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ABSTRACT 

 
This thesis describes DNA analogs and their potential use for gene therapeutic 
purposes, primarily by sequence specific strand-invasion of double-stranded DNA. 
Gene therapy is classically thought of as restoration of a defect gene. Correction of 
dysfunctional genes is not feasible with today’s technology, instead a new therapeutic 
gene is introduced. 
 
Nature’s own gene delivery system, the virus, has gained its potency through evolution. 
Viruses can be modified, to instead of delivering its genome, be exploited as a vector to 
convey a therapeutic gene. Biotechnologically engineered viruses are expensive to 
produce, involving extensive monitoring for recombinant competent viruses, and if to 
become readministrated, the isotype has to be changed in order to prevent a specific 
immune response. Furthermore, humans have also developed defense mechanisms to 
prevent pathogens as viruses to fulfill their purpose. Non-viral gene delivery 
techniques are being developed to avoid viral associated complications. Bioplex 
(biological complex) is based on attachment of biologically active molecules, called 
functional entities (FE), on double-stranded DNA. Gene delivery is a complex process 
where FEs of different sources and origins are anticipated to guide the genetic material 
through the body, taken up by the correct cell-type and gain entrance to the nuclei. The 
FEs are anchored to DNA at specific positions by DNA analogs with superior binding 
affinity. Analogs presented here are peptide nucleic acid (PNA) and locked nucleic acid 
(LNA). 
 
 
 
 



 

 
 
Paper I addresses the assembly of the Bioplex. Instead of having a FE directly 
conjugated to the anchor, multiple molecules could be added to each anchor by self-
assembling of single-stranded oligonucleotides, presenting exponentially growing 
number of anchoring sites without compromising the structure of the DNA. There are 
circumstances when it is advantageous to detach the FE from the cargo. Paper II 
presents a possible strategy by insertion of an amino acid recognition sequence for the 
endosomal protease, cathepsin L. In this way, the FE is released when the pH drops and 
the enzyme is activated. The FE could be carbohydrates or peptides of endogenous or 
viral origin, or synthetic. Furthermore, combinations of FEs are needed for optimal 
effect. Literature offers many alternatives and to try all of them in combinations is 
manually undoable, even for small ligand libraries. Paper III utilizes robots for 
transfection and analyzation. Ligands in combinations of two are screened for 
combinatorial effect on cellular association of 6 different human cell-lines. Even 
though only 22 ligands are included, it equals 484 unique combinations, resulting in 10 
000 transfections. 
 
The field of oligonucleotide mediated gene therapy was founded with the discovery of 
antisense in the early 1970s. Paper IV is a study aiming to optimize our own 
oligonucleotide based construct called Zorro LNA. It inhibits transcription by directly 
blocking the polymerase machinery sterically by stably hybridizing to both strands of 
the helical DNA. Zorro has two arms of LNA oligonucleotides, each hybridizing to one 
strand of the DNA strands. They are interconnected by base paring, creating a Z-like 
structure within the double-stranded DNA. 
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LIST OF ABBREVIATIONS 

 
BS Binding site 
CPP Cell-penetrating peptide 
dsDNA double-stranded DNA 
FE Functional entity 
HA2 Hemagglutinin peptide 
LNA Locked nucleic acid 
NLS Nuclear localization signal 
PNA Peptide nucleic acid 
RGD Tri-peptide arginine-glycine-aspartic acid 
RISC RNA-induced silencing complex 
RITS RNA-induced transcriptional 
RNAi RNA interference 
siRNA short interfering RNA 
ssDNA single-stranded DNA 
SUN Self-assembling UNiversal anchors 
WGA Wheat germ agglutinin 
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1 INTRODUCTION 

 
Gene therapy is generally defined as the transfer of genetic material into cells in order 
to treat or alleviate symptoms of a disease. For hereditary diseases this means that a 
defective mutant allele is supplemented with a functional one in recessive disorders. 
Ideally, the defect allele would be repaired, necessary when dominant disorders are 
treated, but this is currently not feasible due to technical reasons. The concept is herein 
used to also cover genetically mediated therapy, as for example antisense therapy. The 
aim is then instead to regulate gene expression either at DNA or RNA level. 
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1.1 GENE THERAPY  

In the clinical setting it was originally thought that the transfer of DNA would mainly 
serve as corrective treatment for inherited genetic diseases. The potential for treating a 
patient using gene transfer has been realized in an exponential fashion, with paralleling 
advances in molecular biology over the last four decades (1-4), but has also faced 
serious setbacks and unexpected complexity. While experimental gene therapy for 
cancer has become the most frequent application, also acquired diseases, such as 
infection by human immunodeficiency virus (HIV), and cardiovascular disease are 
being investigated (5-7). For tumors, multiple therapeutic approaches have been 
employed in order to supplement tumor suppressor genes, induce apoptotic 
mechanisms, kill tumor cells by the expression of suicide genes or by the transfer of 
replicative viruses. In the case of cardiovascular disease, the gene therapy is not 
directed against any known genetic defect, but instead is used as a drug delivery system 
in an attempt to correct the phenotype by promoting new blood vessel formation. These 
versatile applications result in a demand for safe and reliable vector systems.   
 
The theory of building a modified virus to “transmit information” was initially 
proposed in 1968 (8) and today most of the clinical trials being conducted use viral 
vectors. The first attempt to accomplish gene therapy in humans was performed in 1990 
by Anderson, Blaese and Culver (9). The then four-year-old Ashanthi DeSilva was 
treated for adenosine deaminase (ADA) deficiency, a rare genetic disease in which 
children are born with a severe immunodeficiency and are prone to recurrent, serious 
infections. The ADA gene was inserted into T cells by retroviral-mediated transduction 
ex vivo. Ashanthi is living a normal life but is still treated with polyethylene glycol-
conjugated ADA enzyme, as a safety-net (10). Viruses are highly specialized 
organisms, which have developed numerous ways of invading the cells of the body. 
This makes them highly suitable as efficient gene transfer vectors. However, the 
generation of recombinant viruses is dependent on the use of packaging cell lines 
carrying viral genes in trans necessitating cumbersome and expensive analyses in order 
to exclude the existence of rare, recombinant, replicative viruses in batches for clinical 
use. A more common inherent caveat is the fact that viruses frequently mutate at high 
rates making the composition of viral supernatant heterogeneous. Virus particles are 
often empty and do not contain viral nucleic acid. Another limitation is the fact that 
viruses often are highly immunogenic, especially upon readministration.  
 
Eleven patients with X-linked severe combined immunodeficiency (X-SCID) 
responded very well in what was believed to be the first significant clinical step 
forward for gene therapy (11,12). However, later reports have concluded that four of 
the patients developed leukemia as a consequence of the retroviral integration near to 
an oncogene, resulting in its upregulation (13,14). The New York Times published an 
article 27th of July 2007 entitled: “Patient in experimental gene therapy study dies, 
FDA says”. The patient was getting treatment for inflammatory arthritis and had earlier 
received the first injection. The patient became very ill after the second injection and 
died a few days later. Unfortunately this is not the first time that gene therapy treatment 
causes death (not formally investigated), though the first time using an adenoassociated 
virus (AAV) vector, which is considered “safe”. 
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For these reasons, the development of gene transfer systems depending on highly 
defined components with low immunogenicity is warranted. 
 
 
1.2 NON-VIRAL GENE THERAPY 

In 1973 successful uptake of “naked DNA” into cultured eukaryotic cells was reported 
(15), later followed by microinjection into nuclei of cultured cells (16) and the direct 
injection of reporter genes into mouse muscle in vivo (17). These seminal papers clearly 
demonstrated that purified nucleic acids could be efficiently delivered to live cells. 
Graham and van der Eb used calcium phosphate transfection to deliver adenoviral 
DNA (15). Using the words of others, there are only three problems encountered that 
limit gene therapy applications: delivery, delivery and delivery (18). There are other 
mechanical procedures than microinjections for gene delivery, for example gene gun, 
electroporation, magnetofection and microneedles, but they all have accessibility 
limitations, only reaching a few millimeters into the tissue (19). If instead of simply 
shooting the DNA into the nucleus of the cell, all evolutionary hurdles invented to 
protect the host are considered, the task becomes more delicate. Transfection (non-viral 
delivery) is a complex process involving several steps: adsorption of the transfection 
complex to the cellular surface, membrane translocation or endocytosis, escape from 
the endosome/lysosome, nuclear translocation with or without chromosomal integration 
and finally the effect of the nucleic acid, normally in the form of expression of a 
reporter/therapeutic gene. 
 
Non-viral vectors are particularly suitable with respect to simplicity to use, ease of 
large-scale production and lack of specific immune response (20). However, they are 
inefficient as compared to viruses. Increasingly efficient methods have been developed 
and the prevailing transfection methods are either based on the addition of cationic 
lipids (21,22) or cationic polymers (23,24) to the nucleic acid. The physical and 
chemical characteristics of oligonucleotides have to be considered when delivering 
oligonucleotide-based therapies. The anionic phosphate backbone of DNA is attracted 
by cationic lipids or polymers and together they form micelles or electrostatic 
complexes. By these means, the DNA is protected against degradation and when 
correctly formulated, the size of the DNA complex can be fine-tuned and most reagents 
even condense the DNA. Size and stability of DNA particles have been considered to 
be critical parameters for in vivo gene delivery because of known physiological 
constrains, such as passing through capillary endothelium, diffusion within tissues and 
the cytosol of cells (25). 
 
Cationic lipids (lipoplex) have furthermore the possibility to fuse with the cell 
membrane but the lipoplexes might also fuse with each other and form aggregates. 
Cationic polymers (polyplex) are positively charged and are attracted to the negatively 
charged cellular membrane. Also polyplexes have a tendency to aggregate under 
physiological conditions, first demonstrated for poly-lysine oligomers with DNA (26). 
Aggregates are efficient in vitro, since the macro-molecular complexes sediment on the 
cells. Important to note is that the behavior of transfection reagents in vitro differs 
markedly compared to when used in vivo. Without addition of ligands to these complex 
formulations, the uptake is unspecific and suboptimal. 
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The non-viral gene delivery technique we have developed is referred to as Bioplex 
(biological complex) in analogy with the nomenclature for other transfection reagents 
(27,28). The basis of this technology is to attach biologically active molecules to 
“naked”-DNA in order to enhance the specific cellular uptake of and eventually 
expression of the gene of interest. 
 
 
1.3 BIOPLEX TECHNOLOGY 

The Bioplex technology is a novel, module-based platform for increasing the cellular 
uptake of ”naked”-DNA in transfections. Typically the DNA is bacterially, expanded in 
the form of super-coiled plasmid, encoding a promoter and the gene of interest. 
Untranscribed regions of the plasmid are used as attachment points for biologically 
active molecules, called functional entities (FEs). Examples of FEs are cell receptor 
ligands; the tri-peptide RGD (29,30), which binds integrins for receptor mediated 
endocytosis, membrane disruptive peptides such as the influenza hemagglutinin peptide 
HA2 for endosomal escape (31) and nuclear localization signals (NLS) for active 
transportation through the nuclear pores by karyopherins into the nucleus (32-35). 
 
