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Abstract 

Our genome operates by sending instructions, conveyed by mRNA, 
for the manufacture of proteins from chromosomal DNA in the 
nucleus of the cell to the protein synthesizing machinery in the 
cytoplasm. Alternative splicing is a natural process in which a single 
gene can encode multiple related proteins. During RNA splicing, in-
trons are selectively removed resulting in alternatively spliced gene 
products. Alternatively spliced protein products can have very differ-
ent biological effects, such that one protein isoform is disease-related 
while another isoform is desirable. Splice switching opens the door to 
new drug targets, and antisense oligonucleotides (asONs), designed to 
switch splicing, are effective drug candidates. Cellular uptake of oli-
gonucleotides (ONs) is poor, therefore utilization of cell-penetrating 
peptides (CPPs), well recognized for intracellular cargo delivery, is a 
promising approach to overcome this essential issue. Most CPPs are 
internalized by endocytosis, although the mechanisms involved re-
main controversial. 

Here, evaluation of CPP-mediated ON delivery over cel-
lular membranes has been performed. A protocol that allows for con-
venient assessment of CPP-mediated cellular uptake and characteriza-
tion of corresponding internalization routes is established. The proto-
col is based on both fluorometric uptake measurements and a func-
tional splice-switching assay, which in itself is based on biological 
activity of conveyed ONs. Additionally, splice switching ONs (SSOs) 
have been optimized for high efficiency and specificity. Data suggest 
that SSO activity is improved for chimeric phosphorothioate SSOs 
containing locked nucleic acid (LNA) monomers. It is striking that the 
LNA monomers in such chimeric constructs give rise to low mismatch 
discrimination of target pre-mRNA, which highlight the necessity to 
optimize sequences to minimize risk for off-target effects.  

The results are important for up-coming work aimed at 
developing compounds consisting of peptides and novel synthetic 
nucleic acids, making these entities winning allies in the competition 
to develop therapeutics regulating protein expression patterns. 
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Abbreviations 

2OMe RNA  2’-O-Methyl RNA 
AEC  Anion exchange chromatography 
asON  Antisense oligonucleotide  
BMD  Becker muscular dystrophy 
CFTR Cystic fibrosis transmembrane conductance 

regulator 
CME  Clathrin-mediated endocytosis 
CPP  Cell-penetrating peptide 
DCC  Dicyclohexylcarbodiimide 
DMD  Duchenne muscular dystrophy 
DNA  Deoxyribonucleic acid 
HATU 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate 
HIV  Human immunodeficiency virus 
HOBt  Hydroxybenzotriazole 
HPLC  High-performance liquid chromatography 
LNA  Locked nucleic acid 
MALDI-TOF Matrix-assisted laser desorption/ionization-

time of flight 
MBHA 4-Methylbenzhydrylamine 
mRNA Messenger RNA 
Npys  3-Nitro-2-pyridinesulfenyl 
ON  Oligonucleotide 
PEI  Polyethyleneimine 
PEN  Penetratin, also named pAntp 
PI3K  Phosphatidylinositol 3-kinase  
PNA  Peptide nucleic acid 
PO  Phosphodiester 
PS  Phosphorothioate 
RISC  RNA-induced silencing complex 
RLU  Relative luminescence units 
RNA  Ribonucleic acid 
RNAi   RNA interference 
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1. Introduction 

Regulation of gene function means alteration of protein expression 
from a specific gene. Cellular protein synthesis can be manipulated to 
achieve desired protein expression patterns by utilizing antisense oli-
gonucleotides (asON) which bind complementary to cellular target 
RNA and interfere with its further processing1. 

A great number of diseases arise from aberrant protein expres-
sion and specific, artificially mediated, regulation of gene function is 
therefore of great interest from a therapeutic point of view. Several 
synthetic nucleic acids, with improved properties for targeting of bio-
logically important RNAs, have been developed lately2 but vectors for 
oligonucleotide (ON) delivery is still a topic causing aggravation.  

Cell-penetrating peptides (CPPs) have gained increasing atten-
tion since the initial discovery in 19943 due to their remarkable ability 
to penetrate cells and convey cargo, such as ONs. Understanding the 
mechanisms for CPP-mediated delivery and ON-induced regulation of 
protein expression may prove to be a prerequisite for therapeutic ap-
plications of synthetic nucleic acids. 

1.1 Oligonucleotide-mediated regulation of gene 
function 

The mediator of hereditary qualities, DNA, was structurally described 
by Watson and Crick in 19534. As a result of extensive cell biological 
research explaining the proteomic background to diseases and the full 
sequencing of the human genome5, development of many novel thera-
peutics are based on regulation of protein expression. To compensate 
aberrant protein synthesis, ON-mediated regulation of gene function is 
about to transform the development of novel drugs. Regulating asONs 
bind to target RNA and influence cellular processes, such as transla-
tion and pre-mRNA splicing. Another antisense mechanism interfer-
ing with gene function, which will not be discussed here, is the anti-
gene strategy acting at DNA level as triplex forming asONs6. Alterna-
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tive splicing of pre-mRNA is the cellular target process for the asONs, 
utilized in this thesis.  

