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Gene therapy  
 
Gene therapy utilizes genetic material in order to cure patients either by DNA 
vaccines or by replacement of a defective gene with a normal one. For successful 
gene therapy certain elements are required: gene delivery systems with low toxicity 
and immunity, with efficient gene transfer and high gene expression in the targeted 
cells or tissue at a functional level and, preferably, in a controllable manner.  
Based on the type of gene delivery vehicle, a distinction in gene therapy strategies 
can be made between viral and non-viral delivery systems.  
 
Viral gene therapy 
 
Viral vectors are derived from viruses where genetic elements of the virus are 
replaced by therapeutic genes. Several viruses, like retro-, adeno- and adeno-
associated viruses, have been used for gene targeting 1,2. The advantage of viral gene 
delivery systems is that they are naturally evolved to infect cells and transfer their 
genetic materials into the nuclei of host cells and, therefore, are very efficient. They 
are, however, difficult to produce and can only accommodate genetic material up to a 
limited size 3. In addition, they can induce an immune response, which can lead to 
transient gene expression, non-efficient re-expression of the same vectors upon 
renewed administration and severe side-effects 4. Another side effect of the use of 
viral gene delivery systems is insertional mutagenesis whereby the chromosomal 
integration of viral DNA disrupts the expression of a tumor-suppressor gene or 
activates an oncogene. Insertional mutagenesis induced leukemia in several severe 
combined immunodeficiency (SCID)-patients that were treated with viral gene 
therapy 5-8. 
 
Non-viral gene therapy 
 
Non-viral gene therapy offers an alternative for viral gene therapy vehicles 9. Non-
viral gene therapy is based on the introduction of plasmid DNA into the cell. Non-
viral gene delivery includes physical methods 10 and cationic carriers. The physical 
methods include hydrodynamic pressure techniques 11,12, electroporation 13,14 and the 
gene gun 14-16. The cationic carriers include cationic liposomes 17 and polymers 18, 
like poly-L-lysine (PLL) 19, poly(ethylenimine) (PEI) 20 and poly(2-(dimethylamino) 
ethylmethacrylate) (pDMAEMA) 21,22. These cationic carriers bind the DNA in a 
non-covalent way based on electrostatic interaction and thereby condense the DNA 
into small, positively charged, particles and protect the DNA from nucleases. 
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Cationic polymers designed for gene delivery 
In our group different strategies have been followed to synthesize cationic polymers 
with improved efficiency, less toxicity and higher specificity compared to PLL and 
PEI. The best-known and widely used is poly(2-(dimethylamino)ethyl methacrylate 
(pDMAEMA), a polymethacrylate polymer, first described by Cherng et al. and van 
de Wetering et al 21,23. A comparative study between the efficiency of this polymer 
and PLL and PEI was performed by Verbaan et al 24. Both in vitro and in vivo 
transfection efficiency of pDMAEMA was higher than PLL, but lower than PEI 
(linear, 22 kDa). The difference in efficiency could be due to a difference in particle 
size, PEI-based particles show a major increase in size under physiological salt 
conditions 25, or because PEI could facilitate escape from endosomes due to the high 
amount of protonable amino nitrogen atoms in the polymer 20. A new polymer, poly-
(2-methyl-acrylic acid 2-[(2-dimethylamino-ethyl)-methyl-amino]-ethyl ester 
(pDAMA), resembling pDMAEMA, but with two tertiary amine groups on each 
monomer, was synthesized to promote endosomal escape 26. Despite that the polymer 
could condense DNA into small particles and showed less toxicity than pDMAEMA, 
it had a very low transfection activity.  
A problem with cationic polymers is their toxicity both in vitro and in vivo. In order 
to diminish the toxicity pDMAEMA was randomly copolymerized with monomers, 
like a hydrophobic (methyl methacrylate), an amphiphilic (ethoxy triethyleneglycol 
methacrylate), a hydrophilic (N-vinyl-pyrrolidone) or a thermosensitive (N-
isoprpylacryl amide) monomer 27,28 or with pDAMA. The copolymers had indeed a 
lower toxicity than pDMAEMA. However, transfection efficiency was comparable 
to pDMAEMA or even lower.  
Biodegradable polymers were designed to prevent accumulation of the polymer in 
the cell and thereby toxicity. Poly(DMAEA)phosphazenes were synthesized with 
different cationic side groups and they were shown to be less toxic and more efficient 
than pDMAEMA in vitro and in vivo 29. 
 
Extracellular and intracellular barriers 
The success of non-viral gene therapy is limited to a large extent by multiple 
extracellular and intracellular barriers 30. Upon administration (mostly by injection) 
the extracellular barriers include adhesion to non-target tissues such as the 
endothelial cells lining the blood compartment, phagocytosis by macrophages, in 
particular Kupffer cells and even embolus formation because of particle aggregation. 
The non-viral gene delivery vehicles have to be designed in such a way that they 
reach and selectively adhere to and enter the target cell. Upon entering the right cell, 
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they should deliver the DNA into the nucleus where transcription of the gene can 
take place.  
The intracellular barriers that have to be crossed before the gene can be transcribed 
include the cell membrane, (endosomal) uptake and escape, transport through the 
cytosol and uptake into the nucleus (figure 1). 
The proper surface characteristics of the non-viral gene delivery systems are highly 
critical in achieving efficient protein expression. The binding characteristics of the 
condensing polymer are important as well; the DNA has to be released at the right 
time and place to prevent degradation of the DNA by nucleases and for transcription 
to take place. 
 

 
Uptake into the cell and release into the cytosol 
In this thesis the focus is on studying the uptake, intracellular trafficking and gene 
expression of different non-viral gene delivery systems. Extracellular targeted 
delivery issues are not addressed. 
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Figure 1. A schematic picture of the intracellular barriers a non-viral gene delivery system has to 
cross. A particle is formed from negatively charged DNA and an excess of a positively charged 
carrier. The resulting positively charged particle can bind the cell membrane and is taken up via 
endocytosis (1). Inside the cell it has to escape from the endocytic vesicle (2), travel towards the 
nucleus (3) and cross the nuclear envelope (4). 
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The first barrier a non-viral gene delivery vehicle has to cross when it has reached its 
target cell is the cell membrane. Non-viral gene delivery carriers condense the 
negatively charged DNA. The positively charged polymers or liposomes complex the 
negatively charged DNA and thereby form positively charged particles in the sub-
micron size range. These particles are called polyplexes or lipoplexes, respectively 
31. They can bind to the negatively charged proteoglycans, which are present at the 
cell surface 32. After binding the particles are taken up by the cell via endocytosis. 
Different endocytic pathways, including clathrin- and caveolae-mediated endocytosis 
and macropinocytosis exist (figure 2) 33-36. 

The endocytic route responsible for uptake of the polyplexes or lipoplexes depends 
on a number of factors. These factors include the size of the particles, the presence of 
a targeting ligand and cell type. That the size of a particle can determine the route of 
uptake was shown by Rejman et al. 37. They observed that latex beads with a size 
smaller than 200 nm were taken up via clathrin-mediated endocytosis and beads with 
a size larger than 200 nm via caveolae/lipid raft-mediated endocytosis. Since 
polyplexes often form particles with sizes covering a broad size range, different 
endocytic routes could play a role in uptake in one experimental set up. When the 
polyplexes are equipped with a targeting ligand receptor-mediated uptake can take 
place 38,39. Once taken up by the cell the polyplexes have to be released into the 
cytosol. As the different endocytic vesicles have different properties the mode of 
escape can be different. Clathrin-mediated uptake gives rise to clathrin-coated pits, 

Clathrin
Dependent

Caveolae Macro-
Pinocytosis

 
Figure 2. Schematic depiction of internalization pathways in the cell, which are studied in this thesis. 
 



Chapter 1 

 12

which interact with early endosomes that, subsequently, interact with late endosomes 
and finally lysosomes. The acidic environment inside late endosomes and lysosomes 
offers certain polyplexes a method to escape. E.g. PEI polyplexes have been 
described to show the so-called ‘proton-sponge’ effect, which would cause the 
endosomal vesicle to burst and release the polyplex in the cytoplasm 20,40,41. Other 
strategies make use of pH sensitive peptides that have membrane-disrupting 
properties at low pH 42-44. Escape from endosomes is very important for efficient 
gene delivery, since, inside lysosomes nucleases are present that are active at low 
pH. Therefore, accumulation of the polyplexes in lysosomes leads to breakdown of 
the DNA. Uptake via caveolae gives rise to caveosome, which are neutral 
compartments that, putatively, travel to the ER 45,46. 
Once inside the cytosol the DNA has to be transported towards the nucleus. Also in 
this environment complexation, and thus protection, of the DNA is important. The 
turnover of plasmid DNA in the cytosol is between 50 and 90 minutes 47. In addition, 
another barrier of transport to the nucleus is caused by the crowded, viscous milieu 
of the cytosol, which consists of proteins, organelles and RNA that limit the 
diffusion of macromolecules 48. Therefore, transport of large cellular components 
through the cytoplasm takes place via microtubules 49. Microtubules are long 
polarized filaments with their plus-ends located at the cell periphery and their minus 
ends located perinuclear in the microtubule organizing center (MTOC). Transport 
along the microtubules can be anterograde and retrograde 50. Transport is directed by 
microtubular motor proteins, which are unidirectional and move exclusively in one 
direction. Kinesins travel anterograde and dyneins retrograde 51. A strategy to deliver 
DNA perinuclearly is to make use of the dynein motor proteins.  
 
Nuclear import  
When delivered at the nucleus perhaps the most difficult barrier to take in non-viral 
gene therapy has to be overcome: the nuclear envelope. When cells undergo mitosis 
the nuclear envelope breaks down and DNA present in the cytosol can then easily 
enter the nucleus 52. However, in non-dividing cells transport into the nucleus has to 
take place through the nuclear pore complex (NPC) 53. Nuclear import can be either 
passive or active but both are size-restricted. Molecules with a diameter up to 9 nm 
can be imported passively and larger structures, with a maximum of 39 nm can be 
imported actively 54. Active transport requires a nuclear localization signal (NLS), 
which can bind to the nuclear transport machinery 55. 
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Aim and outline of this thesis 
 
The aim of this thesis is to gain insight into the fate of non-viral gene delivery 
systems, mainly polyplexes, inside the cell and to improve their efficiency in 
expressing the gene. Intracellular trafficking of the polyplexes was studied using 
fluorescent-based techniques, like fluorescence activated cell sorting (FACS), 
spectral imaging, fluorescence in situ hybridization (FISH) and fluorescent laser 
scanning microscopy. For efficiency improvement strategies used by viruses were 
investigated. 
A detailed description of nuclear import and its role in non-viral gene therapy is 
given in chapter 2. Transport through the nuclear pore complex and strategies 
employed to facilitate this transport are discussed. In chapter 3 the uptake of 
polyplexes by cells is studied in vitro. The internalization pathway of PEI/DNA and 
pDMAEMA/DNA complexes was monitored using FACS and microscopy and the 
role of the uptake pathway on transfection was determined. Chapter 4 deals with the 
intracellular localization of DNA delivered by cationic polyplexes. FISH is used to 
label the exogenous DNA after transfection of the cells. This method is an elegant 
alternative for existing DNA labeling techniques. In addition, this method can give 
information about the binding characteristics of the polyplexes. The influence of an 
NLS peptide coupled to linear DNA on the transfection efficiency of cationic 
polymers was assessed in chapter 5. A linear DNA construct equipped with one 
SV40-derived NLS peptide is complexed with several different cationic polymers 
and its effect on the transfection efficiency of these polymers is monitored. In 
addition, nuclear import of this construct is studied using digitonin-permeabilized 
cells. The same NLS peptide is coupled to poly-L-lysine. These polymers are then 
used to condense DNA and to transfect cells after addition of DOTAP/DOPE 
liposomes. The preparation of these lipopolyplexes and the transfection results are 
described in chapter 6. The rational design of a M9 derived NLS-peptide by 
molecular modeling is described in Chapter 7. This new NLS peptide is derived 
from the heterogeneous RNA transporter A1 and it binds to transportin. The binding 
between M9 and transportin is studied using molecular modeling. The amino acids 
responsible for binding to the receptor are identified and an alternative peptide with 
higher affinity for transportin is designed. These peptides are tested in transfection 
and nuclear uptake experiments after coupling to either a plasmid DNA or a cationic 
polymer. Chapter 8 contains the summary and conclusion of these results and, in 
addition, perspectives on how future research could be done. 
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One of the limiting steps in the efficiency of non-viral gene delivery is transport of 
genetic material across the nuclear membrane. Trafficking of nuclear proteins from 
the cytoplasm into the nucleus occurs via the nuclear pore complex and is mediated 
by nuclear localization signals and their nuclear receptors. Several strategies 
employing this transport mechanism have been designed and explored to improve 
non-viral gene delivery. In this article, we review the mechanism of nuclear import 
through the nuclear pore complex and the strategies used to facilitate nuclear import 
of exogenous DNA and improve gene expression. 
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Introduction 
 
The purpose of gene therapy is to correct for dysfunctional or missing genes by 
delivering therapeutic genes into the nucleus of cells. This requires an efficient and 
safe gene delivery system. Much progress has been made in the development of safe 
non-viral gene delivery systems, but they are less efficient than virus-based gene 
delivery systems 1. The reason for this can be found in the inefficient intracellular 
and, in particular, intranuclear delivery of DNA with non-viral vectors. Before the 
exogenous DNA can be expressed, it needs to pass several barriers, which are 
schematically depicted in figure 1. The barriers include the cell membrane (1) or, in 
case of internalization of the gene complexes via endocytosis, the endosomal 
membrane (2), the cytoplasm (3) and the nuclear envelope (NE) (4) (figure 1).  

 
Lack of capacity to cross the nuclear envelope seems to be one of the main reasons 
for the low transfection efficiencies observed with non-viral vectors. Reaching the 
nucleus is accomplished more easily in proliferating cells than in quiescent cells as 
during cell division the NE is temporarily broken down. Upon completion of mitosis, 
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Figure 1. A schematic picture of the intracellular barriers a non-viral gene delivery system has to 
cross. A positively charged particle is formed from negatively charged DNA and an excess of a 
positively charged carrier. The resulting positively charged particle can bind the cellular membrane 
and is taken up via endocytosis (1), inside the cell it has to escape from the endocytic vesicle (2), 
travel towards the nucleus (3) and across the nuclear envelope (4). 
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components of the NE are used to reassemble a new NE in each daughter cell 2. In 
addition, both the rate of nuclear uptake and the functional size of the transport 
channels is greater in proliferating cells 3,4. In quiescent, non-dividing, cells the NE 
acts as a selective barrier around the nucleus that impedes nuclear import of pDNA 
and non-viral gene delivery systems. Feldherr described in 1962 that 
nucleocytoplasmic transport of colloidal gold particles occurs through specialized 
pores in the NE, the so-called nuclear pore complexes (NPC) 5. In addition, Bonner 
showed that protein migration into the nuclei is restricted to small proteins and 
nuclear proteins 6,7. Both large and cytoplasmic proteins were excluded from the 
nuclei. This controlled transport through the NPC in the NE is now recognized as an 
important mechanism for regulating gene expression 8. Nucleocytoplasmic transport 
is mediated by nuclear receptors from the karyopherin β family, like importin β and 
transportin. 
Here, we will review transport processes across the NPC. The working mechanism of 
the NPC at the molecular level will be summarized and the most important factors 
limiting the efficient import of exogenous DNA discussed. Finally, an overview will 
be given of strategies used to allow efficient uptake of DNA into the nucleus with the 
aim to improve the efficiency of non-viral vectors. 
 
Nuclear pore complex 
 
The NE is composed of an outer membrane (ONM), which is continuous with the 
endoplasmic reticulum, an inner membrane (INM), which lies within the nucleus, 
and the pore membrane. The latter is formed by fusion of the inner and outer 
membrane. The resulting channel forms the connection between cytoplasm and 
nucleoplasm (figure 2). Membrane proteins localized in this channel are called Poms 
(pore membrane proteins), which likely play a role in NPC assembly by initiating the 
formation of the pore membrane domain, stabilizing it and serving as a membrane 
anchor site for the NPC. All transport mechanisms into and out of the nucleus, both 
active and passive, occur through a cylindrical tubular element in this NPC 9. Its 
importance is underlined by the observation that the NPC appears to be conserved in 
all eukaryotes 10-12. 
The NPC is made up of approximately 50 different nucleoporins, which occur in 
multiples of eight 13,14. Nup107-Nup160 (Nup160, Nup133, Nup107, Nup96, Nup 85 
and Sec13) are the main building blocks of the NPC 15. Both stationary and mobile 
nucleoporins reside in the NPC, indicating that the NPC is a dynamic rather than a 
static structure 16. Nucleoporins are characterized by the presence of the FG dipeptide 
(Phe-Gly) repeat motifs. These so-called FG nucleoporins are present throughout the 
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entire NPC and are strategically positioned to interact with cytosolic receptor 
proteins called karyopherins (see section below) 17,18. These karyopherins are thought 
to play a role in the diffusion of ions and small molecules and to participate in the 
import of inner nuclear membrane proteins and/or the maintenance of NE electrical 
conductance 19. 
The NPC has a tripartite architecture. It consists of a central framework, which spans 
the NE, with a cytoplasmic and a nuclear ring moiety (see figure 2). From the 
cytoplasmic ring eight ∼50 nm long, kinky, cytoplasmic filaments (CF) emerge. The 
nuclear ring consists of a basket-like structure that is formed by 8 ∼150 nm long 
nuclear filaments (NF), which are joined at the distal end by a 30-50 nm diameter 
ring. The central pore has a length of ~90 nm, is narrowest (45-50 nm in diameter) at 
the level of the NPC’s midplane, and widens to ~70 nm towards its cytoplasmic and 
nuclear periphery. The total mass of the NPC has been estimated to be 90-120 MDa 
20.  

 
Nucleocytoplasmic transport 
 
Transport through the NPC is selective and energy dependent 21. Ions, and small 
proteins (<40 kDa) with a diameter smaller than 9 nm enter the nucleus passively, 
whereas larger molecules with a maximum diameter of 39 nm require active 
transport 22,23. Kinetic studies have indicated that a single NPC can accommodate a 
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Figure 2. A schematic picture of the nuclear pore complex. The NPC is formed in the channel 
between the cytoplasm and nucleus where the inner (INM) and outer membrane (ONM) are fused. 
Pore membrane proteins, like Pom 121, play a role in NPC assembly and stabilization. The NPC 
consists of eight spokes (S), connected to flanking rings (R), from which the cytoplasmic (CF) and 
nuclear filaments (NF) emerge. The nuclear filaments are joined at the distal end to form a basket- 
like structure. 
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mass flow of up to 80 million Daltons per second, which equals 1000 translocation 
events per second per NPC, including both passive and active transport 24,25.  
The exact mechanism for translocation of proteins through the NPC remains to be 
elucidated. Nevertheless, different models for translocation through the NPC have 
been proposed like the affinity gradient model 26, Brownian affinity-gate model 13,27 
and the selective phase model 24. In the affinity gradient model it is proposed that 
transport through the nuclear pore is mediated by sequential interactions with 
nucleoporins. Transport is directed to the nucleus by increasing affinity of 
karyopherin ß for the subsequent nucleoporins. However, this model does not 
correlate with the fast translocation kinetics through the NPC of 1000 events per 
second 24.  
In the Brownian affinity-gate model, which was suggested by Rout et al., transport 
through the NPC occurs through diffusion 13. Targeting towards the NPC by a 
transport receptor increases the probability that a macromolecule can translocate 
through the NPC. Interaction of transport receptors with nucleoporins increases the 
accumulation of the macromolecules adjacent to the channel entrance, thereby 
increasing the local concentration. Since the cytoplasmic filaments of the NPC are 
dispensable for nuclear import, binding has to occur more proximal to the central 
channel 28. This model coincides with the rapid transport through the NPC. However, 
it does not explain the transport of large ribonucleoprotein particles that require 
structural changes in the central channel during translocation 29.  
The third model, the selective phase model, was put forward by Ribbeck and 
Görlich. Here, the nucleoporins that line the central channel interact with each other 
through weak hydrophobic interactions and thereby form a meshwork that fills the 
central channel and allows only passage of macromolecules with a maximum 
diameter of 39 nm 30. However, immunolocalization of nucleoporins by electron 
microscopy (EM) places FG nucleoporins mainly at the cytoplasmic and nuclear 
periphery of the NPC rather than in the central channel 31,32. 
None of the three mechanisms discussed above completely describes 
nucleocytoplasmic transport as measured experimentally, but a combination of the 
positive aspects of these models might give a more mechanistic transport model as 
was suggested by Fahrenkrog and Aebi 33. In all three models signal-bearing cargo is 
targeted towards the nucleus. Therefore, it has a longer dwell time near the NPC and 
a higher probability to diffuse through the central channel. In addition, interactions 
with nucleoporins enable signal-bearing cargos to cross the NPC even in the 
presence of a meshwork, whereas this barrier repels non-targeted cargos. 
Recently, Kubitscheck et al. showed with single-molecule far-field fluorescence that 
the dwell time at the nuclear pore complex of the transport receptor transportin-1 is 
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reduced upon binding to a specific transport substrate, suggesting that translocation 
is accelerated for loaded receptor molecules 34. Taken together, these results indicate 
the importance of nuclear targeting for efficient nuclear import.  
 
Karyopherins 
 
Active transport of macromolecules into the nucleus involves several steps and starts 
in the cytoplasm by formation of a complex of the macromolecule and the transport 
receptor. Transport receptors are mainly members of the karyopherin β family, which 
mediate nuclear transport of specific cargoes. The different members of the 
karyopherin β family share similar molecular weights (90-150 kDa) and isoelectric 
points (4.0-5.0) and contain multiple tandem helical repeats 35. These so-called 
HEAT repeats have different functions in both nuclear import and export 36 (table 1). 
Karyopherin β1 (importin β) mediates nuclear import of positively charged nuclear 
localization sequences (NLSs), known as classical NLSs, via karyopherin α 
(importin α). Karyopherin β2 (transportin) mediates nuclear import of a set of mRNA 
binding proteins 37 and karyopherin β3 and β4 of a set of ribosomal proteins 38. In 
addition, also nuclear export is mediated by members of the karyopherin β family, 
namely CRM1 and CAS 39-41.  

Importin β binds various cargoes and in non-viral gene therapy this nuclear receptor, 
and to a lesser extent transportin, is mainly targeted by using classical nuclear 
localization signals (as is discussed below). A model for the nuclear import and 
export pathway of importin β is depicted in figure 3. Importin β mediates nuclear 
import of macromolecules after binding its cargo directly or indirectly, via an adapter 

Transport 
direction 

Mammalian 
cells 

Cargo 

Import Importin β1 Many cargoes, mainly with basic NLSs via importin 
α, UsnRNPs via snurportin 

 Transportin HnRNPA1, histones, ribosomal proteins 
 Importin 4 Histones, ribosomal proteins 
 Importin 5 Histones, ribosomal proteins 
 Importin 7 HIV RTC, Glucocorticoid receptor, ribosomal 

proteins 
 Importin 9 Histones, ribosomal proteins 
Export Crm1 Leucine rich NES cargoes 
 CAS Importin α 

 
Table 1. Members of the karypherin β familiy involved in nuclear transport pathways discussed 
in this review. 
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protein 42. Adapter proteins characterized so far are importin α, which recognizes 
classical nuclear localization signals 43,44, snurportin 45, RanBP7 46 and XRIP α 47. 
Importin β has distinct domains for binding to the adaptor protein, Ran and two 
nucleoporin FG-repeat binding sites 48. The crystal structure of importin β bound to a 
fragment of importin α shows that 13 of the 19 HEAT repeats are involved in 
importin α binding 49. Importin α and snurportin 1 interact with importin β via an 
importin β binding (IBB) domain, which is an arginine-rich domain of 41 residues 50. 
The N-terminal IBB domain of importin α serves a dual role: importin β binding and 
autoinhibition. When importin α is not bound to importin β the autoinhibitory 
sequence within the N-terminal domain interacts with the NLS-binding pocket 51. 
However, the binding is not that strong, because NLS can still bind to importin α in 
the absence of importin β albeit with a significantly lower affinity. In addition to the 
flexible N-terminal importin-B-binding (IBB) domain, importin α is composed of a 
highly structured domain comprised of ten tandem armadillo (ARM) repeats, which 
contains two NLS-binding sites (ARM repeats 2-4 and 7-9). In contrast to importin 
β, several isoforms of importin α exist in the cell, which can be grouped into three 
subfamilies. The different importin α proteins can interact with the same substrates, 
but with a different affinity 52. The importin β/importin α/NLS-cargo complex binds 
to docking sites such as the phenylalanine ring of the FG-repeat in nucleoporins at 
the periphery of the NPC via hydrophobic residues on their surface, which triggers 
translocation through the NPC. Inside the nucleus, the complex is dissociated after 
binding of the small nuclear GTPase Ran-GTP to importin β as is depicted in figure 
3. Ran is transported into the nucleus by NTF2 in its GDP-bound form 53,54. NTF2 
also mediates transport through the NPC through interaction with the FG-repeat in 
nucleoporins 55. Inside the nucleus, Ran-GDP is converted into Ran-GTP by the 
GDP-GTP exchange factor (GEF) RCC1, which is a nuclear, chromatin-associated, 
protein 56. RanGTP binds to importin β and actively displaces importin α 48. After 
binding of Ran-GTP importin β is shuttled back to the cytoplasm together with Ran-
GTP, which is then converted into Ran-GDP by cytoplasmic Ran GTPase activating 
protein (GAP). Dissociation of Ran-GDP leaves the transport receptor free to bind a 
new cargo and transport it into the nucleus. Importin α is shuttled back into the 
cytoplasm by CAS, a karyopherin β family member 44. CAS binds karyopherin α in 
the presence of Ran-GTP and exports it to the cytoplasmic side of the NPC. 
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Recently, the role of importin β in other cellular processes was described 57,58. 
Importin β facilitates not only nuclear import, but is also a potential motor adaptor 
for movement along microtubules and transduces damage signals from axons of 
injured neurons back to the cell body. In addition, importin β1 plays a negative role 
in the assembly of the mitotic spindle, centrosome dynamics, nuclear membrane 
formation and nuclear pore assembly 58. In the latter two the ratio of importin β1 to 
RanGTP is critical 59. 
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Figure 3. Model for nuclear import and export pathway of importin β and α. The NLS-containing 
cargo binds in the cytoplasm to the importin β/α heterodimer, which then mediates transport into the 
nucleus. Inside the nucleus RanGTP binding to importin β results in release of importin α and the 
cargo. Importin β is shuttled back into the cytoplasm by RanGTP and importin α by CAS/RanGTP. 
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Transportin mediates transport of the heterogeneous nuclear ribonucleoprotein A1 
(hnRNP A1) into the nucleus. Transportin recognizes and binds a non-classical NLS 
sequence directly without an adaptor protein (as is discussed in the next paragraph). 
Transport through the NPC of transportin and its cargo is the same as for importin β. 
Binding of Ran-GTP inside the nucleus mediates release of the cargo and transport to 
the cytoplasm of transportin. 
 
Nuclear localization signals 
 
For active transport of proteins into the nucleus a nuclear localisation signal (NLS), 
which can interact with the nuclear transport system and thereby initiate nuclear 
import, is required 60-62. Different classes of NLS sequences exist 63. They are divided 
into classical and non-classical sequences. The classical NLS sequences are 
characterized by basic, charged amino acids. Different examples of classical NLS 
sequences exist, like monopartite NLS sequences, which have one cluster of basic 
amino acids and bipartite NLSs, which contain two clusters of basic amino acid 
residues separated by 10-12 neutral residues 62,64. These NLSs interact with the 
importin α/importin β heterodimer to facilitate nuclear import of their protein     
cargo 65. Some other NLSs, with similar sequences, can be recognized by importin β 
alone 63. Cingolani et al. identified a second cargo binding site on importin β, distinct 
from the IBB domain binding site, which is able to bind an NLS peptide directly, 
without the interference of importin α or other adaptor molecules 66.  
The non-classical NLS lacks the stretch of basic amino acids and binds to transportin 
instead of importin β 37. Within the heterogeneous nuclear ribonucleoprotein A1 
(hnRNP) a 38 amino acid domain, termed M9, has been identified to be responsible 
for localization of hnRNP A1 into the nucleus 67,68. In contrast to classical NLS 
sequences that exclusively mediate nuclear import, the M9 NLS sequences also 
contains a nuclear export signal (NES). NESs are largely hydrophobic leucine-rich 
sequences, that have been identified in several proteins 63,69. 
Identification of NLS sequences experimentally is limited and theoretical 
generalization for NLSs (hexapeptides with at least four basic residues and neither 
acidic nor bulky residues 70) matches only a few nuclear and many non-nuclear 
sequences. To be able to identify nuclear localization signals more easily and more 
specifically Cokol et al. designed a database for de novo prediction of NLS motifs 71. 
Through iterated in silico mutagenisis they extended a set of 91 experimentally 
verified NLS motifs to a set of 214 potential NLS sequences.  
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Nuclear entry of plasmid DNA in non-dividing cells 
 
Delivery of plasmid DNA into intact nuclei involves transport through the NPCs. 
Some groups showed nuclear uptake of plasmid DNA. Dowty et al observed nuclear 
localization of plasmid DNA in postmitotic nuclei of primary rat myotubes 72 and 
Escriou et al., demonstrated uptake of plasmid DNA into the nuclei of CV1 cells 73. 
However, this transport is inefficient. Plasmid DNA microinjected into the nucleus 
results in high expression levels, whereas plasmid DNA injected into the cytoplasm 
is only poorly expressed. Pollard et al. observed that only 0.1% of naked DNA or 1% 
of polymer-complexed DNA reached the nucleus following microinjection into the 
cytoplasm 74.  
Both the size of the DNA and the sequence are important for nuclear uptake. DNA 
with a size up to 1 kb can enter the nucleus rather efficiently via active transport 
involving the NPC 75,76. Moreover, a region of Simian Virus (SV) 40 DNA is 
sufficient for promoting nuclear entry of exogenous plasmid DNA 77-79. The 
sequence contains an origin of replication, portions of two promoters and the SV40 
enhancer. An important feature of this sequence is that it contains binding sites for 
transcription factors. Binding to these transcription factors can facilitate nuclear 
uptake of the DNA. Greassman et al. demonstrated that the 72 bp SV40 enhancer 
sequence was already sufficient to increase gene expression 80. After electroporation 
of blood vessels with a plasmid containing the SV40 enhancer sequence gene 
expression was 10-fold higher than with a control plasmid, showing its functionality 
in vivo 81. This increase was caused by more efficient and faster transport into the 
nucleus and by the transcriptional enhancer function of the sequence.  In addition, 
other sequences were reported to enhance nuclear uptake of plasmid DNA 82. Some 
of them in a cell-specific manner by binding to cell-specific transcription factors 
(reviewed by Dean et al.83). 
Some cationic polymers have been described to be able to transfect non-dividing 
cells in vivo and/or enter the nucleus together with DNA, however, to a lesser extent 
than viral vectors 84. The mechanism that leads to this translocation and subsequent 
transfection under those conditions is not well understood so far. 
 
