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ABSTRACT

Although significant progress has been made in the basic science and applications of various
non-viral gene delivery systems, the majority of non-viral approaches are still much less
efficient than viral vectors, especially for in vivo gene delivery, Therefore, non-viral gene
delivery must be developed in order to increase the efficiency of in vivo delivery. Moreover, a
novel anti-gene reagent was developed for sequence-specific gene silencing.

Peptide Nucleic Acid (PNA), a mimic of oligonucleotide with a neutral pseudopeptide
backbone consisting of repeating N- (2-amino-ethyl)-glycine units, can invade double-stranded
DNA to generate a stable single-strand D-loop. Locked Nucleic Acid (LNA) are synthetic
analogs of nucleic acids, which contain a bridging methylene carbon between the 2’ and 4’
positions of the ribose ring. Over the years, a variety of chemically modified small molecules
have been developed. Among them, PNA and LNA have shown great promise for a number of
applications.

In order to further develop a technology for linking functional entities to non-viral vectors, the
Bioplex technology, we investigated how hybridization of PNA to supercoiled plasmids would
be affected by the binding of multiple PNA-peptides to DNA strands. Cooperative effects were
found at a distance of up to three bases. With a peptide present at the end of one of the PNA,
steric hindrance occurred, reducing the increase in binding rate when the distance between the
two sites was less than two bases. In addition, we found enhanced kinetics when PNA binding
to overlapping sites on opposite DNA strands were added, without the use of further chemically
modified bases in the PNAs (I).

We also generated a novel, sequence-specific anti-gene molecule “Zorro LNA”, in which a 14-
mer LNA binds to the coding strand, while a 16-mer connected LNA binds to the template
strand. Our data suggest that the “Zorro LNA” induced effective and specific strand invasion
into DNA duplexes and potent inhibition of gene transcription, also in mammalian cells. This
offers a novel type of anti-gene drug, which is easy to synthesize (II). We also found that the
Zorro LNA construct efficiently inhibited pol ITI-dependent transcription in a cellular context,
including in vivo in a mouse model. Thus, this new form of gene silencer could potentially serve
as a versatile regulator of pol IlI-dependent transcription, including various forms of shRNAs
(I10).

Finally, In order to further evaluate the in vivo activity of Zorro LNA and trace its long-term
effect in inhibiting gene expression, we inserted two adjacent Zorro LNA-binding sites flanked
by loxP sites within the transcribed region of a reporter gene. As previously observed, after
Zorro LNA was hybridized to the plasmid, it significantly induced gene silencing in the
mammalian cells. Both in transfected cells and in mouse model the silencing effect was lost
when Cre-recombinase expressing plasmids were subsequently transfected. This suggests that
binding of Zorro LNA is stable over a period of days.
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1 INTRODUCTION

1.1 DNA DELIVERY SYSTEM

Introduction of DNA into mammalian cells is a powerful tool for studying the
mechanism of gene transcription, and for gene therapy. The process of introducing
DNA into cells for the purpose of gene expression is called transfection or gene
delivery. For this purpose, it is common to use plasmid DNA and variety of
transfection methods(1). These transfection reagents are used to stimulate cellular
attachment, intracellular release and subsequent nuclear translocation of the plasmid
DNA(2, 3). An ideal gene delivery method needs to meet 3 major criteria: (i) it should
protect the transgene against degradation by nucleases in intercellular matrices, (ii) it
should bring the transgene across the plasma membrane and into the nucleus of target
cells, and (iii) it should have no detrimental effects(4).

1.1.1 Viral delivery

Nonpathogenic, attenuated viruses can be used as delivery systems for DNA molecules,
especially plasmids(5). Viral vectors are able to mediate gene transfer with both high
efficiency and the possibility of long-term gene expression. Commonly used viral
systems for gene transfer include Retroviruses, Lentiviruses, Adenoviruses and Adeno-
associated viruses. As every virus has unique characteristics, it is possible to select a
virus that is optimal for each specific type of gene delivery(6). Viral vectors are tailored
to their specific applications but generally share a few key properties: (i) safety, (ii) low
toxicity, (iii) stability, (iii) Cell type specificity. Gene expression using viral vectors has
been achieved with high transfection efficiencies in tissues such as liver(7). Viruses are
currently used in more than 70% of human clinical gene therapy trials worldwide(8).
However, unfortunately, the acute immune response, immunogenicity, and insertion
mutagenesis uncovered in gene therapy clinical trials have raised serious safety
concerns about some commonly used viral vectors. Such toxicities have also been
observed in numerous animal models(9-11). The limitation in the size of the transgene
that recombinant viruses can carry and issues related to the production of viral vectors
present additional practical challenges present additional practical challenges.

1.1.2 Non-viral delivery

Methods of non-viral gene delivery have also been explored using mechanical and

chemical approaches (Fig.1.1). Mechanical approaches including:

® Direct injection of naked DNA(12) — Conceptually simple, DNA goes directly into
the nucleus, laborious (one cell at a time)

® Electroporation(13, 14) — based on high-voltage electrical pulses to transiently
permeabilize cell membranes

® Gene gun(l5, 16) — particle bombardment-DNA coated microparticles are
accelerated to high velocity to penetrate cell membranes:

® Hydrodynamic delivery(17, 18) — delivering naked DNA to hepatocytes (rapid
injection via tail vein)
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Figure 1.1: DNA delivery efficiency versus toxicity

The chemical approaches(19-21) use synthetic or naturally occurring compounds as
carriers to deliver the transgene into cells (Table 1.1). Although significant progress has
been made in the basic science and applications of various non-viral gene delivery
systems, the majority of non-viral approaches are still much less efficient than viral
vectors, especially for in vivo gene delivery.

Transfection Function Name Sequence | Selected examples
reagent specifity
Cationic lipid | DNA Lipoplex | No Lipofectamine
condensing
activity
Cationic DNA Polyplex | No Polyethleneimine
polymer condensing
activity
Nucleic acid | Including or | Bioplex Yes Nucleic acid-
fused to a|excluding DNA Nuclear
functional condensing localization signal
moiety activity (NLS) fusion

Table 1.1: Nomenclature and characteristics of transfection complexes. Reproduced
from Branden LJ et al. (22)

1.1.3 Bioplex

Bioplex is a new technology intended to substantially improve the cellular uptake of
naked-DNA during transfection. The concept is based upon using synthetic
oligonucleotides which serve as anchors for different functions attached directly to
the plasmid. Examples are nuclear localization signals (NLS), RGD for receptor
mediated endocytosis and HA2 for endosomal disruption(21).

The technology is based on the use of two particular aspects of PNA (or analogues
thereof), namely the high sequence specificity, making these molecules most suitable
as genetic anchors, and the possibility of making a continuous peptide synthesis,
allowing PNA and a peptide moiety to become adjacent without involving
cumbersome linking chemistry and purification of the conjugated peptides. It is then
possible to attach and/or specificity (Fig. 1.2).
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Figure 1.2: The Bioplex concept. Site-specific PNAs are hybridized to the plasmid
by strand invasion. Branched or linear linkers couple functional entities to the PNA
anchors and thereby to the plasmid. Reproduced from Svahn MG et al. (23).

1.1.4 DNA delivery is a multiple process

Transfer of exogenous DNA into the cell is greatly impeded by the size and charge of
the DNA. Furthermore, DNA delivery is a multi-step process (Table 1.3), DNA must
evade biochemical degradation and several cellular barriers before it can have the
desired effect in the cell. Only DNA that survives all these barriers has the potential to
be functional. As a result, the number of DNA molecules decreases at each step of the
journey to the nucleus. Therefore, identifying and overcoming each barrier along the
pathways can significantly increase DNA delivery efficiency. Equally important as
efficient delivery is targeted delivery, in which specific molecular agents are used to
enhance the delivery of DNA to a specific target.

