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Abstract

RNA interference (RNAI) has been shown to be highffiective in targeted
gene knockdown and has the potential to be apdedtherapy by silencing
pathology-causing genes. However, there remain raevendesired properties
associated with the utilisation of RNAI for theratie purposes. These include:
innate immunostimulation, “off-target” cellular sexnces and the possibility of
saturating the endogenous RNAIi pathway, which iguired for microRNA
biogenesis. RNA Polymerase Il (Pol 1ll) promotéies/e been used predominantly to
generate exogenous expressed RNAI precursors. PRolprbmoters possess
constitutive activity in most tissue types and theanscripts can be easily tailored
into microRNA-like cellular precursor structuresedrilation of Pol Ill promoters is
however difficult to achieve, and their lack ofstie specificity and high activity are
responsible for the toxic saturating effects on RiAI pathway. In contrast, RNA
polymerase Il promoters express mRNAs which can rbgulated and are
differentially expressed in specific tissues. Hoamv Pol Ill-transcripts have
additional sequences such as the 5’ 7-methyl guamasp and 3’ polyadenylation
sequence which make them unsuitable for the geaeraif important RNAI
precursors such as short hairpin RNAs (shRNAs)s Htudy aimed to produce a
series of cytomegalovirus (CMV) promoter-controllespression cassettes that
would generate shRNAs lacking unwanted flankinguseges. The precise hairpin
RNA strand was processed post-transcriptionallgugh the action of chimaeras-

cleaving hammerhead ribozymes that are incorporapedand down-stream of the



ShRNA. The hammerhead ribozymes were restored &onmimal state by inserting
additional extra-core elements allowing for intladar activity. This design for
producing active RNAIi effector sequences was terme®ibozyme Processing
System (RyPS). To evaluate the inhibitory efficaofy RyPS, a previously
characterised shRNA targeted against Xhepen reading frame of the hepatitis B
virus was inserted into a RyPS expression cassktteitro co-transcription and
cleavage experiments demonstrated the processtegt@d of RyPS. This resulted in
the formation of 3 products; the upstream and dtwam ribozymes and the
shRNA. Northern blot analysis afi vitro transcription products revealed the shRNA
and downstream ribozyme were smaller than antiethalsing primer extension
analysis the precise ribozyme cleavage sites ofufiteand downstream ribozymes
were mapped. The upstream ribozyme mapped thecpeddsite, however multiple
cleavage sites were mapped for the downstreamyiib@z The aberrant cleavage of
the downstream ribozyme resulted in an shRNA cléavighin the antisense region,
a sequence which dictates the targeting and imnibipotential of the shRNA.
Intracellular transfection of RyPS resulted inlditto no inhibition of both live virus
and targeted reporter genes. It was noted howénadrthe ribozymes maintained
intracellular activity according to a luciferasesbd knockdown assay, in which
ribozyme activity resulted in luciferase mRNA destion. By applying these results
to RNA folding algorithms, a model can be developdgtre atypical cleavage by the
flanking ribozymes is avoided, and further allow foe design of more stable RyPS
and individual ribozyme. Although the current desigf the RyPS cassette was

shown to be ineffective at producing active shRNpsssible optimisation would



involve the substitution of the shRNA, or replacittte chimaeric hammerhead
ribozyme species with a naturally occurring speclMsth these changes further
developments of this post-transcriptional processgystem may soon result in

effective Pol ll-generated sequences for therap&NAI.

Vi



Acknowledgements

1. My sincere thanks to my supervisor, Patrick Arbothmwhose guidance and
patience is much appreciated. | would also likeh@ank my supervisor for

providing the opportunity to attend an internatioc@nference.

2. Thanks to my colleagues, Dr. Marc Weinberg and AlatiLEly for assistance

on various practical aspects of my research.

3. To my colleagues of the Antiviral Gene Therapy Umho often provided

support and ideas in time of need.

4. To the funding bodies from which | have receivethficial assistance for the
duration of my Degree, the University of the Witerarand Postgraduate
Merit Award, the Poliomyelitis Research Foundatand the Antiviral Gene

Therapy Unit.

Vil



Table of Contents

[ O I = 7N 1O ]\ TR Il
PRESENTATIONS AND PATENTS L..oiiiiii ittt e et e e e s e st e e s eanesessaaereanaeees 1
CONFERENCEPROCEEDINGS. ...uuitutitiittiitteetee et e et tee e saaessates s e et seneataesttestaestnssrsesnesennsrnnns m
N I =1 N TS 1.
PN S RS I 7Y O v
ACKNOWLED GEMENT S ... ottt et e e et e e e a e e abt e e easeeesba e eettaeasrannns VI
TABLE OF CONT EN T S ittt ere e et e e e e e e et e e tb e e e e s e esba s e saba e astseeeanss Wil
LIST OF FIGURES .. oottt e et e et e e et e e et s e e eab e e sba e e aba s e s st esaanserebanaes X
LIST OF TABLES .. .ottt e e e e et e e e e e et e e e eeeaa e e et e eeraes Xl
NOMENCLATURE AND ABBREVIATIONS ...t et X1
LIST OF SYMBOLS ..o e e e e e e et e e e st e e e st e e sab e seatseesaaaees XV
N RO 5 L0 Lo 1 (0 ]\ T 1
RNA INTERFERENCE THE POWER OFSILENCE ...t uteteettuiieeereettaseeeeestansseesesssnnnssesssesssaaeessssnnsanenes 2
MicroRNAs are generated With the NUCIEUS ..........ccccuviieie i 3
Cytoplasmic processing and RISC assembly ........coviviieiiiie it 8
Slencing the enemy: RNAI and TherapeULICS........cveveirereeeeiiee e sese e seeneas 10
RESIStANCE AEVEI OPMENT ...t e e st e e seenne s e e sreenesnnens 15
HAMMERHEAD RIBOZYME MECHANISM AND USES INTHERAPY ..cuuuiiitiiiiiieeiiieeeerieeesteeeeineeesennns 17
HISLOIY Of QISCOVENY ...ttt e e e e e s esestenseene st enneenesrennenneas 17
Mechanism of cleavage: Past theories and current models..........cccevvecenieeiiiiinieesecceeseese i 18
Ribozymes as therapeutic MOIECUIES. ..o e ene s 29
THE RIBOZYME PROCESSINGSYSTEM...ccvtttuieeeieitttieesesttnnaseesesttnneessesanssneeessnnnneesessnnaaeeseesnnns 31
MATERIALS AND METHODS ... .ottt e et e e s e e s s e b e raa e e s abeaaens 40
GENERATION OFRYP SCLONES......cttiieiieiii e e ettt e e e e et s st e e e e eeaa s e e e e eettar e e e e eetta s e e e eeannneeeeeenes 42
[ O = R 44
Plasmid construction and ClONING .......ccueiiiieiieie e esae e saeesae e 45
GENERATION OF THE LUCIFERASERYP SREPORTER SYSTEM....ccvuiiiitieeiitiieietineesinieeetneeessneeesnanss 52
DNA PREPARATION FOR GENERAL USE AND TRANSFECTION ...uccvuiituiitieienierteeetierseriersneerneeesns 58
IN VITRO TRANSCRIPTIONS ....ttuttittetetieeetieetsteeesunessstteesstneesstatesssneessnatesstaaesereessrinesresseesennn 58
L= a0 0oL CC T = o= o 58
OV o= 1S o T o] Lo o OSSP 60
TISSUE CULTURE TRANSFECTIONS ANDRNA COLLECTION ...vutiittieittieeetieeestnieestneeeesneesssnnseesnnnes 61
[ I o PPN 61
L0501 o 64
T SN To = T gLl | 23T A o SR 64
Dual TUCITErase DASEd @SSAY .......ccveieirieriiiisie et sttt e e e e nre e e e s aeennesneens 65
NORTHERN BLOTS AND ASSOCIATED PROCEDURES......cuittuiittitieitieiieeteeineesneesniestneessessneenesenns 66
L N AN (1 = Tox 1 o 66

viii



[T 0] o] 00 =S TSP 67

[ o111 T PRSPPI 68
Hybridisation and oligonucleotide preparation ... ceese s 68
Oligonucleotide probe Preparation ...........cccveceeererie e eeee e ee st se s sne e srenees 68
L Y] 1T 11 14 o] o 68
CLEAVAGE SITE DETERMINATION BY PRIMER EXTENSION REATIONS.......ciivuuiiiiiieeiriieiiiiiessineesnnnns 69
110 G = 1= [0 PO 71
Sequencing-size deterMiNation rEACHION............cueurerieirire et eteee e sre e sreneas 71
RESULTS AND DISCUSSION . ...uiittiiiiiiii it e s e et e st e e st sssaaa s e sat s e sssasessta e eattsereanaaees 73
IN VITRO TRANSCRIPTIONS . ...ttutttttetttieeetieetsteeesuessstteesstneesstatessneessnaaesstaaesereesstinesresseesennn 73
NORTHERN BLOT ANALYSIS OFRNA GENERATED BY IN VITRO TRANSCRIPTIONS.......cocvvvuerirnnnnnnn. 94
CELLULAR ASSESSMENT ANDHBY KNOCKDOWN ....uiutiiitiiitneiiniriieienierseesteersesrsesnersesserseesnns 102
ASSESSMENT OF INTRACELLULAR RIBOZYME ACTIVITY...uuiituiitniiiiitniitteestieeiiesterseesesssersneennns 110
PREDICTIVE MODELLING OFRYPSSECONDARY STRUCTURE ...uuiivuiiiiiiiieieieeieeeniesieraneesnsesnnesans 114
DETERMINATION OF RYPSCLEAVAGE SITES PRIMER EXTENSION REACTIONS......ccvvneiiiineeirinnennn. 119
APPENDICES ..ottt ettt e et e et e e e e e e et e e e e ettt e raa e e e e b raaan 131
PN =] = N 0] N 131
PN =] = ] 01N 132
PN =] = N 01 2N 134
[ o NN L O TR 135



List of Figures

Figure 1. 1: Generation of Precursor MICrORNA oo oeeeeeeee e 1.

Figure 1. 2: Schematic representation of the RNaAhway within mammalian cells.

Figure 1. 3: Nucleotides within the highly consetwatalytic core of a hammerhead
(] 010774/ 1 41T PP 19
Figure 1. 4: Three different states in which th@imal hammerhead ribozyme have
been artificially CONSLIUCLEM. ...........coi e 20
Figure 1. 5: The various transitions states ofcttalytic region of the hammerhead
ribozyme, applying the two possible cleavage thefi..............vvvvviviiiiiiinnnnns 24
Figure 1. 6: Difference between the secondary araty structure of a fast-acting
hammerhead rbozyme. ... 26

Figure 1. 7: Penta-coordinated state of a hammdrhleazyme, proposed by Martick

AN SCOLL, 2006. ......coieiiiiieiieiee e emmmmmmr e e e e e ee e 28
Figure 1. 8: The theoretical secondary StructuBYR®S. ..., 33
Figure 1. 9: lllustration of the possible cleavageducts by RyPS. ......................... 35
Figure 1. 10: A representation of the HBV genome...............cccciiiiiiiininnnnn. 8.3

Figure 2. 1: General overview of the experimentatpdures followed over the
duration of experimentation. ............ooo cerrrriiiiiiiii e 40

Figure 2. 2: A diagrammatic representation of tieps taken to generate vectors

capable of expressing RyPS within a mammalian cell..................cccoeeenene. 43
Figure 2. 3: A plasmid map of pTZ57R, used for El&ning experiments............... 46
Figure 2. 4: A plasmid map of PCI-NEO. ........uumuiiiiiiiiiiiiiiiiiiiiiiiiie e 49
Figure 2. 5: Overview of methodologies to genetiagéeluciferase-RyPS reporter

5 £] (=] 1 U PPPPUPPPPPPT 52
Figure 2. 6: Representative figures of the outcowiesn the RyPS constructs were

cloned behindRenilla IuCIferase. ..........ccuvviiiiiiiiiiiit e 54
Figure 2. 7: Plasmid map of psSiCheck2.2. ... 57



Figure 2. 8: Schematic representation of the DNApiates used in the vitro
tranSCriptioN rEACLIONS. ... .o 59

Figure 2. 9: Basic overview of the experiments Iagd in the cellular assessment of

Figure 2. 10: Overview of the primer extension teacused to determine the

cleavage sites of each of the ribozymes in RyPS...........ooo 70

Figure 3. 1: lllustration of the possible producismed by the faster RyPS duriny
VITFO traNSCIIPLIONS. ...ttt bbb e bsmennneas 74
Figure 3. 2: Diagrammatic comparison of the varibasimerhead ribozymes

included within the RYPS SPeCIes. ... 79
Figure 3. 3: An autoradiograph iofvitro transcription products subjected to

electrophoresis in a 10% denaturing polyacrylangele................cccccccecvnnnnnns 84
Figure 3. 4: Templates used farvitro transCriptions. ........cccoooeeeeeireens e s s 86

Figure 3. 5: Schematic representation of the Ry®8yzts generated durimgvitro
transcription, separated by electrophoresis..............vvvvviviiiiiiiiiiiiiiiiiiennnn. 88.
Figure 3. 6: An autoradiograph of the RyiRSitro transcription products, using
PCR generated temMplates. .......uuuiiiiiiiircrrree e 92
Figure 3. 7: An ethidium bromide stain of RNA geated byin vitro transcription
prior to transfer onto a nitrocellulose membrane.............ccccccoviiiiiiien, 97
Figure 3. 8: Comparison of the three northern Himtshe 5’ and 3’ ribozymes and
the ShRNA Of RYPS. ... e 100
Figure 3. 9: A schematic representation of theargyithin psiCheck2.2-HBx
containing the luciferase gen&enilla luciferase (hRLuc) and Firefly luciferase
(L T OO PP 103
Figure 3. 10: Normalised ratio 8enilla:Firefly luciferase assay, using the dual
luciferase reporter SYStEIM. ...ooovi i 105
Figure 3. 11: A normalized ELISA against HBsSAg off5 against live HBV. ..... 108
Figure 3. 12: A normalized ratio &enilla:Firefly dual luciferase assay, in detection

of RyPS ribozyme intracellular activity. .....c.cc..euiiiiiiiiiiiiiiiiceeee e, 121

Xi



Figure 3. 13: Intended and predicted structurd®yS. ..., 117
Figure 3. 14: Primer extension reactions togethtr sequencing data indicate the

region of cleavage caused by each of the ribozymes..........cccccceeeiiiiiinns 123

Figure 3. 15: A schematic representation of thesibs adaptation to the currently

used ribozymes iN RYPS. ... ettt 129

List of Tables

Table 2. 1: Definitions for abbreviations used iatarials and methods................... 41

Table 2. 2: Primers used to generate required Ryg@@ents (and knockout clones)

DY PCR . nrnnr et eee e 44
Table 2. 3: Clone screening primers which bindflaeking regions of the MCS in
P ZS TR et 47

Table 2. 4: Adapted T7 and T3 primers used in @GR Bcreening of positive RyPS
clones inserted iNtO PCI-NEO0..........uuuuut e seeevevenererenenenerereneneernennnenae—e 50
Table 2. 5: Primers used to generate RyPS fragnfiemsPCR containing the

correct restriction sites for cloning into pSi-CRBE .............covvvvvevviiiiriiiininnnnns 55

Table 3. 1: Potential RyPS products and their jgtedisizes to be generateddoy
cleavage after aim vitro transcription reaction using template generated by
FESIICHON AIgEST. ..o 76

Table 3. 2: Size predictions of the RyPS produntsipced bycis-cleavage after aim

vitro transcription using PCR products as template..................uvvvvvviiininnnnnns 87

Xii



Nomenclature and Abbreviations

Ago — Argonaute protein

AmpR — ampicillin resistance gene

CCRS5 - chemokine (C-C) receptor 5

dATP — deoxyadenosine triphosphate

dCTP — deoxycytosine triphosphate

Del — deleted (refers to a non-functional mutant)
dGTP — deoxyguanosine triphosphate

DNA — deoxyribonucleic acid

dNTP — deoxynucleoside triphosphate

ds — double stranded

dTTP — deoxythymidine triphosphate

ELISA — enzyme-linked immunosorbent assay
g - gravitational force

GTP — guanosine triphosphate

HBV — Hepatitis B virus

HDV — Hepatitis D virus

Hek293 — Human embryonic kidney cell line
HIV — Human immunodeficiency virus

Huh7 — Human hepatoma cell line

LB — Luria Bertani

mA — milliAmperes

Xiii



MCS — multiple cloning site

MIiRNA — microRNA

MRNA — messenger RNA

nt — nucleotide

ORF — open reading frame

p - plasmid

PAZ — piwi/argonaute/Zwille

p-bodies — processing bodies

PCR — polymerase chain reaction
PLMV — Peach latent mosaic virus

Pol Il and Pol Ill — Polymerase Il and Polymerdsedspectively
Pre-miRNA — precursor miRNA
Pri-miRNA — primary miRNA

PTGS — Post Transcriptional Gene Silencing
Ran-GTP — GTP-bound ran

RISC — RNA induced silencing complex
RNA — ribonucleic acid

RNase - ribonuclease

RNAI — RNA interference

RSV - respiratory syncytial virus

RyPS — Ribozyme Processing System
Rz — ribozyme

ShRNA — short hairpin RNA

Xiv



SIRNA — small interfering RNA
SV40 — simian vacuolating virus 40
TRBP — TAR RNA-binding protein
Trunc — truncated

u - unit

UV — ultra violet

V - volts

VS — Varkud satellite

List of Symbols

o — alpha-

B — beta-

A - delta

f — femto- (x 10*°)
y— gamma-

1 — micro- (x 10)
m — milli- (x 10°)
n — nano- (x 18)

p — pico- (x 10



Introduction

Unique new therapeutics against various diseaseoféen required to be
developed, particularly when the disease-causirentagevelops resistance to the
existing drugs, or when administration of the ddogcomes non-feasible. Drug
administration to patients is a difficulty in deoping countries such as sub-Saharan
Africa, since travel, storage and patient compkaree many tasks that require
attention. Ideally potential therapeutic drugs usedthese environments would
require a large degree of stability, relativelyyedsug administration and minimal
patient compliance. One particular therapeuticrege known as RNA interference
(RNAI), has gained momentum in the past few yeaesealing a system with
elaborate cellular pathways. RNAI utilizes innatgméll processed RNA strands
produced specifically for RNAI) or exogenous sosroé RNA (such as viral RNA)
to induce the targeted degradation or suppresdi@specific RNA strand. From a
therapeutic perspective these exogenous RNA spearebe introduced into a living
system encoded within various DNA templates su@srplds. This provides cost
effective and stable therapeutic particles whichy ppaovide a solution to drug

management within developing countries.