NLS mediated nuclear targeting of DNA 
 
To facilitate nuclear uptake of exogenous DNA, peptides resembling NLS sequences 
are used to target the DNA towards the nucleus and more preferably into the nucleus. 
Such NLS peptides can be covalently coupled to either the condensing agent of the 
non-viral gene delivery system (in most cases cationic polymers such as PEI) or 
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directly to the phosphate backbone of the DNA. Alternatively, the predominantly 
positive charge that is characteristic of classical NLS peptides can be exploited to 
adsorb the NLS peptides directly onto the negatively charged DNA. These different 
strategies (schematically depicted in figure 4) yield different outcomes in terms of 
transfection efficiency as will be discussed below.  
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Figure 4. Different strategies used to facilitate nuclear uptake of DNA and thereby enhance 
transfection efficiency. 
 



The nuclear pore complex 

 31

Non-covalent and sequence independent association of NLS peptides to DNA 
The most commonly used NLS peptide is the SV40 large T-antigen derived NLS 
(PKKKRKV), the first identified NLS sequence 62. This cationic peptide binds DNA 
via electrostatic interactions (figure 4.1). It can facilitate nuclear uptake of non-
nuclear proteins with a molecular weight up to 465 kDa 85. Collas et al. associated 
SV40 derived NLS peptides (CGGPKKKRKVG-NH2) via ionic interactions to 
luciferase-encoding plasmid DNA and microinjected the DNA-peptide complex into 
the cytosol of zebrafish embryos 86. The NLS peptide enhanced the expression of 
luciferase and facilitated nuclear uptake in a cell-free extract 87,88. Efficient 
condensation of the plasmid DNA is important for cellular uptake, intracellular 
trafficking and nuclear uptake. Condensation of DNA can be achieved by peptides 
with eight or more positively charged amino acids 89. Therefore, Ritter et al. 
designed a 4.4 kDa peptide consisting of four identical repeats of the SV40 NLS 
peptide with intervening glycine residues as spacers 90.  This multimeric NLS peptide 
construct was able to condense plasmid DNA into small complexes and increase both 
transgene expression and nuclear uptake of the plasmid DNA when compared to a 
nuclear transport-deficient mutant sequence of the NLS. Especially the early onset of 
gene expression was remarkable in comparison to different cationic polymers, like 
poly-L-lysine (PLL) and polyethylenimine (PEI). Plasmid DNA was detected in the 
nucleus already within two hours, indicating that the multimeric NLS peptide 
construct can facilitate nuclear import. Addition of the SV40 derived NLS peptide to 
DNA could also enhance transfection efficiency of liposomes as was shown by 
Aronsohn et al. 91 and Keller et al. 92. The SV40 derived NLS peptide was added to 
plasmid DNA by electrostatic interactions before complexation with the liposomes. 
In both studies the NLS peptide enhanced transgene expression. Another strategy is 
to use a nuclear localization sequence coupled to a DNA-binding and condensing 
peptide. Colin et al. used an oligo-lysine peptide, consisting of 16 lysine residues, 
coupled to an integrin targeting tripeptide motif consisting of Arg-Gly-Asp (RGD) 93. 
RGD peptides have been found to stimulate cell adhesion and are widely employed 
to target to integrins on the cell membrane. When the RGD peptide was coupled to 
oligo-L-lysine, luciferase expression increased 10-fold compared to the oligo-L-
lysine alone or oligo-L-lysine coupled to RGE, indicating that the increase was 
specific to the RGD sequence. The increase in gene expression was shown to be 
caused by improved nuclear transfer of the plasmid DNA through the NPC 94. A 
similar construct, which also contains an integrin targeting sequence, is able to 
transfect non-dividing cells both in vivo and in vitro 95,96. In these studies a peptide 
that targets to an extracellular receptor also mediates nuclear uptake of its cargo and, 
thereby, provides a complete nuclear delivery system. 
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Subramanian et al. used the non-classical NLS peptide M9 to enhance transfection 
efficiency of lipofectin in confluent endothelium 97. However, this peptide does not 
contain many ionic residues and, therefore, a scrambled sequence of the SV40 T-
antigen consensus NLS was added to improve DNA binding. Addition of the M9 
peptide fused to the scrambled NLS sequence increased marker gene expression 63-
fold.  
 
Non-covalent and sequence specific association of NLS peptides to DNA 
The studies described above made use of electrostatic interactions to bind NLS 
peptides to DNA. This does not allow control of the DNA-binding site of the NLS 
peptide, which could interfere with the transcription domain of the DNA. Using 
peptide nucleic acid (PNA) Branden et al. bound the NLS peptide in a sequence 
specific manner to the plasmid DNA (figure 4.2) 98. With this technique they were 
able to bind the NLS peptide to the plasmid DNA in a region not involved in gene 
expression. They observed a 5- to 8-fold increase in reporter gene expression 
compared to plain plasmid DNA. However, they did not show that this increase was 
specific for the NLS peptide, nor did they show nuclear import of the DNA. Roulon 
et al. described coupling of NLS peptides to a specific site in the plasmid DNA using 
a triple helix-forming padlock oligonucleotide. However, no enhancement of 
transgene expression was observed 99. Ludtke et al. used NLS-streptavidin to interact 
with biotinylated DNA 76. Addition of the NLS peptide increased both nuclear uptake 
and expression of DNA. 
 
NLS peptides coupled to carrier components 
In addition to using the NLS peptide as a carrier to condense DNA, the peptide can 
also be attached to the DNA-condensing agent of the non-viral gene delivery carrier. 
Chan et al. observed a moderate increase in gene expression after covalent 
attachment of the SV40 large tumor antigen to poly-L-lysine (PLL) (figure 4.1) 100. 
This increase in transfection efficiency could be attributed to the ability of the 
construct to bind to importin α/β heterodimer, which PLL itself can not do. The ratio 
of PLL to DNA is a critical factor for transfection efficiency 101. At a low PLL/DNA 
ratio (0.4 mol/mol) the contribution of NLS peptides to the overall transfection 
efficiency was the highest. Particles formed at a PLL/DNA ratio of 4.0 are smaller 
and do not appear to require an NLS peptide for nuclear import. 
A new discovered nuclear targeting sequence is mellitin, a component of bee sting 
venom, which is often used in gene or drug delivery because of its membrane-
destabilizing properties. Covalent conjugation to PEI also increases the nuclear 
uptake of complexed DNA 102. Microinjection of melittin PEI/DNA complexes into 
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the cytoplasm resulted in 4-fold higher gene expression than after microinjection of 
PEI/DNA complexes alone. Co-injection with wheat germ agglutinin (WGA), an 
inhibitor of the NPC, abolished this effect of melittin, indicating the involvement of 
the NPC in gene delivery.  
 
Covalent and sequence independent association of NLS peptides to DNA 
The disadvantage of non-covalent binding of an NLS peptide to DNA is that 
dissociation of the complex can occur during intracellular trafficking. To prevent 
and/or control dissociation the peptide can be coupled covalently to DNA (figure 
4.3). Sebestyen et al. covalently linked between 25 and 100 NLS peptides per 
kilobase pair (Kb) DNA via a cyclo-propapyrroloindole linker 103. When more than 
40 NLS peptides per kilobase pair were attached, the plasmid DNA was transported 
into the nucleus of digitonin-permeabilized cells. The number of peptides attached 
influenced the rate and the extent of nuclear import of the plasmid DNA. 
Interestingly, coupling of NLS peptides did not enhance the nuclear uptake of 
plasmid DNA after microinjection into the cytoplasm, which may indicate 
sequestering of the DNA in the cytoplasm. In addition, other studies showed 
importin α binding after coupling of an NLS peptide to plasmid DNA, but observed 
no or only a minor increase in gene expression. Ciolina et al. covalently associated 
NLS peptides to plasmid DNA by photoactivation 104. They observed binding of their 
conjugates to importin α when 10 NLS peptides were attached to the DNA, but they 
detected no DNA in the nucleus after microinjection. Nagasaki et al., randomly 
coupled the SV40 large T antigen NLS peptide to plasmid DNA via diazocoupling, 
which resulted in increased binding to importin α 105. A PEG spacer was used to 
increase the distance between the cationic NLS peptide and the anionic DNA. Both 
the number of peptides attached and the length of the spacer were important for 
enhanced binding to importin α and gene expression. Coupling of 5.1 NLS peptides 
via a 3400 Da PEG spacer resulted in a 4-fold increase in gene expression. However, 
no nuclear uptake of the plasmid DNA was observed after microinjection into the 
cytoplasm. Carrière et al. coupled the importin β binding peptide (IBB) covalently to 
plasmid DNA at different peptide DNA ratios 106. Despite binding to cytoplasmic 
receptors, no increase in transfection was detected. Coupling of higher ratios of 
peptide via photoactivation even decreased gene expression. Non-covalently bound 
IBB peptide was also able to mediate the binding of plasmid DNA to importin β. 
Therefore they evaluated the effect of IBB peptide addition, without covalent 
coupling to the DNA, on transfection efficiency of DNA/cationic lipid complexes. 
Addition of the peptide increased transfection 20-fold.  
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Taken together, these studies indicate that covalent coupling of NLS peptides to 
plasmid DNA could neither facilitate nuclear uptake in cells efficiently, nor could it 
increase reporter gene expression significantly. The reason for the poor nuclear 
localization could be the poor diffusion through the cytoplasm, the fast turnover of 
the DNA in the cytoplasm, or the large size of the DNA 76,107,108. Moreover, the lack 
of increase in transfection efficiency could be caused by transcriptional inactivation 
after covalent attachment of ligands to DNA. 
 
Covalent and sequence specific association of NLS peptides to DNA 
To prevent inhibition of reporter gene expression by covalent attachment of peptides 
to non-specific sites on the plasmid DNA, several groups coupled the NLS peptide to 
a specific location in the plasmid DNA (figure 4.4). Neves et al. coupled a targeting 
peptide to plasmid DNA by covalent triple helix formation and photoactivation. This 
resulted in functional conjugates that could bind to importin α. However, attachment 
of the NLS peptide did not increase transgene expression 109. Maybe the lack of 
enhanced transfection in these studies is caused by the large size of plasmid DNA, 
which makes it hard to cross the NPC 76.  
Following this line of thought, Zanta et al. coupled one SV40 derived NLS peptide to 
linearized plasmid DNA 110. The 3.3 kb linearized DNA was capped at the ends with 
a hairpin to prevent degradation by cellular exonucleases. The SV40 derived NLS 
peptide was attached to the hairpin located at the 3’ end of the linear DNA construct. 
Zanta et al. observed a 10- to 1000-fold increase in gene expression when compared 
to linear DNA without the NLS peptide.  The enhancement factor depended on the 
cell type used. They did not directly assess the nuclear uptake of the linear DNA 
constructs. The promising results with single NLS-peptides attached to end-capped 
linear DNA has stimulated other groups, including ours, to do the same. Tanimoto et 
al. covalently coupled the SV40 derived NLS peptide to the hairpin located at the 
3’end of the linear DNA or to both sides 111. However, this did not result in increased 
transfection efficiency. They observed that introduction of a modified base in the 
hairpin of the linear DNA construct decreased transgene expression after 
microinjection into the cytoplasm or the nucleus, indicating that transcription activity 
or stability in the nucleus may be reduced by this modification. Our group has 
followed the same approach as Zanta et al. with the exception that the SV40 NLS 
was attached to the 5’end rather than the 3’end of the linear DNA construct 112. No 
increase in transfection efficiency was observed in our hands. Nor did we observe 
nuclear uptake of the linear DNA constructs in digitonin permeablized cells (figure 
5). The NLS peptide did mediate nuclear uptake of BSA (figure 5A), but was not 
capable to transport linear DNA into the nucleus (figure 5C). The discrepancy 
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between results from the several approaches and various research groups indicates 
that the final outcome of transfection experiments may be dependent on differences 
in experimental set-up that at first sight may look trivial.  
An easy method to synthesize large amounts of linear DNA, containing only 
eukaryotic regulatory elements, antigen encoding DNA and a poly-adenylation 
sequence, is PCR 112-114. We synthesized PCR constructs using primers with 

phosphorothioate-modifications in the backbone to stabilize the constructs in the 
cytoplasm. One of these primers contained the SV40 derived NLS peptide. 
Unfortunately, only a minor effect of the NLS peptide on gene expression was 
detected when compared to PCR-generated constructs without peptide and no 
increase was observed when compared to plasmid DNA. The minor increase in gene 
expression after attachment of the NLS peptide could also be attributed to protection 
of the DNA towards exonuclease digestion, since the constructs were not stable in 
the presence of exonucleases 112. 
 
Association of plasmid DNA with viral proteins 
Viral vectors are very efficient in nuclear delivery of exogenous DNA and this could 
be exploited to improve the nuclear uptake and thereby the transfection efficiency of 
non-viral gene delivery systems. Viral proteins or peptides that mediate nuclear 
import may be coupled to cationic polymers to enhance their transfection efficiency. 
Carlisle et al. covalently coupled the adenovirus hexon protein to polyethylenimine 
(PEI, 800 kDa). Activity of the conjugate was compared to PEI and PEI linked to 
albumin. Transgene expression was 10-fold higher with the adenovirus hexon-PEI 
complexes compared to PEI/DNA. This was not caused by an increase in cellular 
uptake due to the presence of the hexon protein. Microinjection experiments showed 

a b c

 
 
Figure 5. Assay of nuclear import of BSA-Texas Red with SV 40 derived NLS peptide (A), and 
fluorescent LDNA (B) and NLS-LDNA (C) in digitonin-permeabilized OVCAR-3 cells. 
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that the constructs mediate gene transfer via the NPC, even though the hexon protein 
does not contain a clear NLS sequence.  
Moreover, proteins with nuclear localization and DNA condensation properties can 
be used for gene delivery. The viral protein R (Vpr) of human immunodeficiency 
virus type 1 plays a significant role in the viral life cycle by facilitating nuclear 
import of the pre-integration complex in non-dividing cells. Vpr is also able to 
interact with DNA and Kichler et al. showed that the C-terminal domain of Vpr 
(residues 52 to 96) is able to condense plasmid DNA and transfect cells with 
efficiencies comparable to PEI and, depending on the cell line used, 10- to 1000-fold 
higher than PLL 115. Mechanistic studies showed that the domain (Vpr5-(55-82)) that 
adopts an α-helix conformation mediates gene transfer by DNA condensation and 
membrane-destabilizing capabilities 116.  
 
Association of plasmid DNA with karyophilic proteins 
Complexation of exogenous DNA with karyophilic proteins is also a commonly used 
method for nuclear delivery. Several karyophilic proteins have been used to facilitate 
nuclear uptake of DNA, like importin β 117, histones 118, NFkappaB 119,120 and nuclear 
steroid receptors 121. Importin β plays an essential role in nuclear import and, 
therefore, association of plasmid DNA to importin β could enhance nuclear uptake of 
exogenous DNA. Nagasaki et al. coupled importin β via streptavidin to biotinylated 
plasmid DNA 117. A PEG spacer was introduced to increase nuclear uptake. 
Conjugation resulted in a 2.6-fold increase in the number of NIH/3T3 cells 
expressing the reporter gene. However, biotinylation of the plasmid DNA reduced 
gene expression as was described before 122. 
Histones are nuclear proteins, which electrostatically bind to DNA. Recently, it was 
shown that histones, H1, H2A, H3 and H4, not only translocate into the nucleus, but 
also cross the cell membrane directly and not via endocytosis 123. In addition, the 
histones were able to mediate cell penetration of covalently attached bovine serum 
albumin molecules, indicating their potential as carriers for the delivery of 
macromolecules into living cells. Several groups have described the beneficial effect 
of histones, H1 and H2A, on gene transfection 118,124-126. In general, gene expression 
was comparable or better than conventional gene delivery systems, like liposome-
based systems. 
The nuclear factor kappaB (NFkappaB) is a transcription factor that plays an 
important role in carcinogenesis. Mesika et al, observed that the NLS-carrying 
NFkappaB proteins p50 and p65 not only mediated nuclear uptake of plasmid DNA, 
but also its migration through the cytoplasm along microtubules toward the nucleus. 
However, the majority of plasmid DNA molecules failed to reach the NE and 
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subsequently enter the nucleus. This could be caused by formation of aggregates 
inside the cytoplasm, which greatly impairs transport through the cytoplasm even if 
it is via the microtubuli. 
Rebuffat et al. developed a strategy called steroid-mediated gene delivery (SMGD), 
which uses steroid receptors that are present in the cytosol as shuttles to facilitate the 
uptake of exogenous DNA into the nucleus 121. They used glucocorticoid receptors 
(GR) as a model system to test the principle of SMGD. The GR is cytoplasmic 
without hormone and localizes to the nucleus after hormone binding. The GR 
contains two NLS sequences, one that is similar to the SV40 NLS and one that is 
poorly defined, and one NES sequence 127. Both importin α/importin β and importin 
7 mediate nuclear import of GR. Rebuffat et al. synthesized a bifunctional steroid 
derivative (DR9NP), which consisted of a steroid hormone to bind to the 
glucocorticoid receptor, a spacer and a DNA binding domain. The linker was 
covalently attached to plasmid DNA via UV-irradiation. Both nuclear uptake and 
gene expression were enhanced. To prevent inhibition of gene expression after 
crosslinking the linker within the biologically important regions of the plasmid DNA 
Rebuffat et al. developed a coupling method via PNA 128. The advantage of this 
method is its selective targeting to cells that express a specific nuclear receptor. 
 
Conclusions 
 
The success of non-viral gene delivery will be mainly determined by its ability to 
transfect non-dividing cells. It is clear that overcoming the nuclear envelope in non-
dividing cells is still a major bottleneck for efficient gene therapy. Several strategies 
to improve nuclear import and thereby gene expression have been followed, but until 
now only with moderate success. To improve nuclear import of non-vial gene 
delivery systems, extensive knowledge about the cellular transport mechanisms is 
essential. Consequently, it is important that not only the endpoint (i.e. reporter gene 
expression) is determined, but also the mechanisms of nuclear import, cytosolic 
transport, endosomal escape and cellular internalization. In addition, other factors 
like cell type and gene expression can influence the efficiency of non-viral gene 
delivery systems. To be able to compare between different studies standardization of 
experimental setup should be pursued. Only then the most efficient strategy can be 
determined and further improved. It is clear that an NLS peptide, covalently or non-
covalently coupled to DNA, alone does not improve transfection efficiency 
sufficiently. Reasons for this could be an interaction of the peptide with the DNA or 
aggregation of the DNA with cellular structures in the cytoplasm. However, nuclear 
import remains extremely important for efficient gene delivery. To achieve this, a 
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closer look is required at NPC functionality and the requirements for nuclear 
transport mechanisms used by nuclear receptors and viruses with regard to size, 
charge and exposure of NLS sequences. A nuclear targeting sequence will be an 
important part of future gene delivery systems. These systems will have to combine 
efficient cellular uptake and intracellular trafficking properties with nuclear delivery 
in order to result in an efficient non-viral gene delivery system 129. 
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Knowledge about the uptake mechanism and subsequent intracellular routing of non-
viral gene delivery systems is important for the development of more efficient 
carriers. In this study we compared two established cationic polymers pDMAEMA 
and PEI with regard to their transfection efficiency and mechanism of cellular 
uptake. The effects of several inhibitors of particular cellular uptake routes on 
polyplex uptake and gene expression were investigated. Moreover, cellular 
localization of fluorescently labeled polyplexes was assessed by spectral 
fluorescence microscopy. It was shown that both pDMAEMA- and PEI-complexed 
DNA were taken up via the clathrin- and caveolae-mediated pathway and co-localize 
with transferrin and cholera toxin demonstrating the presence of polyplexes in both 
clathrin-coated vesicles and caveolae. However, for both polymers only uptake via 
the caveolae-mediated pathway contributed to gene expression. 
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Introduction 
 
Non-viral gene delivery systems have been developed to deliver a gene of interest to 
and into its target cell. These non-viral gene delivery systems are able to condense 
the DNA into particles with a net positive charge, which bind to the cell through 
electrostatic interactions with negatively charged membrane components. Although 
the molecular details of the mechanism by which the cationic polyplexes mediate 
DNA delivery are still poorly understood, current evidence suggests that the 
positively charged polyplexes are taken up by means of endocytosis 1-3. 
Since different endocytic pathways exist, it is important to have a more detailed 
knowledge of the cellular uptake and routing mechanism of polyplexes as each 
pathway has its own characteristics that should be taken into account when 
optimizing transfection efficiency of gene delivery systems 4. The best-characterized 
uptake mechanism is the clathrin-dependent pathway, which leads to early and late 
endosomes that ultimately fuse with lysosomes and the trans golgi network 5. The 
non-clathrin dependent endocytosis pathways include caveolae-mediated 
endocytosis, macropinocytosis, clathrin- and caveolae-independent endocytosis and 
phagocytosis. Whereas, the latter is restricted to specialized cells, the other pathways 
can occur in any cell type. Caveolae are cholesterol- and sphingolipid rich smooth 
invaginations of the plasma membrane that partition into raft fractions. Their 
occurrence is associated with caveolin-1 6,7. Caveolae are a subdomain of glycolipid 
rafts and are internalized via a common, clathrin independent, dynamin dependent 
and cholesterol sensitive pathway 8. Caveolae and raft pathways mediate the 
internalization of certain viruses, such as Simian Virus 40, bacteria and sphingolipid 
binding toxins, like the cholera toxin 9-11. Recently, it has been shown that particles 
taken up by the caveolae-mediated pathway are delivered to caveosomes. 
Caveosomes are pre-existing, stable, organelles with a neutral pH and multiple flask-
shaped caveolar domains enriched in caveolin-1 12. Macropinocytosis is a triggered 
process used by the cell to internalize large amounts of fluid and membrane. 
Macropinocytosis is characterized by the formation of large, irregular primary 
endocytic vesicles by the closure of ruffling membrane domains. Macropinosomes 
are dynamic structures that frequently move inwards towards the center of the cell 13.  
Intracellular trafficking of polyplexes has been widely studied using fluorescent 
labels. Most studies involve the simultaneous use of several fluorophores to 
determine the intracellular location. A method to distinguish between these different 
dyes involves a spectral imaging technique. This method enables the simultaneous 
measurement of the fluorescence spectrum for each pixel of the microscope image 
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without changing the filter set. Subsequent analysis of the measured data results in 
the exact localization of each dye in the image 14. 
In the present study the uptake mechanism, intracellular fate and gene expression of 
polyplexes based on two different cationic polymers, polyethylenimine (PEI) and 
poly(2-(dimethylamino)ethyl methacrylate (pDMAEMA) were investigated. Both 
polymers are able to condense DNA and facilitate gene delivery 15,16. However, 
detailed knowledge is lacking about the exact mechanism of uptake and subsequent 
intracellular routing and ultimate gene expression. pDMAEMA-based polyplexes 
have been shown to enter cells at 37°C, but not at 4°C and, when examined 2 days 
after uptake, to localize in lysosomes 17. The intracellular pathway of PEI-complexed 
DNA has been studied using fluorescently labeled particles. After binding to the cell 
surface the particles are taken up into vesicles that colocalize partially with an 
antibody against the lysosomal membrane protein lamp 1 18,19. An escape mechanism 
from these lysosomes was postulated for PEI based on its buffering capacity. The pH 
drop in PEI-loaded endosomes leads to osmotic swelling and bursting of the vesicle; 
the so-called proton sponge effect 15,20. Recently, Huth et al. showed using specific 
inhibitors of the various endocytic pathways that PEI polyplexes are taken up both 
by clathrin-dependent and caveolae-mediated endocytosis 21.  
Here the uptake mechanism of both PEI and pDMAEMA polyplexes was established 
in greater detail than reported before. Specific inhibitors of the different endocytic 
pathways were used to determine the route of uptake the polyplexes and to establish 
which pathways lead to expression of the gene. The intracellular fate of the 
polyplexes was monitored microscopically by spectral bio-imaging. 
 
Materials and Methods 
 
All reagents were purchased from Sigma (Zwijndrecht, The Netherlands) unless 
stated otherwise. Linear polyethyleneimine (PEI) was purchased from MBI 
Fermentas (St Leon Rot, Germany) and poly(2-(dimethylamino)ethyl methacrylate) 
(pDMAEMA) was synthesized as described before 16. Transferrin Alexa 488 and 
cholera toxin B Alexa 488 were obtained from Molecular Probes (Leiden, The 
Netherlands). pLuc was an expression plasmid encoding the firefly luciferase under 
the control of the human cytomegalovirus promoter (Plasmid factory, Bielefeld, 
Germany). The plasmid was labeled with the label IT CY5 nucleic acid labeling kit 
(Mirus, Brunschwig Chemie, Amsterdam, The Netherlands) according to the 
manufacturer’s instructions. The rhodamine-B labeled plasmid (pGeneGrip 
Rhodamine/EGFP was obtained from Gene Therapy Systems inc. San Diego, USA).  
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Cell culture 
COS-7 (African green monkey) cells were grown in DMEM (Gibco BRL, Breda, the 
Netherlands) completed with antibiotics/antimycotics, 5% heat-inactivated foetal calf 
serum (Integro, Zaandam, The Netherlands) and 25 mM HEPES. Cells were 
maintained at 37°C in a 5% CO2 humidified air atmosphere. 
 
Uptake studies 
Two days before the uptake experiment 50,000 COS-7 cells were seeded in a 24-well 
tissue culture plate. Prior to incubation the culture medium was refreshed with 400 µl 
DMEM medium, containing 10% FCS. For the time-lapse experiment COS-7 cells 
were incubated for 60 minutes at 4°C with pDMAEMA- or PEI-based polyplexes 
containing plasmid DNA, which was covalently labelled with CY5 using a Mirus 
label it kit followed by incubation at 37°C for 10, 30, 60, 90, 120 or 180 minutes. For 
inhibition experiments the cells were first incubated with the inhibitors 
chlorpromazine (56 µM), LY29004 (50 µM), wortmannin (50 nM) genistein (200 
µM) and nocodazole (10 µM) for 60 minutes, phorbol myristate acetate (PMA) (1 
µM) for 30 minutes and methyl-β-cyclodextrin (164 µM) for 15 minutes in 
completed medium prior to addition of polyplexes to the cells. pDMAEMA- or PEI-
based polyplexes containing CY5-labeled plasmid DNA were added and the cells 
were incubated at 37°C for another 60 minutes. Subsequently, the cells were 
incubated with 200 µl PBS, containing 100 µg/ml poly-l-aspartic acid (pAspA) and ± 
100 U/ml deoxyribonuclease I (DNAse) for 30 minutes at 4°C. Hereafter, the cells 
were washed with PBS and incubated with trypsin/EDTA (0.5 mg/ml trypsin, 0.2 
mg/ml EDTA) for 5 minutes to detach the cells, next cells were harvested by 
centrifugation. The cell pellet was washed and eventually resuspended in ice-cold 
PBS, containing 1% bovine serum albumin (BSA). The fluorescence intensity was 
measured with a FACS Calibur and analyzed with cell quest software (BD 
Biosciences). 
 
