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Abstract 

The plasma membrane separates the interior and exterior of the cell by func-
tioning as a barrier, which regulates and restricts entry of molecules into the 
cell. Consequently, the plasma membrane imposes a major hurdle for pas-
sage of many hydrophilic pharmaceutical agents into the cell. A group of 
peptides, denoted cell-penetrating peptides (CPPs) was found about a decade 
ago to be able to transport bioactive cargos into the cell. Since then they 
have been extensively investigated for their mechanism of entry and capabil-
ity to deliver various cargos spanning from peptides to plasmids.  

The main aim of this thesis was to investigate the mechanism and capabil-
ity of some of these CPPs to deliver mainly oligonucleotides and peptides 
into the cell. Oligonucleotides have shown great promise in modifying gene 
expression, but are normally excluded from cellular entry. Oligonucleotides 
in the form of double-stranded DNA decoy for sequestering of transcription 
factors or peptide nucleic acids for blockade and redirection of splicing were 
explored in the thesis. In addition, peptides derived from the interaction in-
terface of a tumor suppressor protein, were investigated for their potential to 
combine cell-penetrating and pro-apoptotic properties.  

The results show that all peptides with or without any cargo are predomi-
nantly dependent on some form of endocytic mechanism for internalization. 
The involvement of endocytosis was substantiated by using a functional 
assay based on splice correction, where all tested CPPs were associated with 
endocytosis for delivery of splice correcting peptide nucleic acids. A new 
CPP denoted M918 proved most efficient in promoting splice correction and 
was found to internalize mainly via macropinocytosis. In addition, the CPP 
TP10 efficiently delivered dsDNA decoy oligonucleotides for sequestering 
of the transcription factor Myc with a concomitant biological response, i.e. 
reduced proliferation. Finally, for the first time, to our knowledge, a novel 
pro-apoptotic peptide with cell-penetrating properties was designed from the 
tumor suppressor p14ARF, which decreased proliferation and induced apop-
tosis in cancer cell-lines, potentially mimicking the full-length protein.  

Altogether, this thesis highlights the functionality of CPPs and the possi-
bility to develop new CPPs with improved or new properties, having the 
potential to advance delivery of therapeutic compounds.  
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Introduction 

A border 
The plasma membrane imposes an almost impermeable barrier for passage 
of hydrophilic molecules into the cell. It is composed predominantly of 
phospholipids with a hydrophobic tail and a hydrophilic head, which based 
on the hydrophobic effect, pushes the lipids to line up tail to tail, forming a 
bilayer with a hydrophobic interior and hydrophilic exterior. In addition to 
phospholipids, this thin layer is constructed from many different types of 
lipids, which modulates its properties and creates domains, and houses 
countless proteins. This membrane is nowadays considered a highly dynamic 
scaffold, which forms the frontier in each of the body’s 100 trillion cells, 
restricting and regulating entry of water-soluble molecules.  

As a consequence of its impermeability to hydrophilic compounds, the 
cell membrane also restricts access of many potent pharmaceutical agents to 
their targets inside the cell. By giving these agents a chance to prove them-
selves as potential drugs by translocation into cells would open up new ave-
nues in drug targets and design. One way of shuttling these agents into cells 
is by utilizing cell-penetrating peptides (CPPs) as carriers. This thesis inves-
tigates some of the well known CPPs, such as Tat, penetratin (Pen), TP10 
and two new CPPs, ARF(1-22), and M918. The ability of these peptides to 
convey biologically active cargos and their translocation mechanisms were 
investigated. 

Membrane transport 
The dynamic plasma membrane is important for maintaining cell homeosta-
sis inside cells but also function as a gatekeeper, allowing essential mole-
cules to enter cells. Small molecules can traverse by passive diffusion or by 
channels and membrane transporters, while larger molecules are internalized 
through a mechanism known as endocytosis.  

Endocytosis occurs by multiple mechanisms that can be divided into two 
broad categories, phagocytosis and pinocytosis. Phagocytosis is typically 
restricted to specialized cells, as macrophages, monocytes and neutrophils, 
and involves the ingestion of large particles such as cell debris and bacteria. 
Pinocytosis refers to the uptake of fluids, solutes and membrane components 
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that occurs in all cells by a number of mechanisms. The best described 
mechanism, providing a paradigm for much of the understanding of the oth-
ers is clathrin mediated endocytosis. Previously, the additional internaliza-
tion routes were denoted macropinocytosis, caveolae mediated-, and 
clathrin- and caveolae- independent endocytosis1. However, based on recent 
progress in the endocytosis field a new classification  was proposed by 
Mayor and Pagano in 2007 to simplify the mechanistic understanding of the 
essential steps required to generate an endocytic vesicle2 (Fig. 1). First, it 
divides clathrin and clathrin independent (CI) pathways and then, secondly, 
on requirement for dynamin. This new classification of CI endocytosis is 
based on reports where interfering or modifying small GTPases, i.e. CDC42-
, RhoA- or ARF6-GTPases affect internalization in CI pathways. Character-
istics of the different endocytic pathways are schematically illustrated in 
Figure 2. 

Since the complex machinery of endocytosis is involved in the patho-
genesis of viruses, it is not surprising that CPP internalization could be asso-
ciated with endocytosis and hence knowledge of endocytic processes is 
needed to understand the uptake mechanism of CPPs. 

 

 
Figure 1. New classification of endocytic pathways based on internalization mecha-
nisms, as proposed by Mayor and Pagano 20072.  

Clathrin and dynamin dependent endocytosis 
Clathrin and dynamin dependent endocytosis, commonly known as clathrin 
mediated endocytosis (CME) occurs constitutively in all mammalian cells 
and is involved in uptake of essential nutrients. CME is also crucial for regu-
lating intercellular communication during development and through life by 
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modulating signaling receptor levels3, controlling the strength of synaptic 
transmission4 and recycling of proteins from vesicles5. 

CME starts by ligand binding to its transmembrane receptor followed by 
clustering of receptors in coated pits on the plasma membrane, which in-
vaginate and pinch off to form vesicles encapsulated by a clathrin coat i.e. 
clathrin coated vesicle (CCV). The assembly of the coated pits is spatially 
restrained by actin filament6. Clathrin is a three legged protein structure 
formed by association of three heavy and three light protein chains, called a 
triskelion7. For clathrin to self assemble and form vesicles, adaptor proteins 
(APs) are needed. These connect the mechanical clathrin scaffold and a 
component of the membrane, be it a phospholipid, transmembrane protein or 
both, and then convey the selection of receptors on the surface to be internal-
ized8. The AP2 protein serves as a paradigm to APs and is a protein cargo 
and phospholipid binding heterotetrameric protein involved in formation of 
CCVs by directing clathrin assembly7. Additionally, proteins as the epsins 
and amphiphysins are involved in mechanically inducing membrane defor-
mation and curvature. The mechanisms by which specific cargos are re-
cruited into CCV also involve clathrin-associated sorting proteins (CLASPs)  
such as arrestin, ARC and Dab28. Finally, the excision of the vesicle is regu-
lated by the GTPase dynamin, which is also involved in phagocytosis, 
caveolae and CI endocytosis dependent on RhoA, see below9. 

 
Figure 2. Simplified overview of endocytic pathways. The schematic representation 
is based on the classification proposed by Mayor and Pagano 20072. 

Clathrin independent and Dynamin-dependent endocytosis 
Caveolae are flask-shaped invaginations of the plasma membrane and char-
acterized by the presence of caveolin in many cell types10. Caveolin is a 
hairpin-like palmitoylated integral membrane protein that binds cholesterol 
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tightly and can be found in membrane fractions together with an enrichment 
in sphingolipids, signaling proteins and clustered glycosylphosphatidylinosi-
tol anchored proteins (GPI-APs)11. The associated cargos are diverse includ-
ing growth hormone receptors, GPI-APs, sphingolipid binding toxins such as 
cholera toxin B subunit (CTB), and viruses like SV4012. Studies are compli-
cated by the fact that the same cargo, for instance albumin can be internal-
ized by different mechanisms in different cell types13,14.  

Depletion or sequestering of cholesterol disrupts the integrity of caveolae 
and inhibits endocytosis of cargos but can also sensitize and, depending on 
cell type, disrupt CDC42 and ADP-ribosylation factor 6 (ARF) dependent 
endocytosis2.  Depletion of sphingolipids, i.e. glycosphingolipid (GSL) and 
sphingomyelin, disrupt caveolae as well as CDC42 and ARF6 pathways, 
while selective GSL depletion specifically blocks caveolae endocytosis14. 

 A second CI and dynamin dependent pathway is dependent on the small 
GTPase RhoA. This pathway was identified during studies of internalization 
of the interleukin-2 receptor (IL2-R) where uptake was strongly inhibited by 
a dominant negative protein of dynamin and RhoA15. RhoA is also involved 
in actin regulation, which could be important for this pathway.  

Clathrin independent and Dynamin-independent endocytosis 
The first CI and dynamin-independent pathway is dependent on the small 
GTPase of the Rho family member CDC42. CDC42  was associated with a 
CI and dynamin-independent pathway after observations that internalization 
of GPI-APs were affected by Rho GTPase inhibitors, Clostridium toxin B or 
dominant negative CDC4216-18. The CDC42 dependent pathway has been 
attributed the main route of CTB while it otherwise is associated with caveo-
lae mediated endocytosis16. Compared to the small and spherical vesicles 
associated in caveolae and clathrin pathways, CDC42 dependent budding 
displays long and relatively wide surface invaginations, enclosing a large 
volume of fluid phase, constituting the main mechanism of fluid-phase inter-
nalization in many cell types18. This pathway is also sensitive to cholesterol 
depletion, which inhibits CDC42 activation and alters the dynamics of actin 
polymerization19. In addition, CDC42 is implicated in uptake via macropino-
cytosis and phagocytosis20. 

The second CI and dynamin-independent pathway is dependent on the 
ADP-ribosylation factor (ARF) family member ARF6. ARF6 has been sug-
gested to participate in CI and dynamin-independent endocytosis of class I 
major histocompatibility complex molecules (MHC I), β1 integrin, car-
boxypeptidase E, E-cadherin and GPI-APs but not unambiguously. ARF6 
has a potent role in actin remodeling and regulates endosome dynamics by 
influencing the recycling rates of various membrane components21. Further-
more, ARF6 stimulates the internalization of MHC I and GPI-APs in HeLa 
cells22, whereas ARF6 perturbation did not affect the endocytosis of GPI-
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APs in Chinese hamster ovary cells23 suggesting, at least in some instances, 
cell type specific mechanisms. 

Vesicle trafficking and selection of cargo 
Following endocytosis, the principal routes for vesicles are recycling back to 
the surface, degradation in lysosomes or transport to the trans-Golgi network 
(TGN)24. After budding, the material ends up in early endosomes, which 
progressively mature to late endosomes with a decrease in pH, to finally 
reach the lysosomes harboring proteases for cargo degradation. However, 
there is trafficking between different vesicles and TGN during the matura-
tion process allowing proteins and lipids to be recycled and redirected to 
other compartments.  

Different intracellular signals can direct the endocytic route of cargos. For 
example, ubiquitination might be used to sequester epidermal growth factor 
(EGF) receptors into CI routes, despite the fact that they also have clathrin-
pit localization signals as high concentrations of EGF promote ubiquitination 
of EGF receptors and endocytosis through clathrin-independent and a lipid 
raft dependent route25.  

Macropinocytosis 
Macropinocytosis occurs as a ruffling of the membrane, constitutively or 
following a stimulus from a growth receptor, followed by protrusion of the 
membrane, so called lamellipodia, which stretch out and engulf the mem-
brane forming a macropinosome. The constitutive macropinocytosis occurs 
in macrophages and dendritic cells and scarcely in other cells while transient 
growth factor induced macropinocytosis occurs in practically all cells. In 
macrophages and dendritic cells, the engulfed material is routed for the ly-
sosomal compartment. However, after stimuli-induced macropinocytosis of 
growth receptors as platelet derived growth factor (PDGF) and EGF, the 
content is regurgitated to the surface and not degraded in the lysosome. The 
formation of lamellipodia and macropinosomes are dependent on actin and, 
hence, actin binding proteins such as Rac1 and CDC42 are involved in 
modulating polymerization26, while closure of macropinosomes is dependent 
on phosphatidylinositol 3-kinase (PI3K)27. In contrast to phagocytosis where 
lamellipodia wind up along a ligand coated particle, in macropinocytosis 
lamellipodia collapse onto and fuses with the membrane forming macropino-
somes that are smaller than phagosomes, typically 1-5 µm.  
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Targeting of cancer cells 
There are different aspects with regard to targeting of cancer cells. Preferen-
tially only cancer cells should be targeted, which can be obtained by using 
the interaction of specific ligands to proteins expressed on cancer cell sur-
faces. In the same aspect, the over-expressed protein can be an enzyme, 
which substrate specificity can be used for selective cleavage of an inacti-
vated effector molecule, rendering it active. Cancer cells also over-express 
certain proteins beneficial for survival and spreading, and down-regulate 
others involved in suppressing and controlling cell growth. Sometimes these 
two types of proteins are not mutually exclusive but depending on the cellu-
lar context, can tip cellular faith either towards enhanced proliferation or cell 
arrest. For therapy, the over-expressed proteins are targeted for down regula-
tion or inhibition of functionality. Since some proteins regularly occur as 
oncogenes in human tumors, for instance the Myc protein, they provide rela-
tively selective targets for cancer treatment. A different strategy is introduc-
tion of down-regulated proteins, such as the p14ARF protein, usually to in-
duce cell cycle arrest or apoptosis.  

c-Myc 
The Myc family of proteins has an essential role in normal development and 
is expressed in response to a large array of growth factors. Its expression is 
required for most cells to proliferate and has subsequently been linked to a 
wide spectrum of human cancers. To fully cover the many characters of Myc 
is beyond the scope of this thesis, hence only a short description will be cov-
ered here. An enhanced expression of Myc proteins contributes to almost 
every aspect of tumor cell biology28. For example, Myc is capable to drive 
unrestricted cell proliferation, inhibit cell differentiation, reduce cell adhe-
sion, and promote metastasis in a number of different cellular contexts29.  