RNA Interference: The Power of Silence

This highly conserved and homologous pathway withukaryotes has been
noted as far back as twenty years ago (lzant anchtkeb 1984; Fire et al. 1991,
Fire et al. 1998). The molecular mechanism wadrfam being understood, however
it was noted that by adding anti-sense RNA to & kebckdown of a particular
homologous target was induced. Fourteen years leiter and Mello established the
first basic requirements for the RNAI pathway, aedeived the Nobel Prize for
physiology or medicine in 2006 for their contritmutiand initial elucidation of the
pathways in RNAI. Their discovery showed that deutiranded RNA was far more
powerful in inducing knockdown than the single @s#nse counterpart within
Caenorhabditis elegans (Fire et al. 1998). Little did Fire and Mello knpwut their
discovery would lead to the rapid elucidation ofltiple RNA processing pathways
within the cell. Prior to their discovery, anti-senRNA was thought to induce
generalized knockdown of all cellular RNA, placittge cell within a “lockdown”
state, in which little to no transcription takesg# (Proud 1995). It was also believed
that double-stranded RNA is stable enough not tevinch within a cellular
environment, remaining as a double helix. Fire Badlo’s discovery suggested that
certain cellular species and pathways are invoiagtie unwinding of nucleic acids,
and furthermore, involved in target and effectorlenale recognition and binding
(Mello and Conte Jr 2004). It was shown soon tHezethat if C. elegans was placed
in an environment containing dsRNA, knockdown wootdur of mMRNA sequences

that shared homology with the dsRNA (Tabara et18B8). Furthermore, it.



elegans was fed a diet of bacteria were made to expreRbdldstargeting a particular
gene, knockdown effects were witnessed on thaticogat homologous target
(Timmons and Fire 1998; Timmons et al. 2001). Sevqytul was this effect it was
seen to be carried over into the progenyoélegans within the germ line (Grishok
et al. 2000). Knockdown studies were soon fountdechighly successful in plants
(post-transcriptional gene silencing, or PTGS), giufguelling) and Drosophila

(RNAI) (Romano and Macino 1992; Fagard et al. 200@yin et al. 2001)

MicroRNAs are generated with the nucleus

Innate RNAI plays a vital role in cellular developmt and maintenance,
assisting in the regulation of protein and RNA spe@roduction within the cell.
These regulatory events are initiated by small 24t2RNA species known as
microRNAs (miRNAs), which are ubiquitous within ksehnd over one hundred have
been classified within the human genome (Lee ef@D2). MicroRNAs exist in
unprocessed forms initially and require processi@igre inducing target knockdown,
these are termed primary microRNAs or pri-miRNAgé€let al. 2002; Bartel 2004).
Their biogenesis starts in the nucleus, initiatétiee by a Polymerase Il or Il
promoter (Pol Il and Pol Il respectively). TypigalPol 1l promoters are highly
active and induce expression within most cell tyfpeshermore these promoters are
involved in the expression of smaller RNA speciashsas tRNAs, 5S ribosomal
RNA and U6 snRNA (Bartel 2004). Polymerase |l proen® cause the transcription
of MRNA and certain small RNAs, including the smalicleolar RNAs (SnoRNAS)

and small nuclear RNAs (snRNAs) (Bartel 2004). $alvdata indicate that Pol II



promoters are responsible for generating many®fiiRNA species, owing to some
pri-miRNA species being larger than 1kb and thdtIPas unable to generate such
large RNA fragments; some pri-miRNAs have been shtavhave uridine repeats,
which would cause transcription termination by R4t pri-miRNAs require
differential expression during development, a feafrovided by Pol Il, and not by
Pol 11l (Bartel 2004; Cai et al. 2004). Other sgscof miRNAs are found within
introns of pre-mRNA and are known as mirtrons. ‘Bhparticular species of pri-
miRNAs undergo normal RNA splicing during introncesion and remain as mitron
lariats before they are debranched and folded prerursor microRNA or pre-
MiRNA (Ruby et al. 2007). This form of pre-miRNAmgation bypasses any form
on nuclear endonuclease Il processing.

The pri-miRNA transcript is initially processed Bymember of the RNase Il
endonuclease super-family known as Drosha, into6@ 7nt stem-loop product
known as precursor-microRNA or pre-microRNA (Laeaé 2002; Basyuk et al.
2003; Lee et al. 2003; Bartel 2004). Drosha dog¢sabalone within the nucleus, and
forms a complex with several other proteins suchPasha (partner of Drosha),
collectively known as the Microprocessor (Denliagt 2004; Gregory et al. 2004).
Pasha (known as DGCRS8 in mammals) plays and imputoatad interesting role, as it
is responsible for the stabilisation of Drosha &l winding of the pri-microRNA.
This occurs because DGCRS8 contains two dsRNA bghndomains in the C-terminal
region, both equally responsible for anchoring mIRNAs within the
Microprocessor (Han et al. 2006; Yeom et al. 20@830 within the C-terminal of

DGCRS is the binding and stabilizing domain whicteracts with the middle domain



of Drosha. The N-terminal domain of DGCRS8 contansuclear localization signal,
responsible for the transport of DGCRS into thelews and potentially retaining it
there (Yeom et al. 2006).

Drosha cleaves its target pri-miRNA, leaving a ghasylated 5’ and a 2
nucleotide 3’ overhang end (Basyuk et al. 2003pdpcing a pre-miRNA which is
transported into the cytoplasm. Pre-miRNA transpaxturs via the nuclear protein
Exportin-5, a dsRNA binding protein which is Ran{&diependent (Yi et al. 2003;
Bartel 2004; Bohnsack et al. 2004). The above mseE®are schematically described
in Figure 1.1. RNA interference is unable to indneckdown within the nucleus, as
multiple protein species and complexes involvedhie RNAi pathway are solely
located within the cytoplasm. This has particulayportance as certain viruses
replicate within the nucleus, thus leaving themfiazded by the RNAiI machinery. It
is required for the target mRNA molecule to enter tytoplasm, in which it can be
identified and processed by the RNAiI machinery. W§eRNAi against nuclear
replicating viruses would require combinatorial eggrhes, in which various
therapeutic agents are employed, one of which neyillibzymes (catalytic RNA

molecules) which are able to remain active withi@ nucleus, cleaving their targets.
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Figure 1. 1: Generation of Precursor microRNA

Precursor microRNAs (pre-miRNA) can be generatetilmymethods, depending on
their sourceA, pre-miRNAs are transcribed from either a Pol 1P Il promoter,

to produce either a single pri-miRNA (>80 nucleesyl or a polycistronic pri-
mMiRNAs containing multiple pri-miRNAs (can be ové&kb). Both forms of pri-
MiRNAs are processed by Drosha, within the Micragpssor resulting in a pre-
mMiRNA product. In the second method, pre-miRNAs are derived from spliced
introns. The intron-pre-miRNAs are known as mirgpand require no processing by
the Microprocessor, but rather debranching to sde¢he conserved adenine from the
guanine typical of intron lariats, allowing for tipee-miRNA formation. Once either
pathway has generated a pre-miRNA, it is expontéd the cytoplasm via the Ran-
GTP dependent Exportin-5 pathway.



Cytoplasmic processing and RISC assembly

The Drosha processed pre-miRNA is exported to yh@ptasm via Exportin-
5, then recognised and bound by Dicer, a cytoplasRiNase Il endonuclease
(Grishok et al. 2001; Hutvagner et al. 2001). Th&ZR(piwi/argonaute/Zwille)
domain within Dicer contains a binding pocket foe 2 nucleotide 3’ overhang of the
pre-miRNA and facilitates the binding of the rent®n of the pre-miRNA into the
RNase portion of Dicer (MacRae et al. 2006). Dicentains two RNase domains,
each responsible for cleaving one strand of theblgobelix exactly 25 nucleotides
from the binding pocket of the PAZ domain. Startfrgn the 5’end and two helical
turns towards the loop of the pre-miRNA, Dicer #les the dsRNA in a similar
manner to Drosha producing a 5’ phosphate and ecaotide 3’ overhang. This 25
nucleotide distance is facilitated by the connebilix between the RNase and PAZ
domain, allowing for the exact measurement (Mac&ad. 2006).

Invasive RNAs, such as those of viral origin, ertteg RNAI path at this
point. Presence of dsRNA is typical of many virdections. This is also processed
by Dicer into 21-23 nucleotide fragments, known swall interfering RNAs
(siRNAs). However without Microprocessor processimyal RNAs are not as
efficiently processed as a result of the initidemaction between the 2 nucleotide 3’
overhang of the pre-miRNA and the PAZ domain ofddiiMacRae et al. 2006).

The final process of the RNAIi pathway results irthei translational
suppression or degradation of the target RNA withm cytoplasm. After Dicer has

cleaved its target, be it innate or exogenouslya several proteins are recruited to



aid the transfer of the miRNA/siRNA to the RNA irdd silencing complex (RISC).
Two of the important proteins recruited are Argdeai/Ago2 in particular) and TRBP
(HIV-1 TAR RNA-binding protein) (Lee et al. 2006;0K et al. 2007; MacRae et al.
2008). Helicase is also required, as it plays tales in the process; firstly to unwind
the double stranded miRNA into its sense and ameseomponents; and secondly to
recognize self and non-self RNAs by the presencth@f2 nucleotide 3’ overhang
(Marques et al. 2006). Both the sense and antisstiasels have the potential to be
incorporated into RISC, however their selectiodependent on the stability of the 5’
region. The less stable and easier to unwind stirmmad the 5’ region is selected and
incorporated into RISC (Khvorova et al. 2003a; Satmvet al. 2003; Patzel et al.
2005).

The argonaute proteins are a large family of pnsteand at least one is
present per RISC assembly (Bartel 2004). Like maihythe defined proteins
involved in the RNAI pathway, Ago proteins have dons involved in RNA
binding, in particular a PAZ domain and a PIWI damd&oth these domains are
highly conserved, and the PIWI domain containinfpld that resembles RNase-H
like fold involved in cleavage (Faehnle and Joshoe-2007), however not all
species of Ago are known to cleave their targee ®hly Ago species defined thus
far to cleave its target is Ago2 (Liu et al. 200Aarget RNA cleavage within RISC is
dependent on features within the guide antisengaesee, and how it associates
with the target mMRNA sequence. Complete and neaptamentarity between guide
and target results in mMRNA destruction, cleavagaioing ten nucleotides up from

the 5 start of the antisense strand. During clgavéhe guide strand remains



unaffected (Khvorova et al. 2003a; Schwarz et@032 Bartel 2004). Predominately,
foreign RNA has perfect complementarity, resulting its destruction. Poor
complementarity results in translational suppregsio which RISC remains bound
to the target mRNA strand (Khvorova et al. 2003ehvi&arz et al. 2003; Bartel
2004). Translational suppression, amongst otheAiRMocesses, would seem to
occur within P-bodies of the cytoplasm, in which manslational machinery are

present (Liu et al. 2005b; Liu et al. 2005a; Liamle 2007).

Silencing the enemy: RNAi and Therapeutics

RNA interference has the ability to induce almasnplete knock down of its
target, making it an extremely potent and spedifierapeutic tool. Any disease
reliant on RNA as an intermediate can be targetbi;h ranges from viral infections
such as Hepatitis B virus and human immunodefigiens (HIV), to cancers and
autosomal genetic diseases. One of the first repasticcessful treatments against
disease was shown in 2003, using a mouse modefg(8bal. 2003). Since then,
clinical trials have passed phase 2 against raspyrayncytial virus (RSV) and age-
related macular degeneration (Dykxhoorn and Lielb@r@006).

Therapeutic molecules can enter the RNAi pathwaynaltiple stages, by
either being expressed within the nucleus from a&ongenously sourced DNA
template, or introduced as synthesized RNA, diyaotb the cytoplasm. It is possible
to enter the RNAI pathway at multiple stages, ie tbrm of pri-miRNAs, short

hairpin RNAs or pre-miRNAs, and miRNAs or siRNAsth@r studies have utilized
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long hairpins, containing multiple siRNAs which yelon Dicer processing
(Barichievy et al. 2007). Ultimately using syntleetsiRNAs to induce target
knockdown would avoid competition between exogenand innate pre-miRNAsS
within the nucleus. This study has chosen to adtilDicer as the initial stage of
processing of the RNAiI molecules introduced. Thennmmaasons for this are that by
only using Dicer, nuclear processing can be byphss®d as Grimm et al. 2006 have
suggested one can perhaps avoid saturating thearymlocessing component of the
RNAI pathway. Furthermore, by using the catalyttiaties of certain RNA species
(such as ribozymes) it may be possible to genexratieRNA independent of Pol lli
promoter expression. Currently Pol Il promoters ased to generate pre-miRNAS,
SshRNAs and siRNAs owing to their ability to tranber small RNAs without the
requirement of large transcription termination s=wes; however some of these
promoters have undesired properties such as higtisleof transcription and are
transcriptionally active in most cell types. PopHomoters cannot easily be used for
the generation of siRNAs due to the extra elemprdduced with mRNA, such as 5’
7-methyl guanosine caps and polyadenylated 3’ eBdsuld one be able to couple
tissue specific inducible transcription of a thexajic molecule, as well as generating
an exact RNAI effector molecule independent of Mpmocessor processing, this
therapeutically offers a considerable amount okfierBenefits include avoidance of
possible cytotoxic effects produced when saturathmg RNAI processing system
within the nucleus; tissue specific inducible exgsien, which is energy cost
effective in cells that do not require treatmerithis project aims to utilise the

catalytic processing power of ribozymes to genesateactive RNAiI molecule that
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requires minimal processing, while having tissuecHr activity from the Pol I
promoters.

Even though one is able to generate an active tiactige RNAI therapeutic,
one field of therapeutics remains challenging aeduires a large degree of
development. The hurdle within this field is detiy®f the effector systems, whether
it be template DNA or synthetic RNA. Current defiyestrategies include binding
moieties such as simple sugars to the RNA molecwleich are exclusively
recognized by specific tissue type; using an adgbcomplex with bound RNAs to
target specific tissue types; encasing the RNA biADlemplates within liposome
vesicles; using lenti- and adenoviral vectors tovey DNA template to specific cell

types (Dykxhoorn and Lieberman 2006).
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Figure 1. 2: Schematic representation of the RNAIi athway within mammalian

cells.

Effector RNA sequences are transcribed from thé da®mosomal material as pri-
mMiRNAS, processed and exported via exportin-5 theonucleus, or alternatively off
a DNA template as miRNAs, siRNAs or shRNAs. Oncéhie cytoplasm, the RNA
duplex is processed by Dicer into ~21-23nt duplexnapath A. The RNA duplex is
then incorporated into RISC, and induces transiatiosuppression owing to
mismatches between effector and target sequenatis BPtypically involves siRNA

duplexes inducing target mRNA cleavage once ingated into RISC. One can
introduce therapeutic nucleic acids into the RNaihpvay at 3 major pointg), as a

pri-miRNA, (transcribed from exogenous sources dfADsuch as plasmids) which
requires processing by the Microprocessor actiitfyas a shRNA or pre-miRNA
that only requires nuclear export and Dicer praogsand3) as siRNAs, produced
individually as sense and anti-sense strands, @nairig a duplex within the nucleus.
Synthetic RNA can also be used to generate siRMA#h can be introduced into

the cell via transfection.
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Resistance development

Like most biological systems, resistance will ewlagainst drugs and
therapeutic molecules used to treat disease. @Gertaises have potential to mutate
easily and become escape mutants, immune to thetefhf the therapeutic molecule.
In particular, in the RNA viruses (single and daubtranded) RNA replication relies
on the RNA-dependent RNA polymerase, which is iahdy a poor copier, inserting
on average 1 mistake every ten thousand bases dZéeal. 2005). This would
theoretically result in escape mutants formingdbpidepending on viral replication
rate and mutation rate. Studies done on polio amtosse Virus have shown that
escape mutants can be generated in as little &2 post treatment (Gitlin et al.
2002; Soldan et al. 2005; Zheng et al. 2005).

To overcome the chances of creating escape mutantdti-targeting
strategies have been employed, often targetingralegligferent sites. Long hairpins
(Barichievy et al. 2007; Weinberg et al. 2007) erfgring multimers (Wilson and
Richardson 2006) and combinatorial approachest(bl.e2006) have been used. An
interesting combination used by Li et al. 2006, 0onporated the use of a siRNA, a
decoy tat sequestering molecule and a ribozyme SIRIA was targeted against the
tat/rev region of HIV mRNA, forming the first forraf knockdown. The tat decoy,
was able to translocate to the nucleus, and bifctgroteins, which are required for
HIV replication, and lastly a ribozyme that targersd cleaves the CCR5 mRNA,
used by HIV to gain access into host cells (Li let2@06). These ribozymes are a

small species known as hammerhead ribozymes wheclcaalytically active RNA
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molecules, naturally involved icis-cleavage in a multitude of small plant pathogens,
or as of late involved in therapeutic strategieemigleaving intrans-. This study
incorporates thecis- cleaving activity of hammerhead ribozymes to gateera
shRNA molecule. This strategy would be effectivetlee ribozymes are independent
of any processing systems found within the cellelavironment, functioning within

a cellular environment unaided. The following saatiwill elaborate on the
mechanism of hammerhead ribozyme cleavage, itstidss diversity and simplicity
and explaining why these small catalytic molecludes effective and independent

within a cellular environment, making them idearépeutic tools.
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Hammerhead Ribozyme Mechanism and uses in Therapy

History of discovery

The initial discovery that RNA is both an informati carrying molecule as
well as a catalytic agent was made in the early0498/ Cech and colleagues, and
later by Alteman and colleagues (Kruger et al. 198@errier-Takada et al. 1983).
The hammerhead ribozyme is one of the smallest knolmozymes, catalyzing the
nucleolytic transesterification of the phosphodiestackbone, yielding a 2'3’-cyclic
phosphate and a 5 hydroxyl terminus (Prody etl8B6). Other small species of
ribozyme include the hairpin ribozyme (Buzayan kt1886; Dange et al. 1990),
hepatitis delta virus (HDV) ribozyme (Wu et al. B98and the Neurospora
mitochondrial Varkud satellite (VS) ribozyme (S&viland Collins 1990). Larger
species of ribozymes are often involved as pacetitilar processes, such as the RNA
subunit of RNase P (Guerrier-Takada et al. 1988) iatrons | and Il (Brody and
Abelson 1985; Sharp 1987).