Spectral bio-imaging 
COS-7 cells were seeded onto 12-mm coverslips in 24-well plates 2 days before use. 
Polyplexes were prepared as described before, but using pGeneGrip Rhodamine 
(Gene Therapy Systems inc) as plasmid DNA. Before the experiment cells were 
washed twice with PBS and then incubated with 300 µl medium containing the 
polyplexes for 60 minutes. Prior to microscopic examination, cells were fixed with 
4% paraformaldehyde (500 µl, 10 minutes, RT) and the coverslips were mounted on 
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glass slides with 3 µl MobiGlow (MoBiTec, Goettingen, Germany), an antifading 
substance to reduce photobleaching effects. 
Spectral imaging was performed as described previously by Huth et al. with a 
SpectrCube SD-200H system (Applied Spectral Imaging, Migdal HaEmek, Israel) 14. 
The system enables the measurement of spectral information from each pixel of an 
observed image. An inverted fluorescence microscope (Axiovert S 100, Zeiss) 
equipped with a high-pressure mercury lamp (HBO 100) for excitation and a triple 
bandpass filter set was used. All images were taken with a 100x/1.3 oil-immersion 
objective lens (Plan Neofluar, Zeiss). Microscopic images were obtained with 
Spectral Imaging 2.5 software (Applied Spectral Imaging). The acquisition time of a 
desired image varied from 30 to 90 s depending on the brightness of fluorescence 
and the image size. First cells were incubated with only one dye to get single-colored 
images. For further analysis, images were transferred to the SpectraView 1.6 
software (Applied Spectral Imaging). 
 
Luciferase transfection study 
Per well 1*104 COS-7 cells were seeded 24 hours before transfection in 96-well 
tissue culture plates to reach 60-70% confluence during transfection. Prior to 
transfection the culture medium was refreshed with 100 µl DMEM medium, 
containing 10% FCS. For the time-lapse experiment the cells were incubated with 
pDMAEMA- or PEI-complexed luciferase plasmid for 60 minutes at 4°C. 
Subsequently, the cells were maintained at 37°C for 30 minutes, 1, 1.5, 2, 3, 4, 8 or 
24 hours, washed with ice cold PBS and harvested in 100 µl reporter lysis buffer 
(Promega, Leiden, The Netherlands). Of the cell suspension 20 µl was diluted in 100 
µl luciferase reaction buffer (Promega) and the luminescence was measured after 10 
seconds using a luminometer (Berthold). Results were expressed as relative light 
units per mg of cell protein as determined by BCA protein assay (Pierce, Perbio 
Science, Etten-Leur, The Netherlands). COS-7 cells were pretreated with 
chlorpromazine (56 µM), LY29004 (50 µM), wortmannin (50 nM), nocodazole (10 
µM) and genistein (200 µM) for 60 minutes, with filipin (50 µg/ml) and PMA (1 
µM) for 30 minutes and with methyl-β-cyclodextrin (164 µM) for 15 minutes prior 
to addition of polyplexes to the cells. During transfection the cells were incubated in 
the presence of the inhibitors. Polyplexes were prepared in HEPES buffered saline 
(HBS), pH 7.4, to obtain a final concentration of 1 µg DNA/well. Polyplexes were 
prepared in a polymer/DNA N/P ratio of 5/1 for pDMAEMA and 6/1 for PEI. 
pDMAEMA Polyplexes were incubated for 30 minutes at room temperature and PEI 
polyplexes for 10 minutes, as described by the manufacturer. The cells were 
incubated at 37°C with the polyplexes for one hour in the presence of the inhibitors. 
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Subsequently, the medium was refreshed with completed medium. The cells 
incubated with the polyplexes were maintained 4 or 24 hours after transfection, 
washed with ice cold PBS and harvested in 100 µl reporter lysis buffer (Promega). 
Of the cell suspension 20 µl was diluted in 100 µl luciferase reaction buffer 
(Promega) and the luminescence was measured after 10 s using a Lumat LB 9507 
Berthold. Results were expressed as relative light units per mg of cell protein as 
determined by BCA protein assay (Pierce).  
 
Statistical analysis 
The statistical analyses between different groups were determined with one-way 
ANOVA followed by a post hoc Dunnett t-test. Probability (p) ≤ 0.05 was 
considered significant. 
 
Results 
 
Internalization and transfection of polyplexes in time 
Polyplexes were prepared at a polymer/DNA N/P ratio of 5/1 for pDMAEMA and 
6/1 for PEI polyplexes allowing for optimal transfection.22,23 To test the uptake 
kinetics of the polyplexes, COS-7 cells were incubated with pDMAEMA and PEI 
complexed plasmid DNA. The DNA was covalently labeled with the fluorophore 
Cy5. First, COS-7 cells were incubated with the polyplexes at 4ºC for 60 minutes to 
enable saturation of the binding of the polyplexes to the cell surface. Subsequently, 
the cells were washed, medium was added and the cells were incubated at 37ºC. 
After different incubation times the cells were treated with poly(aspartic) acid 
(pASPA) 24 and DNAse to remove the polyplexes still associated with the cell 
surface and internalized fluorescence was detected by FACS analysis. A rapid 
internalization of the PEI polyplexes was observed, while the internalization of the 
pDMAEMA polyplexes was much slower (figure 1a). Detectable internalization of 
pDMAEMA polyplexes was observed after 30 minutes, whereas PEI polyplexes 
were internalized at a detectable level already within 10 minutes and to a much larger 
extent within 30 minutes. PEI polyplexes showed higher levels of internalization at 
all time points. In a similar experimental setup luciferase gene expression was 
analyzed after incubation of the cells with PEI or pDMAEMA polyplexes for pre-
selected periods of time. PEI complexed DNA resulted in detectable levels of 
transfection already within 30 minutes of incubation, whereas pDMAEMA polyplex 
mediated transfection was detected only after 90 minutes (figure 1b). For all time 
points luciferase expression was at least 5 to 10-fold higher after incubation with PEI 
complexed DNA than with pDMAEMA complexed DNA. 
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Uptake of polyplexes is via both caveolae and clathrin-coated pits 
To establish whether these differences in uptake and expression levels were due to 
different uptake mechanisms, the route of uptake of polyplexes was studied. To 
distinguish between the different endocytic pathways involved in polyplex uptake we 
monitored the uptake of particles in the presence of both general and specific 
inhibitors of endocytic routes. Inhibitors were used at concentrations in which they 
have been shown to be active in cells. The uptake of Cy5 labeled plasmid DNA, 
complexed by either pDMAEMA or PEI, was measured by FACS analysis after 
removal of the polyplexes that were still at the outside of the cell. Disruption of 
microtubuli by means of nocodazole decreased polyplex uptake to 70 and 50%, as 
percentage of control, for pDMAEMA and PEI, respectively (figures 2a and b). 
Inhibition of macropinocytosis by LY29004 and wortmannin did not alter uptake of 
either of the particles 25,26. In addition, incubation of COS-7 cells with PMA, which 
stimulates macropinocytosis by increasing formation of membrane ruffles 27 had no 
significant effect on the uptake of the polyplexes. These results demonstrate that 
macropinocytosis is not involved in the uptake of these polyplexes. Cholesterol 
depletion by methyl-β-cyclodextrin decreased the uptake to 50% for pDMAEMA 
and to 30% for PEI. Both caveolae- and clathrin-mediated endocytosis have been 
shown to depend on cholesterol 28-30 In order to distinguish between uptake via either 
one of these two routes we looked more closely at the effect of specific inhibition of 
these pathways. Inhibition of clathrin-mediated uptake by chlorpromazine did not 
affect internalization of pDMAEMA and PEI polyplexes significantly. Higher 
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Figure 1. Uptake (a) and transfection (b) of polyplexes in time. COS-7 cells were incubated with 
pDMAEMA- or PEI-based polyplexes for 60 minutes at 4°C. Subsequently, the cells were incubated 
at 37°C and after different incubation times the internalized fluorescence (a) or the luciferase 
expression was determined (b). The open bars represent pDMAEMA- and the filled bars PEI-
incubated cells. Results are means ± SD from two different experminents. 
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concentrations of chlorpromazine were tested, but did not result in more inhibition 
(data not shown). Inhibition of caveolae-mediated uptake by genistein, an inhibitor 
of tyrosine kinases involved in caveolae-mediated endocytosis, decreased uptake of 
pDMAEMA-based polyplexes slightly and internalization of PEI polyplexes with 
almost 50% 31.  
 

Co-localization of polyplexes with transferrin and cholera toxin 
To gain more insight into the intracellular fate of the polyplexes we investigated 
whether the polyplexes co-localized with transferrin (Alexa 488-labeled), a marker 
for clathrin-mediated uptake 32,33, or cholera toxin B (Alexa 488-labelled), which is 
internalized via caveolae and related membrane structures 34, using spectral bio-
imaging. COS-7 cells were incubated with polyplexes with rhodamine labeled DNA 
complexed with pDMAEMA or PEI for 1 hour. Spectral imaging was used to 
determine the intracellular localization of the different fluorescent labels, because 
this method enables the simultaneous measurement of the fluorescence spectrum of 
each pixel of the microscopic image. Single color images were used to create the 
spectral library as was described before 14. pDMAEMA polyplexes were found in 
small vesicles throughout the cell (figures 3a and b), whereas PEI polyplexes were 
found in relative large vesicles, about 5 to 10 times the size of the pDMAEMA 
containing vesicles (figures 4a and b). The same results were obtained when 
rhodamine-labeled pDMAEMA or PEI was used (data not shown). This difference in 
size of the vesicles containing the polyplexes may be related to the size difference 
between the two polyplexes themselves. Under physiological conditions pDMAEMA 
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Figure 2. Uptake of pDMAEMA (a) or PEI-based (b) polyplexes by COS-7 cells after microtubuli 
disruption (nocodazole), macropinocytosis inhibition (wortmannin and LY29004) or stimulation 
(PMA), cholesterol depletion (mβcd) or inhibition of clathrin- (chlorpromazine) or caveolae-
mediated (genistein) uptake. Results, expressed as % of control, are means ± SD from three 
independent experiments. * Values significantly different from control (p ≤ 0.05) 
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polyplexes were approximately 200 nm and PEI polyplexes were approximately 
1000 nm with a broad size distribution. The intracellular location of pDMAEMA-
based polyplexes was determined by investigating co-localization between the 
rhodamine labeled DNA-containing polyplexes and transferrin (Alexa 488) or 
cholera toxin B (Alexa 488). Clear co-localisation of pDMAEMA polyplexes with 
transferrin and cholera toxin B was observed (figure 3). Co-localization between 
pDMAEMA and cholera toxin B was observed mainly in large vesicles (figure 3b).  
 
 

 
When cells were incubated with PEI-based polyplexes partial co-localization was 
observed between the polyplexes and transferrin alexa 488 (figure 4a) as well as with 
cholera toxin B (figure 4b). This method, however, is not quantitive and provides no 
information on the amount of polyplexes, but it does show that PEI and pDMAEMA 
based polyplexes localize in both clathrin-coated vesicles and caveolae.  
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Figure 3. Intracellular location of pDMAEMA-based polyplexes in COS-7 cells using spectral 
imaging. Polyplexes with rhodamine labeled DNA co-localized partially with transferrin alexa 488 
(a) and partially with cholera toxin B Alexa 488(b) after one-hour incubation. Representative 
pictures are displayed. 
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Caveolar uptake is important for gene expression 
The different endocytic pathways have different destinations in the cell. Particles 
taken up via clathrin-mediated endocytosis end up in endosomes and, eventually, 
lysosomes. An important characteristic of these vesicles is their low pH and the 
presence of a large variety of degradation enzymes. Uptake of particles via caveolae 
results in localization in caveosomes, which are stable and neutral compartments. To 
study the relation between the route of uptake and subsequent gene expression, COS-
7 cells were incubated with polyplexes in the absence and presence of endocytosis 
inhibitors. After pre-incubation with the inhibitor, the cells were incubated with 
polyplexes for one hour at 37ºC in the presence of the same inhibitor. Hereafter, the 
polyplexes and inhibitors were removed and the cells were incubated at 37ºC for 
another 24 hours before luciferase activity was measured as readout for transfection 
efficiency (figure 5). 

 
First, we ascertained that the inhibitors have no negative effect on gene expression 
themselves (data not shown). Disruption of microtubuli by means of nocodazole 
decreased luciferase expression to 20% after transfection with pDMAEMA and to 
almost 0% when cells were incubated with PEI-based polyplexes. Indicating that 
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Figure 4. Intracellular location of linear PEI-based polyplexes in COS-7 cells. With transferrin 
Alexa 488 clear co-localization is observed for rhodamine-labelled DNA (a). The large PEI-based 
polyplexes also partially co-localize with cholera toxin B (b) after one-hour incubation. 
Representative pictures are displayed. 
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both transport and to a lesser extent, uptake, as we showed earlier, require 
microtubules. Inhibition of macropinocytosis by wortmannin or LY29004, had no or 
even a positive effect on reporter gene expression, indicating that macropinocytosis 
did not contribute to gene delivery. Stimulation of macropinocytosis by addition of 
PMA did not affect gene expression of PEI polyplexes significantly, but remarkably 
increased gene expression of pDMAEMA polyplexes by 7 fold compared to cells 
incubated with only polyplexes. Cholesterol depletion by methyl-β-cyclodextrin 
reduced luciferase expression levels of pDMAEMA-based polyplexes to 4% and of 
PEI polyplexes to 1%. Inhibition of clathrin-mediated endocytosis by 
chlorpromazine had no significant effect on the transfection efficiency of both 
pDMAEMA and PEI polyplexes. Caveolae-mediated uptake, on the other hand, 
strongly contributed to gene expression. When this pathway was inhibited by either 
filipin or genistein reporter gene expression was completely blocked for both PEI- 
and pDMAEMA-based polyplexes, demonstrating that caveolar uptake is of crucial 
importance for gene expression. 

 
Discussion 
 
Knowledge about the intracellular fate of non-viral gene delivery systems is of great 
importance to design further improved carriers. The first step in the process of 
intracellular gene delivery is the cellular uptake of the non-viral gene delivery 
system. Several cellular uptake mechanisms have been described and the aim of this 
study was to determine which pathways are involved in uptake and intracellular 
routing of pDMAEMA- and PEI-based polyplexes. Both pDMAEMA and PEI have 
been shown to be able to condense DNA into positively charged polyplexes that bind 
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Figure 5. Percentage of transfection efficiency of pDMAEMA- (a) or PEI-based (b) polyplexes after 
incubation with various inhibitors. Results are means ± SD from at least four independent 
experiments. * Values significantly different from control (p ≤ 0.05) 
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to and transfect cells 15-17. A detectable fraction of PEI polyplexes was already taken 
up within 10 minutes and resulted in luciferase expression after 30 minutes of 
incubation, whereas pDMAEMA-based polyplexes acted at a slower pace and 
showed detectable levels of intracellular fluorescence only after 30 minutes and 
luciferase expression after a 90 minutes period of incubation. Moreover, transfection 
with PEI-polyplexes resulted in higher levels of luciferase gene expression. More 
rapid internalization and a different uptake and intracellular routing mechanism 
could result in higher levels of luciferase gene expression. The differences in initial 
particle size between the two polyplexes may be one of the reasons for the fast 
uptake and transfection kinetics of PEI polyplexes as compared to the pDMAEMA 
polyplexes. Large particles can sediment faster onto the cells than small particles. 
To study the route of uptake of the polymer/DNA complexes COS-7 cells were 
incubated with a panel of inhibitors of different endocytic pathways. 
Macropinocytosis did not contribute to the uptake of either pDMAEMA- or PEI-
based polyplexes, since inhibition of this pathway did not affect the amount of 
polyplexes taken up. Internalization of both pDMAEMA- and PEI-based polyplexes 
decreased after incubation with methyl-β-cyclodextrin, which causes cholesterol 
depletion and thereby affects both the clathrin- and caveolae-mediated pathway 29,30. 
To discriminate between these two pathways more specific inhibitors of clathrin-
mediated (chlorpromazine) and of caveolae/lipid raft-mediated (genistein) uptake 
were used. Incubation with chlorpromazine did not affect the internalization of both 
pDMAEMA- and PEI-based polyplexes. Inhibition of caveolar uptake significantly 
reduced uptake of PEI polyplexes, but not of pDMAEMA polyplexes. 
In addition, the intracellular location of the polyplexes was confirmed using spectral 
bio-imaging. Spectral bio-imaging has been shown to be a powerful tool for studying 
the intracellular fate of particles and was therefore used in this study 14. Both types of 
polyplexes showed co-localization with both transferrin and cholera toxin B, 
indicating that the polyplexes localized in both clathrin-coated vesicles and caveolae. 
The question now is how to explain the difference in results obtained with 
pDMAEMA between the experiments with the inhibitors and the bio-imaging 
experiments. The bio-imaging experiments clearly showed that pDMAEMA 
polyplexes are taken up both via a clathrin-dependent pathway and via caveolae. 
Remarkably, neither chlorpromazine nor genistein inhibited the uptake of 
pDMAEMA polyplexes. The most likely explanation is that under normal conditions 
both uptake routes work side by side and not at maximum capacity. Once one of the 
endocytotic routes is blocked, more of the cell-bound polyplexes become available 
for the alternative endocytotic route. The differences in the behavior of the two types 
of polyplexes in the inhibitor experiments may be due to their differences in size. 
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Polyplexes form a heterogeneous population from which smaller particles can be 
taken up via the clathrin-mediated pathway and larger particles via the caveolae-
mediated pathway. Rejman et al. recently showed that latex beads with a size smaller 
than 200 nm were taken up via the clathrin-mediated pathway and that larger beads 
were taken up via the caveolae/lipid raft mediated route 35. In addition, histidylated 
polylysine particles with a size ranging from 70 to 200 nm, were shown to be 
internalized by HepG3 cells via both the clathrin-dependent and -independent 
pathway 36.  
Previously, Bieber et al. reported that PEI polyplexes accumulate in the lysosomal 
compartment after cellular uptake 19. However, they only observed co-localization 
between a fraction of the polyplexes and lysosomal markers. A significant part of the 
polyplexes resided in vesicles that did not co-localize with lysosomal markers. These 
results indicate the presence of polyplexes in other vesicles that could well represent 
caveosomes. Akinc et al. tested the proton sponge hypothesis of PEI and stated that 
PEI particles avoid going to the lysosomes, because their surrounding pH has an 
average of 6.1 20. Based on our findings and the study by Huth et al. 21, it is likely 
that the vesicles in which Akinc et al. observed their PEI complexes represented a 
combination of both acidified endosomes/lysosomes and caveosomes, which have a 
neutral pH.  
Both uptake and intracellular routing of gene delivery systems are of major 
importance to achieve transfection. Therefore, effects of uptake inhibitors on gene 
expression were also determined. The inhibitors did not negatively influence gene 
expression themselves. Therefore, decrease in transgene expression was caused by 
the effect of the inhibitors on uptake of the polyplexes. The expression of luciferase 
was unaffected when inhibiting macropinocytosis. In cells incubated with (PMA) 
uptake and transfection efficiency of PEI-based polyplexes were reduced, whereas 
uptake of pDMAEMA-based particles was unaffected and transfection efficiency 
strongly increased. Even though this positive effect of PMA on pDMAEMA 
transfection remains difficult to understand the observation that it drastically 
increases transfection efficiency is very interesting and needs further investigation. 
Inhibition of the clathrin-dependent pathway increased transfection efficiency of 
both types of polyplexes and therefore did not contribute to transfection. Inhibition 
of caveolae-mediated uptake, on the other hand, completely reduced luciferase 
expression in COS-7 cells.  
Some controversy about cellular uptake and gene delivery of cationic polymers 
remains. Kichler et al. showed that incubation of cells with bafilomycin A1, a 
specific vacuolar proton pump inhibitor, decreased PEI-mediated gene transfer 37. By 
inhibiting this vacuolar pump bafilomycin A1 prevents acidification of the internal 
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space of several organelles 38. Kichler et al. concluded from their results that 
acidification of endosomes was important for PEI-mediated transfection. However, 
they did not establish that their PEI polyplexes were actually taken up via clathrin-
mediated endocytosis. Moreover, bafilomycin also acts on a V-type proton pump 
responsible for acidification of plasmalemmal vesicles, which are created each time a 
caveolae buds off from the cell surface and was even found associated with   
caveolae 39. Therefore effects of bafilomycin on caveolar uptake and trafficking of 
PEI polyplexes can not be excluded from their work. 
In correspondence with our observations Kopatz et al. show that PEI polyplexes are 
internalized by HeLa cells after initial binding to heparan sulfate proteoglycans, 
followed by uptake into cholesterol-rich rafts 40. These results correspond to those 
obtained by Huth et al. 21. 
Taken together, our data demonstrate that uptake of pDMAEMA and PEI polyplexes 
is mediated via both the clathrin- and caveolae-mediated pathway, but that only 
caveolar uptake contributes to gene expression. These results imply new strategies 
for gene delivery. Until now the focus was mainly on the escape from the acidic 
environment of endosomes, but with the present data we conclude that more 
emphasis should be put on intracellular trafficking via the caveolar/lipid raft 
pathway.  
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 Information about the intracellular location of DNA complexed with polymers used 
for non-viral gene delivery is of major importance for optimization of their 
efficiency. To obtain this information we used fluorescence in situ hybridization 
(FISH) as a technique to visualize the introduced plasmid DNA after incubation with 
cells. DNA detection with FISH has some advantages over fluorescent labeling of 
DNA; the FISH label is added after incubation, preventing possible dissociation of 
the label from the DNA and/or alteration of the physicochemical properties of the 
DNA, which may influence its intracellular behavior and the accuracy of detection. 
In this study, we observed that with FISH the introduced plasmid DNA can be 
detected in the cytosol and nucleus and that the FISH probe itself does not interact 
with cells and polymers. Therefore, FISH is an accurate method to detect exogenous 
plasmid DNA, delivered in the cell by cationic polymers. Results showed that the 
amount of DNA detected with this method is related to the transfection efficiency of 
the polymer, since more DNA was detected in cells incubated with efficient 
transfection agents. 
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Introduction 
 
The intracellular routing of DNA delivered into the cell by non-viral gene delivery 
systems forms a critical step in the transfection process. DNA has to be delivered 
into the nucleus for transcription of the gene. Unfortunately, nuclear delivery is 
rather inefficient particularly in non-dividing cells. Pollard et al. showed that less 
than one in 1000 copies of the transgene is delivered into the nucleus after 
microinjection of the DNA into the cytosol 1,2. This poor efficiency can be caused by 
inefficient transport into the nucleus, but also by inefficient intracellular transport to 
the nucleus. The transport to the nucleus is greatly hampered by difficulties in 
escaping from endocytic vesicles, poor mobility of DNA in the cytosol and 
enzymatic degradation in the cytosol. Lechardeur et al. showed that the turnover of 
naked plasmid DNA in the cytosol is 50-90 minutes 3. The use of non-viral gene 
delivery systems, such as polymers and liposomes can substantially increase the half-
life of DNA in the cytosol 1-4. Different polymers have been used to complex DNA 
and transfect cells with varying efficiencies. To gain more insight into the fate of a 
polymer/DNA complex it is important to know its intracellular localization. 
Several, mainly fluorescence-based, methods have been applied to investigate the 
intracellular trafficking of the DNA, involving non-covalent as well as covalent 
labeling methods. Non-covalent DNA-labeling methods include the use of DNA-
intercalating agents like ethidium homodimer 5 and YOYO-1 6 and methods based on 
electrostatic interaction. Covalent linkage of fluorescent tags to the DNA prior to 
complexation with its carrier has been used as well. However, both methods have 
serious limitations, which may cause artifacts and misinterpretation of the obtained 
results. Upon dissociation and/or degradation of gene delivery complexes fluorescent 
tags may be released and redistributed throughout the cell, not representing the 
location of the DNA of interest. Furthermore, the effect of attaching labeled 
compounds to the DNA or to the carrier may change its physicochemical properties 
and, thereby, induce changes in its intracellular behavior 7. Finally, emission of 
fluorescent probes is usually greatly influenced by its microenvironment (pH, tissue-
density) as well as the concentration of fluorescent probes. Therefore, we set out to 
study the use of a post-labeling procedure for the detection of the location of intact 
DNA delivered into cells by polymeric gene delivery systems. A well-known method 
for the detection of chromosomal DNA is fluorescence in situ hybridization (FISH). 
FISH is used frequently for gene mapping and for identification of chromosomal 
abnormalities 8 and has been used occasionally to detect plasmid DNA in the cell. 
Gusonni et al. studied the presence of introduced genes in host tissue after injection, 
Dean monitored the intracellular location of plasmid DNA microinjected into the 
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cytosol of cells and Pollard et al. assessed the stability of plasmid DNA inside the 
cell 2,9,10. FISH involves the preparation of short sequences of single-stranded DNA, 
called probes, which are complementary to the DNA sequence that has to be 
identified. These probes, for instance equipped with a digoxigenin-label, hybridize to 
the complementary DNA and can be detected with fluorescently labeled anti-
digoxigenin-antibodies. Pollard et al. compared FISH with PCR-based DNA 
detection and established that with FISH all the intact plasmid DNA present in the 
cell could be detected 2. They observed that naked plasmid DNA was degraded after 
four hours after microinjection into the cytoplasm. Protection of the DNA was 
accomplished by complexation of the plasmid with the cationic polymer, PEI. 
The aim of this study is to develop and use FISH as a method to detect the location 
of exogenous DNA delivered inside the cell by different polymeric carriers. A probe 
complementary to the plasmid DNA is used to identify the cellular location of the 
plasmid DNA. First, the specificity of this FISH probe is tested in plain cells and 
cells incubated with polymer alone. Subsequently, the location of DNA, introduced 
into the cell by cationic polymers, like PEI, pDMAEMA, pDAMA inside the cell is 
determined using FISH 11,12. 
 
Materials and methods 
 
Cells and cell culture 
COS-7 African green monkey cells were grown in DMEM (Gibco BRL, Breda, the 
Netherlands) completed with antibiotics/antimycotics (100 IU/ml penicillin, 100 
µg/ml streptomycin and 0.25 µg/ml amphotericin B), 5% foetal calf serum and 25 
mM HEPES. OVCAR-3 cells were grown in the same medium, but then 
supplemented with 10% foetal calf serum. NIH/3T3 cells were grown in RPMI 1640 
medium (Gibco BRL, Breda, the Netherlands) completed with 
antibiotics/antimycotics (100 IU/ml penicillin, 100 µg/ml streptomycin and 0.25 
µg/ml amphotericin B), 10% foetal calf serum and 4.5 g/l L-glutamine. Cells were 
cultured at 37°C in a 5% CO2 humidified air atmosphere.  
 
Cell transfection  
For each cell line, 10,000 cells per well were seeded 24 hours before transfection on 
glass chamber slides (Costar) to reach 60-70% confluency during transfection. Prior 
to transfection the culture medium was refreshed with 100 µl completed DMEM 
medium, containing 10% FCS. pDMAEMA-co-AEMA was synthesized as described 
before 13 and when required labeled with rhodamine-B-isothiocyanate (Aldrich), as 
described by Funhoff et al. 14. PDMAEMA- and pDMAEMA-co-AEMA-rhodamine 
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B polyplexes were prepared to obtain a final concentration of 1 µg DNA/well in the 
optimal polymer/DNA ratio of 5/1. Polyplexes were prepared by adding 37.5 µg/ml 
pDMAEMA or pDMAEMA-co-AEMA rhodamine B to 50 µg/ml DNA in a volume 
ratio of four to one (polymer to DNA). Linear 22-kDa PEI (ExGen 500, Fermentas) 
was complexed with plasmid as described by the manufacturer at an N/P of 6/1. 
pDAMA polyplexes were made at a 12/1 N/P ratio. Polyplexes were incubated for 30 
minutes at room temperature. The cells were incubated with 100 µl polyplexes for 
one hour. Subsequently, the medium was refreshed with completed medium.  The 
cells were cultured for 1, 4, 24 or 48 hours after transfection. 
For the binding study, cells were kept at 4°C prior to addition of polyplexes. After 
addition of pDMAEMA-co-AEMA-rhodamine B-based polyplexes, the cells were 
incubated for 60 minutes at 4 °C. 
 
Fluorescence in situ hybridization 
After various incubation times the cells were washed three times with PBS, 
incubated with 100 µl hypotonic buffer (0.075 M KCl) and fixed with 100 µl 
methanol/acetic acid (4/1) for 30 minutes at room temperature. Subsequently, the 
cells were dehydrated in an alcohol solution series (50, 70, 95 and 100%) for 5 
minutes each. To synthesize the digoxigenin-labeled probe 1 µg plasmid DNA, the 
same concentration as used for transfection of the cells, was labeled using 
digoxigenin (DIG) nick translation mix as described by the manufacturer (Roche, 
Almere, The Netherlands). The probe was purified using a Qiaquick PCR 
purification kit (Qiagen). The DIG-labelled probe was denatured in a hybridization 
solution (50% formamide, 2% Denhardt’s solution (Sigma), 10% dextran sulfate, 
10% herring sperm DNA (1mg/ml, Sigma) and 10% probe in 1x SSC (sodium 
chloride-sodium citrate buffer)) for 30 minutes at 70 °C. The DNA in the cells was 
denatured in 70% formamide, 2x SSC for 12 minutes at 80 °C. The probe-
hybridization solution was added to the cells, which were subsequently covered with 
parafilm and incubated in a humidified box at 37 °C overnight. After hybridization 
the cells were washed with 2x SSC, followed by three separate incubations for 5 
minutes at 43 °C in 50% formamide in 2x SSC. Hereafter, the cells were washed 
stringently for 5 minutes in 0.1x SSC at 60 °C and washed with PBS. The cell-
associated probes were stained using the fluorescent antibody enhancer set for DIG 
detection (Roche, Almere, The Netherlands) according to manufacturers protocol. 
The nuclei were stained with 2 µM TO-PRO 3 iodide (Molecular Probes, Leiden, 
The Netherlands) in PBS for 25 minutes at room temperature. Hereafter, the cells 
were mounted in fluorsave (Omnilabo, Breda, The Netherlands). The slides were 
examined using a Leica TCS-SP confocal laser scanning microscope and analysed 
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using Leica TCS-SP Power Scan software (Leica Microsystems, Rijswijk, The 
Netherlands). 
 