1 | DNA condensation and complexation:

Negatively charged DNA molecules are usually condensed and/or complexed
with cationic transfection reagents

2 | Uptake of the complexes by the cell usually through endocytosis:

Involves binding, internalization, formation of endosome, development of
lysosome, lysis/degradation

3 | Dissociation from the complexes and entering into the nucleus:

Entry is thought to occur through nuclear pore complexes. DNA may also be
recruited into the nucleus during the physical process of cell division

Table 1.2: DNA delivery is a multi-step process

1.1.5 Perspective

Ideal DNA delivery properties:

Ease of assembly

Capability of bypassing or escaping from endocytotic pathways
Efficient decomplexation or “unpacking”

Efficient nuclear targeting



® High, persistent and adjustable expression

1.2 TRIPLEX-FORMING OLIGONUCLEOTIDES (TFOS)

In earlier studies, it has been shown that triplex-forming oligonucleotides (TFOs) and
their derivatives are able to invade the major groove of oligopyrimidine*oligopurine
regions in double-stranded DNA and interfere with gene transcription initiation and
elongation(24-26). However, this Hoogsteen-binding dependent invasion is
considered slow and there is room for improvement of the intracellular efficiency of
TFOs(27). Moreover, it was recently reported that a nucleotide excision repair
machinery is targeted to helical distortions and altered hydrogen-bonding pattern
caused by Hoogsteen binding(28). Certain synthetic polyamides binding to the minor
groove constitute an alternative to TFOs(29). However, further exploration of other
Watson-Crick binding reagents could be rewarding. Over the years, a variety of
chemically modified small molecules have been developed. Among them, PNA and
LNA have shown great promise for a number of applications.

1.3 PEPTIDE NUCLEIC ACIDS

1.3.1 Introduction

During the past decade several hundred different analogs, containing natural
nucleobases on a modified backbone, have been synthesized. A pioneering example of
this is peptide nucleic acid (PNA), an analog with a noncyclic peptide-like backbone.
The original aminoethylglycine-based PNA was first described by Buchardt(30). Using
molecular modeling the Danish group removed the sugar phosphate backbone and
replaced it with a polyamide of N-(2-aminoethyl) glycine. So PNA (Fig. 1.3) is an
oligonucleotide analog with a neutral pseudopeptide backbone consisting of repeating
N- (2-amino-ethyl)-glycine units(30). It is chemically stable and resistant to hydrolytic
(enzymatic) cleavage and thus not expected to be degraded inside a living cell. PNA is
capable of sequence-specific recognition of DNA and RNA obeying the Watson-Crick
base pairing rules(31), and the hybrid complexes exhibit extraordinary thermal stability
and unique ionic strength effects.

It may also recognize duplex homopurine sequences of DNA to which it binds by
strand invasion, forming an extremely stable PNA-DNA-PNA triplex with a looped-out
DNA strand(32-34) (Fig. 1.4). Strand invasion is most efficient when pyrimidine PNAs
are connected by a flexible linker to form a bisPNA in which one PNA strand
hybridizes to DNA by Watson-Crick base pairing, while the other binds to the same
strand by Hoogsteen mode(33, 35). When targeting DNA containing several copies of
PNA binding sites (BSs), it is possible to achieve a cooperative effect for the PNA
binding. A report showed that cooperative strand displacement by bis-PNAs bound to
DNA sequences, positioned in the immediate vicinity of each other, but on opposite
DNA strands, occurs at a distance of up to two bases(36). PNA oligomers also show
greater specificity in binding to complementary DNAs, with a PNA/DNA base
mismatch being more destabilizing than a similar mismatch in a DNA/DNA duplex.
This binding strength and specificity also applies to PNA/RNA duplexes(31). PNA
appears to be resistant to both cellular nucleases and proteases(37).



Moreover, it has recently been reported that further optimized PNA(38), which is
extended outside the bis-region, widens the application for strand invasion and inhibits
transcription in vitro(38, 39). These properties of PNA should be advantageous for use
as anti-gene drugs to inhibit gene activity at the transcriptional level. Based on in vitro
cell-free experiments, it is generally considered that triplex invasion complexes are
effective inhibitors of transcription initiation as well as transcription elongation,
especially when positioned on the template strand(38-41). Several interesting studies by
Boffa et al. have reported cellular anti-gene effects on c-myc transcription of mixed
purine-pyrimidine sequence PNAs(42-44). Given that linear PNAs show considerably
reduced binding affinities as compared to bisPNAs these results are remarkable. The
exact mechanism accounting for the observed effect has, however, not been delineated
and the binding stochiometry of PNA to the DNA target was not demonstrated(45).
Other potential applications for duplex recognition by PNA include activation of gene
transcription(46, 47)and introduction of mutations(48). However, to date, we are not
aware of any convincing data showing that PNA induces gene transcription by simply
increasing the accessibility of RNA polymerases, through the displacement of the two
DNA strands as an artificial promoter. One paper reported that PNA induced human
gammaglobin gene expression in vivo(47), but we noticed that the anchor site for PNA
binding in that paper overlapped with a binding site for a transcriptional repressor, Oct-
1, thus offering an alternative explanation. To this end, a recent report describes the
elegant use of anti-gene PNAs, which target transcriptional start sites, demonstrating
that linear PNA work very efficiently at high PNA to target site ratios(49).

HN o_
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Figure 1.3: Molecular structures of PNA and DNA
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Figure 1.4: D-loop formation by bisPNA inside dsDNA (Hoogsteen and Watson-Crick
binding) Reproduced from Demidov VV et al. (37).

1.3.2 Thermodynamics

The thermal stability of PNA/DNA and PNA/RNA duplexes is higher compared to
DNA/DNA and DNA/RNA duplexes (Table 1.3). The stronger binding is attributed to
the lack of charge repulsion between the neutral PNA strand and the DNA or RNA
strand. The achiral backbone of PNA allows for a greater flexibility and may also
influence binding.

Duplex Tm

15-mer PNA/DNA 69 C
15-mer DNA/DNA 54 C
15-mer PNA/RNA 72 C
15-mer DNA/RNA 50 C

Table 1.3: Reproduced from Nielsen PE et al.(31)

Another important consequence of the neutral backbone is that PNA/DNA duplexes are
insensitive to variations in salt concentration (Table 1.4). This is in contrast to
DNA/DNA duplexes, which are highly dependent on ion concentration. At low salt
concentration, PNA can bind to a target sequence at temperatures where DNA
hybridization is suboptimal.

Salt (Na CI) PNA/DNA Tm DNA/DNA Tm
Concentration

0 mM 72 C 38 C

140 mM 69 C 56 C

1000 mM 65 C 65 C

Table 1.4: Reproduced from Nielsen PE et al.(31)



1.3.3 Uptake of PNA in eukaryotic cells

Cellular uptake is a major barrier to successful use of oligonucleotides inside cells.
Fortunately, several methods have been developed to promote entry of PNAs into cells.

One strategy for achieving cellular uptake involves annealing PNAs to negatively
charged DNA oligonucleotides and then complexing the heteroduplex with cationic
lipid(50). In this variation of standard protocols for delivering RNA or DNA into cells,
the lipid binds to the DNA, allowing it to pass through the cell membrane. PNAs
delivered into cells by this method have been shown to inhibit telomere synthesis by
human telomerase(51) and to bind mRNA and inhibit expression of luciferase(52),
human caveolin(53) and human progesterone receptor. The inhibition of mRNA by
PNAs delivery by this strategy is as efficient and as prolonged as inhibition by
analogous siRNAs(53). Advantages of this method are that the PNA does not require
chemical modification and standard transfection protocols can be used. A disadvantage
is that use of lipid adds an extra experimental step. It is likely that this simple method
has not become more widely used because its successful use requires that a laboratory
be familiar with the chemical properties of PNAs and possesses expertise performing
transfections of mammalian cell culture.

Spontaneous uptake of PNAs by cells can be achieved by attachment of peptide
sequences that promote translocation across cell membranes(54, 55). One advantage of
this approach is that lipid is not necessary, making the procedure more straightforward.
Another advantage of this approach is that the peptide might also be used to promote
nuclear uptake. Disadvantages are that additional synthetic steps are needed to add the
peptide to the PNA and relatively high concentrations of PNA are required. In animals,
uptake of PNAs tagged with four lysine residues has been shown to occur in a variety
of tissues in mice and alter splicing(56). Development of conjugates between PNAs and
peptides or peptoids may ultimately be the method needed to achieve breakthrough
results in vivo. PNAs with minimal modification can enter cultured cells and alter
splicing, but only when high concentrations are present in the growth medium(57)

1.3.4 PNA-mediated transcription arrest

PNAs can arrest transcriptional processes by virtue of their ability to form a stable
triplex structure or a strand-invaded or strand-displacement complex with DNA(58).
Such complexes can create a structural hindrance to block the stable function of RNA
polymerase and thus are capable of working as antigene agents. It is important that the
PNA target (DNA homopurine) must be present in the gene of interest(58). One of the
major obstacles for applying PNA as an antigene agent is that the strand invasion or the
formation of strand displacement complex is rather slow at physiological salt
concentrations. But it was found out that under physiological salt conditions, binding of
PNA to supercoiled plasmid DNA is faster compared to linear DNA(59). This result is
relevant to the fact that the transcriptionally active chromosomal DNA usually is
negatively supercoiled, which can act as a better target for PNA binding in vivo. It was
also found that the binding of PNA to dsDNA is enhanced when the DNA is being
transcribed. This transcription-mediated PNA binding occurs about three-fold as
efficiently when the PNA target is situated on the nontemplate strand instead of the
template strand(59). As transcription mediates template strand-associated (PNA)



2/DNA complexes that can arrest further elongation, the action of RNA polymerase
results in repression of its own activity, i.e., suicide transcription(60).