The Bioplex idea originated from earlier attempts to equip “naked”-DNA with FEs 
(Figure 1). Initially, DNA and free NLS peptides were mixed to form NLS/nucleic acid 
complexes by charge interactions (36). Subsequently, methods were developed to 
enhance the peptide association with the nucleic acid. By using chemical linkage the 
location of the peptide binding is not sequence specific (37), rather generating a 
heterogeneous population of plasmids with varying number of covalently attached 
peptides. Sequence specificity was achieved by hybridizing and subsequently ligating a 
peptide-conjugated DNA oligonucleotide to the plasmid (38). 
 

 
 
 
 
Figure 1: Schematic history of Bioplex. A. DNA-
peptide charge interaction  
B. DNA-peptide chemical linking  
C. DNA-peptide ligation dependent  
D. DNA-peptide sequence specific hybridisation 
dependent. Brandén LJ et al. Methods Enzymol 
(2002;346:106-24) 
 

 
Bioplex was first described using an NLS peptide (39). The DNA analog, peptide 
nucleic acid (PNA) was utilized as a sequence specific “genetic glue”. PNA has 
superior binding affinity to DNA and is able to strand-invade super-coiled plasmid 
(described more in detail in 1.5.1). Since PNA-peptide chimeras can be synthesized as 
normal peptides, it is possible to extend the PNA sequence with amino acid residues as 
continued peptide synthesis. This makes the integration of a peptide function, or 
property, into the PNA molecule possible. The PNA-NLS is an example of such a 
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construct, hence the NLS peptide is anchored to a specific position in the plasmid by 
PNA:DNA duplex formation (40). However, the kinetics and efficacy of strand-
invasion by a single PNA-FE is rather inefficient. By positioning multiple binding sites 
(BSs) for the PNA anchors, the PNA has the ability to strand-invade double-stranded 
DNA (dsDNA) in a cooperative manner. If the BSs are positioned adjacently, 
interference will occur between the BSs and if the distance between the BSs is greater 
than 5 bp the cooperative effect is lost. Optimal positioning was found to be a 
separation of 2 bp between the BSs (41) (Figure 2A). In addition, the simian virus 
SV40, from which the truncated NLS peptide originates, presents multiple copies of the 
protein, containing the NLS peptide. Therefore, attaching multiple PNA-FEs per 
plasmid increases the biological activity, stability and kinetics of strand-invasion. 
 
The binding of linear PNA anchors to 
plasmid DNA was found to be stable only 
under low ionic conditions and the target 
DNA had to be super-coiled, otherwise, the 
anchors were kicked out by the DNA base 
pairing. By hybridizing to both strands of 
the super-coiled plasmid with partially 
overlapping BSs, the binding of linear PNAs 
to super-coiled plasmids was stabilized at 
physiological conditions, albeit only for 
short periods of time. A set of 
oligonucleotides was first hybridized to the 
plasmid in order to open up for the PNA-
FEs by displacing the strand with the BS, 
i.e. generating an open bulge of single-
stranded DNA (ssDNA) (Figure 2B). The 
kinetics was increased and excess of PNA-
FE needed was decreased. Additionally, it 
was hypothesized that the DNA might also 
be better protected against endonucleases, 
since the displaced strand is hybridized to 
the liberated D-loop (42-45). 
 
A variant of PNA oligonucleotide is 
bisPNA, a clamp of PNA that binds the 
DNA strand both in Watson-Crick and 
Hoogsteen mode. One of the limitations of 
bisPNA is that the BS must be a homopurine 
sequence but the advantage is that bisPNA 
creates more stable complexes, better suited 
for in vivo applications. To achieve good 
strand-invasion, a 10-1000-times molar 
excess of PNA per binding site is normally 
required (46), and positively charged amino 
acids are frequently used to facilitate strand-
invasion (47,48). The bisPNA per BS ratio 

Figure 2: The anchor region of Bioplex. A. 
The anchors hybridize cooperatively when 
the binding sites are separated with 2 bp. B. 
Hybridization to the displaced DNA strand 
increases the stability. C. BisPNA generates 
a more stable hybridization than linear PNA. 
D. LNA is synthesized with extensions, sticky-
ends, which can be used for further 
hybridizations in a single-stranded manner. 
Functional entities are depicted as circles. 
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was decreased to 10 and still gave 90% hybridization, but only when a few positively 
charged lysines were added to the ends of the bisPNAs and the target plasmid had three 
or four adjacent binding sites, which permits cooperative binding (41).  
 
In order to reduce the amount of PNA-FEs needed and the risk of unspecific binding 
further, opener oligonucleotides were also exploited in this setting to allow more 
efficient hybridization of bisPNAs (Figure 2C). With a displaced DNA strand, shorter 
incubation time, together with the need for less PNA, led to a reduction of nonspecific 
interactions, without compromising the stability of the bisPNA hybridization to the 
plasmid. Locked nucleic acid (LNA) is another DNA analog, which is closely related to 
RNA (described in detail in 1.5.2). The LNA is synthesized with conventional 
phosphodiester (or phosphorothioate) chemistry. In contrast to PNA, which is made 
with peptide chemistry, LNA synthesis is compatible with DNA and RNA, therefore 
allowing mixed bases in the oligonucleotide. In the search of more stable anchors and 
combinations of DNA analog oligonucleotides for optimization of the Bioplex, it was 
found beneficial to use LNA as opener oligonucleotides and bisPNA as anchors in 
respect to both stability and kinetics (49). When the oligonucleotides are designed to 
have 3 bp overlap, the plasmid can be incubated with all oligonucleotides 
simultaneously. 
 
However, the number of FEs per plasmid might be a bottleneck of the Bioplex 
technology. Virus particles display hundreds of ligands. Having only one FE per anchor 
would then require many anchors that might destabilize the plasmid. Synthesizing 
multiple FEs per anchor would greatly increase the manufacturing cost. Instead, the 
LNA opener oligonucleotide could be extended with uncomplementary bases, with 
respect to the plasmid. These bases would then be used for hybridization of, for 
example, a second oligonucleotide with multiple anchor-binding sites for a third 
hybridization and so forth. All oligonucleotides, or for economical reasons, only the 
last oligonucleotide in the branching structure could bear a FE (Figure 2D). The 
oligonucleotide itself may well be the function, acting as an aptamer (50). An 
exponentially growing number of FEs could be presented on the plasmids by self-
assembling hybridization of single-stranded oligonucleotides extending from the 
plasmid. Sequences were carefully chosen to only give the correct final product in a 
predefined fashion. FEs can be spaced as brush-like structures or exactly positioned, 
relative to each other, to give combinatorial effects. We call the technology of 
extending the opener oligonucleotides with a single-stranded region, Self-assembling 
UNiversal anchors (SUN). Bioplex constructs with the SUN technology only need a 
few BSs in the plasmid for the addition of large number of FEs. The Self-assembling 
reflects the easy to use of technology in terms of formulation. The sequences can easily 
be calculated not to cause unspecific cross hybridization between the participating 
oligonucleotides, but the extreme hybridization affinity of LNA:LNA and LNA:PNA 
has to be considered. All oligonucleotides can be incubated simultaneously, self-
assembling into the desired structure. If large FEs are to be attached, the kinetics will 
however be slower. Limitations in diffusion suggest that when high molecular weight 
oligonucleotide-conjugates, are assembled as a Bioplex, they ought to be hybridized 
stepwise, starting with hybridization of the anchors to the plasmid followed by 
secondary oligonucleotides and so on. The SUN anchors are designed to be 
“UNiversal” in the sense that the anchor presents a sticky-end that could be used for 
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hybridizing any kind of secondary oligonucleotides that have the cognate recognition 
sequence. Accordingly, the same anchors can be used for adding any kind of FE to the 
plasmid. 
 
Self-assembling supra-molecular complexes are of great interest for bottom-up research 
like nanotechnology. DNA is an inexpensive building block, which could be used for 
applications beyond the scope of this thesis, for example in surface chemistry, material 
science, nanomechanics, nanoelectronics and nanorobotics. The starting point is usually 
ssDNA, which is rather easily accessible for base pairing and duplex formation. When 
long stretches of dsDNA are desirable, serving either as genetic codes or electrical 
wires, bacterial expansion of plasmids is an inexpensive approach with scale-up 
properties. The SUN technology is presented in paper I, as a strategy of generating 
simple structures, such as junctions and DNA lattices. 
In paper III, the oligonucleotide part of the Bioplex is isolated for identification of 
optimal FEs and combinatorial FEs for specific and efficient delivery of nucleic acid. 
The Bioplex technology is applicable on oligonucleotide based gene therapeutics. The 
earlier denoted “secondary” oligonucleotide could be the gene drug itself. No such 
examples will be presented here. 
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1.4 OLIGONUCLEOTIDE MEDIATED GENE THERAPY 

DNA was first described in scientific correspondence by Friedrich Miescher in 1869, 
later published in 1871 (51). However, DNA was first recognized as hereditary material 
in 1944 by Avery, MacLeod and McCarty (52). The most celebrated discovery was the 
structure of the DNA duplex by Watson and Crick in 1953 (53). In 1961, Nirenberg and 
Matthaei performed an experiment with extract from bacterial cells. Adding an artificial 
form of RNA, polyuridacylic acid, to the extract caused it to make an unnatural protein 
composed entirely of the amino acid phenylalanine (54). This showed that RNA 
controlled the production of specific types of protein even when no intact living cells 
were present. The experiment cracked the genetic code, but still left the investigators 
unaware of the number of bases coding for an amino acid or if all continuous bases 
were translated. In the same experimental setup, it was also shown that co-incubation of 
polyuridacylic acid and polyadenylic acid resulted in inhibition of translation. This is 
probably the first reported assay for post-transcriptional gene silencing, although with a 
synthetic form of mRNA. 

 
Nirenberg and Matthaei did not propose any 
therapeutic application for the gene 
silencing, but only suggested that RNA has 
to be single-stranded in order to be 
translated. Their hypothesis was confirmed 
by Paterson et al. in 1977 in an assay called 
“hybrid arrested translation” (55). RNA 
from total cell extract was incubated with 
DNA oligonucleotides and translated in 
vitro. The mRNA sequences of the 
untranslated proteins were then found to 
reflect the hybridization of the added DNA 
oligonucleotides. Shortly thereafter, 
Zamecnik and Stephenson published, what 
is considered the proof-of-principle for 
antisense technology, blocking of both 
protein translation and replication of Rous 
sarcoma virus, in vitro (56,57). As a result, 
they presented a therapeutic application for 
post-transcriptional gene silencing for the 
first time, 12 years after gene therapy was 
proposed as a therapeutic application (58). 
 
