 9 protein (196).

As mentioned previously, an invading foreign DNA is processed by Cas nucleases, and the ‘spacer’
foreign DNA fragments are incorporated into the host cell’s genome (197). The spacer DNA
sequences are incorporated into the host cell genome in between segments of CRISPR DNA which
contain short palindromic repeats. Following transcription, a mature crRNA sequence is present,

with the incorporated foreign sequence inserted (197, 198).

The crRNA contains the DNA targeting sequence (from the foreign DNA spacer sequence) and a
second domain that is complementary to tracrRNA (185). The tracrRNA is a trans-encoded RNA
that is endogenous to the cell and specific for S.pyogens (199, 200). The crRNA and tracrRNA
hybridize and form a ternary complex with Cas9 (201) (Figure 20).

Cas9 protein has three distinct domains: HNH, RuvC-like, and Pi (202). The HNH and Ruv-C
domains are the nuclease domains which are responsible for target DNA cleavage (202). The Ruv-
C domain cleaves the non-target DNA strand while the HNH domain cleaves the complementary
DNA strand, creating a double strand break in the target DNA sequence (203). The Pi domain is
responsible for recognizing the Protospacer adjacent motif (PAM) sequence in the target DNA

(202).

PAM is a DNA sequence that immediately follows the DNA sequence targeted by the CRISPR RNA
(204). Therefore, PAM is not a component of the CRISPR\Cas complex, but it is a component of
the invading virus, phage, or plasmid (205). The CRISPR\Cas complex will not cleave or bind a
target DNA sequence that is not immediately followed by a PAM sequence (206) and the PAM
sequence determines ‘self’ from ‘not self’ bacterial sequences (207). Each CRISPR\Cas type has a

specific PAM sequence (208).
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The simplicity of the type Il system over ZFN and TALENs makes it ideal for genome editing
applications. Almost any DNA sequence may be targeted by merely changing the crRNA
sequence. The only caveat is the targeted DNA sequence must be adjacent to a PAM sequence.
In 2012, Jinek et al. reported that the CRISPR-Cas type Il system can be exploited for use in RNA-
programmable genome editing (185). Since that breakthrough, CRISPR/Cas9 technology has been
used in many organisms, including human (209-211), monkeys (212), rats (213), mice (214), and

pigs (215) to name a few.
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Figure 20. Schematic representing the crRNA, tracrRNA, and Cas9 complex targeting a double stranded DNA. The
three components combine creating the CRISP\Cas complex. The crRNA guides the complex to the
complementary invading DNA strand. The CRISPR\Cas complex binds and cleaves the foreign DNA
directly adjacent to the PAM sequence causing a double strand break.

1.10 Thesis Objectives

1.10.1 Optimizing oligonucleotide solid phase synthesis

The first objective for this thesis work involved optimizing the solid phase synthesis of our
oligonucleotides. As all of this thesis work was centered on gene silencing or editing with

oligonucleotides, we needed an efficient way to synthesize our oligonucleotides

1.10.2 Gene silencing of ADAM33

Our collaborator, Hans Michael Haitchi, had previously designed siRNA oligonucleotides to inhibit
ADAM33 gene expression. However, using unmodified duplex siRNAs, he achieved only moderate
success (70% inhibition) in cultured cells. Moreover, duplex siRNAs can be challenging to deliver
in vivo. The objective of this thesis chapter was to design single stranded oligonucleotides which

were more potent than the initial siRNA duplex.
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1.10.3 Development of ss-siRNA chemistry

In the course of our research into the silencing of ADAM33, we observed that minor modifications
to the 3’ terminus of the ss-siRNA oligonucleotides greatly reduced or enhanced the potency. We
tested whether this observation was specific to ADAM33 gene silencing in MRC-5 lung fibroblast
cells, or if the discovery was applicable across several cell lines and genetic targets. We also
sought to develop a chemistry for ss-siRNAs based only on modifications that are widely available,
which would help make the technique much more widely accessible than the currently used

modifications which are proprietary and not widely available.

1.10.4 Genome editing with CRISPR/Cas9

The CRISPR/Cas9 type Il system has quickly become a very popular technology for genome
editing. The requirement for only three key components, tracrRNA, crRNA, and Cas9 nuclease,
allows this system to be very versatile. However, currently all of the published work uses
expressed or unmodified RNA for the crRNA and tracrRNA. The objective of this project was to
test whether chemically modified crRNA and tracrRNA could improve the properties of CRISPR
guide RNAs relative to unmodified RNA.
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Chapter 2: Solid phase oligonucleotide synthesis

2.1 Introduction

As mentioned in section 1.7, solid phase oligonucleotide synthesis is a routine method for
obtaining sequence specific, custom-made, unmodified or chemically modified oligonucleotides.
Although the method of phosphoramidite oligonucleotide synthesis is straightforward, each type
of chemically modified oligonucleotides required a thorough optimization in order to achieve
higher yields and purer products. The optimization conditions used for the oligonucleotides in
this thesis work as well as a detailed outline of the solid phase synthesis steps are presented in

this chapter.

2.1.1 Detritylation

The nucleotide building blocks used in solid phase synthesis are protected at the 5’ end by a
dimethoxytrityl (DMT) group, which was first published by Schaller et al. in 1963 (216). The DMT
group is removed with a solution of 3% trichloroacetic acid (TCA) in dichloromethane (DCM)
(Figure 21).  Detritylation must occur before the oligonucleotide synthesis can begin, and it is

also the final synthesis step before the addition of a new amidite.

When the DMT group is removed, the resulting carbocation emits an orange color with a A, of
503 nm. As a stable ion, this species also affects the conductance of the deprotection solution in
a measurable way. Either of these approaches allow oligonucleotide synthesizers to measure the
trityl yield for each synthesis cycle to monitor the synthesis efficiency during synthesis. A high

stepwise percentage yield has a great impact on the overall synthesis yield and efficiency.

Although detritylation is a necessary step for solid phase synthesis, there need to be precautions
when programming the synthesis cycle. An oligonucleotide should not be exposed to acid for an
extended period of time due to possible depurination. Depurination is a chemical reaction where

a purine (adenosine or guanosine) base is hydrolytically cleaved from the sugar.
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Figure 21. Mechanism of the detritylation step of solid phase synthesis where the DMT protecting group is removed
by a 3% TCA solution.

2.1.2 Activation and coupling

Following the detritylation step of the bound 3’ nucleotide, the diisopropylamino group of the
incoming phosphoramidite is activated, typically using either 0.5M tetrazole or 0.3M 5-benzylthio-
1-H-tetrazole (BTT) in acetonitrile. Approximately 10-20 equivalents of activated

phosphoramidite relative to the bound oligonucleotide are added per coupling step.

For activation and coupling, the diisopropylamino group of the incoming phosphoramidite is
protonated by the tetrazole, making it a good leaving group. The protonated diisopropylamino
group is rapidly displaced due to a nucleophilic attack on the phosphorus by the 5’-hydroxyl group

of the bound nucleoside creating a new phosphorus-oxygen bond (Figure 22).
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Figure 22. Activation and coupling solid phase synthesis cycle step.

2.13 Capping

The capping step in the solid phase synthesis cycle functions as a ‘damage control’ step. Since no
synthesis produces 100% yield, there will be unreacted 5’-OH groups that could couple with the
next phosphoramidite, causing a single nucleotide deletion in the final oligonucleotide. As this
can occur at each step, this produces a large number of n-1 deletion products that are very
difficult to remove. Therefore, capping is done by adding a mixture of acetic anhydride and N-
methylimidazole, dissolved in THF and pyridine, to the synthesis column. These conditions
acetylate the 5’-OH, forming an acetate ester which is unreactive to further synthetic cycles, and
in turn making the sequence with the nucleotide deletion easier to separate from the full-length

product (Figure 23).
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Figure 23. Capping mechanism of solid phase oligonucleotide synthesis.
2.1.4 Oxidation or sulfurization

The newly formed linkage is a phosphite triester at the end of the coupling step and it is very
unstable in acidic conditions. Before the synthesis cycle can continue the backbone must
therefore be oxidized or sulfurized to form a stable 2-cyanoethyl protected phosphate triester. A
solution of 0.02M to 0.1M iodine in the presence of water and pyridine is used for the oxidation
(Figure 24) and 3-Ethoxy-1,2,4-dithiazoline-5-one (EDITH) is one of a number of sulfurizing
reagents (Figure 25) (217).
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Figure 24. Mechanism of iodine/water/pyridine-mediated oxidation commonly used in solid phase oligonucleotide

synthesis.
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Figure 25. Mechanism of sulfurization by EDITH in solid phase oligonucleotide synthesis.
2.15 Cleavage from support

Prior to being cleaved from the solid support, a final detritylation step is performed. Once the
oligonucleotide is synthesized, it must be cleaved from the support column. Cleavage is
completed in either a one or two step process. If a standard support column with the first 3’
nucleoside already attached is used, cleavage can occur quickly through a simple ester aminolysis

mechanism using ammonia or methylamine (Figure 26). If Unyliker is used as a support column, it
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must go through a dephosphorylation step after the ester hydrolysis, achieved with base and

heating (Figure 27).
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Figure 26. Cleavage of an oligonucleotide from a standard solid support.
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Figure 27. Cleavage of an oligonucleotide from a Unylinker support.

2.1.6 Nucleobase protection and deprotection

Due to the nucleophilic nature of the exocyclic primary amino groups on the nucleobases,
protecting groups are used during oligonucleotide synthesis to avoid side reactions. Thymine and

uracil have no exocyclic amino group so they do not need to be protected (Figure 28).
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Figure 28. Protection of DNA or RNA nucleobases used in solid phase synthesis.

2.16.1 DNA and 2’ modified RNA deprotection

A common way to remove the base protecting groups is by heating the oligonucleotide at 55°C
overnight in ammonium hydroxide. This step is completed in conjunction with the
oligonucleotide being cleaved from the support column. However, deprotection in ammonium

hydroxide is only applicable to DNA nucleobases or 2’modified RNA nucleobases.

The aforementioned ammonium hydroxide deprotection method will degrade unmodified RNA so
an alternative deprotection method must be used. The oligonucleotide can be heated for 10

minutes in a 33% aqueous ethanolic methylamine / ammonium hydroxide solution to deprotect
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the nucleobases and cleave the oligonucleotide from the solid support. This deprotection method
may be used on any oligonucleotide, DNA or RNA, as long as the cytosine nucleobase is protected
with an N-acetyl group as opposed to an N-benzoyl group. N-benzoylcytosine is not suitable since
benzamide can be displaced by the methylamine under these conditions (Figure 29). In the case
of the N-acetyl protection, the removal of the acetyl group is sufficiently fast as to avoid a parallel
side reaction. Alternatively, a 3:1 solution of ammonium / ethanol may be used for base
protection of any DNA or RNA oligonucleotides. For this method, the oligonucleotide is

deprotected for 48 hours at room temperature.
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Figure 29. Mechanism of the displacement of N-benzoyl Cytosine by the methylamine deprotection.

2.1.7 RNA 2’-hydroxyl protection and desilylation

The main difference between DNA and RNA is the presence of a 2’0OH group on the ribose ring of
RNA. Thus, during solid phase synthesis, the RNA amidites must be protected both at the
nucleobases and the 2’0OH. The tert-butyldimethylsilyl (TBS) method of RNA protection is the
method used for this project. Following synthesis and base deprotection, the desilylation step

occurs with fluoride — in our case generally a 4:1 DMSO / TEA-3HF solution (Figure 30).
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Figure 30. Mechanism of removal of TBS protecting group from RNA by fluorine.

2.1.8 Oligonucleotide purification

Once an oligonucleotide has been synthesized, cleaved from the solid support, and deprotected, a

purification step is typically required in order to remove any truncated products or impurities.
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High-performance liquid chromatography (HPLC) and gel electrophoresis are two common ways
in which an oligonucleotide is purified. In this project, oligonucleotides were purified by
polyacrylamide denaturing gel electrophoresis. Gel electrophoresis is a technique that separates
products based on both hydrodynamic properties and electrical charge. The gel purification
method is typically used for oligonucleotides with hydrophobic components (e.g. lipid tail) or
oligonucleotides >100 bases due to the greater loss in yield as compared to alternative

purification methods.

2.2 LNA gapmer synthesis and purification

The LNA gapmers synthesized for this thesis work are single stranded, 15-mer antisense
oligonucleotides that are fully phosphorothioated. As mentioned in section 1.4, our LNA gapmers
consist of 3 LNA modifications at both the 5’ and 3’ end of the oligonucleotide with 9 central
unmodified DNA nucleotides. LNA gapmer sequence design follows several sets of parameters
that will be outlined in Chapter 3. The solid phase synthesis parameters of synthesizing the LNA
gapmers used required several troubleshooting steps in order to achieve high yields of the correct

full length oligonucleotide.

221 LNA gapmer synthesis using TETD as a sulfurizing reagent

For our initial LNA gapmer solid phase synthesis (Appendix B), all amidites were dissolved in
anhydrous acetonitrile at a 0.15 mol/L concentration, with the exception of LNA MeC which was
dissolved in 3:1 anhydrous acetonitrile: THF. For sulfurization, tetraethylthiuram disulphide in
acetonitrile (TETD) (Figure 31) was used as it has been previously reported to achieve high
synthesis yields (218). The sulfurization step for this reaction was 900 seconds following an 8

second TETD addition to the column.

Figure 31. Structure of TETD sulfurizing reagent.

Following the solid phase synthesis, the oligonucleotides were deprotected and cleaved from the

Unylinker solid support using a 3:1 ammonium hydroxide: ethanol solution for 48 hours at room
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temperature. A deprotection in ammonium hydroxide at 55°C for 16 hours would have also been

acceptable for this type of modified oligonucleotide.

A Time of Flight mass spectrometry analysis did not show the correct molecular weight peak for
the LNA gapmers. The mass spectrometry analysis for LNA-G (sequence and more details on this
gapmer in Chapter 3) is shown as a representative figure for the data obtained for all of the
synthesized gapmers (Figure 32). Following the mass spectrometry, a 20% polyacrylamide
analytical gel was run on all of the LNA gapmers (sequences in Chapter 3) in order to check the
efficiency of the synthesis. The analytical gel results confirmed that the synthesis of the LNA
gapmers was not successful (Figure 33). A successful synthesis gel would have showed a cleaner
band the same molecular weight as the LNA control and faint lower molecular weight bands to

indicate the size of the ‘failure’ sequences.
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Figure 32. Representative mass spectrometry analysis on and LNA gapmer synthesized using TETD as a sulfurizing
reagent. This shows LNA 33-G which should have a mass peak 4798.1 g/ mol. This analysis was
performed using a Time of Flight mass spectrometer.

Figure 33. Results of a 20% analytical polyacrylamide gel showing the failure of the LNA gapmer solid phase synthesis
with TETD sulfurization. LNA gapmer sequences are described in detail in Chapter 3. The control
oligonucleotide was a purchased 16-mer LNA gapmer. The dye was bromophenol blue. The gel was
stained using Stains-all.

2.2.2 Troubleshooting LNA gapmer synthesis

We began to investigate the failed LNA gapmer syntheses by first testing whether our Unylinker
solid phase support column was compatible with a 3’ phosphorothioate addition. Three
oligonucleotides were synthesized, each addressing a different potential support column
problem. The dT oligonucleotides were synthesized using TETD as before with a 900 second
sulfurizing time.

1. A fully phosphorothioated 8-mer DNA-thymine oligonucleotide was synthesized
using a purchased support column that already had the first 3’ DMT protected
attached. This oligonucleotide tested whether the failed LNA syntheses were from
the first coupling of the amidite to the Unylinker support column.

2. A fully phorphorothioated 8-mer DNA-thymine with a universal Unylinker support
column was synthesized. This experiment tested the coupling efficiency with a

sulfurizing reagent is used to couple the first amidite to the column.
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3. An 8-mer DNA-thymine was synthesized and every linkage was phosphorothioated
with the exception of a 3’ terminal phosphodiester linkage which connected the
nucleoside to the Unylinker support column. This experiment tested if the coupling
efficiency was improved in the 3’ nucleoside was linked with a phosphodiester

backbone.

The oligonucleotides were deprotected, concentrated to dryness, and quantitated. The mass
spectrometry results show that all three 8-mer DNA-thymine sequences were the correct product

so it was concluded that the Unylinker support was not responsible for the failed LNA gapmer

syntheses (Figure 34).
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Figure 34. Mass spectrometry results on the dT oligonucleotides that were synthesized to troubleshoot the failed LNA
gapmer synthesis. A) List of dT oligonucleotides used for this troubleshooting experiment B) PS dT
oligonucleotide with purchased dT column C) PS dT oligonucleotide with Unylinker solid support D)
PO dT oligonucleotide with Unylinker solid support.

223 LNA gapmer synthesis using TETD and BTT

Four of the previously attempted LNA gapmer sequences were resynthesized with changes made
to the synthesis reagents and the solid phase synthesis cycle. As previously, TETD was used as a
sulfurizing agent, but the sulfurization time was extended to add an additional 900 seconds
following an 8 second TETD addition to the column. We also used BTT instead of tetrazole as
activator with a coupling time of 100 seconds for the DNA additions and 600 seconds for the LNA
additions. Following synthesis, the oligonucleotides were deprotected and cleaved from the

Unylinker solid support using ammonium hydroxide for 16 hours at 55°C.

The UV spectroscopy, mass spectrometry (Figure 35) and analytical gel results showed that the

correct LNA gapmer product was obtained but in a very low yield and purity.
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Figure 35. Mass spectrometry results on LNA gapmers 33-G, H, I, and Q A) Oligonucleotide expected and predicted
mass. B) Mass spectrometry results. The red boxes indicate the correct mass peak.
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Figure 36. Results of a 20% analytical polyacrylamide gel showing the failure of the LNA gapmer solid phase synthesis
with TETD sulfurization. LNA gapmer sequences are described in detail in Chapter 3. The control
oligonucleotide was a purchased 16-mer LNA gapmer. The dye was bromophenol blue. The gel was
stained using Stains-all.

224 LNA gapmer synthesis using EDITH

Based on the failure of the previous two LNA gapmer syntheses, two LNA gapmers were
synthesized using a 0.05M solution of 3-Ethoxy-1,2,4-dithiazoline-5-one (EDITH) in acetonitrile
(Appendix C). EDITH is an alternative sulfurizing reagent to TETD. As used previously, BTT was
used instead of tetrazole as a coupling reagent with the coupling times remaining at 600 seconds.
The sulfurization cycle was altered to an 8 second addition of EDITH to the column followed by a
60 second wait time. Then an additional 6 second EDITH addition to the column followed by a 60

second wait.

The mass spectrometry (Figure 37) results show that the two randomly selected LNA gapmers, 33-
M and 33-P, synthesized using the EDITH method were the correct product. The additional ten
LNA gapmers were synthesized using the EDITH method and were characterized by mass

spectrometry.
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Figure 37. Mass spectrometry analysis of the two initial LNA gapmers made using the EDITH method. A) The expected
and obtained mass spectrometry values of LNAs 33-M and 33-P. B) Mass spectrometry spectra for
LNAs 33-M and 33-P.

2.3 Single-stranded siRNA synthesis and purification

For the projects outlined in the following chapters, several ss-siRNA oligonucleotides with
alternating phosphodiester and phosphorotihioate linkages had to be synthesized via solid phase
synthesis. The oligonucleotide sequence design and rationale will be discussed at a later time,
with this section focusing on the synthesis and purification methods of the ss-siRNA

oligonucleotides used.

231 ss-siRNA synthesis using TETD

The initial ss-siRNA solid phase synthesis experiments were performed in conjunction with the
initial LNA gapmer solid phase synthesis experiments so we initially used TETD as a sulfurizing
reagent for the ss-siRNA synthesis as well. Initially, tetrazole was used as a coupling agent in the
ss-siRNA synthesis with a 600 second wait time per coupling addition. TETD was used as a
sulfurizing agent with a 900 second wait time. All of the phosphoramidites were dissolved in

anhydrous acetonitrile at a 0.15 mol/L concentration.

The Applied Biosystems 394 DNA/RNA synthesizer used for the ss-siRNA synthesis is equipped

with auxillary lines present in order to add up to 8 modified amidites to the synthesizer.
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Unfortunately, our initial ss-siRNAs needed 10 modified amidites (Figure 38). For that reason, our

initial ss-siRNAs had to be synthesized in five different steps with alternating synthesis cycles

which are detailed in Chapter 6.

1.

The ss-siRNA 3’ end must be attached to the Unylinker solid support. A MOE modification
was attached using TETD for the sulfurization steps.

Following the MOE addtions at the 3’ end of the ss-siRNA, a stretch of 8 nucleotides were
added, alternating between 2’-OMe and 2’-F RNA modifications, all with
phosphorothioate linkages.

The next 10 nucleotide additions were also alternating 2’-O-methyl and 2’-F RNA
modifications but had phosphodiester linkages. TETD was replaced with 0.2M lodine in
pyrimide for the oxidation cycle.

The 5’ terminal 2’-OMe nucleoside is attached via a phosphorothioate linkage so TETD
was used as a sulfurizing agent with a sulfurizing synthesis cycle.

The 5’ phosphate group was added to the ss-siRNA last and was oxidized with 0.2M lodine
in pyridine.

P-Us ACAGUUCCAG GgUsAgCsUsUgCs Cs AA

5

3 2 1

Figure 38. 5’ — 3’ ss-siRNA sequence representing the 5 different synthesis steps required for solid phase synthesis of

the ss-siRNAs. ‘s’: phosphorothioate; 2’-F; 2’-OMe; MOE; P: 5’ phosphate.

