Anti- c-myc cholesterol-based lipoplexes:
Development, characterisation and evaluation as
onconanotherapeutic agentsn vitro

Saffiya Habib

(206507144)

Submitted in fulfilment of the academic requirenssiotr the degree of
Doctor of Philosophy
in the
Discipline of Biochemistry
School of Life Sciences
College of Agriculture, Engineering and Science
University of KwaZulu-Natal
Westville

June 2018

As the candidate’s supervisor | have approveddisisertation for submission.

Supervisor: Prof M. Singh Signed: Date:

Thefinancial assistance of the National Research Foundation (NRF) towards this research is hereby acknowledged. Opinions expressed and conclusions arrived at,
are those of the author and are not necessarily to be attributed to the NRF.




ABSTRACT

Strategies aimed at inhibiting the expression efdimyconcogene could provide the basis for
alternative cancer treatment. In this regard, sitemc-mycexpression using small interfering
RNA (siRNA) is an attractive option. However, thevdlopment of a clinically viable, SIRNA-
based,c-mycsilencing system is largely dependent upon thégdesf an appropriate siRNA
carrier that can be easily prepared. Nanostructiomeed by the electrostatic association of
siRNA and cationic lipid vesicles represent uncaogieéd, well-recognised siRNA delivery
systems. Therefore, this study has focused ortitvadl cationic liposomes as the foundation for

the development of a simple, but effective antiryconconanotherapeutic agent.

Novel liposome formulations contained equimolar rguges of the cytofectin, N,N-
dimethylaminopropylamidosuccinylcholesterylformytingzide (MS09), and cholesterol (Chol);
with or without 2 mol % pegylation. Liposomes which contained
dioleoylphosphatidylethanolamine (DOPE) as the ipot were included for comparative
purposes. Pegylated and non-pegylated MS09/Chb) (suspensions were reproducibly
prepared by lipid film hydration to give unilamellgesicles that were stable for at least 10
months at 4 °C.

Liposomes successfully bound siRNA to form lipogeyof less than 200 nm in size, with zeta
potentials between -16 and -44 mV. These assun@duliiglr and bilamellar structures in which
siRNA was partially protected. Although all formtitans were well tolerated atl4 nM siRNA,
pegylation severely inhibited siRNA delivery in can cell lines, MCF-7 and HT-29, which

overexpress-myc

The non-pegylated MS09/Chol (1:1) lipoplex, at M809:siRNA {'/,,) ratio of 16:1, was most
effectively taken up by MCF-7 and HT-29 cells, withgligible effect in non-transformed cells
when applied at 12 nM siRNA. Lipoplexes directediiagt thec-myc transcript (ante-myc
siRNA), mediated a dramatic reduction simyc mRNA and protein levels. This was
accompanied by a loss of migratory potential andpsgic cell death. Moreover, oncogene
knockdown and anti-cancer effects were superiohab of a commercially available transfection

reagent, Lipofectamine 3000. Although the DOPE-containing counterpartfqremed with



comparable efficacy under standandvitro conditions, it was incapable of SIRNA delivery at
physiological serum concentration. Hence, the emtiyc MS09/Chol (1:1) lipoplex reported

exemplifies a straightforward anti-cancer agent wexrants further investigatian vivo.
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CHAPTER 1 - INTRODUCTION

1.1 Background to the study

The c-mycgene encodes a nuclear phosphoprotein that is wregebgnised for its role as a
transcription factor. The c-Myc protein is beliewedparticipate in the regulation of 10 — 15 % of
all genes (Zelleet al, 2006). These include genes involved in cell eymlogression (Bernet
al., 1997, Hermekingt al, 2000), metabolism (Kirst al, 2004), cell growth (Liet al, 2008b,
Schuhmacheet al, 1999, Van Riggelert al, 2010), differentiation (Wilsoret al, 2004),
adhesion (Gebhardit al, 2006), and apoptosis (Morrigt al, 2003). Due to its function in
regulating essential cellular functions, expressbithe c-mycgene and activity of the c-Myc
protein is, under normal circumstances, tightlytogied. However, abnormal-mycexpression
can occur due to genetic events which include kaatons (Batteyet al, 1983),
rearrangements (Dalla-Faveea al, 1983) and amplification (Treset al, 2004), as well as
flaws in pathways implicated in regulation of tlgene or the protein that it encodes (Sneith
al., 1993).

Research carried out in the 1980s showed an asisocizetween the deregulated expression of
c-mycand tumourigenesis (Adanes al, 1985, Ledeeet al, 1986). Further work showed that
abnormalc-myc expression causes neoplastic changes by eliminatieck-points in the cell
cycle (Li and Dang, 1999, G#t al, 2005), prompting genomic instability (Kuzyk aihi,
2014) and through association with other oncogévasx et al., 1988, Wanget al, 2011). In
fact, tumour cells often rely arrmycexpression for the maintenance of the canceras. sthis
phenomenon, known as oncogene addiction, was elsphasy studies which show thaimyc
inactivation caused tumour regression in transgenice (Arvanitis and Felsher, 2006) by
inhibiting cellular proliferation, and inducing sestence or apoptosis and differentiation
(Felsher, 2010). Moreover, the effects of systemiaycinhibition were found to be mild in
normal tissues, and were well tolerated over tiBmuteket al, 2008). These findings, together
with an estimation that-mycis deregulated in up to 70 % of human cancers gDan12),

motivate strongly for the therapeutic value of biting oncogenic-myc

In theory, the oncogenic activity @myccan be eliminated by inhibiting expression of the
activated gene, inhibiting inter-protein associasidhat are critical for c-Myc function, or by



disrupting pathways that suppertnycderegulation in cancer cells; and this has pravabasis
for the design and evaluation of several potenaiati-cancer strategies. The antisense
oligonucleotides have featured in some of the estrlieports ot-mycinhibition (Holt et al,
1988, Lokeet al, 1988, Wickstronet al, 1988). These short, single-stranded DNA molecule
hybridise to complementary regions ofmyc messenger RNA (mRNA), and prevent its
translation either by acting as a physical impeditreg by engaging ribonuclease (RNase) H
activity (Dias and Stein, 2002). The applicatiomaatisense technology to c-Myc inhibition has
expanded with nucleotide modifications designedcomfer greater stability and specificity
(Cutrona et al, 2003, Hudziaket al, 2000). However, Nobel Prize-winning work which
described an endogenous gene silencing mechanmwnkas RNA interference (RNAI), (Fire

et al, 1998) presented further possibilities.

Short RNA duplexes, known as small interfering RK#RNA), associate with a network of
cytoplasmic proteins to form the RNA-induced siiagccomplex (RISC), through which they
guide the degradation of mMRNA bearing a complenmgrdgaquence (Elbashat al, 2001). In
theory, effective silencing o€-my¢ or any oncogene, may be achieved using endogenous
cellular machinery, provided that the appropriatégsigned siRNA molecule is successfully
introduced. However several factors militate agaihe success of naked siRNA molecules
vivo. Naked siRNA molecules are highly susceptibleaus nucleases (Cao and Ji, 2009) and
are rapidly cleared by the kidneys (Huaetgal, 2011). Furthermore, the size (approximately
14 kDa) and net negative charge of the siRNA preitserpassage across biological membranes
(Akhtar and Benter, 2007). Therefore, an approprérrier is required to protect the siRNA

molecules from damage and elimination as well aigguise its negative charge.

The fact that nucleic acids can electrostaticadlyomiate with positively charged agents led to the
investigation of a wide variety of cationic moleesilas potential carrier vehicles. These include
cationic cell-penetrating peptides (Egudti al, 2009), polymers (Urban-Kleiet al, 2005),
dendrimers (Taratulat al, 2009), and lipids (Zhengt al, 2014). Among them the cationic
lipids have received the most attention, both botatory-scale experiments and clinical trials
(Hope, 2014, Leungt al, 2014, Singlet al, 2015). The earliest cationic lipid-based delver
system is the cationic liposome, that is formedrfibe self-assembly of cationic and neutral or

helper lipids (Felgneet al, 1987). These form nanostructures, known as le@s, when



associated with siRNA. More recently cationic Ipidave served as the nucleation centres or
outer coatings of more elaborate lipid nanopariatewhich siRNA is encapsulated (Chetral,
2010, Morrisseyet al, 2005, Zhanget al, 2013). However, traditional SiRNA lipoplexes are
arguably easier and less time-consuming to prepatker favourable characteristics which
include safety, biocompatibility, and, importantiynenability to modification have sustained the

interest in the field of cationic liposomal-siRNA&Iltvery (Shimet al,, 2013).

In a recent review of siRNA delivery systems fonoar treatment, Xu and Wang (2015) outline
the properties of the ideal siRNA carrier. The wvedystem must have low toxicity, afford
stability in the presence of serum, avoid recognitby the immune system, avoid renal
clearance, reach and successfully enter the ddezsdks to deliver its contents to the RNAI
machinery. Although numerous studies documentingehdiposomal-siRNA systems have
shown promise, none have resulted in a commerciagilable treatment (Singtt al, 2015).
Major barriers to the application of cationic liposal systems as nanomedicines include poor
stability in the bloodstream and early recognitoyrthe immune system. The net positive charge
of lipoplexes encourages association with aniorgcurs proteins such as albumin and
lipoproteins. The effect of these interactions wgo-fold. Firstly, opsonisation by serum
components can cause destabilisation of the lipogtieicture, and consequently, damage to the
nucleic acid cargo before it reaches the diseastis. Secondly, lipoplexes often aggregate to
form large particles that accumulate in the lund are rapidly cleared by the reticuloendothelial

system. This reduces the effective dose and ctionléime (Liet al, 1999, Semplet al, 1998).

In an attempt at addressing this matter, two maitegyies have emerged. The first and most
common method involves surface modification of §pmes with biocompatible polymers, such
as poly(ethylene glycol) (PEG), which stericallyiioit contact between serum proteins and the
liposomal bilayer (Papahadjopoules al, 1991, Torchilinet al, 1994). The second strategy
involves increasing the mechanical strength oftiifeeyer so as to render it more resistant to the
destabilising action of serum proteins. This mayabkieved through the incorporation of rigid,
membrane-stabilising lipids such as cholesterolo{Cim liposome formulations (Sutkowskit

al., 2005).



As such, the following observations were made:

» Deregulated expression of tkkemyc proto-oncogene initiates transformation of normal
cells, promotes tumourigenesis and is a commonifeaif a wide variety of cancers.

» Inhibition of c-mycexpression may induce loss of the neoplastic piyprpand this fact
may be exploited in the design and development ofeneffective cancer treatment
strategies.

» Silencing of c-myc expression in cancer cells can be achieved byeti@ngenous
mechanism of RNAI via the introduction of correatlgsigned siRNA molecules.

* The success of any amtimyc siRNA strategy hinges on faithful delivery of siRN
molecules.

» Cationic liposomes have shown promise as siRNAiearatr However, unfavourable
liposome-serum interactions and early eliminatiepresent major limiting factors.

* It was concluded that further design and optimisatof liposome formulations is

necessary before their full potential as siRNA ieasrcan be profitably harnessed.

Initially, much research was centred on enhancipgsbme performance by improving the
cationic lipid component. Consequently, numerodu®na lipids were synthesised with features
which include novel ionisable headgroups that irhpdwe positive charge and improve
interactions with siRNA (Desigaugt al, 2007, Mévelet al, 2010), cleavable linkages that
minimise toxicity (Zhenget al, 2014), and pH-sensitive moieties to promote F\Rfdlease
within the cell (Sateet al, 2012). It was later shown that variations in tla¢ure and quantity of
the helper lipid and addition of surface appendagd&®n combined with a given cationic lipid
gives liposomes with markedly different stabilitiss$RNA carrying and protecting capability,
cellular uptake characteristics and transfectidicady (Khatriet al, 2014, Wanget al, 2013a).
Consequently, the potential for formulation enhameet with a given, promising cationic lipid
is extensive. The monocationic cholesterol denxall,N-dimethylaminopropylamidosuccinyl-
cholesterylformylhydrazide (MS09) is one such lipldaving only been investigated in co-
formulation with the conventional helper lipid dolylphosphatidylethanolamine (DOPE),
MS09 showed potential in SIRNA delivery that mefiteher development (Danieés al, 2013).
Hence, this study has focused on the effect oftgaubsg Chol, as the helper lipid in pegylated

and non-pegylated MS09 liposomes, in an attempictoeve lipoplexes capable of safely and
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successfully delivering siRNA molecules directe@iagt a clinically relevant gene;myg into

cancer cells.

1.2 Aim and objectives

The aim of this study was to formulate cationiowly systems, based on the cationic lipid,
MS09; and to evaluate their potential as siRNAieain vitro, towards the development of a
simple, yet effective ant-mycliposomal onconanotherapeutic agent. In order hiege this

aim, the objectives of the study were as follows:

* To formulate liposomes containing MS09 and bilag&bilising agents, namely, the
helper lipid, Chol, and a pegylated lipid.

* To determine the optimum ratio of MS09 to Chollfppsome formation.

» To assess siRNA-binding, lipoplex formation and N#Rprotecting capabilities of
liposomes.

» To characterise liposomes and siRNA lipoplexes @og to size, morphology and zeta
potential.

* To investigate cell tolerance and the siRNA-delverapabilities of liposomes, in
transformed and non-transformed human cell lines.

» To compare the characteristics of new liposome @atrons with that of liposomes
containing the conventional helper lipid, DOPE, andommercially available liposomal
transfection reagent.

* To apply the best-performing lipoplex to the delivef antic-mycsiRNA in cell lines
representative of cancers that are known to oveessp-myc

* To quantify the effect of transfection with the es#ked lipoplex on oncogenic-myc
expression at the mRNA and protein levels.

» To evaluate the impact of transfection with theesteld lipoplex on cancer cell migration

and proliferation.



1.3 Significance of the study

Cancer is a leading cause of death world-wide. Ading to the American Cancer Society,
deaths due to cancer outnumber those due to adgum@une deficiency syndrome (AIDS),
malaria and tuberculosis combined (American CarSeciety, 2015). At present, cancer
treatment mainly involves surgical removal of tumguhe administration of anti-cancer drugs
and/or radiation depending on the type and stagethef disease. Despite advances in
understanding tumourigenesis and disease prognesgiaent cancer treatments are limited by
harsh and possibly persistent side-effects, thesipidisy of recurrences, and are heavily
dependent on early detection and diagnosis foressc(DeSantist al, 2014). With the global
cancer burden projected to increase to 21.7 miliew cases and 13 million deaths by the year
2030, it is clear that more effective treatmenatsigies are required (American Cancer Society,
2015).

Research into the genetics of cancer cells hadifi@ehthe altered activity of the-mycproto-
oncogene as an important element in the initiadod maintenance of the cancerous state.
Silencing of oncogenic-mycby endogenous cellular machinery using appropyiatesigned
SiRNA molecules could reverse transformation, aresents a potential therapeutic alternative.
The current study is important to the field of cangene therapy for the following reasons.
Given that aberrard-mycexpression is a feature of a wide variety of nradigcies, advances in
the design of appropriate-myesilencing systems may eventually prove usefulreating a
broad range of cancers (Vita and Henriksson, 20@6%. worth mentioning at this point that
further development of the only lipid nanopartibl@sed siRNA therapy againsimycthat has
been reported to date (Tolcledral, 2015) was terminated in 2016 following early-phalinical
trials. Therefore, safe and clinically feasibleidipased antc-myc systems remain to be
developed. The design, optimisation and evaluadionew liposomal formulations for siRNA

delivery may potentiate this goal.

1.4 Novelty of the study

This study reports on new cationic liposome formates containing the known cytofectin,
MSQ09, and helper lipid, Chol, with or without PEGadification for the purposes of siRNA
delivery. While MS09 has been investigated in ansedeficientin vitro siRNA application

(Danielset al, 2013), the effect of its co-formulation with Ghan siRNA delivery, and its
6



further application inc-myc gene silencing under normal cell culture condgiomas not

previously been explored.

1.5 Outline of dissertation

This dissertation is presented in the form of thapters.

Chapter 1 provides the context within which the current stud relevant. The aims and
objectives of the study together with its noveltydasignificance in the field of cancer gene

therapy are outlined.

Chapter 2 is a literature review that is focused on thenycproto-oncogene, the role of the
c-Myc oncoprotein in human cancer and its poterdsah therapeutic target in the treatment of

cancer. Due emphasis is placed on nucleic acidatestlinhibition ofc-myc

Chapter 3 gives detailed information of all experimental Wwaqverformed, fully outlining all

materials and protocols undertaken.

Chapter 4 presents all results obtained with statisticallyses. These are interpreted and
discussed in detail.

Chapter 5 concludes the study and gives recommendationdufdiher improvement of the
liposomal-siRNA systems reported.



CHAPTER 2 - LITERATURE REVIEW

Oncogenic c-Myc: structure, function and potentialfor nucleic acid-mediated inhibition in
cancer treatment

2.1 Introduction

The c-mycproto-oncogene is the most famous member ohtiiegene family which includes

L-myc (Nau et al, 1985),N-myc (Schwabet al, 1983),B-myc (Ingvarssonet al, 1988) and

s-myc(Sugiyamaet al, 1989).c-mycwas first identified in 1982, as a cellular hontple of

v-myG the oncogene responsible for the transformintyicof avian retroviruses (Vennstrom

et al, 1982). Thec-mycgene encodes a nuclear phosphoprotein (Beinetired, 1985, Ramsay

et al, 1984), c-Myc, that is a key regulator of celludeativity, largely through its capacity as a

transcription factor (Dang, 1999, Daagal, 2006).

Shortly after its discovery, the possibility of @genic activation o€-mycdue to chromosomal
translocation was raised (Battey al, 1983), and abnormal-myc expression was correlated
with the initiation of cancer (Adanet al, 1985).c-mychas since been recognised as one of the
most frequently deregulated genes in human can@assequently, much attention has been
given to the idea that the development of an appatgstrategy for inhibiting oncogenic activity
of the c-Myc protein may translate into effectiveatment for cancer (McKeown and Bradner,
2014). In this regard, synthetic nucleic acids, ilh@vlong been recognised as tools for

modulating gene expression (Juliano, 2016), wensidered.

This review discusses the structural and functiasgkects of the-mycgene, its protein product,
its importance in cancer and, as such, sets theesime focus on strategies for nucleic acid-

mediatedc-mycinhibition.

2.2 Structure of thec-myc gene

The humarc-mycgene is located on chromosome 8qg24 (Meall, 1982). It is organised in the
form of three exons and two introns (Wettal, 1983) as shown in Figure 2.1. Transcription can
be initiated from any of four promoter sequencesniuet al, 2001). However, P2, from
which, at minimum 75 % ot-myc mRNA originates, is the major promoter (Bentleydan

Groudine, 1986). The-myclocus encodes alternate translation start codehigh give rise to



c-Myc protein isoforms (Blackwooelt al, 1994). The nuclease hypersensitivity elementENH
111 is a key regulator oE-mycexpression. It serves as a binding site for tndpison initiation
factors (Posteét al, 1989), and harbours a guanine-rich motif thatlatates transcription via
equilibrium between quadruplex and duplex DNA confation (Seenisamgt al, 2004).
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Figure 2.1: A representation of the human c-myc gene. The arrows indicate promoters. NHE Ill1 refers to
the nuclease hypersensitivity element Il11. CTG and ATG are the alternative start codons for the p67 and
p64 protein isoforms, respectively. pA; and pA, represent polyadenylation signals. Redrawn and adapted
from Chen et al. (2014) and Nanbru et al. (2001).

2.3 Structure of the c-Myc protein

The c-mycgene specifies any of three protein isoforms, dejpg on the promoter sequence and
translation start site involved. The major c-Myotein, designated as p64, is of 64 kDa and
occurs when translation @fmyc mRNA from any of the four promoters begins at &lgG
codon of exon 2. As shown in Figure 2.2, the 43%harmcid polypeptide chain of p64 is broadly
divided into the amino-terminal domain (NTD), cetdomain and carboxy-terminal domain
(CTD).

The CTD permits binding between the c-Myc trandwmipfactor and regulatory regions of its
target genes. This region harbours the basic hetig-helix (HLH) leucine zipper (LZ) motif
that is characteristic of the Myc protein familyngortantly, the HLHLZ motif permits
dimerization with its obligate partner protein, thiyc-associated factor X (Max) (Blackwood
and Eisenman, 1991). The basic amino acid residdiethe CTD specify binding of the
c-Myc/Max dimer to CACGTG enhancer box (E-box) aamsus sequences (Papouddsal,
1992), in the proximal promoter region of its targenes (Katet al, 1992, Zelleet al, 2006).
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Figure 2.2: Structural organisation of human c-Myc protein, p64. Redrawn and adapted from Pelengaris
et al. (2002) and Zhang et al. (2017b).

Several conserved peptide sequences, known as dkgspplay a major role in modulating the
level and activity of the c-Myc protein, primariby serving as docking sites for various protein
factors. Myc box | (MBI) and Myc box Il (MBII), witin the NTD, have been the most widely
studied. MBI harbours sites for phosphorylation rflkessonet al, 1993) andO-glycosylation
(Chouet al, 1995) that regulate the protein’s lifespan. Mo associates with proteins such as
pl07 (Guet al, 1994) and TATA-binding protein (TBP) (McEwaat al, 1996), which either
promote or repress its activity on target geneseRty, the existence of a second transactivation
domain (TAD), Myc box 0 (MBO0), believed to indudeetexpression of a different set of target
genes from MBI, was reported (Zhaegal, 2017b). MBIl is associated with assembly of the
transcription machinery (further details are preddn section 2.4), and has been linked with

cellular transformation (Peret al, 1990).

Three other conserved motifs, Myc box llla (MBIlI&lyc box llIb (MBIlIb) and Myc box IV
(MBIV), have been identified within the central reg. MBllla is required for transcriptional
repression, negatively regulates apoptosis andribateés towards cellular transformatiom
vitro andin vivo (Herbstet al, 2005). MBIlIb serves as a binding site for thé¥0-repeat
protein, WDRS5, and this facilitates the interactisith target chromosomal regions (Thones
al., 2015). The same group later demonstrated thalVM8 necessary for the association of

c-Myc with the transcriptional co-regulator, hostldactor-1 (HCF-1) (Thomast al, 2016).
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The NTD is the main point of variation among theeth isoforms. A 67 kDa polypeptide
resulting from translation of-myc mRNA at the CUG start site of exon 1, has an addn
N-terminus. This isoform is designated as p67 (Bhaod et al, 1994, Hanret al, 1988). The
third isoform, c-Myc S, is a smaller protein of KBa that is translated from an AUG start codon
downstream of the p64 translation initiation sBpd@ttset al, 1997). Although c-Myc S lacks a
functional TAD, it is capable of mediating many lbigical functions that the other isomers carry
out (Xiaoet al, 1998).In vivo studies later performed by Benassayag and cowoi(2805),
showed that all three isoforms simultaneously exighin normal cells in ratios that depend on
the cell status. In 2010, it was reported that stqp@nslational cleavage of the full length c-Myc
polypeptide results in Myc-nick, which lacks a CTIhe absence of a nuclear localisation signal
(NLS) restricts Myc-nick to the cytoplasm whereappears to influence cytoskeletal changes
involved in cell differentiation (Conacci-Sorrefl al,, 2010).

2.4 c-Myc as a transcription factor

It is estimated that c-Myc participates in the dagan of 10-15 % of all genes (Zellet al,
2006), and these encompass genes transcribed lf #my three RNA polymerases (Oskarsson
and Trumpp, 2005). Chromatin immunoprecipitatiomugled with pair-end ditag sequencing
analysis in human B cells showed that over 400®@gn loci could serve as c-Myc binding
sites (Zelleret al, 2006). Consequently, many and varied target y@mel gene networks of
c-Myc have been identified and, in this way, itBuance within the cell has become more fully
understood.

One of the earliest elucidated roles of c-Myc wasnvolvement in the cell cycle. Serial analysis
of gene expression in primary human umbilical vemlothelial cells identified genes encoding
the cell cycle regulators, cyclin-dependent kindseyclin E binding protein 1, and cyclin B as
direct targets (Menssen and Hermeking, 2002). &hgesstudy showed that c-Myc may preserve
the integrity of the genome during replication tgh its induction of DNA repair genesMyc
regulates energy generation and metabolism, andouas to directly activate genes involved in
mitochondrial replication and biogenesis (Keh al, 2008). c-Myc also co-ordinates various
biosynthetic pathways. Its role in protein syntedsas been highlighted by studies which show
that c-Myc directly activates the transcription génes encoding ribosomal RNA (rRNA)

(Grandoriet al, 2005) and ribosomal proteins (Gebal, 2000), and controls the maturation of
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rRNA (Schlossert al, 2003). In addition, c-Myc is implicated in thearnscription of genes
involved in the synthesis of lipids (Edmunessal, 2014, Morrishet al, 2010) and nucleotides
(Liu et al, 2008b). c-Myc influences cell adhesion and stmec through its activity on the
expression of genes which encode proteins of tha@dlular matrix and cytoskeleton (Collker
al., 2000). More recently, Wangt al (2013b) showed that c-Myc regulates microRNA
(miRNA) expression through its interaction with gh@moter of the gene that encodes Drosha,
which is the enzyme responsible for processing @nsmiRNA precursors. The above are
intended as examples of key biological functionglisted by c-Myc and, by no means, cover
the complexities of the c-Myc target gene netwd®hrfget al, 2006). In fact, in one study, 49
direct targets were identified to be genes whiotoded other transcription factors (Zelédral,
2006). As such c-Myc is believed to impact, eitdeectly or indirectly, almost all cellular

processes and is referred to aglabal regulator of transcription(Danget al, 2006).

Given that its role as a transcription factor haserb widely publicised, a few accepted
mechanisms of c-Myc-mediated transcription areflyridiscussed. The interaction of c-Myc
with Max is essential for its activity (Amagit al, 1993). X-ray structures revealed that c-Myc
forms a heterodimer with Max via the LZ protein foand this positions the basic peptide
helices of c-Myc for insertion into the major gr@owef the DNA target E-box (Nair and Burley,
2003). Once the c-Myc/Max dimer has bound to thigok- transcription of the target gene is

either activated or repressed, depending on tleeaiction of c-Myc with other protein factors.

An accepted mechanism of c-Myc-mediated transaaivaFigure 2.3) proposes that MBII
recruits the transformation/transcription domaireasated protein (TRRAP) which in turn
associates with histone acetyltransferases suclgeasgral control of amino acid synthesis
protein-5 (GCN5) and TIP60 (McMahat al, 1998; McMahoret al, 2000). The acetylation of
histones renders the DNA at the target locationesgible for binding of the chromatin
remodelling complex (Let al, 2007) and encourages transcription by RNA pohases (Arabi
et al, 2005, Kennetlet al, 2007).
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Figure 2.3: c-Myc mediated-transcriptional activation. c-Myc, when associated with Max, recruits
histone acetyltransferases GCN5 or TIP60 via TRRAP; or the p300/CBP complex to activate transcription
of target genes. The grey arrow indicates transcription initiation and progression. Redrawn and adapted
from Cole and Cowling (2008) and Dang (2012).

It was initially accepted that c-Myc exerted itderan transcription via the collaboration of
protein complexes with its NTD. However, Vervooatsd coworkers (2003) demonstrated that
the cAMP response element binding protein (CBP)clwhas histone acetyltransferase activity,
binds to the CTD of c-Myc. CBP, in association wgBOO, serves as a positive cofactor for
c-Myc function and is believed to interact with tR&IA polymerase 1l (RNA pol 1) complex
(Cowling and Cole, 2007).

Genes repressed by c-Myc are generally those #is&iat cell growth and proliferation. These
include genes which encode inhibitors of the cgllle (Claassen and Hann, 2000), tumour-
suppressive miRNAs (Zhargg al,, 2012) and cell-adhesion molecules (Gebhatdil, 2006).

The most common mechanism of transrepression iegotlie association of c-Myc with the

Myc-interacting zinc finger protein-1 (Miz-1) tracrgption factor (Figure 2.4).

Miz-1 binds to the initiator element (Inr) of proteo sequences, where it activates transcription
of genes and is associated with strong growth itdrip effects in the cell (Peukeet al, 1997,

Si et al, 2010). The c-Myc CTD binds to Miz-1 (Gartel ai@hchors, 2003) and this
competitively inhibits the binding of p300 (Stalletral, 2001). Instead Dnmt3a is recruited, and
this methylates the promoter sequences (Breenat, 2005). In this way, the regulatory region
of the gene cannot access an important transangdtico-factor and receives a modification that

brings about gene repression.
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Figure 2.4: c-Myc-mediated transcriptional repression. c-Myc, when associated with Max, binds to
Miz-1, a) preventing its association with p300, and b) recruits Dnmt3 that c¢) methylates the promoter
region and, as such, prevents d) Miz-1 from promoting transcription of the target gene. Inr denotes an
initiator element. Redrawn and adapted from Tansey (2014).

Other mechanisms of c-Myc-mediated gene repressene put forward following studies on
growth arrest genes (Gartel and Shchors, 200@)adtshown that c-Myc, in the absence of Max,
inhibits the transcriptional activity of anothemneifinger transcription factor namely, Sp1, by
either binding to Sp1 or the Smad-Spl complex (Fetrag, 2002, Garteét al, 2001).

Although most c-Myc activity in normal cellular pesses and cancer has been attributed to its
role in transcription, it is worth mentioning thavidence exists for transcription-independent
functions of c-Myc (Cole and Cowling, 2008). Inghiegard, Cowling and Cole (2007) reported
that c-Myc can regulate translation by inducing mRbBp methylation. In addition, c-Myc
directly controls DNA replication by recruiting c@onents of the pre-replicative complex

during DNA replication (Dominguez-So# al, 2007).

2.5 c-Myc in normal cells

c-mycis among the first genes to be expressed whes eel exposed to mitogens and is
therefore known as animmediate early response gén@Henriksson and Lischer, 1996,
Lemaitreet al, 1996). c-Myc levels in normal cells vary in reape to internal signals for cell
proliferation and the external environment (Gardeernl, 2002). In quiescent cells;mycis
expressed at low levels such that its protein prbds hardly detectable. However, with
mitogenic stimulic-myc mRNA and protein levels increase rapidly. Toenyc expression
continues through the cell cycle and drops to bksadls as cells return to their resting state
(Waterset al, 1991).
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Shichiri et al (1993) showed that cell proliferation is sengtito small changes in-myc
expression, and that regulated expression-wiycis essential for maintaining normal cellular
status. Therefore c-Myc levels and activity in tel are, under normal conditions, stringently
regulated. Control points include the transcripgloregulation of the-mycgene itself (Eick and
Bornkamm, 1986, Bentley and Groudine, 1986), theviic of translation initiation factor elF4E
which ensures that only faithfut-myc mRNA transcripts are exported to the cytoplasm
(Culjikovic et al, 2006); the short half-life afl-mycmRNA (Daniet al, 1984), post-translational
modifications such as phosphorylation, acetylatiad ubiquitinylation (Vervoortst al, 2006);
and proteins which either directly interact withMgc (Dai et al, 2007) or influence its

dimerization with Max (Grandost al, 2000).

2.6 Activation of c-myc in human cancer

Genetic alterations of themycgene and molecules or pathways responsible faegslation
can cause deviations from the rigorously controbBegression ot-my¢ such that the protein
product is expressed at abnormally high levelsgcasstitutively expressed at varying levels
and/or no longer responds to external stimuli. Thieenomenon is known as oncogenic
activation (Pelengarist al, 2002). The major mechanisms @inyc activation are discussed

below.

The earliest genetic alteration @mycidentified was translocation, which places theegender
the control of very active gene regulatory elemeftdefining feature of Burkitt's Lymphoma is
the juxtaposition ott-mycto the constitutively expressed immunoglobulin) (hggavy or light
chain genes of chromosomes 2, 14 or 22 in B cBidl4-Faveraet al, 1982). In other B cell-
associated cancers, translocateshycmay occur in the proximity of genes that do notaslec
immunoglobulins. These include tikBP1 KRAS FAM46C and CCND1 genes that contribute
towards maturation of B cells and disease developrf\Walkeret al, 2014). Translocation can
also placec-myc under the control of super-enhancer elements (§vadk al, 2014), which
interact withc-mycvia a common, conserved enhancer-docking sitetddcapstream of the
c-mycpromoter (Schuijergt al, 2018). Moreover, instability of theemyconcogene has been
associated with the H-DNA-forming tendency of setpes prevalent at common translocation
breakpoints (del Mundet al, 2017).
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Rearrangements which occur as a result of recormbmaf genetic material within chromosome
8, are also responsible for oncogenic activatioc-wifycin cancers of the blood, albeit to a lesser
extent (Ottet al, 2013). Point mutations in the region of MBI a@mmon to lymphomas. In
particular, mutation of the Thr58 phosphorylatiate grevents ubiquitin/proteasome-directed
degradation of c-Myc, extends its lifespan andrdfore, encourages tumourigenesis (Baheam
al., 2000).

Elevatedc-mycexpression can occur as a result of gene ampgiditaThis phenomenon is a
hall-mark of many solid tumours. Several surveygehattempted to quantifg-myccopies in
different malignancies and present an overview tsffiequency. For example, Treszl and
coworkers (2004) detected extra copies ofcttmycgene in 61 % of nodular melanoma samples
tested. Naidu and colleagues (2002) obsecved/camplification in 25 % of 440 primary breast
carcinomas. Low to moderatemycamplification was detected in 32 % of tumours takem
149 colon cancer patients (Augenligttal, 1997). Abnormal copy numbers of tbenycgene
were also reported in cancers of the brain (Heetal, 2000), head and neck (Baltaati al,
2016), liver (Charet al, 2004), lung (Seet al, 2014), stomach (Harat al, 1998), prostate
(Jenkinset al, 1997), bladder (Sardit al, 1998) and ovaries (Baket al, 1990). Although
c-mycamplification has been observed in several princarginomas (Abbat al, 2004, Haraet
al., 1998), this event is more frequent in late-stagenetastatic cancers (Bitzet al, 2002,
Bubendorfet al, 1999, Treszét al, 2004, Wangeet al, 2002).

Defects in molecules and pathways responsiblecfaryc regulation can up-regulate-myc
expression, in the absence of genetic alteratibriseac-mycgene itself (Smittet al, 1993). A
notable example is the ARE¢atenin pathway that negatively regulatesiycexpression under
normal conditions (Het al, 1998). Inactivation of this pathway is most pnoemt in colorectal
carcinoma in which 83 % of tumours harbour mutatian the adenomatous polyposis coli
(APC) tumour suppressor gene (Rowan al, 2000). Mutations off-catenin, which is a
transcriptional co-repressor, have been reportedases of medulloblastoma (Zuravetl al,
1998), endometrioid ovarian carcinoma (Palacios @ainallo, 1998) and hepatoblastoma
(Udatsuet al, 2001).The aberrant expression of several ottvenycregulators, which include
haematological and neurological expressed 1 (HMhpQget al, 2017a);the RNA helicase
DDX6 (Taniguchi et al, 2018); the RNA-binding protein, negative elongatfactor E
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(NELFE) (Danget al, 2017); the bromodomain and extra-terminal (BE®main protein,
BRD4 (Baet al, 2018);transcription factors such as OVOL1 and OVOL2 @toal, 2017);
and tumour-suppressor miRNAs such as miRNA 320a @fial, 2017); represent other
avenues by whiclt-myc overexpression occurs in various forms and sub$oof human

cancer.

Overexpression of the mRNA-stabilising, coding oegdeterminant-binding protein (CRD-BP)
also accounts for constitutive expressiorc-ohycin several types of cancer (Doyéeal, 2000,
loannidiset al, 2004, Ros®t al, 2001).In vitro experiments have shown that the CRD-BP
binds to the coding region stability determinantcaihyc mRNA and extends its half-life by
protecting it against degradation by endonucle@Bemsteiret al, 1992). Stabilisation af-myc
MRNA in breast cancer has been linked with abndynimedih levels of the signaling protein p62.
When overexpressed, p62 inhibits the expressidetafa and let-7b miRNAs that are ordinarily
necessary foc-mycmRNA degradation (Xet al, 2017). More recently Abdullaét al. (2018)
reported that atypical expression of the tyrosiregin kinase, Src, which acts on the RNA-
binding protein, IMP1, stabilised tleemyctranscript and, as such, stimulated cell cycleyeint

oestrogen receptor-positive breast cancer cells.

In addition to the effect of enhanceanycmRNA stability, oncogenic activation can occurhwit
abnormal longevity of the c-Myc protein. Gat al (2017) reported a positive correlation
between overexpression of the?@ealmodulin-dependent protein kinaser [CAMKII y), which
stabilises c-Myc by direct phosphorylation at MBhd T cell lymphomagenesis. In prostate
cancer, downregulation of tH€3 ubiquitin ligase adaptor speckle-type POZ pro(&POP) is

a common aberration and this prevents c-Myc beiragked for degradation (Gergt al,
2017). c-Myc stability caused by elevated exprassb the ubiquitin-specific protease 22
(USP22) (Kimet al., 2017a); proteasome activator subunit 3 (PSMERjofet al., 2017);zinc
finger protein 746 (ZNF746) (Junet al., 2018); and the calcium-dependent phospholipid-
binding protein, Annexin A2 (Ma&t al, 2017); has been associated with the progression
breast, pancreatic, colon and oesophageal canas=gectively. Abnormal c-Myc stability
may also be conferred through the action of nongmofactors. Yanget al. (2017) reported

that overexpression of a non-coding circular RNikg-&motl1l, which occurs both in patient
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tumour samples and cancer cell lines, appeareddougage c-Myc stability by increasing its

retention in the nucleus.