The hammerhead ribozyme is the best characterizéitecsmall ribozymes.
The initial discovery ofcis-cleavage by hammerhead ribozymes was within both
positive and negative strands of viroids and vildid satellite sequences (Hutchins
et al. 1986; Forster and Symons 1987; Daros ande$14995). Hammerhead
ribozymes were also later discovered in caudatehibigms (Epstein and Gall 1987),

Dolichopoda cave crickets (Rojas et al. 2000), shistosomesbéyee et al. 1998),
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and Arabidopsis thaliana (Przybilski et al. 2005). Hammerhead ribozymesveer
from small plant pathogens have active roles ialveplication, as they are involved
in separating multimeric genomic concatemers imézyrsors used in transcription as
well as replicating the viral genome (Bratty et93; Symons 1997). Interestingly
it is suggested that hammerhead ribozymes do rawe shcommon ancestry, and that

their origins are independent of each other (Sakshitiani and Szostak 2001).

Mechanism of cleavage: Past theories and current models

The core of the hammerhead ribozyme consists akeldighly conserved
nucleotides, created by the junction of three lesliceen in Figure 1.3 (Hertel et al.
1992) . In several studies the minimal hammerhé&zazyme has been generated in
various forms as a single strand. Each of the hatmae species generated differs,
being defined by the point at which they are cotetedy their stems and loops.
Three known variations can occur; by opening sterant | (Clouet-D'Orval and
Uhlenbeck 1996); by opening stem Il and Il (Jefriand Symons 1989); and by
opening stem | and Il (Haseloff and Gerlach 198%ese are schematically shown

in Figure 1.4.
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Figure 1. 3: Nucleotides within the highly conserwé catalytic core of a

hammerhead ribozyme.

The numbers accompanying the bases are the interaahomenclature used when
referring to nucleotides within the catalytic co8tems I, Il and Ill can be made of
any stable Watson-Crick base pair. The nucleotidesd indicate those involved in
the conserved catalytic core. The blue nucleotiddigate a target strand, should the
ribozyme be acting itrans. Within the target sequence is the cleavage trigleH,
where N is any nucleotide and H is any nucleotigie The numbering system was
developed by Hertel et al. 1992, to standardise d&a generated from various
laboratories. The core was labelled in a clockwisgnner, and decimal numbers

indicate the first number of a helix.

19



A N N B
N N C ,
3 5
N N N
N N N N
N N NN NN
N N N N N N
, A U
Ass Yisg / A A Yy / NN A, B IR 3
A 7
14 17 N] NN N3 A 14 17 N] N NN N | Ay 1 N,N N N
I ® I " fe NNN
3 ' 3 NNNN N NN e N,
NNNGC, " CN2NT'N5 N NN ¢’ | NN N NNNG ™ c,
U
u u N N NN G 4
N N N {1:3.]‘“ G ! 'N N N {l_\al G ! NN 10]!—!9 G5
9 no 0 ] 5 G A
G AL G, A LY 6
u, u, ;

Figure 1. 4: Three different states in which the mimal hammerhead ribozyme have been artificially costructed.
In A, helix I and Il were left open, and helix Il loegp. Similarly inB and C, various ends were left open or looped.
Therapeutically, open helix | and Il is the mosihle, as most of the catalytic core is containdgmvthe ribozyme is looped at

helix 11.
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The hammerhead ribozyme undergoes extensive sagoratal tertiary
structure changes to allow for the correct positignwithin the catalytic core to
allow for cleavage (Martick and Scott 2006). Sonfeth@se changes involve the
formation of a three-dimensionglor ‘wishbone’ structure causing stem Il and 11l to
co-axially align, and stem | and Il to lie adjacémtone another, depicted in Figure
1.6.

The core of the hammerhead ribozyme consists of damains, the first
comprising of 5’-GQU4GsA6-3’, as well as the H residue, typically seen ag{dwing
to it inducing enhanced cleavage rates. The seadain comprises of 5'-
G12A13A14A15-3" as well as 5’-@Ag-3'. Although not seen as a domain, the motif 5’-
NU.6H;73" is of high importance as it makes up the clgavéiplet at which the
trans-esterification reaction takes place. The Btff;~3’ motif can withstand large
sequence variation, making it ideal for a transealeg therapeutic, cleaving the
target strand after +1 (Haseloff and Gerlach 1989).

One flaw in the studies performed on hammerheadzyimes was the
removal of extra-core elements, which are oftenhigitly conserved sequences, and
were overlooked for over 15 years (Uhlenbeck 20683moval of these elements
generated ribozymes known as minimal ribozymesweck considered to have an
optimal cleavage rate of 1 minunder conditions of 10 mM divalent magnesium
ions, concentrations far higher than in the mamanatiell (Hertel et al. 1994). This

would seem an ineffective cleavage strategy fomtphkaruses, as hammerhead
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ribozymes are known to cleave within cellular eamiments, and such high
magnesium concentrations are not found in thosgcpkar environments.
Furthermore, the cleavage mechanism was provifg telusive as a result of
the lack of consistent crystallographic data. Twedpminating theories were
accepted as the mechanism of cleavage of the mimiammerhead ribozyme, both
incorporating the usage of magnesium ions withie tbre, effectively creating a
metalloenzyme. The first theory, known as the sngh theory, proposed that a
hydroxyl group of a hydrated single divalent mébal acted as a general base toward
the 2’ hydroxyl group of the N ribose sugar. This caused the 2’ oxygen of the
hydroxyl group to become a greater nucleophileylties) in the nucleophilic attack
on the adjacent phosphate and the generation gtlec @',3' phosphate and a 5’
hydroxyl group. This process occurs in the preseofta proton as an electron
acceptor near the 5’ oxygen (Torres and Bruice 1988agi et al. 2001). The second
theory, known as the double ion theory, requireg the 2’ hydroxyl of the ribose
sugar and the 5’ leaving oxygen of Nare both stabilised by a divalent metal ion
(behaving like Lewis acids), typically magnesiunheTstabilisation in turn caused the
phosphate group to become prone to nucleophiliaclatt facilitated by the 2’
hydroxyl group. This process occurs without anytqme being terminal electron
acceptors, unlike the first theory. Eventually thealent metal ions are replaced by
protons to form hydroxyl groups post cleavage (ledtal. 1998; Takagi et al. 2001).
Several other mechanistic theories were generatedhe time, however the
predominantly accepted theories were the single @double divalent metal ion

mechanism, described in Figure 1.5.
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Figure 1. 5: The various transitions states of thecatalytic region of the

hammerhead ribozyme, applying the two possible cleage theories.

In A, the ribozyme is in a state prior to cleavageaatin. H; (Ci7) contains the 2’
hydroxyl group which initiates the nucleophilicaatk on the scissile phosphate af C
B, demonstrates the single ion mechanism, wherelwydeoxyl group bound to the
magnesium ion (grey ball) abstracts the hydrogesegt on the 2’ hydroxyl group of
Hi7. This in turn causes increased instability onzhexygen and in turn attacks the
scissile phosphate, resulting in a penta-coordéhatate.C demonstrates the double
ion mechanism, in which similar to the single idwdry, the 2’ oxygen is directly
abstracted by the magnesium ion, and the 5’ oxygdreated in a similar fashion.
This makes the leaving group oxygen af;@ore stable, and the nucleophilic attack
occurs on the scissile phosphate. P&nshows the ribozyme post-cleavage products,

a 2’3 cyclic phosphate and a 5’-OH group.
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Hammerhead ribozymes were recently re-examine@dssess the cleavage
kinetics, and it was established that the cleavage of “restored” hammerhead
ribozymes was far greater compared to the minimpakies, when the extra-core
elements were present (De la PenA et al. 2003; Kiwaoet al. 2003b). The loops of
stem | and Il ofcis-cleaving ribozymes were found to undergo non-carabrbase
pairing, resulting in a phenomenon known as a figs$oop”, which influenced the
cleavage rate (De la PenA et al. 2003; Khvoroval.€2003b). With these extra-core
elements present, the reverse ligation reactiamsis possible albeit occurring far less
than the cleavage reaction (Canny et al. 2007urEid..6 demonstrates a potential
kissing loop interaction within a hammerhead riboey causing the coaxial

alignment of stems Il and Ill, and the parallebatnhent of stems | and II.
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Figure 1. 6: Difference between the secondary anertiary structure of a fast-

acting hammerhead ribozyme.

On the left is the representation of the seconddructure of a hammerhead
ribozyme. For cleavage to occur a complex tertiapnformation is required,
stabilised by the kissing loop interaction of thx¢r& core elements (5-UGGGAU-3’
and 5’-UAA-3’) on helix I and II. Helix 1l and Ilhave aligned co-axially, and helix |

and Il undergoing parallel alignment.
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In 2006, Martick and Scott produced crystallograptata of the hammerhead
ribozyme that would change the outlook on the dgavmechanism. Their data
showed that the extra-core elements were vitalht® formation of the tertiary
structure required for hammerhead ribozyme cleavélige “kissing loop” was shown
to be strong enough to induce partial unwindingsteim [, ultimately leading to an
intricate set of events within the catalytic coever witnessed before (Blount and
Uhlenbeck 2005). Some of these events include ytitatore stabilisation by the
canonical base-pairing of nucleotideg &hd G; bases such asi6 Az and Ay
promote conformational locking within the pocket; @d A wedge themselves
between @ and N ;, forcing catalytic sites closer to each other (fd&rand Scott
2006). This model explains what the minimal modelld not, how core bases
interacted without being over 20 A apart. Possthly most important aspect taken
from this work is that divalent metal ions are woicial for catalysis, and instead
play a supportive role in charge neutralization tbé phosphate backbone and
possibly within the catalytic core (Martick and 8c#006). Thus instead of metal
ions, G, behaves as a general base, abstracting the hydafgthe 2’ hydroxyl
group, allowing for the penta-coordinated statefdom (Han and Burke 2005;
Lambert et al. 2006; Martick and Scott 2006). ldlesrto stabilize the 5’-oxygen
leaving group, @behaves as a general acid (Martick and Scott 2003 reaction is
depicted in Figure 1.7. These findings make nateahmerhead ribozymes suitable
therapeutic candidates within an intracellular emwnent. Their functionality within
a cellular environment allows for the targeting asléavage of a particular RNA

strand, allowing hammerhead ribozymes to be dyeietvolved in cleavage of a
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target strand, or part of a processing system aiitis to release effector therapeutic

molecules.
G8 °
G-12
N_
| | |
HN S~ o

C-17

Figure 1. 7: Penta-coordinated state of a hammerheéaribozyme, proposed by

Martick and Scott, 2006.

Gi2 behaves as a general base, abstracting the hydhaye the 2’ hydroxyl group.
Gg behaves like a general acid, stabilizing the 5ygen in the penta-coordinated
state. These events provide greater stability ier ¢dleavage reaction to occur, in
which the phosphate will release the 5’ oxygen rodiuce a 2’3’ cyclic phosphate.
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One could question whether these extra-core elemagatso necessary, since
minimal hammerhead ribozymes were able to undelepgvagen vitro. One theory
is that the very nature of the hammerhead ribozisr&ructurally dynamic, and a
momentary conformation required for cleavage maguncAnother idea is that the
divalent metal ions are able to play a role in tagalytic reaction, as previously

proposed (Uhlenbeck 2003; Kisseleva et al. 2005).

Ribozymes as therapeutic molecules

Minimal trans-cleaving hammerhead ribozymes had low efficacyresgaheir
targets owing to the poor cleavage ability withiesadlular environment. The advent
of RNAI for therapeutic purposes caused majoritytlod interest in RNA based
therapy to be shifted from ribozyme therapeuticewkler, since the restoration of
the natural hammerhead ribozyme, and increasedrstadding of the cleavage
mechanism, hammerhead ribozymes have several ademntover RNAi as
therapeutic molecules. Hammerhead ribozymes aree mspecific than siRNAS,
owing to the exact complementarity that is requibgdthe ribozyme catalytic site,
thus no off targeting can occur (Jackson et al32@8®ashi et al. 2005). A side effect
of using RNAI effector molecules is the risk of wwihg immunostimulation
pathways, such as the interferon pathway, whichzgitme do not (Sledz et al. 2003;
Judge et al. 2005; Karpala et al. 2005). Furtheemitre innate RNAI pathway is not
affected by hammerhead ribozymes, avoiding posdiitéc side effects seen by

Grimm et al. 2006. Another advantage is that rilbegy function independently
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within the cell, and are able to function withirethucleus, an area inaccessible to
RISC.

This study did not use thé&ans-cleaving abilities of the hammerhead
ribozyme, instead kept it as the more naturallyuoteg cis-cleavage. Hammerhead
ribozymes were incorporated into a cleavage-pracgsy/stem to generate a ShRNA
that does not rely on Drosha and associated peotén processing. These
hammerhead ribozymes have the ability to functiathivv a cellular environment at
physiological concentrations of magnesium, makirgent ideal processors.
Furthermore by having these ribozymes in places gossible to use tissue specific
inducible promoters such as the Pol Il promotersiclv therapeutically is a very

appealing feature.
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The Ribozyme Processing System

A ribozyme processing system (RyPS) was construictextder to generate
precise Dicer-compatible molecules, driven by &sspecific Pol Il promoters. This
system is unique in its approach, as it allowssfreral unique features as an RNAI
therapeutic: RyPS is able to generate a preciserXabstrate, void of Drosha
processing. This decreased bio-processing is aggeotis as there is a decreased
chance of creating competition for processing witate RNAs Grimm et al. 2006;
The exact Dicer substrate does not require the esdional Pol Il promoter
expression, allowing for inducible, tissue specifind lower levels of expression.
Furthermore the RyPS has the potential to be used aoncatemer, generating
multiple shRNA sequences from a single promotezy@nting promoter exclusion.

RyPS is composed of one shRNA and two hammerhdsaryies. The
hammerhead ribozymes flank either side of the shRiN&ir cleavage sites defining
the start and end of the shRNA. In theory, the harhead ribozymes would be
stable enough to form a cleavage-capable moledeksite the presence of a strong
hairpin structure. This system is an improvementitef predecessor, in which
minimal/slow hammerhead ribozymes were used (Ely,2805 MSc dissertation,
University of the Witwatersrand). It is now knowhat these minimal constructs,
although useful in primary hammerhead structuretion studies, have no
functioning in mammalian cells owing to the metah iconcentration required for

cleavage being inadequate. The hammerhead ribozgunently used in RyPS have
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the extra-core elements restored within the stehwsviag for tertiary structure
conformational change and increased cleavage rates. species of hammerhead
ribozyme does not naturally occur, rather it iseaivihtive of peach latent mosaic
virus (PLMV) ribozyme. One change in particulathe addition of the 5-UAA-3’
bulge on stem I. The bulge (5-UAA-3’) present ders | originates from a loop
structure capping the PLMV RNA sequence. This newborporated and adapted
bulge facilitates the interaction of loop Il anérst |, allowing for the formation the
kissing-loop structure.

Theoretically, the kissing-loop interaction willak for the RyPS to achieve
the correct conformation to cleave at the desighaites, releasing the shRNA into
the nucleus to be translocated by Exportin-5. A&otbktical schematic of the
secondary structure of RyPS is shown in Figure [h.8his diagram one can depict

the three elements of RyPS, namely the two flankimagzymes and the shRNA
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Figure 1. 8: The theoretical secondary structure oRyPS.

Within the boxes are the PLMV-derived flanking haerhead ribozymes shown in
black. The left flanking ribozyme has the stemndidll looped structure, whereas the
right flanking ribozyme has stem | and 1l loopebthe ribozyme cleavage site of each
flanking ribozyme is shown in red, and it should m&ted that the left flanking
ribozyme retains the cleavage triplet 5’-GUC-3’",emmas the right flanking ribozyme
releases the triplet to be included as part of 2Zheucleotide 3’ overhang of the
ShRNA. Letters shown in blue indicate the bulkhe shRNA.
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The cleavage products generated may not alway®iecp, like any cellular
species of RNA and protein, mis-folding does ocd@ine products of an unprocessed
RyPS cannot enter the RNAiI machinery, and will mibsly be degraded. There are
6 possible species that can result after RyPS psoug, the first three and most
common species will be the released 5’ ribozymerit®zyme and shRNA. Other
minor species present would be a result of misiigléind include the entire RyPS, a

conjugated 5’ ribozyme- shRNA and a conjugatedi®zyme-shRNA.
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Figure 1. 9: lllustration of the possible cleavageroducts by RyPS.

The three predominant products are the 5’ ribozysh®NA and the 3’ ribozyme
indicated by the bold arrows. The other three pctgliare an uncleaved RNA
cassette, a 5’ ribozyme shRNA conjugate and a shRNAbozyme conjugate,

indicated by the faint arrows.
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As RyPS is intended to act as a therapeutic matetesting of it will be done
in two sections. The first section will deal withmetfunctionality of the hammerhead
ribozymes, their ability to cleave and produce piaidin vitro and intracellularly.
The second section will deal with the ability oétreleased shRNA to knockdown its
target effectively. For this a hairpin was chosbat ttargets a region within the
hepatitis B virus (HBV) genome that was previoussigned by colleagues, and is
known to be highly effective in inducing knockdoy@armona et al. 2006).

The shRNA within RyPS contains an anti-sense semptargeted against the
X open reading frame (ORF) of HBV. The X ORF ovpslawith two other major
HBV mRNA sequences, namely the polymerase proteththe surface protein (the
surface protein composes of three variants) whietkes these sequences ideal as
targets for therapeutic purposes, as not onlyasmiRNA for the X-protein targeted
but the mRNA for the polymerase and all 3 surfgmedeins as well. Furthermore,
this restricts the virus’ ability to mutate easdlgainst the RNAI effector molecule, as
a single nucleotide change results in over 3 cheangseparate viral strands. Figure
1.10 gives an outline for the genome of the HBV ayee, indicating overlapping

ORFs as well as the target site of the anti-seegeesice of the shRNA.
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Figure 1. 10: A representation of the HBV genome.

The centre of the diagram represents the DNA genceseociated. Radiating
outwards are the core, polymerase, pre S1, pres8face and X ORFs, their start
indicated by an AUG. The outer shell representsRN& sequences responsible as
the transcripts for translation. The Pre C/Pregemoencodes the various core
proteins, the polymerase protein, and also funstama template for viral replication.
The pre S1 encodes one of the S1 protein, involvetie surface of viral particles.
Similarly, S2 and S encodes for the S2 and sunbaoteins, involved in the surface
of the viral particles. The X RNA strand is the #iest of the RNA strands generated,
and shares sequence homology with all the prewaushtioned HBV RNA species.
The X protein has been allocated a multitude afgpsome of which are not clearly
defined, however it is known that the X proteinyslaan important role in viral
replication. In targeting the X mRNA, viral repliaan is severely affected,
furthermore by targeting this region all other VilmRNAs are targeted. The pre
Cl/core and S proteins may not be as severely affdoy the X-targeting shRNA as
their ORF lies further upstream. However, the payase ORF falls within the
targeted region and it may also be effectively lkdoevn. The blue bar across all
MRNA species indicates the region the shRNA targg#snst.
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This study aimed to produce an RNA processing gysteapable of
generating a molecule involved in the knockdowrH8V. Unique in its design and
function the RyPS provides several advantages ouerently used RNAi based
therapeutics which include: minimal bioprocessieguired by the shRNA, which
avoids disruption of the innate cellular pathwagensitive, tissue specific and
inducible expression is possible using Pol Il prterg this product can be encoded
within a DNA vector, offering several benefits suab stability and the ease of
packaging into lenti- and adenoviral particles.haligh not included in this study,
ribozymes could be designed to target regions enHBV genome, providing a 3
way attack on the target as opposed to one. A esipgbmoter can be used to
transcribe a battery of RyPS, each encoding a shRNih targets an individual
site, helping to curb the generation of escape msitedRyPS template (DNA) is a
stable molecule, is easily transported and eas#gsproduced at source. This is an
ideal feature for developing countries which camgiport cold-chains for particular

sensitive drugs with limited shelf lives.
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Materials and Methods

PCR to generate all RyPS
constructs (including knockouts)

!