Following the ss-siRNA synthesis, the oligonucleotides were deprotected and cleaved from the

Unylinker support using ammonium hydroxide at 55°C for 16 hours. The correct ss-siRNA

sequence was synthesized and verified by mass spectrometry analysis (

Figure 39). Details of the ss-siRNA layout and sequence design will be discussed in detail in

Chapters 3 and 4.
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A
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Figure 39. Mass spectrometry analysis of a synthesized ss-siRNA verifying the synthesis product to be correct.

2.3.2 ss-siRNA synthesis using EDITH

Following the LNA gapmer solid phase synthesis success using EDITH as a sulfurizing reagent, we
decided to synthesize our additional ss-siRNAs using EDITH for the phosphorothioate linkages. As
previously carried out for the LNA gapmer synthesis, 0.05M EDITH was dissolved in anhydrous
acetonitrile. For the sulfurization step, an 8 second addition of EDITH to the column with a 60
second wait time was followed by 6 second addition of EDITH to the column with a 60 second
wait time. Also, in the subsequent ss-siRNA syntheses, BTT also replaced tetrazole as a coupling

reagent, keeping the coupling time at 600 seconds per addition.

As described above, the ss-siRNAs were synthesized in several different steps due to the limited
number of auxiliary lines for modifications on the solid phase synthesizer, and the need to
manually change cycles between PS and PO backbone chemistry. The five synthesis steps
changed slightly due to the chemical modification scheme of the ss-siRNAs being slightly different,
mainly with the alternation of PO and PS linkages following every nucleotide. The ss-siRNA

sequence design and layout will be discussed in further detail in Chapter 4.

48



Chapter 2

Following the ss-siRNA synthesis, the oligonucleotides were deprotected and cleaved from the
Unylinker support using ammonium hydroxide at 552C for 16 hours. The correct ss-siRNA
sequence was synthesized and verified by mass spectrometry analysis. A representative
oligonucleotide, ss-A33-MOE-2, is show to indicate the correct products were obtained from mass
spectrometry (Figure 40). Although we were able to achieve the correct ss-siRNA product using
either TETD and EDITH as sulfurizing reagent, we chose to continue using EDITH for our
sulfurization steps due in part to the dramatic decrease in sulfurizing time which cause a decrease

of ~13 minutes per PS linkage in the synthesis time.
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x104| ss-A33-MOE-2

| Expected mass: 7196,0 g\mol 7195.7318
3:
2:
1 {
ol 5474.1288 ) k l l L _
5000 5500 6000 6500 7000 7500 8000 8500 miz

Figure 40. Mass spectrometry analysis of a synthesized ss-siRNA ss-A33-MOE-2, verifying the synthesis product to be
the correct mass.

2.4 EDITH studies

With the solid phase synthesis success we achieved using EDITH as a sulfurizing reagent, we
decided to try to optimize the protocol used for EDITH-based synthesis. The end goal for this
experiment was to determine if we could use less EDITH per synthesis cycle. Since our previous
syntheses used two additions of EDITH per PS linkage (an 8 second addition followed by a 6
second addition). A mixed 8mer sequence of LNA (Figure 41A) was chosen for this synthesis and
was made fully phosphorothioated. BTT was used as coupling reagent and the sequences were
built on Unylinker support. We chose six different solid phase synthesis conditions for our EDITH

delivery (Table 1).
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Table 1. Six different solid phase synthesis conditions for our EDITH delivery study.

Experiment EDITH Wait 1 | EDITH Wait
Delivery 1 | (seconds) Delivery 2 | (seconds)
(seconds) (seconds)

1 8 60 6 60

2 8 120 NA NA

3 8 60 NA NA

4 6 60 2 60

5 8 30 6 30

6 6 30 2 30

The six oligonucleotides were deprotected and cleaved from the Unylinker support using a fast
deprotection method of 33% ethanolic methylamine: ammonium hydroxide at 65°C for 90

minutes.

A mass spectrometry analysis was run on the oligomers showing that all six synthesis methods
produced an almost identical (within 0.3 g/mol) mass. However the mass peak is showing 1841
g/mol instead of the correct 2763 g/mol. This weight corresponds to 2/3 of the correct mass, and
may be explained if the LNA is flying in MS as a dimer (Figure 42), and if the mass spectrometry
deconvolution software is recognizing one fewer charge on our LNA dimer (Figure 41B). A 20%
polyacrylamide analytical gel was also run in order to verify the mass spectrometry results (Figure
43). The control LNA used in gel for comparison has a molecular weight of 4800 g/mol. The
EDITH LNAs are running at a higher molecular weight of ~5500 g/mol which would correspond to
the LNA sequences running as duplexes. The LNA-LNA homoduplex formed between the two

strands is highly favorable (Figure 42).
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A
Oligonucleotide sequence Expected Mass g\mol Actual Mass g\imol
AgCgTgGgGgCgCsC 2763.0 1841.6 with small 2762.8 peak
B Intens. -MS, 7.7-8.3min, Deconvoluted (MaxEnt)
1841.5592
4000
3000
2000
10001 1381.4043
I 2762L8046 3451.1170
"y ' . A
° 500 1000 1500 2000 2500 3000 3500 miz

Figure 41. Results of EDITH studies A) phosphorothioated LNA sequence used in the EDITH studies with the expected
and calculated mass LNA; ‘s’: phosphorothioate B) representative mass spectrometry analysis of LNAs
synthesized in the EDITH study. The red box indicated the correct molecular weight product.

AsCsTsGsGsCsCsC
HEE.

CsCsCsGgGg T CA

Figure 42. LNA dimer formation. LNA; ‘s’ phosphorothioate.

Figure 43. Results of a 20% polyacrylamide gel showing the six LNAs used for the EDITH study compared against a
known molecular weight LNA. The control is an LNA gapmer of known weight, 4800 g/mol. The LNAs

1-6 are ~5500 g\mol which would correspond to the LNA running as a dimer.

From the EDITH studies, we can conclude that all of the EDITH conditions resulted in synthesis

products of equal mass. Although the solid phase synthesis products cannot be isolated at this

time due to the dimerization of the sequences, it can be concluded that no one synthesis

condition produces better oligonucleotides than the other. For the purposes of our lab’s future
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syntheses, any of the EDITH conditions would be appropriate for synthesis. Thus this project was
successful in identifying conditions with reduced consumption of EDITH but result in high

efficiency sulfurization.

2.5 Unmodified RNA oligonucleotide synthesis

For the projects outlined in the following chapters, several oligonucleotides containing native or
‘unmodified’ ribonucleotides (i.e. RNA containing a 2’-OH group) had to be synthesized via solid
phase synthesis (Appendix A). These were typically made with phosphodiester linkages, but some
sequences contained phosphorothioates. The oligonucleotide sequence design and rationale will
be discussed at a later time, with this section focusing on the synthesis and purification methods

of the unmodified RNA oligonucleotides used.

251 Synthesis cycle

For the RNA synthesis described in this thesis, we purchased 2-O-TBS-protected RNA
phosphoramidites for the solid phase oligonucleotide synthesis. The amidites were dissolved in
anhydrous acetonitrile to a 0.15 mol/L concentration. BTT was used instead of tetrazole as a
coupling agent. The coupling time for the RNA additions was 10 minutes per base. The
oligonucleotides were manually cleaved from the solid support due to the ammonium hydroxide
used in the solid phase synthesizers end cycle. The detailed synthesis cycle is listed in Appendix 1.

Unylinker solid support was used on all RNAs synthesized unless otherwise stated.

25.1.1 Deprotection and cleavage from the solid support

Unfortunately, several troubleshooting conditions were required in order to improve the RNA
deprotection efficiency. For the RNAs used in this thesis, a “fast deprotection solution” consisting
of 1:1 33% methylamine / concentrated ammonium hydroxide was added to the oligonucleotide
to cleave both the base protecting groups and the solid support. However, the end product was
not of consistently high quality if changes were made to the time the sample was heated during

deprotection.

When a Unylinker solid support is used for synthesis, the deprotection conditions must be harsher
than if an alternative solid support is used. In our experience, the deprotection must involve a
heating step in order to fully cleave the RNA from the Unylinker, but the RNA will degrade if left

too long (>90 minutes) in the 33% methylamine / ammonium hydroxide with heat.
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at room temperature for 90 minutes

We allowed one set of synthesized RNAs to incubate in 33% methylamine/ ammonium hydroxide

for 90 minutes at room temperature in order to cleave the oligonucleotide from the Unylinker

solid support and deprotect the nucleobases. Upon mass spectrometry analysis, it was found that

in several of the RNAs, the correct mass peak was indicated, but a ~ +274 peak was also present

(Figure 44). We reasoned that this peak could be due to inefficient cleavage from the Unylinker

(Figure 45).
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Figure 44. Mass spectrometry analysis of synthesized RNA showing the correct mass peak and a +261 peak.
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Figure 45. Unylinker adduct with exact mass calculated.

25.1.1.2 Deprotection

at 65°C for 180 minutes

The above set of RNAs were resynthesized and deprotected using harsher deprotection

conditions. We heated t

he samples at 65°C for three hours in 1:1 33% methylamine /
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concentrated ammonium hydroxide solution in order to fully cleave the oligonucleotide from the
Unylinker support (Figure 46). Although this deprotection method worked well for cleaving the
oligonucleotide from the Unylinker support, it did cause degradation of the RNA causing a lower
yield than with the previous deprotection conditions. The yield was calculated by measuring the
UV absorbance values and calculating the Beer-Lamberbert Law value (Absorbance=molar

extinction coefficient*concentration*length path).
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x107 | .
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3_

5760.8554
5431.8296

6978.2752 7702.3912
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Figure 46. Mass spectrometry analysis of synthesized RNA showing the correct mass peak using a 180 minute heated
cleavage step.

2.5.1.1.3 Deprotection at 65°C for 10 minutes

For the project outlined in Chapter 5, we needed to synthesize some 40-mer RNAs. Longer
unmodified RNAs are more challenging to make synthetically due, in part, to the 2’ TBS protecting
group not being fully stable to the basic deprotection conditions used. If the RNA loses the 2’ TBS
protecting group, it can lead to phosphodiester chain cleavage or 3’ to 2’-phosphate migration.
For this reason, and from our experiences with the aforementioned cleavage conditions, we chose
to use an alternative solid support for the longer RNA synthesis. Thus CPG was purchased with
the 3’ nucleoside already attached (Figure 47), which allowed the oligonucleotide to be cleaved
from the solid support by heating for 10 minutes at 65°C in33% methylamine / concentrated

ammonium hydroxide .
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Figure 47. CPG with 3’ RNA nucleobase attached.
2.5.2 Unmodified RNA purification

In our experience, unmodified RNA is rarely clean enough for experimental use without
purification. The synthesis tends to contain a large number of failure sequences which need to be
discarded before the RNA is ready for use. This is due to the less efficient coupling of RNA due to
the bulky 2’-OH protecting group causing steric hindrance. Either a 16% or 20% polyacrylamide
denaturing gel (depending on oligonucleotide length) was run for each RNA sequence in order to
isolate the full length product from the truncated sequences. The detailed gel electrophoresis

protocol is provided in Chapter 6.

For our longer oligonucleotides, we did not have a suitable standard molecular weight control
oligonucleotide or marker to use on the gels. For these gels, we loaded our oligonucleotides onto
the gels in the absence of a molecular weight marker. Upon Stains-all staining, the highest
molecular weight band is isolated for further analysis. We initially assume that the highest
molecular weight band is the full length oligonucleotide product. Each lower molecular weight

band indicates a truncated oligonucleotide sequence.
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Full length RNA

Truncated RNA sequences

Figure 48. 16% polyacrylamide analytical gel showing the failure RNA sequences, with the highest molecular weight
correct RNA sequence on the top. These oligonucleotides are unmodified 40-mer RNAs of mixed
sequences. The gel was stained using Stains-all.

2.6 Conclusions

Several different classes of oligonucleotides were utilized in the experiments described in this
thesis. We needed to optimize the solid phase synthesis of each different class of
oligonucleotides. In all cases, the yield needed to be be high enough for multiple experiments,

and the purity needed to be adequate for cellular and biophysical assays.

We examined the poor yield and purity of our phosphorothioated LNA gapmers and determined
that using a 0.05M EDITH sulfurization solution with a decreased sulfurization time as compared
to TETD was the key to a correctly synthesized oligonucleotide with a high yield. For the LNA
gapmers synthesized with EDITH as sulfurizing agent, the oligonucleotides were clean enough to
avoid HPLC or gel purification. However, a Nap-10 column was used to remove any small

molecule impurities left from the deprotection stage.

Once the EDITH experiments had been optimized, we were able to more successfully synthesize
our ss-siRNAs. It is true that the synthesis for this type of oligonucleotides is very time consuming
due to the need to make the sequence in several stages with oxidation vs sulfurization. However,
the ss-siRNAs contain a 2’-modification on every ribose thus they do not require a desilylation
step and are less sensitive to degradation than oligomers containing normal ribonucleotides. In
addition, because of the absence of a TBS protecting group and 2’-OH group, these oligomers are

compatible with deprotection and cleavage from Unylinker support.
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For optimal synthesis of unmodified RNA oligonucleotides, Unylinker solid support should be
avoided. Although we were eventually able to cleave the oligonucleotide from the Unylinker
successfully and to achieve adequate yields during synthesis, the results were not always
consistent and always required significant purification. In order for the Unylinker to be fully
cleaved from the oligonucleotide, it requires heating in basic solution at 65° for several hours,
during which time some of the TBS groups fall off leading to 2’-oxygen attack on phosphate and
degradation of the RNA. For unmodified RNA synthesis, it is better to use a succinyl-lcaa-cpg solid
support with the 3’ nucleoside attached. This allows for less harsh deprotection conditions, thus

greater purity and higher yield of oligonucleotide.
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Chapter 3: Oligonucleotide-mediated silencing of

ADAM33

3.1 Introduction

As mentioned in section 1.6, asthma is a common chronic inflammatory lung disease
involving structural changes in the airways leading to airway obstruction, remodelling,
hyperresponsiveness, and bronchospasms (125, 126). ADAM33 is the first asthma susceptibility
gene to be identified by positional cloning (131). Several single point mutations (SNPs) within
ADAM33 have been linked to asthma and bronchial hyperresponsiveness, but no single mutation

is common to all disease populations.

To improve our understanding of the biology of ADAM33 function, our collaborator, Dr. Hans
Michael Haitchi (Faculty of Medicine, University of Southampton), has developed models
including ex vivo human embryonic lung explant culture and in vivo mouse models (219).
Oligonucleotide-mediated gene silencing of ADAM33 in a human embryonic lung explant model
would allow the study of airway branching and development under conditions of low ADAM33

expression.

The ultimate goal of this work is the development of a therapeutic approach that can prevent or
correct the pathological airway remodeling that seems to underlie asthma in a majority of cases.
Our compounds could be used to explore therapeutic ADAM33 inhibition in murine in vivo models
to prevent or correct inappropriate airway remodeling and thus treat asthma at its origin rather

than simply treating symptoms with Broncho-dilator and anti-inflammatory drugs.

In this chapter, we describe the development of three classes of oligonucleotides that inhibit the
expression of ADAM33 with varying effectiveness. We also describe novel conjugates that show

improved uptake in lung fibroblasts.
3.2 Identification of active siRNA duplexes

3.2.1 Choosing siRNA sequences

Our collaborator, Dr. Hans Michael Haitchi, previously identified two siRNA duplexes, HMH-1 and
HMH-2, that were able to achieve up to 70% ADAM33 inhibition in MRC-5 fibroblast cells (220). It

was our aim to design and synthesize additional siRNA duplexes to try to achieve greater ADAM33
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inhibition and to have additional sequences to use in for our comparison studies between duplex

siRNAs and ss-siRNA oligonucleotides.

Our first step was to design and synthesize additional siRNA duplexes that target various regions
of ADAM33 mRNA. When designing siRNA sequences, there are published guidelines to consider
(221, 222):

1) The 5’ terminus of the antisense strand should be an A/U as opposed to a G/C; this is
because the RISC complex tends to incorporate the strand of the siRNA duplex with lowest
binding affinity at its 5’ end. Moreover, the 5’ end of the antisense strand should be A/U
rich, especially in the first third of the sequence

2) The 5’-terminus of the sense strand should be a G/C as opposed to an A/U for the same
reason

3) The duplex should contain fewer than 9 consecutive GC base pairs as this has been

experimentally shown to be a possible suppressor of RISC activity

The siRNA sequences were selected by using the following three steps:
1. The University of California, Santa Cruz (UCSC) genome browser® was used to find the
mMRNA sequence of the ADAM33 isoform that will be the oligonucleotide target for

this project.

2. ADAM33 mRNA was folded computationally using the mFOLD program® (223). The
results of the mFOLD program show several of the most stable secondary structures
of the folded RNA. From those predicted secondary structures, a conclusion can be
made as to which regions on the mRNA sequence are the most predicted to be single
stranded and not a self-forming hairpin. Single stranded regions of RNA are the best
target since they are more accessible to binding by oligonucleotides. Short sequences
of 25-30 nucleotides are chosen for further analysis. Oligonucleotides are designed to

be the complement of the target mRNA sequence.

3. The chosen potential oligonucleotide design sequences are aligned with nucleotide
sequences for the entire human transcriptome® using the Basic Local Alignment Tool
(BLAST) (224). This program allows potential oligonucleotide off-target effects to be
identified.

! http://genome.ucsc.edu/
2 http://mfold.rna.albany.edu/?q=mfold
* all human RefSeq (http://www.ncbi.nlm.nih.gov/refseq/) data)
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Using as positive controls the previously designed siRNAs HMH-1 and HMH-2, which target the
region coding for the metalloproteinase (MP) domain and the 3’UTR of ADAM33 mRNA
respectively (225), eleven additional duplex siRNAs were designed and synthesized, targeting
various regions of ADAM33 mRNA (Table 2) (Appendix D and E). siRNA duplexes HMH-1, HMH-2,
and HP-1 thru HP-4 have a 3’-overhang on the antisense strand only (this is to help promote
preferential loading into the RISC complex) (226). This 3’-overhang consisted of two dT residues

as is common in the design of duplex siRNAs (75) (Appendix D and E).

Although some siRNA duplexes do not follow all of the published design guidelines, they were

selected in order to span various target sites along the mRNA.

Table 2. siRNA sequences designed to target ADAM33 mRNA.

siRNA Sequence- sense strand is on the top, antisense| Tn (°C)
strand is on the bottom; RNA; dna

HMH-1 57 GGA AGU ACC UGG AAC UGU A 71
tt CCU UCA UGG ACC UUG ACA U 57

HMH-2 57 GGU GAG AGG UAG CUC CUA A 77
tt CCA CUC UCC AUC GAG GAU U 57

HP-1 57 AGA AAG ACA UGU UGG CUA U 64-65
tt UCU UUC UGU ACA ACC GAU A 57

HP-2 57 GGG AGA UGC UCA UGG ARA C 72-73
tt CCC UCU ACG AGU ACC UUU G 5’

HP-3 57 UGC UUG AGC UGG AGA AGA A 72
tt ACG AAC UCG ACC UCU UCU U 57

HP-4 57 UGG UGA ACU CUG CGG GAG A 77
tt ACC ACU UGA GAC GCC CUC U 57

HP-5 57 CCC AAC CAC ACG GAU CAU U tt 71
tt GGG UUG GUG UGC CUA GUA A 57

HP-6 57 UGG CCC UGU GCA GGC UGA A tt 76-78
tt ACC GGG ACA CGU CCG ACU U 5’

HP-7 57 AGU CCA GAU GCC AAG AUC C tt 72-73
tt UCA GGU CUA CGG UUC UAG G 57

HP-8 57 CCA GAC GUU UAC CUA CUG G tt 68
tt GGU CUG CAA AUG GAU GAC C 57

HP-9 57 AGG GCG CCA CAG UGG GCC U tt ND
tt UCC CGC GGU GUC ACC CGG A 57

HP-10 57 GAU CAA GUC CAG AUG CCA A tt 65-68
tt CUA GUU CAG GUC UAC GGU U 57

HP-11 57 UAG CAA CCA UAA CUG CCA C tt 69
tt AUC GUU GGU AUU GAC GGU G 57

Scr 57 AGU GGA GGG CGC CUG CCA C tt 82-83
tt UCA CCU CCC GCG GAC GGU G 5’
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3.2.2 Duplex siRNA results

In order to ensure the most accurate data showing the inhibition of ADAM33 mRNA by our siRNA
duplexes, we initially screened the previously tested positive control siRNA, HMH-1, into MRC-5, a
human lung non-diseased fibroblast cell line previously used for ADAM33 experiments (227).
Three different classes of transfection agents were used for transfection optimization of siRNA
delivery into MRC-5 cells (Figure 49):
1) Viromer Blue and Green are polymers that were designed to exploit viral mechanisms for
endosomal escape.
2) Lipofectamine RNAimax is a cationic lipid transfection agent (228). Cationic lipids have a
positively charged headgroup which interacts with the negatively charged phosphate on
the nucleic acid (229).
3) Polyplus INTERFERin is a non liposomal cationic amphiphile which, like a cationic lipid,

binds to oligonucleotides and interacts with the anionic cell surface (230).
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RNAimax INTERFERin Viromir Viromir siRNA no NT
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Figure 49. gRT-PCR results of relative ADAM33 mRNA levels when HMH-1 is co-transfected with various transfection
agents. The siRNA was transfected at 50nM concentration and normalized to a no-lipid control. Error
bars are standard deviation of the average result from independent experiments.