A further mechanism of-mycactivation in some cancers involves insertion ichl\vsequences
near thec-myclocus. Ferber and colleagues (2003) showed tlaintegration of the human
papilloma virus 18 (HPV 18) sequence in cervicahaurs is a non-random event, and this
typically occurs at common fragile sites in the g®e that are susceptible to other genetic
changes. The-myclocus is one such site, at which 30 % of HPV Xgitions were detected. In
a study on invasive genital carcinoma cell lindsya&edc-mycmRNA and protein levels were
observed only in instances in which insertion eavVDNA occurred in the vicinity of the-myc
gene (Peteet al., 2006).

2.7 Oncogenic effects of c-Myc

Given thatc-mycis intrinsic to normal cell maintenance, abnortesiin its expression have far-
reaching consequences. Following activation ofctmeycgene, the most noticeable effect is on
cell proliferation. The aberrantly expressed c-Myotein (henceforth referred to as oncogenic
c-Myc) forces cells to enter the cell cycle andtéias its passage through the G1, G2 and
S-phases. Rapid cell division requires a simultaseacrease in the rate of DNA replication,
and this often results in replication errors and ADMNamage. It was proposed thetmyc
overexpression caused the accumulation of abnor@A replication intermediates, a
phenomenon known as replication stress (Robimsal, 2009). Other studies have shown that
c-mycoverexpression causes damage to DNA by mechanigmhsare either dependent (Vadfta

al., 2002) or independent of the generation of reaatkygen species (R&y al, 2006).

Ordinarily, hyper-proliferation and DNA damage ®mate protective mechanisms such as
apoptotic pathways (Eischeet al, 1999, Zindyet al, 1998) and DNA damage response
signaling (Adachiet al, 2001, Sankaet al, 2009). Therefore, it was initially believed that
defects in these pathways, and the effects of otimeogenes, assisted in c-Myc-mediated
tumourigenesis. However, it is possible for oncagestMyc to negate the effects of these
pathways by itself, given that, under normal cdodd, it regulates pathways that restrain
replication stress (Campaner and Amati, 2012) el attenuate the activity of the tumour

suppressor, p53 (Vakt al, 2002). c-Myc leads cells towards immortalisatignpreventing the
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incremental shortening of telomeres that normatiguos each time a cell divides. In this regard,
c-Myc directly controls the expression of humarotetrase reverse transcriptase (hTERT),

which is the rate limiting component of the teloas complex (Khattar and Tergaonkar, 2017).

In c-Myc driven cancers, oncogenic c-Myc brings wbwhat authors describe amétabolic
reprogramming a phenomenon in which normal cellular processesenhanced to support the
growth and energy demands of rapidly dividing celdsd survival in the tumour
microenvironment (Li and Simon, 2013). For exammancer cells are known to consume
glucose at higher rates than normal cells, andofien characterised by greater reliance on
glycolysis as opposed to mitochondrial oxidativeoghorylation as a means of energy
generation (Vander Heidest al, 2009). Hu and colleagues (2011) showed, usiagitchable
model ofc-myedriven liver cancer, that the expression of sdvgeaes involved in glycolysis
are upregulated in tumours, but these are represbtet c-myc expression is switched off.
Moreover, cells transformed lmymycwere shown to undergo extensive apoptosis witbagle
deprivation and, as such, are said to display gle@mdiction (Shinet al, 1998). Cancer cells
may also utilise glutamine as an alternative enesmyce. The induction a-mycin a B-cell
model of Burkitt's lymphoma caused increase in wgfitandrial glutaminase levels because
c-Myc repressed the transcription of regulatory N8 (Gaoet al, 2009). As with glucose,
oncogenic c-Myc can establish a dependency onmglo&ain cancer cells (Wiset al, 2008).
While these represent isolated illustrations ofamemic c-Myc-induced metabolic changes, a
multiomics-based study by Satoét al (2017) highlighted its role in global metabolic
reprogramming in cancer cells. This group showedt tt-Myc expression in colorectal
carcinoma induced at least 215 metabolic reactiynaltering the expression of 121 metabolic

genes and 39 transporter genes.

Along with changes in nutrient consumption and gwegeneration, oncogenic c-Myc
accelerates biosynthesis. This is evidenced byiegudhich show that forced expression of
c-myccaused cells to double their size, protein (Iri@mmd Eisenman, 1999) and RNA content
(Nie et al, 2012). In fact, increased ribosomal content appé& be an important step towards
cancer in pre-neoplastic cells that overexpresmyc (Barna et al, 2008). Furthermore,

oncogenic c-Myc can create a dependency in canels on accelerated synthesis of

biomolecules, by inducing abnormal transcriptionhe relevant genes. Such dependencies have
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been observed with respect to protein (Aletaal, 2016, Pourdehnaet al, 2013) and lipid

(Hall et al, 2016) synthesis. This heightened metabolisnbleas correlated with c-Myc-driven
suppression of circadian rhythm in cancer cellanpah et al, 2015, Dang, 2016). Oncogenic
c-Myc, in association with Miz-1, was shown to bitednon-target E-box motifs of core clock

genes and, as such, inhibit their expression (8kestal, 2016).

Oncogenic c-Myc protects cancer cells and creatsgitable environment for them to thrive.
Caseyet al (2016) provided evidence that c-Myc promotes isaitvof neoplastic cells by
suppressing the regular anti-tumour immune respocddyc overexpression was shown to
upregulate the expression of two immune checkppnateins on the cell surface i.e. the
programmed death-ligand 1 (PD-L1) and the clustelifeerentiation 47 (CD47), which prevent
cancer cell recognition and elimination, respedyivdhe oncoprotein plays a key role in
maintaining cells within a tumour mass by trigggriwhat is referred to as anarngiogenic
switch’. This involves upregulating the expression of tlascular endothelial growth factor
(VEGF), while reducing the expression of thrombospn-1, to induce pre-existing blood
vessels to develop into a complex vascular netwatkin the tumour (Baudin@t al, 2002,
Dewset al, 2006). Other sources show that c-Myc is abl&igger angiogenesis and stromal
remodelling by activating an inflammatory respoShkchorset al, 2006, Soucekt al, 2007).
These findings are supported by recent work whigtectly implicates c-Myc-mediated
upregulation of inflammatory pathways in tumourwtio (Merveet al, 2017) and metastasis
(Sunet al, 2018).

Metastasis is a well-documented consequencec-afyc overexpression. c-Myc induces
epithelial-to-mesenchymal transition (EMT), whick & process by which cells acquire
invasiveness and motility, through co-operationhwdther proteins such as the transforming
growth factorp (TGH3) (Smith et al, 2009) and sterol regulatory element-binding girotl
(SREBP1) (Zhaiet al, 2018). c-Myc-driven EMT in myelomas was shown itawuce
vasculogenic mimicry, a process by which new bleedsels are formede novo(Lin et al,
2017). c-Myc also promotes tumour cell invasivenegEMT-independent processes that rely
on cell adhesion and/or cytoskeletal reorganisatibor example, c-Myc activates the
transcription of the galactoside-binding proteirglegtin-1, that encourages the spread of

oesophageal cancer to the lymph nodes (¥tal, 2009), and co-operates with the S-phase
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kinase-associated protein 2 (Skp2) to promote trgsteon of the RhoA GTPase that encourages

cancer cell motility in metastatic breast cancérgi@et al, 2010).

The general consensus is that these effects chatibetly account for the initiation, progression
and maintenance of cancer. However, all possibleogenic effects of c-Myc may not
necessarily manifest in ad-myedriven cancers. This notion is supported by redeavhich
suggest that c-Myc activity can be cell-specifig/¢ket al, 2000). Hence, it appears that c-Myc
may transform different cell types in different vggpang, 2013).

Two different models of c-Myc-driven tumourigenebigve emerged over the past five years.
According to the general amplifier model, oncogesidyc amplifies the expression of all genes
that are being expressed in a cell. In this waycelular processes are accelerated resulting in
extreme disorder within the cell (Liet al, 2012, Nieet al, 2012). The idea that oncogenic
c-Myc promiscuously activates transcription is supgd by earlier research by Fernandeal.
(2003). This group demonstrated that overexpressiaaMyc increased the affinity with which

it bound to E-box elements of genes that represeaier normal conditions, low affinity targets.
More recently, Sabét al. (2014) reported that while c-Myc does have thétglbo interact with

all active promoters, it does not necessarily doasa changes cell status by either activating or
repressing the transcription of discrete sets akgeThe notion that oncogenic c-Myc acts in a
gene-specific manner was further supported by Loneand colleagues (Lorenzet al, 2016,
Walz et al, 2014) and provides the basis for an alternatwedel of c-Myc driven

tumourigenesis.

2.8c-myc as a target in cancer therapy

Several properties af-myG as an oncogene, render it a suitable target docer treatment.
Firstly, the ideal treatment for any disease shoaldet the cause, rather than the symptoms. Its
protein product is strongly implicated in the iatton and maintenance of the majority of human
cancers and, in its capacity as a transcriptiotofaéunctions downstream of other oncogenes
(Hermeking, 2003). Hence, preventing its oncogeawitvity is, in theory, addressing the root of
the problem. Secondly, an oncogene is potentiablyensuitable a target in cancer therapy than a
tumour suppressor gene because it is easier toitiazicelerated functions in cancer cells than to

restore functions that they have lost (Hermekir@)3. Thirdly, the fact that cancer cells often
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display a dependency on the continuous expresdiotrnoyc for their maintenance may be

exploited in the development of anti-cancer stiatgin this regard, experiments performed
with conditional transgenic mouse models showet d¢hlraycinactivation brought about tumour

regression and can, in some instances, reversercghwanitis and Felsher, 2006). Importantly,
Souceket al (2008) responded to concerns surrounding the ainpfasystemiac-mycinhibition

in normal cells with a study which showed that safieects on normal regenerating cells were
transient and well tolerated over time. Finallyeam thatc-mycis one of the most frequently

altered genes in human cancer, a strategy diragiashstc-mycmay potentiate the treatment of

a broad range of cancers (Vita and Henriksson, 2006

2.9 Nucleic acids targeting oncogenic-myc

Direct inhibition of oncogenic c-Myc was initiallgonsidered to be difficult to accomplish.
Firstly, its primary cellular activity i.e. trangption in the nucleus, is not easily accessible to
therapeutic agents. Secondly, the protein lacks/reazactivity and suitable ligand-binding
domains that could be targeted by traditional smalecule drugs (McKeown and Bradner,
2014). Although advances in understanding thedaties of c-Myc regulation and interaction
with protein factors have presented new areas tatlatfor novel small molecule inhibitors
(Berthon et al, 2016, Chenet al, 2014, Neidle, 2016), the option of directly ibiing
expression of the activatedmyc gene with synthetic nucleic acids continues toeinex
attention. In fact, the very idea of nucleic acadstherapeutic agents emerged largely in response
to conditions such as cancer that were difficultremt with conventional treatment (Juliano,
2016).

Nucleic acids designed for the purpose of genebitibn are typically small DNA or RNA
molecules. Their use is primarily based on the ephthat homology between the nucleic acid
molecule and a region of eitheimycDNA or mRNA causes binding, and blocks the proegss
of transcription or translation, respectively. Thecussion to follow has attempted to review the
various categories of synthetic nucleic acids ttaat effectc-myc inhibition, and trace their

development in the search for more effective catreatment modalities.
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2.9.1. Antisense oligonucleotides

Antisense oligonucleotides (ASOs) represent a n@gss of nucleic acids that has been applied
to the inhibition of c-myc These short, single-stranded nucleotides areguedi with
complementarity to a region of the mRNA. The AS@dsi to the mRNA and either acts as a
substrate for RNase H, which catalyses the cleaggeRNA; or physically blocks translation.
ASOs may be either DNA or RNA in nature. Howeveg@s employed for the purposemimyc
inhibition are predominantly DNA oligomers. Moreoyéhe use of unmodified, phosphodiester
nucleotides is discouraged primarily due to poarldgical stability. Hence, in most studies
modified ASOs were synthesised (Figure 2.5) witle #im of improving stability whilst
maintaining specificity for the target sequenceaand Stein, 2002).
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Figure 2.5: Representation of a) conventional phosphodiester nucleotides and chemically modified
nucleotides b) phosphorothioate-linked nucleotides, c) phosphorodiamidate morpholino nucleotides
and d) peptide nucleic acids. B represents a nitrogenous base. Redrawn and adapted from Dias and Stein
(2002).

2.9.1.1 Phosphorothioate antisense oligonucleotides

One of the earliest modifications explored, invalvattaching individual nucleosides via a
phosphorothioate (PS) linkage (Figure 2.5b). Thasegan oligomer with approximately ten
times greater nuclease resistance than conventubrasphodiester nucleotides (Campletlal,
1990). Wickstromet al (1988) synthesised a 15-nucleotide phosphorathicantisense
oligonucleotide (PS-ASO) directed against a hattpop which contained the initiation codon of
c-myc mRNA. When introduced into human leukemia cellsculture, the PS-ASO reduced
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c-Myc levels and inhibited growth in a sequencecsjze dose-dependent manner. This early

work suggested the possibility of usiagnyespecific PS-ASOs as anti-cancer agents.

Anti-c-myc PS-ASOs have since been associated with delivgenta (Junghanst al, 2005,
Leonettiet al, 2001, Pastorin@t al, 2001, Pastorin@t al, 2003, Zhanget al, 2018) and
applied in conjunction with anti-cancer drugs (C#t al, 1998, Leonettet al, 1999, Pastorino
et al, 2008, Yuaret al., 2014) and physical agents, such as ultrasound €1 al, 2015) to
improve efficacy. Notable success was achieved WMK-3280, a 15-nucleotide PS-ASO
againstc-myc (Webb et al, 2001), developed by Inex Pharmaceuticals Cotorawhich
entered clinical trials for treatment of lymphonmadaolid tumours. It did not, however, progress
beyond the Phase Il trial. A modified form, INXC3%&, was later subjected to preclinical studies

in solid tumours, but was also not developed fur{l¢hitfield et al, 2017).

The use of oligonucleotides as inhibitors of gerpression has expanded with the design of
second generation nucleotide analogues. In paaticihe phosphorodiamidate morpholino
oligomer (PMO), and peptide nucleic acid (PNA) hawen incorporated in the design of

anti-c-mycsequences.

2.9.1.2 Phosphorodiamidate morpholino oligomers

The PMO contains a six-membered morpholine ringes$ of the deoxyribose moiety and
individual nucleosides are attached by phosphonoidiate linkage (Figure 2.5c). Unlike the PS
backbone, that has affinity for serum and cellularoteins (Levin, 1999), the
phosphorodiamidate group is neutral at physioldgmd. This reduces the possibility of
non-specific effects that limit the use of PS-AS@snantana and Iversen, 2005). PMOs are
nuclease, protease and esterase resistant andié@eastrated reasonable stability in biological
fluids (Hudziaket al, 1996). PMO-mediated gene silencing is not dependpon the action of
RNase H. Instead PMOs inhibit gene expression husing mis-splicing of pre-mRNA or
inhibition of ribosomal assembly (Amantana and $eer, 2005). The first report of an aatmyc
PMO was made by Hudziak and coworkers (2000). Bneaip showed that a 20-nucleotide
PMO reduced c-Myc levels and induced cell cycleestrin cancer cellgn vitro. In animal
models, this PMO, designated as AVI-4126, sensitisenour cells to the activity of anti-cancer

drugs (Knappet al, 2003), reduced tumour size (lverssgral, 2003), and inhibited metastasis
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(Sekhonet al, 2008). AVI-4126 was favourably evaluated in idal safety studies (lversest
al., 2003) and progressed to phase Il clinical tri&k®phens, 2004). However, it is unknown as
to why AVI-4126 was not further developed (Moremal&égo, 2014).

2.9.1.3 Peptide nucleic acids

The PNA is another class of steric inhibitors ohgexpression. Here, the sugar-phosphate
backbone is replaced by repeating units of N-(2ramiethyl)glycine, and the nitrogenous bases
are attached to the polyamide skeleton through ytexte carbonyl groups (Figure 2.5d). PNAs
are known to form highly stable duplexes or triglexvith RNA and DNA respectively, because
they are uncharged and do not electrostaticallyelrépe anionic phosphates in naturally-
occurring nucleic acids. Consequently, sequenceHsp®NAs may inhibit gene expression at

the levels of transcription and translation (Shakeal, 2006).

PNAs directed against-mychave been investigated mainly with a focus ontthatment of
Burkitt's lymphoma. In an attempt to overcome argvexse effects resulting frora-myc
inhibition in normal cells, Cutrona and coworke?9@3) synthesised a PNA complementary to
the Eu intronic enhancer at the Ig locus which drives edogrc-mycexpression in Burkitt's
lymphoma. The PNA inhibited the expressiorcafiycin vitro by preventing binding of specific
nuclear factors to thEx DNA sequence; and inhibited tumour growth in mva¢h Burkitt's
lymphoma xenografts (Boffat al, 2006). The same animal model was used to ewalI&NA
specific for theEmu lg enhancer (Boffat al, 2005). In these studies PNAs were designed to
interact with target DNA duplexes at themyclocus, rather than with target regionsceimyc
MRNA. Hence, this represents an antigene approsw@pposed to the antisense strategies that

have been discussed up until this point.

PNAs directed against-myc have also been linked to hormones and nuclearidatian
peptides in order to enhance their cell-specifi¢@pffa et al, 2000) and nuclear translocation
capabilities (Cutronat al, 2000) respectively. More recently, actmmycPNAs were loaded into
albumin-encapsulated microbubbles for site-sped&tvery with ultrasound exposure (H
al., 2016).
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2.9.2 Clamp-forming oligonucleotides

The clamp-forming oligonucleotide (CFO) is a usabdl in antisense technology. It consists of
two covalently linked ASOs in which one oligomedissigned to hybridise with a target mMRNA
sequence through conventional Watson-Crick bas#paiwhile the other forms Hoogsteen
base pairs. In this way the CFO surrounds the tasgguence as a ‘molecular clamp’
(Figure 2.6), and this either prevents completecrabdy of the translation machinery or

physically obstructs elongation of the polypeptitiain (Stewarét al, 2001).

Hoogsteen base pairs

|
[ \

/\

Farget mRNA

L )
1

Watson-Crick base pairs

Figure 2.6: Clamp-forming oligonucleotide bound to a complementary sequence on its target mRNA.
Redrawn and adapted from Hélene et al. (1997).

Stewart and colleagues (2001) designed PS-modiff&ds with complementarity to exons 2 and
3 of murinec-mycmRNA. These were modified with psoralen, to periméversible binding to
the intended mMRNA regions through the formatiorcrafsslinks upon activation with ultraviolet
light. Gel mobility shift assays and thermal denation studies highlighted the sequence-
specific association of the ultraviolet-activateB@ andc-myc mRNA. Treatment of B16-FO
murine melanoma cells with activated CFOs reduzetycexpression and inhibited growth far
more effectively than standard ASOs. Rorvivo application, CFOs were modified with the
DNA-intercalating agent, acridine, to facilitateastg binding with mRNA at the target regions.
CFOs targeting different-myc regions showed variable anti-tumor activity, withe most
effective CFO inhibiting tumor growth by 77 % alonand 82 % in combination with the

anti-cancer drug, cisplatin (Stewattal, 2002).

CFOs may also be employed as antigene agents.eftiecvitro experiment with human cells
showed that CFOs designed with homology to the NHE inhibited c-myc expression by
stabilising the quadruplex structure of DNA at theget site and, as such, limited the activity of

thec-mycpromoter (Haeet al, 2016).
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2.9.3 Triplex-forming oligonucleotides

The triplex-forming oligonucleotide (TFO) is a slegtranded oligonucleotide which binds, via
Hoogsteen-type hydrogen bonds, to purine-rich secgpse in the major groove of double
stranded DNA (Jairet al, 2008). The use of TFOs as antigene agents ¢xploe fact that
regulatory regions of most human genes, includifrgy¢ contain polypurine/polypyrimidine
tracts and, that the formation of triple heliceshatse sites prevents the binding of protein factor

required for transcription (McGuffiet al, 2000).

TFOs were designed to bind to several importantrobelements of the-mycgene, however
TFOs against the P2 promoter have proven most teffe¢Catapanoet al, 2000). The
performance ot-myecspecific TFOs has been enhanced through PS maiiliirc (Kim et al,
1998, McGuffieet al, 2000), complexation with diaminopropane to disdiDNA triplexes
(Thomaset al, 1995) and conjugation with the DNA-intercalatimgents, acridine (Helmt al,
1993) and daunomycin (Carboee al, 2004). The acridine-TFO conjugate was evaluated
human ovarian and cervical carcinoma cell lines, exerted growth inhibitory effects at a lower
concentration than the free TFO (He#tnal, 1993). Triple helices formed with the daunomycin
conjugated TFO showed greater stability than itsauiified counterpart. Association with a
cationic lipid improved its intracellular accumutat and reduced transcription oftmyc by
approximately 70 % (Carbonet al, 2004). In a related study, daunomycin-conjugatat-
c-myc TFOs inhibited growth, induced apoptosis and reduclonogenic ability in prostate
cancer cell lines without affecting the growth armal cells (Napoliet al, 2006). Later, the
conjugation of an ant-myc TFO to an ultrasmall gold nanoparticle, which litaties
intranuclear delivery, was shown to improve itsceffy in a breast cancer cell line (Hebal,
2014).

In general, the TFO binds the purine-rich targetrst either in parallel or anti-parallel
orientation, depending on its nucleotide sequekagu(e 2.7). McGuffie and Catapano (2002)
designed a GTC TFO that was able to simultaneduisly the P2 promoter in both orientations.
This TFO formed a triplex at the target site witgher affinity than a conventional P2-targeted
TFO, and proved effective at concentrations fareowhan was reported for other TFOs
(McGuffie and Catapano, 2002).
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Figure 2.7: Interaction of a triplex-forming oligonucleotide (TFO) with the target region within the major
groove of the DNA helix. The TFO may bind either in a parallel or anti-parallel orientation to the purine-
rich strand. Redrawn and adapted from Buske et al. (2011).

In addition to their well-documented role as stenigibitors of transcription, TFOs may direct
site-specific damage to DNA, inducing replicatiomnlependent DNA repair synthesis. This
property was exploited in order to augment thevagtiof an anti-cancer nucleoside analogue,
gemcitabine, by increasing its incorporation witidiNA at the P2 promoter. Treatment of
metastatic breast cancer cells with a combinatianf2-targeted TFO and gemcitabine, reduced
cell survival and anchorage-independent growth meffectively than either agent alone
(Christenseret al, 2006). This strategy was later shown to inhibihour growth in a mouse

model of human colon cancer (Boulwateal, 2014).

2.9.4 Decoy oligonucleotides

Decoy oligonucleotides are designed to bear resambl to transcription factor recognition
sequences in order to competitively prevent thesgaption factor from binding to regulatory
regions of its target genes (Mann and Dzau, 208@)ouble-stranded DNA decoy based on the
E-box consensus sequence (Figure 2.8) was evaluateckast carcinoma and neuroblastoma
cell lines. The DNA decoy reduced cell proliferation a dose-dependent manner, when

delivered using a cell-penetrating peptide (El-Andasiet al.,, 2005).
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Figure 2.8: Inhibition of gene expression with aid of a decoy oligonucleotide. a) The decoy oligomer with
transcription factor-binding motif sequesters the transcription factor, b) preventing it from binding
regulatory regions of the DNA and, as such, c) prevents transcription of the target gene. Redrawn and
adapted from Fichou and Férec (2006).

Besides competing with regular binding sites of ¢idyc protein, decoy oligonucleotides may
be designed to sequester protein factors involvwedbierrant transcription of themycgene.
Such an approach was reported by ®tkil (2006) who designed an 18-mer DNA decoy which
harbours a consensus sequence at which the Tawttrf(TCF) binds to the-myc promoter.
When introduced into human cell lines via lipid-dsdelivery the DNA decoy efficiently
entered the nucleus, and remained within cells7#©6 hours. Decoy-mediated inhibition of
TCF activity reduced the expression of TCF dowmstrearget genes includingmyc and,

importantly, growth inhibitory effects were limited cancer cells.

Simonsson and Henriksson (2002) suggested thatrae?Zyuanine-rich DNA oligonucleotide,
directed to the NHE IlI1 reducedtmycexpression partly through its decoy-like behavidre
synthetic oligonucleotide, like the sense strandhat site, is able to fold into a quadruplex.
When delivered inta@-mycoverexpressing cells, equilibrium is establishetiMeen its single-
stranded and quadruplex forms. In single-strandeh,fthe oligonucleotide functions as a TFO
l.e. it hybridises with the cytosine-rich strandtieé NHE IlI1 and blocks assembly of the RNA
pol Il complex. However, when folded as a quadmnapieprevents promoter activity by serving

as an alternative transcription factor-docking.site

More recently, Johaet al (2017) demonstrated the potential for c-Myc dechgonucleotides
to be used in differentiation therapy, a form oh@ar treatment that relies on restoring cancer

cells to the normal cell phenotype instead of imdgicancer cell death.
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2.9.5 Ribozymes and deoxyribozymes

Catalytic DNA and RNA molecules have also been stigated as gene silencing agents. The
hammerhead ribozyme, approximately 30 nucleotideslength, is the smallest naturally
occurring self-splicing RNA molecule. The findingat a synthetic hammerhead RNA motif can
be engineered to recognise and cleave an RNA seguther than its own, led to its use in gene
silencing experiments (Citti and Rainaldi, 2005he@g et al (2000) synthesised a gene
encoding a hammerhead ribozyme targetiimgycmRNA, and this was inserted into a plasmid
vector. Introduction of the vector by commercigidi-based transfection into human liver cancer

cells reduced-mycexpression and this was accompanied by growthpiimndm.

Unlike ribozymes, catalytic DNA molecules i.e. dgokozymes, do not exist in nature and are
identified throughin vitro selection processes (Silverman, 2005). Deoxyribwsy are
considered more favourable gene silencing ageatsttieir RNA counterparts due to the greater
biological stability inherent to DNA molecules (kaet al, 2008). Suret al. (1999) reported that
an antie-myc 32-mer single-stranded DNA oligomer successfullgaged c-myc mRNA,

reduced c-Myc protein levels and inhibited probfison of smooth muscle cells.

Thus far, attempts at enhancing the overall efficyeof antie-myccatalytic nucleic acids have
focused on improving intracellular delivery througbsociation with carrier agents (Hudszn
al.,, 1996, Tack et al, 2008). Furthermore, studies with actinyc ribozymes and

deoxyribozymes have been confinednitro experiments.

2.9.6 Small interfering RNA (SiRNA)

Small interfering RNA (siRNA) is a short doublesstded RNA (dsRNA) molecule with
dinucleotide overhangs at the 8nd (Figure 2.9). It is one of several classesméll RNA
molecules that mediate the naturally occurring geiencing mechanism known as RNA
interference (RNAI). siRNA associates with a netwof cytoplasmic proteins to form the RNA-
induced silencing complex (RISC), in which it gwdthe degradation of mRNA bearing a

complementary sequence (Pratt and MacRae, 2009).
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Figure 2.9: A representation of a siRNA molecule showing the core duplex and characteristic overhangs
of two nucleotides at the 3’ end. Redrawn and adapted from DeVincenzo (2012).

In theory, effective silencing of any oncogene nisy achieved using endogenous cellular
machinery, provided that the appropriately desigsi®&NA molecule is successfully introduced
(Aagaard and Rossi, 2007). This, together with @vig that siRNA is manifold more potent a
gene silencing agent than antisense oligomers r@etet al, 2002), has encouraged extensive
research into developing siRNA as a viable treatmfem cancer over the past decade
(Zuckerman and Davis, 2015). In fact, the developme&f siRNA-based strategies for the
purposes o€-mycinhibition has been described as a currantive field of researci{Whitfield

et al, 2017). Therefore much attention has been gigeRNAI and potential anti-mycsiRNA

approaches in this review.

2.9.6.1 RNA interference (RNAI)

The discovery of RNAI stems from reports, in thelyed990s, of endogenous gene silencing in
plants and fungi with the introduction of transgenand homologous RNA sequences
respectively (Napolet al, 1990, Romano and Macino, 1992). However, it thasNobel Prize-
winning work of Fire and Mellow which showed thang silencing was initiated by dsRNA.
Their work demonstrated that silencing of thre22gene inCaenorhabditis elegansas many-
fold more effective with the introduction of dsRNAan with either the sense or antisense strand
alone; gene silencing relied homology between mRW the introduced dsRNA; the RNAI
effect was hereditary and that the dsRNA worked -stoichiometrically i.e. only a few
molecules of dsRNA were necessary per cell to sdethe gene (Firet al, 1998). Further

insight into the mechanism of RNAi came with thentfication of the cleavage product of long
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dsRNA namely, the siRNA molecule, as a key inteniaiedin the gene silencing process
(Elbashiret al, 2001).

Long dsRNA can occur within cells as a result afavinvasion and replication, or due to

hybridisation of repetitive sequences as in the addransposons. In the initiation phase of the
RNAI pathway, the dsRNA is recognised and cleawethke RNase Il endonuclease DICER in

the cytoplasm to yield siRNA molecules (Bernsteiral, 2001).

The effector phase, outlined in Figure 2.10, begthen DICER collaborates with other proteins
such as transactivating response (TAR) RNA-bingngtein (TRBP), to associate the siRNA
with the Argonaute 2 (Ago2) protein (Chendrimaetaal, 2005). These proteins are the main
constituents of RISC in humans (MacRaal, 2008). Although the composition of RISC often
varies between species, the presence of ArgonAgw®) (proteins is a common feature (Ambrus
and Frolov, 2009).

Only one of the strands of the siRNA duplex remaassociated with RISC, and serves as a
guide strand that eventually specifies the mRNAgdar This is the strand that is less
thermodynamically stable at it$ &nd (Khvorovaet al, 2003). Noland and coworkers (2011)
proposed that, in humans, the DICER/TRBP dimer sijoos the sSiRNA molecule along the
helicase domain of DICER. This region senses thdymamic stability of both strands of the
SIRNA duplex, and this possibly orientates the eBd of the guide strand towards the
Piwi/Argonaute/Zwille (PAZ) domain of Ago2, whichrids siRNA through specific recognition
of the dinucleotide '3overhangs (Lingeét al, 2004, Yanet al, 2003). The siRNA duplex is
unwound, and the second strand of the siRNA moégdckhown as the passenger strand, is
eliminated by the endonuclease activity of Ago2inyRISC activation (Randt al, 2005). The
guide strand directs the active RISC to the targgion of mMRNA through complementary base
pairing interactions. Ago2 catalyses the hydrolggiphosphodiester bonds of the guide strand-
associated region of mRNA between nucleotides ID1dn relative to the'%end of the guide
strand (Elbashiet al, 2001). The mRNA fragments are released fromptio¢ein complex and
are broken down further by cytosolic nucleases]entfiie active RISC may act upon additional

complementary mRNA transcripts (Rana, 2007).
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Figure 2.10: Schematic representation of the effector phase of RNAi mediated by siRNA molecules.

Redrawn and adapted from Stevenson (2003).

In order for siRNA to be effective in silencing éase-causing genes, intact SiRNA must

successfully enter the cytoplasm of affected cétisnany instances, the most suitable mode of

administering an siRNA treatment would involve ttjen into the bloodstream (Xu and Wang,
2015). However siRNA is highly susceptible to naske digestion (Cao and Ji, 2009). It has
been reported that unmodified siRNA in serum hdml&life of 6 minutes (Soutschedt al,

2004). Intravenously introduced siRNA molecules eanumulate in and be eliminated by the
kidneys (Van de Wateet al, 2006). A further obstacle is that the siRNA ncolle will not
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simply diffuse across the cell membrane due to refitephysical features such as its size

(approximately 14 kDa), hydrophilicity and negatorearge (Xu and Wang, 2015).

Modifications of the siRNA molecule which includeetintroduction of PS linkages, O-methyl
or fluoro groups were shown to extend longevitysamum (Braasclet al, 2003, Czaudernat
al., 2003). Conjugation of small biomolecules sucltlaslesterol, cell-penetrating peptides and
RNA aptamers to siRNA, improved pharmacokinetic awébr, intracellular delivery and
tumour cell-specificity, respectively (Cromber al, 2009, Soutsche&t al, 2004, Zhowet al.,
2008). However chemical alterations to the siRNAeguoole can be time-consuming, costly and
possibly compromise RNAI activity (Shiet al, 1998). For this reason much effort has been
focused on the design of delivery agents for unfiremtlisiRNA molecules which will mask its
negative charge, protect its integrity, preventatsly removal from the body and facilitate
cellular entry. In this regard nanodelivery systdrase received much attention, many of which
are based on the principle that siRNA can eledtmstlly associate with positively charged
agents (Wangt al, 2010). While cationic polymers, co-polymers, diémers (Navarrcet al.,
2013) and peptides (Crombetal, 2009) have been assessed, esmiycsiRNA delivery, like
SiRNA delivery in general, is predominantly lipigded (Hope, 2014, Leursg al, 2014, Singh
et al, 2015).

2.9.6.2 Anti-c-myc siRNA delivery

Arguably, the most famous lipid-based delivery dageithe liposome, the simplest of which is a
self-assembled phospholipid bilayer that encircdes aqueous core in which a variety of
molecules may be entrapped (Batzri and Korn, 1935 this carrying capability that was
exploited for the delivery of several therapeuticamportant molecules including siRNA. A
neutral liposome (Figure 2.11a) composed of didf@mysphatidylcholine (DOPC), Chol and
distearoylphosphatidylethanolamine-poly(ethylenggl) (DSPE-PEG) was used to encapsulate
and deliver ante-mycsiRNA in vivo (Reyes-Gonzalegt al, 2015). Pegylation, the introduction
of the PEG polymer, served to create a hydratiosll shround the liposome that sterically
inhibits adverse interparticle associations whietiuce nanoparticle longevity in the body (Suk
et al, 2016). Systemic administration of the DOPC/CGBSIPE-PEG/siRNA complex reduced
the growth of ovarian cancer xenograft tumours, @ddhot inhibit the growth of cells with low

c-myc expression (Reyes-Gonzéler al, 2015). Antie-myc siRNA delivered via pegylated
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DOPC liposomes has also shown promise in the texdtof cisplatin-resistant tumouirs vivo
(Vivas-Mejiaet al, 2018).
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Figure 2.11: Lipid-based delivery agents for anti-c-myc siRNA a) pegylated, neutral liposome, b) cationic
liposome, c) liposome-polycation-DNA (LPD) nanoparticle and d) lipid calcium phosphate (LCP)
nanoparticle. Images were created using DesignSpark Mechanical 2.0 software.

Felgneret al (1987) first reported that the hydration of a tune containing a synthetic cationic
lipid and zwitterionic phospholipid gave vesiclésit bear a net positive charge, and paved the
way for the use of cationic liposomes in nucleiatelivery. Unlike neutral liposomes in which
siRNA must be encapsulated, cationic liposomestrelstatically associate with siRNA to form
nanostructures, known as lipoplexes (Khatrial, 2014) (Figure 2.11b). Zhargf al (2009)
used the commercially available cationic liposonealgent, Lipofectamine2000, in association
with anti-c-myc siRNA, to demonstrate the therapeutic value ofN#Rnediated c-myc

inhibition in human colon cancer.

Besides being limited to use in cationic liposoraeriulations, cationic lipids have contributed
to the development of more elaborate lipid nanagas. For example, Chest al (2010) used a
traditional cationic liposome made up of 1,2-digle®-trimethylammonium-propane (DOTAP)
and Chol to envelope a core of protamine-bound@antiycsiRNA and calf thymus DNA. This
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is known as a liposome-polycation-DNA (LPD) nanajgde (Figure 2.11c). Surface
modifications included post-inserted PEG chainssteric stabilisation, and a peptide directed to
aminopeptidase N, that is overexpressed by caneks. Effective siRNA delivery,c-myc
inhibition and tumour cell apoptosis was noted rafteese nanoparticles were intravenously
administered in a xenograft model. Co-formulatidrdoxorubicin with siRNA in targeted LPD
nanoparticles further improved treatment efficaCyénet al, 2010). Following the concept of
stabilised core/shell lipid nano-assemblies, Zhangal (2013) used a DOTAP/Chol/PEG
formulation as the outer coating of a calcium plnage core containing antHnycsiRNA. The
resulting lipid calcium phosphate (LCP) nanopagtictas directed to sigma receptor-positive
tumour cells by attachment of anisamide to theatlestds of PEG chains (Figure 2.11d). Similar
to the findings of Chenet al (2010), co-encapsulation of awmtimyc siRNA and a

chemotherapeutic agent, in this case, gemcitagaes a more pronounced anti-cancer effect.

Physical agents may prove useful in promoting déipasof systemically introduced liposomal
anti-c-myc siRNA nanoparticles in tumours. Yared al (2015) modified a tumour-targeted
formulation of B[N-(N',N’-dimethylaminoethane)-carbamoyl] cholesterol (DGIEhChol and
DSPE-PEG with a photolabile-caged cell-penetrapagtide to deliver antt-mycsiRNA. The
application of near-infrared light at the tumouesactivated the cell-penetrating ability of the
peptide to allow entry into cancer cells. Liposomesre also used as ultrasound cavitation
agents for site-specific release of aritnycsiRNA conjugated to a cell-penetrating peptides(Xi
et al, 2016). In both instances, treatment delayed tumpeoogression in fibrosarcoma xenograft
models.