Cloning of the DNA RyPS template into
bacterial and mammalian expression vectors

!

In vitro transcriptions -
assessment of RyPS activity

!

Efficacy of RyPS activity in inducing
RNAI within cultured human cells -
Tested by an ELISA against HBV

and a luciferase-based knockdown
assay l

Intracellular assay to determine RyPS activity -
using a luciferase based knockdown assay

Northern blots on cell extracts to $

determine products of RyPS cleavage Primer extension reactions to

determine the site of ribozyme cleavage

Figure 2. 1: General overview of the experimental fpcedures followed over the

duration of experimentation.
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Table 2. 1: Definitions for abbreviations used in raterials and methods

Abbreviation Definition

RyPS Ribozyme Processing System

5'Rz Refers to the hammerhead ribozyme upstrearshiR&A of
RyPS

3'Rz Refers to the hammerhead ribozyme downstréanshRNA of
RyPS

A Prefix to a ribozyme, indicating a mutational chag that
particular ribozyme

Del Deletion within a ribozyme causing its lossacfivity

Trunc Truncation of the ribozyme, decreasing clgavability

pCl- Refers to the CMV promoter-based mammalianesgon
plasmid pCl-neo

pTZ- Refers to a bacterial expression plasmid, pTZ57RAacloning
vector

psi-Check2.2 Refers to the plasmid containing two independegrtiyressed
luciferase genes, used in knockdown studies

Rz An abbreviation for ribozyme used in figures.
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Generation of RyPS clones

5' ribozyme knockout RyPS template within a
mammalian expression vector used as the template for PCR

PCR
I
PCR generated template PCR generated template PCR generated template with
with functional RyPS with 3’ ribozyme knockout 5 and 3 ribozyme knockout

PCR productfloned into a bacterial expression victor by using T-overhangs generatef during PCR

l Each Respective RyPS clone excised by restriction digestion 1

RyPS DNA template ligated into a previously prepared mammalian expression vector

> S

Functional RyPS 3’ ribozyme knockout RyPS 53 ribozyme knockout RyPS
template within pCl-neo template within pCl-neo template within pCl-neo
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Figure 2. 2: A diagrammatic representation of the teps taken to generate

vectors capable of expressing RyPS within a mammah cell.

PCR was used to generate the faster and mutankéaoByPS clones. Previously, a
RyPS clone was generated in which a deleterioustidel was present within the
catalytic pocket of the 5’ ribozyme, rendering itable to cleave. This 5’ ribozyme
knockout clone was used as a template in PCR, @ltpfor the generation of the
other RyPS species. This was achieved by usingepsirthat would introduce new
mutations, or reinstate missing bases to restaieitsic All required RyPS species
were generated in this manner, Fast RyPS, 5 rim@zyknockout mutant, 3’

ribozyme knockout mutant and the 5’3’ ribozyme WKxmat mutant. PCR was
followed by T/A cloning, in which a single T overigion the 3’ ends of the PCR
products are ligated into plasmid vectors (pTZ5%WRh single A overhangs. This
vector has a multiple cloning site which contaiewvesal unique restriction sites,
making the excision of the PCR fragment for furtledoning easier. The DNA

encoding RyPS was excised from pTZ57R and clondgd the mammalian

expression vector pCl-neo.
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PCR

pCI-A5'4eRYPS, a mutant RyPS which has lost 5’ ribozymevagti was
previously generated and used as a template inre&f®ions to generate RyPS (fully
functional cassetteh)3'4RYPS (a non-functional 3’ ribozyme within RyPS),dan

A5'3 4eRYPS (both ribozymes within RyPS were non-functipfragments.

Table 2. 2: Primers used to generate required RyPf8agments (and knockout
clones) by PCR

Sequence Function
A) 5-GATCGCTAGCCACATAACGTC-3' Generic forward
primer
B) 5-GATCCTCGAGCACATAACGTCGG Forward primer to
TGATGA-3™* restore 5’ ribozyme
activity
C)5-GATCGTCGACCGGTGGTTTCGTCGCATC-3] Reverse primer
D)5 -GATCGTCGACCGGTGGTTTCGTCGCA Reverse primer to
TCCCAGC GACTCATC _GGGG-¥ generate non-
functional deletion

* Insertion of T restores 5’ ribozyme activity

# Deletion of A results in the inhibition of 3’ rizgme activity

One hundred nanograms of template was used in &£ R reaction
containing 1 mM MgGJ, 0.2 mM dATP, dCTP, dGTP and dTTP, 20 pmol forward
primer, 20 pmol reverse primer, l05x GoTaq Flexi Buffer and 1.25 u GoTag DNA
polymerase (Promega, Wisconson USA) in a final n@uwof 50ul. Samples were

initially denatured for 2 minutes at 9% and then subjected to 30 cycles of 15
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seconds denaturation at °@5 15 seconds of annealing °65 and 30 seconds
elongation at 7Z. The final elongation step was 10 minutes &C72nsuring the
addition of A-overhangs to the fragments.

The appropriate volume of loading dye was addeshtth PCR sample and subjected
to electrophoresis in a boric acid 1.5% agaroseTded agarose gel contained Q@
ethidium bromide per 1 ml of gel, to allow for DNWiewing under UV trans-
illumination. Correctly sized DNA fragments (~21)bwere purified from the
agarose using the MinElute Gel Extraction Kit as ipstruction provided (Qiagen,

California USA).

Plasmid construction and cloning

The purified PCR fragments were ligated into a é&aak expression system,
pTZ57R/T (Fermentas, Ontario Canada) which contanmultiple cloning site
(MCS) for simplified cloning. The MCS contains ada variety of single cutting
restriction sites, providing a fair selection o$trection sites should it be required to
transfer/clone the fragment into other expressigstesns. Often for the purposes of
these experiments, pTZ57R is used as an internegdibdwing for the transfer of the
PCR fragment into a mammalian expression systenth sas pCl-neo and

psiCheck2.2.
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B-galactosidase gene

EcoRI (616)

Sacl (626)
Kpnl (632
Xbal(645)
AmpR TA cloning site
EcoRV (651)

pTZ57R

¥\ BamHI (655)
2886 bp

Smal (661)
Apal (666)
I"H Sall (668)
incll (670)
stl (677)

HindIII (691)

Figure 2. 3: A plasmid map of pTZ57R, used for T/Acloning experiments.

Some of the unique restriction sites found witliia multiple cloning site are shown
in red. The multiple cloning site (T/A cloning 9ités located within the(-
galactosidase gene, and insertion of a fragmeattive cloning site would disruft
galactosidase functioning, and if transformed mfsgalactosidase negative bacterial
strain, prevents the metabolism of X-Gal. Bactegalonies with the intacf-
galactosidase gene metabolise X-Gal to a blue ptpdisible to the unaided eye,
while bacterial colonies containing the DNA sequeeraf interest remain white.

pTZ57R also contains an ampicillin resistance denselective purposes.
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The ligation reaction contained 0.054 pmol PCR rragt, 0.18 pmol
backbone plasmid (with T-overhangs),uB10x ligation buffer and 5 u T4 DNA
ligase in a final volume of 3l. The ligation was incubated at®Gfor 1 hour with
agitation every 20 minutes.

Chemically competenEscherichia coli, strain DH%, were transformed
according to the method in Appendix 3 and spreait &uiria Bertani (LB) agar
plates supplemented with ampicillin, 1.6 mg isoptefp-D-thiogalactopyranoside
(IPTG) and 0.8 mg 5-bromo-4-chloro-3-indodb-galactopyranoside (X-Gal) and
incubated at 3 overnight. Single white colonies were pickedftiilowing day and
screened by PCR for insert using the M13 forward 813 reverse primers, which

flank the MCS of pTZ57R.

Table 2. 3: Clone screening primers which bind thélanking regions of the MCS
in pTZ57R

Sequence Function

5-GTAAAACGACGGCCAGTG-3 Binds the
M13F site

5-CAGGAAACAGCTATGACC-3’ Binds the
M13R site

Bacterial colonies served as template in each R€2Rtion containing 1 mM
MgCl,, 0.2 mM dATP, dCTP, dGTP and dTTP, 10 pmol forwprgner, 10 pmol
reverse primer, 41l 5x GoTaq Flexi Buffer and 0.625 u GoTagq DNA pobrrase

(Promega, Wisconsin USA) in a final volume of |20 Samples were initially lysed
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and denatured for 2 minutes at’@5and then subjected to 30 cycles of 15 seconds
denaturation at $&, 15 seconds of annealing®85and 30 seconds elongation at
72°C. The reaction proceeded over 25 cycles. The M glank the multiple
cloning site in pTZ57R, M13F 36 bases upstreanhefTf/A site, and M13R lies 84
bases downstream of the T/A site. A diagrammatpregentation of the MCS of
pTZ57R can be found in Appendix 1.

DNA products generated from PCR were subjectecel@lgctrophoresis and
viewed under UV trans-illumination. A positive réisyielded fragments 377bp in
size.

Positive bacterial colonies were inoculated into D of LB broth, and
incubated at 3 overnight. The following day bacterial cells wedrarvested by
centrifugation, and plasmids extracted by the alkalysis method using the High
Pure Plasmid Isolation Kit (Roche, Switzerland)eTihsert was restricted from the
bacterial expression plasmid (total of 500ng DNAng 10 u of eachkhol andXbal,
Buffer O (50 mM Tris-HCI, 10 mM MgG| 100 mM NaCl and 0.1 mg/ml BSA, pH
7.5) (Fermentas, Ontario Canada) in a total volof®0 ul for 2 hours at 37TC. The
restriction digest reaction was subjected to edpttoresis, and DNA fragments
viewed by UV transillumination once stained witthidium bromide. The DNA
fragment was purified from the agarose gel usirgg MinElute Gel Extraction Kit
(Qiagen, California, USA). The mammalian expressmasmid, pCl-neo, was
restricted and purified in a similar manner. Thibwed for the generation of

compatible ends when the plasmid was cleaved Mhth and Xbal.
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CMV Enhancer
CMV Promoter
Intron 1
Ahel (1086)

Xhol{iogz)

EcoRI{1007)
T3 Promoter
MiuI (110
AmpR T7 Promoter
MCS
Xbal(1115)
Sall(1121)
Accl(11z22)

Smal(i11e8)
E E otli1132)
Synthetic PolyA

SV40 polyA
/ f1 origin

NeoR SV40 Enhancer/Promoter

Figure 2. 4: A plasmid map of pCl-neo.

The mammalian expression vector, pCl-neo, contaani®us elements that allow for
its prokaryotic replication as well as eukaryotxpeession. The cytomegalovirus
(CMV) promoter is used for the expression of pradudoned within the multiple
cloning site of the vector. The vector also cordgan intron, expressed by the CMV
promoter as well as various elements taken fromSimeian vacuolating virus 40
(SV40) such as a polyadenylation signal and a ptemdhe vector contains 2
selectable markers, namely neomycin and ampiciigistance. Neomycin resistance
is used in eukaryotic, while ampicillin in prokatiyocells. The T7 and T3 sites can

be used for sequencing analyses as well as destfsrin vitro transcriptions.
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The fragment isolated from the pTZ57R clones wgetéid into the previously
prepared pCl-neo backbon¥bél and Xhol restriction). Ligation of the restricted
insert involved 0.054 pmol fragment, 0.18 pmol bmmie plasmid, 10 u T4 DNA
ligase and the respective buffer (Fermentas, Gntaanada). The reaction proceeded
at 18C overnight. The following day DHbbacteria were transformed with the
ligation reaction, plated onto ampicillin supplerteeh LB agar plates and grown at
37°C overnight. Often it was found that incubationtlodé bacterial colonies required
longer than 14-15 hours of incubation, and ofterh@0r incubation produced more
visible colonies. Thus, overnight incubation on tgda often refers to 20 hour
incubations.

Bacterial colonies were screened by PCR using edap? and T3 primers
which are larger than the conventional providingager specificity during screening.
This method is similar to that used to screen pR.6@lonies with M13F/R primers.
The T7 promoter site is 7 bases upstream of thegted product, and the T3 23 bases

downstream, producing a positive result in the fofnt280 bases.

Table 2. 4: Adapted T7 and T3 primers used in the €R screening of positive

RyPS clones inserted into pCl-neo

Sequence Function
5-GTACTTAATACGACTCACTATAGG-3’ T7 Primer
5-AGCATTAACCCTCACTAAAGGG-3 T3 Primer
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Bacterial colonies were resuspended as templateach PCR reaction
containing 1 mM MgGJ, 0.2 mM dATP, dCTP, dGTP and dTTP, 20 pmol forward
primer, 20 pmol reverse primerd 5x GoTaq Flexi Buffer and 1.25 u GoTaq DNA
polymerase (Promega, Wisconsin USA) in a final wwuof 20ul. Samples were
initially denatured and lysed for 2 minutes af®@%nd then subjected to 25 cycles of
15 seconds denaturation at°@5 15 seconds of annealing°@0and 30 seconds
elongation at 7. PCR products were subjected to agarose gel ¢&8¢rophoresis,
and DNA fragments viewed by UV trans-illuminatiofositive clones were

sequenced by dye termination sequencing (Inqabz&iaologies, South Africa)
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Generation of the luciferase-RyPS reporter system.

pCl-clone of each of the RyPS species
(fast, slow and knockout mutants)

PCR on the RyPS sequence to
introduce new restriction site

Ligated into the bacterial
expression vector

y
© ( j psi-Check2.2

Restriction digestion with Xfhol and Notl \

L

RyPS DNA template cloned into
digested psiCheck2.2 backbone

D

Figure 2. 5: Overview of methodologies to generatbe luciferase-RyPS reporter

system.

The pCl-neo clones containing the correct respecRyPS clones were used as
template in a PCR reaction in which new restricsges were introduced. The PCR
fragment was inserted into the MCS of pTZ57R by Tléning. Screened colonies
with positive insert were restriction digested wihol andNotl and the DNA RyPS
fragment was ligated into the MCS site psiCheck®&lach similarly was pre-treated
with Nhel and Xhol. RyPS-encoding DNA indicated by red, luciferasengs

indicated in orange.
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Individual functioning of each of the ribozymes lwvRyPS was tested. It was
required to have the ribozymes function within RyB&d not as single entities, as a
change in surrounding sequences of the ribozymeg Inaae an effect on the
cleavage activity of each of the ribozymes. The Rglystem was cloned into a dual
luciferase reporter system. The dual luciferas@ntep system contains Firefly and
Renilla luciferase, each transcribed from individual préen®. In doing so, one can
target either of the luciferases, inducing theioégkdown, while the other expresses
for background control levels. Both luciferases aneoded within a single plasmid,
thus providing a very sensitive accurate reporystesn. Each of the RyPS clones
(functional on knockout mutants) were cloned dowesn of the coding region of
Renilla luciferase, thus any ribozyme activity would le@adthe disruption of the
MRNA strand and hence its degradation. By testagheof the knockout mutants,
activity of the functioning respective ribozyme tbbe determined. Figure 2.6 gives

an overall representation of the general mechaofdifme Luciferase-RyPS cassettes.
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Renilla Luciferase ﬁL — "‘

i
2 Firefly Luciferase | S
5'4| Renilla Luciferase
R Firefly Luciferase

Figure 2. 6: Representative figures of the outcomeshen the RyPS constructs

were cloned behindRenilla luciferase.

Within a cellular environment a non-active cassetteeh as théd5’A3’'Rz RyPS or
slow RyPS, would result in functionBenilla luciferase detectable in an assAy. (If
the ribozyme(s) was active (RyRSy’ ribozyme knockout 0A3’ ribozyme knockout
RyPS), little luciferase activity would be seeB).(In both experiments, Firefly

luciferase served as a background control.

RyPS encoded sequences within pCl-neo were usetemaplate in the
following PCR reaction: 100 pg template, 1 mM Mg@.2 mM dATP, dCTP, dGTP
and dTTP, 20 pmol forward primer, 20 pmol reversengr, 4 pl 5x GoTaq Flexi
Buffer and 1.25 u GoTaq DNA polymerase (Promegascdfisin USA) in a final
volume of 20ul. PCR samples were initially denatured for 2 masuat 98C and

then subjected to 30 cycles of 15 seconds denamrat 95C, 15 seconds of
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annealing 5% and 30 seconds elongation af@2The final elongation step was 10

minutes at 7.

Table 2. 5: Primers used to generate RyPS fragmenfsom PCR containing the

correct restriction sites for cloning into psi-Che&2.2

Sequence Function

A) 5-GATCCTCGAGCACATAACGTCG-3 Forward primer
to generate
“faster” RyPS

B) 5-GATCGCGGCCGCCGGTGGTTTCGTCGCATC-3 Reverse primer
to generate
“faster” RyPS

C) 5-GATCCTCGAGTCTAGACGCCTGATGAGTC-3' Forward primer

to generate

original/
slow RyPS
D) 5-GATCGCGGCCGCACTAGTTGCTTTGAGGCACT-| Reverse primer
3 to generate

original/ slow
RyPS

PCR products were subjected to electrophoresisséided with ethidium
bromide. Fragments were purified from the agarosleagd ligated into pTZ57R,
transformed into DH& cells and screened by M13F/R PCR, as previously

performed.
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The positive RyPS clones, now containing modifiestriction sites for
insertion into psiCheck2.2, were treated wXhol and Notl (Fermentas, Ontario
Canada) in the following reaction: g template DNA, 5ul buffer O, 10u of each
restriction enzyme in a total volume of %0, incubated at 3T for 2 hours.
Similarly, linearised psiCheck2.2 backbone was areg this way. Ligation of the
restricted insert involved 0.054 pmol fragment80pinol backbone plasmid, 10 u T4
DNA ligase and the respective buffer. The reactiomceeded at £8 overnight. The
following day DH%x cells were transformed with the ligation reactiptgted onto

ampicillin supplemented LB agar plates and growB74€ overnight.
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SV40 promoter
Intron
T7 binding site

Renilla Luciferase
AmpR

psiCheck?2.2
fez78bp

MCS
Xhol(1644)

NotT(1680)

SV40 late poly ,ﬂ‘».)6 \ synth. poly A

HSV-TK promoter

Firefly Luciferase

Figure 2. 7: Plasmid map of psiCheck?2.2.