The N-terminus of the modular transcription factor Myc consists of a 
transactivation domain while the C-terminus harbors a DNA-binding do-
main. Myc proteins are found in the nucleus of cells as heterodimers with a 
partner protein called Max, bound via their basic re-
gion/helix-loop-helix/leucine zipper (bHLHZip) motifs30. The dimers bind 
directly to a DNA sequence (CACGTG), which is a subset of the general E-
box sequence (CANNTG) that is bound by all bHLH proteins31. 

In addition to Myc’s ability to activate specific genes involved in cell 
growth and proliferation, Myc has recently been associated with global tran-
scriptional changes32. An estimate of the number of Myc binding sites in 
vivo indicates around 25,000 binding sites in the human genome for Myc 
together with its heterodimeric partner, Max, binding to ~15% of gene pro-
moters in cancer cells, thus potentially regulating a significant portion of all 
genes in an organism33-35. Additionally, these studies indicate that Myc is a 
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weak but pleiotropic transcription factor, activating a large proportion (5–
10%) of the genes in the genome, but mostly by only 1.5 to 2-fold. 

Since Myc presents itself as imperative for normal cellular conditions and 
tumorigenesis, an impressive number of studies has aimed at interfering with 
Myc function, as thoroughly reviewed by Vita and Henriksson 200636. 

p14ARF 
Disruption of cell cycle control mechanisms is a common feature in all types 
of cancers. The INK4a/ARF (or CDKN2A) locus encodes two intimately 
linked but distinct tumor-suppressor proteins, p16INK4a and p14ARF 
(p19ARF in mouse) in alternative reading frames. The INK4a/ARF locus is 
commonly altered in human tumors by e.g. deletion mutations, missense 
mutations and hypermethylation in the two promoter regions upstream in a 
variety of malignant cell-lines and tumors37. The tumor suppressor p14ARF 
is a small protein of 132 amino acids in length and unusual in the respect that 
20% of the amino acids are arginines, which are widely spread throughout 
the entire protein without any lysines.   

Table 1. Selection of proteins regulating ARF and their additional functions. 

Protein  Function Ref 

Activators of ARF 
Myc Transcription factor, transactivating and transrepressing genes 38 
Ras GTPase, mediates signaling of extracellular growth signals  39 
AP-1 Transcription factor promoting cell proliferation 40 
DMP1 Transcription factor and tumor suppressor 41 
E2F Transcription factors required for DNA replication 42 

Inhibitors of ARF 
NPM 
 

Nucleolar phosphoprotein implicated in ribosome biogenesis, 
centrosome duplication and DNA damage response 

43 
 

Twist Transcription factor in development and differentiation 44 
JunD Transcription factor, negative regulator of cell growth 45 
ATM Protein kinase activated by DNA damage 46 

 
The human alternative reading frame protein p14ARF, and murine double 

minute, (MDM2), denoted HDM2 in humans, and p53 are part of the same 
regulatory pathway and are modified in virtually all human cancers. In a 
survey of patients with epithelial ovarian cancers, components of the p53 
pathway were altered in 80.4% of the cases (and p53 in 78.3%)47,48. The p53 
transcription factor is induced in response to DNA damage, hypoxia, onco-
gene activation, and it regulates a program of gene expression that leads 
either to cell cycle arrest or apoptosis49. The p53 gene is mutated in more 
than 50% of human cancers and mutations in other genes that affect p53 
function occur in many, if not all, tumors that retain a normal p53 gene. 
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Also, both p53- and ARF-deficient mice spontaneously develop tumors and 
die of cancers early in life50. 

 
Figure 3. A selection of p14ARF interacting proteins and their influence on ARF 
and vice versa.  

p14ARF is activated by sustained hyperproliferative signals emanating 
from oncogenes and transcription factors such as Myc38, Ras39, AP-140, 
Dmp151 and E2F142 and the p14ARF activity can be regarded as a surveil-
lance mechanism against excessive oncogene activity (Table 1 and Figure 3). 

ARF antagonizes the function of HDM2 by preventing its ubiquitin E3 li-
gase activity and sequester HDM2 to the nucleolus leading to the activation 
of p53 and concomitant cell cycle arrest or apoptosis. p14ARF also function 
as a negative regulator of its activators, inhibiting Myc52 and E2F153,54 as 
well as interfering with the ribosomal RNA processing machinery55 and in-
teracting with nucleophosmin (NPM)56. Another potential mode of regula-
tion might be mediated by ARF-BP1, an E3 ubiquitin ligase which binds 
directly with ARF and with p5357. ARF binding to ARF-BP1 inhibits its 
ubiquitin E3 ligase activity directed at p53 and inactivation of ARF-BP1 is 
required for ARF mediated stabilization of p53 . ARF-BP1 also 57 ubiquiti-
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nates Myc, which provides an additional regulatory level on Myc to prevent 
oncogenesis58. Furthermore, ARF induces many antiproliferative genes and 
represses others, even in the absence of p5359, and induces G2 arrest by acti-
vating the ERK1/2 MAP pathway60. See Table 2 and Figure 2 for proteins 
regulated by ARF. Thus, considering all these interactions with different 
signal transduction molecules and transcription factors, p14ARF emerges as 
a central tumor suppressor preventing tumor transformation mainly by inhib-
iting the HDM2 protein.  

Table 2. Selection of proteins regulated by ARF and their functions. 

Protein Function Ref 

Activated by ARF 
p53 Transcription factor, induces growth arrest, apoptosis 61-63 

Inhibited by ARF 
ARF-BP1 E3 ubiquitin ligase for p53 and Myc 57 
E2F DP Transcription factors required for DNA replication 53,54,64 
FoxM1B Forkhead transcription factor involved in DNA replication  65 
HDM2 E3 ubiquitin ligase for p53 61-63 
Myc Transcription factor, transactivating and transrepressing genes 52,66-68 
NPM 
 

Nucleolar phosphoprotein implicated in ribosome biogenesis, 
centrosome duplication and DNA damage response 56,69,70 

Tip60 Acetylates RB for degradation 71 

Oligonucleotides in gene regulation 
Nucleic acid was first isolated by Friedrich Miescher in 1869 from pus, rich 
in white blood cells, which he obtained from bandages from the hospital in 
Tübingen72. He noted that this substance was acidic in nature and rich in 
phosphate compared to “Eisweiss”, which he called nuclein. However, DNA 
was first recognized as hereditary material in 1944 by Avery, MacLeod and 
McCarty73, followed by the celebrated discovery of the structure of the DNA 
duplex by Watson and Crick in 195374. The first demonstration of translation 
inhibition by hybridization, through binding of a complementary nucleic 
acid strand to mRNA, was shown in 1961 by Nirenberg and Matthaei75. The 
theory of translation blockade, by hybridizing a complementary nucleic acid 
strand to the mRNA was developed into an application to identify genes in 
1977 by Paterson et al.76. The assay was called “hybrid arrested translation” 
where RNA from total cell extracts was incubated with DNA oligonucleo-
tides and translated in vitro. The untranslated, missing proteins could then be 
mapped to the DNA fragment added. Shortly thereafter, Zamecnik and Ste-
phenson published, what is considered the proof-of-principle for antisense 
technology, blocking of both protein translation and replication of Rous sar-
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coma virus, in vitro77,78. The antisense theory is simple, but its application is 
more complex. Issues in the field include selection of good target sites, de-
livery, affinity and stability of the oligonucleotide and avoiding unwanted 
side effects. Recently, an endogenous method for degradation of mRNA and 
inhibition of transcription was identified based on short double stranded 
RNA, denoted RNA interference79,80 . This new finding has spurred the an-
tisense field with enthusiasm and the future will tell if the promises will hold 
especially with regard to off target effects81.  

Antisense oligonucleotides and modifications thereof 
One of the major challenges for oligonucleotide (ON) mediated gene therapy 
is the stabilization of ONs. ONs in their natural form as phosphodiesters are 
rapidly hydrolyzed by nucleases in blood, extracellular fluid and cells. ON 
analogs are commonly generated by three types of modifications: analogs 
with unnatural nucleobases, modified sugar rings or altered phosphodiester 
backbones.  

When introduced into cells, an antisense ON can specifically target its 
complementary mRNA sequence and inhibit subsequent protein biosynthe-
sis. This effect is attributed to two major mechanisms. First, RNase H recog-
nizes the antisense ON–mRNA heteroduplex and cleaves the target mRNA. 
Second, when targeting the mRNA 5′-terminus, the duplex sterically inhibits 
translation by blocking the ribosomal machinery. In addition to these classi-
cal mechanisms, the ability of ONs to block protein binding has been ex-
plored by interfering with the spliceosome, thereby altering splicing patterns. 
The theoretical lower limit of an antisense oligonucleotide is ~15 bases in 
length with respect to specificity82, but they are typically 15-20 bases long.  

The first generation of DNA analogs is the modification of the phos-
phodiester linkage by replacing one of the non-bridging oxygen molecules 
with sulfur, denoted phosphorothioate (PS) chemistry. The oxygen substitu-
tion dramatically improves half-life in human serum from approximately one 
hour for unmodified ONs to 10 hours83. As a result of their small size, an-
tisense ONs are subject to rapid renal clearance. The modification promotes 
non-specific association with cytoplasmic proteins, which later was associ-
ated with complement activation and cellular toxicity84. However, a positive 
consequence of protein association is that the ON is protected against renal 
clearance due to the increase in size of the complex84. Their extended time in 
circulation promotes a more broad distribution to organs and tissues, with 
the highest accumulation in liver and kidney85. Another shortcoming is the 
slight decrease in melting temperature, about 0.5 °C per nucleotide, how-
ever, this is partly compensated by an increased specificity compared to 
phosphodiester binding86. 

The second generation of modifications focused on the weaknesses of the 
first generation of ONs, and hence display slightly increased melting tem-
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peratures and less toxicity. The members of this class have 2’-O modifica-
tions such as; fluoro, pentyl and propyl, but the most widely used ONs are 
2’-O-methyl (2´OMe) and 2’-O-metoxyethyl RNAs. A common feature, in 
contrast to the first generation of phosphorothioate modifications, is that they 
do not induce RNase H activity since the 2´-OH is required for efficient 
RNase H cleavage87. This can be circumvented by usage of gapmers, i.e. 
ONs with any kind of modifications in the ends but only nucleotides with 
natural sugar rings in the middle, which is the site of RNase H activity88. 
This strategy is useful for a variety of DNA analogs that lack RNase H activ-
ity. However, in the case of splice alteration, RNase H activity is not desired. 

Third generation of modifications is more diverse with modifications of 
the sugar ring and/or the phosphodiester backbone. Conformational restric-
tion has widely been used to improve melting temperature and nuclease re-
sistance. In comparison, the sugar ring has the freedom to switch between 
two configurations in DNA and RNA. Analogs have been developed to to-
tally constrain the ribose ring in for example locked nucleic acids (LNA). 
Morpholinos were developed as a cost-efficient analog with a restrained 
morpholine ring, where the anionic phosphodiester backbone is replaced 
with non-ionic phosphoramidites, which avoids electrostatic repulsion. This 
feature is adopted by PNA where the ribose phosphate backbone is replaced 
by non-charged polyamide linkage, making the oligonucleotides neutral and 
flexible.  