Anti-c-mycsiRNA has been included in multi-targeted antiegarstrategies, which involve the
combined delivery of siRNAs against several gemeglicated in cancer. Songt al (2005)
showed that a mixture of siRNAs againstny¢ MDM2 andVEGF selectively inhibited tumour
growth more effectively than the individual siRNAS. et al (2008) co-encapsulated siRNA
molecules against the same targets in a pegyld&@&lnanocarrier for systemic administration in
a murine model of metastatic lung cancer. Thisttneat simultaneously silenced all three genes
in cancerous tissue, reduced metastasis by appatedyrB0 %, and extended survival time, with
minimal toxicity. Similar results were obtained whaiRNAs against the aforementioned

oncogenes were pooled in pegylated LCP nanopat{®anget al, 2011). Later, a mechanistic
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study showed that this system impaired the growittumours in mice by simultaneously
inhibiting cell proliferation and angiogenesis (gat al, 2012).

Besides delivery via synthetic lipid vesicles, siRBan also be loaded in exosomes. Exosomes
are vesicles that are naturally released by celishfe purposes of intercellular communication,
and have come to represent an emerging nanocaysém for a variety of medically relevant
molecules (Hat al, 2016). The potential for exosome-mediated esmtiycsiRNA delivery was
demonstrated by Lunavat al (2016). This group generated exosome-mimetic viesioles that

successfully entered cells in culture and inhiba@edycexpression.

Other organic antt-myc nanodelivery systems reported are often complelynper- and
peptide-based nanocomposites. For example, Raiehual (2015) used a layer-by-layer
approach to associate antmycsiRNA with poly(lactic-co-glycolic acid) hollow maparticles.

In vitro experiments showed that the nanoparticles weentak by aggressive cancer cells and
reducedc-mycexpression with loss of cell viability. More retlgn anti-c-mycsiRNA has been
incorporated in a multifunctional peptide assemfBjorge et al, 2017) and linked with
packaging RNA prior to encapsulation in folate-cmgted, pegylated chitosan nanoparticles (Li
et al, 2017).

It is also worth mentioning that the use of inoigamanoparticles in sSiRNA delivery has been
explored in recent years. These are often modiild organic components to improve surface
properties and reduce toxicity (Chaudhatyal, 2014, Fragat al, 2014, Zhouet al, 2009).
Attachment of siRNA involves either covalent corgtign, or electrostatic association with
positively charged groups introduced on the surtd#dle nanoparticle (Conds al, 2012, Xia

et al, 2018). Antie-myc siRNA carried by PEG- (McCullet al, 2015) and poly(ethylene
imine)-functionalised (Shaaet al, 2016) gold nanoparticles was shown to reduemayc
expression in human cervical and liver cancer teks, respectively. In separate vivo
experiments, gold nanoparticles modified with podynshells (Kimet al, 2017b), glucose
residues (Condet al, 2015) and a RGD tumour-specific peptide (Coedal, 2013) delivered
anti-c-mycsiRNA and suppressed the growth of lung tumoueyrRer-functionalised selenium
(Huang et al, 2018) and graphene oxide (Imati al, 2018) nanoparticles have also been

introduced as potential carriers of actinycsiRNA.
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2.9.6.3 siRNA-directed transcriptional silencing

Further possibilities for the use of SIRNA as tdoisgene inhibition emerged from evidence that
siRNA molecules homologous to regulatory regionggefes can cause gene silencing at the
level of transcription. This phenomenon is knowns@&NA-directed transcriptional silencing
(RATS) (Morriset al, 2004). The only report to date of RATS appliea¢-mycinhibition was
presented by Napokt al (2009). siRNA molecules were designed with commaetarity to
DNA sequences at the major transcription start Jites achievedt-mycsilencing in prostate
cancer cells when introduced using a commercialigilable cationic liposome formulation.
Importantly, oncogene inhibition was accompaniedbt-cancer effects which included loss of
proliferative activity and clonogenic capability.was shown that the promoter-targeted siRNA
molecules formed a complex with non-coding promatsociated RNA, which was initiated
upstream of the transcription start site, and preackthe assembly of the pre-initiation complex

in a mechanism that was dependent upon AgoZ2.

2.9.7 Dicer-substrate siRNA (DsiRNA)

The natural precursor of SiRNA i.e. long dsRNA @& a suitable therapeutic agent because it is
known to induce an immune response (Clemens, 139G\ever, it was reported that short
dsRNA molecules, lacking the dinucleotide overhatigs typify siRNA, of between 25 and 30
nucleotides in length, can induce RNAI with grea#ficiency than siRNA (Kimet al, 2005).
The blunt-ended RNA duplex is known as dicer-satbstrsiRNA (DsiRNA). A possible
explanation for this observation was linked witk finding that the dsRNA-processing enzyme,
DICER, participates in siRNA loading and RISC adskmit was put forward that the blunt-
ended duplexes were acted upon by the enzyme DIGBEfeld typical siRNA molecules and
that this initial activity, which is unnecessary evhpre-formed siRNA is introduced, renders
DICER more efficient in its subsequent activiti®ogeet al, 2005). However, in a more recent
study, DsiRNA and conventional siRNA were foundatd with comparable efficiency (Carneiro
et al, 2015).

Like conventional siRNA, DsiRNA requires a vehidte successful entry. Of significance to
this discussion is the fact that pharmaceuticalgamy, Dicerna, reported on a DsiRNA specific
for the emyconcogene, DCR-MYC, delivered using a proprietarC&re lipid nanoparticle.
DCR-MYC in this delivery platform is the first, arahly antic-mycRNAIi system, to date, to
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have reached clinical trials (Tolcher al, 2015). Although the outcome of the initial trnahs
encouraging, a subsequent trial showed unsatisfactmockdown efficiency and its
development was discontinued (Whitfietlal, 2017).

2.9.8 Short hairpin RNA (shRNA)

Knockdown ofc-mycexpression can also be achieved through DNA-aitck&NAI, a strategy
which generates specific SIRNA moleculasvivo (Ambesajiret al, 2012). This involves the
construction of a RNA pol-driven plasmid expressiactor into which an antigene sequence of
at least 19 nucleotides is inserted, together véfipropriate termination signals. When
introduced into cells, the antigene sequence mstrébed in the nucleus as a stem-loop structure,
which is essentially 2 complementary sequence2l8ibonucleotides in length, linked by a
short loop of 4-11 ribonucleotides. This is knovensaort hairpin RNA (ShRNA). The shRNA is
exported to the cytoplasm where it is processedIJER into siRNA molecules and these
associate with the RNAI machinery (Taxmetral, 2010).

Most experiments with anti-mycshRNA plasmids have involved their introductiotoigells in
culture with the aid of commercial cationic lipidamsfection reagents. In one such study,
plasmid-driven ante-myc shRNA silencedc-myc expression by as much as 80 %, reduced
colony forming ability and promoted apoptosis in MZ breast cancer cells (Waagal, 2005).

A similar plasmid system impaired proliferationyvasion and motility in the hepatocellular
carcinoma cell line, HepG2 (Zhat al, 2013). Hacet al (2008) found that transfection of colon
cancer cells with anti-mycshRNA plasmids not only reduceemycexpression, but also that of
the human telomerase reverse transcriptase derteR(]), which is under the transcriptional

regulation ofc-myg and also contributes towards carcinogenesis \abanrmally expressed.

As with siRNA, the effect of multigene silencinging ShRNA expression plasmids was also
explored. Songet al (2011) engineered a single plasmid to directtthescription of ShRNAs
againstc-my¢ VEGF, hTERT and BIRCS which encodes survivin. This produced a more
effective anti-cancer effect than shRNA plasmidgéeting individual oncogenes. Similarly, Tai
et al (2012) observed a synergistic anti-cancer effiectolon cancer cells, when cells were

co-transfected with two shRNA plasmids, each seplréargetingc-mycandVEGFE
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Thus far, only onén vivo experiment with antc-mycshRNA has been reported. In this study a
poly(ethylene imine)-grafted polyglycidal methaatd nanoparticle was used as a carrier of the
ShRNA expression vector. AntHmyc shRNA delivered in this manner showed anti-cancer

activity in murine models of breast and colon carf@anguduet al, 2015).

Although antie-mycshRNA approaches reported to date have primagiigd on RNAI, it is
worth mentioning that an shRNA-based system, dikcgainst the P2 promoter, induced
transcriptional gene silencing a-myc in hepatocellular carcinoma when delivered via a

virosomal carrier (Zakariat al, 2017).

2.10 Final comments

Synthetic nucleic acids designed to inhibit the regpion ofc-myc have, in many instances,
induced potent anti-cancer effeatsvitro andin vivo. To date, ASOs, PMOs and DsiRNA were
evaluated as alternative cancer treatment in dinr@ls, but did not progress further. Whitfield
et al (2017) mentioned, in a recent review, that sdvgn@ups and companies are pursuing the
idea of inhibitingc-mycat the level of translation as a means of desgaiglinically viable anti-
c-myc agent. Hence RNAIi-based strategies are currenglyifeant. Although longer lasting
oncogene inhibition can be achieved with DNA-dieecRNAI (Takahasheét al, 2009), mature
siRNA molecules are easily synthesised, and poserfdelivery concerns as they are of lower
molecular weight and do not require genome intégmafWanget al, 2010, Xu and Wang,
2015). Hence, siRNA is considered more suitabletlf@rapeutic use (Xu and Wang, 2015).
Research to date has emphasised that the develbhansiRNA-based approach is largely
dependent upon the design of an appropriate namedelsystem. Of all siRNA carriers
explored thus far, the greatest body of knowledae lteen generated in the field of lipid-based
SiRNA delivery, and this has led to the evaluatainseveral lipid-based RNAiI complexes in
clinical trials (Barataet al, 2016, Zatsepiet al, 2016).

Particle stabilisation with Chol and PEG have eradrgs important features of lipid-based, -anti
c-mycsiRNA nanoparticles. In addition, most lipid-basethoparticles reviewed were designed
with cancer cell-targeting moieties. While theseyrmander delivery to tumour cells more
effective and possibly alleviate short-term effemts-mycinhibition in normal cells, it may not

be an entirely necessary feature. This is withregfee to findings that presented the feasibility of
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systemicc-mycinhibition with a non-discriminate-mycinhibitor (Soucelet al, 2008) and, that
systemic administration of antHmyc siRNA in non-targeted, pegylated liposomes did not
inhibit the growth of cells with low c-Myc levelsRéyes-Gonzélezt al, 2015). Passive
targeting, that relies on optimising physical featuof the lipid-based nanoparticle to exploit the
enhanced permeability and retention effect, caa &cilitate effective intratumoural delivery of
siRNA (Torchilin, 2011, Maruyama, 2011). In factpejor issue with the EnCoreliposomal
system, taken up in the clinical trial, was tumaquenetration (Zatsepiret al, 2016).
Furthermore, a passive targeting strategy may pavevay for less elaborate antimycsiRNA
lipid nanoparticles that can be more easily anadhecocally produced (Deshpandeal, 2013).
Hence, the current study is aimed at developindittcenal cationic lipoplexes as simple but

effective lipid-based anti-mycsiRNA delivery agents.
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CHAPTER 3 — MATERIALS AND METHODS

3.1 Materials

3.1.1 Liposome preparation and characterisation

DOPE and Chol were obtained from Sigma-Aldrich CleamCo. (St. Louis, MO, USA). The
1,2-distearoykn-glycero-3-phosphoethanolamihefmethoxy(polyethylene glycol)-2000]
(DSPE-PEGyoy was purchased from Avanti Polar Lipids (Albastekl, USA). The
2-[-(2-hydroxyethyl)-piperazinyl]-ethanesulphonicic (HEPES) was from Merck (Darmstadt,
Germany). Uranyl acetate solution (2% in distilled water) and formvar-coated copper grid
were supplied by the Microscopy and Microanalysistih the School of Life Sciences (UKZN,
Westville).

3.1.2 siRNA duplexes and resuspension

The following was purchased from Thermo Scientlfilbarmacon Products (Lafayette, CO,
USA): sSiGENOME non-targeting siRNA #1 (D-001210-BQ), ON-TARGETplus SMARTpool
Human MYC (4609) siRNA (L-003282-02-0020), siCONTROox siRNA (D-001500-01),
5x siRNA buffer (B-002000-UB-100, 0.3 M KCI, 30 mMEPES, 1 mM MgGl pH 7.5) and
Molecular Grade RNase-free water (B-003000-WB-183ENOME non-targeting siRNA #1,
with a recognition sequence of-BAG CGA CUA AAC ACA UCA A-3, has at least four
mismatches to all known human, mouse and rat géesTARGETplus SMARTpool Human
MYC (4609) siRNA is a mixture of four antHmyc SiRNA duplexes (Table 3.1).
ON-TARGETDplus siRNA has a patented dual strand firezdion designed to reduce off-target

effects, and favour RISC-loading of the antiserisnd.

Table 3.1 Individual antie-mycsiRNA duplexes in SMARTpool reagent.

Dharmacon Target sequence Molecular Extinction
code weight coefficient
(g/mol) (L/mol.cm)

J-003282-23 5ACG GAA CUC UUG UGC GUA A-3 13 429.8 371130
J-003282-24 5GAA CAC ACA ACG UCU UGG A-3 13 429.9 369 973
J-003282-25 5AAC GUU AGC UUC ACC AAC A-3 13 414.9 374 334
J-003282-26 5CGA UGU UGU UUC UGU GGA A-3 13414.8 374 156
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The sequence and physical properties of siCONTR@Ix §iRNA are proprietary. The
fluorescein isothiocyanate (FITC) labelled dsRNAgoimer (oligo), BLOCK-iT" Fluorescent
Oligo (2013), was obtained from Invitrogen (Carldp&A, USA) as a 2QM stock suspension

in 100 mM KOACc, 30 mM HEPES-KOH, pH 7.4, and 2 mMy®IAc. The RNA duplex has the
same length, charge and configuration as standahiAs and is designed for the assessment and
optimisation of cationic lipid-mediated deliveryhd@ sequence of BLOCK-IT Fluorescent

Oligo is proprietary, and is not homologous to &ngwn gene.

3.1.3 Liposome-siRNA interactions

Ultrapure” agarose powder was obtained from Invitrogen (®ads CA, USA). The ethidium
bromide (EtBr) solution (10 mg/ml) and tris(hydramgthyl)-aminomethane hydrochloride
(Tris-HCI) were purchased from Merck (Darmstadty@any). SYBR Green Il RNA gel stain
(10 000x concentrate in dimethylsulphoxide (DMS®gs from Cambrex BioScience Rockland
Inc. (Rockland, ME, USA). Ethylenediaminetetra acatid (EDTA) (disodium salt, dihydrate)
was from Calbiochem (Darmstadt, Germany). Electoopsis purity grade sodium
dodecylsulphate (SDS) was purchased from Bio-Radotaories (Richmond, CA). Xylene
cyanol was supplied by SaarChem (Muldersdrift, SB)icrose and bromophenol blue were
obtained from Sigma-Aldrich Chemical Co. (St. Loui4O, USA). Foetal bovine serum (FBS)
was sourced from HyClone UK Ltd. (Cramlington, Nomnberland)All other chemicals and
reagents were of analytical grade and ultrapurem@irect- 3 ultrapure water purification
system, Millipore S.A.S., Molsheim, France) wasdugeoughout.

3.1.4 Cell culture andin vitro assays

Human embryonic kidney 293 (HEK293) cells were depp by the University of
Witwatersrand, Medical School, South Africa. MiciigCancer Foundation 7 (MCF-7) cells
(ATCC® HTB-22") and Human colorectal adenocarcinoma, HT-29, ¢ABCC® HTB-38")
were from the American Type Culture Collection (Masas, VA, USA). Human colorectal
adenocarcinoma, Caco-2, cells were purchased froghveld Biologicals (PTY) Ltd.
(Lyndhurst, South Africa). The following were obtad from Lonza BioWhittaker (Verviers,
Belgium): sterile-filtered Eagle’s Minimum Essemti®ledium (EMEM) with L-glutamine,
trypsin-EDTA solution (200 mg/L EDTA, 170.000 U pisin/L) and penicillin/streptomycin
mixture (10 000 U/ml penicillin, 10 00@y/ml streptomycin). Phosphate buffered saline (PBS)
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tablets were purchased from Calbiochem (Darms@Gelttnany). Sterile DMSO was supplied by
Highveld Biologicals (PTY) Ltd (Lyndhurst, South iida). The alamarBlfe(AB) cell viability
reagent was sourced from Invitrogen (Carlsbad, O8A). The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromidéMTT) and Certistaifi acridine orange (AO) zinc chloride
double salt were purchased from Merck (Darmstadtn@ny)The 5x cell culture lysis reagent
(25 mM Tris-phosphate, pH 7.8; 2 mM dithiothreit@mM 1,2-diaminocyclohexand-N-N" -

N’ -tetra-acetic acid; 10 %'/() glycerol; 1 % Y/,) Triton X-100) was supplied by Promega
Corporation (Madison, WI, USA). The following wasarphased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA): bicinchoninic acid (BCAplution, copper (Il) sulphate solution and
the protein standard, bovine serum albumin (BSAn@L BSA/ml in 0.15 M NacCl, 0.05 %
NaNs). Lipofectaminé’ 3000 (LF3K) reagent was purchased from Invitrog#e Technologies
(Carlsbad, CA, USA). All sterile plasticware fosgue culture was obtained from Corning Inc.
(Corning, NY, USA).

3.1.5 Gene expression assays

3.1.5.1 Reverse transcription quantitative real-tire PCR (RT-qPCR)
The TRIzof reagent (15596-026) was obtained from Life Tecbgiels (Carlsbad, CA, USA).

All reagents and consumables for RT-gPCR were @ms@th from Bio-Rad Laboratories (PTY)
Ltd (Parkwood, Gauteng, South Africa). The iScripgenomic DNA (gDNA) Clear

complementary DNA (cDNA) Synthesis Kit (1725035nsisted of the following: a 5% reverse
transcription (RT) supermix which contains Molonayurine leukemia virus reverse
transcriptase, deoxyribonucleoside triphosphat®sI'R$), oligo deoxythymidine (dT), random
primers and RNase inhibitor; a 5% no-RT controlesupix which contains all aforementioned
components except reverse transcriptase; deoxyrddease (DNase) | solution; DNase buffer
solution; and nuclease-free water. The SsoAdvancemiversal SYBR Green Supermix

(1725272) was supplied as a 2x concentrated reageriaining antibody-mediated hot-start
Sso7d fusion polymerase, dNTPs, Mg@YBR Green | dye, enhancers, stabilisers andyeass
reference dyes, including ROX and fluorescein. Tdllowing primers were supplied as 20x
stock solutions: PrimePCR SYBR® Green Assay: MYC, Human (Unique Assay ID:
gqHsaCID0012921); PrimePCRSYBR® Green Assay: ACTB, Human (Unique Assay ID:
gHsaCEDO0036269). The following single-stranded lsgtit DNA templates were supplied as

44



20x stock solutions (20 x $6opiestl): PrimePCR’ Template for SYBR Green Assay: MYC,
Human; PrimePCR Template for SYBR Green Assay: ACTB, Human. Hard-Sfie86-well,
low profile, semi-skirted polymerase chain react{®CR) plates with a clear shell and white
wells (HSL9605), 0.2 ml PCR tube strips with domeaps (TBC1202) and Micros&alB'
adhesive seals (MSB1001) were also purchased.

3.1.5.2 Enzyme-linked immunosorbent assay (ELISA)
Radioimmunoprecipitation assay (RIPA) buffer (50 nikis-HCI, pH 8.0, with 150 mM Nacl,

1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxyat®l and 0.1 % SDS) and
3,3,5,5-Tetramethylbenzidine (TMB) liquid substrate werenh Sigma-Aldrich (St. Louis, MO.
USA). NaCO; and NaHCQ were from Merck (Darmstadt, Germany). The follogviwmas
purchased from Bio-Rad Laboratories (PTY) Ltd (Ratad, Gauteng, South Africa): 10x Tris-
buffered saline (TBS); 10 % Tween 20, nonionic dggat; and blotting-grade blocker (non-fat
dry milk). The following was from Life Technologi€€arlsbad, CA, USA): c-Myc epitope tag
antibody 9E11 (AHOO0052), a mouse monoclonal anybraised against a synthetic peptide
corresponding to amino acid residues 408-439 ofiterminus of c-Myc; and goat anti-mouse
IgG2A secondary antibody, horseradish peroxidaseR}tonjugate (M32207). Thp-actin
antibody (8H10D10), a mouse monoclonal antibodyse@i against a synthetic peptide
corresponding to the amino terminal residue of hufiractin, was purchased from Whitehead
Scientific (PTY) Ltd. (Cape Town, South Africa).

3.2 Methods

3.2.1 Synthesis of MS09
MS09 was prepared from cholesterylformylhydraziéenisuccinate (MS08) via an active ester
intermediate (Figure 3.1), according to the pulgésimethod (Singh and Ariatti, 2006).
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Figure 3.1: Scheme outlining the synthesis of MS09 from MS08 (redrawn and adapted from Singh and
Ariatti (2006) using ChemWindow" 6.0, Bio-Rad Laboratories, Sadtler Division, Philadelphia, PA).




3.2.2 Liposome preparation

Liposomes were prepared by a method adapted fromadd Huang (1991). Stock solutions

(20 png/ul in chloroform) of each lipid component were pregzth These were combined as shown
in Table 3.2, and concentrated to a thin filmvacuo (Blchi Rotavapor-R rotary evaporator),

with additional drying in a Bichi-TO pistol drie2@0 mTorr, 25 °C, 2 h) to eliminate residual

chloroform. The film was rehydrated (4 °C, 48 h) sterile HEPES buffered saline (HBS,

20 mM HEPES, 150 mM NaCl, pH 7.5; 0.5 ml). The smgion was vortexed (2 min) and,

thereafter, sonicated (25 °C, 10 min) in an Elmaan$sonic (T460/H) bath-type sonicator
(Singen, Germany) operating at 35 kHz. Liposomeanations were stored at 4 °C, and were

sonicated (25 °C, 5 min) prior to use.
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Table 3.2 Composition of pegylated and non-pegylated catibpasomes

Lipid components

(umol/ 0.5 ml liposome suspension)

Cytofectin concentration

Total lipid concentration

Liposome

MS09 DOPE chol Ig)sgjoc pmol/ml pno/pl mM pmol/ml pno/pl mM
MS09/DOPE 2 2 - - 4 2.52 4.00 8.00 5.50 8.00
MS09/Chol (1:1} 2 - 2 - 4 2.52 4.00 8.00 4.06 8.00
MS09/Chol (1:2f 1.33 - 2.67 - 2.66 1.68 2.66 8.00 3.74 8.00
MS09/Chol (1:3} 1 - 3 - 2 1.26 2.00 8.00 3.58 8.00
MSO09/DOPE/PEG 1.96 1.96 - 0.08 3.92 2.46 3.92 8.00 5.82 8.00
MS09/Chol/PEG (1:1} 1.96 - 1.96 0.08 3.92 2.46 3.92 8.00 4.42 8.0
MS09/Chol/PEG (1:2} 1.3 = 2.6 0.08 2.6 1.64 2.6 8.00 4.12 8.00
MS09/Chol/PEG (1:3} 0.98 - 294 0.08 1.96 1.24 1.96 8.00 3.99 8.0

Note:*The ratio in brackets represents the ratio of M@&0Ghol on a molar basis
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3.2.3 Characterisation of liposomes

3.2.3.1 Cryogenic transmission electron microscoggryo-TEM) of liposomes
Liposome suspensions were diluted (1:15) in HBS, @muots (lul) were placed on formvar-

coated copper grids. Samples were stained withyuecetate (3ul) and allowed to stand at
room temperature for 2 min. Excess liquid was remdousing filter paper. Samples were flash-
frozen by plunging into liquid propane (-170 °Choted by liquid nitrogen, using a spring-
loaded Leica EM CPC cryopreparation system (Leidarddystems, Vienna, Austria). Grids
were immediately transferred to a Gatan cryo-trmbkblder (Gatan Inc., Pleasanton, CA, US).
Samples were viewed with a JEOL JEM.1010 transomssiectron microscope (JEOL Ltd.,
Tokyo, Japan) at an accelerating voltage of 100Wifhout warming above -150 °C. Images
were captured using an Olympus MegaView Il digitamera in conjunction with SIS iTEM

Universal Imaging Platform software (Shinjuku, Japa

3.2.3.2 Zeta Potential Nanoparticle Tracking Analyis (Z-NTA)
Particle size, zet&) potential and concentration of liposomes wereusimmeously determined

using the NanoSight NS500 system fited with a S&fat (Malvern Instruments,
Worcestershire, UK) module. Liposome suspensionse vdduted in a filter-sterilised buffer
containing 0.2 mM HEPES, 1.5 mM NaCl, pH 7.5 in adance with instrument sensitivity
limits. Dilutions were as follows: MS09/DOPE, MSQ®0I (1:1), MS09/DOPE/PEG and
MS09/Chol/PEG (1:1),  1:7000;  MS09/Chol (1:2) and 08£hol (1:3), 1:200;
MS09/Chol/PEG (1:2) and MS09/Chol/PEG (1:3), 1:38a@amples (1 ml) were introduced into
the viewing chamber of the instrument using theboard sample pump. Particles were
visualised with a focused laser beam (405 nm, 60 rakd the on-board sSCMOS camera. Two
videos of particle motion were recorded, with th&AN3.0 build 69 software (Malvern
Instruments, Worcestershire, UK), at each of 5 gmte-measurement positions within the
chamber upon the application of 10V, under botlitpe and negative polarity. Capture
duration was set at 60 s for position 1, and a 8 positions 2-5. Temperature was maintained
at 25 °C during measurements. In all instances,pkamiscosity of 0.9 cP and a dielectric
constant of 80.0 was assumed. Post-capture, thevasef corrected for electro-osmotic and
thermal effects, and calculated zeta potential fiodividual particle velocities by applying the
Henry equation with Smoluchowski approximation. kyalynamic diameters were

simultaneously calculated from particle tracks gsistokes-Einstein equation. Particle
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concentrations were estimated based on the nunhlparticles in the field of view in relation to
the scattering volume. The system was flushed ulitlapure water before loading each sample.
The quality of the ultrapure water was routinely ntored to confirm the absence of
contaminants. Three independent measurements wei@mped per sample so as to ensure that
properties of the sample were not perturbed bytrdefteld cycles of the previous run, and data
was presented as the average of the three expésinMadal size and zeta potential values are
given in Chapter 4, section 4.3. Concentrationeweported as follows:

Concentration (particles/ml) = concentrationyra sosuilaso X dilution factor

Concentrations were used to estimate the averagéerof lipid molecules per liposomal

vesicle as follows:

number of lipid molecules?/ml

Average number of lipid molecules/vesicle = :
average number of vesicles/ml

aCalculated from the total lipid concentration of liposome suspensions (Table 3.2) and Avogrado’s constant.
Calculations assumed the absence of particulatéammants, and estimates are given in
Appendix B, Table B1. A sample calculation is givarAppendix C. Note that estimates were

made only in the case of stable formulations.

A summary of all other Z-NTA generated data (Tald@sand B3) together with selected flow

profiles, and plots of zeta potential and sigeconcentration is presented in Appendix B.

3.2.4 Resuspension of sSiRNA
The siRNA was resuspended as per manufacturetisiati®n. Briefly, SIRNA was deposited as

a pellet by centrifuging (90¢, 4°C, 60s) in an Eppendorf 5424 R instrument r({e
Darmstadt, Germany). The pellet was resuspendedddjng 1x siRNA buffer (60 mM KClI,
6 mM HEPES, 0.2 mM MgG] pH 7.5; 1 ml) followed by agitation (room tempera, 30 min)
on a platform shaker (Stuart Scientific STR6, SurtéK) operating at 50 revolutions per minute
(rpm), to obtain a final SIRNA concentration of 2@ (0.268ug/ul, 20 pmolfl). siRNA stock
suspensions were dispensed into RNase-free tubediguots (5Qul) and stored at -80 °C

(NuAire -86 °C Ultralow Freezer, Lasec Laboratong &cientific Equipment Co.).
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3.2.5 Liposome-siRNA binding studies

After characterising all eight liposome suspensiotie following four formulations were
investigated further: MS09/DOPE, MSO09/Chol (1:1), S08/DOPE/PEG, and
MS09/Chol/PEG (1:1).

3.2.5.1 Gel retardation assays

3.2.5.1.1 Lipoplex assembly

Lipoplexes were assembled at MS09:siRNA) ratios ranging from 4:1 to 28:1 (for the
MSO09/DOPE formulation) and 8:1 to 32:1 (for all etiformulations) in increments of 4. The
corresponding N/P°() charge ratios were calculated based on the asmmtpat MS09, with
molecular weight of 629 g/mol, carries one positoharge per molecule at physiological pH;
while an RNA nucleotide has an average moleculaghtef 340 g/mol and carries one negative
charge (a sample calculation is given in Appendix\rying amounts of liposome were added
to a fixed quantity of SIGENOME non-targeting siRN@&3ug, 22.5 pmol) to correspond with
the aforementioned ratios. Volumes were adjustedQpal with HBS. After brief vortexing
(30 s), mixtures were allowed to stand at room tnapire for 30 min to permit the formation
and maturation of electrostatic complexes. Thaupdr the preparation of individual liposome-
siRNA complexes is given in Appendix D, Tables D4:-D

3.2.5.1.2 Preparation of 2 % agarose gels
Agarose powder (0.4 g) was dissolved in water (D)8with heating to boiling point. This was

cooled to 75°C, and 10x electrophoresis buffer 30 Tris-HCI, 0.3 M NakPQy,
0.1 M EDTA, pH 7.5; 2 ml) was added. The mixtureswsured into a gel casting tray fitted
with an eight-well comb (Bio-Rad, Richmond, CA) aatlowed to set (room temperature,
40 min).

3.2.5.1.3 Agarose gel electrophoresis
Lipoplexes (1Qul in HBS) were mixed with gel loading buffer (40%Gcrose, 0.25 % xylene

cyanol, 0.25 % bromophenol blue; 2% and samples (1@l) were loaded onto 2 % agarose
gels. Electrophoresis was carried out for 30 miraiini-Suly® Cell GT electrophoresis cell
(Bio-Rad, Richmond, CA) containing Tris-phosphaf@TA (TPE) running buffer (36 mM Tris-
HCI, 30 mM NaHPQ,, 10 mM EDTA, pH 7.5), using a PowerPaBasic power supply unit
(Bio-Rad, Richmond, CA) operating at 50 V. Gels evstained with EtBr solution (Oilg/ml in
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water) for 30 min with gentle agitation (10 rpmpno temperature) on a platform shaker (Stuart
Scientific STR6, Surrey, UK). Gels were viewed undkraviolet transillumination (300 nm) in
a Vacutec Syngene G:Box (Syngene, Cambridge, UKllgeumentation system. Images were
captured with GeneSnap software, version 7.05.0¢hdéne, Cambridge, UK) following
exposure time of 1 s. Densitometric analysis wasopeed with GeneTools software, version
4.00.00 (Syngene, Cambridge, UK). Bands of siRNAt tmigrated within the gel represent
unbound siRNA. The fluorescence intensities of énesnds were expressed as a percentage of
the intensity of naked siRNA (08, 22.5 pmol) that was loaded in lane 1 of each lgehce,
the amount of liposome-associated siRNA at each dMERNA ('/,,) ratio was determined as
follows:

% bound siRNA = 100 — % free siRNA

3.2.5.2 Dye displacement assays

3.2.5.2.1 EtBr displacement assay

EtBr (0.4pg) was added to HBS (2Q0) in 96-well flat-bottom black polystyrene plates.
Baseline fluorescence (0 %) was established upamsunimg the fluorescence intensity of this
solution in a GloMaX Multi+ Detection System (Promega Biosystems, Suafg)vCA, USA)
using Instinct software, at excitation and emisswavelengths of 525 nm and 600 nm,
respectively. SIGENOME non-targeting siRNA (L& 75 pmol) was introduced, and
fluorescence intensity at this point was takerefwresent 100 % relative fluorescence. Undiluted
liposome suspension was added, stepwisegiraliquots, solutions thoroughly mixed after each
addition, and allowed to equilibrate in the darky@om temperature for 4 min before readings
were taken. The total volume of liposome suspensitvoduced was limited to Ldl, which was
approximately 5 % of the initial EtBr-siRNA-HBS ntixe by volume, so as to minimise dilution
effects. The percentage relative fluorescence gamh addition of liposome was plotted as a

function of micrograms of cytofectin.

3.2.5.2.2 SYBR Green displacement assay
The experiment outlined in 3.2.5.2.1 was repeatsthgu SYBR Green Il as the RNA-

intercalating dye (Dorasamgt al, 2009). The SYBR Green Il stock solution was teitu
(1:20 000) in HBS, and 204 was used to establish baseline fluorescence.rédgence

intensities upon introduction of SIGENOME non-tdngg siRNA and liposome were measured
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at excitation and emission wavelengths of 497 nih 20 nm, respectively, and results were

reported as described in section 3.2.5.2.1 above.

3.2.5.2.3 Effect of increasing NaCl concentrationroliposome-siRNA interactions
The SYBR Green displacement assay was adaptedidstigate the strength of liposome-siRNA

interactions as follows: Lipoplex suspensions {Pth HBS) were assembled with SiIGENOME
non-targeting siRNA (1.Qg, 75 pmol) and liposome at MS09:siRNA,{ ratios at which
individual formulations attained points of inflemti by dye displacement. The fluorescence of
SYBR Green Il (1:10 000 in HBS; 2Q0) was recorded before and after the addition of
lipoplexes (2Qul). Changes in fluorescence were monitored uponitiaddof 5 M NaCl,
stepwise, in aliquots (). In this way a final NaCl concentration range X&0-400 mM, in
increments of 20 mM, was explored. NaCl concerdratvas not raised beyond 400 mM so as to
avoid significant dilution effects with further atldn of the NaCl solution. Baseline
fluorescence was accounted for, and results wepertel as the percentage increase in

fluorescence relative to the initial SYBR Greetipbplex mixture.

3.2.6 Characterisation of lipoplexes

3.2.6.1 Cryo-TEM
Lipoplexes (1Qul in HBS) were prepared from liposome stock susjpass (1ul), and

SiCONTROL Tox siRNA at MS09:siRNA'(,) ratios ranging from 12:1 to 32:1. After
incubation (room temperature, 30 min) reaction omie$ were diluted to 2@ in HBS. Aliquots

(1 wl) were cryopreserved and viewed as describedgosbmes in 3.2.3.1.

3.2.6.2 Z-NTA
Lipoplexes (1Qul in HBS) were prepared from liposome stock susjpass (1ul), and

SiCONTROL Tox siRNA at MS09:siRNA'(,) ratios ranging from 12:1 to 32:1. After
incubation (room temperature, 30 min) reaction ome$ were diluted (1:700) in sterile buffer
containing 0.2 mM HEPES, 1.5 mM NaCl, pH 7.5, teegparticle numbers appropriate to the
sensitivity limits of the NS500 system. Videos ddrfcle motion were captured, and data

analysis was carried out as described for lipossuspensions in 3.2.3.2.
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Particle concentrations were used to estimate trexage number of vesicles and siRNA
molecules that constitute a single liposome-siRNMAatomplex, of a given lipoplex suspension,

as follows:

1. Average number of vesicles/nanocomplex
average number of vesicles in 1 pl liposome stock suspension

average number of particles/10 pl Lipoplex suspension?

2. Average number of siRNA molecules/nanocomplex
number of siRNA molecules®/10 pl lipoplex suspension

average number of particles/10 pl Lipoplex suspension?

aThe dilution factor was taken into account.

bCalculated from average molar mass of siRNA and Avogrado’s constant.

Average estimates of the number of SIRNA molecpksnanocomplex were only made in the
case of lipoplexes assembled above points whicke gaaximum dye displacement. At these
MSO09:siRNA {'/,) ratios, it was accepted that lipoplexes wereyftdrmed (Hattoriet al, 2013)
and all siRNA molecules were taken to be liposossneaiated. The absence of contaminants
was assumed in all instances. Sample calculati@ngieen in Appendix C, and estimated values
are shown in Appendix B, Table B4.

3.2.7 Assessment of batch-to-batch variation

Three independent preparations of each of the MBDPE, MS09/Chol (1:1),
MS09/DOPE/PEG and MS09/Chol/PEG (1:1) formulatiovere made as described in 3.2.2.
These were subjected to Z-NTA characterisationthad5YBR Green dye displacement assay as
detailed in 3.2.3.2 and 3.2.5.2.2, respectively.