Renilla luciferase expression is transcribed by a SV4@npter. Downstream of the
Renilla gene is the multiple cloning site, often usedifisertion of target sequence in
knockdown studies. Firefly luciferase is used asaekground control wheRenilla is
knocked down, and is transcribed by a Herpes Singlaus (HSV) promoter. The
plasmid also contains an ampicillin resistance géhepR), used for bacterial

selection and culture.
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DNA preparation for general use and transfection.

Clones were picked and grown in 3 ml LB broth ai@with shaking for 8
hours. This culture was used to inoculate 50 mldtBth for DNA used in cloning
experiments or 200ml LB broth for transfectionstiBaere grown at 3T overnight
with shaking. Bacterial cells were harvested bytriigation, at 4000xg for 20 and
35 minutes for the 50 ml and 200 ml cultures respely. Supernatant was discarded
and the bacterial pellets were treated with thepésl plasmid midi kit or EndoFree
plasmid maxi kit supplied by Qiagen according tonafacturer’s instructions. This
preparation relies on the alkaline lysis of baalerells in which a sudden pH change
causes the precipitation of the non-plasmid batedomponents such as

chromosomal DNA and cellular proteins.

In vitro transcriptions
Template Generation

PCR was used to generate template iforvitro transcription. The T7
(forward) primer and a respective reverse primes waed in the following PCR
reaction containing 100 ng of template, 1 mM Mg®©.2 mM dATP, dCTP, dGTP
and dTTP, 20 pmol forward primer, 20 pmol revergenpr, 10ul 5x GoTaq Flexi
Buffer and 1.25 u GoTaqg DNA polymerase (Promegaa iiinal volume of 5Qul.
Initially samples were denatured for 2 minutes 31C9 and then subjected to 30
cycles of: 98C for 30 seconds, 56 for 15 seconds and %2 for 15 seconds. DNA

fragments were purified from an agarose gel posttelphoresis as mentioned
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previously. Alternatively, template was generated testriction digest. Each
respective (pCl-neo clone) clone was treated fdarodrs byBglll and Xbal in 2x
Buffer Tango (66 mM Tris-acetate, 20 mM Mg-acetdtg2 mM K-acetate and 0,2
mg/ml BSA, pH 7.9) at 3. This generates a fragment that contains theegrst
T7 promoter site as well as an extended 3'Rz. Résin fragments were purified by

electrophoresis and gel elution, as mentioned pusly.

DNA Template generated by PCR

75 69 73
| I I 1 |
L,
T7 5Rz shRNA 3Rz
Y i —
| | |
Bgll o 75 69 88 Xbal

DNA Template generated by restriction digest

Figure 2. 8: Schematic representation of the DNA taplates used in then vitro

transcription reactions.

Shown in green are the DNA templates of the flagkiitbozymes, in orange the
shRNA. The T7 promoter binding site is shown ingw| and the arrow denotes the
transcription start site. Light blue regions indec®NA belonging to the backbone of

pCl-neo.
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Having these two templates allowed for variousdexto be incorporated.
PCR generated template provides the exact temfuafeyPS to be produced which
includes the T7 binding site. This method causes 3hand 3’ ribozyme RyPS
products to be similarly sized, which may causéadtilty in identification of bands
species in further analysis. However the advantagiis is that an exactly RyPS
system is produced without flanking sequences whiely interfere with processing
or folding. Generating template by restriction digeesults in a larger 3’ ribozyme,

which is easier to distinguish from the 5.

In vitro transcription

Thein vitro transcription reaction comprised of 350 ng DNA péaite, 20uCi
[a-*P]JATP and the required components from MEGAshaigs®t high yield
transcription kit (Ambion, California USA). The rt#n was performed at 3Z for
2 hours. An equal volume of loading dye was adaetthé¢ transcription reaction and
samples placed on ice. Two microlitres were loaded a 41 cm denaturing
polyacrylamide gel (Appendix 1). Electrophoresissverformed at 1500 V and 30
mA for 5 hours in 1x TBE buffer. An X-ray film wasxposed to the gel for 15

minutes in a cassette at *@and developed.
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Tissue culture, transfections and RNA collection

Two cell lines were involved in the experimentsfpened, namely Human
embryonic kidney cells (Hek293) and Human hepagxyiHuh7). Hek293 were
found to grow in culture more easily and consedyentre used in experiments

which did not require any hepatitis B virus product

Cell culture

Cells lines were cultured in Dulbecco/Vogt Modifiddagle's Minimal
Essential Medium (DMEM) containing 10% foetal caérum (FCS), and kept at
37°C and 5% C@ Once cells reached 90-100% confluency they welie t® 30%
confluency, by removing any media with a phosplmitiered saline (PBS) wash,
and then adding an equal volume (as the mediaB&fte the cells and incubating at
37°C for 5 minutes. The PBS was then removed and enth tof that volume
replaced with DMEM. Hek293 cells at this point wessily removed off the surface
of the dish. Huh7 cells however, are treated wishrg trypsin per 10 cfrdish for 5
minutes at 37 in place of the second PBS wash used for Hek288, mnd then
removed from the culture dish surface in a sinfédahion. Cells were counted using a

haemocytometer where necessary.
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DNA + transfection

reagent mix
Cell line ready for transfection 9

_ 5 i

o=y, 7
\ Transfect cells /

ELISA Luciferase-based Assay

Supernatant is collected from transfected cells, Cellular content is harvested using a lysis buffer.
and Is used directly in an ELISA against the S There is no use for the supernatant

protein of HBV. This is a calometric based assay.
Cells can be harvested for northern blot analysis.

Northern blot analysis

1.Cells are lysed by a phenol-based method and RNA extracted
and purified. 2. The RNA species are separated by electrophoresis,
and transferred onto a nitrocellulose membrane. 3.Radio-labelled
probes detect target RNA present on the membrane,
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Figure 2. 9: Basic overview of the experiments inWeed in the cellular

assessment of RyPS.

Each experiment was separately performed, postfaetion. Cells turn green owing
to GFP being present within the transfection migpatrol step to ensure transfection

was effective.
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Transfections

All transfections were carried out in wells witt2em diameter (typically a 24
well dish), unless otherwise stated. Per wellyglof DNA was added to 5QI of
optiMEM (Invitrogen, California USA), and incubatéor 5 minutes as well as {l
of lipofectamine (Invitrogen, California USA) waslded to 50ul of optiMEM and
incubated for 5 minutes. Both DNA and lipofectaminexes were combined,
thoroughly mixed and incubated for a further 20 utés in the dark. This was then
added to the cells and incubated afG375% CQ for 5 hours, after which the
medium was removed and replaced with fresh DMEMRpented with 10% FCS.
Cells were left for 48 hours post transfection with a change of media, and

necessary components harvested.

ELISA against HBsAg

An ELISA was performed against the HBsAg of hepaf virus. This assay
allows for the detection the viral production witha cell, as the S proteins are shed
from the cells into the media, or sera. To measued replication, an ELISA against
the E antigen would be more fitting, as this prot@ppears when viral transcripts are
produced. It is necessary to use Huh7 cells fa &xperiment, as HBV does not
replicate in Hek293 cells.

Forty eight hours post transfection, supernatarst ieenoved from Huh7 cells
(stored at -2fC if necessary) for an antiHBsAg ELISA, using therMlisa Ag HBs

Plus kit (Bio-Rad, California USA). The assay rslien a “sandwich” based
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approach, whereby the detection monoclonal antésodre bound to a peroxidase.
This assay is colorimetric in nature, and finallssare measured at 450 and 650 nm.

For a full protocol, refer to Bio-Rad Monolisa AdHl Plus kit protocol.

Dual luciferase based assay

The luciferase assay is a more sensitive assay a@ahgo the ELISA. This
increased sensitivity is for several reasons, oholg that data do not rely on the
uniformity of cells per dish, usage of a backgroumhtrol encoded on the same
plasmid as the target molecule and optical seitgitof the system is greater. A
region downstream ofRenilla luciferase mMRNA is targeted, resulting in its
knockdown, while Firefly luciferase provides a camgble background.

The supernatant was removed from Hek293 cells &swhled. No washing
was done to remove the minor amount of supern&éintas cells may lift from the
plate surface. Cells were then incubated with }001x Passive lysis buffer
(Promega, Wisconsin USA) for 20 minutes at@G7with no shaking. Cell lysate was
thoroughly mixed until homogeneous. Ten microlitoé®ach sample was aliquotted
into a plate specifically designed for fluorescebesed optical readings (Promega,
Wisconsin USA). In sequential order, 90 of luciferase assay reagent Il (LARII)
was added (contains Firefly luciferase substrated, a fluorescence measured with a
green trace, 5@ of Stop and Glo (which contairRenilla luciferase substrate and
Firefly luciferase quenching agents) was added faratescence measured with a

blue trace (This protocol has been modified frone triginal Dual-Luciferase
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Reported Assay System from Promega, California US#A}his experimentRenilla
luciferase mRNA was knocked down, thus the Firdflgiferase served as a
background control. It is also possible to knockdowirefly luciferase mRNA,

howeverRenilla would then have to serve as a background control.

Northern blots and associated procedures

The northern blot is a sensitive assay in which RdéA be detected using
either a DNA or RNA probe. Sensitivity can be colied by the stringency steps
used to remove incorrectly bound probe. Furtherm@e@ioactively labelled probes

provide a large degree of sensitivity in the détecof minuscule amount of RNA.

RNA extractions

Huh7 cells were cultured using methods mentioneslipusly under cell
culture, however, a 10 cm culture dish was usethndfections were based on the
same ratio of cells:DNA. Thus the amount of DNAdiper transfection scales with
the amount of cells present per dish.) Forty elghirs post transfection, supernatant
was removed and cellular content was harvestedliyng 1 ml Tri-Reagent (Sigma),
incubating for 5 minutes at room temperature. Galhte was collected and 2(0
chloroform added, which was gently vortexed brieflyd left to stand at room
temperature for 15 minutes. Samples were subjdotedntrifugation at 12,000xg for
15 minutes at%C. The upper clear phase contained RNA, and wamaia from the

sample and to this 50l isopropanol was added. Samples were left at room

66



temperature for 15 minutes and then subjected ntriftggation at 12,000xg for 10
minutes at 2C. Supernatant was discarded and the RNA pellehedhin 1ml 75%
ethanol and centrifuged for 10 minutes at 7,500%2) &NA pellets were air dried for
10 minutes and resuspended in 00 E buffer (10 mM Tris, 1 mM EDTA pH 8).
RNA samples were immediately stored at°@Olt is important to note that all
reagents used as well as procedures performeddshewds RNase-free as possible. It
can be achieved by treating instruments such aslapawvith 1% SDS solution, and
then autoclaving afterward. DEPC treated water @xglix 2) was used to make all
solutions such as buffers. Reagents used werdiegrd be of analytical grade, and

were kept separate from those used in generaldageu

Electrophoresis

A 20 cm 12% denaturing polyacrylamide gel was loadéh 30ug of each
respective RNA sample (RNA was premixed with a DRNA loading dye).
Electrophoresis was performed in 0.5x TBE buffeB% V and 30 mA for 5 hours,
or until the bromophenol blue band reaches thebotf the gel. The gel, filter paper
and nylon membrane (Hybond N) were all cut to tize ®f the area in which the
RNA had migrated within the gel. A sandwich setugsvereated where by the gel
was placed on moistened membrane, and then thyeeslaf moistened filter paper

were placed on both sides (0.5x TBE was used tsteto).
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Blotting

Semi-dry electrophoresis was carried out at 300 (88 mA/cnf) for 30
minutes. The membrane was removed and dried at temperature, after which the
RNA was UV cross-linked for 100@J over a period of 1 minute and then baked at

80°C for 30 minutes.

Hybridisation and oligonucleotide preparation

Oligonucleotide probe preparation

End-labelled DNA probe was prepared by using 104upblynucleotide
kinase (Fermentas, Ontario Canadajl110x T4 polynucleotide kinase buffer, 20
uCi [y->*P]JATP (3000 Ci/mmol), 10 pmol DNA oligonucleotide & final volume of

10 ml, incubated for 30 minutes at°87 Probe oligonucleotides were purified in a

Sephadex G-25 column.

Hybridisation

Membranes were prehybridised with 25 ml Rapid-Hylfdr (Amersham,
New Jersey USA) for 30 minutes at°@¢2(0.25 ml/cr). Labelled probe was added
to the hybridisation buffer after the prehybrisatgiep.

Hybridisation was then allowed to proceed for ormurhat 42C. The
hybridisation buffer was discarded, and the blosheal with the non-stringent 5x

SSC 0.1% SDS solution for 20 minutes at room teatpez. Wash solutions were
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discarded and blot dried at room temperature. Xfilay was exposed to the blot

overnight at -7€C.

Cleavage site determination by primer extension reactions

Primer extension reactions provide information tetedmine where the
template (target) starts (from the 5 end). Thiscsomplished by having a primer
bound downstream undergo a polymerase reactidme(dity reverse transcriptase for
RNA or Taq polymerase for DNA). In this case, reseetranscriptase and a DNA
probe were used to determine at what point theymtsdoroduced by RyPS cleavage
start. The 3’ ribozyme (thus the 3’ ribozyme clegwasite) was probed and the
ShRNA (thus where the 5’ ribozyme cleaves). If usedonjunction with a marker
ladder size increases can easily be distinguisfidds experiment utilized a
sequencing reaction as a ladder, using similargg@s in the primer extension. In
doing this, not only can the size difference beedpexact site of cleavage can also be

mapped.
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The primer extension product (Lane PE) shares a
common probe with the sequencing reaction. Thus,
each nuclectide added by reverse franscription (primer
extension) and sequencing will be idenfical. At the
point at which primer extension ends one can correlate
that end nuclectide to a nuclectide with a similar
migratory pattermn in the sequencing lanes. Thus it
is possible to determine the point of ribozyme cleavage .

Figure 2. 10:
Overview of the
primer extension
reaction used to
determine  the
cleavage sites of
each of the
ribozymes in
RyPS.
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Primer extension

The adapted T7 primer and a reverse primer were sthe following PCR
reaction containing 100 ng of template, 1 mM Mg®©.2 mM dATP, dCTP, dGTP
and dTTP, 20 pmol forward primer, 20 pmol revergenpr, 10ul 5x GoTaq Flexi
Buffer and 1.25 u GoTaqg DNA polymerase (Promegaa iiinal volume of 5Qul.
PCR conditions as follows; 2 minutes af®@530 cycles of: & for 30 seconds,
55°C for 15 seconds and @ for 15 seconds. DNA fragments were purified fram
agarose gel post electrophoresis as mentionedousyi

The MEGAshortscript™ high yield transcription kitag/ used for then vitro
transcription reaction and contained 350 ng DNApkte. The reaction was carried
out at 37C for 1 hour. Samples were stored at®@@lirectly after incubation until
use.

End labelled probe used in the reverse transcripteaction was generated in a
similar manner used for the northern blots.

RNA template generated from the in vitro transaoiptwas used in a reverse
transcription reaction. The protocol followed was @er stipulation in the

Sensiscript Reverse Transcription Handbook from Qiagen.

Sequencing-size determination reaction

Sequencing was performed using the same oligoprobethe reverse

transcription kit. This would allow for a direct rcelation between the size of the
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primer extended product and relevant positioninthensequencing reaction, thus one
would be able to determine exact position of ritlneycleavage. The CycleReallér
DNA sequencing kit from Fermentas was used andfitiad of DNA template in the
form of whole plasmid (pCl-neo clones) used in thaction. Both reactions were
stopped by the addition of an equal volume of DNRARoading dye.

Five microlitres of each reaction (primer extensiamd sequencing) was
loaded into a 41lcm denaturing 10% polyacrylamidé ayed was subjected to
electrophoresis at 1500 V 30 mA. An X-ray film wasposed to the migrated

products overnight at -7G and autoradiography performed.
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Results and Discussion

In vitro Transcriptions

Initially it was necessary to determine whether Byias able to function in
an environment optimal for ribozyme activity. ThgHS predecessor showed some
activity within thein vitro environment, using minimal hammerhead ribozymésisT
it was assumed that a greater rate of cleavage obdsinable by the faster
hammerhead ribozymes. This activity is thought o due to concentration of
divalent cations, which within than vitro environment is often far higher than is
required by hammerhead ribozymes for cleavage,\lisn this environment results
obtained represent products from RyPS cleavagenandhether RyPS is viable in
cellular environments. The surplus of magnesiuns ipresent within the buffers (6
mM) allows for cleavage to take place, irrespeciwfethe hammerhead ribozyme
being minimal form. Ideally 3 major cleavage produwould result from RyPS
cleavage, namely the 5’ and 3’ ribozymes, and tiRNA. The other products that
would be expected are caused by malformation of stnyctures within RyPS,
preventing cleavage, however these species woufatdsent in far smaller amounts
compared to the main cleavage products. Figure deémonstrates the possible

products generated by RyPS.
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AUUCGUCGCCCGAC

AUUCGUCGCCGAC ‘
; lWAAGCA "GGCc UG

AAGCA 'GGC UG

5 Ribozyme / 3' Ribozyme

shb

5’ Ribozyme + sh5 3' Ribozyme + shb

Figure 3. 1: lllustration of the possible productsformed by the faster RyPS

during in vitro transcriptions.

The RyPS products indicated by the bold arrowstlaeemajor products, whereas
those by the thin arrows are the minor productsy dinthe knockout RyPS species,
would produce products indicated by the thin arrosrsd would be a predominant

species in that particular reaction.

Producing the RyPS within an vitro environment would be the first step in
visualizing the potential cleavage products. Tharenment of the reaction (which is
dependent on the conditions which would suit thetdx@phage T7 polymerase for
peak activity) has a high concentration of magmasions, far higher that would be

found in any cellular environment. Using this eowiment, the rate limiting factor is
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not the presence of divalent magnesium, and botiinmai and fast ribozymes will
function fully.