Results 
 
Detection of intracellular exogenous DNA with FISH 
Exogenous DNA was detected with fluorescent in situ hybridization using a 
digoxigenin-labeled probe. The probe was synthesized by digoxigenin-nick 
translation. This resulted in a probe with a length varying between 200 and 750 bp. 
The probe was purified and denatured before incubation with transfected cells, which 
were fixed, permeabilized and incubated at 80 °C. The cells were transfected with 
the same plasmid DNA as was used to prepare the digoxigenin probe. The probe and, 
thus, the plasmid DNA to which it is directed, was detected using an FITC 
conjugated antibody against digoxigenin. The digoxigenin-labeled probe proved to 
be specific for the plasmid DNA, because it did not hybridize with endogenous DNA 
in the cell (figure 1a). 

a b c

d e

 
Figure 1. OVCAR-3 cells were incubated with PEI (a) or pDMAEMA (c) polymer or PEI- or 
pDMAEMA-complexed pluc DNA at 37°C (d and e). The cells were hybridized with a digoxigenin-
probe synthesized against pLuc. No FISH signal was detected in untreated OVCAR-3 cells (a), 
OVCAR-3 cells incubated with only PEI (b) or pDMAEMA (c) polymer. The plasmid was 
visualized with FITC and the nucleus was stained with TO-PRO3. The scale bar represents 40 µm. 
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In addition, the probe did not exhibit electrostatic binding with the cationic polymers 
used for gene delivery, since no fluorescent FISH label was observed in OVCAR-3 
cells incubated with PEI or pDMAEMA polymers alone (figure 1b and c). After a 
24-hour incubation of OVCAR-3 cells with PEI- or pDMAEMA-complexed plasmid 
DNA bright fluorescent spots were observed inside the cells (figure 1d and e). The 
spots localized mainly in the cytosol. In some cells abundant fluorescent labeling 
was observed throughout the entire cytosol and in others even some FISH signal was 
found inside the nucleus. 
 
DNA localizes inside the nucleus after incubation of cells with PEI-based 
polyplexes 
The cellular localization of PEI-based polyplexes was determined in more detail. To 
start with, cells were incubated with PEI polyplexes for one hour after which the 
polyplexes were removed. Subsequently, the cells were incubated for different 
incubation periods at 37 ºC. One hour after transfection the plasmid DNA located 
mainly in the cytosol, but already in quite a few cells DNA was detected inside the 

a b

c d

 
Figure 2. Distribution of PEI-complexed DNA inside OVCAR-3 cells after 1 hour incubation with 
the polyplexes followed by 1 (a) or 24 (b,c and d) hours incubation at 37 °C. The DNA was detected 
using fluorescence in situ hybridization. The plasmid DNA was visualized with FITC and the 
nucleus was stained with TO-PRO3. Figure 2d is a partial enlargement of 2c with a zoom of 3. The 
scale bar represents 40 µm. 
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nucleus (figure 2a). This is in accordance with previous results in which we observed 
that PEI-transfected cells already express the reporter gene within 30 minutes 
(chapter 3). In cells that were incubated for 24 hours the DNA was detected mainly 
in or around the nucleus (figure 2b and c). The amount of DNA in the cell membrane 
region decreased compared to the one-hour incubation. This could indicate transport 
of the DNA to the perinuclear region. To confirm that the DNA is inside the nucleus 
after a 24-hour incubation a stack of sections through the cell was taken and 
represented from the top and from the side (figure 2d). Since, the nucleus is colored 
blue and the plasmid DNA green, DNA that is located inside the nucleus colors cyan. 
In both the horizontal as the vertical cross section cyan colored spots are visible, 
demonstrating that the DNA localized inside the nucleus.  
 
pDMAEMA-based polyplexes reach the nucleus intact 
pDMAEMA is also able to condense DNA and transfect cells, although to a lesser 
extent than PEI. We observed previously that both uptake and gene expression 
occurred at a lower pace after incubation of cells with this polymer than with PEI 
(chapter 3). After a 1-hour incubation period with the pDMAEMA-based polyplexes, 
the polyplexes were removed and the cells were incubated for another hour in 
medium at 37ºC. After this incubation period the FISH signal was detected in the 
cytosol (figure 3a). The fluorescence was punctuated. After 4 hours the detected 
plasmid DNA is located throughout the cytosol (figure 3b), whereas after a 24 hour 
incubation period the DNA localized mainly around the nucleus (figure 3c). Less 
bright FISH signal was visible after incubation with the pDMAEMA polyplexes than 
after incubation with PEI polyplexes. To test if the polymer and plasmid DNA 
localize together in the cell rhodamine-labeled pDMAEMA was used to complex the 
plasmid DNA. This polymer has the same DNA binding properties as regular 
pDMAEMA and is able to transfect cells with comparable efficiency as pDMAEMA. 
Different cell lines, OVCAR-3, NIH/3T3 and COS-7, were transfected with 
pDMAEMA-rhodamine-complexed plasmid DNA. After 24 hours both the FISH 
signal and the rhodamine-labeled polymer located mainly perinuclear (figure 4). Not 
much DNA was detected inside the nucleus. And the DNA that was detected inside 
the nucleus was still in the presence of the pDMAEMA polymer (figure 5). 
 
No DNA can be detected with FISH when it is complexed by polymers too 
tightly 
One possible reason for the decreased FISH signal inside the cell after transfection 
with pDMAEMA in comparison to PEI could be that the DNA is complexed by the 
pDMAEMA polymer more tightly and, therefore, is inaccessible for the FISH probe. 
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When polyplexes bind to the cell membrane, the DNA is still condensed by the 
polymer. To test if condensed DNA is accessible to the FISH probe cells were 
incubated with pDMAEMA-rhodamine-based polyplexes at 4°C. At this temperature 
no internalization of polyplexes takes place. Rhodamine-labeled pDMAEMA was 
used to ascertain that the polyplexes were not washed away from the cell membrane. 
Figure 6a shows that no DNA could be detected by the FISH probe, but that the 
polyplexes were still bound to the outside of the cell, as evidenced by the membrane 
associated signal. In the past, it has been shown that association/dissociation 
properties of polymers differ and that this could relate to their transfection   
efficiency 15. In order to further pursue this, another poly(2-methyl-acrylic acid 2-[(2-
(dimethylamino)-ethyl)-methyl-amino]-ethyl ester) (pDAMA), was used to transfect  
cells. Previously, it was shown that the transfection efficiency of this polymer was 
low, despite its “proton sponge” potential 14. In the present study FISH was used to 
determine the intracellular location of the DNA delivered by pDAMA. Even though 
the same amount of DNA was used to transfect the cells as with the other polymers 
and pDAMA polyplexes are known to be taken up efficiently 14, no FISH signal 
could be detected in cells 24 hours after transfection with pDAMA polyplexes 
(figure 6b). Also after longer incubation periods of 48 and 72 hours no fluorescence 
was observed (data not shown). Taken together, these results suggested that pDAMA 
condensed DNA more tightly than the other polymers diminishing access of the 
FISH probe.  
 
Discussion 
 
With the determination of gene expression the end-point in gene delivery is 
established, but because cellular factors, like transcription factors, can influence gene 
expression, it is not always a good read-out for efficiency of a cationic polymer. Not 
all the DNA that is delivered inside the nucleus results in gene expression 9. Since we 
want to assess the problems encountered with non-viral gene delivery, we need to 
establish where inside the cell DNA is delivered. Cationic polymers are used to 
condense the DNA into small particles that can enter the cell by endocytosis and to 
protect it from intracellular nucleases in the lysosome and the cytoplasm2,16. 
Therefore, protection of the DNA by cationic polymers is very important. The 
cationic polymers PEI and pDMAEMA were used in this study. Both polymers are 
able to condense DNA into particles, but they have different transfection efficiencies 
17. Binding and uptake studies with FACS showed that cellular binding of the 
particles was the same, but that PEI polyplexes were taken up more rapidly than 
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pDMAEMA polyplexes and that the amount of internalized DNA remained higher 
for PEI (chapter 3).  
 

To determine if there are also differences in cellular localization with the different 
polymers we assessed the intracellular location of the plasmid with fluorescence in 
situ hybridization (FISH). This method has the advantage over fluorescent labeling 
of DNA that the fluorescent label is added afterwards and, therefore, no dissociation 
of the DNA and label or bleaching of the label can occur during intracellular 
transport. Nor does the FISH label alter the physicochemical properties and thereby 
the intracellular behavior of the DNA as may occur after direct attachment of a 
fluorescent label to DNA. Recently, Gasiorowski and Dean showed that plasmid 
DNA labeled with several commercially available fluorescent DNA labeling kits that 

ba c

 
 
Figure 3. Distribution of pDMAEMA-complexed DNA inside OVCAR-3 cells after 2 (a), 4 (b) and 
24 (c) hour incubation. The DNA was detected using fluorescence in situ hybridization. The plasmid 
DNA was visualized with FITC and the nucleus was stained with TO-PRO3. The scale bar 
represents 40 µm. 

a b c

 
Figure 4. OVCAR-3 (a), NIH-3T3 (b) and COS-7 (c) cells were incubated with rhodamine-
pDMAEMA/pluc particles for 1 hour followed by an incubation of 24 hours at 37°C. The plasmid 
DNA was visualized with FITC, pDMAEMA was rhodamine labeled and the nucleus was stained 
with TO-PRO3. The scale bar represents 40 µm. 
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randomly attach fluorophores to the entire plasmid excludes the plasmids from 
daughter nuclei after cell division 7.  

 

pLuc pDMAEMA

nuclei Overlay

 
 
Figure 5. Co-localization between pluc DNA and rhodamine-labeled pDMAEMA. OVCAR-3 cells 
were incubated with pluc DNA complexed with rhodamine-labeled pDMAEMA for 4 hours. The 
plasmid DNA (pluc) was visualized with FITC, pDMAEMA was rhodamine labeled and the nucleus 
was stained with TO-PRO3. Scale bar represents 16 µm. 
 

a b

 
Figure 6. (a) Binding of pDMAEMA-based polyplexes to the cell membrane after incubation at 
4°C. (b) Distribution of pDAMA-complexed DNA inside OVCAR-3 cells after 24 hours The 
plasmid DNA was visualized with FITC, pDMAEMA was rhodamine labeled and the nucleus
was stained with TO-PRO3. 
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In this study FISH was used to determine the intracellular location of plasmid DNA 
complexed with PEI and pDMAEMA. First, the specificity of the FISH probe was 
tested to exclude interaction of the probe with either endogenous DNA or with the 
cationic polymer. No fluorescence was detected when cells were incubated with only 
polymer without plasmid DNA. When cells were incubated with PEI- or 
pDMAEMA-complexed DNA clear fluorescence was observed inside the cell. The 
DNA located mainly inside the cytoplasm, but also some nuclear localization was 
observed. Within 4 hours and also after 24 hours fluorescent spots were observed in 
the nucleus. This indicates that the polymers were able to protect the plasmid DNA 
from degradation by nucleases in the cytoplasm and deliver the DNA into the 
nucleus. This is in agreement with previous studies where PEI polyplexes were 
microinjected into the cytoplasm of cells, which resulted in gene expression, 
indicating that PEI can facilitate nuclear uptake of plasmid DNA 1. The same result, 
although to a lesser extent, was observed for PLL complexed DNA. However, when 
DOGS or DOTAP liposome-complexed DNA was microinjected into the cytosol no 
gene expression was observed. These results show that differences in efficiency of 
cationic vectors are not only caused by differences in uptake and release in the 
cytoplasm, but also by differences in trafficking through the cytoplasm and uptake 
into the nucleus. We observed already 1 hour after incubation with PEI polyplexes 
DNA inside the nucleus, indicating that the polymer can rapidly facilitate transport 
into the nucleus.  
To establish if the plasmid DNA and pDMAEMA polymer remain associated inside 
the cell, a rhodamine-labeled pDMAEMA co-polymer (pDMAEMA-co-AEMA-
Rhodamin B) was used to transfect OVCAR-3, NIH/3T3 and COS-7 cells. The 
polymer and DNA were detected to co-localize spots. Interestingly, also rhodamine-
labeled pDMAEMA was found inside the nucleus. This indicates that the polymer is 
able to facilitate transport of DNA into the nucleus, likely during mitosis. During cell 
division the nuclear envelope (NE) is broken down and reassembled in each daughter 
cell on completion of mitosis 18. Previously, nuclear localization of PEI, both in the 
presence and absence of DNA, was observed 19,20. Godbey et al. observed nuclear 
localization of polyplexes after 3.5-4.5 hours. The mechanism of nuclear uptake of 
PEI polyplexes was not elucidated, but they put forward that it could be caused by 
interaction with lipids inside the cytoplasm or with the membrane of endocytic 
vesicles 21,22. The lipids and membrane components would provide the particle with a 
phospholipid coating, which could facilitate nuclear import via fusion with the NE. 
The mechanism of nuclear localization of pDMAEMA-based polyplexes needs to be 
further analyzed. 
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We also studied the intracellular localization of DNA delivered into the cell by the 
cationic polymer, pDAMA. Previously, it was shown that the transfection efficiency 
of this polymer was low, despite its “proton sponge” potential and the observation 
that the polyplexes were internalized by cells 14. No FISH signal was observed 24, 48 
or 72 hour after transfection of cells with pDAMA-based polyplexes. 
Low levels of DNA inside the cell could be caused by low uptake rates, DNA 
degradation by nucleases or tight condensation of the DNA by the polymer. When 
DNA is complexed too tightly by the polymer, it could be that the FISH probe is not 
able to bind to the DNA. To test probe accessibility to condensed DNA, cells were 
incubated with rhodamine-labeled pDMAEMA polyplexes at 4ºC. At this 
temperature polyplexes can bind cells, but are not internalized. Therefore, the DNA 
remains tightly bound by the polymer. Rhodamine-labeled pDMAEMA was 
detected, whereas no FISH signal could be observed. This result indicates that the 
FISH probe is not able to bind DNA that is tightly complexed by a cationic polymer. 
This implies, that the reason for the lack of transfection with pDAMA polymers is 
their strong DNA condensing properties. Competition studies using poly-anions to 
dissociate polyplexes and ethidium bromide replacement studies indeed revealed that 
pDAMA polyplexes appear much more stable than pDMAEMA polyplexes 14. 
Therefore, a lack of FISH signal is indicative of inefficient dissociation of polyplexes 
and subsequent low transfection efficiency. 
Our results and those of others demonstrate that after internalization some level of 
interaction between PEI and pDMAEMA polymers and plasmid DNA remains, 
because co-localization between the DNA and pDMAEMA polymer was observed. 
Polymers prolong the half-life of the DNA by protection against digestion by 
nucleases. Therefore, the lack of FISH detection may be predictive of efficient 
dissociation of polyplexes and subsequent transfection efficiency. 
In this study we showed that with FISH it is possible to detect exogenous DNA 
inside the cell and nucleus. The amount of DNA detected inside the cell seems to be 
related to the efficiency of the cationic polymer used to complex the DNA, i.e. the 
more dissociated DNA is detected by FISH, the higher the transfection efficiency is. 
Albeit, a certain level of DNA protection by the cationic polymer remains required.  
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Transfection with non-viral gene delivery vectors, such as cationic polymers, 
generally results in low transgene expression in vivo. This is likely due to poor 
cytoplasmic transport and intra-nuclear DNA delivery. In this study two strategies to 
improve nuclear import were investigated. Linear DNA constructs with or without an 
NLS peptide were prepared by PCR. Alternatively, linear DNA obtained by 
enzymatic cleavage followed by capping of both ends with DNA-hairpins was used. 
An NLS peptide was attached to one of the capped ends of the linear DNA. Both 
biodegradable (pDMAEAppz) and non-degradable polymers (PEI or pDMAEMA) 
were used to complex the DNA. Several cell types, dividing and non-dividing, were 
transfected with the linear DNA constructs containing a SV40-derived NLS peptide. 
Linear DNA prepared by PCR proved not useful as it was degraded from the 3’end. 
Linear DNA capped with hairpins was more successful with regard to stability. Cells 
transfected with linear DNA constructs by electroporation or by using cationic 
polymers with linear DNA containing an NLS peptide, however, failed to show 
significantly higher luciferase expression levels when compared to cells transfected 
with plasmid DNA or linear DNA without an NLS peptide attached. Taken together, 
these data demonstrate that this nuclear localisation signal is not able to improve 
nuclear import of the chosen DNA constructs. 
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Introduction 
 
Non-viral gene delivery systems are safer and more cost-effective than viral vectors, 
but unfortunately less efficient in gene delivery. Before transcription of the DNA can 
take place, several membranes have to be crossed, including the nuclear membrane 1. 
In non-dividing cells, the only way into the nucleus is via the nuclear pore complex 
(NPC) 2. Transport through the NPC can be either passive or active, but both are size 
restricted. Molecules with a diameter smaller than 9 nm can diffuse freely through 
the NPC, whereas larger molecules require active transport 3. For active transport of 
proteins a nuclear localisation signal (NLS), which can interact with the nuclear 
transport system and thereby initiate nuclear import, is required 4,5. This NLS 
consists of one cluster of basic amino acid residues (monopartite) or two clusters of 
basic residues separated by 10-12 neutral residues (bipartite) 6,7. The NLS peptide 
derived from the SV40 large T antigen contains a monopartite sequence 
(PKKKRKV). Following binding of the NLS peptide to importin α, which forms a 
complex with importin β, nuclear import of the peptide and its protein cargo is 
achieved 4,8. Conjugation of an NLS peptide to DNA could thus improve nuclear 
import of exogenous DNA and thereby improve transfection efficiency of non-viral 
gene delivery systems 9,10. In 1999, indeed, transfection enhancement was reported 
by conjugation of an NLS peptide to linear DNA in non-viral gene delivery    
systems 11. These authors showed a 300-fold increase in transfection when an NLS 
peptide was covalently attached to linear DNA. 
The aim of this study was to enhance the transfection efficiency of polyplexes 
consisting of non-viral gene delivery vectors poly(2-(dimethylamino)ethyl 
methacrylate) (pDMAEMA) and poly(2-(dimethylamino)ethylamino)phosphazene 
(pDMAEAppz) that were developed in our lab 12,13. Results were compared with 
commercially available polyethylenimine (PEI) 14. The cationic polymer 
pDMAEMA is able to bind and condense plasmid DNA and has shown in vitro to be 
an efficient transfection agent 12. However, pDMAEMA and PEI are not degradable 
and, therefore, less preferable for in vivo usage. For that reason, biodegradable 
polymers based on polyphosphazenes have been developed 13.  
To enhance the transfection efficiency of these gene delivery vectors we tried to 
improve the nuclear import of the DNA by synthesising a linear DNA construct with 
one NLS peptide. The linear DNA was constructed by the polymerase chain reaction 
(PCR) 15. PCR primers with a phosphorothioate backbone were used to protect the 
DNA construct against nuclease degradation from the 5’end 16. A SV40-derived NLS 
peptide was covalently attached to the reverse primer. In addition, linear DNA 
fragments, capped at both ends with hairpins, were used 11,17. To the 3’ hairpin an 
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NLS peptide was covalently attached. We tested the transfection efficiency of the 
constructs both in dividing and non-dividing cells and studied their nuclear import 
capacity in digitonin-permeabilized cells 18. 
 
Materials and Methods 
 
Amplification of linear DNA fragments 
The plasmid phRL-CMV (Promega, Leiden, The Netherlands), containing the renilla 
luciferase gene under control of the cytomegalovirus (CMV) immediate-early 
promoter was used as a template for preparation and amplification of linear DNA 
fragments. Plasmids were isolated from overnight cultures of E. coli DH5α using the 
ENDofree plasmid kit (Qiagen, Leusden, The Netherlands). PCR primers were 
modified at the 5’end through a phosphorothioate linkage (PTO), instead of a 
phosphodiester bond for stability reasons. The PTO-modified bases are underlined in 
the primer sequences: 5’primer: 5’-CGGAGCCTATGGAAAAACGCCAGCAA-3’ 
and 3’primer: 5’-GTTATTGTCTCATGAGCGGATACAT-3’. The SV40 derived 
NLS peptide (NH2-PKKKRKVEDPYC) 11 was covalently coupled to the 5’ end of 
the 3’ PTO primer. All phosphorothioate-modified primers, thus including the NLS-
containing primer, were purchased from Altabioscience (Birmingham, UK). The 
amplification of PTO modified fragments was performed in a total of 1 ml PCR mix, 
containing 0.6 µM primers, 0.2 mM dNTP, ExTaqTM buffer and 25 units of ExTaqTM 
enzyme (Takara). The amplification of the PTO/NLS modified fragments was 
carried out in a total of 1 ml PCR mix, containing 6.25 µM primers, 0.2 mM dNTP, 
10% DMSO, ExTaqTM buffer and 25 units of ExTaqTM enzyme. The template was 
denatured for 2 min at 94°C followed by 35 cycles consisting of 30 s 94°C, 30 s 
60°C (NLS/PTO primer) or 65°C (PTO primer) and 2 min 72°C. The PCR samples 
were ethanol precipitated and re-suspended in MilliQ water. The linear DNA 
fragments were run into a 0.8% agarose gel and purified from the gel with the 
QIAEX II Agarose Gel Extraction Kit (Qiagen). The DNA concentrations were 
determined using Picogreen dsDNA Quantitation Reagent (Molecular Probes, 
Leiden, The Netherlands). The functionality of the PCR-generated linear DNA 
constructs was determined using the TnT quick coupled transcription/translation 
system (Promega). Luciferase expression was measured using the renilla luciferase 
assay system (Promega) and luminescence was measured using a Lumat LB 9507 
Berthold luminometer (EG&G Benelux B.V., Breda, The Netherlands). PMokLuc 
(pDNA) containing the firefly luciferase gene under control of the cytomegalovirus 
(CMV) immediate-early promoter, the minimal immunogenic deficient gene 
expression vector MIDGE (LDNA) and MIDGE-NLS (NLS-LDNA) were purchased 
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from Mologen (Berlin, Germany). The quality of the linear DNA and the presence of 
an NLS peptide on the DNA were assessed by Mologen (data not shown). 
 
Exonuclease degradation test 
To determine the relative stability of the linear DNA fragments, 1 µg of DNA was 
incubated with 10 units of exonuclease III (Promega, Leiden, The Netherlands) or 15 
units Lambda exonuclease (New England Biolabs, Westburg, Leusden, The 
Netherlands) both in a total volume of 30 µl. As a control 1 µg phRL-CMV plasmid 
DNA was treated simultaneously. The incubation was performed for 10, 30 and 60 
min at 37°C. Samples were collected at these points in time, heat inactivated for 10 
min at 80°C and analysed by ethidium bromide stained agarose gel electrophoresis. 
 
Cells and cell culture 
COS-7 African green monkey cells were grown in DMEM (Gibco BRL, Breda, The 
Netherlands) completed with antibiotics/antimycotics, 5% foetal calf serum (FCS) 
and 25 mM HEPES. MDCK-42 canine kidney and OVCAR-3 ovarian carcinoma 
cells were grown in the same medium, but then supplemented with 10% foetal calf 
serum. NIH/3T3 cells were grown in RPMI 1640 medium (Gibco BRL, Breda, The 
Netherlands) completed with antibiotics/antimycotics, 10% foetal calf serum and 4.5 
g/l L-glutamine. Cells were cultured at 37°C in a 5% CO2 humidified air atmosphere.  
 

Cell transfection 
For each cell line, 10,000 cells per well were seeded 24 hours before transfection in 
96-well tissue culture plates (Costar) to reach 60-70% confluence during 
transfection. To obtain growth-arrested MDCK-42 cells, the same number of 
MDCK-42 cells was seeded a week before transfection in 96-well tissue culture 
plates. In this way 100% confluence was achieved during transfection. Medium was 
replaced every two days. Prior to transfection the culture medium was refreshed with 
100 µl DMEM medium, containing 10% FCS. Transfection was performed using 
different DNA concentrations. Polyplexes were prepared to obtain a final 
concentration of 1µg DNA/well and were subsequently diluted in HEPES buffered 
saline (HBS). Polyplexes were prepared in the optimal polymer/DNA N/P ratio of 
5/1 for pDMAEMA and 12/1 for pDMAEAppz. Polyplexes were prepared by adding 
37.5 µg/ml pDMAEMA or 75 µg/ml pDMAEAppz to 50 µg/ml DNA in a volume 
ratio of four to one (polymer to DNA). Linear 22-kDa PEI (ExGen 500, Fermentas, 
St Leon-Rot, Germany) was used as described by the manufacturer. Polyplexes were 
incubated for 30 minutes at room temperature and subsequently diluted in HBS to 
obtain the desired amount of DNA per well. The cells were incubated with 100 µl 
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polyplexes for one hour. Subsequently, the medium was refreshed with completed 
medium.  The cells were cultured for 24 hours after transfection, washed in ice cold 
PBS and harvested in 100 µl 1x reporter lysis buffer (Promega). Ten µl cell 
suspension was diluted in 100 µl luciferase reaction buffer (Promega) and the 
luminescence was measured after 10 s using a Lumat LB 9507 Berthold 
luminometer. This assay is linear with the amount of input luciferase (unpublished 
data). Results were expressed as relative light units per mg of cell protein as 
determined by DC Protein assay (Biorad, The Netherlands). 
 

Cell electroporation 
COS-7 cells were transfected with plasmid and linear DNA using electroporation 
with a Gene PulserII (Biorad, The Netherlands). Cells were diluted to a 
concentration of 1.1*106 cells/ml in 20 mM HEPES containing PBS (pH 7.4). 
Different DNA concentrations in a volume of 25 µl of HEPES buffer were added to 
225 µl cells and were incubated on ice for 10 min. Prior to electroporation 250 µl 20 
mM HEPES was added and the cell suspension was transferred to a 0.4 cm Gene 
Pulse cuvette (Biorad, The Netherlands). Electroporation was carried out at 0.25 kV 
and 950 µF. After electroporation the cell suspension was transferred to a 1.5 ml tube 
on ice and 500 µl completed DMEM, containing 10% FCS, was added. From this 
cell culture 200 µl was transferred to a well of a 96-well plate and incubated at 37°C 
for 24 hours. The experiments were carried out in triplicate. 
 
Cell permeabilization 
Digitonin-permeabilized OVCAR-3  cells were prepared according to the method of 
Adam et al. 18. On glass chamber slides (Costar) 2*104 cells per well were seeded 24 
hours before the permeabilization. The NLS peptide was covalently coupled via a 
thioether linkage to BSA Texas Red (Molecular probes, Leiden, the Netherlands) 
using the heterobifunctional linker MBS (Pierce, Etten-Leur, The Netherlands). DNA 
was covalently labelled with Cy5 dye using the Mirus Label It nucleic acid labelling 
kit (Sopachem BV, Wageningen, the Netherlands). The cells were incubated for 5 
min with 40 µg/ml ice-cold digitonin (Omnilabo, Breda, The Netherlands) in 
transport buffer (20 mM HEPES pH 7.3, 110 mM potassium acetate, 5 mM sodium 
acetate, 2 mM magnesium acetate, 0.5 mM EGTA, 2 mM DTT, 1 µg/ml aprotinin, 
leupeptin and pepstatin) and washed in cold transport buffer. Next, transport buffer 
containing an ATP regeneration system (1 mM ATP, 0.5 mM GTP, 10 mM creatine 
phosphokinase), rat liver cell lysate and 20 µg BSA-Texas Red with or without NLS 
or 1 µg labelled DNA was added to the cells and the cells were incubated for 30 min 
at 37°C. Subsequently, the cells were rinsed with transport buffer, and a coverslip 
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was placed on top of the cells and sealed at the side with nail polish. The slides were 
immediately examined using a Leica TCS-SP confocal laser scanning microscope 
and analysed using Leica TCS-SP Power Scan software (Leica Microsystems, 
Rijswijk, The Netherlands). 
 