3.2.8 Liposome storage stability studies

Freshly prepared liposome suspensions, MS09/DORE)MChol (1:1), MS09/DOPE/PEG and
MS09/Chol/PEG (1:1), were characterised by Z-NTAl @dne SYBR Green dye displacement
assay as per protocols given in 3.2.3.2 and 3.2 5@spectively. The suspensions were stored at

4 °C, and the aforementioned experiments were tepedter 5 and 10 months.
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3.2.9 Nuclease protection assays

Lipoplexes (1Qul in HBS), each containing SiGENOME non-targetintRMA (0.3 ug,

22.5 pmol), were assembled at MS09:siRNA) ratios of 12:1-32:1. (The corresponding
N/P (/) ratios were between 6.5 and 17.3). These wengbated (37 °C, 4 h) with FBS at a
final concentration of 10 %/(). As a control, naked siRNA (0@, 22.5 pmol) was treated in
the same way. Nuclease activity was terminatedhbyatdition of EDTA at a final concentration
of 10 mM. Complexes were destabilised by heating°(G 25 min) with SDS at a final
concentration of 0.5 %'(,). Reaction mixtures were cooled to room tempeeatund gel loading
buffer (3.5ul) was added. A detailed account of sample prejaraind treatment is presented in
Appendix D, Tables D5-D8. Samples (i) were subjected to electrophoresis on 2 % agarose
gels, followed by densitometry, as described irtise@3.2.5.1.3. The siRNA bands that migrated
within the gel represent intact sSiRNA. The fluorsce intensities of these bands were expressed
as a percentage of that of untreated siRNA (@,322.5 pmol).

3.2.10 Cell culture and maintenance

3.2.10.1 Reconstitution
Cells in cryogenic ampoules were removed from tledrdezer and placed in a water bath

(37 °C, 5 min) to thaw. All work pertaining to celllture was conducted in a class Il biological
safety cabinet. Cells were transferred into steceatrifuge tubes and centrifuged (1004, x

25 °C, 3 min) in an Eppendorf 5702 R instrumente Ehpernatant was discarded and the pellet
resuspended in 1 ml growth medium (EMEM supplentervéth 10 % {/,) FBS, 100 U/ml
penicillin, and 10Qug/ml streptomycin), which was used for cell progama andin vitro
experiments throughout the study, unless othersgseified. Cells were introduced into 25%cm
cell culture flasks containing growth medium (4 rahd maintained at 37 °C in a humidified
atmosphere with 5 % GQ(Steri-Cult CQ incubator with class 100 HEPA filtration, Thermo

Electron Corporation).

3.2.10.2 Change of medium
Medium was replaced within 24 h of reconstitutida, eliminate residual DMSO and non-

adherent cells. Spent medium was discarded ansl welle rinsed with PBS (10 mM phosphate
buffer, pH 7.4, 140 mM NaCl, 3 mM KCI; 2 ml). Fresfedium (5 ml) was introduced and cells
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were returned to the incubator (37 °C). Cell growtis monitored on a daily basis using a Nikon
TMS inverted microscope (Nikon Instruments, Tokyapan). Any changes in the colour of the
growth medium were also noted. Medium was changedye?4-48 h in accordance with these
observations. Images of the cells were capture@0ftx magnification using an inverted

fluorescence microscope (CKX41, Olympus, Japan)ratpe in bright field mode, in

conjunction with Analysis Five Software (OlympusftSmaging Solutions, Olympus, Japan).

3.2.10.3 Trypsinisation
Once cells had reached semi-confluency, spent mredias decanted and cells were rinsed with

PBS (2 ml). Trypsin-EDTA solution (1 ml) was inttezkd, and cells were maintained at 37 °C
for 1-5 min, depending on the cell type. Changeseith morphology were monitored under the
inverted microscope. When cells had rounded-offdioma (2.5 ml) was added to halt further
enzyme activity. Cells were dislodged from the acef of the culture vessel with gentle tapping.
The contents of the flask were drawn-up and exgelng a sterile pipette, so as to ensure an
even distribution of cells in the medium, beforenpgeeither seeded into multi-well plates for

in vitro assays, divided among two or more flasks for grffropagation, or cryopreserved.

3.2.10.4 Cryopreservation
Cells were trypsinised as described in 3.2.10.3 r@udvered as a pellet after centrifugation

(1000 xg, 25 °C, 2 min) in an Eppendorf 5702 R instrumélite pellet was resuspended in
medium (1 ml) containing 10 %/() DMSO and transferred into cryovials. These waraed at
a rate of -1 °C/min in a NalgeneCryo 1 °C freezing container (Thermo Fisher Scfamti
Waltham, Massachusetts, US) filled with 100 % isgyt alcohol until a temperature of — 80 °C
was attained. Cells were stored in a NuAire -88JlGalow Freezer (Lasec Laboratory and

Scientific Equipment Co.) for short term storage.

3.2.11 Transfection

3.2.11.1 Transfection with MS09 liposomes
For experiments in 48-well plates, cells were sdedd# densities of approximately

4 x 1¢ cells/well. These were maintained at 37 °C foth2# order to reach semi-confluency.

The initial transfection experiments were conduaciéthin a broad final SIRNA concentration
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range (57-14 nM). siRNA (0.2g per 48-well format) was used as an arbitrarytisgpoint.

This amount was sequentially halved.

Lipoplexes were assembled 30 min prior to theiroddiction to the cells. Transfecting
complexes contained O (15 pmol), 0.1ug (7.5 pmol) or 0.05ug (3.7 pmol) siRNA and
appropriate amounts of liposome to give lipopleaesMS09:siRNA Y{/,,) ratios of 12:1-32:1.
Volumes were adjusted to 10 with HBS. In theory, lipoplex suspensions werenfalated at
siRNA concentrations of 14oM, 0.75uM and 0.37uM so as to give final concentrations of
57 nM, 29 nM and 14 nM, respectively, assuming ossldue to pipetting errors (refer to
Appendix C for calculations). The corresponding otietical cytofectin and total lipid
concentrations to which cells were exposed areepted in Table 3.3 (a sample calculation is

given in Appendix C).

Cells were prepared by draining the wells and aglftiesh medium (0.25 ml/well). Lipoplexes
(10pl) were added and cells were incubated at 37 °@ asday-specific end-points. Quantities

were adjusted, as shown in Table 3.4, for experisi@na 96-well format.
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Table 3.3 Final cytofectin and lipid concentrations intr@ed to cells in transfection experiments

Lipasofne Lipi‘(jv:vs/iv;NA MSC(’%E)RNA ?‘ﬁF)’ 57 nM siRNA 29 nM siRNA 14 nM siRNA
[MS09] [Total lipid] | [MS09] | [Total lipid] [MS09] [Total lipid]
(M) (M) () (M) (uM) ()
MSO09/DOPE 26.2:1 12:1 6,51 14.7 29.3 74 14.7 3.7 73
3491 16:1 8.7:1 196 391 98 196 249 98
4371 20:1 10.8:1 245 48.8 123 24.4 6.2 12.2
5241 241 13.01 294 58.6 147 293 74 147
6111 281 15.1.1 34.2 68.4 171 34.2 8.6 171
69.8:1 3211 17.31 39.1 781 196 39.1 9.8 195
MS09/Chol (1:1) 19.3:1 12:1 651 14.7 293 74 14.7 3.7 73
2581 16:1 8.7:1 196 391 98 196 29 98
3221 20:1 10.8:1 245 48.8 123 24.4 6.2 12.2
38.7:1 241 13.01 294 58.6 147 293 74 147
4511 281 15.1.1 34.2 68.4 171 34.2 8.6 171
51.6:1 3211 17.31 39.1 781 196 39.1 9.8 195
MSO09/DOPE/PEG 2841 12:1 6,51 14.7 30.0 74 15.0 3.7 75
3791 16:1 8.7:1 196 40.0 98 20.0 29 10.0
4731 20:1 10.8:1 245 50.0 12.3 25.0 6.2 125
56.8.1 241 13.01 29.4 60.0 147 30.0 74 15.0
66.2:1 281 15.1.1 34.2 70.0 171 35.0 8.6 175
7571 321 17.31 391 80.0 196 40.0 9.8 20.0
MS09/Chol/PEG 2161 12:1 651 147 30.0 74 15.0 3.7 75
(1) 2881 16:1 8.7:1 196 40.0 98 20.0 29 10.0
35.9:1 20:1 10.8:1 245 50.0 12.3 25.0 6.2 125
4311 241 13.01 29.4 60.0 147 30.0 74 15.0
50.3:1 281 15.1.1 34.2 70.0 171 35.0 8.6 175
5751 321 17.31 391 80.0 196 40.0 9.8 20.0
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Table 3.4 siRNA quantities and volumes for transfectionerxments in 48- and 96-well formats with
MSO09 liposomes

Well Average cell- Final sSiRNA SiIRNA* Transfecting Growth
format | seeding density | concentration complex* medium*
( x 10 cells/well) (nM) (ng) (pmol) (ul) (ul)
58 0.08 6.0 5 100
96-well 1.8 29 0.04 3.0 5 100
14 0.02 15 5 100
58 0.2 15.0 10 250
48-well 4.0 29 0.1 7.5 10 250
14 0.05 3.7 10 250

*Quantities pertain to a single well

3.2.11.2 Transfection with LF3K
Cells were transfected with the LF3K reagent adogytb the manufacturer’s protocol, dated 10

February 2016 (Publication No. MANO009872). Foirgke-well transfection in a 48-well plate,
The LF3K reagent (0.78l) was added to antibiotic and serum-free EMEM %i) and
vortexed briefly (3 s). The siRNA (Oug, 7.5 pmol) was diluted in antibiotic and serumefr
EMEM (12.5ul), added to an equal volume of the LF3K-mediumtomie and incubated (room
temperature, 10 min). The transfecting complexy(2%vas introduced to semi-confluent cells in
fresh complete medium (0.25 ml) to give a final MR concentration of 25 nM. Cells were
incubated at 37 °C until assay-specific end-poiftsantities were appropriately scaled-up or
down to accommodate larger or smaller well fornaatsiecessary (Table 3.5). LF3K was used as

a positive control in all experiments conductedamstandard cell culture conditions.

Table 3.5 Quantities and volumes for LF3K transfectiongliferent well formats

Well Average cel- SiRNA* LF3K* Transfecting Growth
format seeding density (ul) complex* medium*
(x 10 cells/well) (ng) (pmol) (ul) (n)
96-well 1.8 0.04 3.0 0.3 10 100
48-well 4.0 0.1 7.5 0.75 25 250
24-well 8.0 0.2 15.0 15 50 500
12-well 15.0 0.4 30.0 3.0 100 1000
6-well 29.0 1.0 75.0 7.5 250 2000

*Quantities pertain to a single well
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3.2.12 Cytotoxicity testing

Semi-confluent cells in 48-well plates were treatgtth lipoplexes assembled from sSiGENOME
non-targeting siRNA at final concentrations of 9M,r29 nM and 14 nM as described in 3.2.11.
Treatment groups which received naked siRNA at dame final concentrations were also
included. Untreated cells were included as posith@ % cell viability) controls. At 48 h post-
transfection, growth medium was aspirated andwatlility was assessed by the MTT (3.2.12.1)
and AB(3.2.12.2) assays.

3.2.12.1 MTT assay
Cells were incubated (37 °C, 4 h) with 2@0each of medium and MTT solution (5 mg/ml in

PBS) per well. Wells were drained, and formazanstalg were dissolved in DMSO
(200pl/well) to give purple-coloured solutions. Absoribanwas read at 540 nm in a Mindray
microplate reader, MR-96A (Vacutec, Hamburg, Gemyaagainst pure DMSO as a blank. The
percentage cell viability was calculated as follows

[A540 nm (treated cells— As4g nm (blank)]
[As540 nm (untreated cells— As4g nm (blank)]

x 100

3.2.12.2 AB assay
Cells were incubated (37 °C, 4 h) with medium (R0@ell) and AB reagent (2Ql/well). A

cell-free control containing the aforementionedmgiiees of medium and AB reagent was treated
in the same way. Medium was transferred into 9@-fkatbottom black plates and fluorescence
intensities were read using the GloMakulti+ Detection System (Promega Biosystems,
Sunnyvale, CA, USA) at excitation and emission vavgths of 570 nm and 585 nm,
respectively. The percentage cell viability wasukdted as follows:

[RFU (treated cells) — RFU (cell-free control)]
[RFU(untreated cells— RFU (cell-free control)]

100 ....where RFU is relative fluorescence units

3.2.13 Cellular uptake experiments

3.2.13.1 Quantitative assays
Semi-confluent cells in 96-well plates were treatétth lipoplexes assembled from BLOCK-IT

Fluorescent Oligo, to give final sSiRNA marker contations of 57 nM, 29 nM and 14 nM, as

described in section 3.2.11. After 24 h, medium veamoved and cells were washed twice with
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PBS (60ul/well). Cells were lysed with 1x lysis buffer (5NinTris-phosphate, pH 7.8; 0.4 mM
dithiothreitol; 0.4 mM 1,2-diaminocyclohexameéN-N'-N'-tetra-acetic acid; 2 %/, glycerol;
0.2 %"/, Triton X-100; 60ul/well) and gentle agitation (10 rpm, 10 min) omplatform shaker
(Stuart Scientific STR6, Surrey, UK). Wells werentlg scraped with a micropipette tip to
dislodge any remaining cells, and lysates weresteared into 96-well flat-bottom black plates.
Fluorescence intensities were quantified with theM&x® Multi+ Detection System (Promega
Biosystems, Sunnyvale, CA, USA) at excitation amdission wavelengths of 494 nm and
519 nm, respectively. The soluble protein conceioinaof lysates was determined by the BCA
assay, with BSA as the protein standard (refer @.13.2). Fluorescence readings were

normalised against protein content, and result® wgpressed as RFU per mg protein.

3.2.13.2 BCA assay
Standard BSA solutions (ranging from 0 to 8#50ul in increments of ug/50ul) were

prepared in a final volume of 50 with ultrapure water. These were mixed with th€/B
working reagent (BCA solution:copper (Il) sulfateligion, 50:1%,; 1 ml) and maintained at
37 °C for 30 min. Solutions were cooled to room pgenature, and absorbance was measured at
540 nm (Mindray microplate reader, MR-96A, Vacutélamburg, Germany). This data was
used to construct a protein standard curve. Lysaége centrifuged (12 000 ¢ 4 °C, 30 s) in

an Eppendorf 5424 R instrument to pellet cellulabris. The supernatants (bl) were mixed
with the BCA working reagent (1 ml) and incubate&d¥ {C, 30 min). The soluble protein

concentration of cell lysates was obtained viaapdlation from the standard curve.

3.2.14 Final siRNA and lipid dose for application banti-c-myc lipoplexes
After analysing data from cellular uptake experitsethe following parameters were chosen for
gene expression assays:
» Experiments were to be limited to the twamycoverexpressing cell lines i.e. MCF-7
and HT-29.
« An MS09/Chol (1:1) lipoplex suspension assembledhat MS09:siRNAY/,,) ratio of
16:1, was to be evaluated as a new estiycdelivery system. An MS09/DOPE lipoplex
suspension, at the same MS09:siRNA/) ratio, was to be included for comparative

purposes.
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The strategy adopted was to apply the antiyc agents at the minimum final siRNA
concentration at which maximum cellular uptake veakieved. In order to select the most
appropriate final sSiRNA and lipid concentrations]lalar uptake experiments were performed
with the above-mentioned lipoplexes, within a neso final siRNA marker concentration
range, i.e. 18 nM to 4 nM in decrements of 2 nM;oading to the method given in 3.2.13. An
AB assay (as outlined in 3.2.12.2) was performedatafirm the absence of cytotoxic effects at
the new siRNA and lipid concentrations. siRNA quteeg and volumes applicable to
experiments in 48- and 96-well format are showT able 3.6. The associated final cytofectin
and lipid concentrations are given in Table 3.7tala presented as a comparison with all other
final sSIRNA concentrations explored.

Table 3.8 siRNA guantities and volumes for transfectionhadS09/Chol (1:1) and MS09/DOPE
lipoplexes (MS09:siRNA',, = 16:1) at varying final SiRNA concentrations

Well Average cell- Final sSiRNA SIRNA* Transfecting Growth
format | seeding density | concentration complex* medium*
( x 10 cells/well) (nM) (ng) (pmol) (nl) (ul)
18 0.026 1.9 5 100
16 0.023 1.7 5 100
12 0.017 1.3 5 100
96-well 1.8 10 0.014 11 5 100
8 0.011 0.7 5 100
6 0.008 0.€ 5 100
4 0.005 0.4 5 100
18 0.065 4.9 10 250
16 0.058 4.3 10 250
12 0.043 3.2 10 250
48-well 4.0 10 0.035 2.6 10 250
0.028 1.7 10 250
6 0.020 15 10 250
0.013 1.0 10 250

*Quantities pertain to a single well
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Table 3.7 Final cytofectin and lipid concentrations intregd to cells at final sSIRNA concentrations of

18-4 nM
Liposome formulation MS09/Chol (1:1) MS09/DOPE
MS09:siRNA (/,,) 16:1 16:1
1g | MS09 @M) 6.2 6.2
Total lipid (pM) 12.5 12.
16 | MS09 @M) 5.€ 5.€
= Total lipid (pM) 11.1 111
S | 1o | MSO9 M) 41 41
[ Total lipid (pM) 8.2 8.2
g 10 | MS09 (M) 3.4 3.4
3 Total lipid (pM) 6.€ 6.6
% 8 MS09 M) 2.7 2.7
% Total lipid (pM) 5.4 5.4
= 6 | MS09 M) 2.C 2.C
Total lipid (pM) 3.¢ 3.c
4 | MS09 (M) 1.2 1.2
Total lipid (uM) 2.5 P

In all experiments to

follow,

MS09/Chol (1:1)

and SKPO/DOPE

lipoplexes

(MS09:siRNA"/,,= 16:1) were introduced to cells at final sSiRNA centration of 12 nM.

Quantities were adjusted for transfections in défe well formats as shown in Table 3.8.

Table 3.8 siRNA quantities and volumes for transfectiorifierent well formats with and

MS09/Chol (1:1) and MS09/DOPE lipoplexes (MS09:siRM,, = 16:1) at 12 nM final siRNA

Well Average cell- Final sSiRNA SIRNA* Transfecting Growth

format | seeding density | concentration complex* medium*
( x 10 cells/well) (nM) (ng) (pmol) (ul) (ul)

96-well 1.8 12 0.017 1.3 5 100
48-well 4.0 12 0.043 3.3 10 250
24-well 8.0 12 0.085 6.5 20 500
12-well 15.0 12 0.170 13.0 40 1000
6-well 30.0 12 0.340 26.0 80 2000

*Quantities pertain to a single well
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3.2.15 Qualitative assessment of cellular uptake der conditions selected for gene
expression assays

A qualitative assessment of cellular uptake of ME8D®I! (1:1) and MS09/DOPE lipoplexes in
MCF-7 and HT-29 cells was performed. Semi-confluemils in 12-well plates were treated with
lipoplexes assembled with BLOCK-IT Fluorescent Oligo at MS09:siRNA/() = 16:1,
according to the transfection protocol outlined3i2.11. Cells received a final sSiRNA marker
concentration of 12 nM (Table 3.8). After 24 h, lwelere drained and cells were rinsed with
PBS (40Qul). Intracellular fluorescence was observed withrarerted microscope fitted with a
CC12 camera, at excitation and emission wavelengthd94 nm and 519 nm respectively.
Images were acquired at 200x magnification usinglysis Five Software (Olympus Soft

Imaging Solutions, Olympus, Japan).

3.2.16 Gene expression assays

MCF-7 and HT-29 cells were seeded in 6-well plated grown to semi-confluency. Cells were
transfected according to the protocol given in isact3.2.11 with MS09/Chol (1:1) and
MSO09/DOPE lipoplexes (MS09:siRNA,, = 16:1). Lipoplexes were assembled with either
SIGENOME non-targeting siRNA (henceforth referred &s non-targeting SiRNA) or
ON-TARGETplus SMARTpool Human MYC siRNA (henceforteferred to as anti-myc
SiRNA) to give a final sSiRNA concentration of 12 nWlable 3.8). Transfections were carried out
in triplicate. Cells were harvested for either tdRNA (section 3.2.16.1) or protein (section
3.2.16.3) 48 h after transfection.

3.2.16.1 Total RNA extraction
Total cellular RNA was extracted using TRf2dReagent as per manufacturer’s instruction.

Wells were drained of medium and TRIZdReagent (1 ml/well) was added. Cells were drawn
up and expelled with a pipette, approximately hes, to facilitate lysis. The homogenate was
kept at room temperature for 5 min, and then temafl into a 2 ml RNase-free polypropylene
microcentrifuge tube, to which chloroform (0.2 m¥ps added. The mixture was vigorously
shaken for 15s, and rested (room temperature,nB rRihase separation was achieved with
centrifugation (12 000 g, 4 °C, 15 min), in an Eppendorf 5424 R temperatanetrolled
centrifuge (Merck, Darmstadt, Germany). The upppre@us phase was transferred into another

microcentrifuge tube and treated (room temperatl@emin) with 100 % isopropanol (0.5 ml).

64



RNA was deposited as a gel-like pellet after céngetion (12 000 >g, 4 °C, 10 min). The pellet
was washed by low-speed vortexing (room temperatBes) in 75 %'(,) ethanol (1 ml)
followed by centrifugation (7 500 g, 4 °C, 5 min). The ethanol was removed, and thietpgas
left to air-dry (room temperature, 10 min) in a Iaar-flow cabinet. The pellet was resuspended
in RNase-free water (3@) by passing the suspension approximately 5 tirttesugh a
micropipette tip, followed by heating (55 °C, 15nniThe NanoDrop 2000c spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) was usedrmeasure total RNA concentration, and
assess RNA purity. RNA was obtained in good yiél&§-0.74ug/ul) and high purity (AsdAz2so
was between 2.03 and 2.11368A230 was between 2.0 and 2.30). The integrity of RN#ates
was assessed by agarose gel electrophoresis athddsa section 3.2.5.1.3. 28S rRNA, 18S
rRNA and 5S rRNA/tRNA bands were clearly evidenalhinstances. Samples were normalised
to 0.057ug/ul total RNA with RNase-free water and stored, imgabts (30ul), in RNase-free

tubes, at -80 °C, for no more than a month.

3.2.16.2 RT-gPCR

3.2.16.2.1 cDNA synthesis

cDNA synthesis was carried out using the gDNA Cle®dNA Synthesis Kit as per
manufacturer’s instruction. For a single reactitre RNA sample (0.8g, 14ul) was mixed
with a master mix (2l) which contained DNase | (0;8) and DNase buffer (1.pl) solutions.
Reaction mixtures (1@l) were prepared, on ice, in PCR tube strips amldtrens were carried
out in a C1000 Touch Thermal Cycler (Bio-Rad Laboratories (PTY) LtdiclRmond, USA).
The DNase reaction was performed as follows: DNAesdfion (25°C, 5 min), DNase
inactivation (75 °C, 5 min), and samples were naiigd at 4 °C for 10 min. The RT supermix
(4 ul) was added and cDNA synthesis was carried ofdllsvs: priming (25 °C, 5 min), reverse
transcription (46 °C, 20 min), RT inactivation (85, 1 min) and samples were held at 4 °C for
10 min. Two cDNA synthesis reactions per RNA iselatere performed in parallel i.e. one
reaction containing the RT supermix and a no-RTtrobnn which the no-RT supermix was
added instead. cDNA samples were diluted to a finakcentration of 25 ngl in nuclease-free

water and stored at 4 °C, for no more than a week.
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3.2.16.2.2 RT-gPCR reactions
The product of each cDNA synthesis reaction wagestdd to RT-gPCR. A single reaction

mixture (20ul) contained the following: SsoAdvancedUniversal SYBR Green Supermix
(10 pl); primers (1ul) specific for either the target genesmyc (PrimePCR’ SYBR® Green
Assay: MYC, Human) or reference gerfeactin (PrimePCR’ SYBR® Green Assay: ACTB,
Human); cDNA sample (25 ng,jl) and nuclease-free water |(§. Reaction mixtures in which
DNA templates (either PrimePCRTemplate for SYBR Green Assay: MYC, Human; or
PrimePCR’ Template for SYBR Green Assay: ACTB, Human;l) were substituted for
cDNA served as positive controls. Reaction mixturesvhich nuclease-free water () was
substituted for either primers or cDNA were inclddes negative controls. All reactions were
performed in triplicate. Reaction mixtures werepared, on ice, in Hard-Sh&ID6-well plates
and sealed with MicroséalB' adhesive seals. Plates were briefly centrifuged loaded in a
C1000 Touch' Thermal Cycler (CFX 96 TouchReal-TimePCR Detection System, Bio-Rad
Laboratories (PTY) Ltd.). Reaction conditions weas follows: activation (95°C, 2 min,
1 cycle), denaturation (95 °C, 5's, 40 cycles),eafing/extension (60 °C, 30 s, 40 cycles), melt
curve (65 °C — 95 °C in 0.5 °C increments, 5 sstBata was analysed with CFX Manager
Software version 3.0 (Bio-Rad Laboratoriesnycexpression was normalised geactin using

the AAC, comparative quantification algorithm.

AACq = ACq([gS[) - ACq(calibrator)
ACq(tesy = Cq(target, test) = Cq(ref test)

Acq(calibrator) = Cq(target, calibrator) — Cq(re)f calibrator)
where Cq denotes quantification cycle, targetdenotes c-myc, test denotes treated cells, refdenotes the

reference gene, S-actin and, untreated cells served as the calibrator.

3.2.16.3 Total protein extraction
Wells were drained of medium and cells were wadhace with ice-cold PBS (1 ml/well). Cold

(4 °C) RIPA buffer (10Qul/well) was added and cells were placed on icé&sfmin on a platform
shaker (Stuart Scientific STR6, Surrey, UK) op@mtat 10 rpm. Wells were scraped with a
micropipette tip and lysates were transferred @.5:ml sterile microcentrifuge tube. Lysates
were clarified by centrifugation (14 000gs 4 °C, 15 min) in an Eppendorf 5424 R instrument
(Merck, Darmstadt, Germany). Supernatants werectat and a small volume (0 of each

sample was reserved for total protein determinabipithe BCA assay as described in 3.2.13.2.
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Protein concentrations were 2.0-2gul. Lysates were stored at -20 °C, for no longentha

month.

3.2.16.4 ELISA
Protein extracts were immobilised onto the wellad6-well flat-bottom multi-well plate with

50 mM carbonate-bicarbonate coating buffer, pH @64 °C, overnight. Three replicates per
isolate were performed. Each well receivedufjQorotein in 10Qul coating buffer. The coating
buffer was removed and wells were rinsed twice WiBS (20 mM Tris-HCI, pH 7.5, 150 mM
NacCl) containing 0.1 % Tween 20 (TBST, 1@0wvell). Wells were treated (room temperature,
1 h) with 5 % non-fat dry milk in TBST (10d) with gentle agitation (10 rpm) on a platform
shaker (Stuart Scientific STR6, Surrey, UK) to saii® unoccupied attachment sites. The
blocking agent was removed and wells were rinsecetwith TBST (10Qul/well). Either c-Myc
(2:2000, in TBST) of-actin (1:10 000, in TBST) primary antibodies wapplied (10Qul/well)

at room temperature for 1 h. Primary antibodiesewemoved and wells were washed 4 times
with TBST (100ul/well) for 5 min each, with agitation (10 rpm). &hsecondary antibody
(2:2000, in TBST) was applied (room temperaturk). Wells were drained and washed 4 times
with TBST as previously described. TMB (10@well) was applied (room temperature, 30 min).
The reaction was terminated by the addition of BI}80O, (100pl/well) and absorbance was
measured at 450 nm (Mindray microplate reader, MR;9Vacutec, Hamburg, Germany)
against a mixture of TMB (10@) and 2 M HSO, (100ul), as a blank. Wells containing BSA
(10png) were treated in the same way, and served astimegeontrols. Antibody-free and
substrate-free controls were also included. Costotiples gave negligible corrected absorbance
(i.e. less than 1 % of the corrected absorbanasmttated cells treated with primary antibody,
secondary antibody and substrate). c-Myc expressias normalised t@-actin and presented

relative to untreated cells.

3.2.17 Effects of lipoplex-mediated@-myc inhibition
The effects oft-mycinhibition on cancer cell migration, proliferati@nd survival was studied

under conditions which mirrored those of the gexygession assays (3.2.16).

3.2.17.1 Wound healing assay
The wound healing assay was adapted from the meatqooited by Qin and Cheng (2010).

Semi-confluent cells in 12-well plates were treatgth lipoplexes as per transfection protocol in
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3.2.11 and quantities shown in Table 3.8. At 24hktjtransfection a sterile 2@0 micropipette

tip was carefully drawn across the diameter of eaeh so as to create a single, linear wound
(t = 0 h). Growth medium was aspirated and celleewmsed with PBS (0.5 ml/well) to remove
any dislodged cells. Fresh medium (1 ml/well) wddesl. The wounds created were observed
with an inverted fluorescence microscope (CKX4lymipus, Japan), operating in bright field
mode, at 100x magnification. Images were capturgdguAnalysis Five Software (Olympus
Soft Imaging Solutions, Olympus, Japan). Positwase discretely marked on the edges of wells
to permit re-examination of the same field of viatva later stage. Cells were returned to the
incubator, and wound closure was monitored 24 br lét =24 h). The software facilitated

measurements of wound area against calibrated sreagkresults were reported as follows:

wound area; — 54 1, (LmM?)

x 100

Normalised wound area (%) =
wound areag = gy, (Lm?2)

3.2.17.2 Growth inhibition assays
Lipoplexes were introduced to semi-confluent cilld8-well plates as per transfection protocol

in 3.2.11 and quantities shown in Table 3.8. Ath4Bost-transfection, growth inhibition was

evaluated by the ABssay as described in section 3.2.12.2.

3.2.17.3 Apoptosis assay
Lipoplexes were introduced to semi-confluent cell24-well plates as per transfection protocol

in 3.2.11 and quantities shown in Table 3.8. Ath4B8ost-transfection wells were drained and
cells were rinsed with PBS (2@@'well). Live, apoptotic and necrotic cells werestithguished
by the AO/EtBr dual staining method adapted fromiydaet al. (2016). Briefly, cells were
stained with AO/EtBr solution (100g/ml AO and 10Qug/ml EtBr in PBS; 1Qud/well) with
agitation (30 rpm, 25 °C, 5 min) on a platform stvakStuart Scientific STR6, Surrey, UK).
Excess stain was removed by rinsing with PBS (@@@ell). Cellular changes associated with
apoptosis were observed with an inverted fluoreseenicroscope (CKX41, Olympus, Japan) at
excitation and emission wavelengths of 540 nm &8@ rBn, respectively. A minimum of 200
cells per well was counted at random fields of viemages were acquired at 200x magnification
using Analysis Five Software (Olympus Soft ImagBgutions, Olympus, Japan). Results were

presented as follows:
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Live/total apoptotic/early apoptotic/late apoptotic/necrotic cells (%) =

[number of live/total apoptotic/early apoptotic/late apoptotic/necrotic cells counted] % 100
[total cells counted]

3.2.18 Serum tolerance of MS09/Chol (1:1) and MS@DPE lipoplexes at

MS09:siRNA (") = 16:1

Semi-confluent MCF-7 and HT-29 cells in 96-well telsy were treated with lipoplexes (bin
HBS) assembled with BLOCK-iT Fluorescent Oligo, to give a final siRNA marker
concentration of 12 nM (Table 3.8) in growth medi(@®0ul) containing 10, 30 or 50 %/()
FBS. After 4 h at 37 °C, wells were drained andirmucell culture medium was added. At 24 h
post-transfection, intracellular fluorescence waasured and normalised against soluble protein
content of cell extracts, as described in secti@il3. An AB assay was carried out, as outlined

in section 3.2.12.2, so as to confirm cell viapilinder the new transfection conditions.

3.2.19 Statistical analysis

Statistical analyses were performed using one-wajyais of variance (ANOVA), followed by
Tukey’'s Multiple Comparison Test to compare betwgesups (GraphPad Prism version 5.04,
GraphPad Software Inc., USA).values less than 0.05 were considered significant.
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CHAPTER 4 - RESULTS AND DISCUSSION

4.1 Liposome preparation and characterisation

An effective antie-myc siRNA delivery system, with an uncomplicated desand simple
preparation method, may pave the way for the deweémt of an economically feasible and
clinically viable onconanotherapeutic agent. Thisdg has focused on a lipid-based delivery
agent that is arguably the simplest and easieptdpare i.e. the traditional cationic liposome
prepared by lipid film hydration.

MSQ09 (Figure 4.1a), a cationic lipid that previgughve goodn vitro gene silencing capability
when formulated into liposomes (Danied$ al, 2013), was the chosen cytofectin. Several
features of this lipid render it suitable for thevdlopment of cationic liposomal siRNA carriers.
Firstly, the molecule is built upon the rigid chstierol ring system that permits its stable
incorporation within a lipid bilayer. Secondly, ttegtiary amino headgroup, that is protonated at
physiological pH, permits electrostatic bindingnafcleic acids. Moreover, a spacer of 12 atoms
promotes interaction with nucleic acids by reducstgric hindrance between the headgroup
region and cholesterol anchor (Singh and Ariafi0&). Finally, the carbamoyl bond, which
tethers the spacer and headgroup elements to $led fing system is biodegradable following
release of the nucleic acid and augurs well forkdiseompatibility (Gao and Huang, 1991) of

MSO09 liposomal systems.

To date, MS09 has only been evaluated in co-fortimulavith the zwitterionic phospholipid,
DOPE (Figure 4.1b) (Danielet al, 2013, Singh and Ariatti, 2006). The cone-shaped
ethanolamine headgroup favours bilayer transitioomf the ordered lamellar to inverted
hexagonal phase, and this is advantageous durihdacaiptake, release and endosomal escape
of nucleic acids. As such, DOPE is a commonly uketper lipid in cationic liposome
formulations (Mochizukiet al, 2013). However, DOPE-containing liposomes may be
suitable for intravenous administration. Li and cokers (1999) demonstrated early on that
DOPE-containing cationic liposomes rapidly disimétg upon exposure to serum. This can be
attributed to the fact that DOPE, which has ionisayoups can interact with serum proteins,
and this inhibits its activity (Yangt al, 2013). Nonetheless an equimolar mixture of M&068
DOPE, that previously proved effective im vitro SIRNA delivery (Danielset al, 2013) was

prepared for comparative purposes.
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Figure 4.1: Ball and stick models of lipids a) MS09, b) DOPE, c) Chol and d) DSPE used in liposome
formulations. In a) the spacer length reported was measured as the internuclear distance between the
atoms indicated. In d) the yellow arrow shows the point of attachment of the PEGy chain to the DSPE
molecule. Models were generated using ACD/3D Viewer (Advanced Chemistry Development, Inc.
(ACD/Labs) Toronto, Ontario, Canada).




Early studies showed that the incorporation of Cfieigure 4.1c) with phospholipids at
30 mol % or more resulted in the formation of a gghaeparated region in the lipid bilayer
(Huanget al, 1974). This property of Chol liposomes, in tHesence of other helper lipids,
becomes more pronounced with increasing Chol cognéen prevents adverse liposome-protein
interactions, aggregation, improves mechanicahgtreand stability (Epanet al, 2003, Huang

et al, 1974) and can extend circulation timevivo (Sempleet al, 1996).

The effect of increasing Chol content in MS09 lipoes was studied. Liposomes were
formulated with MS09 and Chol at molar ratios 01,11:2 and 1:3. Higher ratios were not
explored, as it was reasoned that incorporatingl @hbigher concentrations would reduce the
number of cytofectin molecules present in the l@talgy more than 60 %. This is a dramatic
reduction in the number of cationic centres avédldbr sSiRNA binding. A further consideration
was that groups which have focused on studyingeffect of high Chol content in cationic
liposome formulations, before the current study vmtsated, had done so within the context of
plasmid DNA (pDNA) delivery only (Yanet al, 2013, Zhang and Anchordoquy, 2004). Given
that siRNA is markedly smaller than pDNA, it canmoindense further (Spagneti al., 2004)
and a larger quantity of liposome is required todba fixed quantity of SIRNA when compared
with pDNA (Zhanget al, 2010); Chol content did not exceed 75 mol %his study. Chol
concentration below 50 mol % was not investigatadlight of the established correlation
between high Chol content and improved stabilityimésomes formulated with a monocationic
cholesteryl cytofectin, DC-Chol (Yareg al, 2013).

Transmission electron micrographs show that MSO%B@nd MS09/Chol (1:1) formulations
formed unilamellar vesicles. Vesicles of the MSOORE suspension were predominantly round
(Figure 4.2a), similar to those reported by Dangtlal (2013). However, substitution of DOPE
with Chol at the same molar ratio gave some irr@dyl shaped vesicles (Figure 4.2b).
Formulations with greater Chol content appearedrlpdoydrated and visibly settled out of
suspension even with extended sonication time. &@prently, images of these formulations

show an aggregated mass of lipid (Figure 4.2c,d).
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Figure 4.2: Transmission electron micrographs of non-pegylated cationic liposomes: a) MS09/DOPE,
b) MS09/Chol (1:1), ¢) MS09/Chol (1:2), d) MS09/Chol (1:3). Liposome suspensions were stained with
uranyl acetate and cryopreserved prior to viewing.