An antisense mechanism is defined as the 
process in which an antisense drug works 
after it hybridizes to a target RNA to form a 
duplex. The hybrid prevents the RNA from 
functioning normally and from producing 
protein products by enzymatic digestion of 
the mRNA or by steric hindrance of; 
splicing, nuclear-cytoplasmic transport or 

Figure 3: Post-transcriptional gene silencing 
by antisense. The antisense oligonucleotide 
binds to the target mRNA, and blocks 
translation. If the antisense oligonucleotide 
resembles a DNA:RNA duplex, it will be 
recognized and cleaved by RNase H. 
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translation. Conventional drugs on the other hand usually bind to proteins and thereby 
modulate their function. The major classes of antisense agents are in addition to 
antisense oligonucleotides and RNA interference, which are discussed here, ribozymes 
and DNAzymes. 
 
 
1.4.1 Antisense oligonucleotides 

There are two mechanisms of action for antisense oligonucleotides; one of which is that 
the hybridization of the oligonucleotide to the target mRNA inhibits translation by 
steric block. The hybrid formation will interfere with the ribosome’s access to the 
mRNA or its ability to proceed, thus stopping the translation. The second mechanism is 
a continuation of the first, where the DNA:RNA duplex is recognized by the ubiquitous 
ribonuclease RNase H. The catalytic RNase H is a sequence independent endonuclease 
that hydrolysis the RNA strand in RNA:DNA hybrids but will not degrade DNA or 
unhybridized RNA. The truncated mRNA is quickly degraded by exonucleases due to 
the exposed ends (Figure 3). The specificity of RNase H towards RNA:DNA 
heteroduplexes is a limitation for the degrading pathway, which is the more efficient, 
for the majority of antisense oligonucleotides composed of DNA analogs. Antisense 
activity occurs also in the nucleus. The hybridization to mRNA then blocks nuclear 
export (59). 
 
If the antisense oligonucleotides are 
designed to target pre-mRNA, i.g. splice 
regions, it can cause alteration of the 
splicing by blocking its machinery (Figure 
4). Kole and colleagues demonstrated the 
capability of inducing exon skipping in a 
thalassaemia mutation of the β-globin gene. 
This introduced a novel 5’ splice site in the 
second intron of β-globin, resulting in the 
activation of a cryptic 3’ splice site, 
inclusion of extra exonic sequence in the 
mature mRNA, and premature termination 
of the β-globin reading frame (60,61). 
 
The system has been modified into an assay 
for evaluating the efficacy of cellular 
delivery and nuclear translocation of 
antisense oligonucleotides. The reporter 
gene luciferase is interrupted by the mutated 
second β-globin intron, which causes 
aberrant splicing of luciferase pre-mRNA, 
preventing correct translation. However, 
treatment with antisense oligonucleotides 
induces correct splicing, restoring luciferase 
activity. Inhibition systems suffer from 
several drawbacks: low signal-to-noise ratio, 

Figure 4: Exon skipping induced by antisense 
oligonucleotides. A. Normal splicing of the 
pre-mRNA. B. An antisense oligonucleotide 
interferes with the splicing machinery by 
blocking the 5’ splice site. No cryptic splice 
sites are activated in this schematic. 
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delayed response originating from the stability of protein translated from the targeted 
mRNA, and unknown contribution of cytotoxicity from a given strategy to global 
protein synthesis. This positive assay avoids these impediments and, furthermore, it 
verifies the location of the oligonucleotide(62,63). 
 
1.4.2 RNA interference 

The latest contribution to the antisense 
family is RNA interference (RNAi). The 
breakthrough came when Fire and Mello 
followed up the observation that, either 
sense- or antisense-orientated RNAs 
inhibited gene function, by injecting both the 
sense and the antisense strands into worms to 
elucidate if they had an additive effect. 
However, the effect was not additive but 
rather a 10-fold increase (64). Fire and Mello 
received the Nobel Prize for their discovery 
in 2006. 
 
Retrospectively, the phenomenon had been 
identified in plants earlier but the mechanism 
was thought to be saturation of the 
investigated machinery rather than specific 
degradation of the mRNA. Double-stranded 
RNA was already at that time also a well-
established method to silence gene 
expression in mammalians but in a non-
specific manner. Translation was arrested 
due to interferon response, recognizing 
dsRNA longer than 30 base pairs as viral. 
Activated protein kinase R (PKR) stalls 
translation by phosphorylation of the 
translation initiation factors. Another 
mechanism is mediated by oligoadenylate 
synthetase, which activates RNase L induced 
digestion of dsRNA by (65-67). Both 
responses are sequence-unspecific and mask 
any RNAi. Nematodes lack this defense 
mechanism, only the RNAi effect was 
identified when the 742 bp dsRNA was 
administered. Base-paired 21 and 22 RNA  

 
Figure 5: RNA interference. Dicer cleaves the dsRNA non-specifically in duplex of approximately 21 bp 
with 2 bp overhang in the 3’-end. One of the strands from the active siRNAs is loaded into the RNA-
induced silencing complex (RISC). The target mRNA is cleaved by argounate (ago), a member of RISC, 
after hybridization to the siRNA antisense strand. 
 



 

 21 

oligonucleotides with overhanging 3’-ends were shown to mediate efficient sequence-
specific mRNA degradation in lysates prepared from Drosophila embryos by Tuschl et 
al. and they showed that this design also is active in mammalian cells (68,69). 
 
RNAi plays an important biological role in regulating endogenous gene expression and 
protecting the genome against viral infections. It has also been shown to reduce 
instability of the genome in C. Elegans, caused by the accumulation of transposons and 
repetitive sequences, inherited from parental infections (70,71). The human genome 
consists of 3 billion base pairs and only about 1.2% codes for proteins. However, a 
much larger fraction of the genome is transcribed, resulting in 98% non-protein-coding 
RNAs; thus there are many potential RNAi molecules endogenously expressed (72,73). 
Depending on species, structure and origin of the dsRNA, the nomenclature and protein 
complex compositions differ, but the basic mechanism is similar for all. Herein, only 
exogenous RNAi will be discussed.  
 
The ribonuclease protein Dicer binds and 
cleaves exogenous dsRNA molecules to 
produce double-stranded fragments of 20-25 
base pairs with a few unpaired overhang 
bases on each end. The short double-
stranded fragments, called short interfering 
RNAs (siRNAs), are bound by several 
proteins, collectively named RNA-induced 
silencing complex (RISC). The strands are 
separated by RISC and the strand with the 
more stable 5’-end is usually integrated into 
the active RISC complex. When the 
antisense strand, associated with RISC, has 
bound the target mRNA, the catalytic RISC 
protein, a member of the argonaute family, 
cleaves the target mRNA (74) (Figure 5). 
The cleavage occurs between the 10th and 
11th base pair, in respect to the antisense 
strand(75). 
 
Hence, the smallest active molecule for 
RNAi is siRNA, typically 21mers of 
dsRNA, with 2 nucleotides overhang at each 
3’-end with stable 5’-end of the antisense 
strand. 
 
 
 
Figure 6: Transcriptional gene silencing by siRNA. The RNA-induced transcriptional complex (RITS 
complex) separates the strands of the siRNA and guides it to its target site, usually a promoter, within the 
chromosomal DNA. The catalytic part of RITS, argounaute (ago), then causes histone and/or CpG 
methylation, which silences the promoter and the gene of interest. 
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RNAi, and in particular siRNA, was found to induce silencing also at a transcriptional 
level in mammalian cells 2003 (76). Transcriptional gene silencing in mammalian cells 
can methylate cytosine in CpG motifs (77) and induce chromatin methylations (78) at 
positions that are characteristic of facultative heterochromatin (79). The RNA-induced 
transcriptional (RITS) complex binds the antisense strand of siRNA, which sequence 
specifically identifies the target sequence in chromosomal DNA, usually a promoter 
region, where an argounate homolog is responsible for the methylation of the histones 
(80) (Figure 6). However, some of the nuclear activity of RNAi might be pre-mRNA 
targeting with subsequent cleavage by argonaute (81), i.e post-transcriptional gene 
silencing. 
 
1.4.3 Oligonucleotide inhibition of transcription  

The last 15 years of advances in the field of DNA analogs have provided 
oligonucleotides capable of strand-invasion and hybridization to dsDNA with high 
affinity. If the binding is strong enough to sustain the transcriptional machinery, 
transcriptional gene silencing is obtained without relying on protein complex 
assemblies or enzymatic reactions. In earlier studies, it has been shown that triplex-
forming oligonucleotides and their derivatives are able to invade the major groove of 
oligopyrimidine/oligopurine regions in dsDNA and interfere with gene transcription 
initiation and elongation (82-84). However, this Hoogsteen-binding dependent invasion 
is considered slow and the nucleotide excision repair machinery is targeted to helical 
distortions and altered hydrogen-bonding pattern caused by Hoogsteen binding (85,86). 
The first, supposedly minor groove binding DNA analog reported to have 
transcriptional gene silencing capabilities was PNA (87-89). However, linear PNAs 
only work efficiently at very high PNA to target site ratios (90). Corey and colleagues 
have also more recently published data describing transcriptional silencing of 
chromosomal DNA using linear PNA conjugated with polycationic peptides as well as 
lipid mediated delivery of LNA oligonucleotides (91,92). 
 
In our hands, neither of the DNA analogs could efficiently silence gene expression as 
linear oligonucleotides when targeting an inserted BS in-between the promoter and the 
gene of interest. Oligonucleotides up to 27 bases were designed to bind either the 
coding or the template strand. The refined PNA oligonucleotide design, bisPNA, 
hybridizes to duplex homopurine sequences of DNA with an extremely stable 
PNA:DNA:PNA triplex with a looped-out DNA strand(93-95). Moreover, it has 
recently been reported that further optimized PNA, which is extended outside the 
bisregion, widens the application for strand-invasion and inhibits transcription in 
vitro(96,97). However, in our previous studies, we have shown that unless extremely 
high ratios of PNA to DNA target sites were applied, bisPNA could not efficiently 
block RNA polymerase II or III-mediated transcription (98,99). 
 
The exception was an LNA construct called Zorro LNA consisting of one 
oligonucleotide binding to the coding strand, whilst another LNA oligonucleotide binds 
to the opposite template strand. These two oligonucleotides are linked together by anti-
parallel hybridization, creating a Z-like structure, which seems to strand-invade into 
super-coiled DNA and simultaneously hybridize to both strands (Figure 7). Zorro LNA 
induces sequence-specific inhibition of both RNA polymerase II and III-dependent 
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transcription (98,99). Noteworthy is that two 
adjacent target sequences are needed for 
potent inhibition and that, to date, only a 
single target site sequence has been 
evaluated.  
 
The Zorro LNA has been prehybridized with 
the target plasmid, or cotransfected, 
requiring 10-fold and 150-fold Zorro LNA 
to target site ratio, respectively for ≥90% 
inhibition. The ability of Zorro LNA to 
inhibit target gene expression of prehybridized target plasmid was shown in two mouse 
model systems using either hydrodynamic delivery of the nucleic acids to mouse liver 
or intramuscular injection. The degree of inhibition of pol III-dependent transcription in 
mice was similar on days 1, 3 and 6 (98,99). As previously reported, the persistence 
seen in inhibition might in part also be due to loss of DNA or to promoter silencing 
(100). Paper IV in this thesis is addressing the design of the Zorro construct, focusing 
on the linker region, by which the two oligonucleotides are hybridized.  