The transfection results showed that Viromir Blue was consistently inactive (indeed, it appeared
to slightly activate ADAM33 expression relative to the controls). Viromir Green achieved an
average of 74% knockdown. The Polyplus INTERFERiIn showed an average knockdown of about
67%. Lipofectamine RNAIMAX showed not only the highest degree of knockdown but also the
most consistent results between multiple transfections (average of 88% knockdown). Based on
the results, we decided to move forward using the RNAIMAX cationic lipid since it showed the

most consistent, potent gene silencing.
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After the optimization of transfection conditions, we tested the two positive control siRNAs as
well as the eleven newly designed siRNA duplexes in MRC-5 fibroblast cells, measuring the RNA
levels by qRT-PCR (Table 2, Figure 50). The results showed that from the newly designed siRNAs,
the most potent sequences, HP-1 and HP-2, were only able to achieve 40% ADAM33 inhibition as

opposed to the 70-80% inhibition from the positive control siRNA HMH-1.

1.4 -

1.2 1

0.8 -

ADAM33 mRNA level

& &8

Figure 50. qRT-PCR results of relative ADAM33 mRNA levels when treated with duplex siRNAs. All siRNAs were
transfected at 50nM concentration and normalized to a scrambled siRNA control. Error bars are
standard deviation of technical replicates.

These first eleven siRNAs failed to match the potency of the control siRNA, HMH-1, so in an
attempt to develop potent siRNAs, four additional siRNAs were designed and synthesized

targeting various regions of ADAM33 mRNA (Table 3) (Appendix D and E).

Table 3. siRNA sequences designed to target ADAM33 mRNA.

siRNA Sequence- sense strand is on the top, antisense strand is on the [T (°C)
bottom; RNA; dna

HP-12 57 UAG CUC CUA AAA UGA ACA G tt 60-61
tt AUG GAG GAU UUU ACU UGU C 57

HP-13 57 CAU GCA AUU UCC ACG GAC C tt 69-70
tt GUA CGU UAA AGG UGC CUG G 57

HP-14 57 CUG AAA ACC AUG ACA CCU U tt 64
tt GAC UUU UGG UAC UGU GGA A 57

HP-15 57 GAC AUU CAG GUG GCG CUG A tt 73-74
tt CUG UAA GUC CAC CGC GAC U 57

gRT-PCR analysis showed that these additional siRNAs, like the first batch we designed, failed to
surpass the controls in activity. (Figure 51). This hit rate is significantly lower than most mRNA
targets, and the overall silencing is only moderate (with the most active duplex, HMH-1, giving a
silencing of 60-80%).
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However, with this panel of siRNAs ranging from moderately effective to ineffective, we decided
to move on to the next part of our study: designing single stranded analogues of a subset of these

sequences.
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Figure 51. qRT-PCR results of relative ADAM33 mRNA levels when treated with duplex siRNAs. All siRNAs were
transfected at 50nM concentration and normalized to a non-treated (NT) control. Error bars are
standard deviation of two independent biological replicates.

3.3 ss-siRNA design

Due to systematic delivery problems associated with duplex siRNAs in vivo (231), a single stranded
oligonucleotide would be beneficial for future in vivo and ex vivo ADAM33 studies. We decided to
compare the potencies of duplex siRNAs and ss-siRNAs on ADAM33 inhibition due to some recent
ss-siRNAs being as potent both in vitro and in vivo as their duplex complement (73, 74) when
using an alternating 2’-OMe and 2’F RNA chemical modification scheme. Since both the duplex
siRNAs and the ss-siRNAs take advantage of RISC mediated gene silencing, ss-siRNAs could be a

potent inhibitor of ADAM33 that can be delivered without the aid of transfection agents.

In 2002, it was discovered that only one strand of the duplex siRNA serves to guide Argonaute2
(and associated RISC factors) to its target (72). This finding opened the doors for researchers to
attempt to achieve potent gene silencing through single stranded RNAs (71, 73, 74, 232-237).
Through these studies, it was shown that the single stranded RNA needed to be both chemically

modified and chemically phosphorylated in order to be efficacious.

Our ss-siRNAs were designed using a chemical modification motif adapted from Lima et al. (74)
which uses a pattern of alternating 2'F and 2’-OMe modifications which have been shown to

improve potency when incorporated into duplex siRNAs (75, 76).
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For our studies, we began by comparing the gene silencing ability of ss-siRNAs with their parent
siRNA duplexes. Each ss-siRNA sequence is identical to the antisense strand of the parent duplex
siRNA, with the exception that the sequence derived from the ‘overhangs’ of the parent sequence

were set to be adenosine rather than thymine.

We initially synthesized three ss-siRNAs (ss-A33-MOE-1, ss-HP-2, and ss-HP-3) with sequences
based on the antisense strands of siRNAs HMH-1, HP-2, and HP-3, respectively (Table 4). These
represent three siRNA duplexes with potent, moderate and negligible silencing activity,
respectively. The three ss-siRNAs were synthesized containing a mixed backbone modification
scheme with one 5’-phosphorothioate linkage, nine phosphodiester linkages followed by ten PS
linkages. The 3’-end of the sequences contained two PS-linked MOE adenosines, while the
remaining sequence was an alternating pattern of 2'F and 2’0OMe (Table 4) (Appendix D and E).
The ss-siRNAs were chemically phosphorylated at the 5’-end which is a requirement for
oligonucleotide uptake by RISC. (5’-phosphates have been shown to be sufficient for
experiments in cultured cells (73, 74, 236, 237), but a metabolically stable phosphate analogue

such as (E)-vinylphosphonate is required for in vivo studies (74, 238) (Figure 52).
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Table 4. ss-siRNA sequences and their parent ds siRNAs designed for ADAM33 inhibition. For duplex sequences, sense

strand is listed on top. Modification code: RNA, dna, 2’-OMe, 2’-F, 2’-MOE, ‘+’: LNA, ‘S":
phosphorothioate, P: 5’ phosphate. ND, T,,, not determined.

SiRNA Sequence T,(C)
duplex
HMH-1 57 GGA AGU ACC UGG AAC UGU A 71
TT CCU UCA UGG ACC UUG ACA U 57
HP-A33-2 5’ GGG AGA UGC UCA UGG ARA C 72-73
TT CCC UCU ACG AGU ACC UUU G 57
HP-A33-3 57 UGC UUG AGC UGG AGA AGA A 72
TT ACG AAC UCG ACC UCU UCU U 57
Scr 57 AGU GGA GGG CGC CUG CCA C TT 82-83
TT UCA CCU CCC GCG GAC GGU G 57
ss-siRNA Sequence (5’ - 3)
SS-A33-
MOE-1 P-U ACAGUUCCAGG.UA CUUCCAA ND
ss-HP- P-G ,UUUCCAUGAGC A UCUCCCAA 78
A33-2
ss-HP- P-U_UCUUCUCCAGC .U CAAGCAAA 79
A33-3
ss-A33- P-UA CA GU UC CA GGUACUUCCAA 76-1717
S—S S—S S—S S
MOE-2
ss-A33- P-UA CA GU UC CA GGUACUUCCAA 78
S—S S—S S—S—S—
OMe
ss-A33- P-UA CA GU UC CA GGUACUUCC+A+A 79
LNA S—S S—S S—S

0 B 0
o—%—cr *O—M—O‘
© Base \ Base
e} o}
o] R 0O R
S :
5’ terminal phosphate (E)~vinylphosphonate

Figure 52. A) Unmodified 5’-terminal phosphate chemically synthesized to the ss-siRNAs B) 5’ terminal (E)-

vinylphosphonate modification necessary for in vivo ss-siRNA studies.

The ss-siRNAs were transfected into MRC-5 fibroblasts cells with the aid of RNAIMAX cationic lipid

transfection agent. The ss-siRNAs ss-A33-MOE-1, ss-HP-2, and ss-HP-3 based on this modification

scheme described above showed negligible silencing activity (Figure 53).
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Figure 53. qRT-PCR results comparing relative potencies of duplexes siRNA and ss-siRNA. All results are normalized to
a scrambled siRNA duplex control. Error bars are standard deviation of biological replicated. All
oligonucleotides were transfected at 50nM.

We decided to vary the chemical modification scheme of our ss-siRNAs to see if an alternative PS
arrangement or 3’ terminus modification would improve the oligonucleotide potency. Three
additional ss-siRNAs were synthesized with altered chemical modification schemes (Table 4,
bottom three entries). Only the most potent duplex siRNA, HMH-1, served at a template
sequence strand for this set of ss-siRNA oligonucleotides. All three of the new ss-siRNAs (ss-A33-
MOE-2, ss-A33-OMe, and ss-A33-LNA) were designed with a different pattern of phosphate
modification from the first set of strands. Namely, this new set was designed to contain an
alternating PS and PO linkage pattern throughout the entire 5’ side of the sequence, followed by
seven 3’ terminal PS linkages (Table 4). The sugar chemistry of the two 3’ terminal adenosines
was also altered, either maintaining MOE modification (ss-HMH-MOE-2) or changing this to 2’-
OMe (ss-HMH-OMe), or LNA modifications (ss-HMH-LNA).

In the recent literature, all the ss-siRNAs described contain 3’-terminal MOE modifications, in
spite of the fact that MOE is not commercially available (73, 74, 235-237). This reflects the fact
that all of the recent literature has been done by teams involving ISIS pharmaceuticals, who hold
the patent rights to MOE. Surprisingly, our results showed that only the ss-siRNA containing 2’-O-
methyl RNA (ss-A33-OMe) at the 3’ end was able to approach the potency of the duplex siRNA
(Figure 54).

Surprisingly, some of the inactive ss-siRNAs appeared to cause a small but reproducible activation

of ADAM33 expression relative to a scrambled control.
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Figure 54. qRT-PCR results comparing relative potencies of different chemical modification schemes on ss-siRNA
activity. All results are normalized to a scrambled siRNA duplex control. All oligonucleotides were
transfected at 50nM. Error bars are standard deviation of biological replicates.

Our findings show that the potency of ss-siRNAs can be increased dramatically by making small
changes to the chemical modification scheme. These results can prove valuable to researchers
who would like to use the ss-siRNA approach to gene silencing since our most potent design uses
only commercially available monomers. We followed up on these observations using additional

sequences, genes and cell lines in chapter 4.

For many gene silencing applications, RISC recruitment and activation could be the key to potent
results. However, for our goal of simply silencing ADAM33, RISC-based mechanisms might not be

necessary. We therefore decided to test silencing by gapmer antisense oligonucleotides as well.

3.4 Locked nucleic acid gapmers show increased potency for silencing

ADAM33

Since locked nucleic acid (LNA) was first reported in 1998 (239), the use of LNAs in antisense gene
silencing has become a serious therapeutic option. The high binding affinity of LNA and its
analogues allows the design of short ASOs that inhibit their targets with high potency (92, 240,
241) . Moreover, these short ASOs can often be delivered in vitro and in vivo without the aid of

transfection agent (92, 106).

68



Chapter 3

34.1 LNA gapmer design

Since the LNA modification increases the binding affinity of the oligonucleotide to its target but
also potentially to itself, special care must be taken when designing a LNA gapmer sequence. The
sequence selection was done using the guidelines listed in section 3.2.1 as well as an additional
guideline: shortlisted LNA gapmer sequences were computationally folded using Integrated DNA
Technologies OligoAnalyzer software” as a final step in sequence selection. This software can be
used to predict possible hairpins or self-structure that the sequences are likely to form. The
avoidance of LNA-LNA base pairs in particular is important; given the very high stability of LNA-
LNA base pairs, such a hairpin would be unlikely to unfold even in the presence of a fully

complementary RNA target (Figure 55).

D > D

aasevan S

—— DNA

Figure 55. Schematic showing LNA gapmers folding to form stable hairpins. These make unsuitable antisense
oligonucleotides, particularly in the cases when LNA-LNA base pairs can form, since they are unlikely
to unfold even in the presence of a fully complementary RNA target.

Twelve LNA 3-9-3 gapmers were designed and synthesized to target ADAM33 mRNA (Table 5)

(Appendix D and E). All were synthesized with fully phosphorothioate backbone.

* https://www.idtdna.com/analyzer/Applications/OligoAnalyzer/
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Table 5. LNA gapmer sequences: LNA: -‘S’: phosphorothioate; lower case: DNA.

LNA Sequence

33-G TsGsAstsCsCsGst g5t 9sgs Ts TG
33-H AsTsGsagtCsCoOst st g G T T
334 AsAsTsOsastsCsCsOstsUsts GsGs T
33-J CsAsAs ts05astsCsCs0st g TsGG
33-K CsCsGs0s0595Csast g AsGA
33-L TG TeCea t g 0.ttt t.CAG
33-M GGy TsGstsCsastsgsgststs Ts TsC
33-N AsGsGstsOstsCsas9sOsts Ts Ts T
33-0 TsCeAstststota,g.9.a,0sCs TA
33-P T TsCeastttt.a.0.0.3,GCs T
33-Q TsGs TstsCsaststststsasgs G A G
33-R TsCsCs0sts0s9sa5a5a5tt, G CA
Inactrl AsTsTststsaststscsgsgsasGsCsT
3.4.2 LNA gapmer results

34.21  LNAgapmer delivery using cationic lipid transfection reagent

Initially, the twelve PS LNA gapmers were transfected at a 50nM concentration into MRC-5
fibroblast cells using RNAIMAX cationic lipid as a transfection agent. LNAs 33-G, 33-N, 33-0, 33-P,
33-Q, and 33-R all achieved >80% inhibition of ADAM33 RNA when normalized to a scrambled
control (Figure 56). A dose response analysis was performed in order to determine the half
maximal inhibitory concentration (ICso) values for inhibition by LNAs 33-O and 33-R (Figure 57).
The IC5 value is a quantitative measure of how effective an oligonucleotide or substance is at
inhibiting a biological target (242). The dose response data shows potent and dose-dependent

ADAM33 inhibition.
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Figure 56. qRT-PCR results showing relative ADAM33 inhibition by LNA gapmers. All results are normalized to a
scrambled siRNA duplex control. Error bars are standard deviation of biological replicates. All
oligonucleotides were transfected at 50nM.
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Figure 57 gRT-PCR results showing dose response analysis of LNAs 33-O and 33-R. All results are normalized to a
scrambled LNA gapmer control. Error bars are standard deviation of technical replicates.

3.4.2.2 Gymnotic delivery of LNA gapmers

Although the LNA gapmers were highly potent in cultured cells, the efficiency of lipid-mediated
transfection in vitro does not always correlate to in vivo studies. For our future ex vivo lung tissue
and in vivo lung experiments, we will need an oligonucleotide that has the ability to achieve

potent ADAM33 inhibition without the aid of a transfection agent. We used the gymnotic delivery
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approach reported by Stein et al. (106) in order to test a) if the LNA gapmers could enter the
MRC-5 cells without the use of transfection agents, b) how the potency of the LNA gapmers
delivered via gymnotic delivery would compare with the transfections using cationic lipid, and c)

whether the gymnotically delivered LNA gapmers were toxic to cultured cells.

A time course experiment was performed by gymnotically delivering 33-O into MRC-5 cells at a
1uM dose to determine the optimal day to harvest the cells after treatment, between day 4 and
day 9. Our results suggested that the optimal day to harvest might be day 7 post-treatment
(Figure 58), but the time course experiment also indicated that a 1uM oligonucleotide

concentration was not high enough to achieve significant ADAM33 inhibition.

16
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33-0,1uM

ADAM33 mRNA level

Figure 58. qRT-PCR dose response results. Oligonucleotides are delivered at 1uM dose and normalized to a non-
treated control. Error bars are standard deviation of technical replicates.

We then selected LNA gapmers 33-G, N, O, P, and R for further testing. Our data show that 33-N,

O, and P inhibited ADAM33 expression >80% and 33-R showed 60% inhibition at a 3uM dose,

harvesting day 7 post-treatment (Figure 59).
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Figure 59. Gymnotically delivered gapmers are effective inhibitors of ADAM33. gRT-PCR gymnotic transfection

results. Oligonucleotides are delivered at 3uM dose and normalized to a non-treated control (NT).
Error bars are standard deviation of two biological replicates.

From these series of experiments we were able to determine that the gymnotically delivered LNA
gapmers achieved up to 90% knockdown of ADAM33. The potency of the gymnotically delivered
oligonucleotides was not as high as the cationic lipid mediated LNA delivery, but there were
advantages to gymnotic delivery. For instance, the gymnotically delivered LNAs showed no

observable toxicity to cultured cells for any of our tested sequences.
3.5 Oligonucleotide conjugates for cellular uptake

3.5.1 Hexadecyloxypropyl conjugates

As mentioned previously, one therapeutic hurdle for oligonucleotides is their limited uptake into
cells (121). One promising technique has been to attach a small molecule covalently such that it is
recognized by cell-surface receptors (114-116). In order for this strategy to be effective, several
conditions must be met: the covalent linkage chosen must be stable to the conditions of
oligonucleotide synthesis or suitable for post-synthetic conjugation, and the modification must
not interfere with the oligonucleotide’s specificity to the target mRNA (117). We chose to
synthesize, covalently attach and test a lipid conjugate based on 1-O-hexadecyloxy-1,3-
propanediol, which has been previously shown to increase small molecule uptake by MRC-5

fibroblast cells (243) and improve the oral bioavailability of nucleoside drugs (244) (Figure 60).
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Figure 60. Chemical structure of hexadecyloxypropyl LNA conjugate.

A 1-O-hexadecylpropanediol phosphoramidite was synthesized in two steps by lab member
Alexandre Debacker and former member Liisa Niitso. Treatment of propanediol in DMF with NaH
followed by addition of hexadecyl bromide and catalytic potassium iodide gave 1-O-hexadecyl-
1,3,-propanediol in a single step as previously observed (245); recrystallisation with hexane
yielded white crystals of excellent purity. The phosphoramidite was synthesized under standard
conditions (231) using 2-cyanoethyloxy(N,N-diisopropylamino)phosphonamidic chloride. The
phosphoramidite was then conjugated to the 5 end of LNA gapmers 33-0, P, and R via solid

phase synthesis.

In order to assess the efficacy of the lipid conjugated LNA gapmers, we gymnotically delivered
LNA gapmers 33-0, P, and R and the corresponding lipid-conjugated LNA gapmers at a 3uM dose
into MRC-5 fibroblast cells (Figure 61). Our results indicate that after a seven-day treatment, the
LNA-conjugated 33-0 and R showed slightly improved potency against ADAM33 compared with

the unconjugated LNA gapmers.
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Figure 61. qRT-PCR gymnotic transfection results. Oligonucleotides are delivered at 3uM dose and normalized to a
non-treated control. Error bars are standard deviation of technical replicates.

In order to determine if the lipid conjugation improved potency against ADAM33 at a lower dose
range, a dose response analysis was performed comparing ADAM33 RNA levels upon treatment
with the LNA gapmers and their lipid-conjugated counterparts when delivered gymnotically
(Figure 62). These results show that the lipid-conjugated 33-O and R are more potent than the

unconjugated oligonucleotides, especially at lower concentrations.
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Figure 62. qRT-PCR results showing dose response analysis of ADAM33-0, R, and P and their lipid-conjugates. All
results are normalized to non-treated (NT) sample. Error bars are standard deviation of biological
replicates.

3.5.2 Bio cleavable hexadecyloxypropyl conjugates

While we were encouraged by the small improvement in potency we observed, we wondered if
we could further improve on this potency. It is possible that the hydrophobic conjugate might
improve the initial recognition and binding to cell membrane, but might trap the oligomer at the
cell membrane rather than releasing it into the cell. To address this risk, we made a biocleavable

analogue of our 1-O-hexa-decyloxy-1,3-propanediol conjugated LNA gapmers.

We chose to synthesize a bio cleavable version of the 1-O-hexa-decyloxy-1,3-propanediol
conjugated LNA gapmer, using a disulphide bond to join the LNA gapmer with the conjugate
(Figure 63). This synthesis was done by Mike Moazami. This synthesis was completed in stages

Mike Moazami as follows (Figure 64).

6-chlorohexanol was refluxed with potassium iodide and thiourea in EtOH overnight, the
following morning a solution of NaOH was added and all left to stir at room temperature
overnight. The mix was bought to reflux for 3 hours, then cooled to room temperature and
acidified with 1M HCl(aq) to pH= 3. The mixture was extracted with Et20 and the organics

removed in vacuo to give 6-mercaptohexanol as a clear oil in a quantitative yield.

To a solution of 6-mercaptohexanol in MeOH was added Et3N and iodine. The reaction was
exposed to atmospheric oxygen and allowed to stir at room temperature before being
concentrated in vacuo. The residue was taken into water and extracted (DCM), the organic phase
dried and concentrated in vacuo to give a residue that was purified by column chromatography to

provide 6,6’-Disulfanediylbis(hexan-1-ol) as an off white solid in 79% yield.
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6,6’-Disulfanediylbis(hexan-1-ol) was dissolved in pyridine and DMT-CI added. The reaction was
stirred overnight, then concentrated in vacuo and purified by column chromatography to give 6-
((6-(Bis(4- methoxyphenyl)(phenyl)methoxy)hexyl) disulfanyl)hexan-1-ol as a clear yellow oil in a
79% yield. This compound was phosphitylated using 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite in THF to give the final linker phosphoramidite as a clear

yellow oil in 92 % yield.
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Figure 63. Chemical structure of disulfide hexadecyloxypropyl LNA conjugate.
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Figure 64. Schematic describing the synthesis of disulphide hexadecyloxypropyl LNA conjugate.
Disulfide conjugates have been used previously for therapeutic applications, with one disulfide
linked antibody drug, Mylortarg®, approved by the FDA for the treatment of acute myeloid

leukemia (246-250). The main advantage of using a disulfide linker is that it is relatively stable in

serum but readily cleaved in the reducing environment of the cell (251-253).

We chose to compare only the LNA gapmer 33-O with its conjugated counterparts. The
oligonucleotides were gymnotically delivered into MRC-5 lung fibroblast cells and incubated for 8
days post transfection, with a media change and additional oligonucleotide added day 5 post

transfection.