Results 
 
Degradation of PCR-generated DNA constructs from the 3’end may account for 
absence of transfection activity despite functionality of the constructs 
Plasmid DNA, which is normally used for transfections, is rather large in size and 
difficult to deliver into the nucleus solely by diffusion and without cell division. 
Therefore, we made a minimal DNA fragment by PCR, containing the CMV 
promoter, the luciferase coding sequence and the SV40 polyA. The primers used 
contained at the 5’ end 4 nucleotides with a phosphorothioate backbone to protect the 
linear DNA construct from degradation by nucleases in the cytoplasm 16. In order to 
further improve transfection efficiency, a 3’ primer with a covalently attached NLS 
peptide (PKKKRKVEDPYC) was used. Figure 1a (lanes 1-7) shows the PCR-
generated linear DNA construct with an NLS peptide attached. Functionality of the 
PCR constructs was established by a cell free assay, i.e. luciferase activity was 
measured after in vitro transcription and translation of the PCR generated constructs 
(Figure 1b). Although plasmid DNA gave higher luciferase expression levels the 
PCR-generated constructs, with and without NLS, were both functional. 
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Figure 1. a. Stability of PCR-generated linear DNA construct. The linear DNA construct with NLS 
peptide (lane 1-7) and plasmid DNA (lane 8-14) were incubated at 37 °C in the presence of 
Exonuclease III (lane 2, 3, 4, 9, 10 and 11) or λ Exonuclease (lane 5, 6, 7, 12, 13 and 14). Aliquots 
from the incubation mixtures were collected at 0, 10, 30 and 60 minutes and analysed by agarose gel 
electrophoresis. M is 1 Kb DNA ladder. b. Functionality of the PCR-generated construct was 
assessed by a cell free assay. Plasmid DNA was used as a control. The assay was performed in 
triplicate. 
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Transfection experiments were performed in COS-7 cells using the cationic delivery 
vector PEI. Luciferase activity was measured after incubating cells with PEI/DNA 
complexes for one hour followed by 24 hours incubation at 37°C. Despite the 
functionality of the PCR constructs in the in vitro transcription/translation assay no 
luciferase activity above background levels was found after transfection of COS-7 
cells with these constructs (data not shown). The same result was observed after 
electroporation of COS-7 cells with the PCR constructs. Again no luciferase 
expression was observed (data not shown). As the absence of transfection could be 
caused by intracellular degradation of the construct, the stability of the construct with 
the NLS peptide was tested by incubation with 5’ and 3’ exonucleases. Plasmid DNA 
was used as a control. Figure 1a shows the analysis of the stability of the PCR-
generated DNA with NLS peptide and plasmid DNA by gel electrophoresis. The 
PCR-generated DNA construct of 2.2 Kb with NLS peptide remained intact after 
incubation with lambda exonuclease, which starts digestion at the phosphorothioate 
protected 5’ side. Whereas, the linear DNA construct with NLS peptide, was already 
degraded after 10 minutes incubation with exonuclease III, which starts digestion at 
the non-protected 3’ side. The same results were observed for PCR-generated linear 
DNA without NLS peptide (results not shown). Plasmid DNA remained intact under 
these conditions. Lack of transfection efficiency of the PCR-generated DNA 
constructs may thus be explained by intracellular degradation by nucleases. 
 
Effect of DNA conformation and attachment of an NLS peptide on transfection 
activity of cationic polymers 
Firstly, the transfection efficiency of biodegradable (pDMAEAppz) and non-
degradable polymers (PEI or pDMAEMA) with plasmid DNA was compared. For all 
three polymers we established the optimal time frame between the incubation of the 
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Figure 2. Influence of polymer on gene expression in COS-7 cells. COS-7 cells were incubated with 
plasmid DNA that was complexed with PEI (♦) (N/P 6), pDMAEMA (■) (N/P 5) or pDMAEAppz 
(▲) (N/P 12), for 1 hour. Luciferase expression was measured at 1, 4, 24 or 48 hours after 
incubation. Results are expressed in RLU/mg protein. Error bars indicate the standard deviation (sd). 
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cells with polyplexes and transgene expression. Therefore, COS-7 cells were 
incubated with PEI, pDMAEMA or pDMAEAppz/pDNA complexes for 1 hour after 
which the polyplexes were washed away. The time interval between incubation of 
cells with polyplexes and detection of luciferase expression was varied by 
subsequently incubating the cells for 1, 4, 24 or 48 hours at 37°C. The results are 
shown in figure 2, with luciferase activity normalised for total cellular protein levels. 
No luciferase activity above background was detected 1 hour after incubation of cells 
with the biodegradable polymer pDMAEAppz. Remarkably, cells incubated with 
PEI/DNA and to a lesser extent also pDMAEMA/DNA complexes showed high 
levels of luciferase expression almost immediately after incubation. Moreover, the 
high expression levels obtained at 1 hour with different polyplexes increased with 
prolonged incubation times. Twenty-four hours after incubation with pDMAEAppz 
luciferase expression in COS-7 cells was about 10-fold higher than that of cells 
incubated with the non-degradable polymers. Expression levels for pDMAEMA and 
pDMAEAppz were maximal 24 hours after transfection, whereas luciferase 
expression in cells incubated with PEI continued to increase.  
To circumvent the problem of degradation, linearised DNA (LDNA) capped at both 
ends with hairpins that was obtained from Mologen (Berlin, Germany), was used in 
further experiments 19. The small size and linear conformation was expected to 
enhance transfection efficiency by improved nuclear import as was described before 
11. Transfection experiments were conducted using either plasmid DNA (pDNA) or 
different concentrations of LDNA with or without an NLS peptide. Cells were 
incubated with polyplexes containing one of the DNA constructs for 1 hour and 
luciferase gene expression was assayed 24 hours later. Figure 3 shows luciferase 
activity after transfection with pDMAEAppz, pDMAEMA or PEI complexed DNA. 
The cells were incubated with different amounts of pDNA, LDNA or NLS-LDNA, 
with fixed carrier/DNA ratio. For all three different polymers and DNA constructs, 
luciferase expression increased with the DNA concentration. The three different 
polymers used, showed similar transfection efficiencies with pDNA. For 
pDMAEMA and pDMAEAppz the conformation of DNA, linear or circular had a 
relative minor impact on the transfection efficiency, whereas with PEI a 100-fold 
increase in transfection efficiency was observed for the linear fragment without NLS 
when compared to pDNA (Figure 3c). Surprisingly, transfection with NLS-LDNA 
resulted for all three DNA concentrations in a lower luciferase expression compared 
to transfection with pDNA and LDNA (Figure 3b and c).  
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To show that this effect was not specific for this cell type, NIH/3T3 fibroblast cells, 
in which the NLS peptide was described to have a beneficial effect on transfection 
efficiency 11, were also transfected with the three different DNA constructs 
formulated with PEI. Here again, the transfection results with 3T3 cells (figure 4) 
demonstrate a lack of effect of NLS attached to the LDNA construct. 
 
Attachment of an NLS to LDNA gives a minor increase in luciferase expression 
levels after electroporation into COS-7 cells 
In the previous experiments the DNA was complexed with a cationic polymer to 
form a positively charged nanoparticle. To exclude masking of the NLS peptide by 
the cationic polymer in the interaction of NLS with its intracellular receptor, the 
DNA was introduced into COS-7 cells by electroporation. Prior to electroporation 
the cells were incubated with 100 or 200 ng of pDNA, LDNA or NLS-LDNA. After 
electroporation the cells were cultured for 24 hours before luciferase expression was 
measured. Figure 5 shows luciferase expression levels normalised for protein 
content. Electroporation of COS-7 cells in the presence of the LDNA constructs 
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Figure 3. Influence of linearization and NLS peptide on transgene expression of different DNA 
concentrations. COS-7 cells were incubated for 1 hour with pDNA (♦), LDNA (■) or NLS-LDNA  
(▲) using pDMAEAppz (N/P 12) (a), pDMAEMA (N/P 5) (b) or PEI (N/P 6) (c). Luciferase 
expression was measured 24 hours after incubation and normalised for protein content (n=3). 
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resulted in luciferase expression levels comparable to those after electroporation with 
plasmid DNA. Conjugation of an NLS peptide to the linear DNA resulted in a two-
fold higher transfection level. 
 

No effect of NLS peptide on transfection in non-dividing cells 
In non-dividing cells nuclear uptake of DNA is very limited because of the large size 
of DNA and its negative charge. However, during mitosis, opening of the nuclear 
membrane enables exogenous DNA to enter the nucleus. Therefore, the major 
advantage of an NLS peptide attached to DNA can be expected in non-dividing cells, 
where nuclear uptake can only take place via active transport through the NPC. To 
assess the effect of an NLS peptide on transfection in non-dividing cells, confluent 
MDCK-42 cells were incubated with pDMAEMA or PEI polyplexes. Luciferase 
expression in non-proliferating cells was compared to expression in proliferating 
MDCK-42 cells. For all three DNA constructs luciferase expression was at least 10-
fold lower in non-dividing cells than in dividing cells (figure 6). Transgene 
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Figure 4. Influence of linearization and NLS peptide on transgene expression. NIH/3T3 cells were 
incubated for 1 hour with pDNA (♦), LDNA (■) or NLS-LDNA (▲) using PEI (N/P 6). Luciferase 
expression was measured 24 hours after and normalised for protein content (n=3). 
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Figure 5. Electroporation of COS-7 cells. COS-7 cells were electroporated with pDNA, LDNA or 
NLS-LDNA. After electroporation cells were incubated for 24 hours. Subsequently, luciferase 
expression was measured and normalised for protein content. (n=3) 
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expression in non-proliferating cells was the highest when 1000 ng plasmid DNA 
was used, whereas transfection levels remain low for LDNA and NLS-LDNA. Thus, 
also in non-dividing cells the presence of the NLS peptide did not enhance 
transfection levels. 

Covalent attachment of an NLS peptide to linear DNA did not facilitate nuclear 
import of the DNA 
Since the linear DNA constructs with NLS peptide did not enhance transfection 
efficiency of the cationic polymers used in our experiments, we assessed the ability 
of the NLS peptide to facilitate nuclear import of the linear DNA. For this purpose 
cells with digitonin-permeabilized cell membranes were used. LDNA and NLS-
LDNA were fluorescently labeled and incubated with digitonin-permeabilized cells 
in the presence of cell lysate and an ATP generating system. BSA-Texas Red 
equipped with the SV40-derived NLS peptide was used as a positive control for 
active transport. Both LDNA and NLS-LDNA were accumulated around the nucleus 
at the nuclear envelope (figure 7). Despite the clear nuclear localization of BSA-
Texas Red with the NLS peptide almost no NLS-LDNA was found inside the 
nucleus. 
 
Discussion 
 
Linear DNA used in this study was prepared either by PCR by ourselves or was 
obtained from Mologen, where the constructs were prepared by enzymatic 
linearization of plasmid DNA and subsequent capping of both ends 11,15. The PCR-
generated constructs were prepared with phosphorothioate-modified primers at the 5’ 
end in order to protect the resulting DNA fragment from exonucleases. Despite the 
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Figure 6. Luciferase expression in proliferating and non-proliferating MDCK-42 cells. MDCK-42 
cells were incubated for 1 hour with PEI-complexed pDNA, LDNA or NLS-LDNA.  Luciferase 
expression was measured 24 hours after incubation and normalised for protein content (n=3). 
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preparation of functional PCR constructs, as assayed in an in vitro 
transcription/translation assay, neither transfection of cells with these constructs 
complexed with PEI nor electroporation of COS-7 cells with the constructs did result 
in reporter gene expression. Degradation studies with exonucleases showed that the 
PCR-generated constructs were only protected against degradation from the 5’ side. 
They could still be degraded from the 3’ side. This probably explains the absence of 
luciferase activity after transfection of COS-7 cells with this PCR-generated linear 
DNA. Previously, Johansson et al. studied both the stability and functionality of a 
similar PCR generated linear DNA construct 15. They only assessed degradation from 
the 5’, phosphorothioate protected, side and therefore did not observe degradation of 
the construct. And, although, the in vitro transfection and in vivo vaccination 
efficiency of their linear DNA construct with NLS was lower than that of plasmid 
DNA, the use of a PCR generated DNA construct might be explored as these 
constructs have a number of advantages over bacteria derived plasmids for 
vaccination purposes. PCR, therefore, provides an attractive means for the generation 
of novel rationally designed DNA constructs, which can easily be combined with the 
attachment of nuclear localization signals. However, current constructs require 
further stabilization, in particular on the 3’ side, before they will be functional. 
In further experiments linearized plasmid DNA capped at both ends with hairpins, 
obtained from Mologen, was used in transfection assays. We used different cationic 
polymer based gene delivery systems and tested them first to establish the optimal 
incubation time for transfection of cells with these systems. The three cationic 
polymers used, PEI, pDMAEMA and pDMAEppz, showed different transfection 
characteristics. PEI already gave reporter gene expression after 1 hour, whereas 
pDMAEMA and pDMAEppz showed significant transfection levels only after 4 
hours. This discrepancy might be the result of the efficient endosomal release of the 

a b c

 
 
Figure 7. Assay of nuclear import of BSA-Texas Red with SV40-derived NLS peptide (a), and 
fluorescent LDNA (b) and NLS-LDNA (c) in digitonin-permeabilized OVCAR-3 cells. Fluorescent 
microscopy pictures are shown. 
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PEI polyplex from the endosome by a proton sponge effect 14. We considered 24 
hours the best incubation time for cells after 1 hour incubation with the polyplexes, 
because then pDMAEMA and pDMAEppz reached their maximum expression and 
PEI and pDMAEMA gave the same transgene expression levels. In further 
transfection experiments we thus used this read out time.  
Both the size and topology of the DNA construct were previously described to 
influence expression of the transgene 20. In addition, conjugation of an NLS peptide 
to one of the hairpins was described to further improve transgene expression of the 
linear DNA constructs both in vitro and in vivo 11,17,19,21. However, in our studies the 
DNA-peptide conjugate did not give higher reporter gene expression levels when 
compared to plasmid DNA. It should be noted that under the chosen conditions 
(equal weight dose) the molar dose of linear DNA is even two-fold higher than the 
plasmid DNA dose. Luciferase expression levels strongly depended on the cationic 
polymer and cell line used, but the presence of the NLS peptide never improved 
transfection efficiency. Moreover, after electroporation of cells with plasmid, linear 
DNA and linear DNA with an NLS peptide attached, transgene expression levels 
only increased two-fold when an NLS peptide was attached. This indicates, that after 
cytoplasmic delivery of DNA the NLS peptide hardly shows preferential expression 
advantages over “non-targeted” systems.  
In non-dividing cells, surprisingly, transgene expression was the highest in non-
proliferating cells when using plasmid DNA complexed with the PEI polymer. This 
is remarkable since plasmid DNA is considered to be too big to cross the NPC 
passively. However, this result is in accordance with the findings of Escriou et al., 
who observed, in a few cells some nuclear envelope crossing by plasmid DNA, after 
cationic lipid-mediated gene transfer 22.  
Despite the ability of the SV40-derived NLS peptide to transport BSA into the 
nucleus, attachment of the peptide to LDNA did not result in nuclear accumulation. 
Thus, even in the case that only the nuclear membrane is left as a barrier, transport 
into the nucleus could not be observed. Therefore, one can conclude that nuclear 
import is still a problem for the DNA-NLS conjugates. 
Even when the same cell types and carrier systems were used we did not observe the 
large increase in expression (ten- to hundreds-fold) when using linear DNA with an 
NLS peptide as Zanta et al. reported 11.  
Recently, more studies were performed in which an NLS peptide coupled to DNA 
did not result in major increases in transfection. Branden et al. attached the SV40-
derived NLS peptide to a specific region in the plasmid DNA via a peptide nucleic 
acid (PNA) molecule resulting in a 5- to 8-fold increase in transgene expression 23. 
Ciolina et al. covalently associated NLS peptides to plasmid DNA by 
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photoactivation. They showed binding of their conjugates to importin, but observed 
no DNA in the nucleus after microinjection 24. Neves et al. coupled a targeting 
peptide to plasmid DNA by covalent triple helix formation, which resulted in 
functional conjugates, but the peptide did not increase transgene expression 25. 
Nagasaki et al. observed a 4-fold increase in transgene expression only when 5 NLS 
peptides were covalently coupled to plasmid DNA by diazo coupling through a PEG 
chain and not when the NLS peptide was directly coupled to the DNA, as in our 
study 26. Recently, Roulon et al. described coupling of NLS peptides to DNA using a 
triple helix-forming padlock ODN, but did not observe enhancement of transgene 
expression 27. Nagasaki et al. and Tanimoto et al. used fluorescence microscopy to 
study the nuclear uptake of respectively plasmid and linear DNA, both conjugated 
with one or more NLS peptides and they did not observe nuclear localisation of the 
DNA 26,28. Since, both Nagasaki et al. and Tanimoto et al. used microinjection to 
introduce DNA into the cell obstruction of the function of the NLS peptide by the 
carrier system could not be the reason for the lack of effect. Taken together, the 
results of these studies and our study indicate that coupling of an NLS peptide to, 
either linear or plasmid, DNA does not necessarily enhance transfection efficiency. 
The reason for the discrepancy between the results, obtained by Zanta et al. and 
those of a number of other groups remains obscure and deserves further attention.  
One can speculate about the reasons of our disappointing findings using the SV40-
derived NLS peptide. Neither transgene expression nor nuclear import of the DNA 
proved to be enhanced. A possible explanation could be the large size of the DNA 
molecule compared to the small peptide. Alternatively, a strong interaction of the 
positively charged peptide with the negatively charged DNA could effectively mask 
the peptides’ activity. This hypothesis is supported by the finding that the 
introduction of a spacer between the NLS peptide and the DNA enhanced the 
efficiency of a peptide DNA construct 26. Another explanation could be that the DNA 
is too big to be transported into the nucleus via the nuclear pore complex. When 
coupled to BSA the NLS peptide is able to facilitate import of BSA into the nucleus. 
In addition, Ludtke et al. observed that an NLS peptide could enhance nuclear import 
of DNA up to 1 Kb efficiently and only moderately for DNA up to 3 Kb 29. Our 
linear DNA construct was 2.9 Kb and therefore, based on the observations of Ludtke 
et al., only moderate nuclear import could be expected.  
To obtain a more efficient gene delivery system the actions of viruses have to be 
mimicked even more closely than has been done so far. Viruses that need the nucleus 
for their reproduction, deliver their DNA right at the nuclear pore complex. To do so 
they use existing cellular transport systems inside endosomes and/or via 
microtubules. Where in the cell the non-viral gene delivery systems used in this 
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study deliver their DNA is not known in detail yet. Transport of PEI polyplexes was 
claimed to occur for a small percentage via the cytoskeleton 30. However, this most 
likely represented transport inside endosomes. As only a small percentage of the 
polyplexes is actively transported through the cytosol, transfection efficiency of 
cationic polymers may be improved if the delivery of the DNA could be directed 
more efficiently towards the nucleus. To do so we plan to use retrograde transport 
via the microtubuli towards the nucleus. To liberate the DNA from the cationic 
polymer more efficiently we are now synthesizing cationic polymers that lose their 
positive charge over time (hours) and by doing so release the DNA inside the cell 31. 
In combination with fusogens that stimulate endosomal escape of the polyplexes, this 
time-controlled cytosolic DNA release should be followed by active transport of 
DNA towards and finally into the nucleus. This integrated nuclear targeting strategy 
of DNA offers new opportunities to design efficient non-viral gene delivery systems. 
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For efficient gene transfection the transgene has to be delivered into the nucleus. 
Transport into the nucleus proceeds via the nuclear pore complex and requires an 
NLS peptide. In this study the effect of an NLS peptide coupled to the cationic 
polymer poly-L-Lysine on transfection was determined. Plasmid DNA encoding for 
luciferase was complexed with these NLS-PLL polyplexes into small particles with 
an average size of 96 nm. Calculations based on EM pictures of the polyplexes 
showed that 10% of the DNA was in particles smaller than 39 nm, the maximum size 
limit of transport through the NPC. For transfection the PLL/DNA particles were 
complexed with cationic liposomes. The presence of the NLS peptide increased 
transfection of the lipopolyplexes in non-dividing COS-7 and 3T3 cells. In addition, 
it was shown with BrdU-labeling that the NLS-lipopolyplexes were able to transfect 
non-dividing cells. 
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Introduction 
 
In the search for adequate vectors for safe and efficient gene delivery different 
strategies have been followed. It is clear that several cellular barriers have to be 
overcome and one of these barriers is nuclear uptake of the DNA. In non-dividing 
cells nuclear uptake can only take place via the nuclear pore complex (NPC) 1. 
Transport through the NPC can be either passive or active, and both are size 
restricted. Molecules with a diameter smaller than 9 nm can diffuse freely through 
the NPC, whereas larger molecules require active transport with a spherical size limit 
of 39 nm 2. Active transport into the nucleus requires a nuclear localization signal 
(NLS), which interacts with the nuclear transport system and thereby initiates nuclear 
import 3,4. Different NLS peptides have been recognized, which are divided into 
classical and non-classical. Classical NLSs consist of one or two clusters of basic 
amino acid residues and bind to importin α 5,6, which forms a complex with importin 
β 3,7. Non-classical NLS peptides bind to transportin, a protein related to importin β 8-

10. Previously, we showed that coupling of a classical NLS directly to DNA does not 
improve the nuclear import of the DNA constructs or the transfection efficiency by 
cationic polymers.  
Here we aim to study the possibility of coupling the NLS peptide to the polymer 
directly. In this way the plasmid DNA is condensed into a small particle that can be 
delivered into the nucleus and is protected from nucleases present in the cytosol. As 
was shown previously, the use of non-viral gene delivery systems, such as polymers, 
can substantially increase the half-life of plasmid DNA in the cytosol 11-13. Therefore, 
it would be advantageous to condense the plasmid DNA with a polymer and to have 
subsequent dissociation of the complex inside the nucleus. 
As a polymer we used Poly-L-lysine (PLL). PLL was chosen because it was reported 
that DNA-particles formed with this polymer are around 30 nm 14. A classical NLS 
peptide derived from the Simian virus (PKKKRKVEDPYC) was covalently coupled 
to PLL prior to DNA-complexation. To facilitate cellular uptake and endosomal 
escape the PLL/DNA polyplexes were complexed with DOTAP/DOPE liposomes. 
We demonstrate that the coupling of the NLS peptide to the DNA-particles caused a 
strong increase in luciferase expression in non-dividing COS-7 and 3T3 cells 
incubated with lipopolyplexes.  
 
Materials and methods 
 
Poly-L-lysine hydrobromide (mol wt 15000-30000) and anti-luciferase pAb were 
purchased from Sigma (Zwijndrecht, The Netherlands). Plasmid pcDNA3-Luc was 
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purchased from PlasmidFactory. 1,2-dioleoyl-oxypropyl-3-trimethyl-ammonium 
chloride (DOTAP) and dioleoylphosphatidyl-ethanolamide (DOPE) were obtained 
from Avanti Polar lipids (Alabaster, AL, USA). Tris (2-carboxyethyl)phosphine 
hydrochloride (TCEP), M-Maleimidobenzoyl N hydroxysuccinimide Ester (MBS) 
and BCA protein assay were purchased from Pierce (Etten-Leur, The Netherlands). 
Luciferase assay reagent and Reporter lysis buffer were obtained from Promega 
(Leiden, The Netherlands). 5-Bromo-2’-deoxy-uridine labeling and detection kit I 
was purchased from Roche. Texas red anti-mouse IgG and Fluorescein anti-goat IgG 
were purchased from Vector laboratories (Brunschwig, Amsterdam, The 
Netherlands). SV40-derived NLS peptide (PKKKRKVEDPYC) was obtained from 
Ansynth (Roosendaal, The Netherlands).  
 
Preparation of liposomes 
Cationic liposomes composed of DOTAP/DOPE were prepared in a 1:1 molar ratio. 
The lipid mixture in chloroform was dried and a thin lipid film was formed in a 100 
ml round-bottomed flask using a rotary evaporator (Buchi Rotovapor R-1334: Buchi 
Labortechnik, Flawil, Switzerland).  The lipid film was hydrated with the addition of 
1 ml Hepes 5mM, pH 7,4 to give a final concentration of 10 mg DOTAP/ml (20 
mg/ml total Lipid). The resuspended lipids were extruded through polycarbonate 
membranes with the subsequent pore sizes: 400 nm, 200 nm and 100 nm 
(MicroScience, Schleicher and Schuell) to obtain SUV (small unilamellar vesicles). 
 
Coupling of NLS-peptide to PLL 
The NLS peptide (PKKKRKVEDPYC) was coupled to PLL using the bifunctional 
linker, m-MaleimidoBenzoyl-N-hydroxySuccinimydil-ester (MBS). A 20 molar 
excess of MBS dissolved in DMSO was added to PLL (1mg/ml unless noted 
otherwise) and incubated for one hour at room temperature (RT). After the 
incubation period, non-coupled MBS was removed from PLL-MBS by dialyzation 
against H2O using a slide-a-lyzer with a MWCO of 10 kDa (Pierce, Etten-Leur, The 
Netherlands). Before coupling to PLL, the SV40-derived NLS-peptide was incubated 
with 2 volumes of TCEP gel slurry (Pierce) (previously washed twice with PBS) on a 
roller bank for one hour, to reduce disulphide bridges. After the incubation period, 
the TCEP and NLS were centrifuged for 1 min at 500 rpm to separate the reduced 
NLS peptides from the TCEP gel slurry, and washed twice with PBS. Subsequently, 
the reduced NLS was added to the PLL-MBS in a 15-fold molar excess and 
incubated overnight at RT with continuous mixing. 
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Preparation of Poly-L-lysine (PLL) and DNA polyplexes (PLL-DNA), lipoplexes 
and PLL-DNA-Liposome complexes (Lipopolyplexes) 
Polyplexes were prepared by adding pDNA to Poly-L-lysine in a ratio of one to five 
(w/w) in HEPES 5 mM, followed by mixing and incubation for 20 min at RT. 
Lipopolyplexes were prepared by adding DOTAP/DOPE liposomes to the 
polyplexes in a 2-fold molar excess in HEPES 5 mM, followed by mixing and 
incubation for another 15 minutes at RT. To obtain physiological conditions, 150 
mM NaCl was added drop wise to the lipopolyplexes, to give a final volume of 150 
µl. The size of the polyplexes, and lipopolyplexes was measured by dynamic light 
scattering using an ALV/CGS-3 (Langen, Germany) at 25ºC and a 90º angle. Zeta 
potential was determined with a Zetasizer 2000 (Malvern Instruments, UK) at 25ºC. 
 
Cryo EM with polyplexes 
Polyplexes and lipopolyplexes were prepared as described before by Frederiks and 
Hubert.15 
 
Polyplex association studied with agarose gel electrophoresis 
Polyplexes and lipopolyplexes were prepared as described before, containing 1µg 
DNA. As a control poly-L-aspartic acid (pAspA) was added to the particles to release 
the plasmid DNA from the complex. The samples were mixed with 10x sample 
buffer. Ten µl of each sample was applied to a 1% agarose gel, containing ethidium 
bromide, and run for 1 hour.  
 
Cells and Cell culture 
COS-7 African green monkey cells were grown in DMEM (Gibco BRL, Breda, The 
Netherlands) completed with antibiotics/antimycotics (100 IU/ml penicillin, 100 
µg/ml streptomycin and 0.25 µg/ml amphotericin B), 5% foetal calf serum and 25 
mM HEPES. NIH/3T3 cells were grown in RPMI 1640 medium (Gibco BRL, Breda, 
The Netherlands) completed with antibiotics/antimycotics (100 U/ml penicillin, 100 
µg/ml streptomycin, 0.25 µg/ml amphotericin B), 10% foetal calf serum and 4,5 g/l 
L-glutamine. Cells were cultured at 37°C in a 5% CO2 humidified air atmosphere. 
 
Cell transfection 
For both cell lines, 1*104 cells per well were seeded 24 hours before transfection in 
96-well tissue culture plates (Costar) to reach a 60-70% confluency during 
transfection. To obtain a non-dividing cell culture, aphidicolin (15 µM) was added to 
the cells 24 hours after seeding. Cells were incubated for 24 hours with aphidicolin 
before transfection was performed.  
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The transfections were performed using poly-L-lysine polyplexes and poly-L-lysine 
lipopolyplexes. Polyplexes and lipopolyplexes were prepared as described before. 
From the polyplexes and lipoplexes 150 µl was added to the cells, followed by an 
incubation of 1 hour at 37 oC. After 1 hour the solution was removed and replaced by 
100 µl completed medium. The cells were cultured for 24 hours after transfection, 
washed in ice cold PBS and harvested in 100 µl reporter lysis buffer. Twenty µl cell 
suspension was diluted in 100 µl luciferase reaction buffer and the luminescence was 
measured after 10 s using a Lumat LB 9507 Berthold luminometer. The luciferase 
activity measured is linear with the amount of input luciferase (unpublished data). 
Results were expressed as relative light units per mg of cell protein as determined by 
the BCA protein assay. 
 
Statistical analysis 
The statistical analyses of the different groups were performed with the one-way 
ANOVA followed by a post hoc Dunnett t-test after log transformation of the 
RLU/mg protein data. Probability (p) ≤ 0.05 was considered significant and p ≤ 0.10 
was considered a trend. 
 