Peptide nucleic acid 
Peptide nucleic acid (PNA) was first described by P. E. Nielsen et al. in 
199189. PNA is a nucleic acid mimic with a backbone composed of N-(2-
aminoethyl) glycine units with the nucleobase attached to the central amine 
with a methylene carbonyl linker, thus obtaining a DNA mimic, which is not 
charged and achiral. PNA was designed to bind the major groove of dsDNA 
in a sequence specific manner to form triplexes that inhibited gene expres-
sion. However, the PNA backbone was a good substitute for the ribose and 
phosphodiester backbone, forming stable complexes with complementary 
ONs following Watson-Crick base pairing rules90. The uncharged PNA oli-
gomers give a high binding affinity to complementary nucleic acids as elec-
trostatic repulsion from the normally negatively charged backbones are di-
minished90. Also, PNA hybridizes more strongly with RNA than with DNA 
and hybridization with either results in the formation of a helix-like struc-
ture91. In addition, an important property for target specificity is that se-
quence discrimination is stronger for duplexes of PNA/DNA than for 
DNA/DNA duplexes90. The uncharged nature of PNA makes it less soluble 
than most other ONs. However, the solubility can be improved by the addi-
tion of positively charged lysine residues89.  
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As previously mentioned, the inherent susceptibility of unmodified ONs 
to nucleases was a major reason for developing ON analogs. PNA has dem-
onstrated high resistance to nucleases, proteases and peptidases, as the non-
natural amide bonds between the glycine subunits in the backbone are not 
recognized by these enzymes92. Additionally, PNA, unlike phosphorothioate 
ONs, displays relatively poor biodistribution and shows quite rapid body 
clearance93,94. Nevertheless, PNA has demonstrated antisense and antigene 
effects in vivo95-97. Moreover, PNA has been used to redirect splicing by 
blocking splice sites in vivo98. The most frequent target for PNA is mRNA, 
and translational inhibition was demonstrated early in vitro99. Finally, 
PNA/RNA duplexes are not substrates for RNase H and inhibit RNA activity 
through tight target binding and steric hindrance100. 

Transcription factor decoys 
Another interesting biomedical tool, based on ONs, used to interfere with 
protein activity is the decoy strategy. This approach is designed to operate on 
transcription factors (TFs) and regulate their activities. TFs are generally 
nuclear proteins that play a critical role in gene regulation either exerting a 
positive or negative effect on gene expression. These regulatory proteins 
bind specific consensus DNA sequences, generally 6-10 base pairs in length, 
found in promoter regions of target genes. Binding of TFs, and subsequent 
interaction of these proteins with each other, as well as with RNA poly-
merases and cofactors, yield a complex set of factors that regulate transcrip-
tional activity. Since TFs can recognize relatively short binding sequences, 
decoy ONs bearing consensus binding sites can be utilized as means of se-
questering TFs by competing with the genome for binding, either to inhibit 
the expression of genes that are transactivated by the factor in question, or to 
up-regulate genes that are transcriptionally suppressed. The decoy strategy 
was first used as a tool for investigating TF activity in cell culture sys-
tems101. Decoy ONs have also been applied in vivo to down-regulate the 
activity of E2F, a TF activator involved in cell proliferation, leading to inhi-
bition of smooth muscle cell proliferation and neointimal hyperplasia in in-
jured vessels102. In addition to the initial in vivo application, TF decoys have 
been applied to block a negative regulatory element in the promotor of the 
Renin gene in the mouse submandibular gland, demonstrating that decoys 
can be used to enhance as well as to suppress gene activity in vivo103.  

Promising therapeutics based on this approach include inhibitors of signal 
transducer and activator of transcription 6 (STAT6), which might be useful 
in reducing interleukin-4 (IL-4) induced proliferation of T helper cells in 
allergic diseases104,105, and on the cAMP response element-binding protein 
(CREB) in tumor cells106. In last years, several different TFs have been tar-
geted with the purpose of reducing proliferation in tumor cells including ets-
1 in gastric cancer models both in vitro and in vivo107. Also, NFκB was tar-
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geted in MCF-7 cells where it induced cell death108, as well as E2F1, and the 
two above mentioned targets simultaneously in another study109. Interest-
ingly, by targeting several TFs simultaneously, a synergetic effect of a two-
fold increase in efficacy compared to each decoy alone was observed on 
tumor proliferation.  

To date, NFκB has been the most widely targeted TF for different pur-
poses. Since this protein is a key regulator of several different signaling 
pathways, decoy ONs have been utilized to target various disorders ranging 
from cardiovascular diseases and cancer to inflammatory immune diseases 
such as rheumatoid arthritis110,111. Obviously, the decoy strategy provides an 
effective means of targeting various diseases, or be used to investigate the 
role of TFs in gene regulation.  

Considering the advantages ON-based therapeutics exhibit, it is appealing 
to combine different strategies to ensue synergetic effects. The group of J. 
Rossi has successfully exploited this possibility by using an lentiviral vector 
expressing three different genes encoding three types of RNA targeting the 
genome of human immunodeficiency virus type 1 (HIV-1)112. These RNAs 
are one short hairpin RNA (shRNA) targeting the HIV tat and rev mRNAs, a 
nucleolar localizing TAR RNA decoy, and a ribozyme that degrades the 
CCR5 mRNA. While the former targets prohibit viral replication, the latter 
target disallows entry of the virus inside cells. This type of approach could 
also be considered in other settings, e.g. for tumor therapy, where several 
proteins have a deregulated expression. 

Delivery of nucleic acids 
ON delivery to cells is usually divided into two categories: viral and non-
viral. Naked nucleic acids without any formulation have also been used113. 
The most common type of vectors are viruses that have been genetically 
altered to carry DNA. Viral vectors are usually efficient in delivering their 
message, regarding both long term expression and gene silencing. The 
weakness of viral delivery system is attributed by limited DNA carrying 
capacity, addition of a level of complexity and risk of immune reactions. In 
comparison, non-viral formulations have reduced complexity and risk, but 
are less efficient than viruses. In cell culture, unformulated ONs are hardly 
taken up by cells. To overcome the boundary set by low self uptake of ONs a 
number of physical and chemical methods has been developed. Examples of 
physical methods include transfer by gene gun, electroporation, ultra sound 
and hydrodynamic pressure. By far, the most frequently used non-viral strat-
egy for ON delivery is condensation into particles by cationic lipids or cati-
onic polymers. The particles are taken up by endocytosis into vesicles from 
which a small fraction escapes and migrates to its target. However, most of 
the cationic lipids are not suited for in vivo delivery of ONs since they have 
been reported to be sensitive to serum proteins and associated with toxic-
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ity114,115. Among the cationic polymers, polyethyleneimine (PEI) has been 
most extensively used with a number of variants, differing in size and degree 
of branching. However, their transfection efficiency varies significantly de-
pending on formulation, and their non-degradable nature raise concerns 
about toxicity116.  

Some examples of a large number of other transfection agents shown to 
promote ON delivery are cholesterol after 3´ attachment to siRNA117, aptam-
ers for targeting prostate cancer cells118, and peptide-mediated transvascular 
transport of siRNA119. 

Cell-penetrating peptides 
The first observations that both a protein and a polypeptide fragment from 

the same protein had the ability to translocate into cells were independently 
described by two groups in 1988 for the HIV Tat protein where they acti-
vated human immunodeficiency virus long terminal repeat (HIV-LTR) after 
exogenous addition120,121. A few years later, another peptide fragment of 60 
amino acids from the Antennapedia homeoprotein was shown to translocate 
into cells and induce morphological changes in neurons when added ex-
tracellularly, proving that Tat translocation was not an isolated event122. Fol-
lowing studies identified amino acids 48-60 of Tat123 and the third helix of 
Antennapedia, corresponding to amino acids 43-58 to be sufficient for inter-
nalization124 and the peptides were denoted Tat and penetratin (Pen), respec-
tively. 

Since translocation of hydrophilic compounds into the cell presents a ma-
jor hurdle, these peptides and an increasing number of new peptides has 
been, and is, explored for their ability to deliver various cargos. The rational 
is to develop a new group of peptide carriers, safer than viruses and more 
efficient than common transfection agents. They are generally refereed to as 
cell-penetrating peptides (CPPs) or protein transduction domains (PTDs) if 
derived from a protein.  

CPPs can be divided based on their origin into protein-derived, e.g. Tat 
and Pen, chimeric peptides such as transportan (TP)125, and synthetic pep-
tides as polyarginine126. Examples of a subset of CPPs are presented in Table 
3. CPPs are generally cationic and/or amphipathic, ranging from 5-40 amino 
acids in length. The high content of cationic residues, i.e. arginines and/or 
lysines in CPPs is believed to be of great importance for effective internali-
zation126. Particularly the guanidinium group of arginine is important for 
efficient uptake127 even if efficient CPPs as TP10 only harbor lysines128. 
Despite that some basic properties of CPPs have been identified, there is no 
unambiguous CPP definition. The use of D- instead of L-amino acids have 
been commonly used to exclude involvement of chiral receptors suggesting a 
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direct membrane translocation mechanism, but does not exclude involve-
ment of some sorts of endocytosis.  

However, as some early mechanistic reports were based on fluorophore 
labeled peptides and fixation of cells, which have subsequently been associ-
ated with artifacts129,130,  functional assays are now generally employed for 
mechanistic studies. In this regard, positive readout assays are favorable 
compared to down regulation, where the readout can be mixed with toxic 
influences. Some examples of useful assays which generate a positive read-
out are delivery of plasmids by Tat131, conjugation of luciferin via a disulfide 
bridge to CPPs to evaluate delivery to luciferase expressing cells132,133, CRE 
recombinase delivery for restoration of EGFP134, and splice correction assay 
for restoration of luciferase expression135.   

Table 3. A selection of CPPs and their sequences. 

CPP Sequence Ref 

Protein derived 
Tat (48-60) GRKKRRQRRRPPQ 123 
Pen RQIKIWFQNRRMKWKKa 124 
pVEC LLIILRRRIRKQAHAHSK-NH2

136 
Chimeric/synthetic 
TP GWTLNSAGYLLGKINLKALAALAKKIL-NH2

125 
TP10 AGYLLGKINLKALAALAKKIL-NH2

128 
MAP KLALKLALKALKAALKLA-NH2

137 
Poly Arg (RRR)n

b 138 
MPG GALFLGWLGAAGSTMGAPKKKRKVc 139 
Peptides are C-terminal free acids unless stated otherwise. a Originally synthesized with a 
free acid C-terminally but later shown CPP properties when amidated. b n equals 2-4. c C-
terminal cysteamide group. 

 
The cellular uptake of CPPs has been shown to be essentially associated 

with endosomal pathways, even if discrepancies in endocytosis route are 
observed between different reports, such as clathrin dependent endocyto-
sis140-143, caveolae144,145, and macropinocytosis134,146,147. In contrast, other 
routes not dependent on endosomal pathways but on transmembrane poten-
tials have been described148-150. Also, uptake of the MPG peptide in complex 
with its cargo has been reported to be independent of endocytosis151-153.  

An increasing number of studies imply involvement of proteoglycans in 
CPP uptake. Heparan sulfate proteoglycans (HSPGs) are composed of a core 
protein and one or more heparan sulfate glycosaminoglycan (GAG) chains, 
which form predominantly electrostatic interactions dependent on charge. 
Three subfamilies of HSPGs have been described: the membrane-spanning 
proteoglycans (syndecans), the glycophosphatidyl inositol (GPI)-linked pro-
teoglycans (glypicans), and the secreted extracellular matrix proteoglycans. 
As a potential link of CPPs to endocytosis, syndecans interact with the actin 
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network and actin binding proteins, which are involved in regulating mem-
brane receptors and the cellular uptake of macromolecules154.  

Thus, providing the important physiological role of HPSGs many viruses 
have taken advantage of HPSGs as receptors for internalization155. In concur-
rence with viruses, the initial step for several CPPs have been associated 
with electrostatic interactions with negatively charged GAGs, which trigger 
their internalization via different endocytosis pathways140,146,147,156,157.  

A recent study implies GAG involvement in polyarginine delivery of 
quantum dots by a CI but dynamin dependent route to late endosomes 158. 
Also, both MPG peptide alone and in DNA complexes was reported to inter-
act with GAGs that trigger activation of Rac1 GTPase and actin remodeling, 
promoting internalization159. The uptake mechanism has also been reported 
to be dependent on cargo size. For example, Tat conjugated to a peptide is 
internalized via a transmembrane driven mechanism whereas Tat conjugated 
to a protein is taken up through endocytosis160.  

Integrating or further confusing the discrepancies between the different 
mechanistic pathways, Duchardt et al. recently provided evidence that Tat, 
Pen and nona-arginine simultaneously use macropinocytosis, clathrin-
mediated endocytosis and caveolae/lipid raft mediated endocytosis161. Also 
at higher concentrations, sites of spatially restricted membrane regions serve 
as nucleation sites or internalization platforms which lead to cytoplasmic 
distribution of the peptides161. In addition, formation of nucleation sites was 
dynamin, HS dependent, and chlorpromazine sensitive. Furthermore, uptake 
of TP and TP10 conjugated to avidin has been ascribed a combination of 
clathrin dependent endocytosis and macropinocytosis162,163, which is in con-
currence with observations of Tat conjugated to streptavidin164. 