1.1.1 Antisense oligonucleotides and alternative splicing 
 The antisense mechanism is a process in which a foreign asON hybri-
dizes to target RNA and interfere with its further processing. One me-
chanism of action for RNA targeting asONs is digestion of target 
mRNA-mediated by RNAse H2. Other mechanisms are steric hin-
drance of mRNA to be translated by the ribosome or steric influence 
on spliceosomal processing of target pre-mRNA.  Another member in 
the family of gene modulating mechanisms is RNA interference 
(RNAi)7,8, in which exogenous short double-stranded RNA fragments 
(siRNA) are bound to proteins in the cytosolic RNA-induced silencing 
complex (RISC) generating cleavage of target mRNA9. In this thesis, 
steric block asONs that in-
terfere with spliceosome 
processing are utilized as 
reporters for cellular deli-
very and for evaluation of 
splice switching asONs 
(SSOs) with novel synthetic 
nucleic acids monomers.  

Post transcrip-
tional modifications, includ-
ing alternative splicing (i.e. 
removal of introns and fu-
sion of exons), are funda-
mental for generating 
mRNAs that can be trans-
lated into proteins. In con-
trary to constitutive splicing 
where the immature pre-
mRNA transcript always is 
processed in the same man-
ner, generating only one 
type of mRNA, alternative 
splicing produces various 
mRNAs with different se-
quences, and concomitantly, 
different protein isoforms 

Figure 1.1: Exon skipping induced by splice
switching oligonucleotides (SSOs). A.
Normal splicing of the pre‐mRNA. B. An SSO
interferes with the splicing machinery and
give rise to another mRNA and thereby
another protein isoform.
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with potentially different functions. Considering that an average gene 
encodes pre-mRNAs with eight different exons and that approximate-
ly 70% of all genes undergo alternative splicing, this is most likely the 
major source of protein diversity present in human cells10. Pre-mRNA 
splicing is an essential, precisely regulated process that occurs in the 
nucleolus of cells. Splicing requires exon recognition, followed by 
accurate cleavage and rejoining of exons, which are determined by 
invariant GT and AG intronic nucleotides at the 5´ and 3´ intron-exon 
junctions, respectively. Components of the basal splicing machinery 
recognize and bind to splice site sequences and promote assembly of 
multicomponent splicing complex known as the spliceosome that cata-
lyzes the cut-and-paste reactions that remove introns and join exons11. 
Hence, introduction of an SSO to the cell can direct splicing to the 
desired protein isoforms (Figure 1.1).  

1.1.2 Alternative splicing and diseases 
Several diseases including β-thalassemia, cystic fibrosis, muscular 
dystrophies, cancers, and several neurological disorders, are asso-
ciated with alteration in alternative splicing, caused by mutations af-
fecting the splicing process12-14. It is estimated that 20-30% of all dis-
ease causing mutations affect pre-mRNA splicing. Cis-acting muta-
tions (i.e. mutations within the pre-mRNA to be spliced) either dis-
rupts existing splice sites, generating intron inclusions or exon 
exclusions, or produce novel splice sites13. Trans-acting splicing mu-
tations can affect the function of the basal splicing machinery or fac-
tors that regulate alternative splicing, resulting in changed preferences 
for choice of splice sites15. From here on, only cis-acting mutations 
are discussed. 

One of the first splicing mutations described was found 
in β-thalassemia patients, where mutations in intron 2 of β-globin pre-
mRNA create an aberrant 5´splice site, concomitantly activating a 
cryptic 3´splice site which leads to an intron inclusion, and therefore, 
expression of non-functional protein16. Same type of mutations has 
been identified in the cystic fibrosis transmembrane conductance regu-
lator (CFTR) gene, resulting in aberrant splicing and development of 
cystic fibrosis17. Duchenne muscular dystrophy (DMD), characterized 
by progressive degenerative myopathy, and its milder allelic disorder, 
Becker muscular dystrophy (BMD), are both caused by mutations in 
the dystrophin gene18. These are only mere examples of diseases 
caused by alterations in alternative splicing, for reviews see14,19. 
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1.1.3 Synthetic nucleic acids 
The major issue with ON-based therapeutics is cellular delivery, pro-
vided that gene regulating synthetic nucleic acids already are stable in 
serum, hybridize effectively to target RNA, and are non-toxic. Addi-
tionally, asONs for inhibition of protein expression should preferably 
recruit the RNA cleaving enzyme RNAse H while ONs for splice 
switching should not recruit RNAse H2. The first generation of syn-
thetic asONs, represented by phosphorothioate (PS) DNA (Figure 
1.2), has a modification on the phosphodiester (PO) linkage, recruit 
RNAse H and has high serum stability20,21. 
 

Base
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HO

HH

HH

PO
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Phosphodiester

Base
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HO

HH

HH

PS

O

O-

Phosphorothioate  
Figure 1.2: Phosphate backbone modification of phosphorothioate, DNA. Oxygen is 
replaced by sulfur in the first generation synthetic nucleic acids as compared to 
natural phosphodiester backbone. 
 