1.4 LOCKED NUCLEIC ACIDS

1.4.1 Introduction

Modifications to native nucleic acids can be introduced in the nucleobase, the sugar
ring or the phosphodiester backbone(61). In an effort to increase binding affinity
towards RNA by conformational restriction, many sugar-modified nucleic acids have
been prepared(62). Model building revealed an O2'- to C4'-linked analogue to be of
interest, owing to its conformationally locked C3'-endo sugar conformation, which is
supposedly ideal for recognition of RNA; a 2'-0,4-C-methylene-linked
ribonucleotide derivative was subsequently synthesized(63, 64) and named LNA(63,
64).

LNA bases contain a bridging methylene carbon between the 2° and 4’ positions of the
ribose ring(63-67) (Fig. 1.5). This constraint preorganizes the oligonucleotide backbone
thereby increasing the Ty, values by as much as 10 C per LNA base replacement.
Multiple LNA substitutions allow Ty, values to be precisely tailored for specific
applications. The introduction of LNA bases also increases resistance to digestion by
nucleases(68). LNA contains natural phosphodiester linkages and, therefore, resembles
natural nucleic acids with respect to, for example, adequate aqueous solubility, Watson-
Crick mode of binding, and ease of automated synthesis using conventional
phosphoramidite chemistry. Since LNA bases are introduced by standard DNA/RNA
synthesis protocols, the corresponding oligonucleotide can be generated as pure LNA
or as mixed LNA/DNA/RNA chimeras and the introduction of a relatively small
number of LNA bases can dramatically enhance the affinity of an oligonucleotide for
its complement. The extremely high binding affinity of LNA, LNA/DNA mixmers,
LNA/RNA mixmers and LNA/PS-DNA mixmers toward complementary DNA and
RNA is the most important characteristic property of LNA(69). Moreover, LNAs have
been demonstrated to be very efficient in binding to complementary nucleic acids and
to serve as active, nontoxic antisense agents in vitro and in cultured mammalian
cells(70-72) as well as in vivo(73). LNAs have also been used as decoys(74),
aptamers(75), LNAzymes(76), agents to attach functional moieties to the plasmid
DNA(77) and DNA correcting agents(78) as well as antigene reagents(27, 79). LNAs
have furthermore been successfully applied to FISH (fluorescence in situ
hybridization)(80).
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Figure 1.5: Molecular structures of LNA
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1.4.2 Antisense effect of LNA

LNA in antisense experiments was evaluated against siRNA, leading to the conclusion
that LNA antisense oligonucleotides combined with other modifications such as
phosphorothioate linkages might rival the current very popular siRNA approach for
gene silencing in vitro and in vivo(81). There is one study directly comparing the
inhibitory effect of siRNA, LNA/DNA/LNA gap-mers, phosphorothioate DNA, and 2'-
O-methyl-RNA on the expression of vanilloid receptor subtype 1 in cells(71). A new
finding indicates that weak base pairing at the 5'-end is an important selection criterion
for determining which siRNA strand will be used(82). Therefore, the exact positioning
and the overall number of LNA monomers will be very crucial for optimizing LNA-
containing siRNA. Recently, Dr. Jorgen Kjems has improved the biological efficiency
of the siRNA itself, by introducing various types of 2’-modefied locked nucleic acids in
both strands of the siRNA and 1-2 nicks in the backbone of the sense strand. This type
of siRNA, termed “small internally segmented interfering RNA (sisiRNA), has a
potent, long-lasting gene-silencing effect whilst reducing the number of off-target
effects.

1.4.3 Antigene effect of LNA

Antigene effect normally relates to interference with processes that involve
chromosomal dsDNA. These include inhibition of transcription, inhibition of
replication, and inhibition of other interactions between protein and dsDNA. The task
of hybridizing to chromosomal dsDNA that is imbedded in positively charged
proteins is obviously not straightforward. Two types of hybridization can be
envisaged between dsDNA and single-stranded LNA oligonucleotides, namely,
binding to the dsDNA by the formation of a triple-helical complex or binding to the
dsDNA by single-strand targeting, thus displacing the other DNA strand by a strand
invasion process.

Incorporation of one LNA nucleotide centrally in TFOs significantly increases the
binding affinity of the TFOs(83). Increasing the number of LNAs in the TFO induced
increases in melting temperatures of 4-5* C per modification at pH 6.6. Also, at pH 7.2,
transitions were detectable, demonstrating that triplex formation occurred even at
neutral pH. The best results were obtained with TFOs with sequences of alternating
DNA and LNA nucleotides, whereas fully modified LNA TFOs showed no propensity
at all to hybridize to dsDNA(84). Directing an LNA TFO, with alternating DNA and
LNA nucleotides, against part of a dsDNA recognized by the NF-«B transcription
factor induced inhibition of binding of NF-xB to the target dsDNA at pH 7.0 by
formation of a dsDNA-LNA triplex(84). Crinelli et al.(85) have applied various LNA
oligomers as decoys for transcription factor NF-«B binding to dsDNA. Inclusion of one
or two terminal LNA nucleotides, outside the NF-xB recognition sequence, appreciably
improved the protection against nuclease digestion without interfering with
transcription factor binding. When LNA nucleotides were included in the NF-=B
sequence, further stabilization against degradation was observed.

1.4.4 LNA in therapeutic development and diagnostics

The strengths of LNA are being exploited for preclinical investigations and
therapeutic development. LNAs can inhibit gene expression at the level of



translation(86), alter splicing in mouse models(87), inhibition of telomerase
activity(88). The mouse experiment demonstrating inhibition of translation also
suggested that LNAs containing phosphorothioate substitutions can exhibit
significant hepatotoxicity(86). It is possible, however, that revised LNA designs
might avoid this problem. An LNA targeting Bcl-2 is being tested in Phase I/ trials
for the treatment of chronic lymphocytic leukemia(89, 90).

In clinical trials, AONs are routinely delivered naked, and several class-related
toxicities have been described for PS oligonucleotides, such as hypotension, fever,
asthenia, complement activation, and thrombocytopenia(91). However, effective doses
are generally below the maximum tolerated dose and slow i.v. infusion appears to be
well tolerated in humans(92). The toxicity of LNA oligonucleotides has been examined
in rodents(73) showed that fully modified LNA, LNA/DNA mixmer, or
LNA/DNA/LNA gapmer AONs do not elicit any histologically detectable toxicity or
changes in core body temperature when injected into the striatum of rat brains. Most
interesting, LNA has been entered into clinical trials and SPC2996 is the first of a new
class of LNA-based anti-cancer drugs and observered down-regulation of Bcl-2 in the
treatment of Chronic Lymphocytic Leukaemia (CLL) (www.santaris.com).

As mentioned above, LNAs display unique hybridization properties and provide
decreased susceptibility to nucleases. Both these properties are highly advantageous
for a molecular tool for diagnostic applications. Easy-to-use SNP assays based on the
LNA technology have been designed and implemented. LNA is particularly well-
suited for this purpose because it leads to better single-nucleotide mismatch
discrimination than that obtained with DNA. For a review on SNP analyses using
LNA, see Mouritzen et al.(93). Several LNA genotyping assays have been reported,
including screening for an apolipoprotein B (apoB) R3500Q mutation and two
mutations in apolipoprotein E(94, 95) and for the factor V Leiden mutation(96).

1.4.5 Prospective

LNA substitutions couple the high affinity binding that characterizes recognition by
PNAs with retention of the phosphodiester backbone of DNA or RNA. Therefore, it
is supposed that LNAs would be ideal candidates for examining whether efficient
inhibition of gene expression could be extended beyond PNAs to negatively charged,
synthetic oligonucleotides.