 
 
Figure 8: Overview of antisense technologies discussed herein. Post-transcriptional gene silencing is 
mainly found in the cytoplasm where the translation is blocked sterically by hybridization or cleaved by 
RNase H (DNA antisense oligonucleotide mediated) or by argonaute (ago, siRNA mediated). Splice 
alteration will not silence the gene but by changing the splicing of the pre-mRNA, a new mRNA will be 
processed. Transcriptional gene silencing in the nucleus is mediated by methylation of histones and CpG 
regions by RITS assisted siRNA. Novel DNA analogs have shown to be able to stop the polymerase 
machinery by steric block, for example Zorro LNA. 

Figure 7: Blocking transcription by Zorro 
LNA. Two LNA rich oligonucleotides are 
simultaneously hybridized to the coding and 
the template strand in dsDNA. The 
oligonucleotides are interconnected by base 
pairing. 
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1.5 NUCLEIC ACID DERIVATES 

One of the major challenges for oligonucleotide mediated gene therapy is the stability. 
Oligonucleotides in their natural form as phosphodiesters are rapidly hydrolyzed by 
nucleases in blood, extracellular fluid and cells. The half-life in plasma is only a few 
minutes for unmodified nucleotides but by chemical modifications, the stability can be 
increased significantly. Nucleic acid analogs and mimics are commonly modifications 
of native nucleic acids at the nucleobase, the sugar ring or the phosphodiester 
backbone. The DNA analogs are clustered corresponding to their introduction in 
antisense technology. Modifications of the nucleobases are omitted in this thesis, 
comprehensively reviewed by Herdewijn (101). 

 
The first generation of DNA analogs is the relatively simple 
modification on the phosphodiester linkage by replacing one 
of the non-bridging oxygen molecules with sulfur, called 
phosphorothioate chemistry (Figure 9). The oxygen 
substitution is known to dramatically improve biologic 
stability with a half-time of an hour extended to 10 hours in 
human serum (102-104).  
 
The modification was later found to have other side effects 
due to increased non-specific association with plasma 
proteins (105), primarily heparin and albumin. Antisense 
oligonucleotides are subject to rapid renal clearance, since 
they in general are rather short. The theoretical lower limit of 
an antisense oligonucleotide is 15 bases with respect to 
specificity (106), but they are typically 15-20 bases long, 
which is optimal for cellular uptake (107). A positive 
consequence of protein association is that the oligonucleotide 
is protected against renal clearance thanks to the increase in 
size of the complex (108). Their extended time in circulation 
promotes a more broad distribution to organs and tissues, 
with the highest accumulation in liver and kidney (109,110). 
On the other hand, the association with plasma proteins has 
resulted in complement activation (108,111). Another 
shortcoming is the slight decrease in melting temperature, 
about 0.5°C per nucleotide, partly compensated by an 
increased specificity compared to phosphodiester (112). 
 

The second generation of modifications is focusing on the weaknesses of 
phosphorothioate. Therefore, the second generation has slightly increased melting 
temperature and are less toxic than its predecessor. The members of this class have 2’-
O modifications such as; fluoro, pentyl and propyl, but the most widely used are 2’-O-
methyl and 2’-O-metoxy-ethyl RNAs (Figure 10). A common feature is that they, in 
contrast to phosphorothioate modifications, do not have RNase H activity. This can be 
circumvented by usage of gapamers, i.e. an oligonucleotide that can have any kind of 
modifications in the ends but only nucleotides with natural sugar rings in the middle, 
which is the site of RNase H activity (113). This is a strategy found useful for a variety 

Figure 9: Modification 
of the phosphate back-
bone. The substitution of 
a non-bridging oxygen 
for a sulfur improves the 
biological stability 
dramatically. 
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of DNA analogs that lack RNase H sensitivity. However, in the case of splice 
alteration, RNase H activity is not desired 

 
Figure 10: Second generation of analogs. RNA modifications, that increases the binding affinity through 
2’-O-modifications. Though, these modification  abolish RNase H recruitment. 
 
 
The third generation is more diverse, presenting modifications of the sugar ring and/or 
the phosphodiester backbone. Conformational restriction has widely been used to 
improve melting temperature and nuclease resistance. The sugar ring has the freedom 
to switch between two configurations in DNA and RNA. Analogs have been developed 
to have totally constrained ribose ring in bicyclic nucleic acids (BNAs), which is 
implied by the name “locked” of the most well known variant, LNA. Other 
modifications have restrained ring structures, like tricyclo-DNA (tcDNA) and 
cyclohexene nucleic acid (CeNA). Morpholinos were developed as a cost-efficient 
analog utilizing less expensive ribonucleosides for oligonucleotide synthesis and 
avoiding expensive catalysts and post-coupling oxidation steps. In addition to the 
restrained morpholine ring, the anionic phosphodiester backbone is replaced with a 
non-ionic phosphoramidites, thus avoiding electrostatic repulsion towards its target. 
This feature is adopted by other techniques; an example PNA. The ribose phosphate 
backbone is replaced by non-charged polyamide linkage, making the oligonucleotides 
neutral and flexible. We will focus on the Danish analogs (PNA and LNA), which 
together with morpholinos (114) are the most promising third generation analogs with 
therapeutic properties (Figure 11). 

 
Figure 11: The three most widely used, commercially available, third generation DNA analogs. 
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1.5.1 Peptide nucleic acids 

PNA (44,115-118) is composed of repeated N-(2-aminoethyl)glycine units with the 
nucleobases attached through methylenecarbonyl linkers. The achiral backbone of PNA 
is as the name indicates similar to a peptide with N and C terminus. In comparison to 
phosphate backbone, PNA has poor water solubility. Their tendency to aggregate is 
length and purine to pyrimidine ratio-dependent (119). Cationic amino acids are usually 
added to improve the solubility, which furthermore increases the binding affinity to 
anionic oligonucleotides. The electrostatic attraction is of non-specific character, which 
possibly might cause off-target effects.  
 
The thermal stability of PNA:DNA and PNA:RNA duplexes is higher compared to 
DNA:DNA and DNA:RNA duplexes (120,121). The stronger binding is largely 
attributed to the lack of charge repulsion between the neutral PNA and the negatively 
charged DNA or RNA strand. A direct consequence of the neutral backbone is also that 
PNA:PNA duplexes are insensitive to variations in salt concentration and PNA:DNA 
only exhibit minor dependence from 10-500 mM sodium chloride (122). 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:DNA hybridization is suboptimal. 
 
Interestingly, a mismatch causes a greater disruption in a PNA:DNA duplex than a 
mismatch in a DNA:DNA duplex. The average cost of a single mismatch is estimated 
to be in the order of, or larger than, the gain of two matched base pairs, which explains 
the high degree of sequence specificity generally observed for PNA binding to a 
ssDNA target. The composition of neighboring base pairs has been found to be a 
primary determinant of mismatch stability, where flanking G-C pairs seem in general to 
stabilize the mismatch relative to flanking A-T base pairs. In this respect, mismatches 
in PNA:DNA duplexes exhibit behavior similar to that of DNA:DNA (123) and 
RNA:RNA (124) duplexes. 
 
The structures adopted by duplexes of PNA-nucleic acid hybrids can be characterized 
as having Watson-Crick type base pairing and stacking patterns similar, though not 
identical, to those of DNA:DNA duplexes. The PNA:DNA duplex is somewhat 
unwound with a helical rise of 42 Å with 13 bp per turn (compared to DNA:DNA with 
10.4 bp per turn), and a slightly larger helix diameter of 23 Å, with a major groove 
wider, and a minor groove narrower (125-127), than those of the DNA:DNA duplexes 
(128). PNA adapts the sugar puckering of its partner oligonucleotide to a great extent 
when hybridized to DNA or RNA, having a helical characteristic of both A and B-
form.  
 
PNA was initially considered to mimic DNA in the sense that DNA oligonucleotides 
can bind to dsDNA as triplex forming homopyrimidine oligonucleotides (129,130) 
(Figure 12A). The DNA duplex is instead invaded by a Watson-Crick hybridized 
oligonucleotide anti-parallel orientation plus the expected Hoogsteen hybridized 
oligonucleotide in parallel orientation (Figure 12B). The strand-invasion can be 
promoted by PNA-peptide conjugates or preferably by conjugating the Hoogsteen and 
Watson-Crick binding oligonucleotides by a flexible linker (Figure 12 C). The bisPNA 
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(or PNA clamp) interacts more rapidly with dsDNA 
relative to monomeric ones, but still exhibits 
excellent sequence specificity(48,93-95). The 
bisPNA and the target DNA strand forms a triplex 
with a new helical structure, called the P-form (131). 
This unique helix form is wide and has a large pitch 
(28 Å and 18 bp, respectively), with a base tilt 
similar to B-form helix. The bases are displaced 
from the helix axis even more than in A-form helix. 
Hydrogen bonds between the DNA backbone and 
the Hoogsteen PNA backbone explain the increased 
affinity and stability of these hybrids. Nucleobase 
modifications makes it feasible to even achieve 
double strand-invasion, utilizing pseudo-
complementary bases (132) (Figure 12D). At least 
partial strand-invasion can be obtained in linear 
dsDNA but binding sites in negatively super-coiled 
plasmid can be saturated (133,134). An obvious 
disadvantage with bisPNA is that only pyrimidines 
are allowed in the sequence and since it is binding as 
a clamp, it will be longer even though the binding 
element can be reduced in comparison with linear 
PNA. Further optimized PNA with a mixed bases 
extension outside the bis-region, increases the 
probability to find suitable chromosomal target 
sequences (96). 
 
The present model for strand-invasion or strand displacement binding of PNA involves 
DNA base pair “breathing”, defined as the transient (lateral) opening of a base pair. The 
estimated base pair opening probabilities for A:T and G:C pairs are roughly 10-5-10-6 
and 10-6-10-7, respectively (135,136), although sequence dependent (137). The 
exposure of the inaccessible bases, buried in the double helix, is crucial. This is at least 
partially, a rate-limiting step in the process. Rates of strand invasion are in analogy with 
rates of breathing and base stacking; temperature-, salt- and sequence-dependent 
(137,138). 
 
In addition, PNAs are resistant to nuclease and protease degradation (139). PNA was 
designed with antisense in mind(140) but is a potent analog candidate for gene therapy, 
diagnostics, and molecular biology applications (141). Synthetic molecules, which bind 
sequence-specifically and with high affinity to dsDNA might provide a way for 
modulating gene expression. Thus, PNA has been shown to arrest transcription in cell 
culture through blockage of RNA polymerase elongation by DNA strand-invasion 
(96,97) and recently, Corey and colleagues showed, inhibition of chromosomal gene 
expression with PNA and for the first time also with LNA (91,92). 
 