The data shows extremely potent ADAM33 knockdown with the conjugated and unconjugated
LNA gapmers (Figure 65). From these results, it does not appear that the biocleavable LNA
gapmer showed any significant improvement in potency over the conjugated LNA gapmer.

However, this experiment will need to be repeated in order to clarify the results.
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Figure 65. qRT-PCR results showing dose response analysis of 33-0O and conjugates. All results are normalized to NT
sample. Graph based on one biological replicate.

3.53 Dynamic light scattering

We wanted to explore why our conjugate showed improved activity relative to its free
counterpart. One hypothesis is that the hydrophobic tail interacts directly with cell surfaces.
However, another recently suggested hypothesis is that the hydrophobic tail changes the
biophysical properties of the conjugate to favor association into clusters. These clusters in turn

could show improved recognition behaviour by scavenger receptors on cell surfaces (254).

Dynamic light scattering (DLS) is a technique used to determine the size distribution profile of
small particles in solution and can be used to study particle aggregation or complex formation.
We chose to run this assay in order to gain some mechanistic insight as to why our conjugated
LNA gapmers were more potent than their unconjugated versions. It was hypothesized that our
1-0-hexa-decyloxy-1,3-propanediol-conjugated LNA gapmers were forming micelles which aided

in cell penetration.

Our collaborator, Dr. Yong Yu (A*STAR Singapore), performed DLS experiments comparing the
effective size in solution of our unconjugated LNA gapmer (33-0), our 1-O-hexa-decyloxy-1,3-
propanediol conjugated LNA gapmer (33-O conjugated), and our disulphide linked 1-O-hexa-
decyloxy-1,3-propanediol conjugated LNA gapmer (bio cleavable 33-O conjugate). The data
indicated that, as expected, the unconjugated LNA gapmer was not forming well-defined
complexes in suspension, but both of the 1-O-hexa-decyloxy-1,3-propanediol conjugated LNA

gapmers did show complex formation (Figure 66).
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Figure 66. Results of DLS measurement on 33-0, 33-O conjugate, and bio cleavable 33-O conjugate. Note that the
scale of the y axis varies widely; these data indicate no significant aggregation for the free
oligonucleotide but a well defined association of both types of conjugates.

The idea that uptake may be favored by self-assembly of oligomers into micelles or clusters was
recently studied thoroughly by Wood et al. (254). They demonstrated that different chemically
modified oligonucleotides can inherently have varying self-assembly behavior and that self-
assembling oligomers showed improved uptake behavior in vivo. Our results support the idea
that conjugation may be an important route to developing oligonucleotides that efficiently self-
assemble into clusters or micelles. Previous work has described very long polymer conjugates
that induce self-assembly of oligonucleotides into clusters (255). Other work showed that
oligonucleotides with hydrophobic conjugates could be made to assemble around a liposomal
core (256). However, our work demonstrates the idea that even a simple hydrophobic conjugate
may be sufficient to induce efficient self-assembly into clusters/micelles. The current paradigm
for uptake of oligonucleotide conjugates has been dominated by the idea that the ligand moiety
interacts with cell-surface receptors. However, it may be that the hydrophobic ligands are on the

inside of a cluster and it is the oligonucleotides themselves that interact with scavenger

receptors. In this case, further work should focus on optimizing the length, shape and chemistry
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requirements of the hydrophobic moiety for the purpose of optimizing self-assembly as a means

to improved uptake.

3.6 Discussion and Conclusions

Cellular delivery is one of the biggest obstacles facing oligonucleotides as therapeutic agents. For
future ADAM33 lung delivery experiments, a single-stranded oligonucleotide will be beneficial
due to the possibility of delivery without the aid of transfection agents.  Oligonucleotide
conjugates such as the ones we described may further improve the therapeutic potential of

oligonucleotide drugs.

In our work, we compared the potency of several classes of oligonucleotides; duplex siRNAs, ss-
siRNAs, PS LNA gapmers, and lipid conjugated LNA gapmers. We showed that our antisense
oligonucleotides are several fold more potent for ADAM33 inhibition than any RISC-based

oligonucleotides tested in this study.

Surprisingly for a mRNA, approximately 90% of ADAM33 mRNA remains in the nucleus (257). As
mentioned previously in Chapter 1, it has been recently shown in the context of noncoding RNA
that RISC-engaging oligonucleotides (siRNAs) typically show more gene silencing efficacy against
cytoplasmic RNA targets while RNase H based antisense oligonucleotides are more potent against
nuclear targets (258) . This recent finding could explain why our LNA gapmers outperformed the
RISC engaging oligonucleotides for this predominantly nuclear mRNA target. Our results suggest
that the relationship between subcellular localisation and silencing efficacay might not be limited

to noncoding RNAs, but might apply to mRNA targets as well.

We not only identified several LNA gapmers that are highly potent at inhibiting ADAM33, but
also developed a novel hexadecyloxypropyl conjugate that is straightforward to synthesize and
improves the potency of gapmers when delivered gymnotically. Through DLS we were able to
determine that the normal and biocleavable conjugates formed a complex structure which could
aid in cellular uptake. Our data indicate that a conjugated single stranded LNA gapmer
oligonucleotide is an excellent candidate for future experiments both in mice and embryonic lung
explant models, and should be considered as a therapeutic candidate for treating the root causes

of asthma.
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Chapter 4: Single stranded siRNAs

4.1 Introduction

In 2012, it was reported that chemically modified single-stranded siRNAs (ss-siRNAs) were capable
of engaging the RISC complex (74, 259) which is a method of gene silencing typically reserved for
duplex RNAs. As single stranded oligonucleotides are more flexible than duplexes and are
amphiphilic rather than entirely hydrophilic, they can more easily bind to cell surface proteins and
more easily be taken up by cells without depending on delivery strategies such as conjugation or
formulation. For this reason, ss-siRNAs might present a ‘best of both worlds’ scenario as they
have been reported to be as potent as duplex siRNAs in gene silencing but have the advantages of

a single stranded oligonucleotide for delivery purposes.

41.1 Previous ss-siRNA work

In 2002, Martinez et al. identified that only one strand of an siRNA duplex, the antisense or guide
strand, is incorporated into the RISC complex (72). Using cell extracts, it was observed that a
single stranded RNA was as potent as a duplex siRNA at gene silencing (72). However, when
single stranded siRNAs were introduced into living cells, several groups have observed potency

that is much lower for single strands than for their duplex siRNA congeners (71, 232).

4.1.2 Potent ss-siRNAs with chemical modifications

The ss-siRNA technology used in this thesis work was first developed by ISIS Pharmaceuticals. In
2012, Lima et al. (74) and his team achieved potent knockdown of PTEN mRNA both in vitro and in
vivo using a novel chemical design for ss-siRNAs. For their work, several chemical modification
strategies were tested, including fully 2’'F modified, fully PS modified, and alternative 3’ terminus
nucleotides of various chemistries, in order to see which chemical modification scheme produced
the most significant PTEN knockdown (74). From this data, it was determined that the most
potent inhibition of PTEN was achieved when an alternating pattern of 2’F and 2’-OMe in the
body of the oligomer was used as opposed to a uniformly modified chemical modification
scheme. Lima also designed an alternating PS and PO modified linkages with up to nine 3’ PS
modifications consecutively. This modification scheme outperformed a fully PS modified ss-
siRNA. The 3’ terminus of the ss-siRNA (corresponding to the overhang of a traditional siRNA) was

modified using two 2’-MOE adenosines.
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Lima et al. claimed that this ss-siRNA technology genuinely engaged the RISC complex rather than
simply acting through some antisense-type effect. To justify this claim, they performed a series of
well-designed experiments: First, they provided evidence that only 5’-phosphorylated ss-siRNAs
were functional (this demonstrates the engagement of RISC since it is well known that RISC
uptake requires a phosphate (74, 235, 259, 260) while antisense oligonucleotides have no such
requirement). Second, a 5 rapid amplification of cDNA ends (RACE) experiment (261) was
performed which showed that upon treatment with ss-siRNAs, the complementary mRNA target
was consistently cleaved leaving a single cleavage product. Argonaute 2 (AGO 2) is known to
cleave singly at the PO bond lying across from nucleotides 10 and 11 of the guide strand (262-
264). Due to the RACE results, it can be concluded that the ss-siRNA cleavage is consistent with
AGO2 cleavage products and not other forms of mRNA cleavage such as RNase H. RNase H for

example would have multiple products as RNase H is a non-sequence specific endonuclease.

Using the ss-siRNA technology, Yu et al. demonstrated on the effects of ss-siRNA treatment
against the causative agent of Huntingtin’s Disease (HD) (259). Huntingtin’s Disease is a
neurological disorder caused by an expanded CAG repeat in Exon 1 of the HTT gene (265).
Although genetically the Huntingtin’s Disease is quite simple, treatment for the disease has been
problematic. HTT is a crucial gene for many cellular processes (266) so completely inhibiting the
gene may not be an appropriate therapeutic option. However, selectively inhibiting the mutant
CAG expansion which causes HD while leaving the wild-type allele intact would be a viable

treatment for the disease and symptoms.

Using the ss-siRNAs, Yu et al. published that not only could the ss-siRNAs selectively inhibit
mutant HTT while leaving the wild-type allele intact, but also achieved the allele-selectivity of
previously published duplex siRNAs that also had potent allele-selectivity in vitro (259, 267). Yu et
al. performed several experiments supporting the claim that the ss-siRNAs do engage the RISC
complex for silencing the mutant HTT gene:

1) A double transfection was performed where a duplex siRNA which targets Argonaute
proteins was transfected into cultured cells. After 24 hours, the ss-siRNAs were
transfected onto the same cultured cells. This experiment showed that after depletion of
AGO?2 inside the cells, the ss-siRNAs were not active, indicating that AGO2 is crucial for
the mechanism of silencing.

2) An RNA-immunoprecipitation (RIP) assay was carried out to determine AGO2 protein
interactions with mRNA transcripts. Upon treatment with the ss-siRNAs, AGO2 was
shown to be recruited to the HTT mRNA transcript. However, when the cells were treated
with an LNA gapmer which operates through and AGO2-independent mechanism, there

was no association of AGO2 with the HTT mRNA.
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Importantly, the anti-HTT ss-siRNAs described by Yu et al. were able to selectively inhibit mutant
HTT in vivo. It has been reported previously that duplex siRNAs can inhibit HTT (267-269), but HD
is a neurological disorder and delivery of duplex siRNAs to the brain is quite challenging. In the
absence of a delivery vehicle, they do not penetrate brain cells, but when formulated, they were
only taken up by cells proximal to the site of infusion (270). The ss-siRNAs were able to distribute
throughout the central nervous system after introduction into the cerebrospinal fluid, and allele-

selectively inhibit mutant HTT in a statistically significant way (259).

4.1.3 Additional ss-siRNA publications

Following the initial ss-siRNA reports in 2012, other studies have been conducted using ss-siRNA
technology. In 2013, Liu et al. showed that ss-siRNAs can selectively inhibit ataxin-3. Like HTT,
ataxin-3 is a gene in which an expanded CAG repeat causes Machado-Joseph disease and an
allele-selective gene silencing approach is a very valuable therapeutic option (236). Liu went
further in 2014 when she published on the how the sequence length and ss-siRNA composition
effected the allele-selectivity and potency of ss-siRNAs when targeting HTT (237). ss-siRNAs have
also been used against additional CAG repeat expansion genes, such as atrophin-1 which causes
Dentatorubral-pallidoluysian atrophy (260). Additionally, ss-siRNA technology has been used for
alternative purposes than gene silencing. Liu et al. used ss-siRNA technology to target nuclear
splice sites to increase dystrophin protein isoforms which is a potential therapeutically beneficial
treatment for Duchenne muscular dystrophy (271) ss-siRNAs have also been used to target gene
promoters, regulating gene expression at the transcriptional level. Matsui et al. demonstrated
that an ss-siRNA was capable of targeting the nuclear progesterone receptor (PR) gene promotor

and inhibiting PR expression (235) .

4.1.4 Current ss-siRNA work

As mentioned in Chapter 1, the published designs for potent ss-siRNAs contain either a 5’-
phosphate or phosphonate (272), an alternating pattern of 2’F and 2’-OMe in the body of the
oligomer, and an 3’-terminus of 2’-MOE (74). One limitation of existing ss-siRNA technology is
that the published work is carried out using proprietary modifications that are not available to
most researchers (273). For in vivo use the 5-phosphonate analogue is required and is difficult
to access, but for in vitro experiments a simple 5’-phosphate is sufficient (274). The 3’-terminus is

generally modified with MOE, which is not commercially available.
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Figure 67. Modified nucleotides that have been included in ss-siRNAs in this study.

4.2 ADAM33 inhibition by ss-siRNAs

As mentioned in Chapter 3, we previously observed knockdown of ADAM33 using a duplex siRNA,
HMH-1, in MRC-5 lung fibroblast cells. We designed and tested several duplex siRNAs to inhibit
ADAM33, but none of the additional siRNAs were able to match the potency of the initial siRNA,
HMH-1. Three duplex siRNAs were chosen as ‘parent’ strands for our ss-siRNA design, using the
antisense strand as the template sequence. However, not only did none of our initial ss-siRNAs

match the potency of their duplex siRNA partner, but they showed no activity against ADAM33.

As both the duplex siRNAs and the ss-siRNAs are RISC-engaging compounds, we were curious as
to why the duplex siRNAs outperformed the ss-siRNAs. We began to investigate if altering the
chemical modification scheme of ss-siRNA could enhance the potency of the oligonucleotides on
ADAM33 inhibition. All of our ss-siRNAs were designed using a chemical modification motif
adapted from Lima et al. (74) based on a pattern of alternating 2'F and 2’-OMe modifications. As
mentioned in Chapter 3, Our initial ss-siRNA, ss-A33-MOE-1, contained a mixed backbone
modification scheme consisting of one 5’PS linkage, ten PO linkages followed by nine PS linkages,

and two PS-linked MOE adenosines at the 3’ end (Table 6)(Appendix D and E).
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Table 6. Oligonucleotide sequences for ADAM33 inhibition. For duplex sequences, sense strand is listed on top.
Modification code: RNA, dna, 2’-OMe, 2’-F, 2’-MOE, ‘+’: LNA, ‘S’: phosphorothioate, P: 5’ phosphate.

ND, Tm not determined.

SiRNA sequence T.,(°C)
HMH-1 57 GGA AGU ACC UGG AAC UGU A 71
tt CCU UCA UGG ACC UUG ACA U 57
Scr 57 AGU GGA GGG CGC CUG CCA C tt 82-83
tt UCA CCU CCC GCG GAC GGU G ‘5
Ss- Sequence (5" - 3’)
siRNA
ss-A33- P-U ACAGUUCCAGGUACUUCCAA ND
_s = = = = = S—S S—S S—S S—S S
MOE-1
SS-A33- P-UA CA GUUCCAGGUACUUCCAA 76-=T77
—S §— §— §— S— S— S— S—S S—S S—S S
MOE-2
ss-A33- P-UACAGUUCCAGGUACUUCCAA 78
-sS §— §— §— §— S— S— S—S S—S S—S—S—
OMe
SS-A33- P-U A CA GU UC CA GGUA CUUCC +A +A 79
LNA —S §— §— §— S— S— S— S—S S—S S—S S

We next altered the chemical modification scheme of the ss-siRNAs to try to achieve greater

inhibition when targeting ADAM33 mRNA (Figure 68). Besides the original sequence of ss-A33-

MOE-1, we synthesized three additional ss-siRNAs using a 5’ phosphate followed by alternating PS

and PO linkages, and seven 3’ terminal PS linkages.

We then modified the two 3’ terminal

adenosines by either using MOE modifications (ss-A33-MOE-2), 2’-OMe modifications (ss-A33-

OMe), or LNA modifications (ss-A33-LNA).
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Figure 68. qRT-PCR results comparing potencies of different chemical modification schemes on ss-siRNA activity. All
results are normalized to a scrambled siRNA duplex control. All oligonucleotides were transfected at
50nM. Error bars are standard deviation of two biological replicates.

Only the ss-siRNA with 2’-OMe modifications at the 3’-terminus was able to match the silencing
activity of the duplex siRNA (Figure 68). As all of the current ss-siRNA literature uses
oligonucleotides that are 2’-MOE modified at the 3’ terminus (74, 235, 259, 260, 275), we were
surprised to find that the ss-siRNA oligonucleotide with the commercially available 2’-OMe
modification out-performed the 2’-MOE modified and the LNA modified ss-siRNA. Additionally,
some of the inactive ss-siRNAs caused a small but reproducible activation of ADAM33 expression
relative to a scrambled control or untreated cells. We are not sure of the origin of this effect, but
the effect is small and we decided not to follow up further as it would have distracted from the

main focus of the project.

4.3 ss-siRNAs targeting progesterone receptor

Due to the unexpected results from our ss-siRNA ADAM33 experiments, we began to test whether
the 3’terminal modification had such a large effect on ss-siRNA potency across multiple sequences
and cell lines. We first chose to target the progesterone receptor (PR) gene in MCF 7 cells as a
potent inhibitory siRNA sequence had been previously published (276-278). The siRNA duplex
and various non-targeting controls were tested, and results show a potent knockdown of PR gene
with the PR-targeted siRNA, making the antisense strand of the duplex siRNA an appropriate

template for our ss-siRNAs (Figure 69).
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A
siRNA sequence Tm (°C)
PR 57 AUG GAL GGG CAG CAC BAC U tt 72-73
tt UAC CUU CCC GUC GUG UUG A
ctrl 1 57 CAU GCA AUU UCC ACG GAC C tt 69
tt GUA CGU URA AGG UGC CUG G
B
©
> -
o
<
Z ]
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“ T T
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PR

HP-12

HP-13

50 nM

Figure 69. A) Duplex siRNA and control for inhibition of progesterone receptor. Sense strand is listed on top.
Modification code: RNA, dna. (B) qRT-PCR results of PR mRNA levels when MCF 7 cells are treated
with siRNAs at 50 nM concentration. Error bars represent standard deviation of three biological

replicates.

We synthesized three ss-siRNA sequences based on the PR siRNA sequence using the chemical

modification scheme from our ADAM33 experiments (5’ phosphate followed by alternating PS

and PO linkages, and seven 3’ terminal PS linkages).

We then modified the two 3’ terminal

adenosines by either using MOE modifications (PR-MOE), 2’-OMe modifications (PR-OMe), or LNA

modifications (PR-LNA) (Table 7) (Appendix D and E). As with the siRNAs, a forward transfection

was performed and total cellular RNA was analyzed. The PR targeting duplex siRNA was used as a

positive control in these transfections.
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Table 7. Oligonucleotide sequences for PR inhibition. For duplex sequences, sense strand is listed on top.
Modification code: RNA, dna, 2’-OMe, 2’-F, 2’- MOE, ‘+’: LNA, ‘S’: phosphorothioate, P: 5’ phosphate

SiRNA sequence T.,(C)

PR 5’ AUG GAA GGG CAG CAC AAC U tt 72-73
tt UAC CUU CCC GUC GUG UUG A 57

ss- Sequence (5’ - 3’)

SiRNA

ss-PR- P-A G UU GU GC UG CCCUUCCAUAA 80-81
-—s §— §— S— S— S— S§— S—S S—S S—S S

MOE

ss-PR- P-AGUUGUGCUGCCCUUCCAUAA 78-80
-S §— §— §— S— S— S— S—S S—S S—S—S—

OMe

ss-PR- P-A G UU GU GC_ UG CC CUUC CA U +A +A 79-81
—S §— §— §— S— S— S— S—S S—S S—S S

LNA

Ss-scr 60

P-G_G_GC UG CG CC AC GAGGACUAA
—S S— S— S— S— S— S— S—S S—S S—S—S—

The results are consistent with the observation found with the ADAM33 targeting ss-siRNAs, in

that the oligonucleotide with the 2’-MOE modification at the 3’ end failed to achieve the potency

of the 2’-OMe modified oligonucleotide. In this case, the LNA-modified ss-siRNA was also highly

active (Figure 70).

2.5

1.5

PR mRNA level

0.5

Figure 70.

PR ss PR MOE ss PR Ome ss PR LNA

50 nM

55 5Cr

NT

gRT-PCR results of PR mRNA levels when MCF 7 cells are treated with ss-siRNAs. Error bars represent
standard deviation of six biological replicates. * = p<0.05.

A dose response analysis was done using the PR targeting duplex siRNA and the corresponding ss-

SsiRNAs.

The dose response shows that both LNA and 2’-OMe modification showed improved

activity at moderate concentrations, and the sequence with 3’ LNA modifications showed best

potency among the ss-siRNAs tested at lower oligonucleotide concentrations (Figure 71). The
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duplex siRNA was still slightly more potent than even our optimized ss-siRNAs, particularly at low

concentrations.

2,5
2 -
o
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05 - mss-PR-LNA
0 -

50 25 12,5 6,25 31 1,6 0

Oligonucleotide concentration

Figure 71. Dose response data of MCF 7 cells treated with PR targeting ss-siRNA oligonucleotides at various

concentrations. Data is normalized to the 0 oligonucleotide concentration points. N=9 for the 50 nM
dose and n=3 for the other concentrations.
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4.4 Oligonucleotides targeting SIN3A

In order to further test the therapeutic potential of our ss-siRNAs, we chose to design sequences
based on published reports of potent siRNA and miRNA duplexes in the treatment of cystic
fibrosis (279). Ramachandran et al. found that the SIN3A gene interacts with mir-138 which helps
regulate CFTR(279). A duplex siRNA that inhibits SIN3A was published and was used as our initial
siRNA sequence. However, the published duplex was a dicer-substrate siRNA (disiRNA) and its
antisense strand was a 27mer containing 2’-OMe modifications strategically placed in the
sequence. We first designed a shorter siRNA duplex with 19 base pairs, shortening the published

sequence so it would be more appropriate as a ss-siRNA template (Table 8) (Appendix D and E).