The second generation of synthetic nucleic acids has 2’-
O modifications, such as 2’-O-Methyl RNA (2OMe RNA) (Figure 
1.3), with increased melting temperature when hybridized to RNA. 
Modification of the ribose sugar ring implies that the second genera-
tion does not recruit RNAse H22, and they are therefore suitable as 
SSOs.  
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Figure 1.3: Ribose modifications characterize the second generation synthetic 
nucleic acids, here exemplified by 2’-O-Methyl RNA. The 2’-O modifications in-
crease binding affinity and abolish RNAse H recruitment. 
 
The third generation asONs are characterized by further modifications 
of the riboses and / or the backbone. Synthetic nucleic acids with con-
strained ribose ring forming bicyclic nucleic acids, such as locked 
nucleic acid (LNA) have been developed (Figure 1.4). LNA has con-
siderably higher affinity for target RNA than asONs from the second 
generation, confirmed by increased melting temperature for LNA 
strands hybridized to RNA23. Another type of third generation synthet-
ic nucleic acid is peptide nucleic acid (PNA), which is achiral and has 
uncharged backbone. PNA comprise N-(2-aminoethyl) glycine units 
where nucleobases are attached to central amines with methylene car-
bonyl linkers24 (Figure 1.4). Oligomers of PNA are less water soluble 
than most other synthetic nucleic acids but solubility can be improved 
by addition of positively charged lysine residues to the sequence25,26.  

Since, second and third generation synthetic nucleic ac-
ids do not recruit RNAse H their utility in gene silencing is limited. To 
avoid this drawback, gapmers with an internal stretch of 7-10 PS DNA 
monomers flanked by e.g. LNA monomers, are designed to achieve 
RNAse H mediated cleavage of target mRNA27. Gapmers have lo-
wered affinity to target RNA as compared with corresponding mix-
mers, which have an even sequence distribution of different synthetic 
nucleic acids28. Hence, mixmers containing, e.g. PS DNA and LNA 
monomers, do not recruit RNAse H, and have advantageous affinity 
for target RNA. These are desirable characteristics for SSOs.  

Due to intensive research in the field of novel synthetic 
nucleic acids, and as a result the introduction of third generation 
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asONs, issues with serum stability and target affinity are already 
solved to a great extent while delivery issues remain unsolved. 
 

LNA PNA
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Figure 1.4: Third generation synthetic nucleic acids have significant ribose modifi-
cations as for the bicyclic LNA or complete replacement of the ribose phosphate 
backbone as in uncharged PNA.  

1.2 Delivery of oligonucleotides over cell membrane 
The main obstacle with the use of asONs, regulating gene function, is 
their low bioavailability. Most delivery vectors available to date are 
far from optimal and they have mainly been formulated and optimized 
for the delivery of gene expressing plasmids. For example, several 
viral vectors have been developed and utilized in gene therapy with 
promising results. Despite being very efficient, the viral vectors poten-
tially suffer from several detrimental effects such as acute immune 
responses, immunogenicity, and viral recombination. Therefore, me-
thods of non-viral gene delivery have been explored using various 
physical or chemical approaches. Physical approaches include needle 
injection, electroporation, gene gun, ultrasound, and hydrodynamic 
delivery, with the common denominator being employment of physi-
cal force to permeate the cell membrane, facilitating intracellular gene 
transfer. These approaches have been utilized both in vitro and in vivo 
with varying success, as reviewed by Gao 200729. The main impedi-
ments with these methods are practical issues in vivo and cytotoxicity 
associated with plasma membrane perturbation.  

The most frequently utilized strategy in nonviral gene 
delivery is, by far, formulation of DNA into condensed particles using 
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cationic lipids or cationic polymers29. These particles are subsequently 
taken up by cells via endocytosis into vesicles, from which a small 
fraction of DNA is released into the cytoplasm.  

1.2.1 Non-viral oligonucleotide delivery vectors 
Cationic lipids are increasingly used since Felgner and co-workers’ 
initial discovery, in 1987, that a double-chain monovalent quaternary 
ammonium lipid, referred to as lipofectin, could efficiently bind to and 
convey DNA into cultured cells30. Mixing of cationic lipids and ONs 
creates small nuclease protected particles, liposomes, that allows cel-
lular uptake and alleviate the release from endosomal structures31. 
Although cationic lipids have been successfully exploited in vivo, 
most of these vectors are not suited for in vivo use, as a result of their 
sensitivity for serum proteins. A dramatic change in surface charge 
and size occur when cationic lipids in complex with ONs are exposed 
to overwhelming amounts of negatively charged proteins that are ab-
undant in the blood and extracellular matrices29.  

Apart from liposomes, cationic polymers represent the 
other large group of carriers that have been applied widely for ON-
delivery. These linear or branched conformation polymers range from 
DNA condensing polylysine32 to the most extensively used polyethy-
leneimine (PEI)33 One major drawback using PEI as a transfection 
reagent is its non-biodegradable nature, raising toxicity concerns34. 
Cellular uptake through receptor-mediated endocytosis in absence of 
any ON condensing agent is another approach in which cholesterol or 
non-toxic polyethers are linked to the ON35. Recently, potent cell-
specific systemic delivery vectors have been introduced which might 
alleviate potentially adverse side effects stemming from unwanted 
delivery to non-targeted cells and decreasing doses required to attain a 
biological response in vivo36.  