 

Figure 12: PNA hybridization of 
dsDNA by: A. 1 PNA binding 
Hoog-steen, B. 2 PNAs binding 
Hoogsteen and Watson-Crick, C. 1 
PNA binding both Hoogsteen and 
Watson-Crick, D. 1 PNA binding 
both DNA strands with Watson-
Crick base paring.  
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1.5.2 Locked nucleic acid 

LNA (142-145) is a bicylic RNA analog restricted in a C3’-endo/N-type sugar 
conformation by an O2’ to C4’ methylene linkage (143,145).  This lock reduces LNA’s 
flexibility and lowers the entropic penalty for hybridization, which results in increased 
melting temperatures to both RNA and DNA. Thus, LNA is less flexible than RNA and 
DNA, which have different degrees of the two possible states of the furanose ring. The 
ring can be either of S- or N-type (Figure 13A). RNA is to a high degree the N-type 
whereas LNA is locked in the N-type (Figure 13B). DNA is mainly S-type, which 
makes LNA more a RNA analog, forming slightly more stable hybrids with RNA than 
DNA. Incorporations of LNA monomers into DNA or RNA oligonucleotides change 
the configuration of the neighboring bases towards that of LNAs, i.e A-type helix with 
N-type sugar puckers (144,146). In other words, LNA monomers preorganize the 
oligonucleotide and the entropy penalty for hybridization is reduced.  
 

 
Figure 13: The sugar rings have two possible configurations. A. DNA and RNA oligonucleotides have 
rather flexible structures that are able to adapt. B. The ring is locked into the C3’-endo (RNA) 
configuration by the O2’ to C4’ methylene linker. 
 
LNA has been developed as a diagnostic tool for real-time PCR assays and single 
nucleotide polymorphism detection, were DNA probes have been potentiated by the 
substitution to LNA bases. It has been found that LNA pyrimidines contribute with 
more stability than purines, especially while preceded with an adenosine, but it is 
context dependent (146,147).  LNA increases the melting temperature by either 
preorganization or improved stacking of the oligonucleotide, but not both 
simultaneously (146,147). Two factors are mainly responsible for the stability of the 
DNA double helix: base pairing between complementary strands and stacking between 
adjacent bases. The bases of the individual nucleotides are on the inside of the helix, 
stacked on top of each other like the steps of a spiral staircase. The ”steps” are 
stabilizing the double helix in addition to base pairing hydrogen bonds between T:A 
and C:G (Figure 14A). The GC:GC duplex has the greatest overlap and the largest 
stacking energy; GC:GC > CG:CG > GG:CC. Similar observation can be correlated 
among other duplexes, e.g. TA:TA, AA:TT and AT:AT duplexes(148). 
 
The organization of the backbone and the sugar rings in a C3’-endo fashion favors a 
more efficient stacking. This is equivalent to the structural changes from B-DNA (C2’-
endo conformation) to A-DNA (C3-endo conformation)(149) (Figure 14B). Base 
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stacking is a net phenomenon involving 
hydrophobic, electrostatic and dispersion 
components(150,151). 
 
LNA has been used for antisense 
(152,153), siRNA (154), decoy 
(155,156), LNAzyme (157), alternate 
splicing (158) and aptamer (159) 
technology. These studies show LNA’s 
increased stability in vivo and also 
suggests that LNA has a low toxicity, 
although this is still debated (160). LNA 
is capable of strand-invasion of super-
coiled plasmids (161), although in our 
experience, not as efficiently as PNA 
(116), and especially bisPNA (49,162). A 
direct comparison of LNA, PNA and 
DNA oligonucleotides shows the 
following relation between their melting 
temperatures at physiological conditions; 
LNA:LNA > LNA:PNA > PNA:PNA > 
LNA:DNA > PNA:DNA > DNA:DNA 
(163). 
 
Figure 14: Helical stacking in A or B-form. Stacking occurs between adjacent nucleotides and adds to 
the stability of the molecular structure. A. illustrates how the aromatic rings in the bases of the 
nucleotides are positioned nearly perpendicular to the length of the DNA strands when a duplex is 
formed. Thus, the faces of the aromatic rings are arranged parallel to each other, allowing the bases to 
participate in aromatic interactions, creating a large net stabilizing energy of the helix. B. shows on the 
difference of stacking (top view) between the A and B-form helix, dominant in RNA and DNA, 
respectively. 
 
In closing of this chapter it should be noted that combinations of modifications are 
standard-procedure today. Examples are LNA with phosphorothioate backbone and 
PNA with pseudoisocytosine bases for pH-independent Hoogsteen mediated 
hybridization (164). Other add-ons are intercalators that do not act in a sequence 
specific manner but further increases the melting temperature (165).  

A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 
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1.6 LIGAND-MEDIATED GENE THERAPY 

The optimal gene therapeutic should be an efficient delivery of the intact nucleic acid to 
a specific cell type and no others, without stimulating a significant immune, 
inflammatory and cytotoxic response. After binding to the target cell, the nucleic acid 
should be internalized, escape the endosome, translocate intracellulary to the 
compartment of activity and finally potently express, repress or up-regulate the gene of 
interest (Figure 15). 
 
The most concrete method to achieve cell specificity is to remove the patient’s cells and 
transfect ex vivo. The cells are then transplanted back into the patient. This approach is 
rather efficient and safe, depending on the vector used. However, it is expensive, might 
cause excessive suffering and be difficult to extract the target cells, depending on their 
nature. A more convenient approach would be systemic delivery of the gene therapeutic 
vehicle that possesses all the qualities for a safe, specific and efficient delivery in vivo. 
Nucleic acid has been formulated into complexes relying on electrostatic or 
hydrophobic forces to avoid degradation in the bloodstream and renal excretion but 
there are also examples of pegylation (conjugated with the inert polyethylene glycol). 
The complexation can also promote the cellular uptake in an unspecific manner. Cell 
targeting and efficient intracellular translocation is directed by receptor-ligand 
interactions. Ligands used for the purpose of gene therapy are usually of endogenous or 
viral origin and some examples will be given. 
 
 
1.6.1 Cell specificity and entry 

Carbohydrates and particularly N-acetylgalactosamine (GalNAc) recognizing 
asialoglycoprotein receptors (ASGPr) are abundantly and selectively expressed on 
hepatocytes. Hence this hepatic lectin has been well characterized and studied as a 
promising candidate target for drug and gene delivery into hepatocytes (166,167). 
 
Short peptides can act as ligands and one of the shortest examples is the tripeptide RGD 
(arginine-glycine-aspartic acid) found on fibronectin (29). This peptide binds to 
integrins, cell surface receptors, frequently over-expressed in cancer cells. The 
tripeptide is more potent in cyclic conformation, cRGD (168). Truncation of proteins to 
find the smallest active peptide is a common method for identifying potential ligands. A 
field has emerged within gene therapy, focusing on oligonucleotide delivery by using 
short cationic peptide sequences in order to mediate cellular uptake. These peptides, 
collectively named cell-penetrating peptides (CPPs), were first identified while 
investigating the proteins involved in infection of mammalian cells by HIV. The TAT 
protein (Trans-Activator of Transcription) was found to penetrate cells, thereby being 
able of bystander effects (169,170). A positively charged peptide of 9 amino acids was 
found to be the minimum sequence required for translocation (171). Since these initial 
observations, other naturally occurring CPPs have been identified such as penetratin 
from the transcription factor antennapedia in drosophila (172,173). Furthermore, 
promising chimeric peptides like transportan have been synthesized (174), later 
optimized and named transportan 10 (175) but more simple designs of polyarginine has 
also been found potent (176). 
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Positive charge of CPPs is crucial. The general approach has been to conjugate non-
charged DNA analog oligonucleotides directly to CPPs. The cellular uptake was found 
to be efficient but the therapeutic effect was typically lower than anticipated. As the 
name indicates, CPPs were originally thought to directly translocate the plasma 
membrane and gain access to the cytoplasm. This was later found to be a technical 
artifact and revised to make use of the endocytic pathway (177). Nevertheless, there are 
still few CPPs considered to be capable of entering via a non-endosomal pathway (178-
180). As a result of massive endosomal entrapment of peptides following endocytosis, 
modern CPPs are designed with the ambition of endosomal escape (181), e.g [R-Ahx-
R]4 (182,183) and EB1 (184). 
 
The entrapment of nucleic acid in endosomes seems to be a universal obstacle for all 
types of gene therapy. Co-administration with chloroquine, calcium or high 
concentration of sucrose has been used as endosomolytic reagents. Lipoplex and 
polyplex technology have efficient strategies for endosomal escape, destabilizing the 
endosomal membrane by pH-dependent disruption of the lipid bilayer or acting as 
proton sponges that causes osmotic collapse of the endosome, respectively (185,186). 
In experimental settings, large quantities of the lysomotropic reagent are normally 
utilized. Quantities of this magnitude could be toxic, leading to destabilization of 
cellular membranes and is unacceptable in the clinic. 
 
 
1.6.2 Intracellular translocation  

Plasmid DNA has been shown to remain at the site of microinjection, thus being too 
large to have diffusional freedom in the cytoplasm (187). Oligonucleotides on the other 
hand rapidly translocate into the nucleus upon cytoplasmic delivery (25). 
Consequently, oligonucleotide based gene therapy is potent without further designation, 
whereas plasmid based gene therapy needs to exploit the cytoplasmic infrastructure, at 
least in non-dividing cells. 
 
The microtubule motor protein, cytoplasmic dynein, transports various cellular cargo 
by "walking" along microtubules towards the minus-end, i.e. towards the nucleus. 
Dynein is a protein complex involved in transportation of many different molecules. It 
binds for instance to a conserved amino acid recognition sequence found in a wide 
variety of proteins that potentially can be used for plasmid translocation (188). 
 
All active and passive transport into and out of the nucleus occur through the nuclear 
pore complexes (NPCs) present in the nuclear envelope. The pores limit free diffusion 
of globular proteins over 40 kDa into the nucleus (189). The spatial segregation of 
DNA replication, RNA biogenesis in the nucleus and protein synthesis in the cytoplasm 
of eukaryotic cells are therefore using NLS, or nuclear export signals (NES) to enter or 
exit the nucleus, respectively. In spite of this, the first NLS peptide found is of viral 
origin, a truncated form of the protein found in SV40 (32,190). The basic paradigm for 
nuclear import is that the NLS cargo is bound by an import receptor in the cytoplasm, 
translocated through the NPC, and released in the nucleus. In addition to NLS, 
Lentivirus utilizes G-quartets, also called DNA-flaps. They bind to cellular proteins and 
form a large DNA-protein complex, the pre-integration complex (PIC) which is 
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translocated into the nucleus allowing integration into the host cell genome (191,192). 
However, a recent study states that DNA-flaps are only involved in uncoating of HIV-1 
and lacks nuclear import abilities (192). 
 
Finally, expression is the last step of controlling the gene delivery. Cell specific 
promoters offer the possibility to have gene expression only in the target cell even if 
other cells and tissues are transfected (193).  
 