Table 8. Oligonucleotide sequences for SIN3A inhibition. For duplex sequences, sense strand is listed on top.
Modification code: RNA, dna, 2’-OMe, 2’-F, 2’-MOE, ‘+’: LNA, ‘S’: phosphorothioate, P: 5’ phosphate

SiRNA Sequence T.,(°C)

disiRNA P-GCG AUA CAU GAA UUC AGA UAC Uacc 66-67
CUC GCU AUG UAC UUA AGU CUA UGA UGG-P

sin3A 57 AUA CAU GAA UUC AGA UAC U tt 55-57
tt UAU GAU CUU AUG UCU AUG A 57
scr 57 AGU CCU CGU GGC GCA GCC C tt 82-83
tt UCA GGA GCA CCG CGU CGG G 57
ss-siRNA Sequence (5" - 3’)
sin3A-MOE P- A G UA UC UG AA 8)9) CASUSGSUSASUSASA 62-63
sin3A-OMe
P- A G UA UC UG AA uu CASUSGSUSASUSASA 62-63
Sin3A-LNA
P-A G UA _UC UG AA UUCAUGUAU+A +A 62-63
-—S S— §— S§— S§— S— S— S—S S—S S—S§ S
Ss-scr P-G G GC UG CGCCACGAGGACUAA 60
-—S S§— §— S§— S— S— S— S—S S—S S—S—S—

We transfected the published disiRNA, as well as our shortened version of the dicer substrate
sequence, SIN3A, into HEK293 cells. Our shortened duplex siRNA sequence was as effective at
SIN3A inhibition as the published sequence (Figure 72A), therefore the antisense strand was used
as a template for ss-siRNA designs. The ss-siRNA architecture was the same as for the ADAM33
and PR-targeting ss-siRNAs. Unfortunately, none of our SIN3A-targeting siRNAs were able to
match the potency of the corresponding duplex siRNA. The 2’-OMe modified ss-siRNA gave a

slight increase in silencing over the 2’-MOE and 2’ LNA modified ss-siRNAs, but the difference was
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not significant and its potency was nowhere near that of the duplex siRNAs (Figure 72B). These
results could indicate that the ss-siRNA chemistry might be incompatible with the HEK293 cell

line. Further studies would need to be performed to determine the cause of the poor ss-siRNA

potency.
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Figure 72. A) gRT-PCR results of SIN3A mRNA levels when treated with duplex siRNAs. HEK293 cells were reverse
transfected with siRNAs. All siRNAs were transfected at 50nM concentration and normalized to a
scrambled siRNA control. B) qRT-PCR results of SIN3A mRNA levels when HEK293 cells are treated
with ss-siRNAs. Samples are normalized to a NT control and transfected at 50nM concentrations. In all
cases, error bars are standard deviation of N=4.

4.5 EGFP-targeting oligonucleotides

We began to investigate whether the lower potency of the ss-siRNAs were sequence specific to
the SIN3A mRNA target or if the HEK293 cells could be less receptive to the ss-siRNAs. To test this
hypothesis, we designed oligonucleotides to target an EGFP gene sequence in a stable EGFP-
expressing HEK293 cell line. As done previously, duplex siRNAs were first designed, synthesized,
and tested for potency in order to determine if they would be a candidate sequence for our ss-
siRNAs. We used a previously published (280) siRNA duplex (EGFP) as well as a novel siRNA
duplex sequence (HP EGFP) for these experiments (Table 9) (Appendix D and E).
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Table 9. Oligonucleotide sequences for SIN3A inhibition. For duplex sequences, sense strand is listed on top.
Modification code: RNA, dna, 2’-OMe, 2’-F, 2’- MOE, ‘+’: LNA, ‘S’: phosphorothioate, P: 5’ phosphate

SiRNA sequence T.(C)

EGFP 57 GAC GUA AAC GGC CAC AAG U tt 71
tt CGC UGC AUU UGC CGG UGU UCA 57

HP-EGFP 5’ CAA CAG CCA CAA CGU CUA U tt 67
tt GUU GUC GGU GUU GCA GAU A 57

Scr 57 AGU CCU CGU GGC GCA GCC C tt 82-83
tt UCA GGA GCA CCG CGU CGG G 5’

HP-13 57 CAU GCA AUU UCC AGC GAC C tt 69-70
tt GUA CGU UAA AGG UCG CUG G 57

ss-siRNA Sequence (5’ - 3’)

egfp-MOE P-A CUUGUGGCCGUUUACGUCAA 75
-s §&~— §— §— S— S— S— S§—S S—S S—S S

egfp-OMe P-A CUUGU GG CCGUUUACGUCARA 76-79
-s §— §— §— S§— S— S— S§—S S—S S—S—S—

egfp-LNA P-A C_UU GU GG CC GU UU A C GUC +A +A 81
-s §&~— §— §— S— S— S— S§—S S—S S—S S

HP egfp-MOE P-A U AG AC GUUGUGGCUGUUGAA 74-75
—S §&~— §— S§— S— S— S— S—S S—S S—S S

HP egfp-OMe P-A U AG AC GUUGUGGCUGUUGAA 75
-s §— §— S8— §— §— S— S—S S—S S—S—S—

HP egfp-LNA P-A U AG AC GU UG UG GC U G U UG +A +A 75-76
-s §— §— S— S— §— S— S—S S—S S—S S

ss HP-13 P-GGUCCGUGGAAAUUGCAUGARA 78.5
-s §— §— §— S— S— S— S—S S—S S—S—S—

We were able to achieve potent knockdown of EGFP at both the RNA (Figure 73) and protein level
(Figure 74) using our duplex siRNAs. We then used the antisense sequences from both duplex
siRNAs, EGFP and HP EGFP, as template strands for our ss-siRNA sequences. However, upon
transfection, the ss-siRNAs proved to be too toxic to our cultured EGFP-expressing HEK293 cells to
have enough samples for RNA or protein analysis. We performed a dose response from 50nM to
3nM; at 3nM the toxicity was reduced but the ss-siRNAs showed no change in fluorescence as
compared to the NT control. Interestingly, the negative control ss-siRNA (ss-HP13) was also
significantly more toxic than the dsRNA control of the same sequence (HP-13). This toxicity was
observed over all ss-siRNA sequences over multiple transfections with these sequences at both 50

and 25 nM.

As no toxicity was observed when the cells were transfected with the corresponding duplex
siRNAs, we concluded that the ss-siRNA toxicity was independent of any targeting effect, and
seems to be related to the way this cell line responds to the ss-siRNA chemistry itself. To validate

this claim, we transfected three SIN3A targeting ss-siRNAs used previously in HEK293 cells with no

92



Chapter 4

toxicity. All of the SIN3A targeting ss-siRNAs showed significant toxicity, comparable to the
toxicity observed with the egfp-targeting ss-siRNAs. It is not clear why these stably EGFP-

expressing cells respond with such toxicity to ss-siRNAs.
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Figure 73. qRT-PCR results of EGFP mRNA levels when treated with duplex siRNAs. All siRNAs were transfected at
50nM concentration and normalized to a NT control. Error bars are standard deviation of n=4. (C)
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Figure 74. qRT-PCR results of EGFP mRNA levels when treated with duplex siRNAs. All siRNAs were transfected at
50nM concentration and normalized to a NT control. Error bars are standard deviation of n=4. (C)
Fluorescent image of EGFP-expressing cells treated with duplex siRNAs showing potent knockdown of
EGFP at the protein level relative to control oligomers or untreated controls.
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4.6 Conclusions

Recently, it has been shown that ss-siRNA oligonucleotides may now engage gene silencing
pathways that had previously been reserved for duplex RNAs (74, 236, 259). However, until now,
the published reports using ss-siRNA technology have used 2’-MOE modifications at the 3’
terminus which makes the synthesis oligonucleotides unattainable for many research groups.
We have shown that the 3’-terminal chemistry of ss-siRNAs can have a significant impact on their
activity. And more importantly, ss-siRNAs modified with 2’-OMe or LNA at the 3’-terminus
showed greater silencing activity than those modified with MOE across two sequences. Since
2’0OMe in particular is a readily available modification, this observation makes ss-siRNA technology

widely accessible, at least for use in cultured cells.

We aimed to develop and optimize ss-siRNAs based on five active siRNA sequences, but three of
the sequences failed to show any activity as ss-siRNAs, and in two of those cases the ss-siRNAs
showed significantly increased toxicity relative to the parent duplexes. It appeared that some cell
lines and sequences may be less receptive to the ss-siRNA technology as compared with duplex
siRNA, exemplified by HEK293 cells in this study. We have concluded that both the nature of the

RNA target and the cell type have a major impact of the efficacy of ss-siRNAs in gene silencing.
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Chapter 5: Genome editing using the CRISPR/Cas type Il
system with chemically modified crRNAs

5.1 Introduction

Genome editing is a powerful tool for determining the function of a gene or protein within a cell.
This technique allows DNA within a genome to be replaced, inserted, or removed using artificial
nucleases that create double strand breaks in the target DNA sequence. Genome engineering has
a tremendous range of applications including the exploration and modification of gene function in
biological systems, the assembly and optimization of synthetic biological systems, and therapeutic

purposes such as correction of genetic mutations and elimination of viral sequences.

As discussed in the introduction, several techniques have been developed in the field of genome
engineering, including zinc finger nucleases and TALENS. However, the most promising recent
genome engineering technique uses the RNA-guided Cas9 nuclease from the CRISPR/Cas type Il
system (most commonly the system from Streptococcus pyogenes). The type Il CRISPR/Cas
system uses only a single protein and two guide RNAs: Cas9 nuclease, a CRISPR RNA (crRNA)
which is complementary to the 20-base DNA target, and a trans-activating crRNA (tracrRNA)
whose sequence is constant. These three components make a large complex — Cas9 is a 159 kDa

protein, crRNA is a 42mer RNA (ca. 14 kDa) and tracrRNA is a 75mer RNA (ca 25 kDa).

Since the discovery in 2012 (185) that the aforementioned components were sufficient to
engineer site-specific cleavage of an arbitrary DNA sequence, thousands of studies have taken

advantage of CRISPR technology for genome engineering (for key papers, see (185, 209-215)).

Chemically modified oligonucleotides can be designed to exhibit greater affinity and specificity to
their target sequence and to be more stable in biological systems. We wanted to explore whether
a chemically modified crRNA could improve the specificity or efficiency of cleavage of target DNA
when compared to an unmodified crRNA. However, as no work has been published on chemically
modified crRNAs, it was unknown whether the CRISPR/Cas system could tolerate chemical

modifications and retain cleavage ability.
5.2 Gene silencing using the type Il CRISPR/Cas system

5.2.1 Experimental Design

Although our final aim of this project is to determine the effects of chemically modified crRNAs on

the efficacy of the type Il CRISPR/Cas system, we initially needed to get efficient cleavage of a
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target DNA sequence using unmodified RNAs. We decided, in keeping with common practice in

the field at the time, to express both the guide RNAs and the Cas9 protein from a plasmid.

In 2013, Cong et al. published work on using CRISPR/Cas systems for multiplex genome
engineering (281) (Figure 75). In order to take advantage of the CRISPR/Cas Il system in
mammalian cells, they designed a plasmid co-expressing the S. pyogenes Cas9 and the crRNA and
tracrRNA which are required for DNA target cleavage. The two RNAs are expressed from U6
promoters. The plasmid can be digested in the crRNA sequence using a Bbsl restriction enzyme
creating a double strand break, which allows the insertion of an annealed DNA sequence to be
cloned into the plasmid and become the DNA-binding domain of the crRNA sequence. (In fact, the
plasmid contains a pair of inverted back-to-back Bbsl recognition sites; since Bbsl cleaves outside
of its recognition site, Bbsl digestion of this plasmid produces two noncomplementary sticky ends
and no Bbsl recognition sites.) The inserted DNA sequence is designed to be complementary to
the target DNA sequence which must be adjacent to an NGG sequence (the S. pyogenes
“Protospacer Adjacent Motif” or PAM). The plasmid already contains the tracrRNA binding
sequence required for crRNA function, so all we needed to clone in was the DNA-binding portion

of the crRNA.
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Figure 75. Simple schematic of the CRISPR plasmid developed by Cong et al.(281). The plasmid is transcribed starting
at the U6 promoter. The plasmid is digested by Bbsl restriction enzymes causing a double strand
break where a new CRISPR insert can be ligated into the plasmid.

We chose to use this plasmid as our CRISPR/Cas array for targeting our chosen DNA target. As
previous reports have experimentally validated genome engineering using mammalian human
embryonic kidney (HEK293) cells (196, 204, 281-284), we chose to use an eGFP-HEK293 cell line

for our in vitro assays.

We designed five oligonucleotide sequences to generate crRNAs that target eGFP. Our
oligonucleotides were designed to have various lengths. This was due in part to a published
report by Fu et al. stating that truncated crRNA sequences may improve CRISPR-Cas nuclease
specificity (285). We designed two 20-mer (N1 20 and N2 20) and one 21-mer (HP 20)
oligonucleotides which target three independent sites within the eGFP sequence (Table 10)
(Appendix D and E). Additionally, we expanded two of the oligonucleotide sequences to 29 (N2
30) and 30 (HP 30) (Table 10) nucleotides as recommended by the protocol for our CRISPR/Cas
plasmid (281). We sought to have the crRNA sequences begin with G, to optimize expression
from the U6 promoter. The crRNAs encoded by the resulting plasmid sequences each encode
target sequences directly adjacent to a NGG PAM. As the Bbsl digestion of the plasmid gives
products with noncomplementary sticky ends as noted above, each oligonucleotide was

synthesized with the appropriate complementary sticky end.
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Table 10. Insert sequences for ligation into a plasmid that would express crRNAs used to target eGFP in mammalian
HEK293 cells. P represents 5’-phosphate required for ligation.

DNA sequence

N1 20 5" P-AAAC GAGCTGGACGGCGACGTAAA
CTCGACCTGCCGCTGCATTT AAAT-P 5’

N2 20 5" P-AAAC GTGAACCGCATCGAGCTGAA
CACTTGGCGTAGCTCGACTT AAAT-P 5’

HP 20 5’ P-AAAC GCTCGTGACCACCCTGACCAT
CGAGCACTGGTGGGACTGGAT AAAT-P 5’

N2 30 5" P-AAAC GACACCCTGGTGAACCGCATCGAGCTGAA
CTGTGGGACCACTTGGCGTAGCTCGACTT AAAT-P 57

HP 30 | 5’ P-AAAC GCTGGCCCACCCTCGTGACCACCCTGACCTA
CGACCGGGTGGGAGCACTGGTGGGACTGGAT AAAT-P 5

Ctrl 5" P-CAT ACGTAGTTAA GTAC
TGCATCAATT 57

5.2.2 Results

5.2.2.1 Ligation optimization

The CRISPR/Cas plasmid arrived as a bacterial stab and was cultured overnight followed by DNA
extraction using a plasmid mini prep system. Our purified plasmid was digested with Bbsl
restriction enzyme in order to induce a double strand break in our plasmid DNA. For our
oligonucleotide ligation conditions, we initially used a 1:50 and a 1:100 vector : insert ratio (V:l;
i.e. digested plasmid : annealed oligonucleotides) to try and achieve successful ligation products.
As the vector was over 10kb and the inserts were 20-30bp, we used such a large excess of insert
for these reactions in an attempt to increase the success rate of our ligation. The ligation
products were transformed into chemically competent DH5 alpha cells. None of our 1:50 V:l
plates had colonies following transformation, but our 1:100 V:I plates had several colonies after
transformation. A few colonies from each transformation plate were selected from each of the
various insert plates for colony PCR. A 1% agarose gel of our colony PCR products indicated that
we achieved a ligation product from each of our inserts. The plasmids were purified for
sequencing analysis, but upon receiving the sequencing results, we discovered that none of our

plasmids had the correct insert.

We re-digested our CRISPR/Cas plasmid with Bbsl in order to obtain more material for our
experiments. The digested plasmid was gel purified before ligation. Only annealed
oligonucleotide N1 20 was used in order to optimize ligation conditions. We chose ligation
conditions of 1:10, 1:25, and 1:50 V:l ratio. The ligation products were transformed into
chemically competent DH5a. cells. Upon analysis, the positive transformation control plate

produced several colonies, but none of our ligation reactions yielded any products.
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As our ligations failed previously, we chose to troubleshoot several possible causes as to why our
cloning was unsuccessful. We started by re-annealing our oligonucleotide inserts, leaving out the
PBS buffer that was used previously. We tried this to avoid having too much phosphate in the

ligation reactions.

We also chose to use a 1:200, 1:400, and 1:600 V:I ratio for our ligation reactions in order to have
an even greater excess of our insert than previously used. The ligation conditions were attempted
with and without PEG8000, as PEG has been shown to stimulate ligation activity (286). The
ligated products were transformed. Following transformation, one colony from each plate was
picked for colony PCR. The colony PCR was unsuccessful indicating that the ligation was still

unsuccessful.

As we had exhausted several ligation options, we next chose to perform our ligations with vector:
insert ratios of 1:200, 1:500, and 1:1000. We also compared our initial ligation protocol to one
with additional ATP and buffer to the digestion mixture. Once again, only annealed oligo N1 20
was used for these troubleshooting experiments. The ligation products were transformed.
Colonies grew under all conditions except 1:500 V:| ratio with the initial ligation mixture, and
1:200 V:l ratio with extra ATP and buffer. Three colonies were chosen from the following ligation
conditions in addition one colony from the uncut plasmid positive control plate:

1) 1:200 V:l ratio with initial ligation conditions

2) 1:500 V:l ratio with additional buffer and ATP

3) 1:1000 V:I ratio with additional buffer and ATP

A mini prep was performed on each of the colonies selected from the ligation plates. An
additional digestion was performed on the mini prepped plasmids as a way to test if the ligation
was successful. Digesting this specific CRISPR/Cas plasmid with Ndel restriction enzyme will result
in a 366 base pair fragment if there is no correct insert ligated, but a ~390 base pair fragment if
the ligation was successful. This is due to the restriction sites flanking the insertion site. If the

correct product is inserted, the DNA fragment will be larger than if the ligation was unsuccessful.
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Figure 76. Schematic of a gel image following a Ndel restriction digest. The successfully ligated product will be ~390
base pair fragment and an unsuccessfully ligated product will be ~366 base pairs. Unfortunately the
gel image was too faint for an image.

Upon digestion with Ndel restriction enzyme, the digestion products were run on a 1.5% agarose.
Although faint, five of the nine samples showed a 390 base pair band. Samples from ligations
from the 1:200 V:I ratio with initial ligation conditions and the 1:200 V:| ratio with the additional
buffer and ATP ligation conditions were sent for sequencing. All of the ligations were correct as

verified by our sequencing results.

Upon receiving positive results from our N1 20 insert, we repeated the successful conditions with
the additional four oligonucleotide inserts. We digested the CRISPR/Cas plasmid with Bbsl, and
used a 1:200 V:I ratio for our ligations with additional ATP and buffer as with the successful N1 20
insert. The ligation products were transformed. A single colony was picked from each of the four
insert plates, cultured, and mini prepped. The correct inserts were digested as before with Ndel
restriction enzyme, and the successful inserts were sent for sequencing analysis. All of the inserts

were successful as verified by sequencing.

In addition to the Bbsl digests, we also attempted to clone a control plasmid which is entirely
lacking the U6 promotor region and would thus not express any crRNA (Table 1). This plasmid was
designed to be co-transfected with chemically modified crRNAs. Unfortunately our ligations were
never successful. Although we used our optimized conditions, we were never able to obtain our
negative control plasmid. One reason for this could be that our annealed oligonucleotide insert

was only 10 base pairs, which is extremely challenging to clone into a 10kb plasmid.
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5.2.2.2 Mammalian cell culture transfection

Although we did not have a negative control plasmid, we decided to transfect our eGFP targeting
CRISPR/Cas plasmids into eGFP-HEK293 cells using a calcium chloride transfection method (287).
All of the plasmid-treated cells showed what we initially thought were signs of contamination
within 24 hours post-transfection (mostly this involved cellular toxicity and the formation of
numerous small bodies, significantly smaller than the cells). We repeated the transfection four
additional times using only sterile filtered reagents and new plasmid preps, but our treated cells
never survived more than 48 hours post transfection. Our collaborator Noel Wortham (Biological
Sciences, University of Southampton) also worked with this and related plasmids in a different cell
culture facility with a different batch of cells, and observed the same results. Thus, the problem is
not related to contamination, but we have not been able to identify the exact cause of the cell
death, whether it is an inherently problematic plasmid or an incompatibly of the plasmid with our
cells. We suspect that there may have been changes in the (very large) plasmid backbone,

incorporated during our cloning experiments, that rendered it toxic in some way.

5.2.2.3 Alternative CRISPR/Cas experiments

Drs. William Skarnes and Mark Behlke presented independent recent findings showing that
efficient target DNA cleavage may be obtained using a plasmid-free CRISPR system’(288). By
combining in vitro the three components of the CRISPR/Cas system (Cas9 nuclease, tracrRNA, and
crRNA), then transfecting them into cells as a ribonucleoprotein (RNP) complex, efficient cleavage

of target DNA was achieved.