Aptamers are one group of targeting ligands with high 
specificity that have been used for delivery of siRNAs to prostate can-
cer cells both in vitro37 and in vivo36. Aptamers are ON sequences that 
have been engineered through repeated rounds of selection to have 
affinity for a specific molecular target38. Since aptamers are ONs 
themselves it is easy to covalently fuse asONs and aptamer through 
continuous synthesis. For the purpose of siRNA delivery, significant 
effort has also been invested in optimizing liposomal delivery vectors. 
Such optimized liposomes are based on cationic lipids forming a bi-
layer that encapsulate the ONs (Figure 1.5). The liposomes can be 
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functionalized with 
stabilizing 
ties, such as 
thylene glycol or 
targeting ligands39. 
Despite some 
progress, pharma-
cokinetic properties 
like delivery effi-
ciency and tissue 
targeting have to be 
further improved39.  

Even 
though the men-
tioned vectors only 
are a limited selec-
tion of delivery 
vehicles, it is es-
sential to find more 
efficient and non-toxic vectors for transport of ONs. Delivery effica-
cy, targeting, and toxicity are the main concerns for ON delivery vec-
tors.  

1.3 Cell-penetrating peptides 
Cell-penetrating peptides (CPPs) were first identified while investigat-
ing proteins involved in infection of mammalian cells by HIV-virus. 
The trans-activator of transcription protein (TAT) was found to pene-
trate cells, thereby being able of bystander effects40,41. A positively 
charged peptide of 9 amino acids was later found to be the minimum 
sequence required for translocation, hence a CPP42. Before the TAT 
derived CPP was discovered, another naturally derived CPP was iden-
tified, namely penetratin (PEN), from the antennapedia homeoprotein 
in Drosophila3. Furthermore, promising peptides like transportan (TP) 
have been synthesized43, later a deletion analogue named transportan 
10 (TP10)44 was introduced, but more simple designs like polyargi-
nines have also been found potent45.  

As the name indicates, CPPs were originally thought to 
directly penetrate the plasma membrane and gain access to the cytop-
lasm. This was later found to be a experimental artifact and CPPs 

Figure 1.5: Liposomal delivery vector carrying 
anionic ONs. The liposome can be 
functionalized, e.g. with ligands. 



9 
 

were revised to employ endocytotic pathways46,47. Nevertheless, this 
topic is still under debate and a few CPPs are still considered to be 
capable of entering cells via non-endocytic pathways48,49. CPPs are 
alternatives to cationic polymers, liposomal or viral delivery vectors 
promoting cellular uptake of asONs regulating gene function.  

There are two strategies for CPP-mediated ON delivery, 
namely covalent attachment of cargo to CPP or a strategy based on 
non-covalent interactions, mainly electrostatic interactions, between 
anionic ON and cationic peptide. In paper I, both strategies are em-
ployed in an attempt to characterize potency and endocytic pathways 
for CPPs. It is important to be aware of uptake mechanism for CPP-
mediated ON delivery to understand the opportunities and limitations 
a particular CPP conjugate possesses.  

For non-covalent strategies it is in most cases a prerequi-
site to co-add agents that enhance endosomal release, e.g. chloro-
quine50 , together with the ON and CPP complex. The quantities of 
these agents needed are at magnitudes that could be toxic in vivo, 
leading to destabilization of cellular membranes, and this is not suita-
ble for novel therapeutics. Consequently, it is preferable with CPPs 
that are covalently conjugated to its cargo. However, non-covalent 
complexes of ON and CPP that are well-characterized and can be ap-
plied to cells without co-addition of endosomolytic agents may have a 
future as therapeutic compounds51-53.   

1.4 Internalization routes for cell-penetrating peptides 
The use of CPPs as delivery vectors are nowadays considered as a 
functional and effective method for ONs, in vitro, while the underly-
ing mechanism for cellular uptake is a controversial matter. It is gen-
erally concluded that endocytosis is involved at low, e.g. non-toxic, 
treatment concentrations54. Endocytosis is a complex and ambiguous 
process involving several pathways55. The main pathways can be 
roughly summarized in macropinocytosis, endocytosis dependent on 
the coat proteins clathrin or caveolin, and pathways independent of 
clathrin and caveolin. Dynamin is a protein involved when membrane 
invaginations are budding off from the plasma membrane to form in-
dependent vesicles which later, to various extents, end up in early en-
dosomes56 (Figure 1.6). 
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Early endosome

A           B              C                     D             E  

 
Figure 1.6: Scheme over pathways for endocytotis from cell exterior (upper part) to 
cell interior (lower part). Macropinocytososis is dependent on actin filaments in the 
plasma membrane (A). Clathrin-mediated endocytosis (B), and caveolin-dependent 
endocytosis (C) are dependent on dynamin for vesicle excision. Clathrin- and cave-
olin-independent pathways can either be dependent (D) or independent (E) of dyna-
min. Clathrin is represented by stars, caveolin by dots, dynamin by solid line. 
 