 
Figure 15: Schematic presentation of the main hurdles in gene therapy and systemic gene delivery. 1. The 
DNA should resist extracellular nucleases and inactivating plasma proteins. (Oligonucleotide mediated 
gene therapy has to avoid renal excretion). 2. Binding to the cell surface, preferably cell specific 
interaction. 3. Uptake is usually directed through receptor-mediated endocytosis. 4. The DNA is trapped 
in the endosome, 5. From which it must escape before hydrolysis occurs due to decreasing pH. 6. Large 
molecules have to be transported to the nucleus, using the infrastructure of the cell, whilst smaller 
molecules can rely on diffusion. 8. The nuclear pore complex requires active translocation of 
macromolecules. 9. Many gene delivery techniques involve packing of the DNA. To be accessible for the 
transcription machinery, it has to be unpacked. 10. Finally, the gene of interest should be efficiently 
expressed and not become methylated. Further specificity can be gained by choosing a cell specific 
promoter. 
 
 
1.6.3 Combinatorial ligands 

The oligonucleotides have been equipped with ligands originating from viruses, 
endogenous proteins or synthetic new designs, to promote cellular binding and uptake. 
However, several viruses have been shown to interact with more than one receptor for 
optimal internalization. For example, adenovirus binds to integrins and to the CAR 
protein (194,195) whereas HIV binds to both CD4 and chemokine receptors, such as 
CCR5 and CXCR4 (196). These interactions are crucial and it has been demonstrated 
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that blocking the CCR5 receptor by siRNA technology impairs viral infection 
(197,198). Chimeric peptides are becoming more a rule than an exception in CPP 
design (180,199). Paper IV presents a cost efficient approach to find suitable ligand 
combinations, not restricted to peptide but of any chemistry and origin. The novel 
concept is based on DNA-directed nanoassembly of supra-molecular constructs, which 
are capable of carrying cargos across cellular membranes. DNA-based nanofabrication 
allows for fabrication of spatially well-defined, molecular devices by taking advantage 
of the unique specificity of Watson-Crick base-pairing of designed synthetic nucleic 
acid moieties (200,201). 
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2 AIMS OF PRESENT STUDY 

 
The aim of this thesis was to further develop Bioplex, a non-viral gene therapy 
technique, for attachment of biologically active molecules onto plasmid DNA by 
sequence specific strand-invasion generated by superior DNA analogs. The ambition 
was to potentiate the Bioplex technique as a result of; i) increased complex stability, ii) 
multiplicity of ligands per plasmid iii) combinations of ligands, ideally in a 
combinatorial manner. Furthermore, to exploit the Bioplex strategy for smaller gene 
therapeutic vectors, and to elucidate novel applications for DNA analogs. 
 
 
Specific aims in the individual papers were: 
 

I To simplify the assembly of multiple biologically active molecules per 
plasmid binding site through single-stranded hybridizations, created by 
strand-invading DNA analog oligonucleotides with single-stranded 
extensions. 

II To detach biologically active molecules from the complex in a 
controlled manner. A proof-of-concept of removing used ligands and an 
example of how to avoid receptor or protein entrapment. 

III To present a high-throughput screening assay, in search of ligands with 
combinatorial effects. The assay should be based on cellular uptake of 
DNA oligonucleotide constructs in complex with biotin-labeled ligands. 

IV To optimize the DNA analog oligonucleotide based transcription 
inhibitor, Zorro LNA. Elucidating the origin of its potency, focusing on 
the linker region. 
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3 RESULTS, DISCUSSIONS AND FUTURE PLANS 

 
3.1 PAPER I 

This study is an extrapolation of the findings and ideas obtained in the preparation of 
earlier publications(41,49), addressing the assembly and stability of Bioplex at 
physiological salt concentrations. We have earlier shown that PNA with covalently 
linked FEs can be utilized for anchoring functionality to naked DNA. When bisPNA 
strand invades a plasmid, it displaces the DNA strands. Lundin et al. demonstrated the 
possibility of using LNA oligonucleotides to 
hybridize to the displaced strand of the plasmid for 
both increased stability and binding kinetics (49). 
However, the number of FEs per plasmid might be a 
bottleneck. Virus particles display hundreds of 
ligands. Having only one FE per anchor would then 
require many anchors that might destabilize the 
plasmid. Synthesizing multiple FEs per anchor 
would greatly increase the manufacturing cost. 
Instead, the LNA anchor, which is the first 
oligonucleotide hybridization, a) could be extended 
with uncomplementary bases, with respect to the 
plasmid, and these bases would be used for 
hybridization of an second oligonucleotide (b) with 
multiple anchor-binding sites for a third 
hybridization (c) and so forth (Figure 16). 

Figure 16: Self-assembling 
oligonucleotides, hybridized to 
plasmid. a) LNA anchor 
oligonucleotide with extension. b) 
Secondary oligonucleotide with BS 
for the third oligonucleotide c). 
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An exponentially growing number of biologically active molecules could be presented 
on the plasmids by self-assembling hybridization of single-stranded oligonucleotides 
extending from the plasmid. Sequences were carefully designed to only give the correct 
final product in a predefined fashion.This study only presented up to three consecutive 
hybridizations but could be extrapolated. The SUN technology only needs a few 
anchor-binding domains in the plasmid for the addition of large number of FEs. The 
anchors are shown to be a Self-assembling and UNiversal tool and when the anchor is 
inserted into the plasmid, the extension can be used for hybridization of any kind of 
oligonucleotide. The oligonucleotide itself could be the function, acting as an aptamer. 
FEs can be spaced as brush-like structures or exactly positioned, relative to each other, 
to give combinatorial effects (Figure 17A). 
 

Some molecules have to be combined with correct 
relative orientation for effect(202). Example 
presented in this study is, surface adhesion of 
plasmid via SUN attachment in an exact orientation 
for purification. If the process is reversible, this 
could be a method to purify hybridized plasmids or 
to concentrate DNA. Cleavable linkers can be 
included in the complex for controlled release (203). 
The single-stranded oligonucleotide extending from 
the plasmid has also the capability to hybridize with 
another plasmid, directly or indirectly. Even if 
dimers can be formed in the absence of anchors 
(204), anchors would simplify their formation. 
Plasmids with pyrimidine-purine tracts can form 
both inter- and intramolecular triplexes. Thus, 
Hoogsteen base pairing between plasmids can cause 
dimerzation but only at low pH and has limited 
stability at physiological conditions (205,206) 
(Figure 17B). 
 
Self-assembling systems in nanotechnology require 
suitable building blocks and accessible sticky-ends 
for the generation of bottom-up constructed 
structures. Most structures are assembled by ssDNA 
oligonucleotides hybridized to form junctions. 
Rothemund recently published beautiful atomic force 
microscope (AFM) pictures of the western 
hemisphere in scale 1:2×1014 drawn by scaffolded 
DNA origami (207).  
 
His starting material was the naturally occurring 
ssDNA (ssDNA) of the M13mp18 virus, which was 
folded in different ways by synthetic ssDNA 
oligonucleotides, showing the relatively simple self-
assembly of ssDNA. Others have used DNA 
oligonucleotides to generate larger building blocks 

Figure 17: SUN technology 
applications. A. Plasmid with 
combinations of multiple ligands. 
B. Dimerization of plasmid DNA. 
C. Nanoelectronic circuit with 
DNA wires. 
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with different geometry and rigidity in order to form grids or supra-molecules in a 
“Lego-like” fashion (reviewed in (208,209)), for construction of, for example, 
nanomotors (210,211) and nanoelectric circuits (212-215) or DNA lattice for 
organizing molecules (216) as well as for single molecule detection (217). We believe 
that future applications of the SUN technology could primarily be as double-stranded 
backbones in simpler structures and lattices for nanoelectronics (Figure 17C) or single 
molecule detection, in addition to gene therapy. 
 
 
3.2 PAPER II 

The objective of this study was to investigate the use of sequence-specific cleavage for 
removal of biological functions from the Bioplex conjugate. By choosing a specific 
enzyme and introducing its target sequence within the peptide, it was shown that it is 
possible to engineer not only where, but also when, cleavage will occur during the 
transfection. Cathepsin L was chosen in order to obtain proof of principle on the 
premises of its ubiquitous expression, specific activity and intracellular location, being 
present in the late endosome/early lysosome. The assembled Bioplex was exposed to 
purified cathepsin L. Digestion occurred and resulted in loss of the functional entity 
although the kinetics were context dependent. The functional entity was found to be 
deleted in cell-culture in a manner compatible with endosome maturation and pH 
activation of lysosomal proteases, i.e. cathepsin L.  
 
Cathepsin L is active at pH 5.5, when the endosome is converting into a lysosome and 
degradation is imminent. Thus, products might even be degraded at the time of cell 
harvesting, resulting in loss of material in vivo. Compatible with this possibility, the 
shift, which illustrates the loss of a peptide in vivo, was not as pronounced as in the in 
vitro studies. A more homogenous Bioplex product might be detectable if escape from 
the endosome, or degradation within the lysosome, are prevented. When using PNA409 
with two different functional peptide entities, the transferrin peptide could be removed 
by cathepsin L in vitro with sustained NLS activity in vivo. No significant difference 
between digested and undigested PNA409 could be detected (Figure 18).  
 

 
Figure 18: Protease-induced release of functional entity.  
 
In this study, constructs with different functional entities were tested, but only one type 
of linker. To overcome accessibility problems with bulky or charged functional entities, 
the nature of linkers could be the solution. Length, hydrophobicity and flexibility are 
some of the variables of interest. When a larger degree of cleavage is crucial, 
alternatives to enzymes might be more appropriate. Enzymes are proteins of substantial 
size, whereas non-catalytic disruption can be obtained by considerably smaller 
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molecules. In reactions with chemical linkers, which are broken as pH drops, or 
through redox reactions, the reactive small molecules do not experience the steric 
hindrance of enzymes. Disulphide bonds are known to be reduced in the cytoplasmic 
milieu. Disruption of disulphide bonds has been used in non-viral gene therapy to free 
DNA from cationic lipids after endocytosis (218,219). Bioplexes could therefore be 
synthesized with a disulphide bridge located between the peptide and the functional 
entity, eliciting a gain in cleavage rate with a concomitant change in subcellular 
targeting. In this study, we chose an enzyme present in a particular compartment of all 
eukaryotic cells, whereas redox reactions would have a different spatial distribution. 
 