Finally, it is very likely that different peptides use different routes of in-
ternalization making it difficult to draw general conclusions based on results 
from a single peptide. Quite frequently, the very same peptide is ascribed to 
different entry routes in different reports or a combination of routes suggest-
ing that the experimental setup is important. For example, the route of inter-
nalization can be both cargo and concentration dependent, and different 
modes of uptake, be it endocytosis or an alternative mechanism may be ob-
served in different cell types. Observations of dissimilar entry routes with 
different cell-lines are commonly proposed for experimental discrepancies in 
the endocytosis field. Also more subtle experimental conditions as incuba-
tion volume and time, cell density and passage number can influence re-
sults165. Degradation is another crucial factor to consider, both extracellularly 
and intracellularly, which can differ between cell-lines and peptides166. 
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Alternative splicing and splice correction 
Splicing is the process in which non-coding introns are removed from the 

pre-mRNA and coding exons are joined into a functional transcript. Alterna-
tive splicing is the pre-mRNA splicing variation mechanism in which exons 
are reconnected to produce alternative RNA arrangements, yielding different 
mature mRNA transcripts. Upon translation, these transcripts give rise to 
different protein isoforms expanding the variety of proteins. An average 
human gene has been estimated to consist of ~9 exons separated by ~8 in-
trons167 and 40-60% of all human genes are alternatively spliced168. For 
multi-exon genes, microarray analysis indicates that as many as 74% are 
alternatively spliced169, which contribute to the complexity of the human 
proteome and explains the discrepancy between the number of protein cod-
ing genes (~26,000) and the estimated ~90,000 human proteins168. 

The excision and joining of pre-mRNA is orchestrated by the spli-
ceosome, which is composed of five small nuclear RNAs (snRNAs) and as 
many as 150 proteins. Four short sequences define the intron: the exon-
intron junction at the 5´ and 3´ end of the intron, the branch-site and a 
polypyrimidine tract. Spliceosome binding to the splice sites results in intron 
removal and ligation of flanking exons. Additionally, regulatory serine-
arginine-rich (SR) proteins can bind enhancer or silencer elements and regu-
late binding of the basal spliceosome machinery. Major forms of generating 
alternative splice transcripts include exon skipping, competing alternative 5´ 
and 3´ splice sites, use of mutually exclusive exons and alternative transcrip-
tion start sites.  

The importance of alternative splicing is further highlighted by an esti-
mated 20-30% of all disease-causing mutations affect pre-mRNA splicing170, 
and cause diseases such as cancer, β-thalassemia, cystic fibrosis and neuro-
logical disorders171,172. Considering this, a number of different approaches 
have been developed in order to modify, abolish or restore splicing. Exam-
ples are drugs that target one protein isoform or SR proteins either enhancing 
or repressing certain splice variants, and antisense or siRNA directed against 
an isoform-specific mRNA. Additionally, blocking ONs can be used for 
masking mutations, which create or modify splice sites or regulating ele-
ments, thus attempting to correct aberrant splicing.  

An interesting example is the Bcl-x pre-mRNA, which produces either the 
Bcl-xS or the Bcl-xL mRNA, subsequently generating a pro-apoptotic and 
an anti-apoptotic protein, respectively. By shifting the Bcl-xL/Bcl-xS ratio, 
favoring Bcl-xL by an antisense ON, apoptosis was induced in cancer 
cells173.  Cystic fibrosis (CF) affects mainly the lungs and digestive system, 
causing progressive disability. A mutation in the CF transmembrane conduc-
tance regulator (CFTR) gene creates a novel donor site in intron 19 that is 
one of the more common splicing mutations that cause CF. By application of 
antisense ONs aberrantly spliced CFTR transcript could be corrected174. In 
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addition, exon skipping were induced in mdx mice, a model for Duchenne 
muscular dystrophy, by antisense ONs, generating the production of semi-
functional dystrophin and hence a less severe form of the disease175.  

β-thalassemia, which is characterized by severe anemia results from a 
splice mutation and activation of a cryptic 3´ splice site in the β-globin 
gene176. The splice mutation and the cryptic splice site produces a non-
functional transcript, which can be blocked by antisense ONs both in vitro 
and in vivo, leading to synthesis of functional β-globin177,178. Kole and col-
leagues took advantage of the defined mutations in β-globin and inserted the 
intron in luciferase and EGFP, enabling evaluation of delivery vectors for 
ONs, with concomitant restoration of correct mRNA transcripts observed 
both in vitro and in vivo98,135.  

CPP-mediated ON delivery 
Before coining the concept of CPPs, polylysines were used to enhance deliv-
ery of ONs into cells179. Subsequently in the initial CPP era, Pen was shown 
to deliver antisense ONs into neuronal cells and decrease amyloid precursor 
protein (APP) synthesis180. Since then, different ON chemistries such as 2´-
O-methyl phosphorothioates181, PNA182, and PMO183 have been successfully 
delivered by a range of CPPs including for example TP and TP10182, 
Tat181,184, Pen181, and R9F2

183.  

Table 4. Examples of CPPs used to deliver ONs for alteration of splicing. 

CPP Type of ON pre-mRNA target Ref 

Tat, Pen 2´OMe phosphorothioate Luciferase 181 
MAP PNA Luciferase 185 
Tat PNA Luciferase 186 
Tat Morpholino Luciferase 184 
R6Pen Morpholino Luciferase 187 
TP, R9 PNA Luciferase 188 
K8 PNA CD40 189 
Tat, Pen, (RXR)4 Morpholino CD45, IL-2R 190 
(RXR)4 Morpholino Dystrophin 191 

 
Recently, the splice correction assay developed by Kole and co-workers 

has been extensively used to study the efficiency of different peptides to 
deliver various ONs as well as for investigating the mechanism of entry. 
Initial work by the same group reported efficient splice correction both in 
vitro and in vivo by addition of as few as four lysines to PNA98,192. Intrigu-
ingly, later observations imply that the concentrations used for CPP conju-
gates used to achieve efficient splice correction are generally higher than for 
lipoplex mediated delivery of ONs193,194. Also, for ON conjugates to effec-
tively induce splice correction some sort of endosome disturbing agent as 
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chloroquine195, high Ca2+ concentration196 or photochemical internalization186 
is needed, suggesting that a predominant portion is trapped in endosomes, 
supporting the proposed importance of endocytosis in CPP uptake. However, 
some peptides as TP188, (RXR)4

197, and R6Pen187 have been reported to be 
relatively efficient in conveying splice correcting ONs without the need of 
any endosome disrupting agent. See Table 4 for examples of CPP mediated 
delivery of splice correcting ONs. 

For production of CPP-ON conjugates, different strategies as continues 
synthesis, or coupling of CPP and ON by different linkers as a disulfide, 
ester, o-linker, and thioether have been employed. The most widely used 
labile linker is the disulfide linkage which has been reported to result in 
higher biological activities than stable linkers188,198. On the contrary, a recent 
study reported a disulfide linkage to be comparable to a thioether linkage187.  

As mentioned before, monitored uptake does not always correlate with 
activity, hence making it imperative to include a functional assay, as the 
splice correcting assay in evaluating CPPs. This was highlighted by a recent 
publication that reported massive uptake by a histidine enriched CPP by flow 
cytometry, but was unable to generate any splice correction 190.  

Protein mimicry 
The cell sustains and integrates its activities mainly by protein interactions. 
Following this, the obvious means for therapeutic applications would then be 
introduction of full-length proteins for modulation of protein-protein interac-
tions. Since proteins themselves, with some exceptions, are not able to trans-
fer into cells, they are generally expressed from plasmids. The large surfaces 
involved in protein-protein interactions, often featuring complex textures, 
sometimes with multiple intermolecular contacts, makes it difficult for tradi-
tional small molecules to elicit an effect. In this regard, peptides may be 
more suited as they can make more extensive contact with their target. Pep-
tides derived from protein interacting surfaces have been reported to retain 
functionality after expression from plasmids, either alone or constrained in a 
scaffold, e.g. p14ARF peptides199,200.  Nonetheless, as with all new or modi-
fied compounds, the outcome of peptide-protein interactions is not obvious, 
the peptide may simply bind without affecting the protein, blocking interac-
tions and activity of its parent protein, or induce a conformational change 
either activating or inhibiting the target protein. Additionally, adding to the 
complexity, a peptide-mediated response may be of more allosteric nature 
since only parts of the protein is used, signifying the importance of charac-
terizing new compounds. Viewing the protein mimic vs. protein derived 
peptide inhibitor approach from a pharmacological point of view would fa-
vor mimics over inhibitors, since lower concentrations can be used. Inhibi-
tory peptides must compete with the native ligands, requiring higher doses, 
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which enhance the risk of non-specific side effects and immunogenicity. 
However, screening for potential bioactive peptides mainly identifies inhibi-
tors since it is more straightforward to analyze inhibition rather than function 
after binding. In addition, since by definition a peptide only can represent a 
portion of a protein and its potential interacting interfaces and regulatory 
sites, it is difficult for a peptide mimic to acquire all aspects of the full-
length parent protein.  

As the introduction of functional full-length proteins is desired for modu-
lating cellular function, nature has provided some exceptions from the nor-
mal dogma of non-transducible proteins. Already 1978 autoantibodies to 
ribonucleoprotein (RNP) from serum could penetrate cells and reach their 
nuclear target201. Additional examples of bioactive transducible proteins can 
be found among transcription factors, such as the homeoproteins and bHLH 
proteins e.g. the Tat transactivator of HIV-1121, HoxB4202, Engrailed-2203,  
the paired box transcription factor Pax4, involved in vertebrate organogene-
sis204, and the bHLH protein NeuroD/BETA2205,206. Considering these accu-
mulating examples of transducible proteins together with the observed secre-
tion of Tat207 and Engrailed208 supports a physiological role and raises the 
question whether this procedure is more widely explored by nature for com-
munication between cells than initially believed. See Table 5. 

Table 5. A selection of bioactive proteins with translocation ability. 

Protein Function Ref 

IgG Autoantibody to nuclear RNP 201 
Tat Transactivator of HIV-1 121 
VP22 Herpes simplex virus structural protein 209 
HoxB4 Homeoprotein, expansion of stem cells 202 
Engrailed-2 Homeoprotein, retinal axon guiding, rescues dopamine cell loss 203,210 
PDX-1 Homeoprotein, transcriptional activation of insulin 206,211 
Pax4 Protects against apoptosis 204 
Pax6 Regulates eye development 212 
NeuroD/BETA2 bHLH TF, transcriptional activation of insulin 205,206 
RNP, ribonucleoprotein; PDX-1, pancreatic duodenal homeobox 1; HoxB4, homeobox B4; 
Pax4, paired box 4. 

 
For translocation of non-transducible proteins into cells, effector domains 

responsible for the natural transduction of full-length proteins have been 
fused to these proteins. There are numerous reports on protein fusions to 
CPPs, mainly via Tat. For example, fusion of Tat to Bcl-xL for apoptosis 
protection213, to E2F1 and p73 to mediate apoptosis214 and to ubiquitin C-
terminal hydroxylase L1 (Uch-1) for neuroprotection following β-amyloid 
treatment215. Additionally, delivery of the proteins, GFP and β-galactosidase 
has been reported by simple co-incubation with the peptide Pep-1216. See 
Table 6. Although attractive means for conveying proteins into cells, creat-
ing protein fusions are still quite a laborious process and co-incubation are 
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limited by the properties of the individual protein such as pI217. Thus, utiliz-
ing smaller peptides derived from full-length proteins, which function either 
as mimics or inhibitors fused to CPPs is an attractive approach since they 
can be synthesized on a routine basis.  

CPPs have proved capable of delivering a wide range of cargos including 
peptides and proteins which are comprehensively tabularized by Dietz and 
Bähr 2004218. A selection of proteins and peptides delivered by CPPs and by 
themselves is presented in Table 5-8. 

Table 6. Selection of proteins delivered by CPPs. 

CPP Protein Biological response Ref 

Fusion  
Tat Bcl-xL Neuroprotection 213 
Tat E2F, p73 Induce apoptosis 214 
Tat Apoptin Apoptosis in cancer 219 
Tat Uch-1 Neuroprotection 215 
Tat Hsp70 Neuroprotection 220 
Tat GDNF Protection against cerebral ischemia 221 
Tat PNP Correction of PNP deficiency in mice 222 
R11, HA2-R9 p53 Induce apoptosis and decrease proliferation 223,224 
Co-incubation 
Pep-1 GFP, β-gal Uptake and β-galactosidase activity 216 
YTA2 β-gal Uptake and β-galactosidase activity 225 
Uch-1, ubiquitin C-terminal hydroxylase L1; Hsp70, hear shock protein 70; GDNF, glial 
derived neurotrophic factor; PNP, purine nucleoside phosphorylase; HA2, influenza virus 
hemagglutinin-2 protein; GFP, green fluorescent protein; β-gal, β-galactosidase 
 

As the knowledge about the cellular processes and the protein-protein in-
teractions accumulates, so do, the number of functional peptides coupled to 
CPPs for shuttling into the cell. Examples of peptides prospected to inhibit 
protein-protein interactions include VIVIT, which inhibited the calcineurin-
NFAT interaction226,227, and shepherdin which blocked the interaction be-
tween survivin and Hsp90228. The predominate target for peptides that inhibit 
protein-protein interactions has been cancer cells even if other pathways are 
frequently targeted. For examples, see table 7. 