Steric stabilisation of liposomes through pegylatwas attempted. The simplest method of
PEG-modification, pre-pegylation, in which PEG cisaare attached to the liposomal bilayer
prior to the introduction of sSiRNA molecules, wasted for. This is in keeping with one of the

main themes of the study i.e. to maintain simpliaf carrier design and preparation. Several
issues were taken into consideration with regargdlymer size, the nature of the PEG-lipid

conjugate and the amount of PEG-lipid incorporateldoosome formulations. Firstly, pegylated

lipid derivatives have micelle forming tendenciasl &his imposes a limit on the concentration at
which these lipids can be stably incorporatedpogdiomal bilayers. As the length of a PEG chain
attached to a hydrocarbon skeleton increases osddes the ratio of the polar region of the lipid
relative to its apolar component; and this distuti®s organisation of the bilayer (Phottsal,

2003). Therefore PEG of molecular weight 2000, pposed to longer polymer chains was
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chosen in the form of a commonly used DSPE (Fidutd) lipid conjugate known to stabilise
the lamellar phase of the bilayer (Che al, 2015). The commercially available PEG-lipid,
DSPE-PEGyy, employed in this study has served as a compaunfetite first Food and Drug
Administration-approved anti-cancer liposomal dragd is therefore favourable in terms of
safety and biocompatibility (Allen and Cullis, 2Q13 further concern with regard to pre-
pegylation is that the presence of polymer chamshe surface may shield cationic groups and
hinder the binding of siRNA (Daniekt al, 2013, Zhanget al, 2010). Finally, too high a PEG
density can interfere with the lipoplex-cell assticn necessary for cellular uptake (Deshpande
et al, 2004).

Buyenset al (2012) commented that if SIRNA molecules are @ocbmplexed with liposomes
through simple mixing, liposomes should have lowsRPEensities. In the interest of achieving a
balance between liposome stability and siRNA-bigdinrough pre-pegylation, DSPE-Pk
was incorporated at what has come to be acceptadcastmonly employed concentration for
both in vitro andin vivo use i.e. 2 mol % (Betkest al, 2013a). At this concentration, PEG
assumes what is referred to as the “mushroom” cordtonal regime, in which the polymer
forms isolated grafts on the bilayer surface. Unltke “brush” configuration, achieved with
greater than 5 mol % PEG-lipids, in which polyméaios interact to form a dense hydrated
network around the liposome; pegylation at 2 mgb&tmits partial exposure of the bilayer (de
Gennes, 1980).

Pegylated MS09/DOPE and MS09/Chol (1:1) formulatitormed stable suspensions upon lipid
film hydration. While tubular vesicles were evidem the MS09/DOPE/PEG suspension
(Figure 4.3a), the MS09/Chol/PEG (1:1) formulatigawve vesicles (Figure 4.3b) which largely
resembled its non-pegylated counterpart. It islyikbat the membrane rigidity conferred by
Chol, resulted in vesicles that were more resistantlistortion upon the incorporation of a

relatively small amount of DSPE-Pkdg.

Pegylated suspensions of MS09/Chol (1:2) and MS@&/(1:3) formulations were more readily
hydrated than their non-pegylated counterpartsctifle micrographs show some unilamellar
vesicles in both instances (Figure 4.3c,d). Howeparticles did settle out of suspension after
two days at 4 °C. Hence 2 mol % pegylation failedabolish the inherent instability of these
formulations. It appears that unlike the cytofestbOTMA and DC-Chol, which reportedly
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formed stable suspensions with up to 80 mol % C{hng et al, 2013, Zhang and
Anchordoquy, 2004), MS09 is incompatible with mtvan 50 mol % Chol.

Figure 4.3: Transmission electron micrographs of pegylated cationic liposomes: a) MS09/DOPE/PEG,
b) MS09/Chol/PEG (1:1), ¢) MS09/Chol/PEG (1:2), d) MS09/Chol/PEG (1:3). Samples were stained with
uranyl acetate and cryopreserved prior to viewing.

It appears that stable incorporation of high Cluriaentrations is dependent on the interaction of
Chol with other lipids in the formulation. This mm is supported by an early study with
pegylated distearoylphosphatidylcholine/Chol lippes in which high Chol content gave
fragile, unstable nanoparticles (Maruyamiaal., 1992). The incorporation of higher DSPE-
PEGyoo concentrations was not attempted in accordande twvé poor siRNA-binding, cellular
uptake and gene silencing that others have obsemid pre-pegylated cationic liposomes
(Danielset al, 2013, Santett al, 2006).
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Liposome preparations were characterised accortbngize and zeta potential by Z-NTA

(Figure 4.4a,b). NTA is a recent addition to namtple characterisation. The NTA system
calculates hydrodynamic diameter by tracking thevenwent of individual particles in a

suspension. This provides a more accurate repeggendf particle size than was possible with
the intensity-weighted measurements obtained lwjtiwaal light scattering techniques (Wilson

and Green, 2017). Combination of NTA instrumentatizith a zeta module i.e. an

electrophoresis system to apply current to the sanafilows zeta potential to be simultaneously
measured (Griffithet al, 2011).

The visible instability of the MSO09/Chol (1:2) anfS09/Chol (1:3) formulations was
corroborated by the Z-NTA data. The general acecmgtais that nanoparticles with zeta
potentials between +30 and -30 mV are predispose@rtls aggregation over time. In both
instances, particles greater than 300 nm in size wetected with zeta potentials close to zero,
and this is a clear indication of aggregation tewdes (Griffithset al, 2011). While PEG-
modification is known to increase the hydrodynanti@mmeter of nanoparticles and reduce zeta
potential due to charge shielding (Tomasettial, 2016), visible settling of the pegylated
MSO09/Chol (1:2) and MS09/Chol (1:3) formulationsicat be ignored.

Further proof of vesicle aggregation was obtainednf NTA-derived concentration estimates.
The particle concentration of suspensions with mibae 50 mol % Chol was roughly an order
of magnitude less than that of liposomes formulateon MS09 and Chol in equimolar
guantities (Figure 4.4c). In contrast, the coneditn of MS09/DOPE, MSO09/DOPE/PEG,
MSO09/Chol (1:1) and MS09/Chol/PEG (1:1) suspensiafiof which are statistically similar in

size and zeta potential, did not differ signifidarf® > 0.05, for all comparisons).

Given that the final lipid concentration of all foulations was kept constant, i.e. 8 mM, and, that
many more lipid molecules would be involved in tbemation of large structures as opposed to
smaller ones, it follows that the particle concatin of pegylated and non-pegylated

MS09/Chol (1:2) and MS09/Chol (1:3) formulationsnisich lower than those that were able to

accommodate the stable formation of smaller vesicle
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With regards to the stable preparations i.e. MSQ®B, MS09/DOPE/PEG, MS09/Chol (1:1)
and MS09/Chol/PEG (1:1), liposome size was farweé200 nm and sufficient to be classified as
small unilamellar vesicles. While there were nangigant differences in size or zeta potential
across the four preparations, electron micrograplygest that pegylated vesicles may, in fact,
be smaller. Here again, the contribution of therbgdilic PEG-chains, which can extend away
from the bilayer into the external agueous envirentnto the hydrodynamic radius of a vesicle
(Tomasettiet al, 2016) provides a likely explanation for the dansizes of pegylated and non-
pegylated vesicles. It appears that substitution@PE with Chol at the same molar ratio had no
significant effect on size or zeta potential. listtegard, Yang and colleagues (2013) commented
that Chol is not likely to influence the electricalrface potential of liposomes because it does

not bear an ionisable group.

Of note is the fact that all formulations gave riegazeta potentials, contrary to what is
expected of cationic carriers. Zeta potential mesments are based on the interaction of the
particle with ions in the medium in which it is pegsed. Therefore, the composition of the
dispersant influences the zeta potential of a swdgx particle. In this instance liposomes were
dispersed in HEPES buffer. Zwitterions such as HEREN influence the zeta potential of a
bilayer depending on the orientation of the molesuionisable groups relative to the membrane
(Koerneret al, 2011) in the electrical double layer, and thasild possibly account for the
Z-NTA measurements obtained. Therefore, in thisamse, negative zeta potential values do not
necessarily imply that the liposomes would be ua#blassociate with SIRNA molecules. Hence,
siRNA-binding studies with MS09/Chol (1:1), MSO9@IMPEG (1:1), MS09/DOPE and
MSO09/DOPE/PEG formulations was carried out.

4.2 siRNA-binding studies

The gel retardation assay is widely documentedhaditst step in assessing the siRNA-binding
capability of cationic lipid-based carriers (Ceballet al, 2010, Dorasamyet al, 2012,
Hanet al, 2008, Suhet al, 2009). This assay is based on the premise kbeatrigration of
SiRNA on agarose gel is retarded in an electritd fishen bound to the carrier due to the
formation of large electroneutral complexes tha¢ anable to permeate the gel matrix.
Figure 4.5a shows the association of sSiRNA withNf&9/DOPE liposome formulation.
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Figure 4.5: Gel retardation study of the binding interactions between siRNA and cationic liposomes.
Incubation mixtures (10 pl) contained siRNA (0.3 pg) and varying amounts of liposome to correspond
with increasing amounts of cytofectin. a) MS09/DOPE, lanes 1-8 (0, 1.4, 2.8,4.2,5.6,7.0, 8.4,

9.8 pg MS09); b) MS09/Chol (1:1), ¢) MS09/DOPE/PEG, d) MS09/Chol/PEG (1:1), lanes 1-8 (0, 2.8, 4.2,
5.6,7.0, 8.4, 9.8, 11.2 pg MS09).

As the amount of liposome relative to siRNA wasréased across lanes 2 to 8, more siRNA
became liposome associated. This was observedgaadaal decrease in the intensity of the
SiRNA band that migrated into the gel, accompaiigdiRNA retained in the wells in the form
of lipoplexes. Fluorescence in the wells (Figufeadlanes 4-8) is indicative of intact siRNA that
has formed complexes with liposomes. In this stMd809/DOPE was the only formulation to

fully prevent the electrophoretic migration of siRN

Figures 4.5b-d show that although the expected ugladecrease in unbound siRNA was
observed with increasing liposome content, with pees to the MS09/Chol (1:1),

MS09/DOPE/PEG and MS09/Chol/PEG (1:1) formulatiam#yound siRNA was evident at all
MS09:siRNA {'/,,) ratios explored. Although retention of siRNA tmetwells was not observed
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in these instances, it is possible for the lipopketo have floated out of the well and into the
electrophoresis buffer. Together with densitometmalysis (Figure 4.6), it appears that the
binding of SIRNA by these liposome formulationsreesed up until a point, whereupon free
siRNA in the gel persisted despite further additafriposome. This MS09:siRNA"(,) ratio
was taken as the end-point binding ratio (poinhakimum binding) of these liposomes.

1107
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Figure 4.6: siRNA-binding capacity of liposome formulations at varying MS09:siRNA (*“/,,) ratios, as
determined by densitometry following gel retardation electrophoresis. Data is presented as the
mean £ SD (n = 3). The point at which each formulation best bound siRNA is indicated by an arrow.
*%p < 0.001 vs. non-pegylated counterpart, ***P < 0.001 vs. DOPE-containing counterpart at the
respective MS09:siRNA (*/,,) ratio at which maximum siRNA was bound.

Densitometry showed that, for pegylated preparatidghe amount of free siRNA in the gel,
beyond the point of maximum binding, was nearly stant. However, in the case of the
MS09/Chol (1:1) formulation, an increase in lipogntontent beyond end-point was
accompanied by a decrease in the amount of lipodgmued siRNA. A similar aberration in
SiRNA binding patterns was observed by Khatri aogvarkers (2014) at high lipid:siRNA
ratios. This group suggested that, in some insEgnoeomplete charge titration at very high
ratios may attract additional siRNA as a secondienhmosely bound layer around the liposome
and this is observed as an increase in free siRiNAgarose gel.
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The association of siRNA with liposomes was alsaligtd in fluorescence quenching assays. In
this set of experiments, one of two nucleic actdriealating dyes, either EtBr or SYBR Green I,
was employed. The assays are based on the corwEpthe dyes fluoresce strongly when
associated with siRNA, but are displaced with thditon of cationic liposomes which bind to
the siRNA. Dye displacement is manifested as a drdfuorescence. Upon successive addition
of liposome, fluorescence is gradually quenchedenially a point of inflection, which
represents complete or maximum siRNA-binding, iached when fluorescence stabilises
irrespective of further addition of liposome. Figut.7 shows that all four liposomes in this study
were able to displace the siRNA-associated dyégitalo different extents, depending on their
affinity for siRNA. Had the observed drop in flusoence occurred as a result of siRNA
degradation rather than complex formation, it kel that fluorescence readings would have
eventually approximated the baseline measurembatsamere taken prior to the introduction of
siRNA in incubation mixtures. As suggested by gshrdation experiments, the MS09/DOPE
formulation demonstrated the best siRNA-bindingatality. Although the points of inflection
for dye displacement assays of MS09/Chol (1:1) BI8D9/DOPE/PEG were attained at the
same and marginally lower MS09:siRNA{) ratios respectively, MS09/DOPE achieved the

greatest degree of dye displacement.

The maximum dye displacement (Table 4.1) and th@SRNA (*/,) ratio at which this value
was recorded (Table 4.2) for individual liposomenfalations, using both dyes, were in good
agreement. However, points of inflection were mdemarly defined in assays in which SYBR
Green Il served as the intercalating dye. Thisatdad explained by the fact that SYBR Green is
more sensitive and has greater affinity for RNA i@amyet al, 2009).
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Figure 4.7: Dye displacement assays of liposome formulations. Incubation mixtures contained HBS,
siRNA (1 ug) and either a) EtBr or b) SYBR Green Il. Liposomes were introduced stepwise, in aliquots
(1 pl). Data is shown as the mean + SD (n = 3). The point of inflection i.e. maximum siRNA-binding, in
each case, is shown by an arrow. **P < 0.001 vs. non-pegylated counterpart,

***P < 0.001 vs. DOPE-containing counterpart at point of inflection.
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Table 4.2 Maximum dye displacement achieved by liposomefdations

Liposome formulation

Maximum dye displacement (%)

EtBr® SYBR Green 1I°¢
MS09/DOPE 54.3+0.1 57.4+1.6
MS09/Chol (1:1) 38.9+0.8 42.3+3.2
MS09/DOPE/PEG 49.4+0.1 50.3+1.8
MS09/Chol/PEG (1:1) 32.2+0.1 35.3+1.3

Notes:

*Maximum dye displacement (%) = 100 % — relativefescence (%) recorded at point of inflection
PEach value represents the mean + 8B B8)
“In all instancesP > 0.05 for maximum dye displacement recorded asSy&R Green |l displacemewns. EtBr displacement

Table 4.2 Comparison of gel retardation and dye displacerassays in evaluating liposome siRNA-binding cdfigb

Liposome formulation

Point of maximal siRNA-binding

Gel retardation assay

Dye displacement assays

EtBr SYBR Green Il
Lipid:siRNA | MS09:siRNA N/P Lipid:siRNA | MS09:siRNA | N/P Lipid:siRNA | MSO09:siRNA | N/P
(“1w) (") @A) ("w) (") () (“1w) (") (1)
MS09/DOPE 52.4:1 24.0:1 13.0:1 27.5:1 12.6:1 6.81 27.5:1 6112. 6.8:1
MSQ09/Chol (1:1) 32.2:1 20.0:1 10.8:1 20.3:1 12.6:1 6.8:1 20.3:1 12.6:1 6.8:1
MS09/DOPE/PEG 56.8:1 24.0:1 13.0:1 29.1:1 12.3:1 6.71 29.1:1 312, 6.7:1
MSQ09/Chol/PEG (1:1) 50.3:1 28.0:1 15.2:1 26.5:1 14.8:1 8.0:1 26.5:1 14.8:1 8.0:1

Note:

#The point of maximal-binding reported is as persitemetric analysis of agarose gels
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Often, dye displacement assays are performed ijucction with gel retardation assays to
provide supporting information (Dorasaray al, 2012, Naickeet al, 2014, Singh and Ariatti,
2006). However, in this study, the assays were oor pagreement. Table 4.2 shows that
MS09:siRNA {'/,,) ratios at which maximum siRNA-binding was obtaingy gel retardation
were roughly twice those obtained by dye displacem&his discrepancy, as well as the
apparent incomplete siRNA-binding observed by g&hndation, may be accounted for by the
fact that siRNA can be coaxed off a fully-formednaparticle under conditions of
electrophoresis, due to weak siRNA-carrier inteoast (Hattoriet al, 2013, Hattoriet al,
2014). Therefore, according to Hattori and collesy(013), it can be accepted that siRNA
lipoplexes are fully-formed at MS09:siRNA/{) ratios above that at which maximum dye
displacement was recorded. Nonetheless, both askaysed similar trends in the comparative
siRNA-binding capabilities of the four formulations.

MS09/DOPE > MS09/DOPE/PEG > MS09/Chol (1:1) > MSI8I/PEG (1:1).

The aforementioned comparative siRNA-binding cdpas were further corroborated by
considering the effect of increasing ionic strengthliposome-siRNA interactions (Figure 4.8).
Given that the interaction between siRNA and catioliposomes is electrostatic, excess
counterions in solution disturbs this associatiod eauses release of sSiRNA. siRNA release was
monitored, through its interaction with the SYBRe@n Il dye, as an increase in fluorescence;
and the ability of lipoplexes to resist destabilma by NaCl was taken as a measure of the
strength of the liposome-siRNA interaction. MSO9/BK) which demonstrated the best binding
affinity, required more NaCl than the other formidas to weaken the liposome-siRNA
interaction, and released less siRNA at the higbastentration explored. Release of siRNA by
MS09/Chol (1:1) and MS09/DOPE/PEG formulations wagiated at the same point i.e.
320 mM NacCl. However, the extent of lipoplex degisétion at this point, as evidenced by the
difference in relative fluorescence increase, waatgr P < 0.05) with MS09/Chol (1:1); and
this indicates a comparatively weaker associatioith wsiRNA. As expected, the
MS09/Chol/PEG (1:1) formulation, which showed theakest siRNA-binding capability, was
least tolerant of increasing ionic strength.
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Figure 4.8: The effect of increasing ionic strength on liposome-siRNA interactions. Changes in
fluorescence were monitored after stepwise addition of 5 M NaCl to a mixture of SYBR Green Il and
lipoplexes in HBS. Lipoplexes were assembled at the following MS09:siRNA (/) ratios: MS09/DOPE,
12.6:1; MS09/Chol (1:1), 12.6:1; MS09/DOPE/PEG, 12.3:1; and MS09/Chol/PEG (1:1), 14.8:1. Each point
represents the mean £ SD (n = 3). A significant increase in relative fluorescence compared with the initial
SYBR Green lI-lipoplex mixture at 150 mM NaCl was taken as the point at which lipoplex destabilisation
was initiated, and is indicated by an arrow. "P < 0.01 vs. relative fluorescence increase at 150 mM

NaCl; *P < 0.05 vs. MS09/DOPE, *P < 0.05 vs. non-pegylated counterpart, *P < 0.05 vs. DOPE-containing
counterpart, at 400 mM NacCl.

Consistent with data obtained in related studiean(&lset al, 2013, Zhanget al, 2010), all
assays reported thus far show that pegylationposbmes reduced siRNA-binding affinity. This
is because, PEG chains, when tethered to the hpalsbilayer, may conceal cationic groups on
the surface (Zhao and Song Zhuang, 2011), anccémsmpede the association with the sSiRNA
molecules. In fact, Zhang and colleagues (2010WwsHothat the incorporation of as little as
1 mol % PEG with a DC-Chol/DOPE formulation, gayssomes which did not completely
retard the migration of sSiRNA on agarose gel.

Interestingly, replacing DOPE with Chol at the samelar ratio in MS09 formulations had a
more profound effect on siRNA-binding than the immration of 2 mol % PEG. That is, the
siRNA interaction with MS09/Chol (1:1) was weakbam that displayed by both MS09/DOPE
and MS09/DOPE/PEG liposomes. It is possible thadl@hay have induced arrangement of
cytofectin molecules during vesicle formation, subht a greater number of cationic centres

were positioned inwards rather than on the surfdi¢iee bilayer. A further explanation may arise
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from the fact that Chol is a more rigid lipid thB®OWPE and results in liposomal bilayers that are
less malleable. Therefore, during the process pbplex formation, the Chol-containing
liposomes may not change conformation as easilthes DOPE-containing counterparts to
completely encompass siRNA molecules. This couklltein residual or poorly-associated
SiRNA that can easily migrate in an agarose gelsspciate with an intercalating dye. In relation
to this, an early study with DOTAP/Chol liposomesntnstrated that Chol widened the
interlamellar spaces of the resultant lipoplexes, @s such, reduced the association with ASOs
(Weismaret al., 2004).

However, a weak liposome-siRNA interaction doesmeatessarily imply that the formulation in
guestion will perform poorly overall and does nab\pde sufficient grounds to prevent its
further testing. In some instances, weakly bouN#&i may be more easily released from the
lipoplex within the cell, to give better transfexti activity - provided that the liposome can
adequately protect its cargo, the lipoplex remaiable in circulation and has the appropriate
physical characteristics to permit cellular entxgnong other factors (Nguyest al, 2008). For
this reason, all four formulations were evaluatedhier. Prior to performing the siRNA-binding
studies, the aim was to clearly establish the mimmamount of liposome required for total
binding of a fixed amount of SiRNA, and to applystoptimum MS09:siRNA"/,) ratio to the
subsequent experiments. To compensate for thedfekclear end-point in the gel retardation
assays, and its poor correlation with the fluoraseaquenching experiments, it was decided that
liposome-siRNA complexes prepared across a rand¢Sef9:siRNA ('/,) ratios i.e. 12:1-32:1,
encompassing end-points obtained with both getdat®n and dye displacement assays, would

be evaluated further.

4.3 Lipoplex characterisation

Electron microscopy gave visual proof of the formatof liposome-siRNA complexes with all
four formulations at all MS09:siRNA'{,) ratios explored. Figures 4.9-4.12 show that, aNer
lipoplexes assumed structures that were differeatnfthe liposomal vesicles shown in
Figures 4.2a,b and 4.3a,b, and emphasise the geterity of the liposome-siRNA complexes.

This is a consequence of the way in which liposoamessiRNA assemble to form lipoplexes.
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Figure 4.9: Transmission electron micrographs of MS09/DOPE lipoplexes assembled at MS09:siRNA ("/w)
ratios of a) 12:1, b) 16:1, c) 20:1, d) 24:1, e) 28:1 and f) 32:1. The black arrow shows a bilamellar lipoplex
structure.
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Figure 4.10: Transmission electron micrographs of MS09/Chol (1:1) lipoplexes assembled at
MS09:siRNA (“/w) ratios of a) 12:1, b) 16:1, c) 20:1, d) 24:1, e) 28:1 and f) 32:1. The black arrow shows a
bilamellar lipoplex structure.
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Figure 4.11: Transmission electron micrographs of MS09/DOPE/PEG lipoplexes assembled at
MS09:siRNA (W/W) ratios of a) 12:1, b) 16:1, c) 20:1, d) 24:1, e) 28:1 and f) 32:1. The black arrow indicates
a bilamellar lipoplex structure.
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Figure 4.12: Transmission electron micrographs of MS09/Chol/PEG (1:1) lipoplexes assembled at
MSO09:siRNA (W/W) ratios of a) 12:1, b) 16:1, c) 20:1, d) 24:1, e) 28:1 and f) 32:1. The white and black
arrows indicate “free” vesicles and bilamellar lipoplex structures, respectively.
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Research by Desigawst al. (2007) and Geuseret al (2009) suggested that, during lipoplex
formation, the siRNA is sandwiched between suceesBpid bilayers to form multilayered
structures. Bilamellar structures were observedh wit formulations at high MS09:siRNA(,)
ratios (Figures 4.9d, 4.10d, 4.11d, 4.12f). Howeuwlie most prominent SiRNA lipoplex
structures noted in this study were irregular agates of smaller vesicles (for example,
Figures 4.9a,b,c) that were similar to those regabbly others (Danielkst al, 2013, Dorasamgt
al., 2012).

Structures that resembled liposomal vesicles wdrgerwed in some MS09/Chol/PEG (1:1)
lipoplex suspensions (Figure 4.12a,b,e). Whils passible for free liposomes to exist when the
relative proportion of lipid to nucleic acid is hign a lipoplex suspension (Xt al, 1999), this
does not account for their presence at the lowed@dEIRNA ('/,,) ratios of 12:1 and 16:1. A
possibility was presented by Khatri and cowork@@l@d) who showed that pegylated
DOTAP/DOPE/hydrogenated soybean phosphatidylchi@ine liposomes permitted only a
single monolayer interaction with siRNA and assumsetierical, unilamellar structures. This
indication of surface-attachment of siRNA on th@osomal bilayer is additional proof of the
weak binding interaction between MS09/Chol/PEG )lipbsomes and siRNA.

Collectively, the aforementioned published worksowh that differences in liposome
composition, the behavior of individual lipids atige relative proportions of liposome and
SiRNA are important factors governing the structutteat are formed when liposomes associate
with siRNA. Consistent with these studies, the pilex morphology observed varied according
to the liposome formulation involved and the MS@RINA ("/,,) ratio at which the lipoplexes

were assembled.

Besides lipoplex morphology, size and zeta potentegpresent two important physical
parameters by which lipoplexes are characterissdligcussed in a review of lipid-based siRNA
delivery by Schroeder and colleagues (2010) , tipesperties are valuable as determinants of
lipoplex performance because they impact on theuldtion time of lipoplexes in the body,
accumulation at target sites, interaction withs;ahe efficacy of cellular uptake and, ultimately,
gene silencing activity. The size and zeta potemtaipoplexes as measured by Z-NTA is

represented in Figure 4.13a,b.
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Figure 4.13: Characterisation of lipoplexes by Z-NTA. The a) size, b) { potential and c) concentration of
lipoplexes assembled at varying MS09:siRNA ("/,,) ratios was measured. For comparative purposes, liposome
concentrations plotted represent vesicle concentrations in incubation mixtures (10 pl) for the preparation of
lipoplex suspensions. Each column represents the mean + SD (n =3). *P < 0.05, **P < 0.01, ***P < 0.001 vs.
Liposome only; *P < 0.05, *P < 0.01, **P < 0.001 vs. non-pegylated counterpart; *P < 0.05, **P < 0.01,

***P < 0.001 vs. DOPE-containing counterpart.
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The association of liposomal vesicles and changeoimformation of cationic bilayers upon
SiRNA binding often produces complexes that argdain size than the free liposomal vesicles
(Desigauxet al, 2007, Geusenst al, 2009, Weismaret al, 2004). While cryo-TEM gave
visual proof of changes in vesicle morphology ufipoplex formation, all lipoplexes were not
significantly different in size from the parent dgomal vesicles, with the exception of
MS09/DOPE lipoplexes at MS09:siRNA/() ratios of 28:1 and 32:1. This could be ascrilmed t
the particle sizing technique employed in this gtud general, earlier studies relied on light
scattering techniques which are known to give sieasurements that are more representative of
larger particles in a sample. This is especialle tof samples with high heterogeneity, such as
lipoplexes. NTA, however, which provides number-gited measurements, is free from such

bias and better suited for determining lipoplexegiw/ilson and Green, 2017).

Although the addition of siRNA to liposomes, in masstances, did not appear to alter particle
size, it did have a bearing on nanoparticle come&nonh (Figure 4.13c). The value of
nanoparticle concentration as an additional paramitr the characterisation of lipid-based
nanoparticles was recently demonstrated (de MoRakxiro et al, 2018). In this study,
noticeable differences between the concentratiohpoplex and parent liposome suspensions
confirmed an interaction between liposomes and #AiRMNnd provided information that
correlates with cryo-TEM characterisation. A sigraht reduction in particle number upon
introduction of siRNA to a fixed volume of liposonsiggests the involvement of several
vesicles in the formation of a single siRNA lipapl@able B4, Appendix B). This supports the
observed morphologies of lipoplexes as compositasnaller vesicles and bilamellar structures.
The only instances in which lipoplex concentratwas statistically similar to that of the parent
liposome, were MS09/Chol/PEG (1:1) complexes at SIS&NA (*/,,) ratios of 12:1, 16:1 and
28:1. Interestingly, these were the lipoplex suspmrs in which “free” vesicles were evident by
cryo-TEM (Figure 4.12a,b,e). Concentration measergs of these suspensions support the
previously mentioned possibility of large numbefsiagle vesicles to which siRNA is likely to
be surface-attached.

It is clear that NTA and cryo-TEM provided complarteey data towards complete
characterisation of lipoplexes. However, repredemta of particle size were often in poor

agreement. Some representative lipoplexes appedtiezt larger (for example, Figures 4.9a,b;
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4.10a,b) or smaller (for example, Figure 4.12dnttlee NTA measurements indicate. This is
mainly because TEM gives a limited view of the sEmfven multiple images of a sample at
different positions on a TEM grid may fail to prdei as accurate a representation of particle size
as NTA, which resolves and accounts for individpatfticles. Furthermore, it is possible for
samples to either spread out or shrink on the duidng sample preparation (Almgren al,
2000). Although cryo-TEM does provide very usefoformation regarding the structure of
SiRNA lipoplexes (Kuntschet al, 2011), particle sizes are likely to be inaccelsatepresented

if a study relies on cryo-TEM alone (Gauneg¢il, 2008).

All lipoplexes were below 200 nm in size (Figuré3h). More specifically, all lipoplexes were
smaller than 150 nm with the exception of MS09/DORiIgoplexes assembled at
MS09:siRNA {'/,) ratios of 24:1-32:1, and MSO09/Chol/PEG (1:1) plexes at the
MS09:siRNA (/) ratio of 20:1. This is of importance for passtaegeting of tumour cells via
the enhanced permeability and retention (EPR) effecstrategy that takes advantage of the
irregularities of tumour vasculature for the acclatian of therapeutic nanoparticles. This
approach is primarily based on designing nanopestiof suitable size such that they will not
pass through the tight junctions of normal bloodsets, but can access tumour cells by passing
through their more permeable vasculature, and etained because of reduced lymphatic
drainage (Greish, 2010). In a review of liposomsdohsystems for systemic delivery, Buyens
and coworkers (2012) stated that lipoplexes gretian 150 nm can easily accumulate in
tumours. In a more recent publication, 200 nm veg®rted as the general upper limit for tumour
cell entry via EPR (Kobayaskt al, 2014). While, this augurs well for the perforroarof these
lipoplexes, their ability to maintain a small sizea biological system is a significant factor
governing their overall efficacy.

Like the free liposome suspensions, all lipopledieplayed negative zeta potential which ranged
from —16 mV to -44 mV (Figure 4.13b). Although & accepted that the net positive charge of
lipoplexes allows for binding to anionic membramgsaciated proteoglycans to initiate cellular
uptake (Mislick and Baldeschwieler, 1996), it isalpossible for siRNA lipoplexes with
negative zeta potential to enter cells and sucokgsfacilitate gene silencing. Resina and
colleagues (2009) showed that cells take up aniljpoplexes through an energy independent

pathway and hypothesised that this occurred vid Exchange at the plasma membrane. More
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recently, however, Kapoor and colleagues showetl gifiNA lipoplexes with negative zeta
potentials were internalised by breast cancer egiendocytosis and, that cellular uptake was
dependent upon the activity of microtubules andha@tapoor and Burgess, 2013, Kapoor and
Burgess, 2012). In fact, negatively charged lipagdad SIRNA nanocomplexes may be useful as
they can avoid aggregation through interaction wettythrocytes and anionic proteins in
biological fluids, and have also been associated Wwiver toxicities than complexes that carry a
net positive charge (Hattoet al, 2014, Tagalakigt al, 2014). Hence, the physical properties
displayed by the lipoplexes under investigatiorstfar warrant further assessment.

4.4 Assessment of batch-to-batch variation

Lipid-film hydration is among the simplest metholdg which liposomes can be prepared
(Zhang, 2017). To assess whether or not this metad yield liposome suspensions of
consistent quality, the effect of batch-to-batchriateon on the physical characteristics and
SsiRNA-binding ability of liposomes was studied. 4-N data (Figure 4.14) showed that there
was no significant difference in the size, zetaeptdl and vesicle concentration of
independently prepared batches of the same liposimmeulation. Figure 4.15 shows that
maximum dye displacement and the MS09:siRN/)(ratio at which this was achieved was
consistent across all three batches of a givenutaton. The results suggest that the pegylated
and non-pegylated MS09/DOPE and MS09/Chol (1:1)mtdations can be reproducibly
prepared by lipid-film hydration under standarddediory conditions. Importantly, this confirms
that data generated from the preparation of additidiposomes, as was required during the
latter stages of this study, was not influencedhysical changes in liposomes and/or siRNA-

binding.
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4.5 Liposome storage stability studies

In a recent review of liposomes for drug deliveradavet al (2017) commented that the shelf-
life and stability of a liposome suspension hasearing on its suitability as a pharmaceutical
agent. Often, in order to achieve a thermodynaryici@vourable state, liposomal vesicles
aggregate when stored, and this can reduce themedficacy. For this reason, the effect of the
routine storage conditions employed in this studytlwe physical characteristics and siRNA-
binding abilities of liposome suspensions was itigated. No significant changes in vesicle size
(Figure 4.16a), zeta potential (Figure 4.16b) ancemtration (Figure 4.16c) were noted after a
5 month-long storage at 4 °C. Furthermore, the gifibhding affinity of each formulation
(Figure 4.17) was not appreciably altered. Thelteswnfirm that all four liposome suspensions
remained stable for at least 5 months when stardide refrigerator.

However, some changes did occur after a furtherobths at 4 °C with the MS09/DOPE
formulation. A significant increase in the size MIS09/DOPE vesicles was observed after
10 months, and this was associated with a changetanpotential (less negative and closer to 0).
This evidence of aggregation was further corrolataby a drop in concentration. This is
consistent with the inverse relationship betweeer and nanoparticle concentration validated by
de Morais Ribeiret al (2018) when monitoring the stability of lipid-teasnanoparticles.

Although the above-mentioned changes did not affeetoverall maximum dye displacement
attainable by the MS09/DOPE formulation, a shiftthe point of inflection was observed i.e.
more liposome was required to achieve the origiegree of dye displacement (Figure 4.17a).
This is a likely consequence of vesicle aggregafinre to the fact that multiple small liposomes
collectively provide a larger surface area than nigsed as a single large liposome, it is
possible that vesicle aggregation may have redtivecdsurface area for siRNA-binding. This
could account for the larger quantity of liposoreguired to bind the same amount of SiRNA as

the freshly prepared suspension.
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In contrast, extended storage at 4 °C did not Bagmitly affect the physical characteristics or
siRNA-binding capabilities of both pegylated formtibns and the non-pegylated Chol-
containing formulation. It appears that substitutad DOPE with Chol had a similar effect on

maintaining stability of MS09 liposomes as 2 % gatign within the monitored timespan.

On a positive note, NTA confirmed that no degramgtias would have been shown by a
decrease in concentration without an accompanig@ase in particle size, (de Morais Ribesto

al., 2018) of vesicles in any of the formulationswted during storage.

4.6 Nuclease protection assays

Attempts at lipid-mediated siRNA delivery are oftémstrated by adverse interactions with
serum. To this end, the siRNA-protecting capabibtyeach liposome preparation was evaluated
after a 4 h long incubation in serum, at the cotregion used in routine cell culture, at
physiological temperature. siRNA was released waittietergent treatment and its integrity on
agarose gels gave an indication of the degree ofegion afforded by each liposome
formulation. Figure 4.18 shows that, while nakeBN#A was entirely degraded under the
experimental conditions employed (lane 2 of ead)) ggact siRNA bands, less intense than the
untreated control, were clearly visible in all exstes. This shows that all formulations partially
protected siRNA at the respective MS09:siRNA) ratios explored.

SiRNA released from non-pegylated liposomes migrate a single band and to the same extent
in the gel as untreated siRNA (Figure 4.18a,b). e\mv, in gels showing the serum nuclease
protection capability of pegylated liposomes (Fegdrl8c,d) two distinct SIRNA bands, one
with slower mobility and markedly less intense thaative siRNA, were noted. Zhareg al
(2006) observed a similar phenomenon following Sb&liated release of siRNA from a
pegylated liposome formulation. According to thisup, the slower moving band should be less
negatively charged or have higher molecular weighh native siRNA. Two possibilities were
put forward. Firstly, in the event that detergergtatment did not completely destroy the lipid
component of lipoplexes, siRNA could bind to a fiewact cytofectin molecules. Secondly, since
SDS is anionic it may bind to cationic lipids inuggus solution, and a triple complex made up
of siRNA, SDS and remaining cytofectin moleculeslldoaccount for the appearance of such a
band on the gel.
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Liposome - - + + + + + + - -+ o+ o+ o+t
Serum - + + + + + + + -+ + + + + o+ o+

Liposome - - + + + + + + - -+ o+ o+ o+ o+ o+
Serum - 2+ + 0+ + + + 4+ -+ + 4+ + + 4+ o+

Figure 4.18: Nuclease protection capability of a) MS09/DOPE, b) MS09/Chol (1:1), c) MS09/DOPE/PEG
and d) MS09/Chol/PEG (1:1) liposomes in FBS at 37 °C for 4 h. In each gel, lane 1 contained undigested
siRNA, lane 2, serum-digested siRNA and lanes 3-8, serum-exposed lipoplexes at varying

MS09:siRNA (/) ratios (12:1, 16:1, 20:1, 24:1, 28:1 and 32:1, respectively). Intact siRNA and a second
siRNA band with reduced mobility are shown by black and blue arrows, respectively.

Densitometric analysis of gels (Figure 4.19) gawghkr insight into the comparative siRNA-

protecting capabilities of liposomes.
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Em MS09/Chol (1:1)
B MS09/DOPE/PEG
120 B MS09/Chol/PEG (1:1)

100+

Intact siRNA (%)

16:1 20:1

MS09:siRNA (/)

Figure 4.19: siRNA-protecting capacity of liposomes in the presence of 10 % serum, at 37 °C for 4 h.
Intact siRNA associated with lipoplexes was quantified following nuclease digestion assays, and
expressed as a percentage of untreated siRNA. Data is presented as the mean + SD (n = 3). **P < 0.001
vs. non-pegylated counterpart, **P < 0.01, ***P < 0.001 vs. DOPE-containing counterpart.