Immunofluorescence of BrdU and Luciferase 
Cell proliferation was assessed by incorporating BrdU into cellular DNA and 
detected by immunofluorecescent staining using a monoclonal antibody according to 
the manufacturer’s protocol (Roche). Cells were incubated with 1:1000 dilution of 
the original BrdU solution through the transfection incubation (1 hour at 37ºC) and 
for the following 24 hours to label all cells that replicate during the transfection and 
expression period. Cells were washed with washing buffer and fixed in 70% ethanol 
in 50 mM glycine buffer, pH 2.0, for 20 min at -15ºC. In some wells a cell-
proliferation inhibitor that blocks the cell cycle in the S-phase, aphidicolin (15 µM), 
was added to observe the effects on transfection efficiency. The primary anti-body, 
anti-BrdU diluted 1:10 was added to the cells for a 30 min incubation at 37ºC. Some 
wells were also incubated with anti-luciferase, diluted 1:50 in PBS 5% BSA, for 30 
min at 37ºC. Cells were washed with washing buffer and the second antibody was 
added: Texas Red anti-mouse IgG for the BrdU and fluorescein anti-goat IgG for 
luciferase. Cells were incubated for 30 min at 37ºC. After the incubation cells were 
washed with washing buffer. The well holder was removed and the cells were 
covered with an appropriate mounting medium and a cover slip. The fluorescent 
labels were studied using confocal laser scanning microscopy. 
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Results 
 
DNA complexation with PLL results in small and stable polyplexes, which can 
be stabilized with liposomes 
Transport through the nuclear pore complex (NPC) into the nucleus is limited to 
small particles equipped with a nuclear localization signal, which mediates binding 
to the transport proteins. To obtain small particles containing DNA, poly-L-lysine  
was used to complex plasmid DNA into particles with an average size of 96 nm and 
a polydispersity of 0.47 (table 1).  

This average size was still too large to cross the NPC, where the reported maximum 
size is 39 nm2. However, EM measurements showed that this particle population also 
comprised particles of 35 nm, which would be small enough to cross the NPC (figure 
1). Based on calculations of the volume of the particles made visible by the EM, we 
concluded that around 10% of the DNA in the DNA/PLL preparation was in particles 
smaller than 39 nm.  

100 nm  
Figure 1. Cryo EM picture showing PLL/DNA polyplexes with a size ranging from 35-100 nm. 
 

 HEPES (5 mM) HEPES (5mM) + 150 mM 

NaCl 

 Z-ave (nm) PDI Z-ave (nm) PDI 
Polyplexes 96 0,47 634 0,12 

NLS-polyplexes 97 0,46 359 0,15 
Lipopolyplexes 198 0,37 254 0,24 

NLS-lipopolyplexes 198 0,60 268 0,24 
 
Table 1. Average size (Z-ave) and polydispersity (PDI) of PLL-based polyplexes and 
lipopolyplexes with NLS-peptide attached in different ratios. 
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To facilitate transport through the NPC an NLS peptide derived from the SV40 virus 
(PKKKRKVEDPYC) was attached to PLL. The formed PLL-NLS/DNA polyplexes 
remained around the same size, 97 nm, as the particles without NLS attached (table 
1). Figure 2 shows the association and dissociation behavior of the PLL-based 
polyplexes as studied by gel electrophoresis. Both the PLL and the PLL-NLS were 
able to bind DNA with relatively high affinity because we were unable to separate 
the DNA from these polymers by electric force. When the particles were incubated 
with poly-L-aspartic acid) (pAspA), which replaces the DNA from the polyplexes, 

migration of the DNA into the gel was observed for both polymers. Importantly, 
when the particles were brought into a buffer that contained physiological amounts 
of sodium chloride the PLL/DNA polyplexes formed large aggregates. Formulation 
of the polyplexes with liposomes to form lipopolyplexes resulted in particles with a 
diameter of 170 to 200 nm that were protected against aggregation during addition of 
NaCl. In the presence of NaCl, lipopolyplexes had a diameter of 250 to 280 nm 
(table 1). DNA remained strongly associated in these particles as was shown in the 
gel electrophoresis experiments (figure 2) and was released upon incubation with 
pAspA. Importantly, the presence of the cationic liposomes significantly increased 
the transfection efficiency of the polyplexes by 80-fold as compared to PLL alone 
(figure 3 and 4).  
 
Attachment of an NLS to PLL increased transfection efficiency of 
lipopolyplexes 
Cells were transfected with lipopolyplexes with a PLL/DNA/liposome ratio of 5/1/2. 
The effect of a NLS coupled to PLL was tested in transfection experiments and 
compared to PLL particles without NLS. Transfection experiments were carried out 
in dividing and non-dividing COS-7 and 3T3 cells. Non-dividing cells were obtained 
by treatment with aphidicolin. In dividing COS-7 cells attachment of an NLS peptide 
to PLL increased the transfection efficiency of PLL-based polyplexes 4- to 5-fold 

1. PLL/DNA polyplexes
2. PLL/DNA polyplexes + pAspA
3. Lipopolyplexes
4. Lipopolyplexes + pAspA
5. Lipopolyplexes + 150 mM NaCl
6. Lipopolyplexes + 150 mM NaCl + pAspA  

Figure 2. Association and dissociation behavior of polyplexes and lipopolyplexes. Gel 
electrophoresis of polyplexes and lipopolyplexes 
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and of the lipopolyplexes 3- to 4-fold (figure 3a). After cell growth arrest 
transfection levels of the PLL polyplexes dropped about 100-fold, whereas the 
lipopolyplex transfections levels decreased only with a factor 10. (figure 3b). This 
minor effect might be caused by the ability of liposomes to transfect non-dividing 
cells.16-18 In non-dividing COS-7 cells the PLL with NLS had a significant enhancing 
effect on the transfection efficiency. Luciferase expression increased 10-fold for the 
lipopolyplexes, reaching a level of expression similar to levels obtained in dividing 
cells. In 3T3 cells the NLS-mediated transfection enhancement was significant in 
non-dividing cells (figure 4). In dividing cells the NLS peptide did not have an effect 
on luciferase expression. Arresting cell growth using aphidicolin virtually completely 
blocked transfection of PLL-polyplexes irrespective of the presence of NLS-peptide 
and reduced the transfection of lipopolyplexes approximately 5-fold (figure 4b). 
Addition of NLS peptides to lipopolyplexes completely restored transfection levels 
to those obtained in dividing cells. 
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Figure 3. Transfection of dividing (a) and non-dividing (b) Cos-7 cells with polyplexes and 
lipopolyplexes. *p ≤ 0.10, ** P ≤ 0.05 
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Figure 4. Transfection of dividing (a) and non-dividing (b) 3T3 cells with polyplexes and 
lipopolyplexes. ** p≤ 0.05 
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To ascertain that the results with the non-dividing cells were not caused by a few 
remaining dividing cells, we performed the following experiment: Aphidicolin 
treated COS-7 cells were transfected using the NLS-lipopolyplexes. Reporter gene 
expression was detected using an antibody against luciferase. To monitor cell 
division the cells were incubated with BrdU, which is incorporated into the DNA of 
dividing cells. Figure 5 shows that COS-7 cells incubated with aphidicolin 24 hours 
prior to addition of BrdU have no BrdU incorporated into their DNA, indicating that 
these cells are indeed non-dividing (figure 5b). When these cells were transfected 
with NLS-lipopolyplexes luciferase expression could be observed (figure 5d). 

 
 
 
 

dividing cells non-dividing cells

a b

c d

40 µm 40 µm

40 µm40 µm
 

Figure 5. Dividing (a and c) and non-dividing (b and d) COS-7 cells. c and d were transfected with 
NLS lipopolyplexes. Double immunofluorescence for BrdU (green nuclear staining) and luciferase 
(red staining). 
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Discussion 
 
For efficient transfection DNA needs to be delivered inside the nucleus. Transport 
into the nucleus via the NPC requires a small size and the presence of an NLS for 
receptor-mediated transport. To obtain small particles PLL was used to complex the 
plasmid DNA. With this cationic polymer particles with an average size of 90 nm 
were formed. Although 90 nm is still too large for nuclear uptake, the relatively high 
polydispersity, however, suggested the presence of a range of smaller particles as 
well. EM experiments confirmed that the polyplex population indeed contained 
particles, which were small enough to cross the NPC, with its reported size limit of 
39 nm. About 30% of the particles were smaller than 40 nm and based on 
calculations of the volume of the particles made visible by the EM, we concluded 
that around 10% of the DNA was in particles smaller than 39 nm. The formation of 
small DNA/polymer particles could be optimized even more as was described 
previously. However, when the PLL/DNA polyplexes were brought into a 
physiological medium they formed aggregates. To prevent aggregation the 
polyplexes were complexed with DOPE/DOTAP liposomes. The transfection 
efficiency of the polyplexes was enhanced 80-fold after condensation with the 
liposomes. This beneficial effect of liposomes on polyplex transfection was also 
described previously for an RGD-oligolysine gene transfer vector 19 and for PLL 
condensed single-stranded DNA 14. The pH sensitive liposomes provide the 
polyplexes with an efficient escape mechanism from the acidic environment of the 
endosomes and thereby prevent their passage to the lysosomes 20. The small 
PLL/DNA particles were incorporated into these lipopolyplexes and they can be 
released in the cell to facilitate transport of the DNA into the nucleus.  
To enhance the transfection efficiency of the lipopolyplexes an SV40 derived NLS 
peptide was coupled to PLL to facilitate the uptake of the small PLL/DNA particles 
into the nucleus. To test the effect of the peptide on transfection COS-7 and NIH/3T3 
cells were transfected with polyplexes and lipopolyplexes with or without NLS 
peptide. For both particles luciferase expression increased when the peptide was 
added. Incubation with aphidicolin to stop cell proliferation decreased luciferase 
expression in cells incubated with polyplexes or lipopolyplexes. When the NLS was 
attached to PLL luciferase expression levels of lipopolyplex transfected cells were 
restored to the same level as in dividing cells. Clearly, the role of mitotic breakdown 
of the nuclear envelope is less pronounced in transfection with the particles with an 
NLS peptide compared to the lipopolyplexes without. The NLS-lipopolyplexes were 
able to transfect non-dividing cells as was shown with immunofluorescence for BrdU 
incorporation and luciferase expression.  
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We previously observed that attachment of an NLS peptide to linear DNA did not 
enhance transfection efficiency of cationic polymers 21. The results obtained in this 
study demonstrate that an NLS peptide can indeed improve transfection efficiency of 
cationic polymer-based gene delivery systems, but that the peptide should be 
attached to the polymer. The particles formed in this study were still rather large with 
a high polydispersity. Optimization of the formation of small particles as was done 
previously by Dauty et al.22 and Molas et al.14 could be beneficial for transfection 
efficiency.  
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Efficient gene delivery systems is what non-viral gene therapy needs. To obtain these 
efficient systems some extra- and intracellular barriers have to be overcome. One of 
the major barriers is the nuclear envelope. Transport through the nuclear envelope 
proceeds via the nuclear pore complex and is receptor mediated. Two different 
pathways exist, the classical and non-classical pathway. In this study we used an 
NLS peptide, M9, which is a non-classical NLS, responsible for localization of the 
heterogeneous nuclear ribonucleoprotein A1 into the nucleus, and which interacts 
with transportin for transport into the nucleus. Firstly, we determined with molecular 
modeling that 12 amino acids in M9 (sM9) were responsible for binding to 
transportin and we optimized this sequence based on binding characteristics (osM9). 
Secondly, these sequences were found to be able to transport BSA into the nuclei of 
digitonin-permeabilized cells. However, coupled to plasmid DNA no nuclear uptake 
or transfection enhancement was observed. Therefore, osM9 was coupled to poly-L-
Lysine and cells were transfected with osM9-lipopolyplexes. When compared to 
plain lipopolyplexes transfection was increased in non-dividing cells. 



Structure-based identification of a nuclear localization signal 
 

  121

Introduction 
 
The nuclear pore complex (NPC) forms the only pathway for molecules to travel 
between the cytoplasm and the nucleus. Small molecules with a diameter up to 9 nm 
like, ions, metabolites and small proteins can diffuse freely through the NPC, 
whereas import of larger molecules requires energy and a nuclear localization signal 
(NLS) on the import substrate 1. This NLS interacts via its receptor molecule with 
the NPC and thereby mediates nuclear import 2. Two classes of NLS can be 
distinguished; classical and non-classical. A classical NLS is characterized by either 
one or two stretches of basic amino acids 3. This NLS binds to importin α, which 
upon complexation with importin β, docks on the NPC 4,5. The non-classical NLS 
lacks the stretch of basic amino acids and binds to a different receptor. Within the 
heterogeneous nuclear ribonucleoprotein A1 (hnRNP) a 38 amino acid domain, 
termed M9, has been identified to be responsible for localization of hnRNP A1 into 
the nucleus 6,7. HnRNP is taken up into the nucleus after binding of M9 to  
transportin 8. Transportin is a 90 kDa protein, distantly related to importin β, which 
was shown to mediate the nuclear import of non-classical NLS peptides 8. In addition 
to the transportin complex, two other proteins have also been shown to be involved 
in this protein import pathway into the nucleus, being a GTPase termed Ran/TC4 and 
the Ran-interacting factor NTF2/p10 9-12. GTP hydrolysis by Ran provides the energy 
required for translocation, while NTF2 has been suggested to be a regulator of the 
Ran GTPase cycle. 
Nuclear uptake is one of the main barriers for successful non-viral gene therapy. In 
order to improve this uptake active transport into the nucleus should be enhanced. 
The use of classical NLS peptides attached to the DNA has been proposed in this 
regard. Results of such approaches had limited or no success regarding to nuclear 
localization and transfection. Zanta et al.13 and Branden et al.14 observed significant 
increases in transfection efficiency when using a classical NLS, derived from the 
SV40 virus conjugated to DNA. Several other studies involving the same NLS, 
however, including one from our laboratory, showed less or no increase in 
transfection efficiency 15-20. 
In view of the limited success of the use of the classical SV40 derived NLS we 
decided to study the non-classical route involving the cytoplasmic transportin 
receptor for nuclear targeting. The M9 sequence was shown to improve transfection 
efficiency of lipofectamin in non-dividing cells, resulting in a 63-fold enhancement 
of gene expression compared to lipofectamin without M9 21. In the absence of 
structural information on NLS-receptor interaction we started to investigate the 
binding of the 40 amino acids long M9 with transportin in order to elucidate which 
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amino acids are responsible for interaction of the peptide with the transport protein. 
Besides minimizing the M9-NLS sequence we also aimed to optimize its interaction 
with transportin by amino acid substitution. This small and optimized amino acid 
sequence could then be used to facilitate the transport of DNA molecules into the 
nucleus. After a multi-step modeling approach, we postulated that a 12 amino acid 
sequence is responsible for binding of M9 to transportin and, after synthesis, this 
small peptide indeed proved capable of transporting the model compound BSA-
Texas Red into the nucleus. An analogous peptide, modified according to a de novo 
design procedure, was equally capable. However, the peptides were not able to 
facilitate the nuclear uptake or enhance transfection efficiency after direct coupling 
to plasmid DNA. Coupling of the short M9 peptides to a cationic polymer, used to 
condense the DNA, could improve transfection efficiency in non-dividing cells. 
 
Materials and Methods 
 
Molecular modeling 
Molecular modeling was performed using several steps: First, the bioactive 
conformation was hypothesized, second, the peptide was docked rigidly to 
transportin, third, a molecular dynamics simulation was performed to check the 
hypothesis, fourth, residue interaction energy analyses were performed of several 
snapshots of the complex and fifth, the peptide was truncated and the least 
interacting residues were modified with a de novo design program. The crystal 
structure of a transportin/ran.GppNHp complex was present in the Protein Data Bank 
(PDB) 22 (entry 1QBK) 23. To obtain the crystal structure of the M9 binding mode of 
transportin the ran.GppNHp and the acid loop of transportin were removed. With the 
PSIPRED Protein Structure Prediction Server the secondary structure of M9 was 
predicted 24. The M9 peptide was made of L-amino acids in a right-handed alpha 
helix conformation with the Insight II program. The program Autodock 3.05 was 
used to dock M9 rigidly to transportin 25. First a grid of 190*190*190 with 0.675 Å 
spacing was used. After locating the binding pocket with the top hits, a finer grid of 
190*190*190 with 0.5 Å spacing was used. We performed 100 dockings with the 
Lamarckian Genetic Algorithm. All settings were default, except the constant energy 
of the grid maps, which was set to zero. The best docking result was used for flexible 
docking with molecular dynamics using the insight II module Discover 3. First, the 
ligands were minimized in energy in the complex whereas the transportin atoms were 
fixed to their X-ray positions. Second, at a temperature of 298 K, 200 loops with a 
duration of 1000 time steps of one fs, were performed with the CVFF force field, in 
vacuum, with epsilon set to one and initial velocities randomly assigned from a 
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Boltzmann distribution. An intermolecular residue-residue interaction analysis was 
performed on the last structure of every loop and the resulting energies of these 200 
complexes were averaged in Microsoft Excel. The interaction energy was computed 
with a distant dependent dielectric constant (4r). For de novo design of ligands with 
optimal binding characteristics, we truncated the M9 peptide to a dodecamer and 
mutated all residues to alanine. Then, LUDI was used to suggest fragments that 
could be linked to this dodeca-alanine and the fragments were interpreted as amino 
acid side chains 26,27. 
 
Synthesis of peptides 
The following peptides were automatically synthesized with a peptide synthesizer 
(Applied Biosystems) using the Fmoc solid-phase method on a Rink amide resin: 
M9: Ac-NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGYC-OH, short 
M9 (sM9): Ac-YNNQSSNFGPMKC-OH and optimized short M9 (osM9): H2N-
YNNQSSNRGPYKC-OH. Purity and identity were checked by reversed phase 
HPLC and MS analysis. 
 
Cells and cell culture 
OVCAR-3 ovarian carcinoma cells were grown in DMEM (Gibco BRL, Breda, The 
Netherlands) completed with antibiotics/antimycotics (100 IU/ml penicillin, 100 
µg/ml streptomycin and 0.25 µg/ml amphotericin B), 5% foetal calf serum (FCS) and 
25 mM HEPES. COS-7 African green monkey cells were grown in DMEM (Gibco 
BRL, Breda, The Netherlands) completed with antibiotics/antimycotics (100 IU/ml 
penicillin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B), 5% foetal 
bovine serum and 25 mM HEPES. NIH/3T3 cells were grown in RPMI 1640 
medium (Gibco BRL, Breda, The Netherlands) completed with 
antibiotics/antimycotics (100 IU/ml penicillin, 100 µg/ml streptomycin and 0.25 
µg/ml amphotericin B), 10% foetal calf serum and 4,5 g/l L-glutamine. Cells were 
cultured at 37°C in a 5% CO2 humidified air atmosphere.  
 
Cell permeabilization 
Digitonin-permeabilized OVCAR-3 cells were prepared according to the method of 
Adam et al 28. 2*104 cells per well were seeded 24 hours before the permeabilization 
on glass chamber slides (Sanbio, Uden, The Netherlands). The NLS peptides were 
covalently coupled via a thioether linkage to BSA Texas Red (Molecular probes, 
Leiden, The Netherlands) using the heterobifunctional linker MBS (Pierce). Plasmid 
DNA was covalently labelled with Cy5 dye using the Mirus Label It nucleic acid 
labelling kit (Sopachem BV, Wageningen, The Netherlands). The cells were 
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incubated for 5 min with 40 µg/ml ice-cold digitonin (Omnilabo) in transport buffer 
(20 mM HEPES pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM 
magnesium acetate, 0.5 mM EGTA, 2 mM DTT, 1 µg/ml aprotinin, leupeptin and 
pepstatin) and washed in cold transport buffer. Next, transport buffer containing an 
ATP regeneration system (1 mM ATP, 0.5 mM GTP, 10 mM creatine 
phosphokinase), rat liver cell lysate and 20 µg BSA-Texas Red with or without NLS 
or 1 µg labelled DNA was added to the cells and the cells were incubated for 30 min 
at 37°C. Subsequently, the cells were rinsed with transport buffer, and a coverslip 
was placed on top of the cells and sealed at the side with nail polish. The slides were 
immediately examined using a Leica TCS-SP confocal laser scanning microscope 
and analysed using Leica TCS-SP Power Scan software (Leica Microsystems, 
Rijswijk, The Netherlands). 
 
Coupling of peptides to DNA via a PEG-spacer by diazocoupling 
The M9 and sM9 peptides were coupled to plasmid DNA (pCMVLacZ, Sanvertech) 
via a PEG 3400 spacer according to Nagasaki et al.18. First, the diazoniumsalt PEG 
linker was synthesized. One µmol maleimid-PEG-carbolic acid N-succinimide (Mw. 
3400, Shearwater, Huntsville, USA) was added to 1.1 µmol 2-(4-aminophenyl) 
ethylamine dissolved in 1 ml DCM and stirred overnight at room temperature (RT). 
The solution was evaporated and an NMR spectrum was taken. The p-
aminobenzoylated PEG derivate (1 µmol) was dissolved in 100 µl ice-cold 1 M HCl. 
An ice-cold solution of 100 µl 1.1 µmol NaNO2 was added. The solution was kept at 
0°C for 5 minutes. The reaction was terminated by adding 86 µl 1 M NaOH. Second, 
the PEG spacer was coupled to the plasmid DNA. Different PEG/DNA ratios were 
made, namely 10, 5 and 2 PEG-spacers per DNA molecule. Respectively, 5.7, 2.9 
and 1.1 µl of the PEG spacer solution was added to 0.4 mg DNA dissolved in 200 µl 
100 mM borate buffer (pH 9.0). The reaction mixtures were shaken for 30 minutes at 
room temperature. The reaction was terminated by adding 50 µl of a 3 M sodium 
acetate solution, pH 5.2. Third, the M9 peptides were coupled to the PEG spacer. 
Prior to coupling, the peptides were reduced by incubation with TCEP (Pierce) for 60 
minutes at room temperature. Of this reduced peptide 40 µl (0.015 µmol/ml) was 
added to the DNA-PEG construct and this was incubated overnight at room 
temperature. The DNA-PEG-NLS conjugates were purified from free NLS peptide 
using a viva-spin column (MWCO 3000, Amersham, Roosendaal, The Netherlands). 
The samples were washed twice with TE-buffer. The quality of the plasmid was 
analyzed by agarose gel electrophoresis and the concentration was determined with a 
pico green assay (Molecular Probes, Leiden, The Netherlands). 
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Coupling of M9 peptides to poly-L-lysine (PLL) and transfection of cells with 
lipopolyplexes 
The osM9 peptide was coupled to PLL using the bifunctional linker, m-
MaleimidoBenzoic-N-hydroxysuccinimide ester (MBS) (Sigma, Zwijndrecht, The 
Netherlands). A 20 molar excess of MBS was added to PLL (1mg/ml unless noted 
otherwise) and incubated for 1 hour at RT. After the incubation period, the free MBS 
was removed from PLL-MBS by dialysis against H2O for 1 hour using a slide-a-
lyzer (MWCO 10 kDa) (Pierce, Etten-Leur, The Netherlands). The NLS peptide was 
added to PLL in a 10-fold molar excess. Before the addition to PLL, osM9 was 
incubated with 2 volumes of TCEP gel slurry (previously washed twice with PBS) 
on a roller bank for one hour, to reduce disulphide bridges. After the incubation 
period, the TCEP and osM9 were centrifuged for 1 min at 500 rpm to separate the 
reduced NLS peptides from the TCEP gel slurry, and washed twice with PBS. 
Subsequently, the reduced osM9 was added to the PLL-MBS and the coupling took 
place over night with continuous mixing (at RT). 
 
Cell transfection 
Polyplexes were prepared by adding pDNA to PLL in a ratio of one to five (w/w) in 
HEPES 5 mM, followed by mixing and incubation for 20 min at room temperature. 
Lipopolyplexes were prepared by adding the liposomes to the polyplexes in a ratio of 
5/1/5 and 5/1/2 (w/w/mol) in HEPES 5 mM, followed by mixing and incubation for 
another 15 minutes at RT. To obtain physiological conditions, 150mM NaCl was 
added drop wise to the lipopolyplexes, to give a final volume of 150 µl of 
suspention. The size of the polyplexes, and lipopolyplexes was measured by dynamic 
light scattering using an ALV/CGS-3 (Langen/Germany) at 25ºC and a 90º angle. 
Zeta potential was determined with a Zetasizer 2000 (Malvern Instruments, UK) at 
25ºC.  
For both cell lines, 1*104 cells per well were seeded 24 hours before transfection in 
96-well tissue culture plates (Sanbio, Uden, The Netherlands) to reach 60-70% 
confluence during transfection. To obtain non-dividing cells, Aphidicolin (15µM) 
was added to the cells 24 hours after seeding. Cells were cultured for another 24h 
before transfection was carried out.  
The transfections were performed using PLL polyplexes and PLL lipopolyplexes. 
Polyplexes and lipopolyplexes were prepared as described before. From the 
polyplexes and lipoplexes 150 µl was added to the cells, followed by an incubation 
of 1 hour at 37 oC. After 1 hour the solution was removed and replaced by 100 µl 
completed medium. The cells were cultured for 24 hours after transfection, washed 
in ice cold PBS and harvested in 100 µl reporter lysis buffer (Promega). Twenty µl 
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cell suspension was diluted in 100 µl luciferase reaction buffer (Promega) and the 
luminescence was measured after 10 s using a Lumat LB 9507 Berthold luminometer 
(EG&G, Breda, The Netherlands). This assay is linear with the amount of input 
luciferase (unpublished data). Results were expressed as relative light units per mg of 
cell protein as determined by BCA protein assay (Pierce). 
 
Statistical analysis 
The statistical analyses between different groups were performed with the one-way 
ANOVA followed by a post hoc Dunnett t-test after log transformation of the 
RLU/mg protein data. Probability (p) ≤ 0.05 was considered significant and (p) ≤ 
0.10 was considered a trend. 
 
Fluorescence in situ hybridization 
After transfection of the cells with lipopolyplexes with osM9 containing either a 
plasmid encoding for luciferase or for FVIII were washed three times with PBS, 
incubated with 100 µl hypotonic buffer (0.075 M KCl) and fixed with 100 µl 
methanol/acetic acid (4/1) for 30 minutes at room temperature. Subsequently, the 
cells were dehydrated in an alcohol solution series (50, 70, 95 and 100%) for 5 
minutes each. To synthesize the digoxigenin-labeled probe one µg plasmid DNA, the 
same as was used for transfection of the cells, was labelled using digoxigenin (DIG) 
nick translation mix as described by the manufacturer (Roche, Almere, The 
Netherlands). The probe was purified using a Qiaquick PCR purification kit 
(Qiagen). The DIG-labelled probe was denatured in a hybridization solution (50% 
formamide, 2% Denhardt’s solution (Sigma, Zwijndrecht, The Netherlands), 10% 
dextran sulfate, 10% herring sperm DNA (1mg/ml, Sigma) and 10% probe in 1x SSC 
(sodium chloride-sodium citrate buffer)) for 30 minutes at 70°C. The DNA in the 
cells was denatured in 70% formamide, 2x SSC for 12 minutes at 80°C. The probe-
hybridization solution was added to the cells, which were subsequently covered with 
parafilm, and they were incubated in a humidified box at 37°C overnight. After 
hybridization the cells were washed with 2xSSC, followed by three separate 
incubations for 5 minutes at 43°C in 50% formamide in 2x SSC. Hereafter, the cells 
were washed stringently for 5 minutes in 0.1x SSC at 60°C and washed with PBS. 
The cell-associated probes were stained using the fluorescent antibody enhancer set 
for DIG detection (Roche, Almere, The Netherlands) according to manufacturers 
protocol. The nuclei were stained with 2 µM TO-PRO 3 iodide (Molecular Probes, 
Leiden, The Netherlands) in PBS for 25 minutes at room temperature. Subsequently, 
the cells were mounted in fluorsave (Omnilabo, Breda, The Netherlands). The slides 
were examined using a Leica TCS-SP confocal laser scanning microscope and 
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analysed using Leica TCS-SP Power Scan software (Leica Microsystems, Rijswijk, 
The Netherlands). 
 
Immunofluorescence of BrdU and Luciferase 
Cell proliferation was assessed by incorporating BrdU into cellular DNA and 
detected by immunofluorecescent staining using a monoclonal antibody according to 
the manufacturer’s protocol (Roche, Almere, The Netherlands). Cells were incubated 
with 1000-fold dilution of the original BrdU solution during the transfection 
incubation (1 hour at 37ºC) and for the following 24 hours to label all cells that 
replicated. To obtain non-dividing cells, Aphidicolin (15µM) was added to the cells 
24 hours after seeding. Cells were washed with washing buffer and fixed in 70% 
ethanol in 50 mM glycine buffer, pH 2.0, for 20 min at -15ºC. The primary anti-
body, anti-BrdU (diluted 1:10) was added to the cells for a 30 min incubation at 
37ºC. Cells were washed with washing buffer and the second antibody, fluorescein 
anti-mouse IgG was added. In addition, anti-luciferase (sigma, Zwijndrecht, The 
Netherlands), diluted 1:50 in PBS, 5% BSA, was added for 30 min at 37ºC. Cells 
were incubated with the second anti-body, fluorescein anti-goat IgG (Abcam, 
Cambridge, UK) for 30 min at 37ºC. After the incubation cells were washed with 
washing buffer. The well holder was removed and the cells were covered with 
fluorsave (omnilabo, Breda, The Netherlands) and a cover slip. The fluorescent 
labels were studied using confocal laser scanning microscopy. 
 