Peptides that mimic the properties of the parent protein are rare and some-
times questionable how they should be defined since they preferentially are 
derived from proteins with an inhibitory/blocking activity. Some examples 
of peptides, which in this regard mimic the parent proteins, come from the 
second mitochondria-derived activator of caspases (SMAC) protein. Upon 
apoptosis induction, SMAC is released into the cytosol where it binds inhibi-
tor of apoptosis proteins (IAPs) and disrupts IAPs sequestering of effector 
caspases. A SMAC peptide, derived from the N-terminal amino acids, posi-
tion 4-8 conjugated to Pen was reported to bind IAPs and displace caspase 3 
to induce apoptosis229. Using the same system, Fulda et al. used a SMAC-
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derived 7 amino acids long peptide conjugated to Tat, which conferred anti-
tumor activity in an anticranial xenograft model, sensitizing cells to treat-
ment with cytotoxic drugs230. 

In addition to targeting cancer, peptides have been used to prevent cere-
bral ischemia and diabetes by inhibiting the c-Jun NH2-terminal kinase 
(JNK) signaling pathway231-233. The JNK inhibitory peptide was derived 
from the inhibitory domains of islet-brain (IB) 1 and 2, which normally in-
hibit JNK, and conjugated to Tat. See Table 7.  

Table 7. Selection of peptides as cargos of CPPs.  

CPP Peptide Biological response Ref 

Inhibitory peptides 
R11 VIVIT Inhibited calcineurin-NFAT, immunosuppression 226,227 
R11 CaN AID Inhibited CaN phosphatase and excitatory cell death 234 
R9 p14ARF derived  Proliferation arrest in tumor cells 235 
Tat STAT6-IP Reduced allergy 236 
Tat mGluR1 derived Neuroprotection against excitotoxicity 237 
Tat BPI Inhibited repressive chromatin induced by BCL6  238 
Tat PAK1 derived Blocked vascular leakage and angiogenesis 239,240 
Tat p15, phage display Blocked CK2, Inhibit tumor growth 241,242 
Tat NR2B9c Reduced ischemic brain damage  243 
Pen Raf-1 derived Inhibited tumor growth and angiogenesis 244 
Pen APP derived Induced neurite outgrowth 245 
Pen Myc derived Inhibited Myc-Max and proliferation 246 
Pen Bak BH3 derived Antagonized Bcl-xL, induced apoptosis 247,248 
Pen NBD derived Inhibited NF-κB, prevent osteoclastogenesis 249,250 
Pen Shepherdin Inhibited tumor growth  228 
Potentially inhibitory mimics 
Tat, Pen Smac peptide Tumor sensitization and apoptosis 229,230 
Tat JIP-1 derived Inhibit JNK, prevent cerebral ischemia 231 
Tat JIP-1 derived Inhibit JNK, decreased hyperglycemia 232,233 
Tat, Pen p16 derived Inhibit Rb phosphorylation and cell cycle 251,252 
NFAT, nuclear factor of activated T cells; CaN, calcium/calmodulin-dependent protein 
phosphatase; AID, autoinhibitory domain; STAT6, signal transducer and activator of tran-
scription 6; mGluR, metabotropic glutamate receptor; BPI, BCL6 peptide inhibitor; BCL6, 
B-cell lymphoma-6; PAK1, p21-activated kinase 1; CK2, casein kinase 2; APP, amyloid 
precursor protein; NBD, NEMO-binding domain; JIP, JNK interacting protein; JNK, c-Jun 
NH2-terminal kinase; Rb, retinoblastoma. 

 
Apart from inhibitory peptides, peptides can be used to modulate protein 

conformation even if the reports are few. One example is the peptide derived 
from the p53 C-terminal domain which can affect p53 conformation and 
restore specific DNA binding and transcriptional transactivation function of 
mutant p53 protein resulting in growth inhibition and cell death by apop-
tosis253. The reactivation of p53 mutants by a C-terminal peptide is believed 
to occur through stabilization of the core domain folding and/or establish-
ment of novel DNA contacts253,254.  
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In terms of efficient synthesis of peptides, short is good, since it means 
fewer side products and easier purification. In addition, short peptides pro-
vide synthesis space for additional functional peptides or moieties. The com-
bination of both an effector and a CPP in the same peptide sequence which 
abolish the need for an additional CPP can be traced back already to 1988, 
when Green and Loewenstein observed that the (polypeptide) Tat-86 pep-
tide/domain from HIV-1 could transverse the cell membrane and stimulate 
HIV-LTR-driven RNA synthesis . 121 Also, Joliot et al. demonstrated in 1991 
that a polypeptide of 60 amino acids corresponding to the Antennapedia 
homeobox enters nerve cells, reaches the nucleus, and modifies the mor-
phology of the neurons122. See Table 8.  

Table 8. Selection of CPPs as effectors. 

CPP Derived from Biological response Ref 

Tat-86 Tat  Trans activation of HIV-LTR 121 
pAntp Antennapedia Induced neurite outgrowth in neurons 122,255,256 
Lyp-1 Phage display Targeted lymphatic tumors and inhibited growth 257,258 
M511 AT1AR Blood vessel contraction 259 
G53-2 GLP-1R Induced insulin release 259 
BIPs Ku70 protein Cytoprotective 260,261 
CDB3 p53-53BP2 Restored p53 function and gene transcription 262 
MCa MCa Scorpion toxin, activated the ryanodine receptor 263,264 
HIV-LTR, human immunodeficiency virus long terminal repeat; AT1AR, angiotensin recep-
tor; GLP-1R, glucagon-like peptide receptor; BIPs, Bax-inhibiting peptides; 53BP2, p53 
binding protein 2; MCa, maurocalcine. 

 
The Ku70 protein is associated with DNA damage response and acts anti 

apoptotic by binding Bax in the cytoplasm, thereby preventing Bax translo-
cation to the mitochondria. Recently, Sawada et al. reported that pentameric 
peptides derived from the Bax binding domain of Ku70, termed Bax inhibit-
ing peptides, internalized into cells and bound Bax thereby prevented trans-
location of Bax and protected cells against apoptosis260,261.  

Efforts to overcome the limitations with peptides such as low bioavail-
ability, and poor stability have lead to a generation of synthetic peptides 
incorporating non-natural amino acids, denoted peptidomimetics. They 
mimic the structural and functional properties of their native parental pep-
tides and are generally conformationally more stable and resistant to enzyme 
degradation. Peptidomimetics supply an attractive development of the pep-
tide pharmacophore but are beyond the scope of this thesis. 
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Aims of the study 

The overall aim of this thesis is to investigate delivery properties of new and 
existing CPPs, develop and evaluate CPPs with a biological activity in them-
selves, and investigate delivery strategies based on CPP-mediated ON deliv-
ery. Specific aims of each paper are presented below for each paper: 
 
I Summarize a collection of methods for initial screening and 

evaluation of CPPs.  
 

II Evaluate the capability of TP10 to deliver dsDNA decoy ONs. 
 

III Evaluate and compare the capability of Tat, Pen and TP to deliver 
splice correcting ONs and their route or entry.  
 

IV Develop and investigate new pro-apoptotic CPPs with biological 
effect.  

 
V Evaluate the capability of a new CPP, M918, in delivering cargos 

and investigate the mechanism of entry.  
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Methodological considerations 

Since the materials and methods are extensively covered in each paper, this 
part will only briefly discuss methods, with some theoretical aspects, tips 
and tricks, and benefits as well as hurdles encountered with the methods. 

Synthesis 

Design of peptides and peptide nucleic acids 
The CPPs used in this thesis are all highly cationic, while some have addi-
tional hydrophobic amino acids, which are common traits of CPPs. 

pVEC is an 18-amino acids long peptide derived from the murine se-
quence of the cell adhesion molecule vascular endothelial cadherin used in 
paper I to exemplify the need of trypsin to remove cell surface attached pep-
tides136. Also, (KFF)3K was used in paper I as an example for evaluating 
uptake and degradation by HPLC. The CPP TP10, used in paper II is a dele-
tion analog of TP, where 6 amino acids from the N-terminus were deleted128. 
TP was originally designed as a ligand to the galanin receptor and is a chi-
meric peptide composed of galanin (1-12) in the N-terminus and the wasp 
venom peptide, mastoparan, in the C-terminus connected via a lysine resi-
due125. TP10 was used in papers I, II, IV, V and TP in paper III since they 
proved efficient in delivering PNA and decoy ONs as well as other car-
gos265,266. Pen and Tat were used in paper III for comparison with TP, as they 
are the most widely used CPPs today. Additionally, TP10 and Pen were used 
as reference peptides for evaluating new CPPs in papers IV and V. For paper 
IV, CPPs were designed from the p14ARF protein. First regions important 
for interacting with other proteins were identified; secondly, these regions 
were examined for amino acid stretches harboring CPP traits. Also, a peptide 
mimicking ARF properties when expressed in a thioredoxin scaffold or from 
a plasmid were included199,200. As controls to the ARF peptides, scramble 
versions thereof were synthesized. Since a scramble peptide is distant, with 
regard to amino acid sequence, from its parent peptide, we wanted to intro-
duce a more specific control to the most potent ARF derived peptide. Based 
on the ARF motif, suggested to be important for interaction267, amino acids 
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3-8 were inverted, generating M918, which properties are investigated in 
paper V. See Table 9 for a selection of peptides and PNAs used in this thesis. 

The PNA sequence used to block the aberrant splice site in pLuc 705 ex-
pressing HeLa cells, thereby shifting splicing towards functional luciferase 
was obtained from the work by Kang et al.135. However, when choosing a 
control PNA sequence for the splice correction assay we applied the same 
thinking that generated M918. Here, four bases were inverted to generate the 
control PNA. The benefit with inverting 4 bases instead of scrambling the 
entire sequence is that the sequence discrimination of the oligonucleotide 
can be more specifically evaluated. It is also more closely related to its par-
ent sequence and concomitantly should behave more similarly.  

Synthesis of peptides and peptide nucleic acids  
Solid phase peptide synthesis (SPPS) was introduced by Merrifield in 
1963268, which simplified the synthesis of peptides. The principal of SPPS is 
the stepwise addition of amino acids on a solid support. SPPS abolishes the 
previous need for purification after each coupling. The coupling reactions 
can also be driven towards completion by large excess of coupling reagents.  

All peptides were assembled by tert-butyloxycarbonyl (t-Boc) chemistry 
on a 4-methylbenzhydrylamine-polysterene (MBHA) resin to generate an 
amidated C-terminus. The t-Boc group was removed by TFA and the amino 
acids were coupled with dicyclohexylcarbodiimide (DCC) and N-
hydroxybenzotriazole (HOBt)  

Carboxyfluorescein was activated with diisopropylcarbodiimide (DIC) 
and HOBt prior to coupling to the N-terminus of all peptides, except for TP 
and TP10 where the ε-amino group of lysine 13 and 7, respectively, were 
used. For coupling of the 3-nitro-2-pyridinesulphenyl (Npys) derivate of 
cysteine, which was used for conjugation to PNA, the same N-terminal and 
ε-amino groups were used. Peptides were subsequently cleaved by HF, ex-
tracted, and purified by RP-HPLC. Peptide identity was verified using ma-
trix-assisted laser desorption/ionization time-of-flight (MALDI-TOF). PNA 
was synthesized with t-Boc chemistry using 2-(7-aza-1H-benzotriazole-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) as coupling 
reagent.  

Originally, in our group, PNA was synthesized with a C-terminal lysine to 
facilitate solubility. Still, many times, substantial struggling was associated 
with dissolvation of PNA. Therefore, three more lysines were introduced, 
rendering two lysines flanking the PNA sequence on each side, which gener-
ated a PNA that readily dissolved in water. To provide an attachment point 
for a fluorophore, the C-terminal lysine carried an Fmoc side chain protect-
ing group. A cysteine was attached to the N-terminal lysine to enable conju-
gation to peptides by a disulfide bridge.  
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Table 9. Sequences of a selection of peptides and PNAs used in this thesis.  

Name Sequence Ref 

TP GWTLNSAGYLLGKINLKALAALAKKIL-NH2
125 

TP10 AGYLLGKINLKALAALAKKIL-NH2
128 

Tat YGRKKRRQRRR-NH2
123 

Penetratin RQIKIWFQNRRMKWKK-NH2
124 

HA2Pen 
 

GLFGAIAGFIENGWEGMIDGRQIKIWFQNRRMKWKK-
NH2

269 
pVEC LLIILRRRIRKQAHAHSK-NH2

136 
(KFF)3K KFFKFFKFFK-NH2

270 
ARF(1-22) MVRRFLVTLRIRRACGPPRVRV-NH2

271 
ARF(1-22) scr FVTRGCPRRLVARLIRVMVPRR-NH2

271 
ARF(1-22) inv/M918 MVTVLFRRLRIRRACGPPRVRV-NH2

271,272 
NLS-PNA CysPKKKRKVAGGAACACAK-NH2

273 
M705 PNA CysKKCCTCTTACCTCAGTTACAKK+-NH2

269 
M705 PNA inverted CysKKCCTCTTACACTCGTTACAKK+-NH2

269 
In the case of modifications, all peptides were fluoresceinyl or Cys(Npys) labeled at the N-
terminus, except for  TP and TP10, where the ε-amino group of lysine 13 and  7, respec-
tively, was used. Bold letters represent nucleobases. The underlined sequences denote the 
regions inverted to generate PNA inverted and ARF(1-22)inv/M918. For labeling of PNA, 
carboxyfluorescein was attached on ε-amino group of the C-terminal lysine. 