To assess CPP uptake mechanisms experiments are performed under 
conditions where one or several pathways are inhibited. The most 
widely used strategy has been to treat cells at +4 oC where all energy 
dependent processes, including endocytosis, are slowed down so po-
tentially energy independent pathways can be detected52 Initial inte-
raction between CPP and cell is often mediated by anionic heparane 
sulfates on the cell surface57. By pre-treating cells with the enzyme 
heparinase, these structures are cleaved from the cell surface, and the 
importance of CPP interaction with heparane sulfates for cellular up-
take can be elucidated. Uptake pathways can also be specifically ma-
nipulated by treating cells with endocytosis inhibitors (Table 1.1) prior 
to peptide exposure58,59 This approach has been greatly exploited in 
attempts to demarcate endocytotic pathways for different CPPs. The 
main setback with endocytosis inhibitors is specificity of the agents as 
no inhibitor can completely shut down a specific pathway58  
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2. Aims of the study 

The main objectives with this thesis have been to develop methods for 
evaluation of CPP-mediated ON delivery over cellular membranes and 
to develop methods for optimizing SSOs to achieve high efficiency 
and specificity utilizing novel synthetic nucleic acids. The main goals 
of the respective publications are presented below. 
 
Paper I: Describe a protocol that allows for convenient assessment of 
internalization routes for CPP-mediated cellular ON uptake.   
 
Paper II: Establish a protocol for convenient ON synthesis and puri-
fication. Evaluate SSOs containing novel synthetic nucleic acids for 
splice switching efficiency and specificity, and optimization of the 
most potent SSO sequences.  
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3. Methodological considerations 

Experimental procedures are extensively covered in paper I, this part 
will briefly discuss these methods with some theoretical aspects. For 
paper II, this part will add some information about the methods used. 
The sections below are valid for both papers when nothing else stated.  

3.1 Oligonucleotide synthesis and purification 
The solid-phase ON synthesis, and subsequent purification are exten-
sively described in the supplementary data to paper II. Synthesis of PS 
DNA and 2OMe RNA (Table 3.1) were performed using ÄKTATM

 

oligopilotTM
 plus 10 synthesizer 

(Figure 3.1). The synthesis scale 
was 15 µmol scale utilizing dis-
posable OligosyntTM 15 columns, 
specially packed with polystyrene 
based solid support, Primer Sup-
port 200TM. The solid support 
was functionalized for synthesis 
of ON sequences with 2OMe 
RNA monomers in the 3’- end.  

A previously de-
scribed protocol60 for purification 
was optimized and crude ONs 
were purified by anion exchange 
chromatography (AEC). The buf-
fer system was based on NaCl 
gradient implying that purified 
ON had to be desalted. The final 
product was freeze dried and the-
reafter diluted to 100 µM stock 
solutions and kept at -20 oC until 
use. 

Figure 3.1: Oligonucleotide 
synthesis was performed with an 
ÄKTA oligopilot synthesizer.
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3.2 Synthesis of peptides, PNA, and conjugates 
thereof 
All peptides and PNAs were synthesized by solid phase peptide syn-
thesis (SPPS), a strategy introduced by Bruce Merrifield in 196361. 
Both peptides and PNAs were assembled by t-Boc chemistry using a 
4-methylbenzhydrylamine (MBHA) resin to generate amidated C-
terminus. The loading of resin used for peptide synthesis was approx-
imately 1 mmol/g while the loading was lowered tenfold for PNA syn-
thesis due to the bulky nature of PNA monomers. Amino acids were 
coupled as hydroxybenzotriazole (HOBt) esters using a mixture of 
HOBt and O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetraf-
luoroborate (TBTU) activators. Alternatively, amino acids were 
coupled with HOBt and dicyclohexylcarbodiimide (DCC) using an 
Applied Biosystems 433A peptide synthesizer. PNA monomers were 
coupled on a similar synthesizer with 2-(7-aza-1H-benzotriazole-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU). Anhy-
drous hydrogen fluoride was used for cleavage from the resin. To 
avoid side-reactions of carbocations formed during cleavage, p-cresol, 
and if the peptide or PNA contained sulfur, p-thiocresol, was added to 
the cleavage mixture to act as scavengers. Following cleavage, pep-
tides, and PNAs were filtrated to remove the resin and then freeze 
dried. Crude products were finally purified using preparative reverse-
phase high performance liquid chromatography and analyzed using 
matrix-assisted laser desorption/ionization-time of flight (MALDI –
TOF) mass spectrometer. Conjugation of PNA to CPP was made by 
generating a disulfide bridge between the two moieties. The advantage 
with disulfide linker is its cleavage in the reducing environment inside 