It was observed that individual liposome formulatoachieved the best protection of siRNA
(Table 4.3) at MS09:siRNA"(,) ratios which gave lipoplexes with bilamellar sture
(Figures 4.9d, 4.10d, 4.11d, 4.12f). This is caesiswith the fact that sSiRNA concealed within
stable lamellar structures is more likely to avanteraction with serum than surface-bound
SiRNA (Khatriet al, 2014).

Table 4.3 MS09:siRNA {'/,) ratios at which liposomes attained maximum siRh@étection

Liposome formulation MS09:siRNA (/) siRNA protected (%)
MS09/DOPE 24:1 86 + <
MSO09/Chol (1:1 24:1 73+
MS09/DOPE/PE! 24:1 8211
MS09/Chol/PEG (1: 32:1 77+2

Notes:

®Each value represents the mean + 8B 8)
PP > 0.05vs non-pegylated counterpart
°P < 0.05vs. DOPE-containing counterpart

In contrast, the lowest SiRNA protection efficieexi were recorded with structures that
resembled free vesicles. These were the MS09/GRGI/A:1) lipoplexes at MS09:siRNA/(,)
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ratios of 12:1, 16:1 and 28:1, which protected atfly 56 and 57 % siRNA, respectively. This is

consistent with the previously mentioned weak, arafassociation of siRNA and liposomal

vesicles prevalent at these ratios, given thaekposed siRNA is highly susceptible to nuclease
attack (Khatriet al, 2014).

At the lowest MS09:siRNA"(,) ratio explored, i.e. 12:1, the extent to whiclRISA was
protected by a given formulation correlates withe thelative siRNA-binding affinities
demonstrated in section 4.2. However, this relatigm does not hold true at the higher ratios. In
fact, maximum protection of SiRNA achieved by theSO8/DOPE formulation at the
MS09:siRNA {'/,) ratio of 24:1 was not significantly different fro that achieved by
MSO09/DOPE/PEG liposomes at the same ratio. SingjldHe highest levels of intact sSiRNA
maintained by MS09/Chol (1:1) and MS09/Chol/PE@ ) wvere comparable albeit at different

ratios.

The results show that while pegylation of liposorgase lower siRNA-binding affinity, it did
not impact on the maximum siRNA-protecting cap#kesi attainable by these formulations,
provided that due attention is paid to optimisihg tipid:siRNA mixing ratio. Given that PEG
chains prevent destabilisation of lipoplexes byracas a barrier between the lipoplex and serum
components, the effect of pre-pegylation at 2 mot®vards conferring stability in serum

appears to compensate for the associated reductgdRNA-binding.

The effect of substituting Chol with DOPE on theuse stability of MS09 formulations was also
considered. Maximum intact siRNA of 73 % affordeg KS09/Chol (1:1) liposomes at the
MS09:siRNA (/) ratio of 24:1 was significantly less than that\é809/DOPE. Figure 4.6 of
section 4.2 shows that, at this ratio, 25 % of S#RMas likely to be surface-associated, as it was
so loosely bound that it was coaxed off during tetgghoresis. Such siRNA is readily detached
from the liposomal bilayer upon exposure to seruntd s acted upon by nucleases (Buyehs
al., 2008). However, differences in maximum siRNA tpotion achieved by
MS09/Chol/PEG (1:1) and MSO09/DOPE/PEG liposomesewsot significant. Given that,
according to the gel retardation pattern, only 60f%iRNA appeared to have been bound by the
MS09/Chol/PEG (1:1) formulation, the results imgtat the PEG chains can shield even weakly

associated siRNA. Hence, pegylation appears usé&iul maintaining SiRNA-protecting
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capabilities of liposomes in the presence of at#ulion which, in this instance, reduces siRNA-

binding and protection of MS09 liposomes when idtrced alone.

Of relevance is the fact that maximum siRNA pratecfor DOPE-containing formulations was
recorded at the MS09:siRNA/() ratio at which siRNA was best retarded on agamgse
(Figure 4.6). Here lipoplexes capable of optimuRNA-binding, were also capable of optimum
protection within the range of MS09:siRNA/y) ratios explored. In the case of Chol-containing
formulations, lipoplexes assembled at MS09:siRMNA)( higher than that at which the best
retardation of sSiRNA was achieved, gave the besteption of siRNA. This can be ascribed to
the lower affinity of these liposomes for siRNA eevat the point of maximum binding, such that
additional liposome is required to produce strueguin which more of siRNA molecules are

concealed, and is therefore less accessible tnsengleases.

4.7 Cell lines and maintenance

Four adherent cell lines were used in this studymely, HEK293, Caco-2, MCF-7 and HT-29.
Healthy quiescent cells express low levels of stestidte MRNA (Lindsteet al, 1988) and the
associated protein is barely detectable (Kyal, 2000). However, regulated transient increases
in c-myc expression do occur as cells proliferate (Eisenn#Zfi4). In this study, a non-
transformed cell line, HEK293, which was shown xpressc-mycvery weakly by western blot

(Liu et al, 2008a), was used as a control.

The human breast adenocarcinoma, MCF-7, and ctébradenocarcinoma, HT-29, cell lines
were selected ds vitro models of cancers with deregulatedhycexpression. The MCF-7 cell
line was introduced by Soule and colleagues (1%48),has since become the most widely used
breast cancer cell line. This is mainly becauggavides a convenient model for the study of the
oestrogen receptor (ER), hormone-response and fgBt¢al treatment (Leet al, 2015). Of
significance to this study, amplification of thenyconcogene was shown in the MCF-7 cell line
(Rummukainenet al, 2001). Furthermore, MCF-7 cells harbour palimdi® rearrangements
which are believed to drive amplification of thisamgene (Guenthoest al, 2012). Finally,
c-myc overexpression in this cell line was statisticatigrrelated with amplification of the

oncogene (Hymaat al, 2002).
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Early studies showed that HT-29 cells harbour betw£ and 6 copies of tleemyclocus, and
express oncogenic c-Myc under all culture condgi@forgue-Lafittest al, 1989). HT-29 cells
also bear a mutant, truncated APC tumour suppresse (Hset al, 1999), and this contributes
towards sustained-mycexpression in most colon carcinomas @iel, 1998). These features,
defects in the AP@Lcatenin pathway (Sparkst al, 1998) and/orc-myc gene amplification
(Augenlicht et al, 1997) are common to colorectal carcinomas, npkiir-29 a good
representative of this type of cancer.

A second human colorectal adenocarcinoma cell lbaco-2, has the ability to regulate
expression ofc-myc (Hulla et al, 1995). A recent study showed that endogenousyc

expression is lower in this cell line than in HT-@@azzoccoliet al, 2016). Caco-2 cells were
selected for two main reasons: firstly, for testthg effects of lipoplexes in different cell lines
derived from cancer of the same organ, i.e. forganson with HT-29; and secondly, for testing

the effects of lipoplexes in a cancer cell lineatap of regulable-mycexpression.

All cell lines were successfully propagated aftecanstitution by routinely changing growth
medium and performing trypsinisation. Sufficienbct of each cell line was maintained with
regular cryopreservation. Images of semi-confluantd trypsinised cells are shown in
Figures 4.20 and 4.21 respectively.
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Figure 4.20: Semi-confluent a)
an inverted microscope at 200x magnification.
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i P
Figure 4.21: Trypsinised a) HEK293, b) Caco-2, c¢) MCF-7 and d) HT-29. Cells were viewed using an
inverted microscope at 200x magnification.
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4.8 The effect of lipoplexes on cell growth

Any new liposome-siRNA delivery system must be Btigated for potential cytotoxic effects.
In a review of the toxicity associated with siRNAnoparticles, Xuet al (2014) commented
that even seemingly harmless lipids can cause itpxighen combined with other lipids.
Moreover, for the purposes of this study, it wapamant that any growth inhibitory effects in
cancer cells be attributed solely to the RNAI effeaf successfully delivered amtimycsiRNA,

and not due to any intrinsic harmful effect of ip@somal carrier complexes.

In this study, cellular tolerance of lipoplexes veasluated according to two assays, namely the
MTT and AB assays. This is in keeping with suggesithat the use of more than one assay is
necessary to generate meaningful cytotoxicity pgsf(Rampersad, 2012). The MTT assay is
based on the principle that enzymes of the mitodharand other organelles (Stockettal,
2012) of living cells reduce soluble MTT, a tetrbizm salt, to purple formazan crystals
(Figure 4.22a).

a) NADH NAD®

T

MTT MTT formazan
(yellow, soluble) (purple, insoluble)
©
[
O O OH O (0] OH
RESAZURIN RESORUFIN
(blue, non-fluorescent) (pink, fluorescent)

Figure 4.22: Reduction of a) MTT and b) resazurin to formazan and resorufin products, respectively.
Redrawn and adapted from Riss et al. (2004) using ChemWindow" 6.0, Bio-Rad Laboratories (Sadtler
Division, Philadelphia, PA).
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Once solubilised, the intensity of the resultanppeisolution correlates with the extent of MTT
reduction and, as a consequence, the number n§loells present (Fotakis and Timbrell, 2006).
The active agent of AB is resazurin, a blue nowiscent dye that is permeable to biological
membranes. Resazurin is reduced by cytoplasmicratodthondrial enzymes to a pink, strongly
fluorescent product, resorufin (Figure 4.22b), isaubsequently excreted (O'Brietal, 2000).
The amount of resorufin in the growth medium isiadicator of metabolic activity and is

proportional to the number of viable cells (Fietasl Lancaster, 1993).

Cytotoxicity testing was performed under the sarmoeddions as those employed in cellular
uptake and gene silencing experiments, exceptipogtlexes were assembled with non-targeting
siRNA so as to rule out the possibility of cell tteaue to silencing of any functional genes.
Care was taken to reduce the possibility of theysdeing influenced by osmotic effects by
assembling siRNA lipoplexes in HBS (Singth al, 2007). This buffer maintains optimum

osmolarity (290 mosmol/kg) for cultured human célécause it mirrors that of human plasma
(Freshney, 2005). Furthermore, MTT and AB assayeewperformed in parallel, to minimise

technical errors associated with plating of cetid pareparation of lipoplex suspensions.

A comparison of Figures 4.23-4.28 shows that, megal, the AB assay confirmed trends in cell
survival that were observed by the MTT assay. H@arewm some instances, cell viability as per
the MTT assay appeared higher. This is apparengXample, by comparing the MTT and AB
cell viability data of the MSO09/DOPE/PEG formulatioat MS09:siRNAY/,) ratios of
12:1-24:1, with 57 nM siRNA in the HEK293 cell lifEigures 4.23a, 4.24a). There is evidence
to suggest that larger cells with more mitochondeiduce MTT at a higher rate (Jablearal,
1989), and that defective mitochondria may retam ability to reduce MTT (Sieuwerét al,
1995). In addition, it is possible for cells thavie detached from the culture vessel to continue
reducing MTT, leading to overestimated cell vial@s by this assay (Hamiet al, 2004). In
fact, several sources mention that the AB assayoi® sensitive (Davoreet al, 2007, O'Brien

et al, 2000, Pateét al, 2013). Henceforth, the cell viability percentageentioned refer to data

obtained via the AB assay.
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Figure 4.23: MTT viability assays with lipoplexes at final siRNA concentration of 57 nM. The growth response of a) HEK293, b) Caco-2, ¢) MCF-7
and d) HT-29 cells to lipoplexes, assembled with non-targeting siRNA at varying MS09:siRNA (/) ratios, was assessed 48 h after transfection.
LF3K denotes Lipofectamine” 3000, and transfections were as per manufacturer’s instruction. Each column represents the mean + SD (n = 3).
'P<0.05, "P<0.01, P <0.001 vs. untreated cells; *P < 0.05, *P < 0.01, **P < 0.001 vs. the non-pegylated counterpart; *P < 0.05, **P < 0.01,
***P < 0.001 vs. the DOPE-containing counterpart.
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Figure 4.24: AB viability assays with lipoplexes at final siRNA concentration of 57 nM. The growth response of a) HEK293, b) Caco-2, c) MCF-7
and d) HT-29 cells to lipoplexes, assembled with non-targeting siRNA at varying MS09:siRNA (/) ratios, was assessed 48 h after transfection.
LF3K denotes Lipofectamine” 3000, and transfections were as per manufacturer’s instruction. Each column represents the mean + SD (n = 3).
'P<0.05 "P<0.01, P <0.001 vs. untreated cells; *P < 0.05 vs. the non-pegylated counterpart.
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Figure 4.25: MTT viability assays with lipoplexes at final siRNA concentration of 29 nM. The growth response of a) HEK293, b) Caco-2, ¢) MCF-7
and d) HT-29 cells to lipoplexes, assembled from liposomes and non-targeting siRNA at varying MS09:siRNA (*/,,) ratios, was assessed 48 h after
transfection. LF3K denotes Lipofectamine™ 3000, and transfections were as per manufacturer’s instruction. Each column represents the mean +
SD (n=3). "P<0.05, “P<0.01, P <0.001 vs. untreated cells; *P < 0.05, P < 0.01, **P < 0.001 vs. the non-pegylated counterpart; *P < 0.05,

P < 0.001 vs. the DOPE-containing counterpart.




E MS09/DOPE BN MS09/DOPE
a) : MS°9;Ch°' (}11) b) 3 MS09/Chol (1:1)
MSO09/DOPE/PEG Bl MS09/DOPE/PEG
— B MS09/Chol/PEG (1:1 .
S 1605 (1:1) S 160, Bl MS09/Chol/PEG (1:1)
:_; \T; 1404
E = 1204 & it it
5 2 100] : g
n n
8 3
st} N}
Q A
X @
w O
SAF OO D D DD
& .@ﬁ NG NS P P P oV
& ‘ ‘ &
& MS09:siRNA (V/,,) & MS09:siRNA (V)
C) Il MS09/DOPE d) Il MS09/DOPE
=1 MS09/Chol (1:1) =1 MS09/Chol (1:1)
Bl MS09/DOPE/PEG Bl MS09/DOPE/PEG
’\J 160 Bl MS09/Chol/PEG (1:1) 7\; 160: Bl MS09/Chol/PEG (1:1)
< 140 < 140
£ 120] S 120
£ 100 2 100
3 <4
2 8o @
2 60 ©
N~ 40] @
N
g 20/ h
0_
S & > I o> ~ > > ST > > N > >
& > v © S ™ ) s & D % & - D ) W
ST §§ N ~S ¢ ) R o ST .6@% N S 05 P R ki
N ‘ ! & : |
S MS09:SiRNA (V/,,) S MS09:SiRNA (*/,,)

Figure 4.26: AB viability assays with lipoplexes at final siRNA concentration of 29 nM. The growth response of a) HEK293, b) Caco-2, ¢) MCF-7
and d) HT-29 cells to lipoplexes, assembled from liposomes and non-targeting siRNA at varying MS09:siRNA (*/,,) ratios, was assessed 48 h after
transfection. LF3K denotes Lipofectamine™ 3000, and transfections were as per manufacturer’s instruction. Each column represents the mean +
SD(n=3). P<0.05, P<0.01, P<0.001vs. untreated cells; *P < 0.01, P < 0.001 vs. the non-pegylated counterpart; °P < 0.05 vs. the DOPE-
containing counterpart.
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Figure 4.27: MTT viability assays with lipoplexes at final siRNA concentration of 14 nM. The growth response of a) HEK293, b) Caco-2, ¢) MCF-7
and d) HT-29 cells to lipoplexes, assembled from liposomes and non-targeting siRNA at varying MS09:siRNA ("/,,) ratios, was assessed 48 h after
transfection. LF3K denotes Lipofectamine” 3000, and transfections were as per manufacturer’s instruction. Each column represents the mean +
SD (n = 3). P>0.05 vs. untreated cells, non-pegylated and DOPE-containing counterparts.
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Figure 4.28: AB viability assays with lipoplexes at final siRNA concentration of 14 nM. The growth response of a) HEK293, b) Caco-2, c) MCF-7
and d) HT-29 cells to lipoplexes, assembled from liposomes and non-targeting siRNA at varying MS09:siRNA ("/,,) ratios, was assessed 48 h after
transfection. LF3K denotes Lipofectamine” 3000, and transfections were as per manufacturer’s instruction. Each column represents the mean +
SD (n = 3). P>0.05 vs. untreated cells, non-pegylated and DOPE-containing counterparts.
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As expected, no significant reduction in viabilisas detected upon treatment of all cell lines
with naked siRNA at the same concentrations asagued in lipoplexes. Cells retained viability
of at least 88 % with exposure to LF3K-siRNA conxgle. However, the cellular growth
response to MS09 lipoplexes varied with liposomeposition, the MS09:siRNA"(,) ratio,
final sSIRNA and lipid concentration and, were oftall-specific.

Maximum growth inhibition of 67 % was recorded wie MS09/DOPE formulation at an
MS09:siRNA (/) ratio of 24:1, at 57 nM siRNA in HEK293 cells @fire 4.24a). Significant
cell death with this formulation was also notedGaco-2 (Figure 4.24b) and MCF-7 cells
(Figure 4.24c). Poor cell survival at high MS09NIR("/,,) ratios can be attributed to the
sensitivity of these cell types to the high cytdifeconcentrations applied. Cationic lipids induce
cytotoxicity mainly by association with the plasm@&mbrane and consequent inhibition of
protein kinase C (Farhoaet al, 1992, Zelphati and Szoka, 1996). This causegattmeation of
transmembrane pores and possibly disturbs sigmasduction (Dast al, 2016). Other adverse
effects of cationic lipids include vacuolisation @ftoplasm, slow cell division, cell shrinkage,
lysis and necrosis (Lappalainen al, 1994, Mishreaet al, 2004). Interestingly, significant cell
death was also observed at the lowest MS09:siRNA (atio explored, i.e. 12:1, in Caco-2 and
MCF-7 cells. It is possible that these lipoplexesravwell suited for cellular uptake in the
aforementioned cell lines and, when used in sudmntfies so as to deliver 57 nM siRNA,
accumulated within the cells at high concentratitwas impeded cell growth. Hence the effective
lipid dose with these lipoplexes could have beaghéi than with other lipoplexes assembled
from the same formulation.

Besides the effect of lipid concentration, the effee siRNA dose, i.e. the actual number of
SiRNA molecules that successfully enter the celmnintact form, can also impact adversely on
cell survival. There is evidence to suggest thaesg intracellular sSiRNA can saturate the RNAI
machinery and cause toxicity by competitively intity miRNA-mediated silencing pathways
(Grimm, 2011). RISC concentration in the cell isiraated at 3-5 nM, which corresponds to
approximately 1810" protein complexes per cell. Therefore, RISC s#imacan, in theory,
occur with as few as 0" intact and successfully delivered siRNA moleculakgia and
Eritja, 2016). However, the unfavourable effectfR¢SC saturation can be avoided by applying

SiIRNA at the lowest effective dose possible (Grin2®11, Jackson and Linsley, 2010). Halving
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the siRNA and associated lipid concentrations ahelii any growth inhibitory effects with
MSOQ09/DOPE lipoplexes in MCF-7 cells (Figure 4.2Gmd improved cell survival in the
HEK293 (Figure 4.26a) and Caco-2 cell lines (Fighi6b). A further 50 % reduction in SiRNA

and lipid dose was necessary to avoid cytotoxieotffin the latter cell lines (Figures 4.28a,b).

In general, cell survival after exposure to the M&hol (1:1) formulation was better than its

DOPE-containing counterpart. Significant loss df embility was noted only in three instances

i.e. in Caco-2 cells at MS09:siRNA/{) ratios of 28:1 and 32:1 (Figure 4.24b) and MCéells

at a ratio of 32:1 (Figure 4.24c), at 57 nM siRNFie observation that this formulation was
better tolerated than MS09/DOPE could be ascribedhol being an endogenous lipid. Another
possibility is presented by the fact that DOPE ksggnsitive while Chol is not. Interestingly,

this property of DOPE, which is often marked as ami@nt for transfection, has also been
associated with toxicity, because it causes ddsation of lysosomes and release of debris
within the cell. Consequently, replacing DOPE wétlpH-insensitive lipid, which is unable to

interfere with the lysosomal membrane, was showretluce the toxicity of cationic liposomes

(Filion and Phillips, 1997).

Pegylated formulations did not significantly inhibcell growth with the exception of
MS09/DOPE/PEG and MS09/Chol/PEG (1:1) lipoplexedl&09:siRNA {'/,,) ratios of 32:1 and

28:1, respectively, in Caco-2 cells (Figure 4.24lod only at the highest siRNA and lipid
concentrations at which these complexes were appliée favourable overall cell survival
permitted by pegylated lipoplexes could be a comeege of poor cellular entry due to PEG-

inhibited lipoplex-cell interactions.

Differences in the growth response of Caco-2 and29Thighlight the issue of cell-specific
cytotoxicity. Both cell lines are derived from tuore of the intestinal epithelium. However,
Caco-2 cells differentiate to absorptive cells vahiesemble enterocytes (Rousset, 1986), while
HT-29 cells are primarily undifferentiated in cukuwith some mucous-secreting and columnar
absorptive sub-populations (Huet al, 1995). Despite their similar origins, HT-29 sellere
more resilient to lipoplex treatment than Caco-Bscéccording to the AB assay, no significant
drop in viability of HT-29 cells was noted with afgrmulation at all MS09:siRNA'(,,) ratios,

final sSiIRNA and lipid concentrations explored.
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4.9 Cellular uptake studies

The cellular uptake of lipoplexes is often correthtwith transfection activity (Wangt al,
2013a). In order to assess the ability of lipoptete enter cells and deliver siRNA, lipoplexes
were assembled with BLOCK-iTFluorescent Oligo, a fluorescein-labelled siRNArkea (Han

et al, 2008) that embodies the structural featurestgp@al SiRNA molecule. The oligo permits
RISC-independent assessment of siRNA delivery. Oswecessfully internalised the oligo
localises mainly to the nucleus (Fishegral, 1993) and can be detected through fluorescence
measurements. As shown in Figures 4.29-4.31, n@eahlintracellular fluorescence that was
significantly greater than that of control 2, inialincells were treated with the naked oligo alone,
was taken to represent successful siRNA delivery.

The best intracellular accumulation of the siRNArkea was observed with non-pegylated
liposomes in MCF-7 and HT-29 cells at all SIRNA centrations explored. In fact, some non-
pegylated lipoplexes achieved significantly bes@RNA delivery than the standaid vitro
transfection reagent, LF3K. As expected, differanoesiRNA delivery were noted with varying
MS09:siRNA {'/,,) ratio, because this parameter influences the iphlysharacteristics of
lipoplexes (Khatriet al, 2014, Wanget al, 2013a). These physical features, in turn, have a

major bearing on the cellular uptake of lipoplefds et al, 2007, Rejmaet al, 2004a).

Maximum siRNA delivery achieved with MS09/DOPE ahts09/Chol (1:1) liposomes was
comparable® > 0.05) at all final sSiRNA concentrations exploiadhe MCF-7 and HT-29 cell
lines, respectively. However, the mechanisms byclligells internalised lipoplexes assembled
from these formulations are likely to have beery\different. Alshehriet al. (2018) identified,
through use of a variety of pharmacological inlutst several entry routes for non-pegylated
SiIRNA lipoplexes which contained a monocationic lekteryl derivative and DOPE. These
included clathrin-mediated endocytosis, macropitmglg and cell membrane cholesterol-
dependent processes. With regard to lipoplexesulated with Chol, it has been suggested that
the formation of cholesterol nanodomains in thedigmal bilayer can contribute toward cellular
uptake (Xu and Anchordoquy, 2008, Xu and AnchorgpgR010). Although the exact
mechanisms by which they encourage uptake haveyetobeen elucidated, it has been put
forward that cholesterol domains could interacthwiell membrane components such as lipids
and specific receptors (Betketral, 2013b).
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Others have shown that Chol-containing lipoplexesy e internalised by fusion with the cell
membrane (Pozzt al, 2012). This is supported by more recent workciwhdentified direct
membrane fusion as the dominant mechanism for siRAvery by Chol-containing, non-
pegylated cationic liposomes, in HelLa cells (Lazelet al, 2016). In this way, Chol lipoplexes
can deliver siRNA directly into the cytoplasm antbgether avoid the endolysosomal network.
This is a major advantage, given that pathways hvhiwolve trafficking via intracellular
vesicles are often associated with significant loksternalised siRNA. It has been estimated
that less than 2 % of siRNA escapes from endosameshe cytoplasm (Gilleroet al, 2013).
This occurs shortly after cellular uptake, and ptmendosomal maturation and endolysosomal
fusion which direct the entrapped siRNA for degtama(Wittrup et al, 2015).

Taken together with an earlier study by éual (2009) who demonstrated that the delivery of
functional siRNA molecules, i.e. the sSIRNA molecukbat successfully interact with RISC in
the cell by cationic liposomes, occurs via a me@marthat involves fusion of liposomal and cell
membranes; these findings bode well for the padéefficacy of MS09/Chol (1:1) lipoplexes in
gene silencing applications.

By comparison, delivery of the siRNA marker with MBDOPE and MSO09/Chol (1:1)
liposomes in HEK293 and Caco-2 cells was less &ffecin the case of MS09/DOPE lipoplexes
at 57 and 29 nM final siRNA this can, in most imgtas, be attributed to poor cell survival at the
applied concentrations, as was demonstrated intgrimluibition experiments. In other instances,
it is likely that the lipoplex characteristics wemet conducive to cellular uptake in these cell
lines. Although cell viability was preserved in theesence of MS09/DOPE lipoplexes at 14 nM
siRNA, no significant siRNA delivery was noted atyaof the MSO09:siRNA'/,) ratios
explored. It is possible that, at this low concatitm, lipoplexes interacted either minimally or
not at all with these cells. Nonetheless, the MBQ¥PE formulation performed better than its
Chol-containing counterpart in HEK293 and Caco-2 kees, even though MS09/Chol (1:1)
was, in general, non-toxic. The data suggest tifi@reint cell types may harbour preferences for
the uptake of lipoplexes depending on both lipichposition and the MS09:siRNA/(,) ratio at
which these are assembled. This could be assocmtedhe concept that different lipoplexes
may be internalised by different pathways (&al, 2007, Rejmaret al, 2004a) and, that some
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cells are better suited towards different modesgppéke than others (Elouahabi and Ruysschaert,
2005).

Pegylated formulations failed to successfully tfansiRNA into MCF-7 and HT-29 cells at all
MS09:siRNA (/) ratios, final lipid and siRNA concentrations eoqgd. It is likely that, in these
cell lines, PEG chains prevented cellular uptakegether through inhibition of the lipoplex-
plasma membrane association (Deshpagtdal, 2004). This adds credence to the notion that
favourable cell survival in the presence of peggddipoplexes is due to their lack of interaction
with the cells. A further possibility, especially the case of the MS09/DOPE/PEG formulation,
is that the lipoplexes may have been endocytosedl, cbuld not escape endolysosomal
degradation due to the effects of PEG and DSPH) bbtwhich prevent destabilisation of
internal compartments (Fuxet al, 2002, Songt al, 2002, Rejmaet al, 2004b).

Modest delivery of siRNA by pegylated liposomes whewever, noted in the Caco-2 and
HEK293 cell lines. In HEK293 cells, only the MSO®MI/PEG (1:1) formulation gave
appreciable normalised fluorescence levels, argl whiis achieved at high MS09:siRNA()
ratios, i.e. 28:1 and 32:1, with 57 and 29 nM fis@RNA explored (Figures 4.29a, 4.30a). In
contrast, MS09/Chol/PEG (1:1) lipoplexes assembletbwer ratios were taken up by Caco-2
cells (Figures 4.29b, 4.30b). Caco-2 cells are ¢mdy cells in this study in which an
MSO09/DOPE/PEG lipoplex was able to facilitate siRN&livery, and its performance was
comparable with the Chol-containing counterpartreHagain the idea of cells demonstrating
different affinities for different liposome formulans could account for the fact that pegylated
lipoplexes were, in general, taken up more effetyivn this cell line than the other three cell
types. Halving the siRNA dose from 57 to 29 nM digt have a significant effect on siRNA
delivery by pegylated lipoplexes in both cell linétowever, intracellular accumulation of the
SiRNA marker was negligible in both cell lines whéme dose was halved once more.
Collectively, this implies that there exists a mmaim lipoplex concentration necessary for
cellular uptake, that a limit exists on the amoaohé given lipoplex that can accumulate within

cells and that these properties are specific tdiploplex and the cell line involved.
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4.10 Selection of an appropriate ante-myc liposomal agent
To demonstrate the gene silencing effect of emtiycsiRNA lipoplexes, the two cancer cell
lines with deregulated higtrmycexpression were chosen i.e. MCF-7 and HT-29. Umpas to
be investigated as antimycagents were selected based on the following @&iter
» Lipoplexes should be capable of high siRNA delivaryow siRNA and lipid dose in the
test cell lines.
» Lipoplexes should be non-cytotoxic in the test ta#s.

» Lipoplexes should have negligible effect in contrell lines.

From the broad final siRNA concentration range stigated (Figures 4.29-4.31), it is evident
that the lipoplexes which achieved the highest #iR#élivery at lowest siRNA and lipid
concentration, with negligible effect on normal Icgrowth were assembled from the
MS09/Chol (1:1) formulation and its DOPE-containiogunterpart, at the MS09:siRNA/()
ratio of 16:1. At 14 nM siRNA, these lipoplexes weaken up as readily as they were at higher
concentrations by both MCF-7 and HT-29 cells, whictply that both cell types have high
affinity for these complexes. Hence, these lipoptewere investigated further. A summary of
the characteristics of MS09/Chol (1:1) and MS09/BQMoplexes at the MS09:siRNA/(,)
ratio of 16:1, is presented in Appendix E, Table @Lnote is the observation that, in the case of
both formulations, this ratio is below that at whisiRNA was best protected and retarded on
agarose gels. Internalised siRNA levels detectettheste ratios, in both cell lines, were either
comparable with or significantly lower than thatiethwas achieved at the MS09:SiRNA
ratio of 16:1. This observation was made at aklfsiRNA concentrations explored, and ties in
with previous comments that a weaker liposome-siR&d$&ociation may be useful for siRNA
release in the cell (Nguyest al, 2008).

At a final siRNA concentration of 14 nM, non-peggld MSO09 lipoplexes at the
MS09:siRNA {/,,) ratio of 16:1 were shown to be ineffective ativiging the siRNA marker
into HEK293 and Caco-2 cells (Figure 4.31a,b) and dot interfere with cell growth
(Figure 4.28a,b). This could suggest preferentalianulation of these lipoplexes in cancer cells
characterised by deregulateemyc expression, and this could be exploited for thiectee
treatment of such cancers. Furthermore, the feat bloth lipoplexes, at 14 nM siRNA, had

negligible effect in the non-transformed cell lirtaking into account both the effect on cell
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growth and introduction of siRNA, is an added adage. Although normal cells are able to
toleratec-mycinhibition (Soucelet al, 2008), ac-myedirected system that does not enter non-
cancerous cells, may potentially alleviate any stesm effects ofc-mycinhibition in healthy
cells. The results suggest that it may be posdiblachieve cancer cell selectivity of MS09
lipoplexes in the absence of additional liposomedifications, through optimising the
lipid:siRNA mixing ratio for lipoplex assembly, iighand siRNA dose.

It was noted that, in HT-29 cells, siRNA delivery leach non-pegylated liposome was
comparable at MS09:siRNA(,) ratios of 16:1 and 20:1P(> 0.05). However, the lipoplex
suspensions at 16:1 were chosen for further studight of the fact that, at 20:1, a higher lipid
concentration would have to be applied. Althouglofilexes at this concentration were found to
be harmless in all cell lines tested in this stua{ower lipid dose would be more economically
feasible in a clinical setting. Furthermore, gitbat testing the effects of lipoplexes on cell $ine
modelled upon all possible cell types in the hurnady falls beyond the scope of this study, the
lower lipid dose is favourable as it reduces tisi& of adverse effects in other types of cells.
Similar ideas were put forward by Xe¢ al (2014) in a review of the toxicity of sSIRNA-based
nanomedicine. Consequently, further attention weasngto the final siRNA dose at which the
selected lipoplexes would be applied (Figure 4.32).
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Figure 4.32: Delivery of siRNA by MS09/DOPE and MS09/Chol (1:1) formulations at MS09:siRNA (*/,,) = 16:1 when introduced at varying final
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SiRNA.
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In order to ascertain whether or not a final siRN@ncentration of 14 nM was, in fact, the
minimum applied concentration necessary for maximlippplex uptake and siRNA
accumulation, cellular uptake experiments with MB@IPE and MS09/Chol (1:1) lipoplexes at
MS09:siRNA {'/,,) of 16:1 were carried out within a narrower siRNAncentration range.
Figure 4.32a,b shows that there was no signifidifference in SiRNA delivery via both
lipoplexes at final concentrations ranging from 7AM siRNA in MCF-7 and HT-29 cells.
Hence, final siRNA concentration of 12 nM was viedfto be the lowest required for maximum
cellular uptake of both lipoplexes in both celldsm Further reduction of siRNA concentration
significantly decreased siRNA marker delivery inttbaell lines. At 6 nM, the siRNA and
associated lipid concentration appeared to be tow to facilitate significant uptake with
MSOQ09/DOPE lipoplexes in both cell lines. In contramternalisation of MS09/Chol (1:1)
lipoplexes was detectable at up to 6 nM and 4 mhalfsiRNA in HT-29 and MCF-7 cells,
respectively. Importantly, it was confirmed that tinarkedly lower normalised intracellular
fluorescence measurements obtained, at the nesatigdtesiRNA and lipid concentrations, were
not due to cell death (Appendix F, Figure Fla,b) are, therefore, directly attributable to a

dose-dependent decrease in cellular uptake at styatiens below 12 nM.

As proof of principle, the same siRNA concentratiange was also tested in the non-target cell
lines. Figure 4.32c,d, confirms that no siRNA defiw by MS09/DOPE and MS09/Chol (1:1)
lipoplexes occurred in HEK293 and Caco-2 cells iRiN#&\ concentrations below 14 nM. In
addition, no significant loss of viability was reded in these cell lines (Appendix F,
Figure Flc,d). Hence, as with lipoplexes introduaed4 nM final SiRNA, it was confirmed that

lipoplexes have no significant effect in the HEK2881 Caco-2 cell lines at 12 nM siRNA.

Further proof that the lipoplexes of interest cdieatively enter MCF-7 and HT-29 cells, at
12 nM final siRNA, was provided by fluorescence mgcopy. The successfully delivered
SiRNA marker was observed as green fluorescencainwithe cells (Figures 4.33, 4.34).
Fluorescence signals were weak due to the low Giaatentration of the sSiRNA marker applied.
The possibility of these signals arising from atit was ruled out on the grounds that untreated
cells were non-fluorescent. Although qualitativeessment by microscopy alone is limited by
the field of view, the images presented servedsaslevidence of cellular uptake and supported

the quantitative data obtained through normalisedsurements of intracellular fluorescence.

128



Fluorescence imag

No treatment

Naked
BLOCK-T™

LF3K

MS09/DOPE
lipoplex

Figure 4.33: Cellular uptake of a fluorescein-labelled siRNA marker in MCF-7 cells, after transfection with
MS09/DOPE and MS09/Chol (1:1) lipoplexes. Cells were transfected with lipoplexes assembled with
BLOCK-iT" Fluorescent oligo (MS09:siRNA */,, = 16:1) at final concentration of 12 nM for 24 h. LF3K
denotes Lipofectamine™ 3000, and transfection was as per manufacturer’s instruction. Intracellular
fluorescence was monitored using an inverted fluorescence microscope at 200x magnification. The scale
bar represents 50 um in all images.
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Figure 4.34: Cellular uptake of a fluorescein-labelled siRNA marker in HT-29 cells, after transfection with
MS09/DOPE and MS09/Chol (1:1) lipoplexes. Cells were transfected with lipoplexes assembled with
BLOCK-iT" Fluorescent oligo (MS09:siRNA "'/, = 16:1) at final concentration of 12 nM for 24 h. LF3K
denotes Lipofectamine™ 3000, and transfection was as per manufacturer’s instruction. Intracellular
fluorescence was monitored using an inverted fluorescence microscope at 200x magnification. The scale
bar represents 50 um in all images.
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Consequently the MS09/Chol (1:1) lipoplex assemtdedn MS09:siRNA',) ratio of 16:1
was investigated as a new actinyc agent, at a final sSiRNA concentration of 12 nM, in

comparison with its DOPE-containing counterpart.

4.11 Gene silencing mediated by MS09/Chol (1:1) bplexes

Thus far, it has been confirmed that siRNA assediatith MS09/Chol (1:1) and MS09/DOPE
liposomes at an MS09:siRNAY/(,) ratio of 16:1 successfully traverses the plasreanbrane and
enters MCF-7 and HT-29 cells, at the highest lgadsible for these formulations in the cell
lines tested, when applied at a final concentratioh2 nM. However, the question as to whether
the siRNA delivered successfully reaches and erggagth the RNAiI machinery to inhibit

oncogene expression, is critical to this study.