Cargo attachment to CPPs 
For connecting CPPs to cargos, two main strategies are commonly used: 
non-covalent complex formation, or covalent coupling. For the first strategy, 
cargo is simply mixed with the CPP, rendering a complex supposedly rely-
ing on electrostatic- and possibly hydrophobic interactions. The simplicity 
together with high stability in serum makes it an attractive method. On the 
other hand, the complexes are undefined and restricted to charged cargos. 

By using covalent coupling, there is a defined entity, which is desirable in 
therapeutic applications. In addition, less amount of peptide is used com-
pared to complex formation, which is beneficial for peptides displaying tox-
icity at higher concentrations. The drawbacks are that it is more laborious 
and expensive since an activated peptide is needed.   

Conjugation of PNA to CPPs by a disulfide bridge (papers II-V) 
A number of different conjugation strategies have been employed for con-
necting PNA to CPPs, such as continuous synthesis, maleimide coupling, 
and ester or disulfide linkage188. For conjugation of CPPs to PNA, a disulfide 
linker was used since it is cleaved inside the cell274, concomitantly releasing 
PNA. Also, it has successfully been used for introduction of PNA in a num-
ber of studies188,198,265. The synthesis of unsymmetrical disulfides between 
PNA and CPP utilized the Npys derivate of cysteine, Cys(Npys), which has 

 27 



been shown to react rapidly with thiols to form disulfides275. See Figure 3. In 
paper II, Cys(Npys) labeled peptide was mixed with NLS-PNA (carrying a 
cysteine N-terminally) in DMSO/DMF/acetic acid buffer pH 5.5 (2/2/1) 
while in paper III-V, peptides were mixed with PNA in 20% acetoni-
trile/water containing 0.1% TFA and stirred over night. The discrepancies in 
the protocols arise from the fact that, although complicating the purification, 
addition of DMSO and DMF were necessary in order to dissolve the NLS-
PNA. Conjugates were subsequently purified by semi-preparative HPLC and 
identified by MALDI-TOF mass spectrometry.  

 
Figure 4. Unsymmetrical formation of a disulfide bridge by using the Npys group. 

Attaching CPPs to decoy oligonucleotides (paper II) 
Relatively few studies have utilized CPPs for the delivery of decoy ONs 
even though the concept and clinical potential of the decoy strategy is well 
established. Since Myc is a widely recognized transcription factor involved 
in tumor development and maintenance, this protein was chosen as target in 
an attempt to reduce proliferation in neuroblastoma and breast cancer cells 
by using ds DNA decoy to sequester Myc (Myc decoy). For internalization, 
a Myc decoy sequence (containing Myc binding E-box) with a nona-
nucleotide overhang was employed for hybridization to a 9-mer PNA se-
quence coupled to a CPP. To enhance cellular uptake, an NLS sequence was 
directly synthesized on the N-terminus of PNA, which in turn was coupled to 
TP10 via a disulfide bridge. Alternatively, decoy DNA was simply co-
incubated with TP10 at different charge ratios in 0.9% NaCl to form a non-
covalent complex based on the observation that MPG forms complexes and 
readily transfers oligonucleotides into cells139.  

In order to verify hybridization of PNA-TP10 conjugates to fluoresceinyl 
labeled Myc decoy, the components were mixed at different molar ratios and 
analyzed on a 20% polyacrylamide gel to observe possible band-shifts. Simi-
larly, non-covalent Myc decoy/TP10 complexes were incubated using in-
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creasing peptide concentrations and analyzed on a 6% agarose gel for gel 
retardation.  

Attaching CPPs to proteins (paper V) 
Few agents are in use for introduction of proteins into cells. The use of CPPs 
has generally involved recombinant expression of a fusion protein, which 
gives a defined molecule. However, as aforementioned, this procedure re-
quires extensive cloning making it time-consuming. Recently, the co-
incubation strategy proved efficient even for introduction of proteins into 
cells216.  

In paper V, fluorescein isothiocyanate (FITC)-labeled avidin and strepta-
vidin were chosen as model proteins to assess the capability of CPP-
mediated protein delivery. It is well known that both avidin and streptavidin 
bind biotin with extremely high affinity. However, in addition they have 
very different isoelectric points (pI). Hence, avidin and streptavidin were 
used to address the delivery efficacy of CPPs, where peptides were either 
non-covalently complexed or biotinylated peptides were used to generate 
four nearly irreversible bonds. Using these two proteins makes it possible to, 
not only, compare the two vectorization strategies, but also to analyze the 
impact of pI of proteins. 

Cell cultures 

Neuroblastoma cells (paper II) 
N2a cells are a highly proliferating clone of the tumor cell-line C1300, 
which was established from a spontaneous brain neuroblastoma of an albino 
mouse276. This cell-line was chosen based on the knowledge that these cells 
display high expression levels of Myc. This, in combination with the aggres-
sive growth rate of these cells, prompted us to evaluate the Myc decoy strat-
egy on these cells. 

Chinese hamster ovarian cells (paper V) 
Chinese hamster ovarian cells (CHO)-K1 are a widely used cell-line for 
various studies. CHO-K1 is a subclone from a parental cell-line initiated 
from a biopsy of an ovary of an adult Chinese hamster277. These cells have 
been widely used in the CPP field since there is one mutant cell-line derivate 
of CHO cells that are GAG deficient, which is of particular interest since 
they have been implicated in CPP mediated uptake156. The GAG deficient 
cells, the pgsA-745 clone are referred to as CHO2242 cells in paper V. The 
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pgsA-745 clone harbors a mutation that decreases the activity of xylosyl-
transferase, the first enzyme in GAG synthesis, and hence these cells are 
devoid of all GAGs278.  

Breast cancer cells (papers II, IV, V) 
The breast cancer cell-lines MCF-7 and MDA MB 231 were grown from 
pleural effusions of human adenocarcinoma and have been widely used to 
study breast cancer279,280. Interestingly, these cell-lines display differences in 
protein expression patterns, where p53 is expressed in MCF-7 and not in 
MDA MB 231, while both are p14ARF deficient281. In paper IV, these cell-
lines are used to address whether the effects of the p14ARF derived peptides 
are dependent on p53. Additionally, in paper II and V, MCF-7 cells are used 
as an additional relevant cell-line for evaluating Myc decoy and M918, re-
spectively.  

Astrocytoma cells (paper V) 
Hifko and VEGF+ cells are genetically engineered transformed murine as-
trocytes, where the hypoxia inducible factor (Hif-1) is deleted and the VEGF 
receptor over expressed, respectively282. Hifko represent low-grade astrocy-
tomas while VEGF+ represents late grade astrocytoma. These cells were 
included as we are currently targeting them in mice.  

HeLa cells (papers III-IV) 
HeLa cells are widely used since they are robust, proliferate rapidly and are 
easy to transfect. They are derived from human immortalized cervical cancer 
cells, taken from Henrietta Lacks after her death in 1951. HeLa cells stably 
transfected with a luciferase encoding sequence, interrupted by insertion of 
intron 2 from β-globin were used in papers III-V135. This system has been 
used for evaluating the delivery efficiency of CPP after conjugation to splice 
correcting ONs. 

Evaluating delivery efficiency of CPPs 
In order to study the intended task for a CPP, namely translocation over the 
cell membrane, fast and reliable protocols are needed. Four main assays have 
been applied for evaluation of CPP delivery efficiency, each with its benefits 
and flaws.  
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Quantitative uptake by fluorometry (papers I-V) 
The most used method to study and quantify CPP uptake is by fluorophore 
labeled peptides, typically with carboxyfluorescein N-terminally by standard 
peptide chemistry. The main benefit with using this method is that it is fast 
and, thus, allows for rapid screening of peptides and for example effects of 
endocytosis inhibitors. Quantitative uptake is performed by fluoresceinyl 
labeled peptides, which are added to cells and incubated for a desired period 
of time, after which the cells are lysed and fluorescence measured. Thereaf-
ter, fluorescence units are normalized to the amount of protein for correction 
of cell seeding. However, there are a number of aspects to consider when 
analyzing the data. The main concern is distinguishing internalized peptides 
from peptides bound to cell surface structures. To circumvent this, cells are 
normally washed to remove excess as well as surface bound peptide, and 
trypsinized to degrade extracellular peptides. In practice, it is unlikely that 
all peptides will be washed away since CPPs have been found to interact 
tightly with cell surface structures. In addition, surface bound and potentially 
aggregated peptides are very difficult to remove with trypsin. Another draw-
back is that much of the reading comes from fluoresceinyl labeled peptides 
residing in endosomes, which does not make the peptides functionally avail-
able to the cell, unless the purpose is targeting of endosomes. Finally, the 
fluorophore itself and its positioning on the peptide can influence uptake 
efficiency as well as localization in cells217,283.  

Nevertheless, being aware of the limitations, the quantitative fluorometry 
assay can give valuable information about the uptake mechanisms of CPPs. 
This protocol has been applied to delineate the uptake mechanism of various 
peptides by pretreatment of cells with different endocytosis inhibitors. The 
included inhibitors are: chloroquine, cytochalasin B and D, wortmannin, 
nocodazole, sodium azide and deoxyglucose, nystatin, and sucrose. Chloro-
quine is a weak base which increases endosomal pH, thereby delaying the 
fusion of endosomes to lysosomes and thus aids in endosomal escape, or 
might even destabilize membranes itself284-287. Cytochalasin B and D inhibit 
F-actin elongation and are generally associated with inhibition of macropi-
nocytosis even if other pathways are sensitive to impairment of actin func-
tion2,288. Wortmannin is an inhibitor of PI3K and is believed to inhibit both 
macropinocytosis and CME27,289. Nocodazole belongs to a class of micro-
tubule-depolymerizing agents that binds specifically to tubulin and inhibits 
its polymerization, thereby inhibiting endosome to lysosome transport and 
increase transfection efficiency290. Nystatin is a sterol binding agent that 
sequesters cholesterol and block entry of ligands that utilize mainly caveolae 
but also other CI pathways, most likely by disrupting lipid-rafts2,291. Sodium 
azide inhibits cytochrome oxidase by binding to the heme  group292, and 
together with deoxyglucose inhibits glucose uptake and oxidation293 thereby 
depleting the cell of ATP. Finally, sucrose is an inhibitor of receptor-
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mediated endocytosis, and in particular CME294. The proposed effects of 
different inhibitors on endocytic pathways are schematically illustrated in 
Figure 5.  

 
Figure 5. Schematic overview of endocytic pathways. Chloroquine and nocodazole 
slow down transport of endocytic vesicles and affects multiple pathways. Experi-
ments at 4 ºC inhibit all endocytosis. Treatment with deoxygluse and sodium azide 
interferes with the cells ATP production, and hence affects all ATP dependent endo-
cytic processes. Cholesterol depletion as well as actin polymerization agents poten-
tially inhibit all CI pathways2.  Effects of inhibitors are based on references from the 
section describing quantitative uptake by fluorometry and Mayor and Pagano 20072. 
CTB, cholera toxin B; HMw, high molecular weight. 

Confocal microscopy (papers I-V) 
As a complement to quantitative uptake by fluorometry, live cell confocal 
microscopy was used to provide spatial information. This method provides 
the means to discriminate between surface bound/aggregated and internal-
ized peptide.  

Confocal microscopy was further used to study the uptake mechanism of 
CPPs by co-incubation of fluoresceinyl labeled peptides with rhodamine 
labeled endocytosis markers and analyze co-localization. Transferrin and 
dextran were used to study the involvement of CME and macropinocytosis, 
respectively. 

One obstacle with confocal microscopy relates to the mechanism of CPP 
uptake where peptides are entrapped in vesicles. Fluorophore labeled pep-
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tides residing in endosomes can generate such strong fluorescence signals 
that alternative uptake routes are scarcely detectable. This is exemplified by 
the CPP-PNA conjugates for splice correction, which have to reach the nu-
cleus to exert an effect, that were not visualized by confocal microscopy in 
paper III. Nevertheless, the CPP-PNA conjugates were able to generate a 
marked increase in splice correction, thus suggesting that the levels in the 
nucleus are below the detection level of the microscope or that the fluo-
resceinyl group had been quenched or cleaved off.  

Peptide uptake and degradation studies by HPLC (papers I, IV) 
An additional method based on HPLC analysis of cell lysates was used, 
which in addition to internalized peptides allow discrimination between in-
tact and degraded peptides. This assay is based on treatment of cells with 
diazotized 2-nitroaniline, which is cell membrane impermeable. This agent 
modifies peptides on the cell surface rendering them more hydrophobic, 
thereby prolonging the retention time on RP-HPLC and enable separation of 
surface bound from internalized peptides137. Diazotized 2-nitroaniline is a 
small molecule, hence it should be able to reach and modify more peptides 
than trypsin, leading to less false signals. By using a peptide standard as well 
as performing peak analysis by mass spectrometry, peaks corresponding to 
intact and degraded peptides can be identified and quantified. However, de-
spite the usefulness of this method for providing information about peptide 
stability and degradation patterns, it does not discriminate between peptides 
retained in endosomes, which can be regarded as outside the cell, from pep-
tides in the cytoplasm or the nucleus.  