Initially DNA template for thein vitro transcription was generated by
restriction digests of the respective plasmids. ddejing on the restriction enzyme
used, one could control the length of template ddmam of RyPS, thus the larger
the end length, the larger the 3’ ribozyme wouldafier cleavage. It is assumed that
owing to the degree of secondary structure pregdhin the ribozyme, the extra
downstream sequence generated from downstreanctiestrsites will not interfere
with the 3’ ribozyme cleavage reactidall was used to cleave downstream of the 3’
ribozyme. However it was speculated that becauge bt a blunt cutting enzyme
may give rise to additional products of differeites in the transcription reaction
owing to premature release of the polymerase froentémplate, which may vary
from 1-2 bases in size. This size variation of3hebozyme was found to occur (data
not shown), and template was therefore generateithdyplunt-cuttingSmal digest.
This caused the 3’ ribozyme to be slightly largébéses) however predictive RNA
folding analysis showed that the secondary strectfrthe hammerhead was not
affected (data not shown). Tabulated in Table 3€lthe sizes of expected RyPS

products from template generated bghll and Smal digest.
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Table 3. 1: Potential RyPS products and their predited sizes to be generated by

cis-cleavage after anin vitro transcription reaction using template generated by

restriction digest

Product | 5’'Rz 3'Rz Hairpin | 5'Rz- Hairpin- | RyPS
(nt) (nt) (nt) hairpin 3’'Rz (nt) | (nt)
(nt)

Minimal 71 62 69 140 131 202

System

Fast System | 75 88 69 144 157 232

A5'Rz Absent | 88 Absent | 144 157 231

Knockout

A3'Rz 75 Absent | Absent | 144 157 231

Knockout

A5’A3’ Absent | Absent | Absent | Absent Absent 230

Knockout

The RNA produced from thin vitro transcriptions was radio-labelled, and

separated in an acrylamide based gel by electreplsorThe gel was exposed to X-

ray film, and the RNA products from RyPS cleavages wisualized as bands. It was

found that irrespective of the nature of the 3’ exidhe template (overhanging or

blunt) multiple bands would still form from the 8bozyme ranging in 1-2 bases.
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Cloning generated a truncated 5 ribozyme and skwl® a useful control
element in size determination and comparison teroRyPS RNA species present.
The truncated 5’ ribozyme is 11 bases smaller thannormal, thus making it 64
bases pairs in size. This truncation results inrémoval of the bulge (5’-UAA-3)
from stem I, essentially rendering the fast hammadhto a structure similar to that of
a minimal hammerhead ribozyme, unable to form susthtertiary structures during
cleavage. Without the presence of either loop Ilbalge on stem |, the tertiary
structure required for cleavage would only occuewlthere is a correct momentary
conformational change. The structural differencéshe three 5’ ribozymes (fast,

minimal and truncated), are compared Figure 3.2.
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Figure 3. 2: Diagrammatic comparison of the varioushammerhead ribozymes

included within the RyPS species.

The catalytic core of the hammerhead ribozyme dmeschange, and is constant in
each of the ribozyme species.An the minimal ribozyme is smaller than the faster
counterpart, these differences accounted for tioeedsed size of stem | (5-UAA-3’
bulge), stem Il as well as loop B.includes the bulge and loop structures involved in
tertiary stabilization. The truncated ribozyrfie only has one adenosine from the

stem | bulge remaining and cannot participate rithatiey structure formation.
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An in vitro transcription of 4 of the clones, slow RyPS, fR§PS,A5'Rz
RyPS and truncated 5’Rz RyPS, showed that the Ryd&&Shighly efficient in itsis-
cleavage, producing almost all product and venjeliinitial substrate. The three
predominant products can be seen in Figure 3.8estending order of 3’ ribozyme,
5’ ribozyme and then shRNA. The slow RyPS underwmur cleavage of the 3’
ribozyme, as most of the shRNA and the 3’ ribozysmaain bound together which is
postulated to occur because of the different clgaviaiplet (5’-CUC-3’) encoded
within the 3’ slow ribozyme. It is known that th@ptet NUH is a universal cleavage
triplet for hammerhead ribozymes, however certaiplets have shown improved
cleavage.

A5’'Rz RyPS clone does not allow for any cleavageviggtwithin the 5’
ribozyme, owing to the deletion of the highly consel uracil group within the
ribozyme catalytic pocket. The uracil is part of thotif 5’-GU,GsAs-3’ which plays
a pivotal role in the formation of the tertiarystture of the hammerhead ribozyme.
This motif undergoes an 180nternal rotation to facilitate the tertiary stue
formation, and consequently removal of any of ther inucleotides would result in a
loss of ribozyme flexibility, hence loss of actiitinterestingly it has been found,
that when that particular uracil in the 53\GGsA6-3' motif is substituted with a
cytosine to 5-GC4GsA6-3’, the ribozyme still maintains activity (datatrghown).
This activity is expected because of the presehteeopyrimidine base found within

both cytosine and uracil.
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A5’'Rz RyPS has an inactive 5’ ribozyme thus only 8heibozyme and the
conjugated 5’ ribozyme-shRNA will be present asagbge products aften vitro
transcription. This allowed for the deductive idoation of the band species present
on the X-ray film produced byn vitro transcription. Furthermore, this data was
supported by the positioning by the truncated Bbzyme, confirming the identities
of all the band species. In Figure 3.3, all thedbapecies can be identified, clearly
showing the potential of ribozyme cleavage actiwtthin anin vitro environment.

RyPS functions well within ain vitro environment, as shown in previous
studies using the minimal hammerhead ribozymes uplighed data), and is
postulated to occur because of the magnesium iotesb However, if the postulated
cleavage and conformation mechanism by Martick @ooltt 2006 is valid, then the
high magnesium ion concentration will have littte do with the outcome of the
cleavage reaction. Instead, the metal ions fundtobind to the negatively charged
phosphodiester backbone of RNA, causing an ovdegliease in the negative charge
of the backbone, and thus increased overall stpbdf secondary and tertiary
structures. Previously it was thought that the neagmm ions play a direct role in
cleavage reaction, and depending on their role dvast as general acids or bases,
similar to the functional groups found within thatalytic pocket of a hammerhead
ribozyme. The minimal hammerhead ribozyme systedhritaother means to initiate
cleavage other than using metal ions as catalysts randomly instantaneous
cleavage conformation, owing to the lack of exieecelements. It would not be

impossible for the metal ion-initiated cleavageoties to apply to the fast acting
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hammerhead ribozymes in which magnesium ions ehtercatalytic pocket and
become involved in the cleavage reaction. This @wadem to be the case for the
slow RyPS, even though it is unable to sustainr@atg structure responsible for
cleavage, as it is still able to cleave withiniawitro environment. It is possible that
ribozyme cleavage could occur via both mechanigmsyhich metal ions as well as
core elements help facilitate the cleavage readtibife extra-core elements provide
stability for tertiary structure and align requirgtbups for cleavage. The cleavage
reaction of the slow RyPS (Figure 3.3 in resultsjirth in vitro transcription shows
that the 3’ ribozyme undergoes very poor cleavagkisithought to occur because of
the cleavage triplet used. It has been shown thid ¢ the best general formula for
the cleavage triplet, and has been extended to NMhich is far more
accommodating for target cleavage sites or tripleigever is known to be less
effective for cleavage, resulting in slower cleazaghe best rate of hammerhead
ribozyme cleavage has been found using the 5’-GUge@vage triplet, and the slow
minimal RyPS used the triplet code is 5-CUC-3'tive 3’ ribozyme, which most
likely accounts for the poor cleavage seen frionvitro transcriptions. One may
attribute the decrease in cleavage to the charmge & purine to a pyrimidine base,
and as Martick and Scott 2006 indicate, speciangement within the catalytic
pocket of the ribozyme plays an important roleleagage. It would appear that even
though not highly conserved, the cleavage tripdgfuences play an important role in
rate of cleavage, and | suspect that it is owinguerall stem Il stability in keeping

the tertiary structure more stable during cleavage.
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Figure 3. 3: An autoradiograph ofin vitro transcription products subjected to

electrophoresis in a 10% denaturing polyacrylamidegel.

Lanes A-B contain size markers, of 116 and 35 speetively. Lane C contains the
RyPS system containing the minimal/slow ribozynt@s.the left of the diagram, the
two products produced by the minimal system arécatdd. Lane D contains the
functional faster RyPS, and lanes E-F contain fastb®zymes modified such that
they are either non- or less functional. Lane Etaios the 5 ribozyme knockout
clone whereby the 5’ ribozyme does not cleave, laradtruncated version of the 5’
ribozyme, essentially functioning as a minimal @ipme. On the right of the diagram,
the knockout 5’ ribozyme + shRNA product is indext below that all the other
products produced by RyPS. The lowest label igrinecated 5’ ribozyme, which is
seen below the shRNA. Even though truncated, tm#ézyme is still functional.
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A second autoradiograph was produced using PCRupt@s template for the
in vitro transcription, as opposed to a template generayedestriction digest as
before. When using PCR product as template, treeafizhe 3’ ribozyme decreases
because no additional downstream sequences arenprgseviously generated by
restriction digestion. The following experiment tained additional controls, in the
form of a 3’ ribozyme knockoutA3'Rz RyPS) and a 5’ and 3’ ribozyme knockout
(A5’'A3'Rz RyPS). These two controls would provide canéition of the species
seen on the previous autoradiograph. Additionddlychanging the forward primers
used to generate the template, one could modif$'thiozyme to be a different size
from the original species. This was done by inalgdb additional non-interfering
bases to the forward primer. This would result ineaplate that aftern vitro
transcription, produces 5 ribozyme that has 5 @wmltl bases. Template sizes

generated by PCR and restriction digest have bempared in Figure 3.4.
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Figure 3. 4: Templates used forn vitro transcriptions.

In B-E the template comprises of the CMV promoéger,intron and extra nucleotides
from the backbone, resulting in a fragment ~135@bpsize. This fragment is
generated by &glll/Smal digest on the RyPS clones within pCl-neo. In Gthe
templates are generated by a PCR reaction andaarenfaller than the previous
template used. These fragments are approximatédybplis size. A) DNA size
marker, B) slow/minimal RyPS template, C) RyPS titgy D) A5’Rz RyPS
template E) truncated 5’Rz RyPS template, F) DNz& snarker, G) slow/minimal
RyPS template, H) RyPS template ARz RyPS template, §3'Rz RyPS template
and K)A5'A3'Rz RyPS template.

Table 2 and Figure 3.5 give a comparison of thelygets generated by RyPS
after in vitro transcription using PCR product as template. Trecketed values

indicate ribozyme sizes if the 5-base larger tetepiaas used to generate RNA.
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Table 3. 2: Size predictions of the RyPS productsrpduced by cis-cleavage after

anin vitro transcription using PCR products as template

Product | 5'Rz 3 Rz | shRNA 5'Rz- Hairpin- | RyPS
[+5] (nt) | (nt) (nt) hairpin | 3'Rz (nt) | [+5]
[+5] (nt) (nt)
Fast 75 [80] 73 69 144 142 217
System [149] [222]
A5'Rz Absent 73 Absent 143 142 216
Knockout [148] [221]
A3’Rz 75 [80] Absent Absent 144 141 216
Knockout [149] [221]
A5’A3’ Absent Absent Absent Absent Absent 215
Knockout [220]

* Values denoted in [] were generated by PCR ardbant larger than the original
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Figure 3. 5: Schematic
representation of the RyPS
products generated duringin
vitro transcription, separated

by electrophoresis.

This figure serves to compare
the differences between the 5’
ribozyme when it is generated
normally by PCR, and when it
is generated to be 5 bases
larger. This size difference is
only seen where the 5
ribozyme is present, thus the 5’
ribozyme, 5 ribozyme +
SshRNA and the entire RNA
cassette are affected. Red bands
represent the species with a 5
base larger 5 ribozyme,
whereas black bands indicate

normal fast RyPS species.
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The 3’ ribozyme generated from the PCR templatsigsificantly smaller
than that generated from the restriction digestptata. This is seen in Figure 3.6,
where the 3’ ribozyme appears a few positions altlogeshRNA. In Figure 3.6, lanes
A-D, various species of functional and knockoubmpmes are used. Lane B contains
the 5’ ribozyme knockout, and should only produ& abozyme and a 5’ ribozyme-
shRNA conjugate after cleavage. Lane C contains3thebozyme knockout, and
would conversely contain a released 5’ ribozyme 3inibozyme-shRNA conjugate.
Simply by comparing lanes A-C one is able to esthlbihe species of each of the
bands present by their disappearance and reappeananeach of the respective
knockouts. TheAS’ Rz RyPS and\3’Rz RyPS do not produce a shRNA fragment,
thus the only fragment unique to the RyPS laneufeid3.6 lane A) is the lowest
band, which should represent the shRNA species 8lynilar process of elimination,
and comparing lanes B and C in Figure 3.6, onebis to establish that the band
above the shRNA is the 3’ ribozyme, and the barayalthat is the 5’ ribozyme. The
5’ ribozyme identity was confirmed further by comipg it to the species in lanes E-
G, whereby the 5’ ribozyme species are 5 baseshigdich correlate in size to the
original ribozymes. These data provide convinciviglence as to the positioning and
release of the species of RNA generated by RyPS.

Within the catalytic core, there are 4 nucleotiges®lved in allowing for the
co-axial alignment of stems | and Il causing thevfation of the tertiary structure.
These nucleotides (5'40,GsA6-3") were thought to be of a highly conserved natur

and any of their removal or alteration results leagage abrogation. However in an
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attempt to generate the 5 and 3’ ribozyme knockouttants, the substitution
reaction 5-GQU4GsA6-3' - 5'-C3C4GsA6-3'still resulted in cleavage in aim vitro
environment (data not shown). Understandably cytosind uracil are similar in
structure which possibly allows for the ribozyme fold into the tertiary
conformation. Furthermore, Martick and Scott showreat substitution mutations of
key nucleotides involved in the acid-base reactwiikin the core still allowed for
cleavage to occur, albeit less. These types ofgdmmithin the ribozyme catalytic
core were previously shown to prevent ribozyme vdga, within the minimal
system. The minimal hammerhead ribozyme was mkstylidependent on higher
concentrations of magnesium, but was also far mensitive to changes within the
catalytic core, as they might lead to greater lnfitg of the tertiary structure. It was
found that deletion of the uracil base prevented@eavage activity, and is assumed
that this would occur if any of the bases withire t§-CGU,GsAs-3 motif were
removed, since their role is that of a pivotal aode stabilizing nature, allowing for
the extreme distortion of the naturally occurrirgudle helix of stem | (Martick and
Scott 2006).

On several occasions an RNA ladder was used. Hawbigeproduced poor
quality bands, which was not owing to the qualityROIA used, rather the size of the

gel (41cm) which seemed to cause some of the dargiaudge.
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Figure 3. 6: An autoradiograph of the RyPSin vitro transcription products,

using PCR generated templates.

Lanes A and E both contained the same fast furaiti@gPS template, however, lane
E had a primer that increased the size of thed@zyme template, the transcription
product visibly larger in comparison. Lanes B anadntained theA5’ ribozyme
knockout clone as template, and a slight increasthe AS’ ribozyme + shRNA
species in lane F can be seen. Lanes C and G gedtaA3’ ribozyme knockout
clone, again a size increase witnessed by theb®zyime. Lastly Lanes D and H
contained theA5’A3’ ribozyme knockout as a template. From this resuale can

clearly deduce the species presented in the aubgragh, denoted on the right side.
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The greatest concern from the data is that theigissb sizes of the RNA
species do not correlate to those seen on theaalivgraph. The 5’ ribozyme and 3’
ribozyme are predicted to be 2-3 bases apart haveevéhe autoradiograph it would
appear to be more. The shRNA is predicted to beaged smaller than the 3’
ribozyme and 6 smaller than the 5’ ribozyme, whadain appears to be different
from the autoradiograph data. Owing to the natdrthe system, no leeway can be
given to the shRNA size or structure. The shRNAriexact Dicer substrate and any
alterations or modifications will results in theild@e of its recognition, and no
silencing will occur. Potentially the shRNA is thmorrect size, and the other

fragments (5’ and 3’ ribozymes) are larger tharcgrdted.
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Northern blot analysis of RNA generated by in vitro
transcriptions

The RyPS has shown to have functional ribozymesim vitro environment,
resulting in the release of 3 individual specieewidver as indicated by vitro
transcription, RyPS cleaves into 3 distinct speuigs sizes that vary to the intended
values. Even though no measurement of size was, tlomdarge variance in sizes of
the cleavage products seen with vitro transcription experiments led to the
conclusion that even though the ribozymes had h lagel of activity, their target
site may differ from the intended site. Should RyRfease the shRNA as a
differently sized species, no RNAI will be induoedhin the cellular environment.

Ultimately the best explanation of RyPS activityulb be derived from the
analysis of the products generated within a cell@avironment, as that would
include the various other agents involved in riboey cleavage within that
environment, such as pH, metal ion concentratioth ianate RNAs and proteins.
However since the initiain vitro transcription data indicated that RyPS was
malfunctioning, analysis was initially performed BNA generated in this manner.
Isolation and identification of the individual RNgpecies generated by RyPS, within
a size defining environment would give possibleghsinto which RNA species are
not behaving according to the expected model. Mdontblotting allows for the exact
identification of RNA species, as they can be sazgar and defined by individual
nucleotides. Furthermore, probing with a complemgntradio-actively labelled

oligonucleotide provides specific and sensitiveedgon of the target.
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A northern blot was performed on the RyPS prodgetserated byn vitro
transcription, probing for each individual compondgach of the various knockout
clones were included, which would further substdatiany data obtained from the
northern blot.

The RNA was stained with ethidium bromide and vidwmder UV trans-
illumination after electrophoresis through a polydamide gel. This step was
included to validate RNA quality and consistencyRMA concentration. The data
produced shows all RNA species present, and theusaRyPS products are clearly
visible. Various DNA oligonucleotides were end-ltde to serve as general size
controls. Even though DNA and RNA have differerectlophoretic mobility, they
can still be compared to give a general indicabbsizes present. Figure 3.7 shows
an ethidium bromide stain of the acrylamide geltaomng thein vitro transcription

RyPS products.
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Figure 3. 7: An ethidium bromide stain of RNA geneated by in Vvitro

transcription prior to transfer onto a nitrocellulo se membrane.