1.5 EUKARYOTIC TRANSCRIPTION

1.5.1 Transcription

The central dogma of molecular biology stipulates that DNA gives rise to RNA which
in turn gives rise to protein. It follows that a primary process in the molecular biology
of the cell is production of RNA from DNA, i.e. the process of transcription. The
failure of this process to occur, or to decode faithfully the information encoded in the
DNA, would render the cell non-viable. In eukaryotic cells, most genes are regulated
(during development and differentiation, in response to specific cellular signals), at
least in part, at the level of transcription initiation. Transcription and its regulation are
fundamentally essential processes in the cell.
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Eukaryotic transcription is more complicated than prokaryotic transcription, because
eukaryotes have evolved much more complicated transcriptional regulatory
mechanisms. For instance, in eukaryotes the genetic material (DNA), and therefore
transcription, is primarily localized to the cell nucleus, where it is separated from the
cytoplasm (in which translation occurs) by the nuclear membrane. DNA is also present
in mitochondria and mitochondria utilize a specialized RNA polymerase for
transcription. This allows for the temporal regulation of gene expression through the
sequestration of the RNA in the nucleus, and allows for selective transport of RNAs to
the cytoplasm, where the ribosomes reside.

1.5.2 RNA polymerases

The process of transcription involves polymerisation of nucleoside triphosphates into
RNA, in a DNA template-dependent manner, and in eukaryotes it is catalysed by three
RNA polymerase enzymes, RNA polymerase I, RNA polymerase II and RNA
polymerase III. RNA polymerase I is the most prominent polymerase activity in the
cell, followed by polymerase I while polymerase III contributes the least polymerase
activity.

RNA polymerases are huge, multi-component complexes of over 10 protein subunits
and are around 500 kDa in size. There is considerable relatedness between the three
eukaryotic RNA polymerases and to the prokaryotic E. coli RNA polymerase,
especially between the largest and second largest subunits. RNA polymerase II differs
from the others in that the largest subunit has a carboxy-terminal extension called the
carboxy-terminal domain (CTD). The CTD contains a highly repeated heptapeptide,

Tyr-Ser-Pro-Thr-Ser-Pro-Ser

which can be heavily phosphorylated. This phosphorylated domain is essential for
transcription by RNA polymerase II in most eukaryotes, and it also links the processes
of transcription and RNA processing(97).

The basal eukaryotic transcription complex includes the RNA polymerase and
additional proteins that are necessary for correct initiation and elongation.

The three nuclear RNA polymerase of eukaryotes have distinct roles and properties

(Fig. 1.6)

® RNA polymerase I synthesizes a pre-rRNA 45S, which matures into 28S, 18S and
5.8S rRNAs, which will form the major RNA sections of the ribosome.(98)

® RNA polymerase II synthesizes precursors of mRNAs and most snRNA and
microRNAs. This is the most studied type, and due to the high level of control
required over transcription, a range of transcription factors are required for its
binding to promoters. (99)

® RNA polymerase III synthesizes tRNAs, TRNA 58S and other small RNAs found in
the nucleus and cytosol. (100)

There are other RNA polymerase types in mitochondria and chloroplasts.
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Figure 1.6: Three nuclear RNA polymerases of eukaryotes. Reproduced from Cooper
GM et al.(101)

1.5.3 Regulated transcription initiation

Transcription initiation can be subject to activation or repression. Gene promoters
contain transcription factor-binding sites necessary for constitutive expression but these
are often interspersed with factors regulating inducible expression. There are many
possible strategies for activation and repression and some are listed below:

Activation
a. An activator binds a site in the promoter and stimulates formation of the stable
transcription initiation complex.
b. An activator binds and stimulates the activity of the transcription initiation
complex.
c. An activator binds the appropriate site in the promoter but only has a significant
effect once it binds another protein, or co-factor, or becomes modified.
d. An activator binds the promoter but can only act once the chromatin structure of
the promoter has been remodeled.

Repression
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a. A repressor molecule binds a site used by an activator thus preventing it from
interacting with the DNA.

b. A repressor sequesters the activator molecule before it can bind the promoter.

c. A repressor neutralizes the activity of the activator.

d. A repressor molecule can directly repress transcription by binding to and
preventing assembly of the transcription initiation complex.

e. A repressor molecule induces a tight chromatin structure around the promoter.

1.5.4 The structure of transcription factors

A number of protein domains have been identified which interact with double stranded
DNA. These include zinc finger domains, helix-turn-helix domains, leucine zippers and
the helix-loop-helix.

Motif Examples

Zinc finger TFIIA, Spl, Steroid hormone
receptor

Helix-turn-helix Homeodomains

Leucine zipper GCN4, JUN, C/EBP

Helix-loop-helix MyoD

1.5.5 Chromatin

RNA polymerases do not transcribe naked DNA since cellular DNA is packed into
nucleosomes (Fig. 1.7) as well as interacting with a myriad of different DNA-binding
protein(102). However, studies have shown that the rate of elongation of RNA
polymerase II in vitro on naked DNA is very similar to the rate measured in vivo
inferring that DNA must be cleared of protein during transcription(103). To allow
transcription nucleosomes must either fall off the DNA template or dissociate
temporarily. A useful model is that nucleosomes and DNA are in dynamic association
such that changes in local chromatin structure, including post-translational modification
of histones, would cause an opening up of the promoter DNA to allow transcription
complexes access to the template. Recent studies have come up with a model where
nucleosomes may skip around the RNA polymerase complex without actually leaving
the DNA(104). It is clear, however, that DNA which is being actively transcribed is
usually in a more "open" chromatin conformation than transcriptionally silent DNA.
(A}

Nucleosome core
particle

Linker DNA Nonhistone
protein

Histone H1

Iintervals of
200 base pairs
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Figure 1.7: Structure of nucleosome and chromatin. Reproduced from Cooper GM et
al.(101)

Open chromatin is also associated with hyperacetylation of histones by HATs (histone
acetyltransferases). Hyperacetylated histones display a decreased tendency to pack
together thus loosening chromatin structure.  Conversely, histone deacetylases
(HDACSs) remove acetyl groups from lysine residues in histones H3 and H4 resulting in
surface charge changes which then restrict histone mobility on the DNA. This
probably renders promoter sequences inaccessible to the transcriptional
machinery(105).

A third chromatin change that may alter transcriptional activity is CpG methylation,
however, this modification is not present in all eukaryotes. Undermethylated DNA
characterizes transcriptionally active chromatin while methylation induces
silencing(106). It has been found that methylated CpG residues are recognised by
proteins which serve to target HDACs thus causing repression of gene expression(106).

Finally, experiments in yeast (genetic and biochemical studies) flies and human cells
(biochemical studies) have revealed a set of huge multiprotein complexes with ATP-
dependent chromatin restructuring capacities called chromatin remodelling complexes
(CRCs)(107).  Three complexes from Drosophila have been identified, NURF
(nucleosome remodelling factor), CHRAC (chromatin accessibility complex), and ACF
(ATP-dependent chromatin assembly and remodelling factor). These are all members
of the ISWI family of CRCs(108). NURF can mediate ATP-dependent binding of
transcription factors to chromatin templates, creating DNase I hypersensitive sites.
CHRAC has a nucleosome spacing activity. ACF helps to assemble properly spaced
nucleosome arrays and facilitate activator binding to chromatin. Another ubiquitous
family of CRCs, the SWI-SNF family was first identified in yeast. SWI-SNF
complexes are important regulators of RNA polymerase II and, like NURF and ACF,
perturb nucleosome spacing and open up promoter chromatin(107).

It has become clear that transcription factors, co-factors, HATs/HDACs and CRCs
often interact in quite complex ways to effect up- or down-regulation of gene
expression by making local changes in the accessibility of promoter chromatin(104). In
addition to specific elongation factors there is strong evidence that transcription
elongation also requires HATs and CRCs, such as SWI/SNF and FACT which removes
the outer nucleosome histones H2A and H2B thus loosening chromatin structure.
These proteins seem to "hitch a ride" on the elongating RNA polymerase and when
these elongation-specifc HATs open the chromatin structure this openness is
maintained by the elongating polymerase complex. Future studies on chromatin
structure and transcription should provide a wealth of information on the subtleties of
eukaryotic transcriptional regulation.

1.5.6 Post transcriptional modification

Post transcriptional modification is a genetic process in cell biology by which, in
eukaryotic cells precursor messenger RNA is converted into mature messenger RNA
(mRNA) during the larger process of protein synthesis so ultimately there will be
resulting functional proteins. This process is vital for the efficient and correct
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translation of the genome by ribosomes, the next step of protein synthesis, and for the
export of the mRNA from the nucleus for translation.