Besides circumventing the problems we had encountered with plasmid cloning, we immediately
realised that this RNP approach was better-suited to applications involving chemically modified
RNAs. We purchased S. pyogenes Cas9 nuclease (New England Biolabs) and tracrRNA
(Dharmacon), and synthesized a series of native and chemically modified crRNAs. We chose to
target the eGFP sequence as before, but a modified duplex DNA gBlock (linear double stranded
DNA sequence) was ordered from IDT as opposed to using the plasmid-derived DNA sequence.
Our eGFP DNA sequence needed to be altered as only two of our five oligonucleotide target
sequences were flanked by a PAM sequence. Our gBlock design added PAM sequences 3’ to our
oligonucleotide targets. Three of our eGFP-targeting crRNA sequences (Fu 1, Fu 2, Fu 3) were
published (280, 285), a fourth was based on a published siRNA sequence (280), and the fifth

sequence (HP egfp) was based on the sequence of an siRNA we designed in-house.

> CRISPR Oxford http://lpmhealthcare.com/crispr-2015
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In order for target DNA cleavage by this method, a complex must be formed between the crRNA
and the tracrRNA. We designed our crRNA sequences to contain a 5’ stretch of 19-20 nucleotides
complementary to the target eGFP DNA sequence followed by a 21 nucleotide sequence which is
complementary to the tracrRNA (Table 11). A scrambled control sequence was designed as well,
keeping the complementary tracrRNA unaltered but scrambling the DNA-binding region of the
crRNA. The oligonucleotides were synthesized via solid phase synthesis, purified by PAGE, and

verified correct by mass spectrometry.

Table 11. crRNA sequences used to target eGFP in plasmid-free CRISPR/Cas system. DNA binding domains (DBD) are
shown in red, while tracrRNA binding domains (tracrBD, constant 3’-half) are shown in black.

crRNA [ Sequence (5’ to 3’) Ref

egfp GACGUAAACGGCCACAAGU GUUUUAGAGCUAUGCUGUUUUG (280)
HP egfp CAACAGCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG novel
Fu 1 GGGCACGGGCAGCUUGCCGG GUUUUAGAGCUAUGCUGUUUUG |(285)
Fu 2 GAUGCCGUUCUUCUGCUUGU GUUUUAGAGCUAUGCUGUUUUG |(285)
Fu 3 GGUGGUGCAGAUGAACUUCA GUUUUAGAGCUAUGCUGUUUUG |(285)
Ctrl GGUGGUGCAGAUGAACUUCA GUUUUAGAGCUAUGCUGUUUUG | novel

Once we had all of our experimental components in hand, we started optimizing the protocol for
our eGFP DNA cleavage. We used protocols outlined in Jinek et. al (185) as a guideline for our
experimental design, using a 1:1 molar ratio of Cas9 nuclease to the tracrRNA:crRNA complex.
We initially only used the Fu 2 crRNA in our optimization experiments. Several reaction conditions
were tested, but we achieved our optimal target DNA cleavage using 100 nM Cas9 and

tracrRNA:crRNA complex with 0.2 ug DNA (Figure 77).

104



Chapter 5

full length DNA

5’ cleavage product

3’ cleavage product

Figure 77. . Results of optimization experiment using crRNA Fu 2 targeting eGFP DNA. Either 50 nM Cas9 and
tracrRNA:crRNA complex (Lane 1) or 100 nM Cas9 and tracrRNA:crRNA complex (Lane 2) was used in
the presence of 0.1 pg (Lane 1) or 0.2 pg (Lane 2) target DNA. 1000 bp ladder was used as reference.
1% agarose gel stained with Nancy-520.

As we had optimized our protocol, we repeated the experiment using all of our crRNAs (Figure
78). As shown from the gel image, we were able to observe cleavage with all of our crRNAs,
though HP egfp and Fu2 showed the highest efficiency cleavage.

HP () ()
kilo base Ladder egfp egfp Fu1 Fu2 Fu3 Ctrl Cas9 tracrRNA

1000
ull length DNA product + CRISPR complex
full length DNA product
500
100

Figure 78. Results of 1% agarose gel showing the egfp cleavage by the Cas9: tracrRNA: CRISPR RNA complex with
various CRISPR RNAs.

For several samples, we also observed bands of higher apparent molecular weight than the uncut
DNA band (Figure 78). This could correspond to cut or uncut DNA fragments with the
Cas9:tracRNA:CRISPR complex still attached. In order to test this theory, we added an SDS buffer
solution in order to break up the potential complex, as other authors have also done (185). As
shown in Figure 79, the DNA cleavage appears much more evident and the higher molecular

weight complex disappears following the addition of SDS to the reaction mixture.
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no
kilo base Ladder SDS SDS

1000

Full length DNA + CRISPR/Cas complex
&—— Full length DNA

500 <€—— 5 cleavage product
< 3 cleavage product

100

Figure 79. Results of 1% agarose gel showing the same sample, HP egfp, with and without SDS treatment.

5.2.3 Chemically modified crRNA

We chose to use the crRNA HP egfp as a template sequence for our chemically modified crRNA
designs. As there are no current published reports on the effects of chemically modified crRNAs
on DNA cleavage efficiency, we selected various regions of the oligonucleotide to incorporate
chemical modifications. We chose to modify both the DNA binding domain (DBD) and the

tracrRNA binding domain (tracrBD) of our oligonucleotides (Table 12).
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Table 12. Chemically modified crRNAs used in this study. Modification code: RNA, dna, 2’-OMe, 2’-F, ‘+": LNA, :

phosphorothioate.

CcrRNA Sequence (5’ to 3’)
CAACAGCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG
HP egfp
CAA.CAGCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG
HP-PS-all
T CAALCAGLCLCACAALCGUCUAU GUUUUAGAGCUAUGCUGUUUUG
DBD
CAACAGCCACAACGUCUAU G.U.U.UUA GAG.CUAUGLCUGUUUUG
HP-PS-
tracrBD
+Caa+Cag+Cca+Caa+Cgt+Cta+T GUUUUAGAGCUAUGCUGUUUUG
HP-LD-
DBD
HP-LR- +CAA+CAG+CCA+CAA+CGT+CTA+T GUUUUAGAGCUAUGCUGUUUUG
DBD
HP-LR- CAACAGCCACAACGUCUAU +GUU+TUA+GAG+CUA+TGC+TGU+TUUG
tracrBD

HP-LR-few | +CAA+CA+GCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG

HP-20Me CAACAGCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG

HP- CAACAGCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG
Me/RNA
HP-Me/F CAACAGCCACAACGUCUAU GUUUUAGAGCUAUGCUGUUUUG

The rationale for trying the various modifications was as follows:

As PS linkages are so useful in protecting synthetic oligomers from nuclease cleavage, we
wanted to test wehther they are tolerated in either or both halves of the crRNA. (PS-all,
PS-DBD, PS-tracrBD)

As LNA shows improved binding affinity and specificity, we wanted to include it in various
regions of the crRNA, particularly the DNA binding domain (we hoped that it might
improve the specificity of DNA binding). (LD-DBD, LR-DBD, LR-tracrBD, LR-few). In most
cases, we made strands as chimeras of LNA and RNA. However, in one case (LD-DBD) we
made the DNA binding domain from a mixture of LNA and DNA. Our rationale for doing
this was that the rigid LNA can induce an RNA-like conformation into neighbouring
deoxynucleotides, and we wondered if this would be sufficient to yield an active crRNA)
Finally, we wanted to include various 2’-modified sugars, including a fully modified
2’0OMe-RNA and the alternating pattern of 2’0OMe/2’F-RNA that has proven so useful in
the context of siRNAs. (20Me, Me/RNA, Me/F)
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Using our optimized protocol, we performed the DNA cleavage experiment using our chemically
modified oligonucleotides (Figure 80). Gratifyingly, we observed DNA cleavage from most of our
chemically modified oligonucleotides. However, it is hard at this point to identify patterns that
might predict or explain which crRNAs are active and inactive. For instance, the uniformly 2’-OMe
modified crRNA (HP-OMe) was completely inactive, but the alternating 2’-OMe and 2’-F (HP-
OMe\F) and 2’-OMe and RNA (HP-OMe\RNA) modified oligonucleotides retained cleavage
activity. Even more surprisingly, the fully PS modified oligonucleotide(PS all) showed cleavage
activity, but the oligonucleotide only PS modified in the tracrBD (HP-PS-transBD)was not active.
Whether the inactivity of the few select oligonucleotides is due to conformational changes,

binding affinity, or other factors is not clear at this time.

HP-OMe
HP-OMe/RNA
HP-OMe/F

W HP-LR-few
HP-LD-DBD
HP-PS-DBD
HP-LR-DBD
HP-LR-trans BD
HP-PS-trans BD
HP egfp
no cas9
no tracr
Uncut DNA

—
(]
=]
=]
©
—

PS all

kilo base

100

full length DNA product
500

5’ cleavage product

3’ cleavage product

SETHIE

Figure 80. Results of 1% agarose gel showing the egfp cleavage by the Cas9: tracrRNA: CRISPR RNA complex with
various chemically modified CRISPR RNAs. Gel is representative of three independent experiments.

5.3 Conclusions and Future Work

There have been several published reports on the efficient cleavage of target DNA by the
CRISPR/Cas type Il system. However, no published reports have investigated the effects of
chemically modified crRNAs of the efficiency of the CRISPR/Cas system. From our initial results,
we concluded that the CRISPR/Cas machinery is compatible with several chemical modifications.

However, the chemically modified crRNAs were not as potent as the unmodified crRNA.

Our results are preliminary, and our future work will include testing the current chemical
modification layouts on our other egfp targeting crRNAs. This will confirm that our results are not
specific to the HP-egfp sequence and can be applied to other sequences and targets. We also
need to design and synthesize several additional chemically modified sequences in order to

observe a pattern of DNA cleavage.
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Moreover, future work should include a study of what factors are contributing to the success and
failure of these chemically modified crRNAs. Are they assembling correctly into the RNP complex
but failing to bind DNA? Are they binding DNA but failing to cleave? Gel shift experiments and
kinetic studies under single and multiple turnover conditions would constitute appropriate first

steps to explore these questions.

Finally, it will be essential to return to the goals of this study using active modified sequences.
Can we improve the potency and specificity of CRISPR/Cas9-based genome engineering using
chemically modified RNA? This remains an open question, but our results are encouraging that

there will be a role for oligonucleotide chemistry in advancing this exciting field.
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Chapter 6: Concluding remarks

In this thesis work, we were able to successfully design and synthesize oligonucleotides of varying
chemistries and lengths via solid phase synthesis. The successful synthesis methods were a result
of modifying and optimizing several synthesis steps, deprotection methods, and purification

techniques.

Using the oligonucleotides we made via solid phase synthesis, we were able to successfully inhibit
the asthma susceptibility gene, ADAM33. The inhibition of ADAM33 is a crucial step in the
development of a therapeutic approach to correct airway remodelling. We compared the
potencies of several classes of oligonucleotides, LNA gapmers, siRNAs, ss-siRNAs, and conjugates
on the silencing of ADAM33. From this comparison, we concluded that our ASO oligonucleotides
were more potent than RISC engaging oligonucleotides. A major contributing factor to this result

could be that ADAM33 mRNA is 95% localised in the nucleus.

While designing ss-siRNAs to silence ADAM33, we observed that minor modifications to the 3’
terminus of our ss-siRNA greatly reduced or enhanced the potency. Specifically, the widely
available modification 2’-OMe-RNA was the optimal modification for the 3’-terminus of the ss-
siRNAs. Using ss-siRNAs with either 2’-OMe, MOE, or LNA modifications at the 3’-end, we
targeted several genes in multiple cell lines. Our results were similar to the ADAM33 results when
targeting progesterone receptor in MCF7 cells. meaning that the ss-siRNA technology could now
be more widely available to academic labs. However, when we treated two HEK293 cell lines with

various ss-siRNAs, we either observed significant toxicity or no ss-siRNA activity.

Finally, using the CRISPR/Cas9 type Il system, we were successfully able to use chemically
modified guide RNAs to induce double strand breaks in a target DNA sequence. We have shown
that the CRISPR/Cas machinery could tolerate chemically modified oligonucleotides. Although we
were able to achieve target DNA cleavage, it was not as efficient as DNA cleavage using

unmodified guide RNAs.
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Chapter 7: Experimental

7.1 Oligonucleotide synthesis

All oligonucleotides synthesized in-house were at a 1.0uM scale on an Applied Biosystems 394
DNA/RNA synthesizer with standard acid-catalyzed detritylation, coupling, capping, and either

oxidation or sulfurization.

7.1.1 RNA

The siRNAs (HMH-1, HMH-2, HP-1 thru HP-4) were purchased and purified by IDT. All other

oligonucleotides were synthesized in-house.

RNA phosphoramidite monomers (ChemGenes) were 2’protected with tert-butyldimethylsilyl
(TBS) and base protected with n-benzoyl (A), n-isobutyl (G), or n-actetyl (C). All monomers were
dissolved to a concentration of 0.15M in anhydrous acetonitrile immediately prior to use. A 0.3M
solution of 5-Benzylthio-1H-Tetrazole was used as the coupling agent and all coupling times were
10 minutes. Either a Unylinker (ChemGenes) support column was used at 1.0uM or 1.0 pM of

CPG with 3’ terminal G (ChemGenes) was used.

Unmodified RNA was deprotected using a 3:1 ratio of NH,OH/ EtOH for 48 hours at room
temperature unless otherwise stated. RNA 2’0OH TBS protecting group was removed with a 4:1
DMSO/ TEA-3HF solution at 65°C for 3 hours, inverting the tube every 30 minutes to ensure
product is dissolved. The reaction was cooled to room temperature then precipitated with 1:5
ratio of 3M NaOAc: BUOH. The mixture was centrifuged at 4°C for 5 minutes at 8000 rpm, washed

with 70% EtOH, air dried, and the pellet was resuspended in RNase-free water.

20uM working stocks of siRNAs were prepared by annealing the sense and antisense strands in a
final 2.5x PBS buffer. The solutions were heated at 95°C for 10 minutes and then cooled to room

temperature at a rate of 1°C per minute.

7.1.2 ss-siRNA synthesis

The modified 2’F and 2’0OMe RNA phosphoramidites (ChemGenes) were dissolved in anhydrous
acetonitrile at a 0.15M concentration. A 1.0uM Unylinker support column was used per
sequence. The first set of ss-siRNAs were synthesized using five separate steps: 1) the 2’-MOE
was attached to the Unylinker support using the 1.0 uM RNA synthesis cycle (Appendix A) with

0.02 M |, in H20/Pyridine as oxidant 2) The phosphorothioated section was synthesized using
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TETD as the sulfurizing reagent under the 1uM Sulfr+ cycle (Appendix B) 3) the phosphodiester
section was synthesized using the 1.0 pM RNA cycle 4) The 5’ phosphorothioated section was
synthesized using TETD as the sulfurizing reagent under the 1uM Sulfr+ cycle 5) the 5’ phosphate

was added using the 1.0 uM RNA cycle followed by the end CE cycle (Appendix B).

Subsequent synthetic work followed the above cycle with two changes; an alternating pattern of
PS and PO linkages in the 5’-half of the duplex, requiring multiple cycle changes, and the use of 3-
Ethoxy-1,2,3-dithiazoline-5-one (EDITH, 0.05M in ACN, Link Technologies) as sulphurizing agent

with sulphurizing time of 120 seconds total unless otherwise stated.

2’ modified RNA and DNA was deprotected with pure NH,OH at 552C overnight. The
oligonucleotide was evaporated to dryness by rotary evaporation then resuspended in 1mL

RNase- free water until ready for further analysis.

7.1.3 LNA gapmers

The LNA and DNA amidites were dissolved in acetonitrile at a 0.1M or 0.15M concentration. A

1.0uM of Unylinker support column was used per sequence.

A modified 1uM Sulfr+ cycle (Appendix C) was used for this synthesis: 1) BTT was used instead of
tetrazole as a coupling reagent 2) 0.05M EDITH solution was used as a sulfurizing reagent instead

of TETD.

7.1.4 1-0O-hexadecylpropanediol

1-O-hexadecylpropanediol phosphoramidite was synthesized in two steps by lab member
Alexandre Debacker and former member Liisa Niitso. Treatment of propanediol in DMF with NaH
followed by addition of hexadecyl bromide and catalytic potassium iodide gave 1-O-hexadecyl-
1,3,-propanediol in a single step as previously observed (245); recrystallisation with hexane
yielded white crystals of excellent purity. The phosphoramidite was synthesized under standard
conditions (231) using 2-cyanoethyloxy(N,N-diisopropylamino)phosphonamidic chloride. ).) Rf in
EtOAc =0.28. MS (ESI): found 501 (M+H); mass expected for (C28H57N203P + H = 501.4). 1H NMR
(400 MHz, CDCI3) & 0.89 (t, J=6.85 Hz, 3H, CH3CH2) 1.19 (dd, J=6.72, 3.42 Hz, 12H, 2 (CH3)2CHN)
1.26 (s, 26 H, 13 (CH2)n) 1.56 (quin, J=6.94 Hz, 2H, OCH2CH2CH2) 1.88 (quin, J=6.30 Hz, 2H,
POCH2CH2CH20) 2.64 (t, J=6.60 Hz, 2H, CH2CN) 3.40 (t, J=6.66 Hz, 2H, OCH2CH2CH2) 3.50 (t,
J=6.30 Hz, 2H, POCH2CH2CH20) 3.54 - 3.65 (m, 2H, 2 CH) 3.65 - 3.79 (m, 2H, POCH2CH2CH20)
3.79 - 3.93 ppm (m, 2H, POCH2CH2CN). 13C NMR (101 MHz, CDCI3) & 14.1 (s, 1C, CH3CH2) 20.3
(d, J=6.60 Hz, 1C, CH2CN) 22.7 (s, 1C, CH2CH2CH3) 24.5 and 24.63 (2 d, J=7.70 Hz, 2x2C,
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(CH3)2CHN) 26.2 (s, 1C, OCH2CH2CH2) 29.3 (s, 1CH2n) 29.5 (s, 1CH2n) 29.6 (s, 2CH2n) 29.6 (s,
1CH2n) 29.7 (s, 5CH2n) 29.8 (s, 1CH2n) 31.5 (d, J=7.34 Hz, 1C, POCH2CH2CH20) 31.9 (s, 1CH2n)
43.0 (d, J=11.74 Hz, 2C, 2 CH) 58.3 (d, J=19.07 Hz, 1C, POCH2CH2CN) 60.7 (d, J=17.61 Hz, 1C,
POCH2CH2CH20) 67.3 (s, 1C, POCH2CH2CH20) 71.1 (s, 1C, OCH2CH2CH2), 117.6 ppm (s, 1C, CN).
31P NMR (162 MHz, CDCI3, 1H-decoupled) & 147.56 ppm (s).

7.15 Bio cleavable hexadecyloxypropyl conjugates

This synthesis was done by Mike Moazami. This synthesis was completed in stages by Mike
Moazami as follows. 6-chlorohexanol was refluxed with potassium iodide and thiourea in EtOH
overnight, the following morning a solution of NaOH was added and all left to stir at room
temperature overnight. The mix was bought to reflux for 3 hours, then cooled to room
temperature and acidified with 1M HCl(aq) to pH= 3. The mixture was extracted with Et,0 and the

organics removed in vacuo to give 6-mercaptohexanol as a clear oil in a quantitative yield.

To a solution of 6-mercaptohexanol in MeOH was added Et;N and iodine. The reaction was
allowed to stir at room temperature before being concentrated in vacuo. The residue was taken
into water and extracted (DCM), the organic phase dried and concentrated in vacuo to give a
residue that was purified by column chromatography to provide 6,6’-Disulfanediylbis(hexan-1-ol)

as an off white solid in 79% yield.

6,6’-Disulfanediylbis(hexan-1-ol) was dissolved in pyridine and DMT-CI added. The reaction was
stirred overnight, then concentrated in vacuo and purified by column chromatography to give 6-
((6-(Bis(4- methoxyphenyl)(phenyl)methoxy)hexyl) disulfanyl)hexan-1-ol as a clear yellow oil in a
79% yield. This compound was phosphitylated using 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite in THF to give the final linker phosphoramidite as a clear

yellow oil in 92 % yield.

Mercaptohexanol: *H NMR (400 MHz, CDCL:) 6 3.63 (2H, s, H-1), 2.53 (1H, dt, J = 7.2 Hz, H-6), 1.49
- 1.68 (4H, m, H-2, 5), 1.30 - 1.47 (4H, m, H-4, 3) *C NMR (100 MHz, CDCI3) § 62.8 (C-1), 33.9 (C-
6), 32.6 (C-2), 28.1 (C-5), 25.21 (C-3), 24.5 (C-4) 6,6'-Disulfanediylbis(hexan-1-ol) *H NMR (400
MHz, CDCl3) 6 3.65 (4H, br t, J = 6.2 Hz, H-9, 1), 2.69 (4H, t, J = 7.3 Hz, H-14, 6), 1.67 -
1.74 (4H, m, H-13, 5), 1.58 (4H, quin, J = 6.8 Hz, H-10, 2), 1.47 - 1.51 (2H, m, M06), 1.33
- 1.46 (8H, m, H-11, 3, 12, 4) “*C NMR (100 MHz, CDCl,) 3 62.8 (C-9, 1), 39.0 (C-14, 6), 32.6 (C-
10, 2), 29.1 (C-13, 5), 28.2 (C-12, 4), 25.4 (C-11, 3)6-((6-DMT)disulfanyl)hexan-1-ol 1H NMR (400
MHz, CDCI3) 6 7.41 - 7.48 (2H, m), 7.28 - 7.36 (6H, m), 7.17 - 7.23 (1H, m), 6.76 - 6.89 (4H, m), 3.80
(6H, s, 0O-Me), 3.64 (2H, br td, J = 6.5 Hz, J = 5.3 Hz CH20H), 3.00 - 3.11 (2H, m, OCH2), 2.62 - 2.75
(4H, m), 1.52 - 1.76 (9H, m), 1.31 - 1.49 (9H, m) *C NMR (100 MHz, CDCI3) 6 158.3, 145.4, 136.7,
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130.0, 128.2, 127.7, 126.6, 113.0, 85.7 (C-9), 63.3 (C-11), 62.9 (C-24), 55.2 (C-8, 39), 39.0, 32.6,
29.2, 28.4, 26.0 6-((6-(DMT)hexyl)disulfanyl)hexyl(2- cyanoethyl)diisopropylphosphoramidite P

NMR(135 MHz, CD3CN) 6 148.37

7.2 Oligonucleotide quantitation and validation

The oligonucleotide was evaporated to dryness by rotary evaporation then resuspended in 1mL
RNase- free water. The oligonucleotide concentration was calculated by UV absorbance on a Cary
300 bio UV-Visible spectrophotometer using Beer-Lambert law

Absorbance=(concentration)(molar extinction coefficient)(path length).