All RyPS knockout clones are included in lanes AtBne A contains the functional
RyPS, whereby each individual component of the RgR8leased. It was noted that
the activity of the 5’ ribozyme is less than expeGtdue the presence of 5’ ribozyme-
shRNA. The 5’ ribozyme knockout clone in lane Bleased only the 3’ ribozyme
while the 5’ ribozyme and shRNA remained unclea&dilarly, lane C contains the
3’ ribozyme knockout, in which the 5’ ribozyme edeased, and the 3’ ribozyme does
not cleave to release the shRNA. Lane D has bbtrymes knocked out, thus no
cleavage product is released. RNA species areatbéincording to comparison of the
RyPS and respective knockout clones, resultindnénidientification of each species
present by elimination. Lanes E-H are DNA sizestmds, indicated by the blue
arrows on the right. Below the ethidium bromiderst# thein vitro transcription is a
schematic illustration of the various species presethe above diagram, providing

easier recognition.
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Interestingly, the positioning of the shRNA is flmwer than anticipated.
According to what was expected from cleavage, HRRNA generated was meant to
be 69 bases in size. In Figure 3.7, the shRNA spdi@s between 50-62 DNA bases,
which suggests that the shRNA is somewhat smahan tthe intended size.
Furthermore similarly sized DNA will generally mae further than its RNA
counterpart, owing to the lack of the 2’ oxygenkihg this into consideration, the
shRNA is far smaller than expected, and is assutodzk in the regions of 50-55
bases. If proven true, this product is unfit to gate knockdown of its homologous
target.

Northern blot analysis confirmed what was deduceanf the in vitro
transcriptions and ethidium bromide stained RNAcigure 3.7. In the analysis it was
shown that the shRNA was far smaller that the iehnsizes. Furthermore the 3’
ribozyme is also smaller than intended, suggestag the ribozymes are cutting at
multiple sites. The RNA generated lmyvitro transcriptions was probed individually

for each RyPS species, shRNA, 5’ ribozyme andi®zyme, depicted in Figure 3.8.
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Figure 3. 8: Comparison of the three northern blotsor the 5’ and 3’ ribozymes
and the shRNA of RyPS.

Lanes A-D are functional RyPS, 5’ribozyme knockByPS, 3’ ribozyme knockout

RyPS and 53’ ribozyme knockouts, respectively. @aet 1 was probed for 5’
ribozyme and is clearly visible in each of the extjwve lanes. The 5’ ribozyme
element is present in both the single 5’ ribozymsewell as the uncleaved 5'Rz-
shRNA conjugate. Some cross-reactively occurreth wie 3’ ribozyme, which is

slightly visible in lanes A and B, and is owingth® potential overlap of the 5’probe
with the 3’ ribozyme owing to ribozyme similarityData set 2 was probed for
shRNA, present in its processed form as well asusrtyeaved products in lanes A-
D. The shRNA was confirmed to be positioned betwe@62 DNA bases, according
to the DNA oligonucleotide ladder, seen with ethrdibromide staining. Lastly, data
set 3 probed for 3’ ribozyme, appearing just abibve5’ ribozyme position. Below

each blot is a diagrammatic representation of tiregy binding sites on each of the
ribozymes and shRNA. Below each blot is a repregemt of the region in which

each of the primers bound their respective taf@ett of panel 1 is the 5’ ribozyme,

panel 2 the shRNA and panel 3, the 3’ ribozyme.
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As expected, the species identified by the north®ob analysis confirmed
those produced by the ethidium bromide stain whenparing the various knockout
clones. This confirms that the shRNA generated/isdomeans what is intended, thus
is assumed to be unable in producing target knogkddt would appear that the 5’
ribozyme cleaves at the cleavage triplet as expgeétewever the 3’ ribozyme seems
smaller than the predicted size of 88 bases, sesitigned just above the 5
ribozyme in Figure 3.8. This would indicate thae tB’ ribozyme processing is
aberrant, and that the target cleavage sites digeittg cut.

If this is so, it may be useful to determine wh#re ribozymes are cutting within

RyPS as this will aid future and corrective design.
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Cellular Assessment and HBV knockdown

Ultimately, the best measure to determine whethd?Rwas functional was
to place it in an environment where it is expedtethduce knockdown of target. The
cellular environment contains many elements thahcabe accounted for in the
vitro environment. Other RNA and proteins species plagla in the formation of
secondary and tertiary structures. Divalent me&taldoncentration is different to that
of thein vitro environment, and is often at far lower concentratiwithin the cell,
too low for the minimal/slow hammerhead ribozymesfunction. Magnesium is
required for the stability and formation of bottceedary and tertiary structures of
the ribozymes, previously also thought to be resiida for the cleavage activity.
Ideally however, the faster hammerhead ribozymestcocted will be less dependent
than the minimal species on the presence of magmesons for structure
stabilization, as this is facilitated by the extre elements, such as the bulge on
stem |.

To assess cleavage functionality knockdown assaye werformed, having
the shRNA target a reporter system. Knockdown vgasssed using a dual luciferase
reporter system. This reporter system utilizesflyilaciferase andrenilla luciferase
which are both encoded on one plasmid (psiCheckZ2jnultiple cloning site
(MCS) is encoded just downstream of Renilla luciferase gene, before the poly-
adenylation signal. A target sequence from X ORHBY was cloned into the MCS,
and its targeting by a shRNA would result in thedékdown ofRenilla luciferase.

Firefly luciferase is generated off a different exgsion system (Herpes simplex virus
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promoter) and is unaffected by the shRNA and seag®n internal background
control, allowing for uniformity when comparing niple samples. Figure 3.9

diagrammatically describes the dual luciferase nepaystem.

psiCheck-HBXx
Renilla luciferase mRNA Constitutively expressed
with miRNA target firefly luciferase

>

----- sv40 >4 hRLuc | HBx JHHSV TR HFtue -

Figure 3. 9: A schematic representation of the regh within psiCheck2.2-HBx
containing the luciferase genesRenilla luciferase (hRLuc) and Firefly luciferase
(HFLuc).

Downstream of hRLuc is a region of the HBx gene,iciwhcontains the sites
recognized by the shRNA released from RyPS (targttd as the blue stripe). Both

luciferases are generated off different promotstesys.

Pol Ill promoters are generally used to producellsRidAs. Therapeutically
these promoters have an advantage of being ubitplyt@xpressed in all cell types
and not producing a 5’ cap or 3’ polyadenylatioi, tahich is ideal for generating
hairpin molecules such as shRNAs. However, thesemgters also have
therapeutically undesirable properties. A well elcéerized and commonly used Pol
Il promoter is U6, which induces a high level afpeession of its downstream gene,

and can be expressed from any cell type.
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Tissue culture studies provided data of the knoekdeffect RyPS had on the
luciferase-linked target. Human embryonic kidnegHsc(Hek293) were transfected
with the reporter system, with potential therape®yPS template and controls, such
as GFP. Various controls were included in the areife assay, such as a control
hairpin.

The shRNA generated by RyPS has also been clonedait6 expression
system, whereby the shRNA is generated by a U6 giemnThis construct has been
previously used, and is known to have a very sicaift knockdown effect on its
target (Carmona et al. 2006). The U6-shRNA senrged eomparative control, ideally
the gold standard which the RyPS knockdown was emetpto. Thus should shRNA
release from RyPS be successful, knockdown wouldobeparable to the U6-driven
ShRNA. All the results are normalized to a positoemtrol which contains only the
luciferase reporter system and no therapeutic (gk)Riolecules. A control hairpin
expressed from U6 is also used, targeting the Lgede, to control for specific
activity caused by either the U6 promoter or a sARNII the RyPS constructs are
tested, including the minimal/slow RyPS, previouslyown to have little to no
activity within the cellular environment. It wasteanipated that none of the knockout
controls will be able to induce knockdown. FigurelB compares the relative
normalized knockdown of all the RyPS clones to thedriven shRNA. The data
from the luciferase knockdown studies indicated #lhof the RyPS species were

unsuccessful in inducing knockdown of their target.
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Normalised Ratio of
Renilla:firefly luciferase

Figure 3. 10: Normalised ratio ofRenilla:Firefly luciferase assay, using the dual

luciferase reporter system.

Firefly luciferase provides a stable background ihescence as a control, while
knockdown ofRenilla luciferase can be directly compared to it. Thetpascontrol
contained no forms of exogenous RNAi molecules, lavtthe control hairpin
contained a shRNA driven by the U6 promoter tadjeigainst LacZ. This will cause
no knockdown, as no innate sequences within thé arel similar. U6-shRNA
produces a shRNA similar to that of RyPS, howeigegenerated of a U6 promoter.
The various prefixes denote the following: F — fabbzyme, S — slow/minimal
ribozyme andd — knockout mutant of that ribozyme, causing ib&onon-functional.
The shRNA is functional against its target, as ddig U6-shRNA, causing up to
88% knockdown. No knockdown occurs with the RyR#elindicating that the fast

system is not functioning as intended.
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The shRNA generated by the U6 promoter systemced88% knockdown
against the targeted HBV sequence. This suggestshtd shRNA is functional, and
can induce knockdown of its target effectively (@ana et al. 2006). The
slow/minimal RyPS has no functioning within a ckluenvironment as shown
previously, and is confirmed by the lack of knockaioseen. This lack of knockdown
was expected to occur with the all the knockoutti@ds, owing to the inability to
generate an exact Dicer substrate. The potentRINshreleased by RyPS relies on
the nuclear export protein exportin-5, to be tramsga into the cytoplasm. This
interaction is facilitated by the interaction oethwo nucleotide 3’ overhang of the
shRNA. This is absent from both knockout contrdlS'Rz RyPS and\3’'Rz RyPS,
as both have a ribozyme attached at 5’ or 3’ eegpectively. RyPS is generated by a
Pol Il promoter, and it is plausible that the 5pcaresent on the mRNA strand
containing RyPS allows for export of that particud&rand into the cytoplasm. Thus
the shRNA portion oA5’'Rz RyPS and\5’A3’Rz RyPS may be exported into the
cytoplasm, however being the incorrect substrateldvoot result in any knockdown.
The fast RyPS did not produce a significant fornkobckdown of its target. It is
suspected that the RyPS fails to function withine#lular environment, or fails to

cleavage into the correct products.
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Additional testing of RyPS was done against HBWWg99CH-3091, a greater
than genome length copy, which has the capabitityttie generation of live HBV
virus (Nassal 1992). Similar controls and samplesevtested as before in the dual
luciferase assay. An ELISA against the surfacegeantiof HBV (HBsAg) was
performed, using the supernatant from transfeckts.cThis assay was used to
confirm the results obtained from the luciferassags The basis of this experiment
relies on the direct targeting on viral MRNA anad&kdown efficacy is measured by
a decrease in viral products/particles. Even thotlgh efficacy of this assay is
measured by monitoring surface antigen knockdowis also a reflection of the
effects of the shRNA against other HBV proteinghsas the polymerase.

The ELISA is a less sensitive assay compared tduttiterase assay, mainly
owing to the lack of an internal control. Thus tlesults obtained from the ELISA
were neither as sensitive nor accurate, howevergdid a clear indication of the
similarity of the results obtained from the lucdse assay. Similarly, very poor

knockdown was generated by all the RyPS clones slhwowigure 3.11.
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Figure 3. 11: A normalized ELISA against HBsAg of RPS against live HBV.

Huh7 cells were transfected with a replication cetapt HBV plasmid (pCH3091).
Similar to the luciferase assay, knockdown of HBs¥ap assessed to validate RyPS
efficacy. The positive control contained no fornfsesogenous RNAI molecules,
while the negative control contained a shRNA drissnthe U6 promoter targeted
against LacZ. U6 RyPS hairpin produces a shRNAlamw that of RyPS, however,
is generated of a U6 promoter. The various prefidesote the following: S —
slow/minimal ribozyme, F — fast ribozyme amkl — knockout mutant of that

ribozyme. This data reinforces the lack of actiyatythe RyPS clone.
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The data obtained from the HBsAg ELISA share sintiés with the previous
dual luciferase assay, confirming that the knockdaativity from RyPS does not
occur. The shRNA produced against HBV has a 38%cHkdmwn efficiency. This
increased value may be owing to multiple factarsluding transfection efficiency or
the cells being swamped with live virus. Most intpatly it is noted that the RyPS
clones produce similar knockdown to the positivaetaa, thus no form of significant
knockdown did occur.

The lack of fast RyPS activity could be attributegeveral factors, one of the
more relevant being cleavage activity. It is nobwn whether RyPS is functional
within a cellular environment. The original desighef the fast ribozyme within
RyPS (Saksmerprome et al. 2004) created a chimsteucture which would be able
to increase the ribozymes activitp vitro. It was not tested within a cellular
environment, however is assumed to function owmthe tertiary structure stability
created by the extra-core elements. A complicatiatetermining the reason for lack
of RyPS activity is that it is not known if the obymes are cleaving in their intended
sites. If the ribozymes cleave in a site other tti@nintended, the shRNA released
cannot induce knockdown of its target, and may @rphe lack of knockdown seen
thus far. Combining this information, togetheriwihat of than vitro cleavage data,
it would appear that the incorrectly sized prodartsbeing released.

An important factor that required testing was Ryde8vity within a cellular
environment. This was required for several reasassthe ribozyme was not a
naturally occurring species and was a chimaeriacgire. The required tertiary

conformation for cleavage may not be met undewut@llconcentrations of divalent
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magnesium ions. Another factor that may be premgnttleavage is that the
ribozymes were locked within a system with stroagomdary structures, particularly
the shRNA which may affect their functioning. Cédiufactors within the cell may

affect folding, induce compartmentalization or cetation. All these factors may
play a role in the lack of knockdown by RyPS. Tegtihe cleavage capabilities of
RyPS within a cellular environment provided clarithiether the ribozymes were able
to function. The RyPS was cloned within the duatiferase system, and by
monitoring knockdown, assessment was made on thataof each the ribozymes

in RyPS.

Assessment of intracellular ribozyme activity

To confirm that the ribozymes found in RyPS arecfignal within a cellular
environment, the entire RyPS system was cloned tinéo MCS of psiCheck2.2,
immediately downstream of thRenilla luciferase gene. Any ribozyme activity would
result in the cleavage of thiRenilla mRNA, leading to the loss of translational
functioning. This would cause a decrease Renilla fluorescence and can be
compared to a non-cleaved contid§’A3'Rz RyPS, which kept the mRNA intact.

This system is described in Figure 2.6, illustrgtine basic experimental procedure.
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Cleavage of the mRNA strand by a ribozyme will eatlse transcript to be
prone to degradation by intracellular RNases. Tdms knockdown observed can be
accounted for by ribozyme cleavage. Hek293 cellewransfected with each species
of Renilla luciferase-RyPS, and knockdownRenilla was assessed after 48 hours. In
Figure 3.12, the non-cleaving knockoutABRz — shRNA — 3AFRz (A5’'A3'Rz
RyPS) was used as the normalizing non-cleavingrabnas it is known that no
cleavage will occur with that variant, even withmvitro environments which are
most conducive to ribozyme cleavage. The data atelt that the minimal/slow
RyPS behaves in a manner similarAo’'A3’'Rz RyPS, unable to function within a
cellular environment. These data, together withdae from the dual luciferase and

ELISA indicate that the minimal RyPS has no cell@lenctioning.

111



08 4

06 o

04 +

Normalised ratio of
Renilla:Firefly luciferase

02 4

Figure 3. 12: A normalized ratio of Renilla:Firefly dual luciferase assay, in

detection of RyPS ribozyme intracellular activity.

Cleavage activity of any of the ribozymes wouldulesn Renilla luciferase mRNA
degradation and less fluorescence, as comparetietanternal Firefly luciferase
control. The clone containing &FRz — shRNA — AFRz (A5’'A3'Rz RyPS) was
used as the normalizing control, since it is kndhat it is completely non-functional.
This was followed by a functional RyPS (5’FRz — 8lfRR— 3'FRz), then thé\5’'Rz
RyPS (5AFRz — shRNA — 3'FRz) both causing greater than $@%ckdown. The
A3'Rz RyPS (5'FRz — shRNA — BFRz) is seen to cause 60% reductiorRamilla
luciferase. The far right column contained the miai RyPS system (5'SRz —
shRNA — 3'SRz), and results in no knockdowrRefilla.
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The data from Figure 3.12 indicate that all the fa®zymes function. RyPS
and A5’ ribozyme RyPS share similar knockdown valueglicating that the
knockdown generated was owing to the activity & &) ribozyme. When cleavage
was solely dependent on the 5 ribozym#&3'Rz RyPS), 60% was achieved
indicating that the 5’ ribozyme is less effective deavage compared to the 3’
ribozyme. The decreased amount of cleavage fronbth#dozyme cannot account
for a complete lack of knockdown in the ELISA anttiferase RyPS-RNAIi based
studies. At 60% functionality some form of knockdoshould still be seen, which
raises two concerns. Initially why is RyPS incapabf causing knockdown of its
target, and secondly why the 5’ ribozyme has lassctfonality than its 3
counterpart, as both ribozymes are essentiallytstrally similar. The data collected
thus far indicates that RyPS is a catalyticallyivactnolecule, however thie vitro
transcriptions indicated ribozyme cleavage doesoootrr as anticipated, and is most
likely cleaving in regions other than the desigdatkeavage triplets.

The predicted secondary structure generated fronuceotide modelling
engine available online, gave some indication whg %’ ribozyme only produced

60% activity in the RyPS-luciferase experiments.
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Predictive modelling of RyPS secondary structure

Predictive modelling is useful in determining geateronformations taken by
molecules in a set environment. With this informatpossible monomer-monomer
interactions can be analyzed, as well as any tgob information generated.
Typically a nucleotide folding program providesdrmrhation on the possible base
pairing combinations, as well as the most stabfectiral forms that are likely to
occur. mFold (http://frontend.bioinfo.rpi.edu/amgaliions/mfold/cgi-bin/rna-
forml.cgi) is a web-based RNA folding program, véimr input of a particular RNA
sequence allows for the prediction of its multisecondary structures, arranged in
accordance to the overall molecule stability, ndbgdAG (Gibbs 1876). The RNA
sequence of RyPS was analyzed and the most faveusttucture to form was
comparatively similar to that of the intended stuwe, depicted in Figure 3.13.
Within the RyPS structure, the component forming $hRNA has taken preference
to form over that of the ribozymes because of tiheng innate hairpin secondary
structure. It appears that the 3’ ribozyme is stnadly unaffected, as stem Il
remains intact, and extra-core elements within steand Il remain unaffected. The
data in Figure 3.12 correlated to the activity loé 3’ ribozyme as the predictive
modelling suggested. However, modelling also ptedicthat the 5 ribozyme
structure was affected by the secondary structitieeoshRNA, and this led to stem |
on the 5’ ribozyme not forming the 5’-UAA-3’ bulgequired for enhanced cleavage
activity. Not all activity ribozyme was lost, suggeg that the 5’ ribozyme had a

form of stabilized tertiary structure, albeit weak&nd was not as effective in

114



maintaining a tertiary structure required for clege. The two proposed secondary
structures are schematically drawn in Figure 3.b8th comparing the differences

caused by the shRNA of the intended structure aagbtedicted structure.
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Figure 3. 13: Intended and predicted structures oRyPS.