Figure 3.2: Formation of disulfide bridge using Npys. 
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the cell releasing PNA from CPP 62. Peptides used for conjugation 
were synthesized with a 3-nitro-2-pyridinesulfenyl (Npys) derivative 
of cysteine, which rapidly reacts with thiols to form disulfides (Figure 
3.2). The peptide with Npys was mixed with PNA holding a cysteine 
residue (Table 3.1) in 20% acetonitrile/water containing 0,1% TFA, 
incubated over night, purified by HPLC, and thereafter characterized 
by MALDI-TOF.  
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Table 3.1: Oligonucleotide and peptide sequences. Control ONs have internal in-
verted stretches which give rise to mismatches to target pre-mRNA. Both peptide 
and PNA have amidated C-terminus. Peptides, except TP and TP10, have N-
terminal cysteine with Npys if utilized for conjugation to PNA. TP and TP10 has the 
Cys(Npys) attached orthogonally on the lysine in position 13 and 7, respectively. 
For experiments in paper I, the PNA is fluorescein labeled orthogonally at the C-
terminal lysine.  

LNA ONs are PS LNA/2’-OMe RNA mixmers where the LNA monomers are indi-
cated as small letters. PS 2’-OMe RNA positions are capitals. For DNA, capitals 
indicate PS DNA positions, and for L-DNA capitals indicate L-DNA phosphoro-
diester positions (spiegelmer). Inverted stretches are underlined and bold letters 
represent amino acids. Observe for LNAinv3, the stretch of nine inverted monomers 
give rise to only six mismatches. 

Name Sequence
#Mismatches

Total LNA

2OMe 5’- CCU CUU ACC UCA GUU ACA 0 0
2OMeinv 5’- CCU CUU ACA CUC GUU ACA 4 0
LNA2-2OMe 5’- CcU cUt AcC tCa GtU aCa 0 0
LNA2-DNA 5’- CcU cUt AcC tCa GtU aCa 0 0
DNA 5’- CCT CTT ACC TCA GTT ACA 0 0
L-DNA 5’- CCT CTT ACC TCA GTT ACA 0 0
LNA1 5’- cCU cUU aCC UcA GUt ACa 0 0
LNAinv1 5’- cCU cUU aCA CtC GUt ACa 4 1
LNAinv2 5’- cCU cUU aGA CtC CUt ACa 6 1
LNAinv3 5’- cCU aCU cCA UtC GUt ACa 6 3
LNAinv4 5’- cCU cUU aGA CtC CUt CAa 8 1
LNAtr1 5’- cCU cUU aCC UcA GUt 0 0
LNAtrinv1 5’- cCU cUU aCA CtC GUt 4 1
LNAtr2 5’- cUU aCC UcA GUt 0 0
LNAtrinv2 5’- cUU aCA CtC GUt 4 1
LNAtr3 5’- cUU aCC UcA 0 0
LNAtrinv3 5’- cUU aCA CtC 4 1
LNAscr 5’-tCA gAU tCC AtC ACc UUc 14 6
PNA C KK CCT CTT ACC TCA GTT ACA KK-NH2 0 0
PNAinv C KK CCT CTT ACA CTC GTT ACA KK-NH2 4 0
M918 MVT VLF RRL RIR RAS GPP RVR V-NH2

TAT YGR KKR RQR RR-NH2

TP GWT LNS AGY LLG KIN LKA LAA LAK KIL-NH2

TP10 AGY LLG KIN LKA LAA LAK KIL-NH2

PEN RQI KIW FQN RRM KWK K-NH2
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3.3 Splice switching reporter assay 
To facilitate evaluation of SSOs, Kole and co-workers have con-
structed a splicing reporter system63 with a plasmid carrying a lucife-
rase-coding sequence that is interrupted by an insertion of intron 2 
from β-globin pre-mRNA, carrying an aberrant splice site that acti-
vates a cryptic splice site. Unless this aberrant splice site is masked by 
an SSO, the pre-mRNA of luciferase will give rise to expression of 
non-functional luciferase (Figure 3.3). By using HeLa pLuc 705 cells 
which are stably transfected with this plasmid, it is possible to eva-
luate various SSOs by measuring induced luciferase activity and the-
reby generate a positive read-out64. Luciferase activity in lysate from 
HeLa pLuc 705 cells has been an indicator for successful cellular de-
livery of SSOs (paper I) and as a tool to verify splice switching effi-
ciency and specificity for various synthetic nucleic acids (paper II). 

 
Figure 3.3: Reporter system for splice switching based on a plasmid carrying a 
luciferase-coding sequence with insertion of intron 2 from β-globin pre-mRNA 
containing an aberrant splice site that activates a cryptic splice site. Unless the aber-
rant splice site is masked by a splice switching oligonucleotide non-functional luci-
ferase is expressed. 

3.4 Analysis of splice switching by RT-PCR 
Quantification of activity from functional luciferase, as carried out 
here and also in most published work to date, is a sensitive and conve-
nient assay, which allows comparison of several conjugates quickly in 
terms of efficiency or specificity. However, such data are expressed in 
relative light units (RLU) and do not allow direct determination of the 
extent to which aberrant splicing has been corrected65. RT-PCR prod-
ucts from the aberrantly and correctly spliced luciferase pre-mRNA 
can be separated easily by gel electrophoresis, thus allowing evalua-
tion of the extent of splice switching. RT-PCR measurements in com-
bination with luciferase luminescence measurements is an excellent 
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procedure to ascertain splice switching activity. Details for RT-PCR 
analysis is carefully described in paper II. 