The capacity to release functional moieties could be advantageous at many of these 
steps: i) If the receptor-ligand interaction is very strong, it might impair the release of 
genetic material from the complex, causing reduced nuclear translocation of transfected 
material. ii) Cleavage of the receptor ligand after uptake will reduce the bulkiness of the 
transfection complex, thereby potentially enhancing intracellular transport at multiple 
levels, including the final routing to the nucleus, resulting in increased transfection 
efficacy. iii) The released moiety could also serve as a functional unit, such as a 
lysosomal disruption peptide. As an example, the structural and functional information 
available for the HA2 peptide indicates that the peptide has to be untethered to allow it 
to form homo-trimeric complexes, which subsequently form octameric complexes that 
create a pore in the vesicle membrane (220). It is feasible that other types of functional 
moiety could also be activated in this fashion. However, the choice of cathepsin L for 
HA2 release might not be the optimal one. Thus, cathepsin L only becomes active as 
the endosome is converting into a lysosome where the degradation already has started. 
The HA2 peptide should ideally integrate into the membrane before the pH drops and 
its configuration changes. For this reason, its induced release might be too late, or at 
least suboptimal. Another potential limitation of cathepsin L would be its ubiquitous 
expression, preventing tissue specificity. iv) A special case is when multiple functional 
entities are linked consecutively onto the same PNA, and the functional peptide must 
be exposed at the terminus to be active. 
 
Our findings demonstrate the feasibility of altering the composition of the Bioplex. 
This has implications for controlled plasmid-mediated gene delivery. By the choice of 
disrupting agents, alterations of the constructs can be directed to e.g. the cytoplasm or 
the cell surface. The strategy of specific molecular switches to induce loss of functional 
entity or exposing consecutive functions etc. could be used to obtain cell or tissue 
specificity. Regulation through different systems in vivo transfection and a release of 
functional moieties in cells expressing the correct protease, for which a target site is 
present in the Bioplex, is one of them. Receptor interaction with a defined receptor 
ligand or combination of ligands targeting a selected subset of cells, as well as inclusion 
of cell-specific promoters in the plasmid construct, are other examples of how 
specificity might be achieved. 
 
 
3.3 PAPER III 

Here, we turn to the ligands. Several viruses have been shown to interact with more 
than one receptor, for example HIV, which binds to both CD4 and chemokine 
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receptors, such as CCR5 and CXCR4, or adenovirus, which binds to integrins and to 
the CAR protein. These interactions are crucial and it has been demonstrated that 
blocking the CCR5 receptor by siRNA technology impairs viral (221). We have 
designed bioactive complexes with defined structures and charges. The 
oligonucleotide complex was designed as a 44 bp dsDNA oligonucleotide with 
one central streptavidin molecule and a second streptavidin at the terminus (Figure 
19A). The complexes can be utilized for determination of cell-specific adhesion, 
uptake and intracellular localization dependent on the specific nature of each 
complex. Importantly, it was observed in studies for protocol optimization that the 
44mer carrier oligonucleotide was internalized only when ligand-loaded streptavidin-
DNA-conjugates (preferably containing wheat germ agglutinin, WGA) were 
hybridized to it. Thus, this observation clearly indicates that the entire construct 
crossed the cell membrane, verified on unfixed HUVEC cells by confocal 
microscopy. It should be emphasized that this result confirms our hypothesis, that 
DNA-based supra-molecular constructs posses sufficient stability in complex media 
and are thus well suited for combinatorial screening and interrogation of cellular 
systems. However, the final screening in this study was only analyzing cellular 
association of the complex after fixation, unable to discriminate between membrane 
bound, internalized or compartmentalized (177). 
 
The experimental setup ensures the generation of 
defined complexes with ligands designated specifically 
to either “OligoA” or “OligoB”. An alternative strategy 
would be to have equimolar solutions of the ligand 
combinations and incubate with streptavidin alone. 
However, this would give a random distribution of all 
possible combinations, thus reducing the level of control 
that we have in the present set-up. There is a potential 
risk for ligand exchange on the streptavidin, i.e. larger 
biotinylated molecules are exchanged for smaller as a 
result of less steric hindrance and low diffusion rate. 
Blocking available binding pockets on streptavidin with 
free biotin would decrease these interactions. Mixing 
OligoA and OligoB immediately prior to adding the 
complex would reduce the risk of ligand exchange. The 
assembly of the 484 different constructs was 
accomplished in 3 hours and could be administered to 
the last of the 10 000 wells within 3 hours. Thus, ligand 
exchange should be evaluated. Here, the mass of the 
ligands spans from the RGD-peptide of less than 1 kDa 
to transferrin, which is 80 kDa. The majority of the 
ligands used have a mass of 2-5 kDa.  
 
An alternative method to labeling the scaffold oligonucleotide “OligoC”, the 
oligonucleotides OligoA and OligoB, is to conjugate the scaffold with fluorescent 
streptavidin. Commercially available fluorescent streptavidin yields a stronger signal 
and has on average 5 fluorophores per molecule, thus giving a higher signal-to-noise 
ratio. However, it would also give rise to signal from incomplete complexes. An 

Figure 19: Schematic 
representation of the 
oligonucleotide complex.  
A. Present complex  
B. An example of future 
complexes. 
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oligonucleotide complex with fluorescent streptavidin would present a more direct 
comparison of the ligand combinations efficacy in transfecting negatively charged 
cargos relative to non-charged cargos, i.e. with or without the charged DNA 
oligonucleotides. The absolute intensities between the two complexes could be 
compared. The choice of streptavidin as connector between the ligand and the DNA is 
not optimal. NeutraAvidin for example, is a uncharged deglycosylated form of avidin 
and would be a better candidate, since it is less likely to have unspecific interaction 
with the cell membrane and thus cause higher variance (Figure 19B).  

 
The ligand positioning was not anticipated to be of any significant importance contrary 
to the results. Switching position was thought to be an internal control to validate the 
sequence independence on cellular uptake. Instead the positional effects were far 
greater than the hybridization efficacy or concentration errors of the oligonucleotides 
can be accounted for. The effect was seen in both directions, i.e. in HUVEC, WGA has 
to be ligandA but in HEL299 cells, WGA should be ligandB and a carbohydrate should 
be ligandA. The reason for the remarkable differences for the HUVEC cells might have 
a more technical than biological explanation; OligoA and OligoC were prehybridized 
for convenience. This allowed the OligoA to hybridize before ligands were added to the 
conjugated streptavidin, but OligoB was first exposed for ligands that probably caused 
a steric hindrance effect on the subsequent hybridization to OligoC. This difference was 
most pronounced for HUVEC since these cells were very susceptible to WGA binding. 
The majority of the ligands are less likely to cause interference of the hybridization due 
to their relatively small sizes, compared to streptavidin, and only WGA and transferrin 
have molecular weights and sizes of normal proteins. If the streptavidins would be 
positioned in each end of the DNA complex, position would most likely not influence 
receptor interactions and switching positions of ligands would instead be included as 
internal controls.  
 
The Z’ factor was developed as assay quality assessment for high-throughput 
screenings of larger magnitudes and has been used here as an optimization tool. An 
ideal method has Z’=1 and a value ≥0.5 indicating an excellent assay with statistical 
reliability (222). 
 
An oligonucleotide receptor has been identified in Hep G2 cell line (223). This could 
explain the high background of the oligonucleotide complex and there might be a 
similar effect in HEK-293. Other striking differences between the cell lines are their 
shape and size. HUVEC has a flat morphology with large cytoplasm and suits the 
detection technique well. This is also true for HEL299 with the difference being that 
HEL299 has a more irregular shape and is larger. Even though the number of HEL299 
cells per field of view is lower than for HUVECs, the cell-to-cell variance was low, 
suggesting HEL299 to be a good cell-type for this assay. However, the WGA ligand 
was not efficient in cellular binding to HEL299. The Z’ factor is therefore low for 
HEL299, but this might simply be due to the fact that WGA is not an adequate positive 
control in this case. HEK-293 and Hep G2 are rather small, spherical cells that tend to 
grow on top of each other. They both have relatively high level of auto-fluorescence in 
the spectrum used for imaging and a large nucleus to cytoplasm ratio, characteristics 
that are suboptimal for data acquisition with the present imaging methodology.  Also 
SH-SY5Y and SK-HEP-1 grow in clusters but are otherwise good candidates. Two 
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liver-derived cell lines were included in this study, since we have special interests in 
hepatic uptake through the asialoglycoprotein receptor with carbohydrates as ligands. 
Hep G2 expresses the asialoglycoprotein receptor but SK-HEP-1 does not. Thus, the 
more cumbersome cell line, Hep G2 was included in the study with SK-HEP-1 as a 
negative control. Finally, the washing procedures have been developed for HUVECs, 
other less adherent cell lines could possibly detach to a higher degree than the HUVEC 
cells. Some wells had cell free areas but rarely with cell traces, stained by Alexa 647 
Fluor conjugated WGA. After receptor-ligand interactions with basolateral receptors, 
cells are more vulnerable than normally and might even detach without exterior forces. 
The overall characteristics will reflect how well the explicit cell line will function in 
this particular assay, reflected in the Z’ factor. 

 
A high-throughput approach is pivotal for finding functional, combinatorial ligands in 
an efficient manner. This study shows the strength of our technique for identification of 
ligand combinations as well as the need for automation and advanced imaging systems. 
Only 22 different ligands were tested in this pilot and the total number of transfections 
performed was in the order of 10 000. The Z’ factors obtained were low and show that 
each cell line has to be optimized separately in respect to controls used. HUVEC, which 
the protocols have been optimized for, has an acceptable Z’ factor. The foundation of 
this study is the automated robotic system with Liconics robotic incubator, two 
autonomous robotic arms equipped with for example 96-tip fixed pipette head, plate 
readers, plate washers and Velocity 11 plate sealer. Everything is integrated in the same 
hood (Figure 20). The cells are analyzed by an automated laser line-scanning confocal 
microscope system, IN Cell Analyzer 3000 (GE Healthcare, USA). Hence, there are no 
manual steps. 
 
Figure 20:  
Photograph of the 
robotic platform used 
in paper III. 
 
 
 
 
 
 
 
 
 
 
The oligonucleotide complex is to be attached directly to plasmid DNA in order to 
transfer the plasmid across the plasma membrane and/or to facilitate the intracellular 
translocation of the plasmid. Owing to the possibility to strand-invade dsDNA by the 
usage of high affinity DNA analogs, these anchoring oligonucleotides could be a part 
of, or hybridize to, the oligonucleotide-ligand complex (162). The potency of ligands is 
cargo-dependent. Most of the post-translational gene regulatory techniques are based 
on oligonucleotides between 20 and 100 bases in length. We postulate that the 
oligonucleotide-based complex presented here could be used to find common ligand 
combinations that can be directly transferred to the gene regulatory constructs, without 
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Figure 21: Zorro LNA, hybridized to dsDNA 
by strand-invasion 

compromising neither ligand efficacy nor specificity. The methodology delineated in 
this work has the potential of having a significant impact not only on delivery of 
nucleic acids but also on drug delivery. The prospect of systemic delivery combined 
with highly specific targeting of cell-types will enable re-formulation of a plethora of 
existing drugs that today have serious side effects due to non-specific uptake. 
 