The three main modifications are 5' capping, 3' polyadenylation, and RNA splicing
(Fig. 1.8). While in the nucleus, pre-mRNA is associated with a variety of proteins in
complexes known as heterogeneous ribonucleoprotein particles (hnRNPs).
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Figure 1.8: Processing of eukaryotic messenger RNAs. Reproduced from Cooper GM
etal.(101)

Addition of the 5' cap is the first step in pre-mRNA processing. This step occurs co-
transcriptionally, that is, while the RNA molecule is still being transcribed, after the
growing RNA strand has reached 30 nucleotides. The process is catalyzed by a capping
enzyme that associates with the carboxyl-terminal domain of RNA polymerase II, the
main enzyme involved in mRNA transcription.

The second step is the cleavage of the 3' end of the primary transcript following by
addition of a polyadenosine (poly-A) tail. This end of the pre-mRNA contains a
sequence of around 50 nucleotides that acts as a signaling region recognised by a
protein complex. The protein complex promotes association of other proteins including
those involved in the cleavage and Poly-A Polymerase (PAP), the enzyme responsible
for the addition of the tail. PAP binding is required before the cleavage can occur,
enforcing the tight coupling of the two events.

RNA splicing is the process by which introns, are removed from the pre-mRNA and
the remaining exons connected to re-form a single continuous molecule (mature
mRNA). Although most RNA splicing occurs after the complete synthesis and end-
capping of the pre-mRNA, transcripts with many exons can be spliced co-
transcriptionally. The splicing reaction is catalyzed by a large protein complex called
the spliceosome assembled from proteins and small nuclear RNA (snRNA) molecules
that recognize splice sites in the pre-mRNA sequence. Many pre-mRNAs, including
those encoding antibodies, can be spliced in multiple ways to produce different mature
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mRNAs that encode different protein sequences. This process is known as alternative
splicing, and allows production of a large variety of proteins from a limited amount of
DNA(101).

1.6 GENE SILENCING

Gene silencing is a general term describing epigenetic processes of gene regulation.
The term gene silencing is generally used to describe the "switching off" of a gene by a
mechanism other than genetic mutation. That is, a gene which would be expressed
(turned on) under normal circumstances is switched off by some form of machinery in
the cell.

Genes are regulated at either the transcription or post-transcriptional level.
Transcriptional gene silencing is the result of histone modifications, creating an
environment of heterochromatin around a gene that makes it inaccessible to
transcriptional machinery (RNA polymerase, transcription factors, etc.).

Post-transcriptional gene silencing is the result of mRNA of a particular gene being
destroyed. The destruction of the mRNA prevents translation to form an active gene
product. A common mechanism of post-transcriptional gene silencing is RNAi(109).

Both transcriptional and post-transcriptional gene silencing are used to regulate
endogenous genes. Mechanisms of gene silencing also protect the organism's genome
from transposons and viruses. Gene silencing thus may be part of an ancient immune
system protecting from such infectious DNA elements.

1.6.1 Transcriptional Gene Silencing
1.6.1.1 Genomic imprinting

Genomic imprinting is a genetic phenomenon by which certain genes are expressed in a
parent of origin-specific manner. Forms of genomic imprinting have been demonstrated
in insects, mammals and flowering plants.

In diploid organisms somatic cells possess two copies of the genome. Each autosomal
gene is therefore represented by two copies, or alleles, with one copy inherited from
each parent at fertilization. For the vast majority of autosomal genes, expression occurs
from both alleles simultaneously. However, a small proportion (<1%) of genes are
imprinted, meaning that expression occurs from only one allele. The expressed allele is
dependent upon its parental origin. For example, the gene encoding insulin-like growth
factor IT (IGF2/Igf2) is only expressed from the allele inherited from the father(110).

1.6.1.2 RNA-induced transcriptional silencing

RNA-induced transcriptional silencing (RITS) is a form of RNA interference by which
short RNA molecules - microRNA (miRNA) or small interfering RNA (siRNA) -
trigger the downregulation of transcription of a particular gene or genomic region. This
is usually accomplished by modification of histones, often by histone methylation, or
by the induction of heterochromatin formation. The protein complex that binds the
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miRNA and interacts with histones and DNA is known as the "RITS complex".(111,
112)(Fig. 1.9)

Figure 1.9: Transcription-coupled RNA interference. Reproduced from Cooper GM et
al.(101)

The maintenance of heterochromatin regions by RITS complexes has been described as
a self-reinforcing feedback loop, in which RITS complexes stably bind the methylated
histones of a heterochromatin region and induce co-transcriptional degradation of any
nascent mRNA transcripts, which are then used as RNA-dependent RNA polymerase
substrates to replenish the complement of siRNA molecules(113). Heterochromatin
formation, but possibly not maintenance, is dependent on the ribonuclease protein
dicer, which is used to generate the initial complement of siRNAs(114)

1.6.1.3 Paramutation

Paramutation, in epigenetics, is an interaction between two alleles of a single locus,
resulting in a heritable change of one allele that is induced by the other allele(115, 116).
Paramutation violates Mendel’s first law, which states that in the process of the
formation of the gametes (egg or sperm) the allelic pairs separate, one going to each
gamete, and that each gene remains completely uninfluenced by the other(117). In
paramutation an allele in one generation heritably affects the other allele in future
generations, even if the allele causing the change is itself not transmitted. What may be
transmitted in such a case are RNA's such as siRNA, miRNA or other regulatory
RNAs. These are packaged in egg or sperm and cause paramutation upon transmission
to the next generation. This means that RNA is a molecule of inheritance, just like
DNA.

The molecular basis of paramutation is being unraveled. Paramutation may share
common mechanisms with other epigenetic phenomena, such as gene silencing, and
imprinting. It has been proposed that paramutation is RNA-directed(118). Stability of
the chromatin states associated with paramutation and transposon silencing requires the
mopl gene, which encodes an RNA-dependent RNA polymerase. This polymerase is
required to maintain a threshold level of the repeat RNA, which causes the
paramutation. Exactly how the RNA does this is not understood, but like other
epigenetic changes, it involves a covalent modification of the DNA and/or the DNA-
bound histone proteins without changing the DNA sequence of the gene itself.
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1.6.1.4 Antigene reagent

Selective artificial control of gene expression is a longstanding dream in biotechnology
and human therapy. Oligonucleotides seem perfectly suited for this purpose because of
their unique base—base recognition properties. In the antisense approach, short
oligonucleotides are designed to bind to specific sequences of an mRNA of interest via
Watson—Crick duplex formation, to block gene expression on the level of translation. In
the antigene approach (Fig. 1.10), oligonucleotides bind sequence selectively to
genomic, double-stranded DNA and interfere with transcription and the DNA
processing machinery via triple helix formation.
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Figure 1.10. Basic antigene concepts and corresponding applications. Gene expression
can be upregulated or downregulated on the level of transcription via selective triple-
helix formation, preferably at promoter sites. Selective modification of the genome
includes site-specific mutagenesis via triplex delivered mutagens (e.g. psoralen), or
homologous recombination through triplex delivered donor DNA via DNA repair.
Further applications arise from triplex-targeted chemical modification of the gene (e.g.
cleavage, site-specific cross-linking or alkylation). Reproduced from Buchini S. et
al(119)

Antigene agents that could recognize specific sequences in chromosomal DNA would

have many applications, including specific inhibition or activation of gene expression,

introduction or correction of mutations, and analysis of chromosome structure and

function(50). There are two intrinsic advantages of the antigene over the antisense:

® There are only two target copies of DNA per diploid cell as compared with the
hundreds to thousands of mRNA copies that have to be targeted in the antisense
approach. This should dramatically reduce the amount of oligonucleotide needed
for activity.

® Not only transcriptional activation and deactivation but also gene knockout as well
as targeted mutagenesis, targeted recombination and sequence-selective
manipulation of genomic DNA can be achieved.
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Despite the exciting applications of chromosomal recognition, there have been few
reports of potent effects inside cells. Antigene agents face special challenges relative to
current approaches that target mRNA. They must enter the nucleus and locate their
target sequence, actions that require them to overcome the barriers posed by chromatin
structure and the double helix itself(50).

1.6.2 Post-Transcriptional Gene Silencing (PTGS)

Post-transcriptional gene silencing(120, 121) in plants, quelling in fungi, and RNA
interference in animals: are responses to various types of foreign nucleic acids
including viruses, transposons, transgenes and dsRNA(122). These processes represent
natural defence mechanisms against viruses and transposons(123).