3.5 Cell culture 
Throughout all cell experiments in this thesis HeLa cells stably trans-
fected with p705 have been used63. This cell type derives from human 
immortalized cervical cancer cells, initially taken from a patient 
named Henrietta Lacks. HeLa cells are widely used as they are robust, 
proliferate rapidly, and are relatively easy to transfect.  

3.6 Toxicity measurements 
 The wst-1 proliferation assay assesses long-term viability after treat-
ment of cells to address the toxic profile. Knowledge about toxic pro-
file is important for in vivo experiments, and to exclude uptake arti-
facts, arising from damaged cells, in the splice switching reporter as-
say. The metabolic activity, and thereby the viability can be measured 
by the activity of the mitochondrial dehydrogenases. Several viability 
assays based on tetrazolium salts are available, and in the wst-1 assay, 
used in this thesis, the 
wst-1 salt is cleaved by 
the succinate-tetrazolium 
reductase system in via-
ble cells generating for-
mazan (Figure 3.4)66. The 
formazan dye is quanti-
fied spectrophotometri-
cally at 420 nm, and the 
absorbance is directly 
proportional to mito-
chondrial dehydrogenase 
activity, and thereby to the amount of viable cells.    

3.7 Quantitative uptake measurement by fluorometry 
One commonly used method to quantify CPP uptake is employment of 
fluorophore labeling which allows fast screening of various CPPs and 
conjugates67. In paper I, this method is used to quantify the uptake of 

Figure 3.4: Proliferation assay.   The wst‐1 salt  is 
cleaved by mitochondrial succinate‐tetrazolium 
reductase forming the soluble formazan dye, 
which is detected  by absorbance measurements 
as an indicator of viable cells.
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disulfide coupled conjugates, with CPP and fluorescein-labeled PNA. 
The main drawback of the method is the issue of distinguishing be-
tween internalized fluorophores, and those that are retained in cell 
surface structures. One way to reduce this artifact is to trypsinize and 
wash cells before they are lysed. Another issue is the impact that the 
fluorophore has on the cell-penetrating properties of the conjugate. 
The conjugates that actually are internalized inside cells may also be 
trapped in endosomal vesicles and in that way not bioavailable68,69. 
However, quantitative fluorometry can give valuable information 
when results are interpreted with respect to the limitations of the me-
thod, and conclusions should only be drawn after confirmation of re-
sults using other uptake assays. 
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4. Results and discussion 

The two reports in this thesis cover different aspects of regulating 
gene function by novel synthetic nucleic acids and CPPs. In paper I, a 
method to address CPP-mediated delivery efficiency and internaliza-
tion route for uncharged PNA and anionic 2OMe RNA ONs is devel-
oped. In paper II the focus changed from CPPs to optimization of bio-
active SSOs exploiting the opportunities that has arisen, as the third 
generation of synthetic nucleic acids is introduced.  

4.1 Delivery efficacy and internalization route for CPPs 
(paper I) 
This is a protocol based on splice switching in combination with regu-
lar quantitative uptake by fluorometry to assess CPP activity, pub-
lished with the intention to unify divergent experimental settings used 
by different research groups. The protocol presented here is opti-
mized, not only to assess the relative delivery efficacy of different 
CPPs, but also to delineate the uptake mechanism of CPPs. Described 
in the protocol is the use of CPP and PNA conjugated by disulfide 
bridge and non-covalent mixtures of CPP and anionic 2OMe RNA. To 
dissect CPP uptake mechanisms consistently and systematically, a 
number of endocytosis inhibitors are tested. Experiments performed 
with several different endocytosis inhibitors give a relatively reliable 
characterization of employed pathways for CPPs when summarizing 
results (Table 4.1).   

The most potent CPP conveying PNA was M918 fol-
lowed by TP and TP10. Since most studies on CPPs have employed 
TAT and PEN, we decided to further investigate the role of endocyto-
sis in uptake of PEN-S-S-PNA conjugates. TAT-S-S-PNA was omit-
ted in this study due to very low levels of splice switching activity. 
Inhibitors of macropinocytosis significantly decreased the splicing 
efficiency for PEN, and pre-treatment with heparinase reveal that 
PEN-S-S-PNA is dependent on initial interaction with heparane sul-
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fates for subsequent internalization, which is in line with previous 
results from our group70.  

Non-covalent strategies for CPP and 2OMe RNA are de-
scribed to avoid cumbersome conjugate preparations when screening 
for novel CPPs or investigating CPP uptake mechanisms. We show, 
using PEN, that the non-covalent complexes are able to promote 
splice-correction, however, not in absence of a lysosomotrophic agent. 
Modification of CPP and SSO to allow for easy assembly generating 
robust complexes that can penetrate into cells, and accomplish in-
tended biological activity, e.g, splice-switching, will be a topic for 
future investigation.  
 