Results 
 
Identification of the transportin binding motif in M9 by molecular modeling 
For the identification of the transportin binding domain in M9 the crystal structure of 
transportin was derived from the Protein Data Bank entry 1QBK. This entry presents 
the crystal structure of the transportin/ran.GppNHp complex.23 Before the interaction 
of transportin with M9 could be studied ran.GppNHp had to be removed from the 
crystal structure, because when ran.GppNHp is bound to transportin the molecule is 
in its M9 releasing conformation. Two modifications were done to obtain a 
transportin in its M9 binding mode. Firstly, the ran.GppNHp was removed and, 
secondly, the acid loop of transportin, which plays a key role in the release of M9.29  
Previously two different amino acid sequences have been identified as the M9 
sequence, being responsible for targeting hnRNP A1 to the nucleus, by Michael et al. 
(268-NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY-305) 30 and 
Weighardt et al. (260-YNDFGNYNNQSSNFGPMKGGNFGGRSSGPY-289) 7. 
Since no crystal structures of these M9 sequences were available the unbound 
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secondary structure was predicted with PSIPRED Protein Structure Prediction Server 
using the amino acid sequences 24. Both peptides were predicted to be coiled in 
solution and thus without a secondary structure. However, for several reasons it 
could be assumed that the bound form would be an α-helix. Firstly, Nup 153, a 
protein with M9-like properties, has an α-helix predicted conformation. Secondly, 
the importin β/importin α binding pocket has the same function as the 
transportin/M9 binding pocket and when importin α is bound to importin β it has an 
α-helix conformation, whereas the secondary structure of the importin β binding 
domain of importin α in the unbound form is mainly random coiled. Thirdly, it was 
shown previously that when amino acids in M9 were substituted (helix breakers 
replaced by helix makers) the binding with transportin increased 31. Both M9 
peptides were constructed of L-amino acids in a right-handed alfa-helix 
conformation with the program Insight II.  
Firstly, the M9 binding pocket in transportin was identified using the program 
AutoDock 3.05 25. During the docking the M9 peptide randomly and rigidly moves 
into a grid, which is placed around transportin. During each step the interaction 
energies between transportin and M9 were calculated. When the energy was lower 
than the previous calculated energy the conformation was accepted more often than 
those conformations that were higher in energy. So, the energy was the fitness 
criterion in the generic algorithm. These steps continued until a maximum of 250000 
evaluations was reached. This docking was repeated 100 times. Both peptides were 
predicted to bind transportin in the same place (figure1). 
Secondly, the binding pocket in transportin, which was identified with the rigid 
docking experiment, was used to establish the amino acids in the M9 sequences 
important for binding by molecular dynamics. The binding energies, both 
electrostatic and steric interactions, of all amino acids in the M9 peptide with the 
transportin were calculated 200 times and averaged. All residues with low binding 
energies were discarded resulting in a sequence of 12 amino acids that is responsible 
for transportin binding; 266-YNNQSSNFGPMK-277 (sM9).  
Thirdly, the de novo program LUDI was used to investigate alternative amino acids 
in the dodecamer that would contribute to improved binding of the short M9 
sequence (sM9) to transportin 26. LUDI suggested that binding would be improved 
when the phenylalanine was replaced by an arginine and the methionine by a 
tyrosine, leading to the optimized short M9 sequence (osM9) (YNNQSSNRGPYK).  
 
The M9 peptides facilitated nuclear uptake of BSA-Texas Red 
To test if the sM9 and osM9 peptides are indeed able to facilitate nuclear transport 
their nuclear uptake capacity was studied using digitonin-permeabilized cells 28. The 
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M9 peptide (Ac- NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGYC), 
the sM9 peptide (Ac-YNNQSSNFGPMKC) and the osM9 peptide (H2N-
YNNQSSNRGPYKC) were synthesized using the Fmoc solid-phase method on a 
Rink amide resin with an additional cystein for coupling. They were, subsequently, 
coupled covalently to BSA-Texas Red. 
Next, these M9-BSA-Texas Red constructs and BSA-Texas Red as control were 
incubated with digitonin-permeabilized OVCAR-3 cells. BSA-Texas Red alone was 
detected to some extent in the cytoplasm of the permeabilized cells and not at all in 
the nucleus (figure 2a). However, when BSA-Texas Red was equipped with the 

a

b c

 
Figure 1. Docking of M9 to transportin. The M9 binding pocket was identified with 
AutoDock3 and the aminoacids in the M9 sequence responsible for binding were identified 
with molecular dynamics. a) Docking of M9 (Michael et al.), b) Detail of M9 (Michael et 
al.) bound to transportin and c) Detail of M9 (Weinhardt et al.) bound to transportin. 
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native M9 peptide or the minimized sequences sM9 or osM9 high levels of nuclear 
localization were observed in the nucleus (figure 2b, c, d). Both short peptide 
sequences were able to transport BSA-Texas Red into the nucleus. This import is an 
active process, because in ATP depleted cells no nuclear localization of the BSA-
Texas Red conjugated with peptide was found (data not shown).  
 

 
Coupling of M9 peptides to plasmid DNA did not enhance transfection 
efficiency and nuclear uptake 
To improve the delivery of plasmid DNA into the nucleus the M9 peptides were 
coupled to plasmid DNA via a PEG linker by a diazocoupling as was described by 
Nagasaki et al.18. They used a PEG linker to increase the distance between the 
peptide and the plasmid and thereby the transfection efficiency. Nagasaki et al. 

BSA-Texas Red BSA-Texas Red M9

BSA-Texas Red sM9 BSA-Texas Red soM9

a b

c d

 
 

Figure 2. Coupling of M9 peptides to BSA-Texas Red facilitates nuclear uptake of BSA. Digitonin-
permeabilized cells were incubated with BSA-Texas red conjugated with M9 peptides. a) BSA-
Texas Red, b) BSA-M9, c) BSA-sM9, d) BSA-osM9. 
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coupled a classical NLS peptide derived from SV40 derived NLS peptide 
(PKKKRKVDEPYC) randomly to plasmid DNA and only obtained minor increases 
in transfection efficiency with increasing PEG-spacer length. Importantly, they did 
not observe nuclear uptake of the DNA. We used the M9 and sM9 peptide in a 
similar approach. After coupling of the peptides the DNA was labeled with Cy5 and 
nuclear uptake was studied in digitonin-permeabilized cells. Whereas with BSA clear 
nuclear localization was observed after coupling of the peptides, no nuclear 
localization of any of the M9-DNA conjugates was observed (figure 3). The plasmid 
localized predominantly in the cytoplasm, and had a tendency to localize to some 

extent at the nuclear envelope, indicating that the plasmid DNA could reach the 
nuclear envelope, but was too big to enter the nucleus via the nuclear pore complex. 
Also in transfection experiments the peptides did not have an effect on transfection 
levels (data not shown).  
 
Attachment of the osM9 to PLL enhanced transfection efficiency of 
lipopolyplexes in both dividing and non-dividing cells. 
As we described recently, in contrast to attachment of an NLS peptide to DNA, 
attachment to the cationic polymer poly-L-lysine (PLL) did increase transfection 
efficiency (chapter 6). To test this approach for a non-classical NLS peptide osM9 
was covalently coupled to PLL. PLL/DNA particles were formed and complexed 
with DOTAP/DOPE liposomes. Both proliferating and non-proliferating, i.e. 
aphidicolin treated, COS-7 and 3T3 cells were incubated with these lipopolyplexes. 
Attachment of osM9 to PLL increased luciferase expression in both cell lines (figure 

a b

 

Figure 3. Coupling of M9 peptides to plasmid DNA does not enhance nuclear uptake. Digitonin-
permeabilized cells were incubated with plasmid DNA with covalently coupled M9(a) or sM9(b). 
Only cytoplasmic localization of the plasmid was observed and no nuclear localization. 
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4). In proliferating COS-7 cells the increase in transfection was less pronounced after 
attachment of the osM9 peptide as in non-proliferating COS-7 cells. In 3T3 cells the 
luciferase expression of osM9-lipopolyplexes was significantly increased in both 
dividing and non-proliferating cells. Especially in the latter a major effect of the 
peptide on luciferase expression levels was observed. 
 
Nuclear localization of plasmid DNA after transfection with osM9-
lipopolyplexes 
Fluorescence in situ hybridization (FISH) was used to study intracellular localization 
of DNA complexed by PLL-osM9 lipopolyplexes containing a pluc or pFVIII 
plasmid. Cells were first incubated with the lipopolyplexes for 60 minutes, after 
which the particles were removed and the cells were incubated for another 24 hours. 
The cells were fixed, permeabilized and incubated with a DIG-labeled probe specific 
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Figure 4. Addition of osM9 to PLL increased transfection efficiency of lipopolyplexes in 
proliferating and non-proliferating COS-7 (a) and 3T3 (b) cells. * p ≤ 0.10 and ** p ≤ 0.05. 
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Figure 5. Plasmid DNA was detected inside the nucleus after incubation of COS-7 cells with 
lipopolyplexes containing osM9. pLuc (a) and pFVIII (b) plasmid were visualized using 
fluorescence in situ hybridization and a probe specific for the plasmid. N = nucleus. Scale bar 
represents 10 µm. 
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for the used plasmid. After hybridization the DIG-probe was detected with FITC 
labeled DIG-antibodies. Results showed clear nuclear localization of the plasmid 
DNA in some cells. This nuclear localization was plasmid independent, since two 
different plasmids, pLuc (5.1 Kb) and pFVIII (12 Kb) located inside the nucleus 
(figure 5a and b, respectively). 

 
OsM9-lipopolyplexes can transfect non-dividing cells 
To study if genuine non-dividing cells could be transfected using the lipopolyplexes 
with osM9, COS-7 cells were incubated with aphidicolin to arrest cell growth. Cell 
division was monitored using BrdU, which is incorporated into the DNA of dividing 
cells only (figure 6a). Treatment of cells with aphidicolin completely blocked 
proliferation as evidenced by a complete absence of DNA incorporated BrdU (figure 
6b). Reporter gene expression in non-dividing COS-7 cells was detected using an 
antibody against luciferase. Despite that only in a few cells luciferase expression was 

b

Dc d

a

 
Figure 6. BrdU labelling of dividing (a) and non-dividing (b, c and d) COS-7 cells. Non-dividing 
cells were transfected with lipopolyplexes containing osM9 (c and d). Immunofluorescence staining 
for BrdU (a and b) and luciferase staining (c and d). Scale bar represents 40 µm. 
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detected (figure 6c and d), these cells had not divided during incubation with the 
lipopolyplexes as evidenced by the absence of DNA-incorporated BrdU. These 
results indicate that the osM9 peptide was able to facilitate DNA uptake into the 
nucleus of non-dividing cells. 

 
Discussion 
 
Nuclear import of DNA via the nuclear pore complex requires a nuclear localization 
signal that can interact with the nuclear import machinery. Since the use of a peptide 
that interacts with the classical importin α/importin β pathway could not facilitate 
nuclear uptake of DNA 20 a different strategy had to be followed. Most studies were 
performed with the SV40 derived NLS peptide 13-19. This peptide is characterized by 
its amino acid sequence containing five cationic amino acids: KKKRK. The overall 
charge of the peptide is positive and therefore, the peptide is able to interact with the 
negatively charged DNA. This could influence the binding capacity of the peptide to 
its receptor. To investigate if nuclear uptake of DNA and transfection efficiency 
could by improved by using an NLS peptide, which has no net positive charge, a 
non-classical NLS peptide was used. 
The non-classical NLS peptide M9 was identified as the nuclear localization 
sequence in the heterogeneous nuclear ribonucleoprotein A1 (hnRNP) 6,7. M9 is a 38 
amino acid sequence that binds to transportin to mediate uptake into the nucleus 8.  
Previously two different amino acid sequences have been identified as the M9 
sequence, being responsible for targeting hnRNP A1 to the nucleus, by Michael et al. 
(268-NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY-305) 30 and 
Weighardt et al. (260-YNDFGNYNNQSSNFGPMKGGNFGGRSSGPY-289) 7. In 
order to elucidate the exact sequence involved in transportin binding we started off 
using molecular modeling of M9-transportin interaction. The binding pocket in 
transportin, which was identified using the program AutoDock 3.05, was used to 
establish the amino acids in the M9 sequence required for binding to the M9 binding 
pocket in transportin. After determining the binding energies, both electrostatic and 
steric interactions, of all amino acids in the M9 peptide with transportin a sequence 
of 12 amino acids was identified to be responsible for transportin binding; 266-
YNNQSSNFGPMK-277. Remarkably, the first two amino acids identified were not 
included in the sequence described by Michael et al., but the peptide was similar to 
the one identified by Bogerd et al. using a combination of mutational randomization 
and selection for transportin binding 31. 
Based on the binding energies of the amino acids in the small M9 (sM9) peptide a 
peptide with more efficient binding characteristics was designed. The de novo 
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program LUDI suggested that binding would be improved when the phenylalanine 
was replaced by an arginine and the methionine by a tyrosine, leading to the 
optimized short M9 (osM9); 266-YNNQSSNRGPYK-277 26. To test the efficiency 
of these peptides they were coupled to BSA-TexasRed and nuclear uptake was 
studied in digitonin-permeabilized cells. All three M9 peptides were able to facilitate 
the nuclear uptake of BSA. Unfortunately, the nuclear uptake of plasmid DNA was 
not increased after coupling of the M9 peptides. Also luciferase expression after 
incubation of cells with cationic polymer-complexed DNA with M9 peptide was not 
enhanced. These results indicate that none of the used M9 peptides were able to 
improve transfection efficiency after coupling to plasmid DNA. Also coupling of the 
M9 NLS peptide to linear DNA as we showed previously for the SV40 derived 
peptide 20 did not enhance luciferase expression (data not shown). Electrostatic 
interaction of the classical cationic SV40 NLS peptide with the DNA could therefore 
be excluded as a reason for its lack of enhancing the transfection efficiency. Lack of 
nuclear import caused by the large size of the plasmid DNA is, therefore, likely the 
main reason for the lack of efficacy of DNA-attached NLS sequences. These 
findings corroborate with Ludtke et al. who showed that only DNA with a size of 
1Kb or smaller could enter the nucleus efficiently after attachment of an NLS peptide 
32. An alternative or additional explanation is the immobility of plasmid DNA in the 
cytosol. Lukacs et al. showed that the mobility of DNA larger than 250 bp was very 
low 33. To overcome these problems we coupled the osM9 peptide to PLL and used 
this conjugate to condense the DNA into small particles. These osM9-PLL DNA 
complexes were complexed with DOTAP/DOPE liposomes to form lipopolyplexes. 
The lipids were added to initiate cellular uptake and endosomal escape of the PLL-
osM9 particles enabling the osM9 to facilitate transport of the condensed DNA into 
the nucleus. After transfection of dividing and non-dividing cells the lipopolyplexes 
with the osM9 peptide indeed strongly enhanced luciferase expression compared to 
the lipopolyplexes without peptide. FISH analysis of transfected cells showed 
nuclear localization of plasmid DNA. Even a large plasmid like pFVIII (12 Kb) 
could in this way be observed to localize inside the nucleus, suggesting that when 
using this PLL-osM9 construct to condense DNA, size of the DNA is not a limiting 
factor, as it was for non-condensed DNA 32. These results indicate that the peptide 
facilitates transport into the nucleus of non-dividing cells. To prove transfection of 
non-dividing cells luciferase expression was studied in combination with BrdU 
incorporation detection in aphidicolin-incubated cells. BrdU can only be 
incorporated into the DNA of dividing cells. After incubation with aphidicolin no 
BrdU incorporation in the cells was observed. Indeed some of the non-dividing cells 
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did express luciferase after incubation with the lipopolyplexes containing the osM9 
peptide. 
These results show that a non-classical M9 NLS peptide, can enhance transfection 
efficiency. However, only when the peptide is attached to a small condensed DNA-
particle and not when directly attached to DNA. This is in agreement with other 
studies where they used the M9 NLS peptide to increase lipofection of non-dividing 
cells 21,34,35. They used M9 crosslinked to a scrambled SV40 peptide (ScT) to 
promote ionic interaction with polyanionic DNA. Subramanian et al. observed a 63-
fold increase in β-galactosidase expression with M9-ScT after lipofection of bovine 
aortic endothelium cells, compared to lipofection with plasmid alone 21. They 
observed a condensation effect of the cationic peptide since the addition of ScT alone 
gave a four- to eight-fold enhancement compared to lipofection with plasmid alone. 
These results confirm our finding that DNA needs to be condensed to facilitate 
nuclear uptake. 
Taken together, the molecular modeling data show that only 12 amino acids of the 
long M9 peptide are responsible for binding to its receptor transportin and that this 
small sequence can facilitate nuclear uptake of the model protein BSA. However, for 
nuclear uptake of DNA another factor is important, namely condensation of DNA. 
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This thesis deals with the intracellular trafficking of complexes consisting of cationic 
carriers, like polymers and liposomes, and plasmid DNA, designed for gene delivery. 
Different aspects of the cellular processing of these polymers have been assessed, 
like cellular binding and internalization, intracellular trafficking and nuclear import. 
 
Summary 
 
As reviewed in chapter 2, transport into the nucleus through the nuclear pore 
complex (NPC) is size-restricted and regulated. It requires nuclear localization 
signals that can interact with the transport mechanisms in the NPC. Different 
strategies have been followed in the past years to facilitate transport of exogenous 
DNA into the nucleus of non-dividing cells. They make use of the existing 
machinery by using nuclear localization signals or transport proteins, like importin β 
and transportin.  
In chapter 3 the uptake route into the cell of the cationic polymers polyethylenimine 
(PEI) and poly(2-(dimethylamino)ethyl methacrylate (pDMAEMA) is studied in 
relation to their transfection efficiency. COS-7 cells were incubated with several 
inhibitors of particular cellular uptake routes and the effect of these inhibitors on 
polyplex uptake and gene expression was investigated. Moreover, cellular 
localization of fluorescently labeled polyplexes was determined by spectral 
fluorescence microscopy. 
Polyplexes were prepared at a polymer/DNA N/P ratio of 6 for PEI and 5 for 
pDMAEMA polyplexes allowing for optimal transfection. COS-7 cells were 
incubated with the polyplexes for different incubation times and uptake studies 
showed that PEI-complexed DNA could be detected intracellularly 10 minutes after 
incubation, whereas for pDMAEMA-complexed DNA this took 30 minutes. In line 
herewith, reporter gene expression was faster for PEI-complexed DNA than for 
pDMAEMA, 30 and 90 minutes, respectively. Uptake studies in the presence of 
inhibitors of specific endocytic routes showed that both PEI- and pDMAEMA-
complexed DNA were taken up via the clathrin- and caveolae-mediated pathway. 
This result was confirmed by spectral imaging. Co-localization of the polyplexes 
with transferrin and cholera toxin demonstrated the presence of polyplexes in both 
clathrin-coated vesicles and caveolae. However, transfection experiments in the 
presence of the endocytosis inhibitors showed for both polymers that only uptake via 
the caveolae-mediated pathway contributed to gene expression.  
Different cationic polymers have been used in non-viral gene delivery with different 
but, compared to viral transfection systems, low efficiencies. Information about the 
intracellular location of DNA complexed with these polymers is of major importance 
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for optimization of their performance. To obtain information about the intracellular 
location of polyplexes we used fluorescence in situ hybridization (FISH) as is 
described in chapter 4. FISH has an advantage over fluorescent labeling of DNA in 
that the fluorescent label, in this approach a fluorescently labeled DNA-specific 
probe, is added afterwards. Therefore, it can not dissociate from the DNA nor can it 
alter the physicochemical properties of the DNA and, thereby, its intracellular 
behavior. 
The specificity of the FISH probe was tested on plain cells and cells incubated with 
cationic polymers alone. Results showed that the FISH probe did not interact with 
endogenous DNA in the cells or with the cationic polymers. When cells were 
incubated with PEI or pDMAEMA polyplexes, the introduced plasmid DNA could 
be detected in the cytosol and nucleus of the cells. In addition, another polymer 
designed for gene delivery, polydiamine methacrylate (pDAMA) was used. pDAMA 
could condense DNA into small particles, but transfection efficiency was low. After 
incubation with the FISH probe hardly any fluorescence was detected in cells 
transfected with pDAMA-based polyplexes. Thus, FISH can be used to detect 
intracellularly delivered plasmid DNA and provide information about the 
intracellular dissociation characteristics of the polymer/DNA complexes and thereby 
provide information about transfection efficiency.  
Transfection with non-viral gene delivery vectors, such as cationic polymers, 
generally results in low transgene expression. This is likely due to poor cytoplasmic 
transport and intra-nuclear DNA delivery. In chapter 5 two strategies to improve 
nuclear import were investigated. Linear DNA constructs with or without an NLS 
peptide were prepared by PCR. Alternatively, linear DNA obtained by enzymatic 
cleavage followed by capping of both ends with DNA-hairpins was used. An SV40 
derived NLS peptide (PKKKRKVEDPYC) was attached to one of the capped ends 
of the linear DNA. Both biodegradable (poly(2-dimethylaminoethylamino) 
phosphazene (pDMAEAppz)) and non-degradable polymers (PEI or pDMAEMA) 
were used to complex the DNA. Several cell types, dividing and non-dividing, were 
transfected with the linear DNA constructs containing a SV40-derived NLS peptide. 
Linear DNA prepared by PCR proved not useful as it was degraded from the 3’ end. 
Linear DNA capped with hairpins was more successful with regard to stability. 
However, cells transfected with linear DNA constructs by electroporation or by using 
cationic polymers with linear DNA containing a NLS peptide failed to show 
significantly higher protein (in this case luciferase) expression levels when compared 
to cells transfected with plasmid DNA or linear DNA without an NLS peptide 
attached. Taken together, these data demonstrate that this cationic nuclear 
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localization signal is not able to improve nuclear import of the chosen DNA 
constructs. 
The lack of nuclear import enhancement by the chosen NLS and improvement in 
transfection of these linear DNA constructs could be due to the large size of the 
polyplexes. Therefore, in addition to attachment of a nuclear localization signal, 
complexation into a smaller polyplex particle could be an option. The SV40-derived 
NLS peptide (PKKKRKVEDPYC) was covalently coupled to the cationic polymer 
poly-L-Lysine (PLL) (chapter 6) and used to complex plasmid DNA encoding for 
luciferase into small particles. The formed polyplexes had an average diameter of 96 
nm. However calculations based on electron microscopy pictures of the polyplexes 
showed that approximately 10% of the DNA was in particles smaller than 39 nm, the 
maximum size limit of transport through the NPC. For transfection the PLL/DNA 
particles were complexed with cationic liposomes to facilitate cellular uptake and 
endosomal release. The presence of the NLS peptide increased transfection of the 
lipopolyplexes in both dividing and non-dividing COS-7 and 3T3 cells. To ascertain 
that the cells that were transfected did not divide during incubation with the 
lipopolyplexes the cells were incubated with BrdU. BrdU is incorporated into the 
DNA of cells that have divided and it can be detected with an antibody. Using this 
BrdU-labeling, we showed that the NLS-lipopolyplexes were able to transfect cells 
that did not divide. 
In chapter 7 the use of an alternative NLS peptide is described. Two different 
nuclear import pathways exist, namely the classical and non-classical pathway. In 
this study we used an NLS peptide, M9, which is a non-classical NLS that interacts 
with transportin and is responsible for nuclear localization of the heterogeneous 
nuclear ribonucleoprotein A1 into the nucleus. Firstly, molecular modeling showed 
that only 12 amino acids of the 38 amino acids long M9 sequence (sM9) were 
required for binding to transportin. This sequence could be further optimized for its 
binding characteristics by two amino acid substitutions (osM9). Secondly, these 
sequences were found to be able to transport bovine serum albumin (BSA) into the 
nuclei of digitonin-permeabilized cells. However, once these peptides were coupled 
to plasmid DNA no uptake of these DNA-peptide constructs into the nucleus of 
digitonin-permeabilized cells nor enhanced transfection efficiency was observed. 
Therefore, in an approach similar to that described in chapter 6, osM9 was coupled to 
poly-L-lysine and cells were transfected with osM9-lipopolyplexes. When compared 
to plain lipopolyplexes, transfection was increased in non-dividing cells. Taken 
together, these results show that a non-classical NLS peptide, like a cationic classical 
one, can facilitate nuclear uptake of DNA and thereby increase its transfection 
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efficiency only after coupling of the peptide to PLL used for complexation of the 
DNA. 
 
Conclusions 
 
In this thesis, the intracellular trafficking of non-viral gene delivery systems, mainly 
cationic polymers, was assessed. The obtained results are summarized in figure 1. In 
COS-7 cells uptake of PEI- and pDMAEMA-based polyplexes was via both the 
clathrin- and caveolae-mediated route. However, only the latter route was important 
for expression of the reporter gene.  
In an attempt to improve the efficiency of cationic polymers, cells were transfected 
with linear or plasmid DNA equipped with an NLS peptide. Both a classical and a 
non-classical NLS-peptide attached directly to the DNA did not improve the 
transfection efficiency of the complexes of DNA and cationic polymers. However, 
when the NLS peptides were coupled to the cationic polymer poly-L-lysine (PLL) 
prior to complexation of the DNA in small particles, the transfection efficiency of 
lipopolyplexes, consisting of plasmid DNA, NLS-PLL and cationic liposomes, was 
enhanced. Taken together, these results show that successful import of DNA into the 
nucleus of non-dividing cells can be achieved by complexation of the DNA into 
small, i.e. smaller than 39 nm, particles and coupling of an NLS peptide to the 
polymer surface rather than direct attachment to the DNA. 
 