Given that the initial RNAI effect is exerted aetmRNA level, the effect of transfection with
anti-c-myc lipoplexes onc-myc transcripts in cancer cells was studied using RTH.
Figure 4.35 shows a decreasecimyc mRNA only in instances in which a transfecting rage
was used to deliver antHnycsiRNA sequences. Quantification of cellular c-Mywtein by
ELISA (Figure 4.36) showed that a drop @amyc mRNA levels was, in all instances,
accompanied by a concomitant reduction in protgpression. Complexes assembled with non-
targeting siRNA were without effect. This confirtigt the observed reductionégamycmRNA

is directly attributable to the RNAIi effect of sessfully delivered anti-myc siRNA.
Furthermore, the fact that naked acvinycsiRNA did not influencec-mycexpression in any

way, emphasises that the delivery vehicle is asste

MS09/Chol (1:1) and MS09/DOPE lipoplexes produdgdicantly more potent gene silencing
effects than LF3K in both cell lines. More spedatflg, in the MCF-7 cell line, MS09 lipoplexes

achieved 8- and 3.5-fold greater knockdown of oeocogc-mycthan LF3K at the mRNA and

protein levels, respectively. In HT-29 cells, thexbase it-mycmRNA and protein was 5- and

2.8-fold more intense with MSQ9 lipoplexes. Thisc@nsistent with the fact that both MS09
lipoplexes were taken up more effectively than LF@K< 0.01) in MCF-7 and HT-29. The

superior performance of MS09 lipoplexes is furthghlighted by the fact that these were
applied at half the final siRNA concentration as3KF
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Figure 4.35: The effect of anti-c-myc lipoplexes on c-myc mRNA expression in a) MCF-7 and b) HT-29
cells, 48 h after transfection with MS09/DOPE and MS09/Chol (1:1) lipoplexes. Lipoplexes were
assembled at MS09:siRNA (*/,,) ratio of 16:1 and cells received final siRNA concentration of 12 nM.
c-myc expression was quantified by RT-gPCR and normalised to the 8-actin reference gene using the
AAC, comparative quantification algorithm. Each column represents the mean + SD (n = 3). 'P<0.05,
"P<0.001 vs. naked siRNA; *P < 0.05, ***P < 0.001 vs. non-targeting siRNA; *P < 0.01, P < 0.001 vs.
anti-c-myc LF3K. P > 0.05, with respect to anti-c-myc MS09/Chol (1:1) vs. anti-c-myc MS09/DOPE.
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Figure 4.36: The effect of anti-c-myc lipoplexes on c-Myc protein expression in a) MCF-7 and b) HT-29
cells, 48 h after transfection with MS09/DOPE and MS09/Chol (1:1) lipoplexes. Lipoplexes were
assembled at MS09:siRNA ("/,,) ratio of 16:1 and cells received final siRNA concentration of 12 nM.
c-Myc expression was quantified by ELISA, and normalised to the internal control, B-actin. Each column
represents the mean + SD (n = 3). "P < 0.05, vs. naked siRNA; *P < 0.05, ***P < 0.001 vs. non-

targeting siRNA; *P <0.05, ¥P < 0.01, *P < 0.001 vs. anti-c-myc LF3K. P > 0.05, with respect to

koK

P<0.001

anti-c-myc MS09/Chol (1:1) vs. anti-c-myc MS09/DOPE.
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In HT-29 cells cellular uptake of MS09/Chol (1:1)daMS09/DOPE lipoplexes was comparable
(P> 0.05). The similar reduction iccmycmRNA and protein observed implies that the MS09
lipoplexes facilitated RISC-engagement of intacti-armyc siRNA molecules with near-equal
efficiency. In contrast, in the MCF-7 cell line,ettiMS09/Chol (1:1) lipoplex, at 12 nM final
SiRNA, facilitated more effective siRNA delivery ah its DOPE-containing counterpart
(P < 0.05), but did not give a more pronounced geleaaing effect. Taking into account that, at
the point of maximum cellular uptake, a greater banof siRNA molecules enter MCF-7 cells
with the MS09/Chol (1:1) lipoplex, saturation oEtRNAI machinery is a possibility, especially
given the likelihood that this complex releasesNs#iRdirectly into the cytoplasm. RISC
saturation within a broad siRNA concentration ramdes-100 nM has been reported, and is
dependent upon the potency of the siRNA moleculeslved (Danielset al, 2013). Given the
catalytic nature of siRNA activity, the results gegt that the MS09/Chol (1:1) lipoplex could
give useful, or perhaps as effective, gene sil@natrfinal SIRNA concentrations below 12 nM in
MCF-7 cells. In support of this notion, SIRNA daiy by the MS09/Chol (1:1) lipoplex in
MCEF-7 cells was detectable with as little as 4 mhalf SIRNA (Figure 4.32a).

It was observed that-mycinhibition at both levels of expression by all tséetting agents was

more pronounced in MCF-7 cells than in HT-29 c@fs< 0.05). This is underscored by the fact
that the HT-29 cell line is considerably more diffit to transfect than other human cell lines
(Alamehet al, 2010, Cerd®t al, 2015, Hsiet al, 2000). In fact, manufacturers of the LF3K
reagent have reported that the HT-29 cell line m@®ng the least efficiently transfected in a
wide range of tested mammalian cell lines

(http://www.thermofisher.com/us/en/home/brands/pobdimand/lipofectamine/lipofectamine-

3000.html#sup This explains the markedly lower cellular uptgkégure 4.31d) and oncogene
knockdown (1.4-fold reduction af-mycat both levels of expression) obtained with LF3K i
HT-29 cells. On a more positive note, the fact M&09 lipoplexes have performed better in a
recalcitrant cell line than a standard transfectieagent, could point to their applicability as
oncogene silencing agents in other difficult-taagfect cancer cells, and this adds credence to

their potential as broad range acdimycagents.

For comparative evaluation as aotmyc agents, both MS09/Chol (1:1) and MS09/DOPE

lipoplexes were tested at the same MS09:siRN4) (atio, final lipid and siRNA concentration.
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Although the siRNA-binding and protecting capaliliunder standarch vitro conditions, of
MSO09/Chol (1:1) was shown to be markedly weaken iteDOPE-containing counterpart at the
MS09:siRNA {'/,,) ratio of 16:1, the MS09/Chol (1:1) lipoplex ha®yed to be as effective an
SiIRNA carrier andc-myesilencing agent. This could be ascribed to theemf@ntioned role of
cholesterol nanodomains in transfection (Xu and hendoquy, 2008, Xu and Anchordoquy,
2010) and the usefulness of Chol-mediated fusioth whe cell membrane as a mode of
delivering intact siRNA directly to the RNAI app#ua in the cytoplasm (Pozet al, 2012).

4.12 Anti-cancer effects of antie-myc lipoplexes

Cancer cell motility is associated with invasivenasd metastatic potential (Palal, 2017).
Oncogenic c-Myc supports cell migration in sevevalys. For example, oncogenic c-Myc drives
the expression of integrins (Boudjatial, 2016), long non-coding RNA (Hu and Lu, 2015) and
microRNA (Li et al, 2013) that are known to encourage cell migratianfact, the truncated
form of c-Myc, Myc-nick, was recently shown to alezate the migration of colon cancer cells
by inducing fascin expression and activating the B Pase Cdc42 (Andersenal., 2016).

The impact of transfection with argimyc lipoplexes on cell migration was assessed by
monitoring the movement of cells into a wound tivas created in the cell monolayer (Liagtg
al., 2007). Figures 4.37 and 4.38 show that all cemgs containing ant-myc siRNA were
associated with a defect in cell motility. In faict,cells treated with ant-mycMS09/Chol (1:1)
and MSO09/DOPE lipoplexes, the normalised wound aremasured after 24 h was wider
(P < 0.01) (Figure 4.39) and wound margins at 24 reapgd less defined than at 0 h. This could
point to loss of cell viability. To confirm thishé AB viability assay was performed.

The AB assay (Figure 4.40) showed that, all trast&fas with antie-myc siRNA, with the
exception of LF3K in HT-29 cells, were associatathva significant drop in cell viability. This
is consistent with a wealth of evidence, as reviewsy Bretoneset al. (2015) that,
downregulatings-mycexpression inhibits cell cycle progression andsig due to its key role in
these processes.
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Non-targeting SiRNA
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Figure 4.37: Effect of lipoplexes on MCF-7 cell migration. Wounds were created after transfection with MS09/DOPE and MS09/Chol (1:1) lipoplexes
(MS09:siRNA "/, = 16:1) at a final siRNA concentration of 12 nM. LF3K denotes Lipofectaminem 3000 and transfection was as per manufacturer’s instruction.
Wound closure was monitored after 24 h with an inverted microscope at 100x magnification. Each scale bar represents 100 um.
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Figure 4.38: Effect of lipoplexes on HT-29 cell migration. Wounds were created after transfection with MS09/DOPE and MS09/Chol (1:1) lipoplexes
(MS09:siRNA "/, = 16:1) at a final siRNA concentration of 12 nM. LF3K denotes Lipofectaminem 3000 and transfection was as per manufacturer’s instruction.

Wound closure was monitored after 24 h with an inverted microscope at 100x magnification. Each scale bar represents 100 um.
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Figure 4.39: Wound healing ability of a) MCF-7 and b) HT-29 cells after treatment with lipoplexes
assembled with either non-targeting or anti-c-myc siRNA. Data is presented as the mean + SD (n = 3).
'P<0.05, P <0.001 vs. naked siRNA; *P < 0.05, ***P < 0.001 vs. non-targeting siRNA. *P < 0.05,

##p < 0.001 vs. anti-c-myc LF3K.
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Figure 4.40: Effect of lipoplexes assembled with anti-c-myc siRNA on the growth of a) MCF-7 and

b) HT-29 cells. Cells were tested for viability by the AB assay 48 h post-transfection. Data is presented as
the mean +SD (n=3). "P<0.01, P <0.001 vs. naked siRNA; *P < 0.05, **P < 0.01, ***P < 0.001 vs. non-
targeting siRNA; *P <0.05, *P < 0.01 vs. anti-c-myc LF3K. P > 0.05 with respect to

anti-c-myc MS09/Chol (1:1) vs. anti-c-myc MS09/DOPE.

Cell death can occur by several mechanisms andstidependent upon the stimulus that cells
receive. In treating cancer, a desirable featuferithe treatment to induce death of cancer cells
without causing harm to surrounding healthy tissker this reason several anti-cancer
approaches have attempted to exploit a natural amesim of cell death such as apoptosis that,

under normal conditions, facilitates eliminationdz#maged and/or harmful cells in a regulated

139



fashion (Baiget al, 2016). To test whether or not the astinyclipoplexes result in cell death

via this potentially useful pathway, AO/EtBr dugdiging was performed.

The AO/EtBr method is based on the principle th&@ A&nters cells with intact plasma
membranes and binds to DNA to emit green fluoreseewhile EtBr enters cells with defective
membrane integrity and fluoresces red-orange whmmdb to DNA. Differentiation between
normal, early apoptotic, late apoptotic and necrotlls was made based on observations of
nuclear morphology (Figures 4.41, 4.42). Live celése characterised by a bright green nucleus
in the centre of the cell. The nuclei of early aodp cells, with undamaged membranes, also
stained green, but appeared to be fragmented aleosed. In contrast, the nuclei of late
apoptotic cells, with compromised membrane intggrgtained orange with evidence of
fragmentation or condensation. Finally, necrotitiscevere characterised by an intact bright
orange nucleus (Ribblet al, 2005).

Figure 4.43 shows that the major mechanism of diedith that was observed by the AB assay
after 48 h in cells treated with amtimyclipoplexes is, in fact, apoptosis. This observat®
supported by several studies which have demondttagg inhibition ofc-mycin cancer cells
leads to apoptosis (Che al, 2010, Wanget al, 2005, Zhanget al, 2009), and this is largely
due to the phenomenon of oncogene addiction (Fel&@40). Importantly, necrosis, a non-
specific form of cell death that is associated wath inflammatory response (Kasibhatla and
Tseng, 2003), was negligible in all instances necrotic cells accounted for less than 3 % of
total cells per sample. This implies that MS09/Ciol) and MS09/DOPE-mediated antmyc

SiRNA delivery is capable of destroying cancerscelithout damaging healthy tissue.
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Figure 4.41: Apoptotic potential of anti-c-myc and non-targeting lipoplexes in MCF-7 cells. Live and apoptotic cells ;Nere visualised by AO/EtBr dual staining, 48 h after
transfection with MS09/DOPE and MS09/Chol (1:1) lipoplexes (MS09:siRNA /,, = 16:1) at 12 nM final siRNA concentration. Transfections with Lipofectamine” 3000 (LF3K) were
as per manufacturer’s instruction. Cells were observed using an inverted fluorescence microscope at 200x magnification, and one representative field of view per sample is

given. Labelled arrows denote the following: L = live, EA = early apoptotic, LA = late apoptotic, N = necrotic. The scale bar represents 100 um in all images. Treatment groups
were as follows:

a) No treatment

b) Naked non-targeting siRNA f) Naked anti-c-myc siRNA

c) LF3K with non-targeting siRNA g) LF3K with anti-c-myc siRNA

d) MS09/DOPE lipoplex with non-targeting siRNA h) MS09/DOPE lipoplex with anti-c-myc siRNA
e) MS09/Chol (1:1) lipoplex with non-targeting siRNA i) MS09/Chol (1:1) with anti-c-myc siRNA
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Figure 4.42: Apoptotic potential of anti-c-myc and non-targeting lipoplexes in HT-29 cells. Live and apoptotic cells were visualised by AO/EtBr dual staining, 48 h after
transfection with MS09/DOPE and MS09/Chol (1:1) lipoplexes (MS09:siRNA /,, = 16:1) at 12 nM final siRNA concentration. Transfections with Lipofectamine” 3000 (LF3K) were
as per manufacturer’s instruction. Cells were observed using an inverted fluorescence microscope at 200x magnification, and one representative field of view per sample is
given. Labelled arrows denote the following: L = live, EA = early apoptotic, LA = late apoptotic, N = necrotic. The scale bar represents 100 pm in all instances. Treatment groups
were as follows:

a) No treatment

b) Naked non-targeting siRNA f) Naked anti-c-myc siRNA

c) LF3K with non-targeting siRNA g) LF3K with anti-c-myc siRNA

d) MS09/DOPE lipoplex with non-targeting siRNA h) MS09/DOPE lipoplex with anti-c-myc siRNA
e) MS09/Chol (1:1) lipoplex with non-targeting siRNA i) MS09/Chol (1:1) with anti-c-myc siRNA
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Figure 4.43: Quantification of apoptotic potential of anti-c-myc and non-targeted lipoplexes in a) MCF-7
and b) HT-29 cells. Live, early apoptotic, late apoptotic and necrotic cells were visualised by fluorescence
microscopy after AO/EtBr dual staining. At least 200 cells per sample were counted. Data is presented as
the mean +SD (n=3). "P<0.01, P <0.001 vs. naked siRNA; ***P < 0.001 vs. non-targeting siRNA;

P < 0.01, " P < 0.001 vs. anti-c-myc LF3K. P > 0.05 with respect to anti-c-myc MS09/Chol (1:1) vs. anti-
c-myc MS09/DOPE.
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A significant decrease i-myc expression was correlated with anti-cancer effewatsich
included inhibition of cancer cell migration, logGcell viability and elimination of cancer cells
through apoptosis, in all instances, with the ekoapof antic-mycLF3K in HT-29 cells. Here,
modestc-myc inhibition slightly impeded cancer cell migratidut was too low to induce
significant apoptosis and reduce cancer cell nusiahin a 48 h period. Of importance, is the
observation that lipoplexes assembled with nonetaing siRNA, which had no effect anmyc
expression, did not impede the normal migrationcahcer cells, and did not significantly
influence their growth in any way. The applicatiohanti-c-myc siRNA in the absence of a
transfecting agent also did not exhibit any antieea activity. Taken together, this confirms that
all anti-cancer effects can be ascribed to the Rabdivity of successfully introduced artimyc
siRNA.

In keeping with the trend observed in the gene neifeg experiments, ant-myc
MSO09/Chol (1:1) and MS09/DOPE lipoplexes gave Ibestgti-cancer activity than the LF3K
reagent, in a given cell line. Furthermore the caraple gene silencing activity mediated by
MSO09/Chol (1:1) and MS09/DOPE lipoplexes in indivad cell lines was coupled with anti-
cancer effects of near-equal potency. Althoaghycinhibition with MS09 lipoplexes was more
pronounced (i.e. 3.8- and 2.8-fold differenceshat mMRNA and protein levels, respectively) in
MCF-7 cells than in HT-29 cells, the associatedaotmn cell migration, cell growth and extent
to which apoptosis was induced, was similar. Hexe piossible explanations can be put forward.
The first is that the level of-mycinhibition required to elicit a given degree oftiscancer
activity differs among cell lines. The second iatfhmore potent oncogene knockdown does not
necessarily correspond with enhanced anti-candesitgc This notion correlates with previous
comments that a lower final sSiRNA dose may proveféective in the easier to transfect, MCF-7

cell line.
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4.13 Predictingin vivo efficacy of the MS09/Chol (1:1) lipoplex

Thus far, it has been demonstrated that both MSO8B and MS09/Chol (1:1) formulations are
able to successfully deliver amtimycsiRNA to the RNAI apparatus, into cancer cells\wndo
overexpress this oncogene. Both formulations wéte 8 achieve knockdown of oncogenic
c-myc and elicit anti-cancer effects that surpassed pgédormance of LF3K. Hence, both
formulations performed well under standard celltunaél conditions, i.e. with 10 % serum. In
order to predictin vivo efficacy, a serum stability study was performed higher serum
concentrations to resemble physiological conditioge closely (Templeton, 2003, Eliyabti
al., 2002).

Figure 4.44 shows the results of cellular uptakpeeixnents performed in medium containing
10, 30 and 50 % serum, with 50 % serum represeiptirygiological concentration (Zhang and
Anchordoquy, 2004). If present at higher than ndrooacentrations, serum could either lead to
an abnormal increase in the growth of culturedscell adversely impact on viability (EL-
Ensahsy, 2009). In light of this, 24 h exposurdigoplexes, as was carried out in all previous
cellular uptake experiments, in medium with highuse concentration was deemed impractical.
For this reason, cells were exposed to lipoplexesnedium containing the relevant serum
concentration for a shorter duration, i.e. 4 h,emftvhich normal growth medium was
re-introduced. It was demonstrated that the sherposure time did not have a significant effect
on cellular uptake of the siRNA marker followingrisfection in both cell line$(> 0.05, 4 hvs

24 h in 10 % serum). This implies that lipoplexes aither completely taken up, or at least
attached to cell membranes within 4 h of applicatio addition, this observation validates the
exposure time fixed in this set of experiments. &bwver, the new set of transfection conditions
employed had no effect on cell growth as confirrogdhe AB assay (Appendix F, Figure F2).
Hence, any observed reduction in siRNA uptake v8as eonsequence of the performance of the
liposomal carrier at the relevant serum concemmnatand not due to any growth inhibitory

effects.
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Figure 4.44: The effect of serum concentration on siRNA delivery by MS09/DOPE and MS09/Chol (1:1)
lipoplexes in a) MCF-7 and b) HT-29 cells. Cells were exposed to lipoplexes assembled with BLOCK-iT"
Fluorescent Oligo at MS09:siRNA (*/,,) ratio of 16:1 for 4 h in medium containing 10, 30 or 50 % serum.
Cells received a final oligo concentration of 12 nM. Intracellular fluorescence was measured 24 h post-
transfection. Control 1 contained cells only, while control 2 contained cells treated with the naked oligo.
Each column represents the mean +SD (n=3). " P <0.001 vs. control 2; P < 0.01, **P < 0.001 vs. siRNA
delivery in 10 % serum with 4 h exposure to lipoplexes.
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Although a significant reduction in siRNA delivenyas noted with both formulations in MCF-7
and HT-29 cells when serum concentration was ise@arom 10 to 30 %, the effect on
MSO09/DOPE-mediated delivery was more dramatic.dct,fSiRNA delivery by MS09/DOPE
was negligible in 30 % and 50 % serum in both leds. It appears therefore, that the siRNA
delivery capability of MS09/DOPE is limited to sthrd in vitro conditions. In contrast, no
significant P > 0.05) drop in siRNA delivery by MS09/Chol (1:4as noted in either cell line

when serum concentration was increased from 30 85

Despite the weaker siRNA-binding affinity of the BEBChol (1:1) formulation, it retains the
ability to deliver siRNA at physiological serum aamtration due to Chol-conferred stability. Of
note, is the fact that normalised intracellular ofiescence after the introduction of
MS09/Chol (1:1) lipoplexes in 50 % serum, was digantly (P < 0.05) greater, in both cell
lines, than levels achieved with the LF3K trangtetteagent under standdrdvitro conditions.
This implies that the anti-mycMS09/Chol (1:1) lipoplex, at MS09:siRNA/(,) ratio of 16:1,
would be capable of oncogene silencing and ant@aractivity at physiological serum
concentration, when applied at final lipid and siRNoncentrations of 8.gM and 12 nM,
respectively.
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CHAPTER 5 - SUMMARY AND CONCLUSION
Overexpression of the-mycproto-oncogene features prominently in most hunaarcers. Early
studies established that inhibiting oncogestimycexpression produced anti-cancer effects. This
gave rise to the notion that an appropriateyc silencing system may provide a broadly
applicable and more effective form of cancer treatimthan is currently available. In this regard,
several nucleic acid-mediated, antigene and arsisetrategies have been explored. Among
them c-myc silencing approaches based on the use of siRNAecutds, which mediate the
natural RNAi mechanism, represent a promising andeat area of research (Whitfiedd al,
2017).

In theory, siRNA molecules with sequences that eseplementary to the-myc mRNA
transcript will inhibitc-mycexpression by causing cleavagecahycmRNA through interaction
with the RNAi machinery in the cytoplasm. Howevdre success of this strategy is largely
dependent upon efficient intracellular delivery iIRNA. Consequently the association of
anti-c-myc siRNA with a variety of carrier agents has beempl@ed, many of which are
elaborate multi-component nanosystems. The custeiy took into account the fact that lipid-
based nanopatrticles represent the most widely eegbldass of siRNA carriers to date, and this
provided a massive body of knowledge upon whicimjorove. Moreover, a carrier system with
a straightforward design is better suited for mo@itclinical application, because it is more likely
to be easily and economically produced. Hence, shisly focused on what is arguably the
simplest lipid-based siRNA delivery agent, i.e. thraditional cationic liposome, as the
framework for the development of an uncomplicatedut effective anti-myc

onconanotherapeutic agent.

An existing cationic lipid, MS09, which previoustiemonstrated efficacy within the context of
in vitro siRNA delivery, served as the foundation for thenfulation of novel cationic
liposomes. In the interest of developing liposoro@sable of maintaining stability and resisting
damage within biological fluids, Chol, which proesl mechanical strength to lipid bilayers, was
included as a helper lipid in novel formulationss A further stabilising feature, PEG-

modification in the form of DSPE-PEgo was introduced. Liposomes containing equimolar
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guantities of MS09 and the conventional helperdlidOPE, were included for comparative

purposes.

The process of developing an appropriate MS09-basi®&NA carrier began with the
optimisation of the Chol content of MS09 formulaiso Within the range of MS09:Chol molar
ratios explored, MS09 was found to be compatiblérwnly 50 mol % Chol, in the presence or
absence of DSPE-PE§g,at 2 mol %. Therefore, the study proceeded with fiyeparations, i.e.
the 2 % pegylated and non-pegylated MS09/Chol (forthulations and their DOPE-containing
counterparts. Films of these lipid mixtures werecassfully hydrated to form small unilamellar
liposomes, less than 140 nm in size, with zetami@tebetween -27 and -36 mV. The lipid film
hydration liposome preparation method employed gipp@some suspensions of consistent
quality under standard laboratory conditions. Meexp the substitution of DOPE with Chol
and/or incorporation of PEG improved the stabibfyMS09 liposomes with extended storage

time.

The siRNA-binding affinity of liposomes was evakdtbased on their ability to retard the
migration of sSiRNA on agarose gels and displacéNgifntercalated dyes. Although Chol- and
PEG-containing liposomes showed weaker siRNA-bigdiapability than MS09/DOPE, these
formulations were carried forward in the study @e grounds that a weaker siRNA-binding
interaction may be useful for the release of siR&tAa later stage in the transfection process.
Cryo-TEM gave visual proof that all formulations rdeed complexes with siRNA at
MS09:siRNA {'/,,) ratios of 12:1-32:1. Further evidence of lipopfexmation was obtained by
Z-NTA-derived concentration estimates which conédrthe involvement of several liposomal
vesicles in a single complex, except in instanocewhich the liposome-siRNA interaction was
markedly tenuous. Lipoplexes were smaller than r200 with zeta potential between -16
and -44 mV. Liposome composition and the MS09:siRNA) ratio at which the complexes
were assembled influenced both lipoplex morpholagg the degree of protection that sSiRNA
was afforded in the presence of serum. Lipoplex#s ilamellar structures were found to be

most effective at protecting SiRNA against nucleatsack.

Having confirmed that all formulations formed namostures in which siRNA was protected,
and which displayed biophysical characteristicsdemive to cellular uptake, the interaction of

lipoplexes with several human cell lines was inigaded. These were the MCF-7 breast cancer
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and HT-29 colon cancer cells, both of which overespc-my¢ Caco-2 colon cancer cells that
are able to regulate-myc expression; and a non-transformed cell line, HEX2@& order to
select the best performing lipoplex, cells receiligdplexes assembled at all characterised
MS09:siRNA (/) ratios (i.e. 12:1-32:1) and these were appliedrabd range final siRNA
concentrations (i.e. 57-14 nM). Cell viability agsashowed that lipoplex-mediated growth
inhibition was cell-specific and dependent uponesalvariables. These included the liposome
composition, the MS09:siRNA{,) ratio at which lipoplexes were formed and thefisiRNA
and lipid dose. These factors also had a bearingcallular uptake and siRNA delivery
efficiency. Although well tolerated, pegylated Ipdexes gave negligible siRNA delivery in
MCF-7 and HT-29 cells. This was largely ascribedht inhibitory effect of PEG chains on the
interaction between the lipoplex and biological rbeames. In this regard, the use of cleavable
PEG-lipids, designed to shed the polymer upon exmgoso specific extra- or intracellular
conditions, has been suggested (Feing., 2017).

By contrast, non-pegylated lipoplexes proved eifeceven at low final sSiRNA concentration.
The MS09/Chol (1:1) lipoplex at the MS09:siRNA,( ratio of 16:1 was most effectively taken
up by MCF-7 and HT-29 cells, without compromisingll cviability at 14 nM final siRNA.
Moreover, at the applied dose, this lipoplex appéaelective foc-mycoverexpressing cancer
cells, having no significant impact in non-canceraells and cancer cells that are able to
regulate c-myc expression i.e. HEK293 and Caco-2, respectivelyner&fore, the
MS09/Chol (1:1) lipoplex (MS09:siRNA'(,) ratio = 16:1) was investigated further as a
potential c-myc silencing agent. A final sSiRNA concentration of A was found to be the
minimum dose required for maximum cellular uptakéhes lipoplex in MCF-7 and HT-29 cells.

It was also confirmed that, at this dose, lipoptewere not internalised by HEK293 and Caco-2

cells and no significant drop in cell numbers wasorded.

Anti-c-myc lipoplexes were assembled using a pool of fourN#iRduplexes, each with
complementarity to a different region of tltemyc transcript. At 12 nM final siRNA, the
MSO09/Chol (1:1) lipoplex dramatically reducedmyc expression at the mRNA and protein
levels within a 48 h period in both cell lines. dplex-mediatecc-mycsilencing inhibited the
motility of cancer cells and induced cell deathpértantly, cancer cell death was found to occur

primarily via the innocuous mechanism of apoptaegisch preserves the integrity of normal,
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healthy tissue. In all instances, the MS09/Chdl)llipoplex produced more potectmyc
silencing and anti-cancer effects than the comrakycavailable transfection reagent, LF3K.
Although the DOPE-containing counterpart perforneth comparable efficacy under standard
cell culture conditions, it will not be effectiwe vivo. This was highlighted by the demonstration
that an increase in serum concentration, both @gpiog and at physiological levels, abolished
SiRNA delivery by MSO09/DOPE. In contrast, the MSDB¢I (1:1) lipoplex retained
approximately 70 % siRNA delivery capability in M&@Fand HT-29 cells when transfections
were conducted in 50 % serum. Given the catalyiiry-stoichiometric activity of siRNA, this
lipoplex is likely to give clinically useful outcoesin vivo. Moreover, the performance of the
MS09/Chol (1:1) lipoplex at physiological serum centration, in the absence of pegylation, ties
in with previous work which suggested the use ofdaguantities of Chol as an alternative to
pegylation (Nchindaet al, 2002, Templetoret al, 1997, Yanget al, 2013, Zhang and
Anchordoquy, 2004). It is also worth mentioningtthather studies with primary cells, which
require high serum concentrations to grow, coulavigie strong supporting data in evaluating
lipoplex performancen vivo. The current study can be profitably extended dyyeating the
cellular uptake experiments, as described, in pynealls derived front-myedriven tumours
and, finally, appling the ant-mycMS09/Chol (1:1) lipoplex to assess oncogene knowakdat
physiological serum levels.

The fact that the MS09/Chol (1:1) lipoplex, in thbsence of any additional modifications,
appears to display specificity farmycoverexpressing cancer cells, is a point of inteaesl
worthy of further investigation. In order to comfirthis phenomenon it is suggested that the
cellular uptake of the lipoplex be assessed inrsévaore cell lines, that are representative of
other cancers characterised lymyc overexpression. Taking into account thetmyc
overexpression drives aberrant lipid metabolismefib et al, 2014, Hallet al, 2016, Perryet

al., 2013) and the postulate that cholesterol domafnthe lipoplex could facilitate cellular
uptake via interaction with plasma membrane comptnéetkeret al, 2013b); it is possible
that even subtle differences in composition of pfessma membrane of such cancer cells, as
opposed to cells which can regulatenyclevels, may account for the observed affinity foist
lipoplex. A comparison of lipid profiles of cellshich overexpress-mycand those which do
not, combined with an in-depth analysis of the pileax uptake mechanism could confirm

whether or not this holds true. Such a study cayplen up further possibilities for targeting the
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vast majority of cancers in whiatrmycis overexpressed while maintaining a simple carrie

design.

In summary, several features of the amtityc MS09/Chol (1:1) lipoplex point towards its
potential as a simple, safe and effective oncormapeutic agent. Firstly, the lipoplex is an
uncomplicated three-component nanostructure olitaimea convenient two-stage process i.e.
reproducible lipid-film hydration of MS09 and Chtd form a stable liposome suspension,
followed by electrostatic association with siRNAecBndly, the lipoplex mediated potentyc
silencing at a relatively low final siRNA and lipidose, and this destroys cancer cells in a
manner that is unlikely to injure healthy cellss Bffectiveness as an anti-cancer agent was
highlighted by its ability to facilitate efficiersiRNA delivery and oncogene knockdown in
recalcitrant cancer cells. Moreover, the physieatires of the lipoplex point towards a tendency
for selective accumulation at tumour sites. Thirdlye lipoplex has apparent specificity for
c-mycoverexpressing cancer cells without adverselyctifig non-cancerous cells. Finally, the
lipoplex remains capable of siRNA delivery at ploysgical serum concentrations. These
features, taken together, suggest that thecamtycMS09/Chol (1:1) lipoplex reported is worthy

of further investigatiom vivo.
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Novel cholesterol based siRNA lipoplexes with and without PEG-modification: Characterization
and in virro cytotoxicity studies
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serum Interactions oflen dmat thetr dificacy. In order 1o address this ¢ bp stabditring
agents, cholesteral (Chol) and polyethylene glycol (PEG) were incorporated mn the destgn of new liposome-siRNA systems.
The halper Iiped, Chol, was combened tn equimoclar quantities with the cytofectin, NN-dmethylamanopeopylamsdosuccinylc
holesterylformylhydrazide (M$09), to give entlimdlar vestdes. For PEG-modification, distearoyiphosphatidylethanolamine
polylethylene glycol) 2000 was added at 2 mol %. Electrostatic assoctation of Bposomes with stRNA was followed i band shift
and fluorescence quenching asays. Liposome-stRNA complexes (Itpoplexes) were observed as globalar aggregates by ayo-
transmisdon clectron MICOCOPY. mmdwmby/mpmwmmwm)
showed that lipoplex stze and 2eta potential were dependent ca both liposome composttion and the MS09: SRNA (wiw)
mtung ratso. SRNA within lipoplexes restsied serem-tndeced damage at MSO9RNA (wiw) ratios of 12:1-32:1. The effects of
Itpoplexes ca cell growth were evaluated with 2 non-targeting sIRNA soguence in transformed and noa-transformed human
ccll Bnes. MTT and alamarBlue” asszys showed that MCF.7 and HEK293 cells retatned at least 78% viability at fmal sRNA
and liptd concentrations of 57 nM and 29.60 pM, respectively. In general, cdll survival profiles of MS09/Chol and MS09/
Chol/PEG ltposomes compared favorably wath that of Lipofectamine™ 3000 and control formelations whach contatned the
coaventional helper liptd, dsoleoyliphosphatidyiethanolamine (DOPE). At present, the SRNA deltvery capabiiity of bposomes
1s under assessment and the most promising formulktions will be applied to the debvery of oncogene-spectfic SRNA tn gene
stlencing expertments.
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Structural and fanctional study of a novel cathelicidin antimicrobial peptide BuMAP-28 and its
analogue (BuMAP-28)18
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antsmicrobtal peptides BuMAP-28 and (BuMAP-28)18 were synthestaed and used for the present study
Amino 3cd sequences of the antimicrobtal domatn were deduced from the gene sequence of myelosd antimacrobtal
peptide of butfalo. Peptides are highly cationtc, amphipathic showed a net charge of +11 for both BuMAP-28 and #ts analogue:
a predicted hydrophobec ratto of 39% for BuMAP-28 and 33% for (BuMAP-28)18. Ramachandran plot analysts tndicating
a high strectural stability for the peptsdes. v stifco structural analysts of the peptides revealed 2 heltx-tum hdix which
later comfirmed by CD analysts. Biological activity Lesting of the peptides revealed that the peptsde has got a broad spectrum
antimicrobeal and ants activity. Peptides showed wide spectram of activity agatnst Gram.-positive, Gram-negative
bacterta, fungt, sptrochetes and vires Peptides are active against even methacillin retstant S aureus with lower MIC valees. 2n
vitro antfhactersal and antifungal activities were later confirmed by morphological testing and SEM. Peptides are also proved
to be effective agamst Hela cell Bnes. Cytotaxic studies revealed that the truncation of BaMAP-28 could reduce the hemolytic
activaty when compared to the parent peptide. Murine models injected with Duck Fasteurdls (DP1), when treated with the
peptides protecied 100% of the antmals &t 125 pM doses. Studies revealed that the trencatson of the peptide could reduce the
hemolytic activaty without a comssderable change tn antimtcrobtal activaty.
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APPENDIX B
Supplementary Z-NTA data

1. Number of lipid molecules that constitute liposmal vesicles

Table B1: Estimated number of lipid molecules per liposonedicle

Average number of lipid molecule8
. (x 1CIvesicle)
Formulation
Total lipid MS09 DOPE Chol DSPE-PEGgg
MS09/DOPE 8.56 4.28 4.28 - -
MS09/Chol (1:1) 11.60 5.80 - 5.80 -
MS09/DOPE/PEG 11.00 5.39 5.39 - 0.22
MS09/Chol/PEG (1:1) 8.75 4.29 - 4.29 0.22
Note:

*Estimates were made based on the lipid concemtrafitposome stock suspensions and NTA-derived
concentration of liposomal vesicles
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2. Summarised data

Table B2 Size and size distribution of liposomes and lipgpteby NTA

Liposome MS09:siRNA Size (nm
formulation (") Mean? Mode® SD*® D10*¢ D50*¢ D90
MS09/DOPE -d 164.2 + 4. 1335+ 15. | 81.1+17. 95.8 +5.! 134.9+5. 250.3 + 15.€
Batch 1 12:1 1256+ 12. | 98.4+11. 43.6 + 18.1 784 +572 98.1+7. 163.8 = 35.
16:1 127.6 £ 24. | 92.4%24F 68.5 + 25.. 61.9 £ 24. 103.8+15. | 218.8%63.
20:1 156.9 +10. |128.0+17. |57.6% 3. 101.0+ 7. 1356+ 9. 2245 + 15,
24:1 203.1+11. |166.9+21. |72.9%14. 1156+ 13. | 183.1:3.2 290.2  28.
28:1 202.4+20. | 1957+21. | 69.6%15. 1129+ 16. |191.7-21Z |288.0+38.
32:1 2228 +1. 184.3+28. |81.0+11. 136.0% 6., 197.2 = 4. 3225+6.
MS09/Cho (1:1) | - 167.6 3., 137.5+10. |692=+7. 104.2 * 3.. 143.6 2. 246.2 + 6.
Batch 1 12:1 130.6 + 10. | 117f+12.€ |42.0+12. 79.6 + 3.( 1195+ 7. 181.8 * 23.
16:1 2288 +11. | 1268+7. 147.7+20. | 87.4+29. 165.7 + 1. 322.2 + 185.¢
20:1 184.4+12. |140.0+14. |89.0+15. 91.0 £ 10.! 146.6 + 14. | 290.8 + 27.
24:1 1451+ 64. |933+2.2 105.4 + 100. | 62.9+1.. 93.6 +12., 316.9 + 258.
28:1 160.5+9. 133.1%6.. 716+ 1 91.7 £3. 136.6+12. | 2529+ 21.
32:1 164.9 3., 142.0 £ 0.1 65.7 + 4.( 94.4 0.’ 1415 + 4. 269.6 + 13.
MSO09/DOPE/PE( | -0 149.7 + 14. | 1253 + 4.2 56.5+6. 95.1 + 10. 128.7+ 16. | 225.6  14.
Batch 1 12:1 158.0+ 10. | 1253+ 4. 51.6 + 10., 104.3 £ 5.0 140.0 « 7. 215.1 + 13.
16:1 161.2 + 3., 133.6+ 14. | 5590 7. 101.0 2. 139.6 + 2. 2132+ 7.1
20:1 166.7 + 4. 1315 % 4. 57.2 3. 104.6 £ 0., 147.4 + 4. 239.0 + 23.
24:1 153.9 % 2.. 145.3 8.1 54.4 +3.! 1028+ 1., 135.0 0. 211.3 * 16.
28:1 156.9+ 4. 127.1 5. 488 3. 1019+ 2. 1405+ 5. 2209+ 7.
32:1 155.2 + 6.. 136.1+ 14. | 5274 97.8 £0.. 136.4 +2.1 219.2 + 20.
MS09/Chol/PE( - 174.7+17. | 1251 +5. 87.0 « 16. 95.2 £ 6., 1371+ 7. 304.9 + 34.
(1:1) 12:1 163.6 +12. | 1386+6. 61.1 +13. 100.1+13. |138.1+10. |251.2 +28.
Batch 1 16:1 169.2+22. |1155+17. 1015+ 40. | 84.0+4¢€ 131.1 % 2. 266.3 + 54.
20:1 187.5+11. |1550+14. |84.9+21. 101.2+15. |160.8+7. 280.7  44.