Table 4.1: Overview of treatments employed in paper I to elucidate uptake mechan-
ism for CCPs. Cellular uptake is affected when pre-treating cells with inhibitors. 
Summarizing results from various treatments and uptake measurements gives indica-
tion of endocytic pathway for the CPP utilized. 
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4.2 Splice switching efficiency and specificity for 
oligonucleotides with LNA (paper II) 
Paper II is an investigation of target specificity for SSOs, applicable 
for everyone working with LNA. Splice switching efficiency and spe-
cificity for SSOs based on LNA and PNA has been evaluated together 
with 2OMe RNA, ordinary PS DNA, and enantiomeric DNA, also 
called spiegelmers or L-DNA. The intention with these experiments 
was to compare a selection of synthetic nucleic acids, and conclude 
which ON that is most suitable as SSO. The focus is merely on the 
ONs in this paper, and therefore, a commercially available transfection 
agent (Lipofectamine 2000) was used to convey ONs into cells. Chi-
meric PS SSOs with 2OMe RNA and LNA were the most powerful. It 
was confirmed by RT-PCR that such chimeric PS SSO with 33% 
LNA monomers induced splice switch for more than one third of the 
pre-mRNA at 100 nM treatments. While measurements of luciferase 
activity only gives a relative appreciation of splice switching activity, 
use of RT-PCR allows the evaluation of completeness of splice 
switching by comparison of the amounts of uncorrected and corrected 
mRNA. The achievement of a fair proportion of correction at low 
treatment concentration is a key issue in the development of SSOs as 
potential therapeutics65. 
  It was established that the LNA control sequence, carry-
ing four mismatches to target pre-mRNA, generated similar splice-
switching activity as the correct sequence. The LNA monomers are 
very potent in raising the melting temperature for complexes with tar-
get RNA23. Accordingly, non-cautious introduction of LNA mono-
mers when designing SSO sequences seems to result in implications 
for target specificity that obviously must be avoided. It was observed 
that LNA sequences did not have target specificity even when lower-
ing treatment concentration. Preliminary results from experiments 
performed after publication of paper II reveal that shortening of se-
quence length from 18 to 12 monomers gives specificity for the LNA 
sequences (Table 4.2) without severely compromising efficiency (data 
not shown). Shortening SSO sequences will enable higher doses, in 
molar, when performing in vivo experiments since such experiments 
are limited by amount of active substance, in milligram, per dose. Fu-
ture experiments will therefore, most likely, be based on optimized 
LNA sequences. 
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Table 4.2: Sequences of truncated SSOs and luciferase activity in RLU after treat-
ment with 100 nM SSO. Splice switching activities for sequences with mismatches 
are related to respective correct sequence to give an estimation of specificity. None 
of the 9mers induced any splice switching activity as compared to untreated cells. 
Experiments are performed in triplicate (n=2). 

*Percentage of induced luciferase activity for control sequences with mismatches 
compared to activity for correct sequences. 

Name Sequence
Mis‐

matchesLength
LNA 

mono‐
mers

Activity* 
(%)

2OMe 5’- CCU CUU ACC UCA GUU ACA 0
18 0 28

2OMeinv 5’- CCU CUU ACA CUC GUU ACA 4

LNA1 5’- cCU cUU aCC UcA GUt ACa 0
18 6 99

LNAinv1 5’- cCU cUU aCA CtC GUt ACa 4

LNAtr1 5’- cCU cUU aCC UcA GUt 0
15 5 74

LNAtrinv1 5’- cCU cUU aCA CtC GUt 4

LNAtr2 5’- cUU aCC UcA GUt 0
12 4 17

LNAtrinv2 5’- cUU aCA CtC GUt 4

LNAtr3 5’- cUU aCC UcA 0
9 3

No 
activity 
detectedLNAtrinv3 5’- cUU aCA CtC 4
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5. Conclusions 

The essential findings in the two papers that constitute the framework 
of this thesis are described below. 
 
Paper I: The most potent CPP to convey ONs turned out to be M918, 
followed by TP and TP10. We delineated the uptake mechanism for 
various CPPs and concluded that PEN is taken up via macropinocyto-
sis when conjugated to PNA. The described method to assess uptake 
mechanism is easy and reliable, as it is based on both traditional fluo-
rometric uptake measurements and the functional splice-switching 
assay which in itself is based on true biological activity induced by the 
cargo.   
 
Paper II: Splice switching activity increases when introducing LNA 
monomers to PS 2OMe RNA SSOs, and activity is further increased 
with higher proportion of LNA. The splice switching efficiency for PS 
LNA mixmers complemented with 2OMe RNA or DNA monomers is 
similar. However, LNA monomers give rise to low mismatch discrim-
ination to target pre-mRNA. 
 
This thesis has increased the understanding of uptake mechanisms for 
CPPs, and revealed the impact of introducing monomers of the novel 
synthetic nucleic acid, LNA, into SSOs. The results are important for 
the up-coming work aimed at making CPPs and novel synthetic nucle-
ic acids winning allies in the competition to develop therapeutics, re-
gulating protein expression patterns.  
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