Splice correction (papers III-V) 
To account for the flaws in the previously described fluorescence based 
methods for measuring peptide translocation, an assay that produces a bio-
logical response is advantageous. The splice correction assay, developed by 
Kole and co-workers utilizes an aberrant splice site introduced into 
luciferase, which results in miss splicing and none functional luciferase, 
unless masked by an ON, which generates correct intron excision and trans-
lation of functional luciferase (Figure 6). Importantly, this assay generates a 
positive readout, devoid of the potential artifacts seen in down-regulation 
assays. In addition, the splice correction assay also provides sub-cellular 
information about the delivered conjugates, since splicing occurs in the nu-
cleus. Based on this, the splice-correcting assay was used to assess the deliv-
ery efficacy of various peptides conjugated to PNA targeting the aberrant 
splice site in paper III-V. 
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Figure 6. pre-mRNA of modified luciferase, where the human β-globin intron 2 
carrying a T to G mutation at nucleotide 705 is inserted135. Masking the mutation by 
PNA 705 restores correct splicing and expression of luciferase.  

Proliferation and membrane disturbance 
measurements 
When treating cells with peptides it is of overarching importance that they 
do not affect cells none-specifically. Two different strategies were used to 
address cell viability after peptide treatment. Short-term effects by studying 
the integrity of the cell membrane by LDH or deoxyglucose leakage, and 
long-term effects by cell proliferation by WST-1 or BrdU incorporation.    

Deoxyglucose leakage (papers II and IV) 
As a result of CPP’s inherited ability to efficiently translocate cells per se or 
in conjunction with cargos, it is seemingly logic to assume that this could 
affect membrane integrity of cells. Indeed, while shorter, cationic peptides 
have little or no impact on membrane integrity, longer, amphipathic peptides 
display detrimental effects on membrane stability when used at higher con-
centrations217,295. Additionally, we previously observed that the cytotoxicity 
of CPPs is cargo-dependent, meaning that despite being non-toxic with one 
cargo does not assure that the peptide is non-toxic with another cargo and 
vice versa217. Therefore, membrane integrity should always be analyzed after 
treatments with CPP-cargo molecules. 

One way to address membrane integrity is to use the deoxyglucose leak-
age assay developed by Walum et al.296. Cells were treated essentially as 
described in that report. Briefly, cells were loaded with the tritiated glucose 
analogue, 2-deoxy-D-glucose that is passively taken up by cells and phos-
phorylated by hexokinase inside cells, resulting in a phosphorylated product 
that is impermeable over cellular membranes. After treatment with CPP 
complexes, extracellular aliquots were taken and analyzed for radioactivity. 
Hence, efflux of radioactivity is a measure of plasma membrane disturbance. 
Given that deoxyglucose is a relatively small molecule, this assay allows 
detection of relatively small insults on the membrane. 
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LDH leakage (papers III-V) 
Release of lactate dehydrogenase (LDH) was used as a measure of cell 
plasma membrane integrity after treatment with peptides. LDH is an enzyme 
responsible for the conversion of lactate to pyruvate with concomitant ex-
change of NAD+ to NADH. In the CytoTox-ONETM assay used, released 
LDH is measured via an enzymatic reaction, in which NADH reacts with 
reazurin that is converted to resorufin, which can be quantified by measuring 
fluorescence at 560ex/590em. The main advantage with this assay as com-
pared to the deoxyglucose leakage assay is that it is much faster, since load-
ing of cells is omitted. However, LDH is a rather large protein (MW ~140 
kDa) and, hence, small pores created by CPPs could be difficult to detect. 

WST-1 (papers II-V) 
For measuring proliferation or long-term cell viability, a number of different 
methods have been developed based on the ability of cellular enzymes to 
convert tetrazolium salts to colored formazan. An expansion in the number 
of viable cells results in an increase in overall mitochondrial dehydrogenase 
activity leading to an increase in formazan dye formed, which directly corre-
lates to the number of metabolically active cells. The formazan dyes pro-
duced by metabolically active cells were quantified by measuring absorb-
ance at 420 nm. Since both the WST-1 reagent and the formazan product are 
water soluble, measurements can be performed 1-4 h after addition, making 
it a very rapid and convenient assay compared to the commonly used MTT 
assay, which needs solubilization of the formazan salt.  

BrdU incorporation (paper II) 
Although the WST-1 assay offers a simple means of analyzing the metabolic 
activity of cells it is always useful to complement with methods that are de-
signed to detect replicating cells. Historically, most cell-proliferation studies 
have used tritiated thymidine as an incorporated label to give evidence of 
DNA replication. However, a less hazardous technique has been developed 
using 5-bromo-2-deoxyuridine (BrdU), a synthetic analogue of thymidine, 
instead of a radioactive reagent. The cell permeable BrdU is incorporated in 
DNA during S-phase of the cell cycle and staining of BrdU provides a direct 
measure of replicating cells. FACS analysis is generally carried out subse-
quent to the BrdU assay; however, we decided to analyze the proliferation 
arrest after Myc decoy treatments qualitatively by fluorescence microscopy. 
Briefly, 48 h after treatment, cells were pulsed with BrdU for 1 h. Following 
washes and fixation, cells were permeabilized and exposed to primary anti 
BrdU antibody. After staining with FITC-conjugated secondary antibodies 
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and nuclear staining with Hoechst, cells were mounted and analyzed under 
fluorescence microscope. 

Apoptosis 

Flow cytometry after annexin V and PI staining (paper V) 
In normal cells, phosphatidylserine (PS) residues are found in the inner leaf-
let of the cytoplasmic membrane. During apoptosis, the PS residues are 
translocated from the inner to the outer leaflet of the plasma membrane. This 
early event in apoptosis allows for recognition by phagocytic cells, so that 
apoptotic cells can be eliminated without leakage of proteolytic enzymes. 
Annexin V is a 35 kDa Ca  dependent phospholipid-binding protein with 
high affinity for PS.

2+

 Translocation of PS to the external cell surface is not 
unique to apoptosis, but occurs also during cell necrosis. The difference be-
tween these two forms of cell death is that during the initial stages of apop-
tosis the cell membrane remains intact, while at the onset of necrosis the cell 
membrane loses its integrity and becomes leaky. Therefore, the measurement 
of annexin V binding to the cell surface as indicative for apoptosis has to be 
performed in conjunction with a dye exclusion test to establish integrity of 
the cell membrane.  

The fluorescent dye, propidium iodide (PI), is an intercalating molecule, 
which becomes highly fluorescent upon binding to DNA. PI is membrane 
impermeant, excluded from viable cells, and can thus be used for identifica-
tion of dead cells. PI is commonly used in conjunction with annexin V for 
detection of necrotic cells and early apoptotic cells by flow cytometry.  

Evaluating nuclear morphology after Hoechst staining (paper V) 
In contrast to normal cells, the nuclei of apoptotic cells have highly con-
densed chromatin that is uniformly stained by Hoechst. Hoechst incorporates 
into DNA and becomes highly fluorescent which makes the chromatin con-
densation readily visible by fluorescence microscopy and simplifies the de-
tection of morphological changes during apoptosis. This can take the form of 
crescents around the periphery of the nucleus, or the entire nucleus can ap-
pear to be one or a group of featureless, bright spherical beads. Hoechst is 
excited by ultraviolet light at around 350 nm, and emit blue/cyan fluores-
cence light around an emission maximum at 461 nm. In paper V, Hoechst 
staining was used as an additional method to verify induction of apoptosis. 
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Results and discussion 

All articles in this thesis illustrate different aspects of cell-penetrating pep-
tides and their potential to convey cargos. The main cargos can be divided 
into two broad categories; ONs in the form of ds DNA decoys and PNAs, 
and secondly peptides, where the CPP itself is the biologically active cargo.  

Methods to study CPP uptake (paper I) 
The intention with this paper was to try to unify the methods used to study 
CPP uptake, in order to simplify comparison between results. Three different 
methods are described by which CPP uptake can be studied. The first 
method is the quantitative fluorometry method, which has previously been 
used extensively in the lab and is used in all the papers in the thesis. This 
method is well-suited for screening of potential CPPs; however, it does not 
give definite answers to the location of the CPP. Hence, confocal micros-
copy is proposed as complement for visualizing the intracellular fate of the 
CPP. An important aspect of peptide translocation is their degradation inside 
the cell with concomitant release of peptide-fluorophore degradation prod-
ucts, which cannot be discriminated from the intact peptide by the above 
described methods. Based on this notion, an HPLC method was included to 
study the extent of peptide degradation inside the cell after modification of 
extracellular bound peptides. Together these methods provide overlapping 
information, which aids in the characterization of CPPs after simple addition 
of a fluorophore. However, for further and more reliable characterization, a 
biologically active cargo needs to be attached to the CPP.  

TP10, a delivery vector for decoy ONs (paper II) 
In this paper, the capability of TP10 to deliver dsDNA decoy ONs, with the 
intention of sequestering the transcription factor Myc was investigated. Myc 
decoy ONs were delivered into cells either by hybridizing an overhang on 
the decoy to a complementary PNA sequence conjugated to TP10 via a di-
sulfide bridge, or by co-incubation with TP10 rendering a non-covalent 
complex. Hybridization of dsDNA decoy with TP10-PNA and complex for-
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mation by TP10 alone occurred readily, which was confirmed by gel elec-
trophoresis.  

Quantitative uptake monitored by fluoresceinyl labeled decoy revealed 
that TP10 decoy ON complexes are internalized almost 50 times more effi-
ciently than TP10 conjugate hybridized to decoy. Both delivery strategies 
were able to specifically decrease proliferation since a mutated decoy dis-
played no effect. Intriguingly, the considerably higher uptake observed with 
TP10 decoy complex is not conveyed into a comparable biological effect, as 
the observed decrease in proliferation for TP10-PNA conjugate decoy is 
35% at 1 µM compared to 70% for the TP10 decoy complex. Additionally, 
the difference in inhibiting proliferation is even smaller at lower concentra-
tions. Quantifying the amount of Myc decoy delivered by complex gives 
approximately 20 million per cell and for the TP10-PNA conjugate 400,000, 
which should be compared to an estimated 61,000 Myc proteins per cell. In 
another study, TP10 displayed delivery of fluoresceinyl labeled siRNA but 
no activity after co-incubation297, and when complexed with splice correct-
ing 2´OMe phosphorothioates the presence of chloroquine was needed to 
induce splice correction (unpublished observation). These observations sug-
gest that the formation of efficient complexes are dependent on the ON in 
question, possibly changing the internalization route and fate in the cell, and 
has to be evaluated in each case. It also seems that a larger portion of the 
more defined entity TP10-PNA decoy is able to reach its target inside the 
cell. However, another possibility is that the complexes are too strong and do 
not dissociate inside the cell rendering the decoy ONs ineffective.  

Confocal microscopy of fluoresceinyl labeled decoy ONs in complex with 
TP10 revealed vesicular structures, supporting involvement of endocytosis. 
However, no effects could be observed with endocytosis inhibitors pointing 
to a minor contribution from endocytosis in line with previous observations 
with MPG, which promoted ON delivery independently of the endosomal 
pathway151. In contrast, TP mediated delivery of avidin decreased after en-
ergy depletion suggesting cargo dependent uptake mechanisms163. 

These findings suggest TP10 in combination with Myc dsDNA decoy as a 
novel way to inhibit proliferation in tumor cells. Furthermore, TP10 presents 
itself as a potent delivery vector for introducing dsDNA decoy ONs into the 
cell with potential therapeutic relevance for sequestering transcription fac-
tors.  

Induction of splice correction by cell-penetrating 
peptide nucleic acids (paper III) 
Capitalizing on the usefulness of the splice correction assay, three well 
known CPPs, Tat, Pen and TP were evaluated for their efficiency to deliver 
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splice correcting PNAs. By conjugation of the CPPs via a disulfide bridge to 
PNA, a dose dependent increase in splice correction was observed for all 
three conjugates, TP being the most efficient. However, in full growth media 
containing serum, splicing efficiency was decreased for all three conjugates. 
The decrease in splicing after addition of serum, which is in concurrence 
with results with morpholino conjugates183, might be attributed to the neutral 
nature of PNA and possible protein interactions interfering with uptake or 
rendering the conjugate inert, since 2´OMe phosphorothioates CPP conju-
gates did not show any difference in splice correction activity in serum181. 
By measuring both fluorescence and splice correction in the very same cell 
lysate, a direct correlation between uptake and splice correction was ob-
served for the conjugates, TP deviating from linearity. The correlation is 
interesting since uptake detected via fluorescence is not always associated 
with a biological activity. Furthermore, assuming endocytosis as the main 
pathway of internalization suggests a direct correlation between concentra-
tion and the ability to promote endocytosis and/or escape endosomes.  