The original ideal structure for RyPS is shownAyhowever when analysed with
RNA folding software, it was found th& had a preference of forming. A mis-
formed region in B is highlighted in green (UAA)high is known to increase the
cleavage efficiency of the ribozyme. The blue ragtmntains the nucleotides that
form the shRNA, the black nucleotides indicate ftaaking ribozymes (5’ ribozyme
on the left, 3’ ribozyme on the right), and the ragtleotides indicate the cleavage
triplets (GUC) on each of the ribozymes.

117



The stabilization of the hairpin disrupted one loé tmost crucial elements
required by the 5’ ribozyme for its enhanced fummitng. This could most likely
account for the 60% cleavage efficiency wh3i ribozyme RyPS was cloned into
psiCheck2.2 (Figure 3.12). This disruption is nompletely inhibitory of cleavage,
and the 5’ ribozyme still maintains cleavage atyivalbeit less. This is thought to
occur as a result of the dynamic nature of RNA Whi& by no means a static
structure, and is structurally dynamic. At any anstant the favourable cleavage
conformation may occur, which will allow for the taity of the 5 ribozyme.
Furthermore, the three nucleotides responsibléh®ibulge may still provide a basis
for tertiary structure stabilisation however, ssletable system forms.

Data taken from the previous experiments indicabed RyPS had cleavage
activity within anin vitro and cellular environment. However, as indicatedhsjin
vitro transcriptions data RyPS behaved in an unexpecseuher, generating products
incapable of performing their intended function.eTollowing set of data gave a
clear indication of the species produced duringvitro transcriptions, which
suggested that the unintended malformation of tm#d&zyme had little effect on the
products produced from ribozyme cleavage.

Topography of the template as well as the produy have an influence on
the functioning of T7 polymerase which is respolesibr RNA generation in all the
in vitro transcription reactions. Small loops and sequemcifs are known to
influence polymerases, such as additional start stods sites, or binding motifs,

however, this is an unlikely cause to the truncetiof the RyPS products. When
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tested in cell culture, human polymerases are afsble to transcribe a product
capable of inducing target knockdown, suggestirag th similar product is being

formed either using a T7 bacterial promoter orrtteenmalian CMV promoter.

Determination of RyPS cleavage sites: Primer extension
reactions

It was established that the shRNA produced wasmett was intended and
was far smaller than expected. There are only &etofs which could play a role in
the generation of the shRNA. The first was theiBdzyme, which according to size
correlations appeared to be correctly sized. Tlworgk was the 3’ ribozyme, and
from size comparisons appeared to be smaller tharptedicted size. These data
indicate that one of the ribozymes (or both) ipoesible for generating products
unfit for inducing the RNAI response. Establishitige site of cleavage would
confirm that aberrant cleavage has taken placewanudd provide some explanation
to mechanism of the RyPS cleavage and perhapsiexpla mis-cleavage results
obtained. Primer extension reactions can providerate information as to where a
target oligonucleotide starts. To clarify the exade of cleavage, a concurrent
sequencing reaction was performed, in which seqognaformation directly
correlated to the primer extension data owing éodbmmon start primer used.

A primer extension reaction was performed on nodioactive RNA
generated byin vitro transcription. Radio isotope-labelled DNA primensere

designed to bind downstream of the 5 and 3’ rilmoeycleavage sites, and when
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subjected to reverse transcription the primer wdiddextended until the polymerase
falls off the RNA template. A sequencing reactioaswperformed using the same
primers, on a DNA template (plasmid origin). Thus £very base added in the
sequencing reaction, it is matched by the reveesestription reaction. Therefore, at
the point where the reverse transcriptase fallsh&fftemplate RNA, these data would
correlate to the base at which cleavage occurrethersequencing control. Figure
2.10 explains the overall methodology used to dater the cleavage sites of RyPS.

The 5’ ribozyme cleavage site was analyzed by ltathe probe bind to the
shRNA. This would have extended to the start ofshRNA molecule, and would
indicate the end of the 5’ ribozyme (and hencecthavage site). Figure 3.14 depicts
that the primer extension data showed that theb®zyme was able to successfully
form a structure capable of cleaving at the desitedvage triplet. Thus it is assumed
that the 5’ ribozyme in any of tha vitro data sets is the correct size (75 bases). This
occurs despite the bulge on stem | not forming emdly, suggesting that the 5’
ribozyme retains some form of correct cleavageviygti

Analysis of the cleavage data of the 3’ ribozymeved that cleavage did not
occur at the desired triplet, and did so at ano#iter downstream of the proposed
cleavage triplet illustrated in Figure 3.14. Theaexsite of cleavage cannot be
confirmed, however is estimated to occur just betbe UAA bulge motif of stem 1.
For this to occur, the 3’ ribozyme would have t@fmto a structure capable of fully
supporting the highly conserved cleavage pocketyels as provide some form of

stability required during cleavage. Predictive RN#&ding has shown that it is
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unlikely for any form of structure to be producedarder to allow for cleavage as

proposed by the primer extension data.
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Figure 3. 14: Primer extension reactions together ith sequencing data indicate

the region of cleavage caused by each of the riborgs.

Lanes G, A, T and C provide sequencing data ofréiggons around the 5’ and 3’
ribozyme cleavage triplet. In panel 1, Lane P dostéhe primer extension product,
and its termination correlates to after the GTGedge triplet of the 5’ ribozyme. In
Panel 2, the primer extension reaction (Lane Pprapanied with sequencing data
indicate the region of cleavage within stem | o 8i ribozyme, downstream of the
predicted ribozyme cleavage site, indicative of redoe cleavage. Below each
respective panel is a mapped site of both the & 3arnbozymes. The 5’ ribozyme is
mapped to cleave after the GUC cleavage triplee Bhribozyme is mapped to

cleave within stem I, near the 5’-UAA-3’ bulge.
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It would appear that the 5’ ribozyme cleaves inghedicted region, releasing
the shRNA at the correct point. The 3’ ribozyme boer does not cleave at the
correct site, and would produce a hairpin largantexpected. This does not correlate
with the data previously shown in the northern $ldhus it is thought that the 3’
ribozyme cleaves in multiple regions of the RyPBe €vent of additional processing
may be the most likely cause of the smaller RyRflynets. It is assumed that the 5’
ribozyme is unaffected by potential additional meging, confirmed by both the
primer extension reactions and northern blots &rglseen that the 5’ ribozyme is of
the predicted size. However it is found that thRISA generated is far smaller than
what is required and expected, and cannot pos8iiigtion as an RNAi molecule.
The dilemma occurs because the 3’ ribozyme, if ggemg further up stream into the
shRNA, should be far larger than it appears onnibithern blot. The 3’ ribozyme
appears smaller than its expected size (88 baaad),s a similar size to the 5’
ribozyme (approximately 78 bases). This would iaticthat a form of additional
processing is occurring by the ribozymes, or theg polymerase is prematurely
releasing from the DNA template, hence the addiidvands seen around the 3
ribozymes afterin vitro transcriptions (results Figure 3.3 and 3.6). ltuisclear
whether the components of RyPS would have a prayebsd to each other, as
secondary structure analysis shows little extraradtion between the ribozymes and
short hairpin. Searching for potential binding sit®ith complementary sequence
alignment tools has yielded no results eitherslpostulated however, that it only
requires a cleavage triplet NUH (possibly even NHiHYl enough stable binding in

stems | and Il to allow for tertiary structurelstdy, and cleavage could occur. This
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event may occur on the shRNA, allowing the antisesteand to be cleaved, which is
unlikely, and the stability of the shRNA would ratow for partial binding by any of

the ribozymes.

Ultimately it is unknown which ribozyme causes #mditional cleavage of
the shRNA, however further investigation may shewshe light on the matter. Using
the primer extension reaction, and using a seffiggimers that tile upstream from
the 3’ ribozyme, one should be able to determinestivdr the 3’ ribozyme be
truncated in any manner. It is thought that theilbzyme is not responsible for the
decreased size of the 3’ ribozyme, because whsrkitocked-out in control clones, a
similar 3’ ribozyme product forms in comparisorthe functional RyPS (Figure 3.6),
thus factors other than the 5’ ribozyme are resipedor its truncation. It is not

known which ribozyme is involved in the truncatioiithe shRNA.

The cleavage triplet in hammerhead ribozymes whitdws for the greatest
rate of cleavage has been defined as NUH, whigheisent in multiple forms around
the stem | bulge, and could provide a putative vdga site. Some groups have
broadened this definition to NHH, which greatlyneases the potential cleavage sites
around the bulge on stem one of the 3’ ribozymewéi@r cleavage at that point is
very unlikely to occur, owing to the fact that thleozyme structure is too unstable to
utilize any of the nucleotides around the bulgeaadeavage site. Should cleavage
occur as predicted by the primer extensions, thBRproducts would have the

following sizes: 5’ ribozyme - 75 nucleotides, siiRN87 (69 + 18) nucleotides and
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3’ ribozyme - 70 (88 — 18) nucleotides. This is Wmonot to be true, as the northern
blot studies have proven otherwise (first demotetrdy the ethidium bromide stain
of RyPS and the knockout clones prior to blottifid)e cleavage site indicated by the
primer extension is thought to be incorrect, a®ther 3’ ribozyme products support
this data in the northern blot analysis. The produwoduced during 3’ ribozyme
primer extension is most likely an artefact of teaction, or is the result of additional
processing performed by either the 5’ ribozyme’ait®zyme.

One concern was the lack of adherence of the deayaoducts to the
predicted sizes. RNA ladders were tried with ligleccess, often resulting in double
and faint bands, unrelated to the condition of Ri¢A. Thus the analysis of the
knockout mutants gave an indication of which praguare present in the
autoradiograph. In both autoradiograph figures geen that the expected size of the
hairpin (69), the 5’ribozyme (75) and 3’ ribozyn®&8) were not observed, and that
one of the products (or both potentially) are ddfely sized. There are myriad
possibilities as to why the RyPS system does nottion as expected, the most
feasible being structure and additional procesding.known that both the 5 and 3’
ribozymes are functional within a cellular envirogmh (up to 90%), as seen using
RyPS downstream dRenilla luciferase in Figure 3.12 in the results secti@gPS
ribozyme cleavage is highly active within the ckdtuenvironment, demonstrating
that the faster ribozymes cleave within that envinent. As expected the slow RyPS
is unable to induce knockdown BEnilla, indicating that those minimal ribozymes

do not function within the cellular environment.
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Disruption of the bulge on stem | has its effectriiozyme cleavage. This
disruption was first noticed in secondary structanalysis using the internet based
program m-fold. In this it was predicted that tHeRBIA within the structure takes
preference in forming, causing a shorter stemthef5’ ribozyme (Figure 3.13). This
disrupts the bulge on stem |, which is responsifue the tertiary structure
stabilization, and is assumed to be responsibledémreased cleavage. This was
shown by the 3’ ribozyme RyPS knockout, wherebgpwdgie of thdienilla luciferase
MRNA was solely dependent on the 5’ ribozyme, whield a mis-formed bulge on
stem I. Furthermore is it assumed that it is airequent for extra-core elements to be
stable in structure, allowing for an increase gaghge.

It is speculated that an additional cleavage reacts taking place on the
shRNA, as it is far smaller than the originally ¢gicted size of 69 bases. Furthermore
the 3’ ribozyme is smaller than anticipated (< &8és) in the region of 8-10 bases. It
is unknown what the causes are to these truncatatligts. One may suggest that
additional cleavage is occurring, whereby the njmes are able to recognize
additional elements other than the predicted clgaste, and are able to form the
tertiary structures required for cleavage to océdternatively, the plasmid template
may have become truncated during the cloning psocElis is owing to the high
frequency of secondary structure in the DNA andkm®wn not to be found
favourable in bacterial genomes, and is often exiciowever this is unlikely as the

knockout clones are able to generate similar prisciocthe functional RyPS.
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Ultimately, cleavage is sequence dependent, aritaage of ShRNA within
the cassette will provide a different sequence amly prevent its truncation.
Sequence complementarity between the ribozymesentain sections of the shRNA
will need to be avoided, to prevent any unintendedvage occurring. One may also
consider revising the hammerhead ribozymes usegl ribbzymes used in RyPS are
an adaptation of the peach latent mosaic viroid?d) hammerhead ribozyme, and
a more naturally occurring ribozyme may provideetidy predictable cleavage, since
it has to function naturally without compromisingal replication. In addition to
ribozyme exchange, disruption of the bulges on dtetrould be avoided, caused by
the secondary structure of the shRNA.

One potential means of overcoming the disruptiothefbulge on stem |, is to
make it independent of binding to the shRNA. Thaswlone using ribozyme derived
from satellite tobacco ringspot virus (STRSV) byldda et al. 2005. They created a
hammerhead ribozyme with a looped stem [, whichndependent from other
ribozyme elements. If incorporated into the RyPSstay, a diagrammatic

representation of the secondary structure is showigure 3.15.
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Figure 3. 15: A schematic representation of the peghle adaptation to the

currently used ribozymes in RyPS.

This new version avoids disruption of extra corenents, by the shRNA, allowing

for the formation of the loop I loop Il kissing eraction.

RyPS usage extends beyond HBV treatment to thamess of other diseases
including cancer, viruses and autosomal diseasesth&r benefit of the system is
synthetic RNA production, which would require theplicative properties of T7
polymerase, which is also far cheaper to produaa the current methods employed
for this. However, the greatest benefit of RyPSthe tissue-specific inducible
expression of a shRNA. Pol Il promoters will alldar the systemic delivery of
RyPS, however will only be effective in targetesisties. The level of expression of
RyPS can be controlled and regulated, as it is eessary to mass produce RNAI

therapeutic molecules intracellularly, and as shdyrsome groups has led to cell
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death. Furthermore, RyPS offers the potential teekgessed from a single Pol I
promoter as a concatemer of RyPS sequences, athicmy various shRNA
molecules, decreasing the chance for escape mulamtdoping. Ultimately RyPS
requires further thorough analysis of potentialrantand inter-binding activity,
typically in the form of various hammerhead ribozyspecies, shRNA species and
combinations of both. Understanding that as litless reactivity must occur between
individual RyPS components will help lessen theuoence of unintended cleavage
products. If this can be accomplished, RyPS standat potential to be developed
into a therapeutic molecule for use in countrieat than no longer depend on

expensive unstable drugs.
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Appendices
Appendix 1

Hingll amn

Mph11031 :]
Echiasll  AccEsl . Ecogal PO Sall
Mval1ze8l ¥hal Eco32] BamHl —3mal ———— Xmil Pt Ecold7] Pasl Hindin 688

M1 HpUG sequerwing pimer (20, 17-mer 819 EgoR) Sacl Kpnl Bsp6tl
57 & TAA AAC GAC GBC Cac 1GA ATT CGA GCT CGG TAC CTC GCG AAT GCA TCT AGA TAT CGG ATC CCG GGC CCG TCG ACT GCA GAG GCC TGC ATG CAA GCT Tr
TAC GTT CGA Ra

37 ¢ ATT TTS o6 cos ore ACT TAR GCT CGR GCC ATE GAGS CGC TTA COGT AGR TCT ATA GCC TAS GGC CCE GGC AGC TeA CGT CTC CGEGE ACG
LacZ +— Val Val Ala Lew Ser Asn Ser Ser Pro Val Glu Arg lle Cys Arg Ser e Pra Asp Arg Ala Arg Arg Ser Cys Leun Gly Ala His Lew Ser Glu

¢ CCT ATA GTG AGT CGT ATT ACGh GCT TEG CCT RAT CAT GET CAT AGC TGT TTC CTE 3*
G GGR TAT CAC TCR GCA TRAR TCT CGR ACC GOA TTA GTA CCH GTA TOG ACK MAG GAC 37
17 transcriptinn start T7 premetsr FETRPUE reverse saouerciog primer -28], 17-mer

Arg Tyr His Thr Thr Asn Ser Ser Pro Thr lle Met Thr Met

Figure Al: The multiple cloning site (MCS) is shavitanked by the M13F/R sites. Restriction sites @nique within the MCS
and are cut by enzymes shown in blue. DNA fragnresgrtion occurs at thieco32l site during T/A cloning. This figure is taken

from the user notes on pTZ57R.
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Appendix 2

6x Agarose DNA Loading Dye
0.03% (w/v) Xylene cyanol FF
0.015% (w/v) Orange G

60% Glycerol

60 mM EDTA

Boric Acid Buffer for electrophoresis
10 mM Sodium hydroxide
pH to 8.5 with boric acid

Ethidium bromide stock (100 x)

100 mg EtBr dissolved in 10 ml distilled water,retb at room temperature.

LB broth and plates supplemented with ampicillin

10 g Bacto-Tryptone

5 g Bacto-Yeast Extract

5 g Sodium Chloride

1 ml 1000x ampicillin stock
Up to 1 L distilled water

To make agar plates, add 12 g agar

Ampicillin stock (1000x)
50% (w/v) Ampicillin
50% (v/v) distilled water
50% (v/v) ethanol
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IPTG and X-Gal stocks
200 mg IPTG per 1ml distilled water
20 mg X-Gal perlml dimethyl formamide

10x TBE buffer (pH 8)
0.685 M Tris-HCI
0.8895 M Boric Acid
0.02 M EDTA

Denaturing polyacrylamide gel (10%)
8 M Urea

0.5% (w/v) Bis-acrylamide

9.5% (w/v) Acrylamide

1x TBE

0.05% (v/v) TEMED

0.5% (v/v) Ammonium persulphate stock

Ammonium persulphate (APS) stock
100 mg APS in 1 ml distilled water

Phosphate-buffered saline
0.21 g KHPO,

9 g NaCl

0.726 g NagHPO,. 7H,O

Made up to 1 L and autoclaved

RNase free water
1 ml DEPC in 1 L of water

Incubate overnight at 8€ and autoclave the following day.
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Appendix 3

It should be noted that any reactions involving tise/generation of RNA should be
done as RNase free as possible. The environmeng@merally works in contains a
variety of species of RNases, particularly thosedslby humans. RNases are
generally difficult to get rid of, and special paetions need to be taken to ensure the
best quality RNA is produced. Gloves should be watdrall times, ensuring that they
are sprayed with 70% ethanol intermittently, aslvasl an RNase degrading soap
(such as RNase-Away). Instruments such as glass amé spatulas should be
washed with 1% SDS solution and rinsed with DER&ted water, covered in foil
and a standard autoclave procedure performeduffthees should be cleaned with an
RNase degrading substance (1% SDS solution calsdm.ut is advisable to wear a
face mask, to prevent aerosols entering the reaetiwironment. Any components to
a reaction should be RNase free, including the musted and any chemical added. It
is suggested to use chemicals separated from ddalkrase. Any large volumes of
water that need to be used (such as water usebuféers) should be treated with

DEPC first.
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