Oligonucleotides were diluted to a 20uM concentration and characterized on a Bruker MicrOTOF
Ultimate 3000 spectrometer with electrospray and time of flight in negative ionization mode. The

data was analysed using Compas DataAnalysis software.

Buffer A: 100mM hexafluoroisopropanol with 10mM triethylammonium acetate; Buffer B: 20mM

triethylammonium acetate and acetonitrile.

7.3 Oligonucleotide purification and electrophoresis

Approximately 20 ODUs (denaturing gel) or 0.1 ODUs (analytical gel) was loaded into a 16 or 20%
polyacrylamide gel (420g urea, 100 10x TBE, 500mL 19:1 acrylamide:bis acrylamide solution
(Sigma), 100mL water) and was run at 400V for ~3 hours. For denaturing gel: the highest
molecular weight band was cut out of the gel and soaked in RNase-free water overnight. The
aqueous solution was the evaporated to dryness and resuspended in RNase-free water. A Nap-25
column (GE Healthcare) was run to desalt the oligonucleotide. The oligonucleotide was
evaporated to dryness again and resuspended in a small volume of RNase-free water. For
analytical gel: the gel was soaked overnight in Stains-all (Sigma) and an image was taken after 24

hours.

7.4 Mammalian cell culture and transfection

7.4.1 MRC-5 fibroblast cells

MRC-5 embryonic fibroblasts were maintained in DMEM supplemented with 10% FBS, 2% L-

Glutamine, 1% NEAA, and 1% sodium pyruvate (all from Sigma). Cells were plated in 6-well plates
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at 150k cells/well (MRC-5) for lipofection transfections or 65k cell/well for gymnotic experiments
24 hours prior to transfection (forward transfection) or day of transfection (reverse transfection),
unless otherwise stated. Oligonucleotides were transfected at 50nM concentration for single
dose or decreasing doses for dose responses. Cells were transfected using RNAIMAX (Life
Technologies) using 0.75uL lipid per 1L of oligonucleotide in OptiMEM (Life Technologies). Cells
were harvested for RNA analysis 3 days after transfection. Gymnotic transfections were
transfected 24 hours post seeding with media change and additional oligonucleotide add day 5

post transfection. Cells were harvested for RNA 7-8 days post transfection.

7.4.2 MCF-7 cells

MCF-7 cells were maintained in MEM supplemented with 10% FBS, 10mM HEPES, 1mM sodium
pyruvate, 0.5x NEAA, and 0.4 units ml™ bovine insulin. Cells were seeded 250k cells/well 24
hours prior to transfection (forward transfection) or day of transfection (reverse transfection),
unless otherwise stated. Oligonucleotides were transfected at 50nM concentration for single
dose or decreasing doses for dose responses. Cells were transfected using RNAIMAX (Life
Technologies) using 0.75uL lipid per 1L of oligonucleotide in OptiMEM (Life Technologies). Cells

were harvested for RNA analysis 3 days after transfection.

For gymnotic delivery, 24 h post-seeding, cells were treated with fresh media containing 1-3 uM
oligonucleotide. Media were changed and the oligonucleotide replenished on day 5 post

transfection. Cells were harvested for RNA 7-8 days after transfection.

743 HEK293 and eGFP-HEK293 cells

HEK293 and EGFP-expressing HEK293 cells were maintained in DMEM supplemented with 10%
FBS, 1x Pen/Strep, and 20 moles L-glutamine. Additionally, the EGFP-expressing HEK293 cells
were supplemented with hygromycin. All cells were maintained at 37°C and 5% CO,. Cells were
seeded either 250k cells/ well (HEK293) or 300k cells/well (eGFP-HEK293) 24 hours prior to
transfection (forward transfection) or day of transfection (reverse transfection), unless otherwise
stated. Oligonucleotides were transfected at 50nM concentration for single dose or decreasing
doses for dose responses. Cells were transfected using RNAIMAX (Life Technologies) using 0.75uL
lipid per 1uL of oligonucleotide in OptiMEM (Life Technologies). Cells were harvested for RNA

analysis 3 days after transfection.
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7.4.4 RNA harvest and quantitative real-time PCR (qRT-PCR)

Total RNA from cells was harvested 3 days post transfection unless otherwise stated. After
washing each well with 1mL PBS, 1mL of RiboZol (Amresco) was added to each well, incubated for
2 min at room temperature and transferred to 1.5-mL microcentrifuge tube. Chloroform (200uL)
was added to each tube and the mixture was shaken vigorously for 1 minute then incubated at
room temperature for 10 minutes. The mixture was centrifuged at 13,000 rpm for 20 min then
the clear aqueous layer was transferred to a new 1.5-mL tube, avoiding any cloudy interphase.
600uL of 2-propanol was added to the aqueous layer followed by a 1 minute vigorous shake then
a 20 minute incubation at -20°C followed by a 15 minute centrifugation at 14k rpom. The resulting
pellet was washed with ice cold 70% ethanol, re-centrifuged at 8000 rpm for 10 minutes, and then
briefly allowed to air dry. The pellet was resuspended in RNase-free water, heated to 55°C for 5

min, then was quantitated by UV spectroscopy.

1 pg of RNA (MRC-5) or 2 pug (MCF-7, HEK293, EGFP-HEK293) was treated with 2 units of DNase |
(Worthington Biochemical Corporation) for 10 min at 37°C followed by 10 min at 75°C. RNA was
reverse transcribed using a High Capacity cDNA Reverse Transcription Kit (Life Technologies) per

manufacturer’s protocol.

gRT-PCR was performed using iTaq Supermix (BioRad) on a BioRad CFX96 real time system. Data
were normalized relative to levels of GAPDH mRNA. ADAM33: forward primer, 5'-
GGCCTCTGCAAACAAACATAATT-3’; reverse primer, 5-GGGCTCAGGAACCACCTAGG-3’; probe, 5'-
CTTCCTGTTTCTTCCCACCCTGTCTTCTCT-3’. PR: forward primer, 5'- CTTACCTGTGGGAGCTGTA-3’;
reverse primer, 5’-GCACTTTCTAAGGCGACATG-3’; SIN3A: forward primer, 5’-
GCACAGAAACCAGTATTTCTCCC-3’; reverse primer, 5-GGTCTTCTTGCTGTTTCCTTCC-3’; egfp:
forward primer: 5'-GAGCGCACCATCTTCTTCAA-3’; reverse primer, 5-TCCTTGAAGTCGATGCCCTT-
3’; GAPDH primer/probe assay (IDT); forward primer, 5’-TGGTCCAGGGGTCTTACT; reverse primer,
5’-CCTCAACGACCACTTTGT; probe, 5'-CTCATTTCCTGGTATGACAACGAATTTGGC-3’.

Experiments were performed in duplicate technical replicates, and error is reported as standard
deviation of biological replicates unless otherwise stated. The gRT-PCR cycle is as follows:
ADAM33: 95°C for 7 minutes; (95°C for 15 seconds; 60°C for 30 seconds) x 40 cycles. EGFP, SIN3A,
PR: 50°C for 2 minutes; 95°C for 7 minutes; (95°C for 15 seconds, 50°C for 30 seconds, 72°C for 45

seconds) x 40 cycles.
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7.4.5 Thermal denaturation by UV Melt analysis
Thermal denaturation analysis of duplex siRNAs or ss-siRNA:RNA duplexes was carried out using a
CARY 100 UV-Vis spectrophotometer. Absorbance was monitored at 260 nm in a 1 cm quartz
cuvette. siRNA (1 uM) or ss-siRNA annealed to complementary RNA (1 pM) in 10 mM Tris-HCI
(Sigma) and 40 mM NacCl (Sigma) was annealed and melted three times from 15 to 95°C at a ramp

rate of 1 °C/min. The T, values were calculated using the integrated Cary software as the first

derivative of the melt curve.

7.4.6 Fluorescence microscopy for detection of GFP

Detection of EGFP was carried out using a Nikon eclipse T;-S compound microscope equipped with
a Nikon D5100 digital camera. Images were captured at 40x magnification using Cool LED pE

excitation system at a 470 nm wavelength filter.

7.5 Cloning experiments

7.5.1 Luria broth media

6.25 g LB broth powder (Fisher) was dissolved in 250 mL diH,0 and autoclaved for 20 minutes at
121°C.

7.5.2 LB Agar plates

10 g of LB agar powder (Fisher) was dissolved in 250 mL diH,0 and autoclaved for 20 minutes at
121°C. 20 mg/mL Ampicillin was added when solution was cooled to 50°C. The mixture was

poured into sterilized petri dishes and allowed to dry at 37°C prior to use.

7.5.3 SOC media

50 mL of LB media supplemented with 500 uL of 2 M MgS0,, 20% (w/v) glucose solution, and 500
uL of 1M MgCl,. Solution was mixed by inversion, sterile filtered, and aliquoted before storage at

4°C.

7.5.4 Plasmid purification

Single colonies were selected from agar plates and shaken overnight at 37°C in 10 mL of LB agar
with Ampicillin. The culture was centrifuged at 3500 RPM for 5 minutes at 4°C. Plasmids were

purified using Gene Jet mini-prep kit (Fisher) as per manufacturer’s instructions.
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7.5.5 Transformation

Plasmid px42229 (Addgene) was transformed into DH5 alpha cells. 100 pL cell aliquots were
defrosted on ice for 15 min. 5 uL of purified plasmid and ligation mix was added to cell aliquots.
Cells were gently mixed and left on ice for 30 minutes. Cells were heat shocked at 42°C for 40s
before an ice recovery for 2 min. Cells were added to 895 pL warm SOC (37°C) media and
incubated with agitation for 1 hr. 10-100% of each SOC recovery mixture was plated on antibiotic

agar plates and incubated overnight at 37°C.

7.5.6 Colony PCR

6.25 pL of molecular biology H,0 (ABI), 2 uL Go Taqg polymerase buffer 5x (Promega), 1uL dNTPs
from 10 mM stock(Promega), 0.25 pL each forward (5° ACA TGT GAG GGC CTA TTT CC) and
reverse primer (5’ CTT CTC GAA GAC CCG TTT TG) (IDT) from 10 nM stock, 0.05 uL GoTaq DNA
polymerase, 5 unit/ uL (Promega) was added to each single bacterial colony. PCR cycle: 6 min
95°C, 94°C for 60s, 55°C for 60s, 72°C for 30 sec (repeat from step 2 34x), 72°C for 10 min, 4°C

forever.

7.5.7 Agarose gel

Agarose gels of 0.8%-1% (w/v) in 1x TAE buffer (unless otherwise stated) were prepared
containing 4 plL of Nancy-520 (Sigma). Electrophoresis was carried out in 1x TAE buffer at 100V

for 30-90 minutes and visualized under UV light.

7.5.8 DNA sequencing

Sequencing was performed by MWG Eurofins (Germany) as per kit instructions using primers

listed in section 7.5.6.

7.6 CRISPR/Cas experiments

7.6.1 DNA amplification

1 pL gBlock DNA at 10 ng/ pL stock (IDT) was mixed with 1 pL of 10 mM dNTPs, 2.5 uL of 10 uM
forward (5" GAG GAG CTG TTC ACC GGG)and reverse primers (5" CGT CCA TGC CGA GAG TGA T),
Q5 5x reaction buffer (NEB), Q5 polymerase 0.05 pL (NEB), and 32.5 pL RNase-free H,).

PCR cycle was 98°C for 30s, 98°C for 10s, 52°C for 10s, 72°C for 20 sec, repeat to step 2 29x, 72°C

for 2 min, 4°C forever.
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7.6.2 PCR cleanup

A PCR Genelet purification kit (Fisher) was used as per manufacturer’s instructions. DNA was

quantified on a NanoDrop spectrophotometer.

7.6.3 DNA cleavage assay

0.1 uM crRNAs (made in house),0.1 uM trRNA (Dharmacon), 100 nM Cas9 nuclease (NEB), 2 pL
10x Cas9 nuclease buffer (NEB were made up to 20 pL total volume with RNase-free water.
The mixture was incubated at 37°C for 1 hour before 0.2 ug of DNA was added. The complete
mixture was incubated a further 2 hrs at 37°C. A 5x SDS solution of 30% glycerol, 1.2% SDS,
and 250 mM EDTA was added to the mixture unless otherwise stated. A 1.0% agarose gel was

run as described in 7.5.7.
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Appendix A

Appendix A Solid phase synthesis cycle for 1uM

Legend: 9- tetrazole; 10- Ammonia; 11- acetic anhydride; 12- 1-methylimidazole/tetrahydrofuran;

14- TCA deblock; 15- 0.02M lodine/water/pyridine/THF; 18- acetonitrile; 19- dichloromethane

Step

Begin

18 to waste

18 to column
Reverse flush
Block flush

Phos prep
Column 1on
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 1 off
Column 2 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column

Tet to column

Time (s

3.0

30.0

10.0

4.0

3.0

2.0

1.7

2.5

1.0

35

4.0

3.0

2.0

1.7

25

1.0
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B+Tet to column
Push to column
Column 2 off
Column 3 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 3 off
Column 4 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 4 off
Wait

Cap prep

18 to waste

3.5

4.0

3.0

2.0

1.7

2.5

1.0

35

4.0

3.0

2.0

1.7

2.5

1.0

3.5

600.0

3.0

8.0
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Reverse flush
Block flush
Cap to column
Wait

18 to waste
Reverse flush
Block flush

15 to column
18 to waste
Block flush
Wait

18 to column
Flush to waste
18 to column
Reverse flush
Block flush

If not monitoring
14 to column
Trityl flush

14 to column
Wait

Trityl flush

14 to column
Wait

Trityl flush

18 to column

7.0

3.0

10.0

5.0

4.0

7.0

3.0

8.0

4.0

3.0

15.0

10.0

6.0

10.0

7.0

3.0

6.0

5.0

6.0

5.0

5.0

5.0

5.0

5.0

10.0
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Trityl flush

End monitoring
18 to column
Reverse flush
Block flush

End

8.0

8.0

5.0

4.0
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Appendix BSolid phase synthesis cycle for 1uM Sulfr+

Legend: 9-  tetrazole/BTT; 10- Ammonia; 11-  acetic  anhydride; 12- 1-
methylimidazole/tetrahyfrofuran; 14- TCA deblock; 15- TETD or EDITH; 18- acetonitrile; 19-

dichloromethane

Step Time (s
Begin

18 to waste 3.0

18 to column 10.0
Reverse flush 10.0
Block flush 4.0
Phos prep 3.0

Column1on

Block vent 2.0
Tet to waste 1.7
B+Tet to column 2.5
Tet to column 1.0
B+Tet to column 2.5

Push to column

Column 1 off

Column 2 on

18 to waste 4.0
Block flush 3.0
Block vent 2.0
Tet to waste 1.7
B+Tet to column 2.5
Tet to column 1.0
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B+Tet to column
Push to column
Column 2 off
Column 3 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 3 off
Column 4 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 4 off
Wait

Cap prep

Reverse flush

2.5

4.0

3.0

2.0

1.7

2.5

1.0

2.5

4.0

3.0

2.0

1.7

2.5

1.0

2.5

600.0

3.0

7.0
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15 to column
18 to waste
Wait

18 to column
Flush to waste
18 to column
Reverse flush
18 to column
Reverse flush
18 to column
Reverse flush
Block flush
Cap to column
Wait

18 to waste
Reverse flush
18 to column
Reverse flush
18 to column
Reverse flush
Block flush

18 to column
Flush to waste
18 to column
Reverse flush

18 to column

8.0

4.0

900.0

10.0

6.0

10.0

7.0

10.0

1.0

10.0

1.0

3.0

10.0

5.0

4.0

7.0

10.0

7.0

10.0

7.0

3.0

10.0

4.0

10.0

7.0

10.0
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Flush to waste
Reverse flush
Block flush

If not monitoring

14 to column
Wait

Trityl flush
14 to column
Wait

Trityl flush

14 to column

Wait

Trityl flush

18 to column
Trityl flush

End monitoring
18 to column
Reverse flush
Block flush

End

4.0

7.0

3.0

6.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

8.0

10.0

8.0

8.0

5.0

4.0
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Appendix C Solid phase synthesis cycle for modified 1uM

Sulfr+

Legend: 9-  tetrazole/BTT; 10- Ammonia; 11- acetic  anhydride; 12- 1-
methylimidazole/tetrahyfrofuran; 14- TCA deblock; 15- TETD or EDITH; 18- acetonitrile; 19-

dichloromethane

Step Time (s
Begin

18 to waste 3.0

18 to column 10.0
Reverse flush 10.0
Block flush 4.0
Phos prep 3.0

Column 1on

Block vent 2.0
Tet to waste 1.7
B+Tet to column 2.5
Tet to column 1.0
B+Tet to column 2.5

Push to column

Column 1 off

Column 2 on

18 to waste 4.0
Block flush 3.0
Block vent 2.0
Tet to waste 1.7
B+Tet to column 2.5
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Tet to column
B+Tet to column
Push to column
Column 2 off
Column 3 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 3 off
Column 4 on

18 to waste
Block flush
Block vent

Tet to waste
B+Tet to column
Tet to column
B+Tet to column
Push to column
Column 4 off
Wait

Cap prep

1.0

2.5

4.0

3.0

2.0

1.7

2.5

1.0

2.5

4.0

3.0

2.0

1.7

2.5

1.0

2.5

600.0

3.0
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Reverse flush
15 to column
18 to waste
Wait

15 to column
18 to waste
Wait

18 to column
Flush to waste
18 to column
Reverse flush
18 to column
Reverse flush
18 to column
Reverse flush
Block flush
Cap to column
Wait

18 to waste
Reverse flush
18 to column
Reverse flush
18 to column
Reverse flush
Block flush

18 to column

7.0

8.0

4.0

60.0

6.0

4.0

60.0

10.0

6.0

10.0

7.0

10.0

1.0

10.0

1.0

3.0

10.0

5.0

4.0

7.0

10.0

7.0

10.0

7.0

3.0

10.0
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Flush to waste
18 to column
Reverse flush
18 to column
Flush to waste
Reverse flush
Block flush

If not monitoring

14 to column
Wait

Trityl flush
14 to column
Wait

Trityl flush

14 to column

Wait

Trityl flush

18 to column
Trityl flush

End monitoring
18 to column
Reverse flush
Block flush

End

4.0

10.0

7.0

10.0

4.0

7.0

3.0

6.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

8.0

10.0

8.0

8.0

5.0

4.0
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Appendix DMass spectrometry values

Oligonucleotide Expected Mass (g/mol) Actual Mass (g/mol)
HMH-1 sense 6124.7 6123.8
HMH-1 antisense 6567.0 6565.8
HMH-2 sense 6140.7 6139.8
HMH-2 antisense 6566.0 6567.4
HP-1 sense 6109.7 6108.7
HP-1 antisense 6552.0 6550.8
HP-2 sense 6163.8 6162.7
HP-2 antisense 6543.0 6542.7
HP-3 sense 6164.8 6163.7
HP-3 antisense 6527.0 6525.7
HP-4 sense 6156.7 6155.7
HP-4 antisense 6565.0 6564.8
HP-5 sense 6572.1 6570.9
HP-5 antisense 6743.1 6742.9
HP-6 sense 6701.1 6701.0
HP-6 antisense 6644.1 6643.0
HP-7 sense 6652.1 6652.0
HP-7 antisense 6663.0 6662.9
HP-8 sense 6606.0 6605.9
HP-8 antisense 6709.1 6708.0
HP-9 sense 6739.1 6739.0
HP-9 antisense 6636.1 6636.0
HP-10 sense 6676.1 6675.0
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HP-10 antisense 6624.0 6623.8
HP-11 sense 6596.1 6594.9
HP-11 antisense 6704.0 6703.9
HP-12 sense 6661.1 6660.8
HP-12 antisense 6609.0 6607.2
HP-13 sense 6589.0 6587.8
HP-13 antisense 6726.1 6725.7
HP-14 sense 6597.1 6595.7
HP-14 antisense 6688.0 6686.7
HP-15 sense 6725.1 6724.8
HP-15 antisense 6605.0 6603.8
Scr sense 6636.1 6636.0
Scr antisense 6739.1 6739.0
ss-A33-MOE-1 7131.0 7131.6
ss-HP-A33-2 7407.0 7106.6
ss-HP-A33-3 7091.0 7090.6
ss-A33-MOE-2 7196.0 7195.7
ss-A33-OMe 7108.1 7107.7
ss-A33-LNA 7104.1 7103.6
33-G 5023.0 5022.1
33-H 5007.0 5006.1
334l 5016.0 5015.1
33-J 5015.0 5014.0
33-K 5079.0 5078.1
33-L 4996.0 4995.0
33-M 5012.0 5011.1