Small RNAs accumulate during both virus and transgene-induced gene silencing,
indicating convergence of these two branches of silencing before the formation of the
sequence-specific ribonuclease(124). In plants, dsRNA that triggers PTGS can be
produced in the nucleus by transcription through inverted repeat (IRs) or through the
action of RARP, which is postulated to use pre-existing dsRNA or ‘aberrant’ sense
RNAs(125, 126) as templates for the synthesis of antisense RNAs. Several reports
which suggested that PTGS can be induced by dsRNA, that small RNAs are produced
and that cognate DNAs become methylated suggested that TGS and PTGS are
mechanistically linked(127).

The cellular machinery does not seem to discriminate between dsRNAs consisting of
coding and promoter sequences and the dsRNAs is digested to 21-25 nt small-
interfering RNAs (siRNAs) which play an integral role in homology-dependent RNA
turnover and methylation of homologous DNA coding sequences in plants(128). When
homologous mRNAs are present, the small antisense RNAs may anneal and guide
degradation of these mRNAs, but prior to degradation, an RNA-dependent RNA
polymerase (RdRP) may elongate some of the guide RNAs on the mRNA, after which
the dsRNA part is degraded(129, 130)

1.6.3 Nucleic acid-based gene silencing

Ever since the first demonstration that antisense oligodeoxynucleotide (AS-ODN)
could silence gene expression more than 25 years ago, hope was borne for developing
specific targeting strategies for research and therapeutic use(131). Several tools now
exist to knock-down the expression of specific genes. Virtually all these tools are
comprised of nucleic acids, or nucleic acid analogs, capable of base-pairing in a
Watson-Crick fashion with a target sequence on either DNA or RNA. Modification of
nucleic acids confers increased resistance to nucleases, provides different affinities for
either DNA or RNA and/or increases specificity for a given target. Most tools
developed today target and bind to the mRNA of a specific gene resulting in post-
transcriptional gene silencing (PTGS) (Table 1.5).
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Tools Mechanism

Antisense oligodeoxynucleotide ( Induction of RNase H

AS-ODN)

Antisense RNA ( AS-RNA ) Protein-dependent cleavage
2'-O-methyl phosphorothioate Inhibition of splicing (exon skipping)
antisense oligodeoxynucleotide (

AO)

DNAzymes Protein-independent catalytic cleavage
miRNA RNAI (inhibition of translation)

PNA Inhibition of translation
Phosphorothioate Induction of RNase H
oligodeoxynucleotide ( PS-ODN )

Ribozyme Protein-independent catalytic cleavage
siRNA RNA interference (RNA1) (cleavage)
shRNA RNAI (cleavage)

Table 1.5: Post-transcription silencing tools

There are three main pathways whereby these molecules can induce PTGS by targeting
the RNA(132):

® They can catalytically cleave the target RNA in absence of accessory proteins (e.g.
ribozymes)

® They induce a protein-dependent degradation of a specific RNA once bound to
their target (e.g. AS-RNAs, AS-ODNs, siRNAs)

® They block the translation of the mRNA by preventing protein binding (e.g.
miRNAs, AS-RNAs, AS-ODNs)

1.6.4 RNA Interference

Despite the hype surrounding RNA interference over the past 6 years, post-
transcriptional gene silencing (PTGS) from dsRNA has been documented more than 15
years ago in plants and is not a new phenomena(133, 134). It was then observed by
several teams that expression of AS-RNAs or RNA from homologous genes
completely abolished expression of genes with complementary sequences in plants, this
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was then termed co-suppression(135). It was only in 1998 that this phenomena re-
surfaced with a brand new name, RNA interference, in a publication by Fire and
colleagues(109). In this work, they showed that a few molecules of dsRNA could
abolish the expression of a complementary gene in C. elegans .

1.6.4.1 The siRNA pathway

Follow-up work on dsRNA-induced gene silencing in Drosophila embryo extracts
revealed that long dsSRNAs were processed into short 21-25 nt RNA duplexes with 2-
nt 3’end overhangs and 5’-phosphate and 3’ hydroxyl groups, termed short interfering
RNAs (siRNAs) (Fig. 1.11A)(136, 137). While long dsRNAs are processed
efficiently into siRNAs by various organisms, they, however, induce a non-specific
interferon response in mammalian cells(138). The structure and characteristics of
processed siRNAs are reminiscent of RNAse-III activity. It was later found that an
evolutionary conserved RNAse-IlI-like enzyme named Dicer was responsible for
long dsRNA processing that is required for siRNA activity (Fig. 1.11B)(139, 140)
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Figure 1.11 : RNAI post-transcriptional gene silencing mechanisms. Reproduced from
Dykxhoorn et al., 2003(141)

The way RNAi works is that long dsSRNAs or small hairpin RNAs (shRNAs) of 19-25
nt in length are recognised by Dicer in the cytoplasm. Although some evidence points
to that there may be a nuclear component to RNAi that regulates chromatin
remodelling(142), reports have generally shown that both Dicer and RNA-induced
silencing compex (RISC) activity are restricted to the cytoplasm(143, 144). Dicer will
then cleave in an ATP-dependent manner the long dsRNAs in precisely sized
fragments(141). If shRNAs are processed by Dicer, their stem loop will be cleaved to
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reveal the characteristic 2-nt-3” overhang(145). The resulting siRNAs bound to Dicer
will then pass through an siRNA-protein complex (siRNP) comprised of a helicase that
will unwind and separate each homologous strand and direct them to RISC, the
catalytic complex responsible for target RNA cleavage(82). Although Dicer associates
with RISC, it does not participate in catalytic activity for target mRNA cleavage. Each
RISC contains only one of the two strands of the siRNA, but both strands of the duplex
may successfully induce RNAIi if an appropriate target is available(146). There is,
however, recent evidence indicating that preferentially the strand, which is less tightly
paired to its complement at the 5 end, is incorporated into RISC, while the other strand
is degraded(82). Interestingly, while artificial approaches for espressing or introducing
siRNA in cells work well to induce RNAI, no naturally occurring siRNAs have yet
been found in mammals(141).

1.6.4.2 The miRNA pathway

Like siRNAs, micro RNAs (miRNA), or small temporal RNAs (stRNAs) named after
RNAs that are temporally regulated, are capable of PTGS through translational
repression(147-149). MiRNAs are produced from Dicer-processing of shRNAs
having imperfect sequence homology to the opposite strand of the duplex (Fig.
1.11C). The miRNA pathway shares many components of the siRNA pathway but
differs in two main aspects(150). For one, only the Dicer-processed antisense strand
of the miRNA accumulates in the cell and is incorporated into the miRNA-protein
complex (miRNP)(151, 152). Secondly, PTGS is achieved by miRNAs through
binding with partial sequence complementarity to their target RNA. It is this detail
that can skew the response between target cleavage or translational repression(150).
Unlike siRNAs, miRNAs have been found in worms, flies and humans(149) Most
extensively studied are lin-4 (lineage-abnormal-4) and let-7 (lethal-7) RNAs that
control timing and sequence of postembryotic development in C. elegans(153). They
act as protein expression regulators by modulating transcription of their homologous
mRNAs at precise moments in development(154). Their discovery has opened our
eyes to a world of tiny non-coding RNAs that act as molecular switches to fine-tune
gene expression(155).

1.6.4.3 RNAi design and expression systems (shRNA)

SiRNAs are expensive to synthesize, are rapidly degraded once transfected into cells,
their silencing effects are transient in mammalian cells and not all siRNAs have the
same cleavage efficiency(156). This is why expression systems have been developed
to stably express siRNAs or shRNAs and several factors need to be taken into
account for proper siRNA or shRNA design(157-159). The 2 main promoter systems
utilised today are: U6 and H1 promoters, both of which rely on Pol III for
transcription and have given equally satisfactory results for producing siRNAs and
shRNAs(141, 160). After deciding on a promoter system, one must next choose
between producing a shRNA from a single promoter (Fig. 1.12A) or producing
siRNAs that associate in frans from transcription products of tandem promoters (Fig.
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1.12B). While shRNAs expressed from Pol III promoters have the disadvantage of
requiring processing into siRNAs by Dicer, certain individuals have reported that
fewer molecules of shRNAs than siRNAs are required to achieve RNAi(145, 148,
160). This observation suggests that Dicer binding may facilitate entry of the
processed shRNA into RISC(141, 148).
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Figure 1.12: RNAi expression systems. Reproduced from Dykxhoorn et al.,
2003(141)

For other studies, it may be interesting to silence gene expression at the protein level.
To this effect, one may consider using miRNAs that can be produced from inducible
Pol II promoters expressing shRNAs with imperfect hairpin structures(161). An
important consideration is that Pol II promoters could not form functional siRNAs,
but work well as miRNAs (Fig. 1.12C). The main drawback to using such a system is
that these lengthier shRNAs (> 30 bp) may trigger an interferon response in
mammalian cells and result in the non-specific degradation of RNA(162, 163).
Another important part of designing a proper system for silencing specific genes
through RNAI is the identification of accessible target sites. As for AS-RNAs and
ribozymes, there is a correlation between RNase-H accessible target sites and RNAi
efficiency(164). Therefore initial screening of the target RNA for good cleavage sites
using AS-ODNs as described in the previous sections may help save a considerable
amount of time.
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1.7 CRE-LOXP RECOMBINATION

The Cre/loxP system is used as a genetic tool to control site specific recombination
events in genomic DNA. This system has allowed researchers to manipulate a variety
of genetically modified organisms to control gene expression, delete undesired DNA
sequences and modify chromosome architecture.