To address involvement of endocytosis, cells were pre-maintained at 4 °C 
and treated with conjugates, after which a significant decrease in uptake as 
well as in splice correction was observed, suggesting involvement of endo-
cytosis. Uptake of Tat conjugate decreased significantly, but splicing re-
mained unchanged, however the splicing values were to low to draw any 
solid conclusions. The involvement of endocytosis was further supported by 
an increase in splice correction after co- and post- addition of chloroquine. 
Chloroquine increased splicing several fold for all conjugates, the strongest 
effect observed with TP. In concurrence with the proposed ability of chloro-
quine to buffer endosomes and slow down endocytosis, conjugate uptake 
was decreased. Viruses have evolved ways of escaping endosomes and a 
peptide called HA2, derived from the N-terminus of the virus protein he-
magglutinin has been identified to be able to break endosomes. Based on the 
findings that co-incubation of a retro-inverse TatHA2 increased Tat-Cre 
recombinase activity134, a HA2Pen peptide was synthesized. In concurrence 
with TatHA2, co-incubation of the HA2Pen peptide and conjugates resulted 
in an increase in splice correction, however, not significantly. Noteworthy, 
both chloroquine and HA2Pen decreased uptake suggesting that agents that 
promote escape from endosomes slow down endocytosis. In combination 
with a vesicular distribution and partial co-localization with dextran as ob-
served by confocal microscopy, these findings strongly points to an endo-
cytic route of entry for these peptides. However, it should be noted that in-
ternalization route might differ depending on cargo.  

In summary, the three peptides Tat, Pen and TP conjugated via disulfide 
bridge to PNA were able to dose-dependently mediate uptake of splice cor-
recting PNAs via a predominantly endocytic pathway, which could be im-
proved by agents promoting endosomal escape. Since TP retained the high-
est splice correcting ability in serum in combination with the strongest re-
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sponse to HA2Pen and chloroquine suggest TP as a potentially attractive 
delivery vector for in vivo applications.  

Characterization of a novel cytotoxic cell-penetrating 
peptide derived from p14ARF protein (paper IV) 

Since the amino acid composition of the p14ARF protein has unusually high 
arginine content, the question arouse whether any sequences within the pro-
tein harbored cell translocation ability. Since some of p14ARF’s protein-
protein interactions were well characterized in other studies and located pre-
dominately to the N-terminus, it became obvious to elucidate whether any 
functional properties could be retained in translocating peptides. A peptide 
corresponding to amino acids 1-22, denoted ARF(1-22) was found to be an 
efficient CPP, comparable to the established peptide TP10 and restored cor-
rect splicing with concomitant luciferase expression after conjugation to a 
splice correcting PNA, hence verifying that ARF(1-22) has the ability to 
transport cargos into the nucleus. The scrambled version of ARF(1-22) dis-
played a similar uptake pattern as ARF(1-22) suggesting that uptake was 
dependent on specific amino acids rather than sequence. ARF(1-22) entered 
and localized preferentially in vesicles inside cells, and partially co-localized 
with the marker for clathrin mediated endocytosis, transferrin. The involve-
ment of endocytosis in the uptake of ARF(1-22) was further observed by the 
decrease in uptake seen with endocytosis inhibitors as well as an increase in 
splice correction after co-incubation of splice correcting ARF(1-22)-PNA 
conjugate with chloroquine. Intact ARF(1-22) peptide was also found intact 
inside cells for up to 3 hr after extracellular application.  

The ARF(1-22) peptide displayed biological activity by dose dependently 
decreasing proliferation in MCF-7 and MDA MB 231 cells after extracellu-
lar treatments. Importantly, ARF(1-22) displayed low membrane disturbance 
compared to the control scrambled sequence and a partially inverted se-
quence ARF(1-22) inv, thereby verifying the specificity of ARF(1-22). In-
triguingly, the decrease in proliferation was stronger in MDA MB 231 cells, 
which are deficient in p14ARF and p53, than in MCF-7 deficient in p14ARF 
suggesting that additional mechanisms apart from the p14ARF-HDM2-p53 
pathway are important for decreasing proliferation. A plausible explanation 
arises from the notion that the N-terminal part is involved in interactions 
with other proteins associated with proliferation as Myc66 and E2F153.  

The parent protein of the ARF(1-22) peptide, p14ARF is a tumor suppres-
sor protein with the capability to induce apoptosis, hence it is highly impor-
tant to verify the specificity of ARF(1-22) in inducing apoptosis. Induction 
of apoptosis by ARF(1-22) was observed as apoptotic nucleis after extracel-
lular peptide treatment of MCF-7 and MDA MB 231 cells followed by 
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Hoechst staining. In concurrence with the observation of apoptotic bodies, 
apoptosis was observed by flow cytometry of ARF(1-22) treated cells after 
staining with annexin V and PI. However, more pronounced apoptotic events 
were seen in MCF-7 cells pointing to a stronger contribution from p53 in 
inducing apoptosis than in decreasing proliferation. Still apoptosis occurred 
in p53 deficient cells suggesting that additional pathways contribute to apop-
tosis. Seeing that ARF is involved in a multitude of interactions as inducing 
G2 arrest by interacting with Tip6071, enhancing the ability of c-Myc to me-
diate apoptosis52 and inhibit E2F transcription53,64 imply that a combination 
of interactions may mediate apoptosis.  

As peptide fragments of the full-length protein p14ARF were internal-
ized, the question arises whether, in conjunction with homeoproteins, the 
whole protein can be internalized and induce a biological response? If this 
indeed is the case, it would mean a new mechanism, whereby cells display-
ing elevated oncogene levels with concomitant p14ARF expression could 
affect neighboring, potentially cancerous cells and promote growth arrest 
and apoptosis.  

In summary, a novel peptide with cell-penetrating properties derived from 
the tumor suppressor p14ARF dose-dependently decreased proliferation and 
induced apoptosis. Additionally, since this peptide combines cell-penetrating 
and pro-apoptotic features, it simplifies the synthesis of a potential anti-
cancer agent as well as highlights the possibility to design new CPPs that 
mimic the functions of the full-length protein. Finally, this is the first time, 
to our knowledge that a pro-apoptotic peptide with cell-penetrating ability 
has been designed from a protein interaction domain with biological activity 
on its own.  

A novel cell-penetrating peptide, M918, for efficient 
delivery of proteins and PNAs (paper V) 

The M918 peptide was first synthesized as a control peptide to the ARF(1-
22) peptide with amino acids 3-8 inverted. Serendipitously M918 was ob-
served to efficiently enter cells in a non-toxic fashion, encouraging further 
investigation. Comparison of uptake with the efficient CPPs Pen and TP10, 
displayed a higher uptake of M918 in HeLa cells as well as in a number of 
other cell-lines. In concurrence with Pen, treatment of cells with 25 µM 
M918 did not induce any substantial LDH leakage as opposed to TP10, 
which induced massive leakage. In addition, when measuring long-term 
effects by WST-1, M918 did not have any significant effect on cells.  

The capacity of M918 to deliver proteins, i.e. fluoresceinyl labeled model 
proteins streptavidin and avidin, was assessed by co-incubation or peptide 
biotinylation. Biotinylated Pen, TP10 or M918 peptides mediated efficient 
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protein delivery, TP10 and M918 being most efficient, compared to co-
incubation, which generally displayed poor uptake. The feasibility of M918 
to deliver proteins is further exemplified by delivery of the sleeping beauty 
transposase298. 

In concurrence with previous observations in paper III, M918 was associ-
ated predominantly with vesicles by confocal microscopy and partially co-
localized with both dextran and transferrin. The use of the endocytosis in-
hibitors chloroquine, sucrose and treatment at 4 ºC decreased uptake of fluo-
resceinyl labeled M918 further supporting involvement of endocytosis.  

Because of the flaws associated with fluorometry, M918 was conjugated 
to a splice correcting PNA via a disulfide bridge and found to induce splice 
correction in HeLa pluc 705 cells more efficiently than Pen and TP10. Addi-
tionally, as observed for Pen in paper III, M918 displayed a direct correla-
tion between uptake and splice correction when measured in the very same 
cell lysate. Applying chloroquine simultaneously with M918 conjugates 
while incubating with cells increased splicing several fold, suggesting reten-
tion in endosomes. Furthermore, co-incubation with macropinocytosis in-
hibitors cytochalasin D and wortmannin decrease splicing by roughly 75%, 
which was also seen at 4 ºC. Since the initial interaction of CPPs are consid-
ered to be mediated by GAGs on the cell surface, uptake of fluoresceinyl 
labeled M918 was studied in CHO cells with and without GAGs. Using this 
setup, TP10 and Pen displayed an approximately 70% decrease in uptake in 
GAG deficient cells, while no significant decrease could be observed for 
M918. Confocal microscopy of GAG deficient cells displayed little or no 
internalization of Pen and TP10 as opposed to M918, which distributed 
mainly in vesicles (data not shown). Surprisingly, pre-treating HeLa pluc 
705 cells with heparinase III increased M918 induced splicing almost two 
fold (data not shown).  

In conclusion, M918 is a novel CPP, which readily internalizes into cells 
either per se or in combination with cargos as proteins and PNAs. Further-
more, internalization is mainly mediated via endocytosis and particularly 
macropinocytosis. Notably, M918 efficiently transports splice correcting 
PNAs into cells verifying its capability to internalize functional cargos. This 
also supports M918 as a highly potent vector for targeting aberrant splice 
sites in splicing disorders. Finally, it should be emphasized that M918 is 
non-toxic as Pen, but displays efficient delivery properties as the more toxic 
TP10, substantiating the usability of M918 as a vector. 
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Conclusions 

The studies performed within this thesis have proved the feasibility of CPPs 
to convey a number of different cargos into the cell, such as dsDNA decoy 
ONs, PNAs and where the peptide itself is a cargo that generates a biological 
response. TP10, TP, Tat, Pen and a new CPP, M918 were found potent in 
delivering cargos, mainly verified by conjugating them to splice correcting 
PNAs. Additional insight about the properties and route of internalization of 
CPPs was collected, using for example, co-localization studies, endocytosis 
inhibitors and the splice correction assay supporting a predominantly endo-
cytic route. Major conclusions from each paper are described below: 
 
I A summary of three methods, which can be used for initial screen-

ing and to quantify peptide uptake, mechanism of internalization, 
stability and qualitatively address peptide uptake and localization. 

 
II TP10 delivered dsDNA decoy ONs non-covalently or by hybridiza-

tion to a TP10-PNA conjugate into cells with a concomitant bio-
logical effect, i.e. decreased proliferation. The conjugate strategy 
delivered the highest portion of biologically active decoys into the 
cell compared to the total uptake. 

 
III Tat, Pen and TP restored correct splicing of luciferase by deliver-

ing splice correcting PNAs, TP being most potent. A linear correla-
tion between uptake and effect was observed, and endocytosis was 
associated with uptake of all three peptides.  

 
IV ARF(1-22) translocated into cells, inhibited proliferation and in-

duced apoptosis, suggesting the peptide as a novel cell-penetrating 
pro-apoptotic mimic of its parent protein p14ARF, highlighting the 
possibility to design cell-penetrating mimics of full-length proteins.  

 
V M918 demonstrated itself as a non-toxic delivery vector for splice 

correcting PNAs and proteins, more efficient than Pen and TP10. 
Uptake was mediated mainly via endocytosis and particularly 
macropinocytosis but independent of GAGs on the cell surface. 
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Populärvetenskaplig sammanfattning 

Kroppen är uppbyggd av en mängd olika celler varav alla är omslutna av ett 
hölje, kallat membran som gör att cellen kan kontrollera vad som kommer in 
och ut och på det sättet upprätthålla en konstant invändig miljö. Detta 
membran som kallas cellmembranet stänger även ute ämnen som skulle 
kunna fungera som läkemedel om de väl kommer in i cellen. En mängd olika 
metoder har utvecklats för att försöka transportera dessa ämnen in i cellen 
varav ett sätt är baserat på så kallade cellpenetrerande peptider. Peptider kan 
sägas vara korta fragment av proteiner. Man har observerat att 
cellpenetrerande peptider kan ta sig in i cellen och då även ta med sig olika 
ämnen som kan förmedla en respons från cellen.  

Denna avhandling har syftat till att studera hur dessa peptider kan ta sig in 
i cellen tillsammans med någon aktiv last. Cellen har själv system för intag 
av ämnen från dess yttre, kallat endocytos som peptiderna utnyttjar, 
åtminstone delvis för att komma in i cellen. För att studera hur peptiderna 
transporterar ämnen in i cellen har de kopplats till olika laster såsom små 
modifierade fragment av DNA, som inne i cellen ökar mängden av ett 
protein som kan kvantifieras. Ett annat DNA fragment, kallat ”decoy” har 
använts för att fiska upp ett protein som det finns rikligt av i cancer celler, 
kallat Myc. På så sätt kan man förhindra att ett överskott av Myc utövar sin 
funktion i cellen och bidrar till cancer. I en annan studie har en peptid från 
ett protein kallat ARF vars funktion är att förhindra tillväxt av cancer celler 
identifierats. Denna peptid kan fungera som ursprungsproteinet men även 
som en cellpenetrerande peptid, varigenom man får två funktioner i en 
peptid. Slutligen har en ny cellpenetrerande peptid identifierats som har visat 
sig effektivare än befintliga peptider i att transportera flera olika aktiva 
ämnen in i cellen. 
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