Future studies aim to have a biological readout and not relying on fluorescence. The 
complex can be modified to have antisense ability or other kind of oligonucleotide 
mediated gene therapy effect (Figure 18B). Splice correction, is an appealing 
alternative with a positive readout, possible to measure directly in a plate reader. The 
advantage is a fast readout but the results would then only give quantitative values. 
Potential combinatorial ligand hits would then later be further evaluated based on 
compartmentalization in live cells using the IN Cell Analyzer. Refinements of the 
technology and by choosing a control ligand specific for each cell line/type will enable 
us to generate more precise data with less variability in the results. It is possible to draw 
conclusions from our pilot study in terms of positional effects and combinatorial effects 
unique for the cell-types tested. A future study would include comparison of cell-types 
and cell lines relevant for specific diseases such as a comparative study of a cancer cell 
and a non-transformed cell against a broad panel of control cell-types. Furthermore, by 
identifying a broad collection of cell receptor ligands collected both from normal cell 
signaling as well from ligands identified from pathogens, we intend to define a range of 
ligand combinations with a high degree of specificity for a defined cell-type. By 
implementing a drug formulation from an identified, unique and highly specific ligand 
combination, it would seem like a natural step to subsequently apply the formulation in 
vivo using an animal model relevant for the specificity of the identified ligand. 
 
 
3.4 PAPER IV 

In paper IV, the DNA analog itself is the function. Recently, we have developed a 
novel anti-gene molecule "Zorro LNA", which seems to strand-invade into super-coiled 
DNA, simultaneously hybridizes to both strands and potently inhibits RNA polymerase 
II and III derived transcription. The original Zorro LNA construct consists of a 14-mer 
LNA oligonucleotide that binds to the coding strand, while a connected 16-mer LNA 
binds to the opposite template strand. Both LNA oligonucleotides are synthesized as 
continuous oligonucleotides with a mixture of LNA and DNA bases. They hybridize to 
one another and to the dsDNA by Watson-Crick base pairing (Figure 21). In this report, 
we have been able to further optimize the transcriptional inhibitor. We found that 
lengthening of the DNA binding regions enhanced the silencing, whereas extension of 
the linker sequence only diminished the effect.  

 
Several technical issues were identified. 
Aggregates were observed in the wells in 
the gel retardation experiments probably 
caused by concatamerization of the dsDNA 
oligonucleotides. The tendency to 
aggregate increased with the length of the 
linker. The further the dsDNA strands were 
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forced apart by the Zorro, the more prone they became to hybridize to other complexes 
instead reannealing and thereby closing the loop over the Zorro construct. This was 
verified by AFM and is a concern for the fluorescence resonance energy transfer 
(FRET) measurements. We believe that the length of the linker decreases when 
constricted by the open loop formed by the DNA strands, in comparison to free ends. 
However, the concatamerization probably underestimates the condensing effect. 

 
Expression studies using a single binding site in the plasmid resembled the effect in the 
oligonucleotide experiment using targets without mismatches. In both assays, the 7 bp 
linker was found to be of optimal length. The constructs were designed to have linkers, 
differing in size of 2 to 3 bp and owing to the optimal effect of 7 bp linkers 6 and 8 bp 
linkers also have to be tested. It could turn out that the 7 bp linker has the perfect 
“curvature” once assembled into a dsDNA:Zorro complex. The hypothesis is supported 
by the fact that 7 bp and 12 bp linkers, which were designed to have a half and a full 
helical turn, respectively, were found to be the two extremes in the oligonucleotide 
strand-invasion assay. The curvature is dependent on linker length, sequence and LNA 
content. The 3’ nucleotides in the 7 bp linker were LNAs, which resulted in strong 
hybridization and, additionally, to a more open helical structure. If LNAs were to be 
removed from the ends of the current 7 bp linker, the ends would likely change their 
conformation. 
 
Another interesting finding was that by 
extending the DNA binding regions of the 
Zorro construct, the potency could be further 
increased. The rationale might be that the 
melting temperature and the binding affinity 
to the DNA increases with lengthened 
sequence or it might be the relative direction 
and positioning of the linker regions. All 
Zorro2:0:X constructs have 1 bp overlap 
between the DNA binding region of LNA 
oligonucleotides whereas Zorro2:2:7 has 3 
bp overlap. This fact results in an additional 
separation of the last base of the DNA biding 
region of the LNAs by approximately 7 Å 
and 70° in rotation along the DNA-axis. 
Probably, all parameters are of importance 
and, in addition, the sequence and the nature 
of the bases composing the linker are not 
irrelevant as assumed here. 
 
We have found that Zorro LNA potently 
silences the expression of specific genes 
transcribed by RNA polymerase II and 
III(98,99). The Zorro LNAs inhibit 
transcription of the gene downstream of the binding site, without influencing the 
expression of the genes driven by uncompromised promoters on the same plasmid. The 
Zorro construct can be co-injected with the plasmid, thus it is potentially able to strand-

Figure 22: In vivo effect of Zorro LNA. 
Plasmid coding for the  luciferase reporter 
gene was hydrodynamically injected alone 
(left mouse) or pre-hybridized with Zorro 
LNA (right mouse). The expression of 
luciferase was measured after 3 days. The 
expression of the pre-hybridized plasmid 
was silenced by 90%.  
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invade in vivo, but higher molar excess is needed. Co-injections have been tested in 
mice, both by intravenous (Figure 22) and intramuscular administration with 90% 
inhibition of transcription elongation (98,99).  
 
In all assays tested previously, two consecutive binding sites were needed for efficient 
silencing and this might be the case for pronounced suppression even if the Zorro 
construct is further optimized. However, for the first time we could detect silencing, 
albeit only at the 20% level, with a single site when the DNA binding regions of the 
Zorro were extended and with a 3 bp overlap between the DNA binding regions. It is 
not known whether structural limitations of the open loop within the dsDNA, caused by 
the strand-invasion, might be thermodynamically unfavorable for the single Zorro 
construct when being attacked by the polymerase. The Zorros are experiencing 
cooperative hybridization in the two binding site plasmid, which facilitates strand-
invasion and the stability of the complex. Furthermore, sequences flanking the binding 
sites in the one and two binding site plasmids are not identical. The sum of all these 
factors are probably the reason for that saturated hybridization was obtained with one 
binding site but only moderate gene silencing by the optimal Zorro2:2:7. We do not 
believe that simply extending the DNA binding sequences of the Zorro construct is the 
solution but rather trying other novel designs as Ω-shaped constructs.  
 
Before drawing any conclusions, new binding site sequences have to be evaluated. The 
Zorro LNA concept will mainly be of general interest if it can be applied to any binding 
site sequence, targeting chromosomal DNA, regardless the number of consecutive 
constructs needed for potency. 
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4 POPULÄRVETENSKAPLIG SAMMANFATTNING 

 
Genen är en enhet för information om ärftliga egenskaper, som ärvs från föräldrarna till 
barnet. En gen består av en specifik DNA sekvens som översätts till RNA i cellkärnan 
och förs ut i cellkroppen där RNA slutligen används som ett recept för att bygga 
proteiner. Proteiner utför nästan alla aktiviter som sker i levande varelser. De består av 
byggstenar som kallas aminosyror och det är aminosyrornas ordning och samman-
sättning som genens DNA kod beskriver. 
 
Många genetiska sjukdomar orsakas av att DNA koden i en gen förändras, muteras. Det 
"sjuka" anlaget beror då på att genen muterats på ett sådant sätt att den inte kodar för 
ett funktionellt protein. I vissa fall kodar den muterade genen för ett förändrat protein 
som är skadligt för kroppen. En sådan gen måste således stängas av. 
 
Genterapi har blivit ett samlingsnamn för medicinska verktyg som påverkar arvsmassan 
och översättningen från DNA till RNA till protein. Istället för att medicinera kroppen 
med konventionella läkemedel så kan man tillföra kroppen en fungerande kopia av den 
gen vars avsaknad är orsak till det grundläggande problemet. Från början spordes 
genterapi vara framtidens bot för genetiska sjukdomar men det visade sig dock vara 
mer komplicerat än väntat.  
 
Problemet med genterapi är att föra in genen i cellen. Gener kan föras in med hjälp av 
biologiskt inaktiva virus som modifieras till att istället föra in en terapeutisk gen. 
Virusets enda naturliga funktion är just att ta sig in i celler och sedermera få cellerna att 
producera virusets egna proteiner. De är väldigt effektiva men dessvärre finns alltid 
säkerhetsaspekter med virus och helst vill man använda andra alternativ. 
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Kroppen försöker skydda sig mot virus och andra mikroorganismer. Alla medicinska 
försök att föra in DNA kommer också att motarbetas av kroppen. Det finns många låsta 
dörrar på vägen vilket gör genöverföring till en komplex process. I vårt laboratorium 
har en syntetisk genöverföringsmetod utvecklats, Bioplex, där nyckel-molekyler sätts 
fast direkt på den terapeutiska genen. Dessa molekyler ska ledsaga genen genom 
kroppens låsta dörrar. Först från blodet till rätt vävnad och rätt celltyp. Genen måste tas 
upp av cellen och undgå nedbrytning och slutligen ta sig in i kärnan där den 
terapeutiska genen översätts till det saknade proteinet. Nyckel-molekylerna fästs med 
hjälp av en modifierad form av DNA som fungerar som ett ”genetiskt klister”. 
 
Den första artikeln beskriver hur det genetiska klistret kan användas för att bygga upp 
större förgrenade komplex, allt för att kunna fästa så många nyckel-molekyler som 
möjligt. Ju fler kopior av varje nyckel-molekyl, desto mer troligt är det att nyckeln 
träffar låset. 
 
Det finns tillfällen då nyckel-molekylerna bör klyvas av från den terapeutiska genen för 
att aktiveras eller efter det att deras funktion är utagerad. Den andra artikeln visar hur 
man kan använda kroppens enzymer för att klyva av nyckel-molekylerna specifikt och 
vid korrekt tidpunkt. 
 
Nyckel-molekylernas uppgift är att föra in den terapeutiska genen effektivt och 
specifikt. Vissa nyckel-molekyler fungerar på många celltyper emedan andra bara 
passar en speciell cell. I många fall krävs korrekta kombinationer av molekyler för att 
genöverföringen ska vara både effektiv och specifik. Dessvärre finns det väldigt många 
olika nyckel-molekyler och att experimentellt pröva sig fram är väldigt mödosamt. Den 
tredje artikeln beskriver hur automatiska robotsystem kan används för att testa mängder 
av kombinationer på ett snabbt och kostnadseffektivt sätt på olika typer av odlade 
mänskliga celler. 
 
Som tidigare nämnt finns det många sjukdomar där man behöver stänga av en gen, då 
ett felaktigt arvsanlag orsakar sjukdom. Utöver genetiska sjukdomar gäller det även för 
vissa virusinfektioner och cancertyper. I den sista artikeln beskrivs en ny form av 
genetiskt klister som binder tillräckligt hårt till DNA för att ”stänga av” den sjuka 
genen. Konstruktet heter Zorro LNA på grund av att det har formen av Z när det är 
bundet i DNA spiralen.  

 Schematisk skiss av Zorro LNA (i rött och lila) som sitter fast i DNA spiralen (i grönt). (Reproduktion 
med tillstånd från tidskriften Medicinsk Vetenskap). 
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