The system is based on the Cre protein, a site-specific DNA recombinase. Cre can
catalyse the recombination of DNA between specific sites in a DNA molecule. These
sites, known as loxP sequences, contain specific binding sites for Cre that surround a
directional core sequence where recombination can occur.

When cells that have loxP sites in their genome express Cre, a reciprocal recombination
event will occur between the loxP sites(165). The double stranded DNA is cut at both
loxP sites by the Cre protein and then ligated back together. It is a quick and efficient
process. The efficiency of recombination depends on the orientation of the loxP sites.
For two lox sites on the same chromosome arm, inverted loxP sites will cause an
inversion, while a direct repeat of loxP sites will cause a deletion event. If loxP sites are
on different chromosomes it is possible for translocation events to be catalysed by Cre
induced recombination.

1.7.1 Cre recombinase

The Cre (Cyclization Recombination) protein consists of 4 subunits and two domains :
The larger carboxyl C-terminal domain, and smaller amino N-terminal domain. The
total protein has 341 amino acids. The C domain is similar in structure to the domain in
the Integrase family of enzymes isolated from Bacteriophage A. This is also the
catalytic site of the enzyme.

1.7.2 Lox P site

Lox P is a site on the Bacteriophage P1 consisting of 34 bp. There exists an asymmetric
8 bp sequence in between with two sets of palindromic, 13 bp sequences flanking
it(166, 167). The detailed structure is given below.

13bp 8bp 13bp
ATAACTTCGTATA - GCATACAT -TATACGAAGTTAT

1.7.3 The Cre-lox system in action

In initial studies in the Bacteriophage P1 system, it was noticed that the gene to be
excised was flanked by two loxP DNA sequences or sites. The presence of the Cre
enzyme resulted in the Phage P1 chromosome assuming a structure that allowed the
two loxP sites to come in such close contact that the site-specific recombination
mechanism was capable of taking place. This site-specific recombination resulted in the
excision of the flanked gene or DNA sequence from the P1 chromosome into a circular
structure. The Cre-mediated recombination can be achieved in various kinds of
eukaryotic cells, such as yeast(168), plant(169) and mammalian cells(170).
Furthermore, Cre recombinase can also be stably expressed in transgenic mice(171,
172) suggesting that it is not toxic like many other recombinases. (Fig. 1.13)
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2

AIMS OF THE PRESENT STUDY

The aims of the study were to develop methods for non-viral gene delivery and
especially for the Bioplex technology. Although significant progress has been made in
the basic science and applications of various non-viral gene delivery systems, the
majority of non-viral approaches are still much less efficient than viral vectors,
especially for in vivo gene delivery. Therefore, non-viral gene delivery must be further
developed in order to increase the efficiency of in vivo delivery. Moreover, a second
aim was to develop novel, anti-gene reagents for sequence-specific gene expression.

The specific findings were:

26

We found that cooperative effects of PNA were at a distance of up to three bases
and binding kinetics increased when two PNAs binding to overlapping sites on
opposite DNA strands were used.

We generated a novel sequence-specific anti-gene molecule “Zorro LNA”, which
bound specifically to DNA duplexes and induced potent inhibition of gene
transcription, also in a cellular context. This offers a novel type of anti-gene drug,
which is easy to synthesize.

We found that the Zorro LNA construct efficiently inhibited pol ITI-dependent
transcription in a cellular context, including in vivo, in a mouse model. Thus, this
new form of gene silencer could potentially serve as a versatile regulator of pol III-
dependent transcription, including various forms of shRNAs.

Cre-loxP-mediated recombination leads to re-expression of silenced genes, an
inhibition induced by Zorro LNA in a mouse model



3 METHODS

3.1 QUANTIFICATION OF BOUND PNA USING THE THIAZOLE ORANGE
DERIVATIVE

The fluorescence signal from DNA-bound TO-labeled probes differs depending on
both the ionic strength and the conformation of the DNA (single-stranded (ss) or
double-stranded (ds)). Consequently, the standard curve used must contain PNA bound
to ds DNA. To create this, the TO-labeled PNA was hybridized to a 45 bp long ds
DNA fragment containing one BS. The two DNA strands were mismatched over the
PNA BS. Using a five-fold molar excess of DNA over PNA and preventing
competition by the complementary DNA strand, it was assumed that 100% binding of
added PNA had been achieved. The gels were then analyzed in the Fluoro-S gel
documentation system using the fluorescein filter and the Quantity One software (Bio-
Rad). Quantification was done using the band analysis method with a rolling disc lane
background subtraction.

N
Figure 3.1: The “light-up” labeled-
PNA probe
C
si
Target 1
DNA

3.2 PNA BINDING ASSAY

PNA binding to the target duplex was measured by using a gel mobility shift assay.
Oligonucleotides containing the PNA binding sites were synthesized. The duplex
DNA was prepared by mixing both complementary oligonucleotides at a ratio of 1:1
in TE buffer (10 mM Tris/1 mM EDTA, pH 8.0) and incubating the solution at 95°C
for 5 minutes and then cooling it down to room temperature slowly. A fixed
concentration of duplex DNA containing the PNA binding site (1 M) was incubated
with increasing concentration of the PNA in 20 pl a solution containing 20 mM
sodium phosphate at 37°C overnight, respectively. The reactions were analyzed by
electrophoresis in a 15% native polyacrylamide gel.

3.3 LNA BINDING ASSAY

Cy3/Cy5 labeled LNAs binding to the target sites of plasmid were detected using
Molecular Imager FX equipment (Bio-Rad, Hercules, CA). 1 ug of plasmid DNA was
mixed with 10-fold molar excess of LNA oligomers in 4 ul phosphate buffer (20 mM,
pH 6.8) with the final LNA concentration of 1 uM and incubated at 37°C overnight,
respectively. Physiological condition of hybridization: 150 mM phosphate buffer (pH
7.4). This reaction was analyzed by electrophoresis in Novex® 4-20%
polyacrylamide TBE gels (Invitrogen).
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3.4 USE OF DESTABILIZED GREEN FLUORESCENT PROTEIN
(D2EGFP)

The green fluorescent protein (GFP) is a widely used reporter in gene expression and
protein localization studies. GFP is a stable protein; this property allows its
accumulation and easy detection in cells. However, this stability also limits its
application in studies that require rapid reporter turnover. Destabilized GFP was created
by fusing amino acids 422-461 of the degradation domain of mouse ornithine
decarboxylase (MODC) to the C-terminal end of an enhanced variant of GFP (EGFP).
The fusion protein, unlike EGFP, was unstable in the presence of cycloheximide and
had a fluorescence half-life of 2 h. Western blot analysis indicated that the fluorescence
decay of EGFP-MODC-(422-461) correlated with degradation of the fusion protein.
Therefore, destabilized EGFP can be used to directly correlate gene induction with
biochemical change(173).

3.5 MICROINJECTION AND IMMUNOFLUORESCENCE

The plasmid (2 pg) was incubated with, or without, 10-fold molar excess of LNA (2.5
uM) in 20 mM phosphate buffer (pH 6.8) at 37 °C overnight. The LNA-bound plasmid
and mock-treated plasmid were adjusted to a concentration of 0.1 pg/ul. NIH-3T3 cells
were grown to 50% confluence on 22 mm cover-slips and were co-injected with 0.25
pg/pul pDsRed2-N1 (Invitrogen) and 0.1 pg/ul LNA-bound plasmid or mock-treated
plasmid, respectively, into the nucleus using an Eppendorf 5246 Microinjector. Sixteen
hours after microinjection, cells were visualized by a Carl Zeiss fluorescence
microscope. For microinjection of LNA into NIH-3T3 cells stably carrying the plasmid
with binding sites, cells were plated on the coverslips for 16 hours. One pg/ul of LNA
oligomers was mixed with DsRed2-N1, respectively and microinjected into the
nucleus. Sixteen hours after microinjection, cells were analyzed for fluorescence.