158




Appendix D

33-N 5022.0 5021.0
33-0 5003.0 5002.1
33-P 4994.0 4993.1
33-Q 5006.0 5005.0
33-R 5027.0 5026.1
Lna ctrl 4949.0 4948.4
PR sense 6755.2 6765.4
PR antisense 6559.9 6558.2
ss-PR-MOE 7189.1 7186.4
ss-PR-OMe 7101.0 7099.5
ss-PR-LNA 7097.0 7095.4
Disirna sense 7997.7 7995.2
Disirna antisense 8750.2 8749.2
Sin3A sense 6623.1 6620.7
Sin3A antisense 6617.0 6615.8
Sin3A-MOE 7246.2 7245.6
Sin3A-OMe 7158.1 7156.6
Sin3A-LNA 7154.1 7153.6
ss-scr 7280.2 7278.6
EGFP sense 6106.8 6105.9
EGFP antisense 6642.0 6640.8
HP-EGFP sense 5987.7 5986.9
HP-EGFP antisense 6704.0 6702.8
Egfp-MOE 7229.2 7255.4
Egfp-OMe 71411 7138.4
Egfp-LNA 7137.0 7134.4
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HP egfp-MOE 7333.2 7330.5
HP-egfp-OMe 7245.1 7242.4
HP-egfp-LNA 7241.1 7238.4
ss-HP-13 7267.2 7253.5
HP-20Me 13599.9 13600.8
HP-Me/F 13359.1 13358.0
HP-Me/RNA 13319.3 13318.6
HP-PS-all 13667.2 ND
HP-PS-DBD 13329.9 ND
HP-PS-tracrBD 13362.1 13358.0
HP-LD-DBD 13042.1 13042.2
HP-LR-DBD 13207.0 13211.1
HP-LR-tracrBD 13178.0 13192.7
HP-LR-few1 13088.9 ND
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Appendix E Mass Spectra

HMH-A33-1 sense strand

-MS, 6.9-7.5min, Deconvoluted (MaxEnt)|
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-MS, 6.6-7.6min, Deconvoluted (MaxEnt)
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ens, _MS, 7.1-7.7min, Deconvoluted (MaxEnt)
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10% -MS, 6.8-7.9min, Deconvoluted (MaxEnt)
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r:)s4 -MS, 6.9-7.6min, Deconvoluted (MaxEnt)
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5000 5200 5400 5600 5800 6000 6200 6400 6600 6800 m/z

HP-A33-5sense strand
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-MS, 6.8-7.4min, Deconvoluted (MaxEr

6570.9463
. 45196209 PO )i

3000 3500 4000 4500 5000 5500 6000 6500 7000 7500  m
HP-A33-5 antisense strand
Intens. -MS, 6.8-7.5min, Deconvoluted (MaxEnt)

800+ 3371.4877

600+ 6742.9298

400

5433.7439
200+ 5777.7760
4568.9120 6242.7645
0 [ FEPF IR (PO | STV W D PR R § I T AT N TR] m.,-,m.‘.‘m._nl.u P " .
3000 3500 4500 5500 6000 6500 7000 7500 m/z

HP-A33-6 sense strand

Intens. -MS, 6.6-7.6min, Deconvoluted (MaxEnt)
6701.0020
800+
600
400+
5024.9498
5703.9053
200+ 4212.5687
7731.0546
0
3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 m/z

HP-A33-6 antisense strand
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Juv uuv 1uv FAviVIV) LJIuV SUUY 1L
Intens. -MS, 6.9-7.6min, Deconvoluted (MaxEnt)
6643.0591
6000+
4000-
2000+
5396.9170
3344.0179
| 4524.0300 bbb il _ 76448772
3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 miz

HP-A33-7 sense strand

Intens4_ -MS, 7.1-7.6min, Deconvoluted (MaxEnt)
x10
] 6652.0067
1.51
1.01
0.51
3160.9880 5976.8949
00l bl i e e e B N
3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 m/z

HP-A33-7 antisense strand

Intens&: -MS, 6.9-7.6min, Deconvoluted (MaxEnt)
X104
] 6662.9871

125%
1005
ojsé
OA50§

0.25]

3158.9711

] 5221 7757

0.00 L rordied il e ey e o g
3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 miz

HP-A33-8 sense strand
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Intens. | -MS, 7.0-7.7min, Deconvoluted (MaxEnt)
4000+

] 6605.9710
3000
20004
1000+

4955.1974
3547.2153 53218038
oL, [TRRPPF TR I‘.‘ Ly NIRRT W FTTTRN xl " . PR o i
3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 m/z
HP-A33-8 antisense strand
niens. =IVIS, [.3-5.Uumin, Ueconvoluted (iviaxent)
6708.0392
8000
60004
4000+
2000+
4802.2868 58628853 7691.8371
0Lt—— —— —— e e —— SN TN N N ot e
3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 m/z

HP-A33-9 sense strand

Intens.|

3369.5321

15001
1000+

500+

3000

3500

4000

HP-A33-9 antisense strand

4548.7231

4500

-MS, 6.9-7.9min, Deconvoluted (MaxEnt)

6739.0781

5374.8562

7637.8582

5000 5500 6000 6500 7000 7500 miz
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Intens. |

8000+

6000

4000+

20004

4975 5402
3359.4820 4469.9522

5961.9056

"

-MS, 7.1-7.6min, Deconvoluted (MaxEnt),
6636.0108

A

3000 3500 4000 4500 5000

HP-A33-10 sense strand

© 5500

6000

6500 7000 7500  miz

Intens. |
x104]

1251
1.001
0.75;
0.50%

0.251
3374.5200 5060.7763

0.00
3000 3500 4000 4500 5000

HP-A33-10 antisense strand

5500

6000

-MS, 7.1-7.7min, Deconvoluted (MaxEnt)
6675.0094

6500 7000 7500  miz

Intens.
x10% |

0.8+

0.64

0.4+

0.24

1 3343.8224
-

5665.8034

ik st L.‘.'.M'.'LL..L."

—

-MS, 7.0-7.6min, Deconvoluted (MaxEnt)

6623.8969

1 s -

3000 3500 4000 4500 5000

HP-A33-11sense strand
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Appendix C

Intens. |
X104

1.5
1.0

0.5

3320.4750 4981.7641 5614.8596

3000 3500 4000 4500 5000 5500 6000

HP-A33-11 antisense strand

-MS, 7.0-7.6min, Deconvoluted (MaxEnt)

6594.9916

6500 7000 7500

Intens. ] -MS, 7.2-7.7min, Deconvoluted (MaxEnt)

x104
1.25%
1.00%
o.75§
0,505
0.255

3395.4702
0.004 UM |

5026.4243 5707.8560
ey |

45381767 ) T

6703.9957

L

3000 3500 4000 4500 5000 5500 6000 6500

Scr sense strand

7000 7500  miz

6636.0604

4975.5582

3249.1719

-MS, 6.9-7.5min, Deconvoluted (MaxEnt)

7449.8530

3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 m/z

Scr antisense strand
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2ns.
10H]
1.0

0.8+

0.6+

0.4+

0.2
3197.0139

0.0~

3000 3500 4000

HP-12 sense

5091.8451

4500 5000

-MS, 7.0-7.4min, Deconvoluted (MaxEnt)
6739.0792

5702.9253

7909.3794
}nlz

"

5500 6000 6500 7000 7500

Intens.

30004

20004

1000+

6160.7846

0 . .
6000 6200

HP-12 antisense

6467.3696

6400 6600

6660.8216

6960.8195

7000

-MS, 6.7-7.7min, Deconvoluted (MaxEnt)

7742.9269
7572.7418 7945.9999

7200 7400 7600 7800

m/z

tens.

5000+

4000+

3000+

2000+

10007 5167.5674

5529.9094

5000 5500

HP-13 sense

6303.7419

6000

-MS, 6.3-7.7min, Deconvoluted (MaxEnt)

6607.7508

6973.0032
7489.2126 7892 5365

6500 7000 7500 miz
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‘ens. -MS, 6.4-8.2min, Deconvoluted (MaxEnt)
6587.8364
3000+
2000
1000+
6404.7952 6920.8265 012
6224.7737 I 7430.8305
| 7939.6810
_6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 m/z
HP-13 antisense
Intens. | -MS, 6.6-7.7min, Deconvoluted (MaxEnt)
6725.7724
3000
2000
1000+
16034.7405 63796924 7552.9217
7147.5200 7964.9677

6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 miz

HP-14 sense
Intens. -MS, 6.6-7.8min, Deconvoluted (MaxEnt)
=000} 6595.7837
4000+
3000
2000
1000+
7205.7632
SR 7519.5310  7752.5003
6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 m/z

HP-14 antisense
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200 1000 100U 2000 2000 3000 m/iz
Intens. -MS, 6.6-7.9min, Deconvoluted (MaxEnt),
6686.7826
4000+
3000
20001
10001
7274.9498
6250.0356 7576.8702 7814.2387
1 WPl el

6000 6200 6400 6800 7000 7200 7400 7600 7800 m/z

HP-15 sense
Intens. -MS, 6.3-8.1min, Deconvoluted (MaxEnt)
| 6724.8230

1000
800
600

6269.9917
007 6958.6726 7507.8018
7313.2051 7649.0978 7436 6382
200
Y WY SRR l-.ln_l..AdlA.‘.A.i..Mulln\Lm_lﬂ.m”llﬂlﬂhumn.h..xm_llul_Lu.‘l-ﬂh e il L

0 4 L [T COTT ST STy P
6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 m/z

HP-15 antisense

Intens. -MS, 6.5-7.8min, Deconvoluted (MaxEnt),
6603.8131
30004
20004
1000+
6224.8028 6925.79167091.5579 7272 4663 7507 8443 1770.9758

6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 m/z

ss-A33-MOE-1
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3403.7968

4517.0542

5347.9385

-MS, 8.5-9.3min, Deconvoluted (MaxEnt)
7131.6070

ol

3000 3500 4500 5000 5500 6000 6500 7000 7500  miz
ss-HP —A33-2
Intens. -MS, 8.6-9.3min, Deconvoluted (MaxEnt)

1 7106.5043

4000

3000-

2000

1000+ 3391.3020
] 5317.9702
] 4517.0329
] A

3000

ss-HP-A33-3

3500

4000 4500 5000 5500

6000

6500 7000 7500  miz

Intens. ]
5000;
4000;
3000;
2000;

; 3383.8169
10001

3000

3500

ss-A33-MOE-2

5318.6457

4199.5808

4000 4500 5000 5500
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-MS, 8.7-9.2min, Deconvoluted (MaxEnt)
7090.5834

h

6500 7000 7500  miz
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Intens. |
x104

5474.1288
5000 5500

ss-A33-OMe

7195.7318

L

-MS, 8.5-8.7min, Deconvoluted (MaxEnt)

6000 6500 7000 7500

"sooo | 8500 | miz

Intens. {
x104

25

2.0

0.5

] 5404.4099
0.0 L

7107.7416

6747.7071 J-
e b

-MS, 8.2-8.5min, Deconvoluted (MaxEnt)

8892.1574

5000 5500

ss-A33-LNA

'
6000 6500 7000 7500

‘8000 8500 miz

Intens. |

x104
2.5

201

0.5

5402.8095

7103.6234

6745.6284 i
'™ n I

-MS, 8.1-8.4min, Deconvoluted (MaxEnt)

0.0+ =
5000 5500

33-g with EDITH

6000 6500 7000 7500
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-MS, 7.5-8.1min, Deconvoluted (MaxEnt)

5022.1658
4674.1550
Ak A e A
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 miz
33-h with EDITH
-MS, 7.6-8.2min, Deconvoluted (MaxEnt)
5006.1234
44110763 ~ 46581236
A A A A . ey
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 miz
33-i with EDITH
-MS, 7.6-8.0min, Deconvoluted (MaxEnt)|
5015.1092
4062.0426 4667.1220 .I,‘ 1
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800  miz

33-j with EDITH
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-MS, 7.5-8.4min, Deconvoluted (MaxEnt)

5014.0062
4640.1080 .

4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 'miz

33-k with EDITH
-MS, 7.7-8.2min, Deconvoluted (MaxEnt)

5078.1305
47211415
T T h T T i T T " T T T T T T T
4600 4800 5000 5200 5400 5600 5800 6000 6200 6400 miz
33-| with EDITH
-MS, 7.6-8.2min, Deconvoluted (MaxEnt)
4995 0836
) 4621.1056

4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 'miz

33-m with EDITH
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4264.1469 4664.1331 48601151

-MS, 7.6-8.0min, Deconvoluted (MaxEn

5011.1475

33-n with EDITH

-MS, 7.6-8.3min, Deconvoluted (MaxEnt)

5021.0845
4290.0829 4673.0959
- sk, . A b,
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 m/z
33-o0 with EDITH
-MS, 7.8-8.1min, Deconvoluted (MaxEnt)
5002.1362

4655.L_M.59L. N _.JL‘ L

4000 4200 4400 4600 4800 5000 5200

33-p with EDITH
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-MS, 7.6-8.5min, Deconvoluted (MaxEnt)
49931651

. 4645.1642

4000 4200 4400 4600 4800 5000 5200 5400 mfz
33-q with EDITH

-MS, 7.7-8.1min, Deconvoluted (MaxEnt)
5005.0957
o s Mg sewe
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 miz
33-r with EDITH
nSS-_ -MS, 7.8-8.2min, Deconvoluted (MaxEnt)
10
5026.1430

0.8
0.6
0.4
0.2

4044.0881 4670.1355 B _1
O IS b PPV 1, | - O P

4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 miz
Lna ctrl
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Appendix C

\ntens4 -MS, 7.7-8.1min, Deconvoluted (MaxEnt)
x10%4
1 4948.4805
3‘
2.
1,
3366.3929
3991.3356 4601.4429
O+ —
3000 3500 4000 4500 5000 5500 6000 6500 m/iz
PR sense
Intens. -MS, 7.2-7.4min, Deconvoluted (MaxEnt)
x104
207 6754.4
1.54
1.0
5065.0
51701
051 54388 , 0908 7144.4 74297
| LJJMMUJLIJL.MHMI il hulil il —— — LN — TPy | abihd
5000 5250 5500 5750 6000 6250 6500 6750 7000 7250 m/z
PR antisense
Intens. | -MS, 7.1-7.4min, Deconvoluted (MaxEnt)
x104
6558.2
2.0
159
1.01
6248.2
- 5638.8 eaeas 7402.2 7755.0

ss-PR-MOE
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Intens. ] -MS, 8.7-8.9min, Deconvoluted (MaxEnt)|
50001

7186.4973
40001

3000

20004

1000

0 5407.80625836.50726264.9885 " 7936.1950 9083.1944
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 " miz

ss-PR-OMe

Intens. -MS, 8.4-8.6min, Deconvoluted (MaxEnt)
1500

7099.5
12501
1000+

7501

5001

250 6740.4

5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 m/z

ss-PR-LNA

Intens. -MS, 8.3-8.9min, Deconvoluted (MaxEnt)
3000+ 7095.4063

25007
2000+
15001
10001

500+

5338.8398
™ N 8875.3523

(O e e o e s U L A S s e LA s e e s AU B s e
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 m/z

EGFP sense
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50U U0 150U 200U 2500 300U miz
\ntens4._ -MS, 6.8-7.2min, Deconvoluted (MaxEnt)
x10% |
] 6105.9130
3‘
za
1 N
5760.8554
5431.8296 6978.2752 7702.3912
Adaabdl PTITTRR
5000 5500 6000 6500 7000 " 7500 miz
EGFP antisense
Intens. -MS, 6.9-7.2min, Deconvoluted (MaxEnt)
8000 6640.8658
6000
4000
2000 5444.9072 Soee BT
5746.6334
7358.6201 7836.4031
RV T DTSR TP RRPITRI Y TN P ‘.m...nui.umwm}m‘ o i .
5500 6000 6500 7000 7500 m/z

HP-EGFP sense

Intens. -MS, 6.9-7.2min, Deconvoluted (MaxEnt)
x104
5986.9228
5‘
4_
2.
5681.8932
5352.8353
5107.8065 62789146 6699.8821 |
O . — S —— T
5000 5200 5400 5600 5800 6000 6200 6400 6600 6800 miz

HP-EGFP antisense
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Intens.
x104

2.01

0.51
5547.7333

0.0- i
5500

5000

EGFP-MOE

6702.8865

6202.8288

-MS, 7.2-7.4min, Deconvoluted (MaxEnt)

7215.9888 7751.9972

7500 m/z

Intens.:
20001

1500+
1000+

500+

5488.7261
|

7255.4911

8011.1509

-MS, 8.6-9.0min, Deconvoluted (MaxEnt)

9196.8088  9771.4256

O S S e e s S e
5000 5500 6000

EGFP-OMe

6500

" 7000

7500 8000

" 8500

9000 9500 " miz

Intens.

30001

2000+

1000+

5374.8055
i

ke s

05— L Tt
5000 5500 6000

EGFP-LNA

7138.4684

7924.5767

-MS, 8.5-8.8min, Deconvoluted (MaxEnt)

9018.0476

7000 7500 8000
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Intens. ]

25001

20001

1500

1000

500

5378.6022

7134.4940

6180151.37‘_‘ i

-MS, 8.4-8.8min, Deconvoluted (MaxEnt)

9039.3268 9779.3732

0 -t onposy
5000 5500

HP-EGFP MOE

6000 6500 7000 7500

8000 8500 9000 9500 miz

Intens. ]

20004
1500
1000

500

5515.8805

5000 5500

HP-EGFP-OMe

7330.5174

6304.5292

-MS, 8.7-9.0min, Deconvoluted (MaxEnt)

923f££89 ‘99.'1 1‘.264§

6000 6500 7000 7500

8000 8500 9000 9500 " miz

Intens.

12001
1000+
800
600
400

2001
5432.7432

5000 5500

HP-EGFP-LNA

7242.4506

6199.5617

-MS, 8.4-8.7min, Deconvoluted (MaxEnt)

9178.027

s 9'{62..5{8‘6

6000 6500 7000 7500
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Intens.

25007

2000+

1500+

10001

500+

5000

5500

Disirna sense

5447.6184

7238.4569

6197.4885

-MS, 8.3-8.5min, Deconvoluted (MaxEnt)

6000 6500 7000 7500

8172,7677

8000

9223.1677  g9787.3211

8500 9000 9500 miz

Intens.
x104

2.5
2.07
1.5
1.0

0.5

6693.5000

7179.2399

7995.2105

-MS, 7.4-7.6min, Deconvoluted (MaxEnt)

8349.7026

8782.5525

8500 m/z

Disirna antisense
Intens. -MS, 7.8-7.9min, Deconvoluted (MaxEnt)
9078.2467
8000
6000
40001
6807.1672
2000 5445.1486
7130171 5057 8954
il _ Lddidbil. . . .IJ..m.l el L1
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 miz
Sin3A sense
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Intens. -MS, 7.3-7.7min, Deconvoluted (MaxEnt)

6620.7825
6000

4000

2000+

L

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 miz

Sin3A antisense

Intens. -MS, 7.2-7.5min, Deconvoluted (MaxEnt)

6615.8233
1500+

1000+

1 5940.8279
500 5305.8584

8379.7924 8914.2689

7571.0381

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 m/z

Sin3A-Moe

Intens. -MS, 8.6-8.9min, Deconvoluted (MaxEnt)

60001 7245.6287
50001
40001
30001
20001

1000
6840.5461

daad

5433.6135
70 1 57?76‘.4:‘993 f54151.2.7§5 - a 7788'%646?

5000 5500 6000 "es00 7000 " 7500 miz

Sin3A-OMe
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Intens. | -MS, 8.4-8.6min, Deconvoluted (MaxEnt)
7156.6570
2000
15001
1000
500+
6797.4976
5687.4624 6269.3865 7674.4507 8094.4499

5000 5500 6000 6500 7000 7500 8000 miz

Sin3A-LNA

Intens£i -MS, 8.3-8.6min, Deconvoluted (MaxEnt)
x10
1.0+ 7153.6

0.8

0.6

0.4

0.2

52517 6463.7 6796.5 Ju
BRI 56‘??’24‘ . 605.9‘;7¢4‘A I TR TR T — 767:_5‘6‘ —et

0-—r— T T — L — — L t
5000 5500 6000 6500 7000 7500 8000 miz

LR-DBD

Intens. -MS, 7.6-7.9min, Deconvoluted (MaxEnt)

132111
250

2001

1501

1001

50+

0
10000 10500 11000 11500 12000 12500 13000 13500 14000 14500 m/z

LD-DBD
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Intens .4 -MS, 7.7-8.2min, Deconvoluted (MaxEnt)
13042.2
2504

2001

150+

13991.7

1001

501

PP FY | PO PR ¥R Sy § TV QP AW X bbb
12000

12500 13000 13500 14000 14500

11500

11000

LR-tracrBD

Intens. | -MS, 7.6-7.9min, Deconvoluted (MaxEnt)|

13192.7

4001

300+

200+

100+

P I Lol .
12000

10000 10500 11000 11500 12500 13000 13500 14000 14500  miz

HP-OMe

\ntens.: -MS, 8.3-8.6min, Deconvoluted (MaxEnt)

1 10880.3420
2501

200

13597.3829

1501

1001

12637.8948

50

‘L 14955.4076
i, L Lol

ol N . N . e
10500 11000 11500 12000 12500 13000 13500 14000 14500 m/z

HP-OMe/RNA
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Intens. -MS, 7.8-8.2min, Deconvoluted (MaxEnt)
13318.6929

2004
150+
1001 10735.2729

50

12021.7864 12668.0900
14297.5341 14787.3508

0
10000 10500 11000 11500 12000 12500 13000 13500 14000 14500

PS-tracrBD

Intens. -MS, 8.4-8.8min, Deconvoluted (MaxEnt)

200 13358.6485

150+

1001

501 10685.9669 12377.0720

0 |, J . - PR | AT ey o dia o .
10000 10500 11000 11500 12000 12500 13000 13500 14000 m/z
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