Table B2 continued on next pz




Table B2 continue

Liposome MS09:siRNA Size (hm)

formulation (") Mean®? Mode® SD** D10* D50 D90
MS09/Chol/PEC 24:1 152.3 +12. 122.7 +£3. 58.0 £ 19.i 94.4 + 4. 128.0+9.. 234.8 £59.
(1:1) 28:1 166.0 £ 0.! 124.0 + 24. 59.2 +6.. 102.8 +11. 1439+ 1. 244.4 + 26..
Batch 1 32:1 1754+ 7.1 153.9 + 35. 65.6 + 1. 107.0+4.! 154.6 + 15. 280.1 + 28.
MS09/Chol (1:2 -d 386.3+ 10.¢ 356.5+ 17.¢€ 90.2+ 0.2 202.2+ 3.7 343.6+9.¢ 502.7+ 48.2
MS09/Chol (1:3 -d 337.1+4.4 309.0+ 12.7 81.3+20.1 174.4+ 1.4 314.7+4.C 389.6+ 21.Z
MS09/Chol/PEC -d 423.9+ 3.7 358.0+ 12.C 94.0+ 0.1 127.3+4.€ 377.9+6.4 351.1+ 19.4
(1:2)
MS09/Chol/PEC -d 418.5+9.¢ 357.5+57.Z 76.7+18.¢ 149.3+ 18.€ 360.8+59.1 457 .4+ 78.7%
(1:3)
MS09/DOPE -d 169.0+1.C 135.6 +6.€ 83.8+2.1 97.E+1.€ 1326 +1.1 268.6 + 1.5
Batch 2
t = 0 months
MS09/DOPE -d 169.5+0.7 132.2 +15.C 85.7+2.F 97.7+0.¢ 132.3+4.FE 267.0+1.4
Batch 3
MS09/Chol (1:1 -d 165.1+ 2.1 139.6+ 10.¢€ 71.4+9.4 105.7+ 0.8 141.9+ 1.5 266.4+ 13.t
Batch 2
t = 0 months
MS09/Chol(1:1) -d 171.6+ 3.2 134.8+ 10.7 71.8+ 3.7 105.2+ 4.7 146.9+ 1.2 269.5+ 2.4
Batch 3
MSO09/DOPE/PE! -d 144.4+ 4 ¢ 129.1+5.8 50.0+ 4.4 84.1+1.C 126.2+ 5.4 241.5+ 10.Z
Batch 2
t = 0 months
MSO09/DOPE/PE! -d 142.8+9.C 128.9+ 8. 60.3+ 6.5 86.8+ 4.1 133.2+5.C 227.3+5.4
Batch 3
MS09/Chol/PEC -d 167.6x 1.2 127.4+ 4.1 70.4+ 1.1 106.3+0.¢ 146.4+ 4.¢ 251.5+5.€
(1:1), Batch 2
t = 0 months
MS09/Chol/PEC -d 170.3x 2.C 128.7+5.€ 89.6+ 1.€ 93.2+0.€ 139.0+ 1.5 303.5+ 6.
(1:1), Batch 3

Table B: continueton next pag




Table B: continuel

Liposome
formulation

MS09:siRNA
(")

Size (hm)

Mean®

Mode®

SD**

D10*¢

D50

D90**

MS09/DOPE
Batch 2
t =5 months

d

153.8+ 5.5

141.7+5.¢€

68.3+ 8.€

89.2+5.1

145.2+13.C

229.9+10.5

MS09/DOPE
Batch 2
t = 10 months

167.1+ 6.4

162.7+ 3.1

69.3+ 8.4

92.2+8.1

154.9+ 5.1

251.2+16.¢

MS09/Chol (1:1
Batch 2
t =5 months

159.8 £ 8.

1354 +4.

64.5 = 5.

954 +4.

133.2 £ 3.

2441 +6.!

MS09/Chol (1:1
Batch 2
t = 10 months

159.2 £ 8.4

141.1+5.

80.7 £ 6.(

93.9+ 1.

141.1 £ 8.1

267.2 £10.

MS09/DOPE/PE!
Batch 2
t =5 months

148.4 £5.

132.0+ 2.

433+ 2.

86.7 + 3.!

137.4 £ 2.

237.3 5.

MSO09/DOPE/PE!
Batch 2
t = 10 months

1449 + 4.

136.1 + 7.

48.9 = 3.(

95.6 £2.:

134.0 + 2.

2449 + 5.1

MS09/Chol/PE(
(1:1), Batch 2
t =5 months

156.9 £ 5.

128.6 £2.

76.9%2’

93.3+ 2.4

1324 £1.

278.6 £0.i

MS09/Chol/PE(
(1:1), Batch 2
t = 10 months

146.8 +8.2

128.6 + 2.1

776 4.

91.1+1.

142.6 +10.

278.9 + 3.

Notes:

®Each value represents the mean + $1B 8)
®The SD value is a measure of the width of the digeibution profile

“The D10, D50 and D90 values indicate the percedeugize
“The associated values are those of liposomes alone
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Table B3 Zeta potential and zeta potential distributionigbsomes and lipoplexes by Z-NTA

Liposome MS09:siRNA  potential (mV)
formulation (1) Mean® Mode® Sp*® D10*¢ D50P¢ D90**
MS09/DOPE d -26.1 + 5. -27.9 £ 5. 24.2 + 1.4 -52.8 +5.( 272 5. 0.0 +6.¢
Batch 1 12:1 -30.0 + 0. -28.941.C 26.0 + 0.¢ -58.6 + 0.¢ -30.7£0. -2.3+0.¢
16:1 -34.1 + 3. -33.6 £ 4.! 28.4 +9. -62.7 £ 1. -35.1 + 4.. -5.9+4.
20:1 -16.4 £ 4. -15.1 + 3. 209+ 1. -39.8 + 3. -16.6 £ 4. 44 +7.
24:1 -21.0 £ 2.! -18.8+2. 17.4 + 0.4 -41.4 + 3. -20.8 + 2. 3.1+2.
28:1 -19.8 1. -17.2+0. 16.5+2.: -38.9 + 2. -19.6 £ 1. -3.0+4.
32:1 -18.1+0. -16.6 £ 1. 16.1 +0.¢ -35.9 + 1. -17.9 £ 0. 25+1.f
MS09/Cho (1:1) | -° 27.7 1.t -30.3 + 3. 258+ 1. -56.5+2. 284+ 1.! 0.2+ 1.t
Batch 1 12:1 -30.0 £ 0.¢ -33.9+ 1.€ 25.8 + 2. -58.0 £ 2. -30.5 £ 0. 2.7+3.7
16:1 -40.4 + 3.t -43.9 +5.. 246 +5.; -64.7+ 2.4 -42.9 + 3. -13.8 £ 9.
20:1 -32.2 £ 0.4 -32.3+1.! 22.1+0. -55.2 + 1. -32.9+1. 9.4 +0.
24:1 32117 -35.2 £ 0. 29.6 + 2.¢ -64.7 £3. -33.6 £ 1. 5.6 +1.¢
28:1 27.7+0. 2772 21.5+0. -50.5 + 0. -28.2+ 1. 5.5+ 0
32:1 -29.8+0.: 271+ 1. 24.0+0.! -56.4 + 0. -30.0 £ 0. -4.9 +0.¢
MSO09/DOPE/PE! | - 285+ 4. 275+2. 244+ 1. -56.1 + 5.¢ -28.9+3. 2.4 + 3.6
Batch 1 12:1 -32.9 6. -32.3+6.! 22.3+0.: 57.3+7. -33.3+6.: 9.3+5.¢
16:1 -36.7 + 3. -35.8 + 2. 22.5+0.! -62.1 + 3. -37.1 + 3. 12,7423
20:1 -34.3+0. -32.9 £ 1. 20.5+0.! -57.0 £ 1.( -34.6 £ 0.t -13.0 £ 1.(
24:1 -17.8 + 0.t -17.1+£0.! 23.5+0. -44.5 + 0.¢ -18.3 £ 0. 7.6+0.:
28:1 -25.5 + 2. -24.0+ 3.1 20.8+0.! 485+ 2. -25.9 £ 0. -3.8+3.C
32:1 -30.6 + 2. -30.9 £ 2. 20.6 +0.. -53.4 + 1. -31.2 £ 2. -8.9+2.¢
MS09/Chol/PE( | -° -36.6 + 1.( -36.2 £ 4. 25.0+ 0. -64.5+0.. -37.4 £ 2. -9.0 +0.¢
(1:1) 12:1 -23.2+0.: -21.2+0.7 21.9+1.¢ 4734 -23.0+0.: 0.5+ 2.
Batch 1 16:1 221+ 1.4 226 +2. 252+ 1. -50.5 * 3.¢ 22541 51+1.]
20:1 -18.8 +0.! -18.0 £ 2.( 217 +1. 427 £ 1.t -19.0 £ 0.¢ 3.6+ 1.(
24:1 -20.1 +0.: -19.9 £ 1. 21.7 + 0. -43.6 1.7 -20.6 £ 0. 2.8+ 0.¢
28:1 -17.2 £ 0.4 -16.0 £ 2. 217 +1.: 4152 -17.6 + 1. 54+1.;
32:1 -16.0 £ 0. -15.6 £ 0. 215+1.! -39.9 1. -16.5 £ 0. 7.5+ 1.

Table B:continueton next pag
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Table B3 continue

Liposome MS09:siRNA ¢ potential (mV)

formulation (") Mean® Mode® SDPP D10 D50 D90
MS09/Chol (1:2 -d -14.4+ 3.€ -13.7+ 2.1 22.4+1.€ -39.6+ 1.€ -15.0+4.C 3.5+5.2
MS09/Chol (1:3 | -° -13.0+6.4 -11.9+6.C 26.8+ 2. -48.6+ 6.4 -14.2+ 6.4 5.6+2.¢&
MSO09/Chol/PEC | -¢ -8.9+2.! 9.2+1.¢ 18.7 £ 0.¢ -30.8 £ 1.¢ -99+2! 10.5 + 3.:
(1:2)
MS09/Chol/PEC | -¢ -6.3 + 2.¢ 6.6 +2.¢ 155 +5.¢ -24.8 +10.. 71+2° 10.1 + 3.
(1:3)
MS09/DOPE -d -32.7+ 3.4 -30.2 £ 9.¢ 241+ 2. -52.0+1.. -29.9+1.. -0.8+1.t
Batch 2
t = 0 months
MS09/DOPE -d -29.5+3.: -275+7.. 25.9+0.. -50.€+ 1.4 -26.6 £ 0.} -0.8+1.0
Batch 3
MS09/Chol (1:1 | -° -28.1+0.2 -26.9+4.¢€ 25.5+ 0.k -57.3+ 0.7 -30.7+ 1.1 1.1+1.7
Batch 2
t = 0 months
MS09/Chol (1:1 | -° -27.0+1.1 -28.5+11.¢ 275+ 1.k -57.6+ 1.5 -30.6+ 1.7 0.6+2.1
Batch 3
MS09/DOPE/PE!( | -1 -31.1+1.¢ -27.2+ 4.4 25.0+1.¢ -62.0+ 1.€ -31.5+0.€ -6.1+1.7
Batch 2
t = 0 months
MS09/DOPE/PE!( | -1 -28.6+1.1 -26.6+ 3.E 25.0+0.¢ -59.0+ 1.2 -30.4+2.C -3.8+2.1
Batch 3
MS09/Chol/PEC | -9 -36.8+0.€ -37.5+ 8.€ 25.5+0.¢€ -64.9+ 0.1 -37.2+0.€ 5.4+1.1
(1:1), Batch 2
t = 0 months
MSO09/Chol/PEC | -¢ -30.6+ 1.1 -37.2+ 4.4 27.0+ 0.2 -60.7+ 0.5 -30.1+1.2 -3.5+1.2
(1:1), Batch 3
MS09/DOPE -d -31.3+1.1 -32.5+1.¢ 254+ 1.¢ -56.4+1.C -30.9+ 1.7 -29+1.€
t =5 months
MS09/DOPE -d -18.5 + 3.. -17.2 £ 0. 23.3+ 2. -54.0+4.: -20.0 £ 4.¢ -30.0 £ 2.:
t = 10 months

Table B! continued on next pa
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Table B3 continue

Liposome
formulation

MS09:siRNA

¢ potential (mV)

Mean?

Mode®

SDAP

D10

D50*¢

D90

MS09/Chol (1:1
Batch 2
t =5 months

-26.9 + 2.

-27.6 +1.:

255+ 0.¢

-56.4 + 1.(

-27.7 + 1.

-0.6x 25

MS09/Chol (1:1
Batch 2
t = 10 months

-28.8 £ 1.

-26.5% 1.

223+ 1.

-54.7 +5.

-24.3+0.!

2.4 +1.¢

MS09/DOPE/PE!
Batch 2
t =5 months

-30.2 + 1.

-27.4 + 3.1

258 £ 2.(

-62.2 + 3.

-29.3+1.!

-6.0+ 2.7

MSO09/DOPE/PE!
Batch 2
t = 10 months

-36.8 + 1.

-30.4 + 4.

19.1 + 3.

-48.3 + 2.

-36.5 + 1.

-5.3+1.!

MS09/Chol/PE(
(1:1), Batch 2
t =5 months

-38.9+2.!

-38.5+3.:

23.3+0.¢

-64.2 + 2.

-38.5+1.¢

-0.9+4.7

MS09/Chol/PE(
(1:1), Batch 2

t = 10 months

-38.9+4.¢

-38.3+7.!

2550

-70.7 £ 2.(

-55.1+ 2.

-85%1.:

Notes:

®Each value represents the mean + 31D 8)

®The SD value is a measure of the width of the petantial distribution profile

“The D10, D50 and D90 values indicate the percephadicles under the given zeta potential value

“The associated values are those of liposomes alone




3. Additional NTA concentration-derived estimates

Table B4: Estimated number of liposomal vesicles and siRN#etules per liposome-siRNA

nanocomplex

Liposome formulation MS09:siRNA| Average number of | Average number of SiRNA
(") vesicles/nanocomplex molecules/nanocomplex
MS09/DOPE 12:7° 3 n/e
16:1 3 450(
20:1 2 180(
24:1 2 210(
28:1 3 240(
32:1 5 400(
MS09/Chol (1:1 12:7° 3 n/e
16:1 3 390(
20:1 3 450(
24:1 3 400(
28:1 3 200(
32:1 2 170(
MS09/DOPE/PE! 12:7° 3 n/e
16:1 3 310(
20:1 3 240(
24:1 3 190(
28:1 2 170(
32:1 2 170(
MS09/Chol/PEG (1:: 12:12° 1 n/e
16:1° 1 170(
20:1 3 310(
24:1 3 300(
28:1° 1 100(
32:1 2 150(

Notes:

dComplete dye displacement was not achieved at M&99:siRNA {'/,,) ratios
SiRNA was likely to have been surface-associatdtése samples
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4. Flow Profiles

4.1 Liposome suspensions

A) MS09/DOPE

B) MS09/Chol (1:1)
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C) MS09:siRNA {,) = 20:1

10 7
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D) MS09:siRNAY,,) = 24:1
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) MS09:siRNA {'/,,) = 20:1

J) MS09:siRNAY,) = 24:1
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0) MS09:siRNA {'/,,) = 20:1

P) MS09:siRNA"(,,) = 24:1
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U) MS09:siRNA {'/,,) = 20:1 V) MS09:siRNA {'/,) = 24:1

10 4

08 -
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1 1 J
Relative Positiéx
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X \\ 0. \
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. g 08 4 =
Y E 04 - E
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04—
X 08—
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Note the following:
1. One representative flow profile per sample svah
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5. Zeta potential and sizess. concentration graphs

5.1 Liposome suspensions
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D) MS09/Chol/PEG (1:1)
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5.2 Lipoplexes

MSO09/DOPE LIPOPLEXES
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D) MS09:siRNA {'/,,) = 24:1
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MS09/Chol (1:1) LIPOPLEXES
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J) MS09:siRNA {/,,) = 24:1
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MS09/DOPE/PEG LIPOPLEXES
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P) MS09:siRNA {/,,) = 24:1
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MS09/Chol/PEG (1:1) LIPOPLEXES
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V) MS09:siRNA (/) = 24:1
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Note the following:

1. Graphs representative of a single experimentaper sample are shown.

2. Each curve on a graph represents the analysiseo¥ideo of particle motion recorded for a giesperimental

run.
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APPENDIX C
Miscellaneous calculations

1. Estimation of the average number of lipid molecules per vesicle
Example: MS09/DOPE formulation

* Lipid concentration of liposome suspension = 8 pmol/ml

* 1mol=6.022 x 1023 lipid molecules
1 pmol = 6.022 x 1017 lipid molecules
8 umol = 6.022 x 1017 x 8 lipid molecules = 4.82 x 1018
Therefore, lipid concentration of liposome suspension
= 4.82 X 1018 lipid molecules/ml

Average number of liposomal vesicles/ml (value plotted in Figure 4.4c)
=493 x 1012

4.82 x1018

293 x102 8.56 x 10°

Average number of lipid molecules/vesicle =

Estimation of the average numbers of individual lipid components per vesicle was
made assuming that the ratio at which these were combined in lipid mixtures was
maintained in each vesicle of a given formulation.

Average number of MS09 molecules/vesicle = 0.5 X 8.56 X 105 = 4.28 x 10>
Average number of DOPE molecules/vesicle = 0.5 X 8.56 X 105 = 4.28 x 10>

2.N/P (*/.) charge ratio

Example: Lipoplex assembled at MS09:siRNA (W/w) ratio of 12:1
Molecular weight of MS09 = 629 g/mol (Singh and Ariatti, 2006)
* Average molecular weight of ribonucleotide = 340 g/mol (Thermo Fisher Scientific,
DNA and RNA molecular weights and conversions accessed via

https://www.thermofisher.com/us/en/home/references/ambion-tech-

support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-

conversions.html as at 4/4/17)
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* Assumptions (a) 629 ng MS09 = 1 nano equivalent +ve charge
(b) 340 ng siRNA = 1 nano equivalent -ve charge

* The complex contained 0.3 g (300 ng) siRNA and 3.6 g (3 600 ng) MS09

* +ve charge in complex = % = 5.723 nano equivalents

. 300 .
* -ve charge in complex = 0 = 0.882 nano equivalents

5.
- N/P(T/) = ﬁzes

3. Final siRNA concentration

* Average molecular weight of siRNA = 13 400 g/mol (Dharmacon, Lafayette,
CO, USA)

Therefore 0.1 pg = 100 ne

———=— = 7.46 x 103 nmol = 7.46 pmol
13 400 ng/nmol

~ 7.5 pmol

* Ina48-well plate,
Total volume = 250 pl (growth medium) + 10 pl (transfecting complex) =
260 pl
Transfecting complexes contained 0.2 pg, 0.1 ug or 0.05 pg siRNA

*  When 0.2 pg (14.92 pmol) was introduced:

. Lo . 14.92 X 1076 1
siRNA concentration in transfecting complex = 222X 0 MO — 149 uM
10 X106 L

. . 14.92 x 1073 nmol
Final concentration = ——————— = 57.38 nM ~ 57 nM
260 x10°®¢ L

* When 0.1 pg (7.46 pmol) was introduced:

. .. . 7.46 X 107 1
siRNA concentration in transfecting complex = L26x 0 HEO = 0.75 uM
10 X 106 L

7.46 x 1073 nmol

Final concentration = —————— — = 28.69 nM ~ 29 nM
260 X106 L

*  When 0.05 pg (3.73 pmol) was introduced:
3.73 X 10°® umol

siRNA concentration in transfecting complex = ToriesL = 0.37 uM
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. . 3.73 X 1073 nmol
Final concentration = —— — = 14.35nM ~ 14 nM
260 X106 L

The above calculations are theoretical i.e. assume no loss due to pipetting.

4, Final cytofectin and lipid concentration
This sample calculation applies to the following scenario:

Cells in 48-well plates were transfected with lipoplex suspension (10 pl) assembled from

siRNA (0.2 ug) and MS09/DOPE liposome at MS09:siRNA (¥/w) ratio of 12:1.

Molecular weight of MS09 = 629 g/mol

Lipid concentration of MS09/DOPE formulation = 5.5 pg/ul = 8 x 1073 pmol/ul
MSO09 (i. e. cytofectin) concentration in MS09/DOPE suspension = 2.52 ug/ul

* The lipoplex contained (0.2 X 12) ug = 2.4 ug MS09

umol MS09 = —22E8 _ — 3815 x 1073
629 pug/umol

3.815 x 1073 umol

Final MS09 concentration =
260 x 106 L

= 14.7 yM
24 pg x 5.5 pg/ul
2.52 pg/ul
5.238 ug x (8 X 1073 pumol/ul)
5.5 pg/ul

* The lipoplex contained ( ) ug total lipid = 5.238 pg

umol lipid :( ) = 7.619 x 103

7.619 x 1073 pumol

Final lipid concentration =
260 x 10° L

=293 uM

5. Estimation of average number of vesicles/nanocomplex

This example applies to the MS09/DOPE lipoplex at MS09:siRNA (¥/w) ratio of 16:1,

The NTA-generated lipoplex concentration reflects the number of nanocomplexes in the
diluted sample; hence the concentration of nanocomplexes in the original 10 pl suspension
was estimated by multiplying this value with the dilution factor, i.e. 700. The average of
three experimental runs was taken, i.e. 1.58 X 1011 + 5.44 x 1010 particles/ml, and this
value was plotted in Figure 4.12c, of section 4.3. This is the equivalent of an average of

1.58 x 109 particles in 10 pl.
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The average number of liposomal vesicles in the MS09/DOPE stock suspensions was
calculated in the same way, i.e. 4.93 X 1012 + 4.85 X 1011 particles/ml. To prepare
lipoplexes 1 pl stock suspension was used. This implies that, for a well-dispersed liposome
suspension, an estimated (4.93 X 1012 +-1000) = 4.93 X 10° liposomal vesicles was
introduced into 10 pl. Hence, the estimated average number of MS09/DOPE liposomal
vesicles involved in the formation of one liposome-siRNA complex at the MS09:siRNA (W/w)
ratio of 16:1 is:

4.93 x 10°liposomal vesicles

= 312 - 3
1.58 x 10°lipoplexes

6. Estimation of average number of siRNA molecules/nanocomplex
This example pertains to the MS09/DOPE lipoplex at MS09:siRNA (W/w) ratio of 16:1,

* The lipoplex suspension was prepared using 1 pl liposome stock suspension

i.e. 2.52 ug MS09

e Hence:

2.52
(?) pg = 0.1575 pg = 157.5 ng siRNA was added

* Average molecular weight of siRNA = 13 400 ng/nmol

¢ Therefore
157.5

13 400

nmoles siRNA in lipoplex suspension = ( )= 1.175 x 1072

* 6.022 x 1023 molecules in 1 mol siRNA
=6.022 X 101 molecules in 1 nmol siRNA.

* Hence 1.175 X 10-2 nmol contains (6.022 X 1014) x (1.175 X 10-2) siRNA
molecules

e =7.076 x 1012

number of siRNA molecules in 10 pl

number of siRNA molecules per complex = -
average number of nanocomplexes in 10 pl

_ 7.076 x 1012

1.58 X109 = 4.5x10°
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APPENDIX D
Set-up for gel retardation and nuclease digestionsaays

Table D1 Preparation of MS09/DOPE-siRNA complexes forrmgehrdation assay

MS09:SiRNA ("/,,) 0 4:1 8:1 12:1 16:1 20:1 24:1 28:1
SiRNA (19) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
(ul)? 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12
MS09 (n9) 0 1.2 2.4 3.€ 4€ 6.C 7.2 8.4
Liposome (ng) 0 2.62 5.2¢ 7.8€ 10.4¢ 13.10 15.71 18.3:
(ul) 0 0.95 1.90 2.86 3.81 4.76 5.71 6.67
HBS ) 8.8¢ 7.97 6.9¢ 6.0z 5.07 4.1z 3.17 2.21
Total volume  (ul) 10 10 10 10 10 10 10 10

%iRNA stock = 0.26%g/ul
PMS09/DOPE stock diluted 1:1/¢) in HBS = 2.75ug/ul

Table D2 Preparation of MS09/Chol (1:1)-siRNA complexesdel retardation assay

MS09:siRNA ("/,) 0 8:1 12:1 16:1 20:1 24:1 28:1 32:1
siRNA (ng) 0.5 0.3 0.3 0.3 0.5 0.2 0.2 0.2
(uh? 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12
MS09 ©g) 0 2.4 3.6 4. 6.C 7.2 8.4 9.€
Liposome (ng) 0 3.87 5.€0 7.7 9.67 11.€0 13.5:¢ 15.47
(nl)® 0 1.90 2.86 3.81 4.76 5.71 6.67 7.62
HBS (ul) 8.8¢ 6.9¢ 6.0z 5.07 412 3.17 2.21 1.2¢
Total volume (pl) 10 1C 1C 1C 10 10 10 1C

%iRNA stock = 0.26%g/ul
PMS09/Chol (1:1) stock diluted 1:1/¢) in HBS = 2.03ug/yul
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Table D3 Preparation of MS09/DOPE/PEG-siRNA complexeggierretardation assay

MS09:siRNA (/) 0 8:1 12:1 16:1 20:1 24:1 28:1 32:1
siRNA (ng) 0.5 0.2 0.3 0.3 0.5 0.2 0.2 0.2
(nh)? 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12
MS09 ©g) 0 2.4 3.6 4. 6.C 7.2 8.4 9.€
Liposome (ng) 0 5.6¢ 8.52 11.3¢ 14.2( 17.0¢ 19.87 22.7]
(nl)® 0 1.95 2.93 3.90 4.88 5.85 6.83 7.80
HBS (ul) 8.8¢ 6.9:2 5.9t 4.9¢ 4.C 3.0 2.0F 1.0¢
Total volume  (pl) 10 1C 1C 1C 10 10 10 10
%iRNA stock = 0.268g/ul
PMS09/DOPE/PEG stock diluted 1:%,f in HBS = 2.91ug/ul
Table D4 Preparation of MS09/Chol/PEG (1:1)-siRNA compkeker gel retardation assay
MS09:siRNA ("/,,) 0 8:1 12:1 16:1 20:1 241 28:1 321
siRNA (nQ) 0.Z 0.2 0.2 0.2 0.: 0.2 .3 0.2
(uh? 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12
MS09 ©g) 0 2.4 3.€ 4.¢ 6.C 7.2 8.4 9.€
Liposome (ng) 0 4.31 6.47 8.62 10.7¢ 12.9¢ 15.0¢ 17.2¢
(ul)® 0 1.95 2.93 3.90 4.88 5.85 6.83 7.80
HBS (ul) 8.8¢ 6.9:2 5.9t 4.9¢ 4.C 3.0 2.0F 1.0¢
Total volume  (ul) 10 1C 1C 1C 10 10 10 10

%iRNA stock = 0.26%g/ul

PMS09/Chol/PEG (1:1) stock diluted 14, in HBS = 2.21ug/ul
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Table D5: Preparation and treatment of MS09/DOPE-siRNA dengs for nuclease digestion assay

MS09:siRNA ("/,,) 0 0 12:1 16:1 20:1 24:1 28:1 32:1

SiRNA @h?| 1.1z | 1.1z | 1.1¢2 1.1z 1.1z 1.1z 1.1z 1.1z

Liposome m)*| o 0 2.8¢€ 3.81 4.7¢ 5.71 6.67 7.62

HBS @) | 8.8¢ | 8.8t | 6.0z 5.07 4.12 3.17 2.21 1.2€

Total sample  ul) 10 10 10 10 10 10 10 10 Room temperature, 30 n
FBS @l) 0 1.1 1.1 1.1 1.1 1.1 1.1 1.1 37°C, 41

EDTA (u)¢] O 1.15 | 1.1F 1.1¢ 1.1¢ 1.1¢ 1.1¢ 1.1¢

SDS @h?| O 0 1.1% 1.1¢ 1.1¢ 1.1¢ 1.1¢ 1.1f | 55°C, 25 mi

HBS @) | 3.4 1.1¢ 0 0 0 0 0 0

Total volume  (ul) 13.¢ 13.£ 13.4 13.4¢ 13.4¢ 13.4¢ 13.4 13.¢

%iRNA stock = 0.26%g/ul

PMS09/DOPE stock diluted 1:1/() in HBS = 2.75ug/ul
‘EDTA stock = 110 mM in water

9SDS stock = 6 %'(,) in water

Table D6 Preparation and treatment of MS09/Chol (1:1)-sdRiémplexes for nuclease digestion assay

MS09:siRNA ("/,,) 0 0 12:1 16:1 201 24:1 28:1 32:1

SiRNA (nh?| 1.12 1.12 1.12 1.1 1.1 1.12 1.1z 1.1z

Liposome @) o 0 2.8¢€ 3.81 4.7¢ 5.71 6.67 7.62

HBS () | 8.8¢ | 8.8¢ 6.0z 5.07 4.12 3.17 2.21 1.2¢

Total sample  (ul) 10 1C 10 10 10 10 10 10 Room temperature, 30 n
FBS (M) 0 1.1 1.1 1.1 11 11 11 1.1 37°C, 41

EDTA (nh)° 0 1.1t 1.1¢ 1.1t 1.1t 1.1t 1.1t 1.1t

SDS an?| o 0 1.1F 1.1F 1.1F 1.1F 1.1F 1.1 | 55°C,25min

HBS () | 3.4 | 1.1F 0 0 0 0 0 0

Total volume  (ul) 13.¢ 13.¢ 13.4 13.4 13.4 13.4 13.4 13.¢

%iRNA stock = 0.268g/ul

PMS09/Chol (1:1) stock diluted 1:1/¢) in HBS = 2.03ug/ul
°EDTA stock = 110 mM in water

9SDS stock = 6 %'(,) in water
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Table D7. Preparation and treatment of MS09/DOPE/PEG-siRN#plexes for nuclease digestion assay

MS09:siRNA (/) 0 0 12:1 16:1 20:1 24:1 28:1 32:1

siRNA uh?| 1.1Z 1.1z 1.12 1.1z 1.1z 1.12 1.12 1.12

Liposome (nl)® 0 0 2.9¢ 3.9C 4.8¢ 5.8t 6.8: 7.8C

HBS () | 8.8¢ 8.8¢ 5.9t 4.9¢ 4.C 3.0¢ 2.0% 1.0¢

Total sample  (l) 10 1C 10 10 10 10 10 10 Roomtemperature, 30 m
FBS (ul) 0 11 11 11 11 1.1 1.1 1.1 37°C, 41

EDTA (nh)° 0 1.1¢ 1.1t 1.1t 1.1t 1.1¢ 1.1f 1.1f

SDs< (nh)® 0 0 1.1t 1.1t 1.1t 1.1f 1.1f 1.1f 55 °C, 25 min

HBS (ul) 3.4 1.1¢ 0 0 0 0 0 0

Total volume  (ul) 13.¢ 13.£ 13.4 13.4¢ 13.4¢ 13.4¢ 13.4 13.¢

%iRNA stock = 0.26%g/ul

®MS09/DOPE/PEG stock diluted 1:4,f in HBS = 2.91ug/yl
‘EDTA stock = 110 mM in water

9SDS stock = 6 %'(,) in water

Table D8 Preparation and treatment of MS09/Chol/PEG ($iRNA complexes for nuclease digestion assay

MS09:siRNA ("/,,) 0 0 12:1 16:1 201 24:1 28:1 32:1

SiRNA (nh?| 1.12 1.1z 1.12 1.12 1.12 1.12 1.12 1.12

Liposome @l)® 0 0 2.9¢ 3.9C 4.8¢ 5.8t 6.8: 7.8C

HBS () | 8.8¢ 8.8¢ 5.9t 4.9¢ 4.C 3.0¢ 2.0% 1.0¢

Total sample @) 10 1C 10 10 10 10 10 10 Room temperature, 30 n
FBS () 0 11 11 1.1 11 1.1 1.1 1.1 37°C. 41

EDTA (nh)° 0 1.1t 1.1t 1.1t 1.1t 1.1t 1.1f 1.1t

SDS fal)? 0 0 1.1t 1.1t 1.1t 1.1f 1.1f 1.1¢ 55 °C, 25 min

HBS (ul) 34 1.1t 0 0 0 0 0 0

Total volume  (ul) 13.¢ 13.¢ 13.4 13.4 13.4 13.4 13.4 13.¢

%iRNA stock = 0.268g/ul

PMS09/Chol/PEG (1:1) stock diluted 14, in HBS = 2.21ug/ul
°EDTA stock = 110 mM in water

9SDS stock = 6 %'(,) in water

213



APPENDIX E

MS09/Chol (1:1)vs. MS09/DOPE at MS09:siRNA (/) = 16:1

Table EX: A summary of the properties of MS09/Chol (1:13 &anS09/DOPE lipoplexes at

MS09:siRNA {',,) =16:1

Liposome formulation MS09/DOPE MS09/Chol (1:1)
MS09:siRNA (/) 16:1 16:1
N/P () 8.7:1 8.7:1
Number of liposomal vesicles/nanocompléx 3 3
Number of siRNA molecules/nanocompléx 4500 3900
Number of lipid molecules/nanocompleX” 25.7 x 10 34.8x 16
Gel retardation X x
SiRNA fully bound at given
) EtBr 4 4
ratio? (v'/x) Dye displacemen
SYBR Green 4 4
Size (nm) 92.4+245 126.8+7.3
Z-NTA® _
 potential (mV) -33.6+4.5 -43.9 £ 5.4*
Protection of SIiRNA SIRNA protectedv’/x) Y Y
in serum (10 %"1,) % SiRNA protected] 75.5 +5.01 67.8 + 0.03*
siRNA (nM) 12 12
Dose applied to cells in MS09 (M) 41 41
gene expression studies
Total lipid (uM) 8.2 8.2
Cell survival at given dosé | MCF-7 AB 99.8+7.7 98.9+8.4
(%)
HT-29 AB 102.1£7.3 100.6 + 11.
SiRNA uptake at given dose MCF-7 29.1+£27 41.7 + 3.2
(x 10°RFU/mg protein) HT-29 28.5+1.8 24.8+2.0

Notes:

®Reported values are average estimates

*This value was estimated based on the estimatedga/@umbers of lipid molecules/vesicle and

vesicles/nanocomplex

‘Data is presented as the mean + 8B @)
*P < 0.05, *P < 0.01vs MS09/DOPE (MS09:siRNA/,, = 16:1)
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APPENDIX F
Additional cytotoxicity data
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Figure F1: Tolerance of MS09/DOPE and MS09/Chol (1:1) lipoplexes by a) MCF-7, b) HT-29, ¢) HEK293 and d) Caco-2 cells. Lipoplexes were
assembled at MS09:siRNA ("/,) = 16:1, and introduced to cells at varying final siRNA concentrations. Non-targeting siRNA was used throughout
and cell survival was assessed by the AB viability assay 48 h after transfection. Each column represents the mean = SD (n = 3). P> 0.05 vs.
untreated cells, in all instances.
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Figure F2: Effect of transfections in high serum concentrations on the growth of a) MCF-7 and b) HT-29
cells. Cells were subjected to 4 h-long exposure to MS09/DOPE and MS09/Chol (1:1) lipoplexes,
assembled at MS09:siRNA (/) = 16:1, to give final siRNA concentration of 12 nM, in varying serum
concentrations. Non-targeting siRNA was used throughout and cell survival was assessed by the AB
viability assay at 48 h post-transfection. No treatment refers to cells that were grown in 10 % serum for
48 h without transfection. Cells only refers to groups exposed to varying serum concentrations without
transfection. Each column represents the mean + SD (n = 3). P> 0.05 vs. the No treatment group, in all

instances.
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