3.6 HYDRODYNAMIC TRANSFECTION

Hydrodynamic transfections of plasmids in PBS were carried out as described (17,
18). Briefly, 1.8 mL of DPBS (with no MgCl, or CaCl,) were mixed with 1 ug of
pEGFPluc plasmid, 1 ng of pEGFPluc plasmid and 4 pg of shRNA plasmids alone or
prehybrdized with LNA, respectively. This mixture was introduced by tail vein
injection over a period of 5sec to inbred 25- to 30-g female NMRI mice. Live,
anesthetized mice were imaged for 10 sec to 5 min using an intensified CCD
camera (IVIS Imaging System, Xenogen) at day 1, day 3 and day 6 after
injection, respectively. This image is comprised of a pseudocolor image representing
intensity of emitted light (red most intense and blue least intense) superimposed on a
grayscale reference image (for orientation). All animal experiments were approved by
the local ethical committee at Karolinska Institutet.
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Figure 3.2: “Hydrodynamics-Based Transfection” uses hydrostatic pressure induced
by a rapid intravenous injection of a large volume of DNA solution into an animal to
accomplish gene transfer into cells. Reproduced from Maruyama H et al(174)

3.7 INTRAMUSCULAR INJECTION

50 pl of physiological saline solution were mixed with 5 pg of pEGFPluc plasmid, 5
pg of pEGFPluc plasmid and 20 pg of shRNA plasmid alone or prehybridized with
LNA, respectively.This mixture was injected into the tibialis anterior muscle (sin et
dex). Injection pressure and time were constant between the injections and dorsal
flexation of the talocrural joint was observed as sign for correct injection. Live,
anesthetized mice were imaged for 1 min using an intensified CCD camera (IVIS
Imaging System, Xenogen, MA) at 24h post injection. All animal experiments were
approved by the local ethical committee at Karolinska Institutet.
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4 RESULTS

41 PAPERI

Cooperative strand invasion of supercoiled plasmid DNA by mixed linear PNA and
PNA-peptide chimeras

PNA is a DNA analog with broad biotechnological applications, and possibly also
treatment applications. Its suggested uses include that of a specific anchor sequence for
tethering biologically active peptides to plasmids in a sequence-specific manner. Such
complexes, referred to as Bioplex, have already been used to enhance non-viral gene
transfer in vitro. To investigate how hybridization of PNAs to supercoiled plasmids
would be affected by the binding of multiple PNA-peptides to the same strand of DNA,
we have developed a method of quantifying the specific binding of PNA using a PNA
labeled with a derivative of the fluorophore thiazole orange (TO). Cooperative effects
were found at a distance of up to three bases. With a peptide present at the end of one
of the PNAs, steric hindrance occurred, reducing the increase in binding rate when the
distance between the two sites was less than two bases. In addition, we found increased
binding kinetics when two PNAs binding to overlapping sites on opposite DNA strands
were used, without the use of chemically modified bases in the PNAs.

4.2 PAPERII

Zorro Locked Nucleic Acid (LNA) induces sequence-specific gene silencing

LNA is a synthetic analog of nucleic acids, which contains a bridging methylene
carbon between the 2’ and 4’ positions of the ribose ring. In this study, we generated a
novel sequence-specific anti-gene molecule “Zorro LNA”, (Fig. 4.1) in which a 14-mer
LNA binds to the coding strand, while a 16-mer connected LNA binds to the template
strand. We have verified that the “Zorro LNA” induced effective and specific binding
into DNA duplexes and potent inhibition of gene transcription, also in a cellular
context. By comparing the Zorro LNA with linear LNA, as well as an optimized
bisPNA oligonucleotide directed against the same target sites, respectively, we found
that the Zorro LNA construct was unique in its ability to arrest gene transcription in
mammalian cells. To our knowledge, this is the first time that in mammalian cells, gene
transcription was blocked by a nucleic acid analog in a sequence-specific way using
low, but saturated binding of a blocking agent. This offers a novel type of anti-gene
drug, which is easy to synthesize.

5’ =CAGCGCATGGGTGCCCCTCCTCTTTCTTCA
Cy3—8TcGCEACCCACS | Figure 4.1: Schematic

LNA 389 C-g presentation of Zorro
£
At a— Zorro LNA LNA.
a-t
?ﬁ LNA 390
CCCTCCtcTTtcTTCa—CyS5
3’-GTCGCGTACCCACGGGGAGGAGAAAGAAGT
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4.3 PAPERIII

Sequence-specific inhibition of RNA polymerase I1I-dependent transcription using
Zorro Locked Nucleic Acid (LNA)

RNA polymerase III (pol III) -dependent transcripts are involved in many fundamental
activities in a cell, such as splicing and protein synthesis. They also regulate cell growth
and influence tumor formation. During recent years vector-based systems for
expression of short hairpin (sh) RNA under the control of a pol III promoter have been
developed for molecular therapy. Therefore, there is an increasing interest in means to
regulate pol I1I-dependent transcription. Recently, we have developed a novel anti-gene
molecule "Zorro LNA", which strand invades into super-coiled DNA, simultaneously
hybridizes to both strands and potently inhibits RNA polymerase II derived
transcription. We have now applied Zorro LNA in an attempt to also control U6
promoter-driven expression of shRNA. We found that the Zorro LNA construct
efficiently inhibited pol III-dependent transcription in a cellular context, including in
vivo, in a mouse model (Fig. 4.2). Thus, this new form of gene silencer could
potentially serve as a versatile regulator of pol IlI-dependent transcription, including
various forms of sShRNAs.

Figure 4.2: Effect of Zorro LNA on pol IlI-dependent transcription in mice using
hydrodynamic transfection.

4.4 PAPERIV

Cre-loxP-mediated recombination leads to re-expression of silenced gene induced by
Zorro LNA in a mouse model

Zorro LNA is a new, small molecule that targets both DNA strands simultaneously and
induces efficient gene silencing. It has the potential of becoming a new drug for the
treatment of human genetic disease. In order to further evaluate the in vivo effect of
Zorro LNA and trace the long-term effect of Zorro LNA in inhibiting gene expression,
we inserted two Zorro LNA binding sites flanked by loxP sites within the transcribed
region of a reporter gene. As previously observed, after Zorro LNA was hybridized to
the plasmid, it significantly induced gene silencing in the mammalian cells. Both in
transfected cells and in mouse model (Fig. 4.3) the silencing effect was lost when Cre-
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expressing plasmids were transfected. This suggests
stable over a period of days.

Average photon counts
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s pLuc2BS/loxp+Cre
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Days after injection

Figure 4.3: Hydrodynamic infusion of Zorro LNA-bound pLuc2BS/loxp followed by a
sequencial injection of Cre plasmid
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5 CONCLUSION

In this work, we tried to develop non-viral gene delivery and a novel anti-gene reagent.
The following conclusions are based on our findings.

In order to develop a technology for linking functional entities to non-viral vectors, the
Bioplex technology, we investigated how hybridization of PNAs to supercoiled
plasmids would be affected by the binding of multiple PNA-peptides to DNA strands.
Cooperative effects were found at a distance of up to three bases. With a peptide
present at the end of one of the PNAs, steric hindrance occurred, reducing the increase
in binding rate when the distance between the two sites was less than two bases. In
addition, we found increased binding kinetics when two PNAs binding to overlapping
sites on opposite DNA strands were used, without the use of further chemically
modified bases in the PNAs.

We generated a novel sequence-specific anti-gene molecule “Zorro LNA”, in which a
14-mer LNA binds to the coding strand, while a 16-mer connected LNA binds to the
template strand. Our data suggested that the “Zorro LNA” induced effective and
specific binding into DNA duplexes and potent inhibition of pol II-derived gene
transcription, also in mammalian cells. We also found that the Zorro LNA construct
efficiently inhibited pol III-dependent transcription in a cellular context, including in
vivo in a mouse model. Finally, a Cre-loxP-mediated recombination model showed re-
expression of the silenced gene, induced by Zorro LNA, in a mouse model and
suggested that binding of Zorro LNA is stable over a period of days.
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