Perspectives 
 
An ideal gene delivery system is both safe and efficient. The success of viral gene 
delivery systems is hampered by their immunogenicity, lack of target cell specificity 
and for some viral vectors by insertional mutagenesis. Non-viral gene delivery 
systems do not have these drawbacks, but before these systems can be used for 
therapeutic gene expression in humans their cytotoxicity has to be decreased and 
their efficiency has to be improved at least to the level of viral vectors. 
Cytotoxicity of the polymers, which are commonly used at present, is especially a 
problem of high molecular weight polymers like PEI, PLL and pDMAEMA. 
Interaction with cells can lead to increasing levels of ion permeability, loss of 
cytoplasmic proteins and collapse of the membrane potential 1-3. Generally speaking, 
the cytotoxicity of cationic polymers decreases with their molecular weight and 
below a certain molecular weight they can be excreted from the body 4. 
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Figure 1. A schematic picture of a cell in which the results, obtained in this thesis, are summarized. 
DNA was complexed into small, positively charged polyplexes or lipopolyplexes, which form a 
heterogenous population. The polyplexes are taken up via clathrin-coated pits and caveolae. The 
route of uptake is probably determined based on polyplex size. Polyplexes inside clatrin-coated 
vesicles are mainly transported to lysosomes and do not contribute to gene expression. Liposomes 
were used to facilitate endosomal escape of PLL-based polyplexes. An NLS on the outside of the 
particle can bind importin/transportin, which facilitates uptake into the nucleus, where the DNA is 
released. 
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However, since high molecular weight polymers are more efficient in proper DNA 
condensation and transfection, the use of degradable polymers or low molecular 
weight polymers that are joined via degradable connections is preferred 5-11. 
Delivery of intact DNA into the nucleus of the target cell is pivotal for efficient gene 
therapy. However, upon in vivo administration non-viral gene delivery systems will 
interact with plasma proteins, non-target cells and the extracellular matrix. To 
prevent these detrimental interactions the carrier can be shielded with a hydrophilic 
coat. This coat can exist of a lipid bilayer 12 with, if so desired, hydrophilic polymers 
attached, like poly(ethylene glycol) (PEG) 13, poly(hydroxpropyl)methacrylamide 
(PHPMA) 14 and poly(hydroxyalkyl L-asparagine/L-glutamine) (PHEG) 15.  
Shielding of the positive charge of the cationic polyplexes prevents aspecific binding 
to the cell membrane and provides an opportunity for targeting towards specific cell 
types by conjugating ligands to the hydrophilic coat. Several different ligands have 
been used for cell specific targeting, like vitamins, antibodies and peptides 16-18. 
Once polyplexes arrive at the target cell they have to be taken up by the cell. Uptake 
can be hampered by glycosaminoglycans (GAGs), which are present in the 
extracellular matrix and on the surface of most cells, often as a part of proteoglycans 
(PGs) 19. GAGs and PGs are potential inhibitors of non-viral gene therapy due to 
their abundance and polyanionic nature. Both extracellular and cell-surface GAGs 
have been found to decrease transfection efficiency, depending on the structure of 
the GAG and the carrier 20-23. Since a PG can help or block uptake of gene delivery 
systems, it is important to target to the right PG for more efficient gene transfer 23. 
We showed in chapter 3 that the route of internalization of complexes of DNA and 
cationic polymers is very important for transfection efficiency. Despite that PEI- and 
pDMAEMA-based polyplexes were taken up via both the clathrin- and caveolae-
mediated pathway, only the latter seemed important for gene transfer in COS-7 cells. 
These results are important for the design of efficient transfection agents. Until now 
a lot of effort is put in the release of polyplexes from acidic endosomes or lysosomes. 
The advantage of the caveolae-mediated pathway compared to the clathrin-mediated 
pathway is that the environment is neutral and does not contain nucleases, like the 
lysosomal compartment 24. Degradation of the exogenous DNA is, therefore, not an 
issue. However, information about strategies to escape from these vesicles and to 
achieve nuclear localization is not available yet and requires further investigation. 
Several different factors can influence the route of uptake and intracellular 
trafficking of non-viral gene delivery systems, like cell type and particle 
characteristics. Different cell types have different uptake mechanisms. Hepatic 
HepG2 cells, for example, do not have caveolae-mediated uptake. Uptake of 
hystidylated poly-L-lysine-based polyplexes by these cells is via the clathrin-
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mediated pathway and macropinocytosis 25. Cationic polymer/DNA particles often 
have a wide size distribution and the route of uptake depends on the size of the 
particles as was shown by Rejman et al. 26. Small particles (<200 nm) enter murine 
melanoma cells (B16-F10) via clathrin-mediated endocytosis, whereas particles of 
500 nm were internalized via caveolae-mediated endocytosis. To direct the uptake of 
polyplexes to one particular uptake route selection of particles according to their size 
has to be performed. Furthermore, it would be interesting to investigate if other 
polyplex characteristics like charge and shape, influence the route of uptake. In 
addition, the use of caveolae-specific antibodies could be considered 27-29. No 
information about strategies to escape from caveosomes is available yet. The SV40 
virus uses caveolae to travel to the ER and from there enters the nucleus 30. A similar 
transfer of polyplexes may target DNA to the nucleus. 
Once inside the cytosol the DNA has to be delivered into the nucleus. Pollard et al. 
showed that less than one out of 1000 copies of the transgene is delivered into the 
nucleus 31,32. A reason could be that transport inside the cytosol is hampered by the 
viscous environment of the cytosol 33. To improve trafficking towards the nucleus the 
cellular transport mechanism along the microtubuli can be employed. Intracellular 
movement of membrane-bound organelles 34, several viruses 35-37, p53 38, and many 
other cellular proteins is linked to the molecular motors; dynein and kinesin. Dynein 
directs retrograde transport towards the microtubular organizing center (MTOC), 
which is located perinuclearly. The dynein complex consists of two microtubule-
binding heavy chains containing ATPase and motor activities (~500 kDa), several 
dynein intermediate chains (~74 kDa) that are involved in cellular targeting, and a 
group of light intermediate chains (~52-61 kDa) that are thought to regulate dynein 
motor activity 39. In addition there are several light chains (~8-22 kDa). One of these 
dynein light chains, DLC8 (89 amino acids) is directly associated with dynein and is 
essential for the motor activity of the dynein complex 40. Recently, the structural 
basis of target recognition by DLC8 was elucidated39 and novel viral sequences that 
associate with DLC8 were identified 41. These sequences could be used to improve 
transport of DNA or polyplexes towards the nucleus by attaching them to the 
polyplexes. 
We observed no nuclear uptake or transfection enhancement when an NLS peptide 
was coupled to DNA, but when coupled to PLL increased transfection was observed. 
Together with the present knowledge about the NPC, these results suggest that 
complexation of the DNA into a small particle can facilitate receptor-mediated 
uptake into the nucleus 42,43. 
Expression of the transgene is both inefficient and temporary. Gussoni et al. showed 
with a combination of fluorescence in situ hybridization (FISH) and 
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immunohistochemistry that plasmid DNA was found in nuclei of both cells 
expressing and not expressing the transgene, indicating that transfection efficiency is 
also hampered by cellular controls on gene expression 44. In addition, gene 
transfection is transient and only lasts for 1-2 weeks at most. For stable transfection 
the transgene has to be integrated into the genome of the host cell. An example of 
such an approach is the Sleeping Beauty transposon, which has been used 
successfully to insert naked DNA into mouse chromosomes, resulting in long-term 
transgene expression 45. However, integration into the genome has to be specific to 
prevent the problems encountered by viral gene therapy where integration of the 
transgene in the genome can either disrupt the expression of a tumour-suppressor 
gene or activate an oncogene 46. Targeting safe genome sites can be done using a 
site-specific recombinase (SSR), an enzyme that recognizes unique nucleic-acid 
sequences called recombination sites within the pathogen and host genomes, which 
mediates recombination at that site 47. Another option is the use of an episomally 
replicating plasmid. This involves DNA molecules that can be replicated and 
segregated to daughter cells in an autonomous, extrachromosomal manner 48. Since 
this does not interfere with the host genome, insertional mutagenesis is avoided. A 
plasmid containing an SV40-ori sequence that does not require transforming viral 
gene products for episomal maintenance has been generated for stable episomal 
expression 49,50. 
In conclusion, the ultimate gene delivery system combines the efficiency advantage 
of viral gene therapy with the safety advantage of non-viral gene therapy. Figure 2 
shows a model of an artificial virus as was described by Mastrobattista et al. 51. DNA 
first has to be condensed into a small particle, preferably by a biodegradable 
polymer, which protects it from degradation by nucleases and facilitates transport in 
the cytosol via its dynein binding peptide (dbp) that interacts with the retrograde 
transport and nuclear uptake via its NLS peptide. To facilitate cellular uptake and 
delivery of the particle into the cytosol, a lipid coating containing membrane 
destabilizing peptides is added. Prolonged in vivo circulation can be obtained by a 
sheddable polymer (e.g. PEG) coating and cellular targeting is mediated by targeting 
ligands 52. 
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Nederlandse samenvatting voor leken 
 
Het menselijk lichaam bestaat uit een groot aantal organen en weefsels die samen 
zijn opgebouwd uit miljarden cellen. Deze cellen bevatten ons erfelijk materiaal, in 
de vorm van chromosomen. De chromosomen bestaan uit desoxyribonucleïnezuur 
(DNA), waarin de code voor al onze erfelijke eigenschappen is vastgelegd. Een 
stukje DNA dat zo’n code bevat, heet een gen. Elk gen bevat een code voor één van 
de vele eiwitten waaruit ons lichaam is opgebouwd. Fouten in het DNA van iemand 
kunnen ervoor zorgen dat de lichaamscellen niet goed kunnen werken en dat zo’n 
persoon ziek wordt. Dit kan een genetisch oorzaak hebben, zoals bij erfelijke en 
soms ook aangeboren aandoeningen. Ook kan het DNA op latere leeftijd beschadigd 
raken waardoor bijvoorbeeld kanker kan ontstaan. Een manier om deze ziekten te 
behandelen is met behulp van gentherapie.  
Gentherapie is het genezen van aandoeningen met een genetische oorzaak door 
specifiek genetisch materiaal in te brengen in het DNA van een ziek individu. Dit 
kan gebeuren door een ziekte-gen te repareren of door een gezonde versie van dit gen 
toe te voegen. Bij aandoeningen, zoals kanker, zou gentherapie een bijdrage kunnen 
leveren aan de behandeling door extra genen toe te voegen die werken als een 
medicijn. Het voordeel van gentherapie in vergelijking met conventionele 
behandelingsmethodes is dat het aangrijpt bij de oorzaak, het defect in het gen. 
Voordat het gen zijn werk kan doen, moet het op de juiste plaats in het lichaam 
afgeleverd worden. Er bestaan hiervoor verschillende methoden waarvan het gebruik 
van gen-drager-systemen er een is. Er zijn twee soorten drager systemen voor 
genafgifte te onderscheiden, namelijk virale en non-virale genafgifte systemen. 
Virale systemen maken gebruik van virussen, die gespecialiseerd zijn in het 
binnendringen van cellen en het daar afleveren van hun genen. Dit betekent dat 
wanneer een therapeutisch gen in een virus wordt ingepakt, het virus het kan 
inbouwen in het DNA. Genoverdracht met behulp van virussen is redelijk effectief. 
Virussen kunnen bewerkt worden, zodat ze maar één type cel herkennen en 
infecteren, waardoor de specificiteit van de genoverdracht vergroot wordt. 
Bovendien kunnen de virussen bewerkt worden om te voorkomen dat ze de patient 
ziek maken. Toch kan het gebruik van virussen  ernstige bijwerkingen geven, zoals 
het ontstaan van leukemie. Daarom zijn non-virale dragersystemen ontwikkeld. 
Voorbeelden van non-virale dragersystemen zijn liposomen (een soort vetbolletjes) 
en polymeren. Deze positief geladen dragersystemen vormen kleine deeltjes, 
respectievelijk lipoplex of polyplex genaamd, met het negatief geladen DNA op 
basis van lading. Op deze manier wordt het DNA beschermd tegen afbraak in het 
lichaam en kan het door de cel opgenomen worden. De positieve lading van de 
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deeltjes zorgt voor binding aan de celmembraan, waarna opname in de cel kan 
plaatsvinden via instulpingen in de membraan, een proces dat endocytose heet. De 
membraaninstulpingen vormen blaasjes, endosomen genaamd, in de cel. Na opname 
moet het deeltje vrijkomen uit dit endosoom en naar de kern bewegen. Vervolgens 
moet het DNA in de kern afgegeven worden. 
In figuur 1 is een schematische weergave van een cel te zien. Er zijn verschillende 
routes de cel in. In figuur 1 staan er twee afgebeeld, namelijk clathrine en caveolae 
afhankelijke opname. Beide opname routes werken naast elkaar en welke route een 
deeltje volgt, hangt af van verschillende factoren, zoals onder andere grootte. 
Opname via de clathrine-afhankelijk route kan leiden tot afbraak in het lysosoom. 
Om dit te voorkomen moet het deeltje ontsnappen uit het blaasje. Het DNA moet 
uiteindelijk via het cytosol naar de kern. Echter, transport de kern in is beperkt tot 
kleine deeltjes of deeltjes die aan de transport receptor kunnen binden. Deze 
transport receptoren, importin of transportin genaamd, maken transport naar de kern 
mogelijk. 

Clathrine
afhankelijke
opname

Caveolae

Kern

Lysosoom

Celmembraan

Cytosol

Transport receptor

 
 
Figure 1. Een schematische weergave van een cel. Opname vindt plaats via de clathrine of caveolae 
afhankelijke route. De clathrine afhankelijke route kan leiden tot ophoping in het lysosoom, waar 
afbraak plaats vindt. In het cytosol zijn transport receptoren aanwezig die transport de kern in 
verzorgen. 
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Voor efficiënte gentherapie is het belangrijk dat het gen op de juiste plek wordt 
afgegeven in het lichaam en in de cel. In dit proefschrift wordt de studie van de 
cellulaire opname en verwerking van de non-virale genafgifte systemen beschreven. 
Tevens wordt beschreven hoe gerichte afgifte van het gen aan de kern wordt 
bewerkstelligd door toevoeging van een specifiek kern signaal aan DNA of 
polymeer. 
Een overzicht van de literatuur die verschillende strategieën voor het verbeteren van 
DNA opname in de kern beschrijft, is gegeven in hoofdstuk 2. In hoofdstuk 3 
hebben we de opname van polyplexen bestaande uit DNA en de positief geladen 
polymeren PEI en pDMAEMA bestudeerd. Er bestaan verschillende opname routes 
de cel in en om te bepalen via welke route de polyplexen opgenomen worden, waren 
remmers, die een of meer opname routes remmen, aan de cellen toegevoegd. Doordat 
een route geblokkeerd wordt, kan opname alleen via een andere route plaatsvinden. 
Het effect van deze remmers op polyplex opname en gen expressie was vastgesteld. 
Tevens werd de intracellulaire locatie van de polyplexen bepaald met behulp van 
fluorescentie microscopie. 
COS-7 cellen werden geïncubeerd met de remmers gedurende verschillende tijden en 
vervolgens met PEI en pDMAEMA polyplexen voor een uur. Opname studies lieten 
zien dat PEI gebonden DNA al binnen 10 minuten werd gedetecteerd, terwijl 
pDMAEMA gebonden DNA pas na 30 minuten kon worden aangetoond. Ook gen 
expressie was sneller voor PEI gebonden DNA in vergelijking met pDMAEMA 
gebonden DNA, 30 and 90 minuten respectievelijk. Incubatie van cellen met opname 
remmers liet zien dat opname van beide polymeren via zowel de clathrine als de 
caveolae afhankelijke route plaatsvindt. Gen expressie, daarentegen, werd alleen 
beïnvloed door inhibitie van de caveolae afhankelijke route. Dit duidt er op dat DNA 
dat via deze route de cel binnenkomt het meest efficiënt naar de kern gaat.  
Om de locatie van het DNA in de cel te kunnen bepalen hebben we gebruik gemaakt 
van fluorescent in situ hybridization (FISH) (hoofdstuk 4). Met deze techniek kun je 
DNA in de cel aantonen na opname door de cel door er een fluorescent label (een 
soort vlaggetje) aan te hangen wat specifiek het DNA herkent. Het voordeel van 
FISH ten opzichte van andere fluorescente labeling technieken is dat het label pas na 
opname in de cel aan het DNA gehangen wordt en het dus geen invloed heeft op hoe 
het DNA door de cel verwerkt wordt. Met behulp van FISH hebben we gevonden dat 
het DNA samen met het polymeer de kern kan bereiken en dat de binding 
capaciteiten van het polymeer belangrijk zijn voor efficiënte detectie met FISH, maar 
ook voor efficiënte gen expressie. 
Om de celkern binnen te komen heeft het DNA hulp nodig van eiwitten die hiervoor 
speciaal aanwezig zijn in het cytosol. Om gebruik te kunnen maken van deze 
zogenaamde transport receptoren moet het DNA er aan binden en daarvoor is een 
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specifiek signaal eiwit nodig. Dit signaal eiwit bindt de transport receptoren via een 
sleutel en slot principe. Als het signaal eiwit en de transport receptor in elkaar 
passen, vindt opname in de kern plaats. In hoofdstuk 5 hebben we zo’n signaal 
eiwit, een nucleair lokaliserend signaal (NLS), aan DNA gekoppeld en het effect 
hiervan op kern opname en gen expressie bekeken. Het DNA werd de cel ingebracht 
met behulp van verschillende polymeren. Verschillende cel types, delend en niet-
delend, zijn gebruikt, maar nergens was een effect van het NLS waarneembaar. 
Vervolgens hebben we gekeken naar de opname van het DNA met NLS in de kern, 
maar ook hier zagen we geen effect van het NLS. Een reden hiervoor kan zijn dat het 
positief geladen NLS bindt aan het negatief geladen DNA en daardoor niet meer aan 
zijn receptor kan binden. Een andere reden kan zijn dat het DNA te groot is om de 
kern binnen te gaan. Daarom hebben we in hoofdstuk 6 het NLS aan het polymeer 
gekoppeld. Hiervoor is poly-L-lysine (PLL) gebruikt, omdat dit polymeer hele kleine 
deeltjes vormt met het DNA. Om deze deeltjes de cel in te helpen zijn positief 
geladen liposomen gebruikt. Deze liposomen binden de polyplexen en zorgen voor 
opname in de cel en afgifte in het cytosol, waar de polyplexen vrij komen en naar de 
kern kunnen gaan. Koppeling van een NLS aan PLL verhoogde de gen expressie 
significant met name in niet-delende cellen.  
Naast de NLS die we hierboven gebruikt hebben bestaat er nog een alternatief 
nucleair lokaliserend signaal, M9 genaamd. Dit M9 bindt aan een andere receptor, 
die ook voor opname in de kern zorgt. Een van de verschillen met de andere NLS is 
dat het geen positieve maar een neutrale lading heeft. Hierdoor zal het minder aan 
het negatief geladen DNA kunnen binden. Echter, na koppeling aan plasmide DNA 
is er wederom geen kern opname of verhoging van gen expressie te zien (hoofdstuk 
7). Daarom werd ook deze NLS aan PLL gekoppeld. Dit gaf wederom wel een 
verhoging in gen expressie. 
 
Conclusie 
 
In dit proefschrift is de cellulaire opname en verwerking van non-virale gen afgifte 
systemen, met name polymeren, bestudeerd. Opname van PEI en pDMAEMA 
gebonden DNA vind plaats via zowel de clathrine als de caveolae afhankelijke route, 
maar alleen de laatste lijkt bij te dragen aan gen expressie (figuur 2). Om gen 
expressie te verbeteren werd er een NLS aan DNA gekoppeld. Aangezien dit geen 
effect had op gen expressie en opname in de kern koppelden we het NLS aan het 
polymeer. Kleine deeltjes werden gevormd en na binding aan liposomen werd een 
effect gezien van het NLS op gen expressie. Kortom, een NLS kan ervoor zorgen dat 
DNA de kern van niet-delende cellen in kan, maar dan moet het DNA wel gebonden 
zijn in een klein deeltje. 
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Figure 2. Een schematische weergave van opname van polyplexen in de cel, gebaseerd op resultaten 
beschreven in dit proefschrift. 
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Dankwoord 
 
Like the sand can seep right through your fingers so can all your day 
As those days go by you'll have me there to help you find the way 
The way I feel with you I know it's got to last forever 
Nou ja, “forever”, vier jaar is lang genoeg. Al moet ik toegeven dat het wel snel is 
gegaan. En dat allemaal dankzij iedereen die me de afgelopen vier jaar geholpen 
heeft om de weg te vinden. Voor jullie dit dankwoord. 
 
Allereerst wil ik mijn promotor Prof. Dr. Daan Crommelin bedanken. Daan, ondanks 
je drukke schema vond je altijd weer de tijd om me met raad en daad bij te staan en 
me achter mijn vodden aan te zitten. Het was af en toe best moeilijk om je te 
overtuigen. Zeker als het om de rode en groene kleur in confocal plaatjes ging, maar 
je kritische kijk op dingen heeft me altijd scherp gehouden. De brainstorm sessies    
’s avonds waren niet echt mij favoriete tijdsbesteding, maar toegegeven, ze waren 
erg nuttig. Ik vond het bovendien altijd een grote eer dat iedereen bereid was zijn of 
haar vrije avond voor mij en mijn project op te offeren.  
Mijn andere promotor Prof. Dr. Ir. Wim Hennink, wil ik ook hartelijk danken voor 
zijn onmisbare bijdragen tijdens werkbesprekingen. Ondanks dat het vaak over 
cellen, DNA en de daarbij behorende zaken ging, doorzag je het probleem vrijwel 
meteen. En ja, ik weet het, we moeten eerst karakteriseren. 
Naast twee promotoren heb ik ook nog eens de luxe van twee copromotoren. 
Allereerst, Dr. Koning, Gerben, zonder jou had ik het niet gered de afgelopen vier 
jaar. (En dat meen ik.) Als ik vast zat en niet wist wat te doen, had jij altijd wel weer 
een goed idee voor een experiment of methode die we konden gebruiken. Ook heb je 
contacten gelegd in binnen- en buitenland, waardoor er nu een Hoofdstuk 3 en 4 in 
m’n boekje staan. Maar meer nog heb je me geholpen door te luisteren en me te 
steunen als (ik vond dat) anderen me niet begrepen. Het moet voor jou wel lekker 
rustig zijn geweest toen je naar Delft verhuisde en ik niet meer zo maar je kamer 
binnen kon stappen, maar ook op afstand kon ik nog steeds van al jouw kennis 
gebruik maken. Ontzettend bedankt!  
Dr. Oosting, Ronald, mijn tweede copromotor, je had het misschien niet verwacht, 
maar zoals het er nu uit ziet, gaat het me toch lukken om in vier jaar te promoveren. 
Dit klinkt misschien een beetje negatief, maar zo bedoel ik het niet en jij 
waarschijnlijk ook niet (toch?). Ik wil jou ook hartelijk bedanken voor al je goede 
adviezen met name over PCR en statistiek. (Al moet ik voor dit laatste eigenlijk Filip 
bedanken. Bij deze!) En natuurlijk voor het opofferen van je vrije avond voor de 
werkbesprekingen. Ook niet jouw favoriete besteding van de avond. 
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Dr. d’Oliveira, Christine, erg bedankt voor je bijdrage aan de werkbesprekingen en 
brainstorm sessies. Ondanks dat je in Leiden en Rotterdam werkte, kwam je altijd 
trouw opdraven voor de besprekingen in Utrecht.  
Dr. Mastrobattista, Enrico, om eerlijk te zijn, had ik niet verwacht nog veel te kunnen 
profiteren van jouw ervaring en kennis, maar ik moet toegeven dat je zeker op het 
einde nog veel hebt bijgedragen aan dit boekje. Mijn hartelijke dank daarvoor en nog 
veel succes met het voortzetten van “mijn project”.  
 
And when the rain begins to fall 
you'll ride my rainbow in the sky 
Z509! Toch echt het gezelligste lab in het wentgebouw! Marjan (bedankt dat je m’n 
paranimf wilt zijn!) en Cor wat zou het saai geweest zijn zonder jullie op het lab. 
Geen M&M DISCOr, vrolijke noot, zelf gemaakt stikstof ijs (banaan met M&M, 
jammie), Fokke & Sukke, een skieende kerstkaart, shrek, de biofarmacie web-log, 
troetelbeertjes straal!, de snoeppot, roze ikea kussen, spijkerbroek met gaten, cocktail 
parties, Wipneus & Pim, kindersurprise, verkleurende badeendjes, basketbal, 
kanopolo, voetbal en natuurlijk chaos, afwas, te weinig pipetten, geen schoon 
glaswerk, en altijd weer die verdwenen schaar. Al moet ik eerlijk toegeven dat de 
“bewoners” van Z505 aan deze laatste dingen ook veel hebben bijgedragen. Meestal 
was daar wel weer wat terug te vinden ;-).  
Zo af en toe werden we versterkt door studenten. Ik heb de eer gehad er vier te 
mogen begeleiden; Jurryt, Karlijn, Maarten en Ana. Jullie ook bedankt voor je 
gezelligheid, maar vooral voor het werk dat jullie gedaan hebben! Jurryt, uiteindelijk 
zijn al die kleine deeltjes die je hebt gemaakt toch nog van pas gekomen en ook de 
digitonine assay hebben we nog vaak gebruikt (wat soms erg frustrerend kon zijn). 
Karlijn, oftewel KJ (het stond echt op de flessen, ik weet het...), het was voor jou een 
enorme teleurstelling dat niet alles meteen goed ging, maar ja, dat is onderzoek en 
uiteindelijk is het toch nog allemaal goed gekomen. Veel succes met je eigen 
promotie onderzoek! Maarten, jij bent ondanks al dat karakteriseren niet meer weg te 
slaan bij biofarmacie (en medchem). Helaas betekent twee vakgroepen alleen meer 
werkbesprekingen en niet meer salaris. Jij ook veel succes met je promotie 
onderzoek. Dirk en Ed, bedankt voor het begeleiden van Maarten tijdens de eerste 
maanden van zijn project. Ana, I don’t think your Dutch improved after you went 
back to Portugal. Therefore, I would like to thank you for all the work you did (and 
the giant surprise egg ;-)) in English: Thank you very much! Good luck with your 
further career! Naast m’n “eigen” studenten wil ik nog wat andere studenten 
bedanken. Allereerst, Theresa, guapa, liposome queen, thank you for a nice time in 
Madrid and good luck with your PhD project! Magalie en familie, bedankt voor jullie 
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gastvrijheid. Karlijn en ik hebben genoten van de biefstuk met frietjes! Ethlinn, het 
duurde even voordat het af was, maar je scriptie is dan ook een heel boekwerk 
geworden. Heel veel succes met je aio project! En Niels, jammer, dat ik niet eerder 
door had dat je eigenlijk best leuk bent. Veel succes en geluk in Zuid-Afrika. 
 
And I will catch you if you fall 
you'll never have to ask me why. 
Eigenlijk heb ik de meeste experimenten niet op het lab, maar in de celkweek 
gedaan. Met een labjas aan in een warm, want nauwelijks geventileerd en omgeven 
door autoclaven, hok waar gelukkig de radio erg hard kon. In het begin was het er 
nog lekker rustig, maar in de loop der tijd werd het steeds drukker. Gelukkig zorgden 
Nancy, Adriënne, Marcel en Martin nog voor een beetje orde in de chaos. Alle vier 
heel erg bedankt voor het opgang houden van de cellijnen en de hulp daar waar 
nodig. Marcel, jij ook nog extra bedankt voor de EM experimenten die je voor mij 
gedaan hebt. Helaas zijn ze niet gelukt, maar nu staan ze in ieder geval vermeld in 
m’n boekje. Zonder polymeren had ik natuurlijk niet zoveel te doen gehad in de 
celkweek. Jan-Hein, Arjen en Jordy, hartelijk bedankt voor het synthetiseren van 
verschillende, gelabelde of afbreekbare varianten. 
Niet alleen in de celkweek is het de laatste tijd drukker geworden. Ook de labs 
raakten overbevolkt. Gelukkig heb ik de laatste paar maanden een plekje gekregen in 
het schrijfhok op de 7de. Zonder deze plek was het niet gelukt om alles op tijd op 
papier te krijgen. Suzanne, kamer- en lotgenoot, ondanks het poggen (voor niet 
ingewijden: proefschrift ontwijkend gedrag) gaat het ons toch lukken! Bedankt voor 
je hulp met lay-outen en voor de gezelligheid natuurlijk. Barbara en Lidija, bedankt 
voor jullie hulp met het op tijd versturen van alle formulieren en aanvragen, die 
nodig zijn voor zo’n promotie, en dat zijn er een hoop. Verder wil ik iedereen 
bedanken voor de prettige samenwerking, de leerzame colloquia en congres 
bezoeken, de gezellige koffiepauzes, labdagen en kerstdiners, sinterklaas surprises, 
de avondjes tivoli en niet te vergeten de leuke borrels (je weet wel, get drunk for 
free...)! In het bijzonder wil ik Peter nog even bedanken. Je was er voor me in de 
periode dat ik het onderzoek niet meer zo zag zitten en dankzij jou ben ik toch door 
het dipje gekomen. Jammer, dat je weg moest...  
De microscopie plaatjes in dit boekje zijn grotendeels op de confocale microscoop 
bij het centrum voor cellulaire beeldvorming (Faculteit Diergeneeskunde) gemaakt. 
Anko, Jack, Laura en Richard bedankt voor al jullie hulp en adviezen bij de confocal. 
Soms was kijken al genoeg om de microscoop weer aan de praat te krijgen. Ger 
Arkesteijn (Department of Infectious Diseases and Immunology, Faculteit 
Diergeneeskunde) bedankt voor je adviezen omtrent FISH. Nog meer microscopie 
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hulp kwam uit het zuiden van het land. De EM foto in dit boekje is gemaakt door 
Paul Bomans en Prof. Peter Frederik van de EM-unit van de universiteit Maastricht. 
Hartelijk dank daarvoor. 
Ook de buitenlandse hulptroepen verdienen een plekje in dit gedeelte van m’n 
boekje. Niek Sanders en Roosmarijn Vandenbroucke (Laboratory of General 
Biochemistry & Physical Pharmacy, Gent, België) hartelijk dank voor jullie hulp met 
microinjectie experimenten. Helaas is het resultaat niet in dit boekje terug te vinden, 
maar ik waardeer jullie hulp zeer. Chapter 4 was mainly based on results obtained at 
the lab of prof. Schubert in Freiburg, Germany. Uli, Steffi and your supervisors Dr. 
Regina Peschka-Süss and Prof. Dr. Rolf Schubert, thank you very much for your 
help and advise with the uptake experiments. In addition to nice results, I also had a 
great time in the beautiful city of Freiburg. Steffi, Arnie, Cordelia, Jule, Uli and the 
rest, thank you for the hospitality. If you’re in need of stroopwafels, please let me 
know! 
 
And when the rain begins to fall I'll be the sunshine in your life  
You know that we can have it all and everything will be allright. 
Bij promoveren komt ook veel stress vrij. Om dat allemaal te kunnen verwerken heb 
ik me heerlijk kunnen uitleven op de squashbaan met Monique, Fränzel en Peter, op 
de tennisbaan met Peter Burghout (en daarna lekker ijsjes eten) en op het voetbalveld 
natuurlijk. Alie, Carlijn, Danielle, Esther, Hadewich, Hillie, Janke, Jocelien, José, 
Judith, Karin, Leonie, Liesbeth, Marianne, Mayke, Mirjam, Nicoline, Santana, 
Saskia, Tjitske, Wendelmoet, Wendy (en haar trainert) en alle invallers (sorry, te veel 
om op te noemen) het was altijd erg (ont)spannend en gezellig. Op het veld, in het 
paviljoen (voor niet ingewijden: de kantine) of in de kroeg (als je één iemand mee 
naar huis moet nemen wie is het dan?). Jos, ik vond het altijd erg gezellig samen met 
jou in de auto op weg naar een zaalvoetbal wedstrijd. Jammer dat het maar voor een 
seizoen was, want ik weet zeker dat we nu wel in één keer goed zouden rijden. En 
Tjits, we hadden de perfecte wedstrijd voorbereiding met doritos en idols. Es, sorry 
voor al dat zeuren over de opstelling. Ik zal het niet meer doen! 
  
Time goes by so fast 
You've got to have a dream 
We hadden allemaal een droom. Of het nu de nobelprijs voor de wetenschap, het 
medicijn tegen kanker vinden of gewoon profvoetballer worden was, dat weet ik niet 
en dat maakt ook niet uit. Het belangrijkste is dat we nog steeds samen gezellige 
dingen doen, zoals sinterklaas, kerstdiner (meestal eind januari) en ieder jaar een 
(mebioten) weekendje weg. Armando, Fränzel, Judith, Lisette, Marielle, Miriam en 
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Monique, het was altijd weer gezellig; op het strand, in de dierentuin en in de 
speeltuin!  
Nog een paar mebioten, die ik zeker niet wil vergeten: Karlijn en Linda (en Fränzel 
natuurlijk, maar jij staat hier boven al). Ondanks dat we elkaar de laatste tijd wat 
minder vaak zien, is het altijd weer erg gezellig. Linda en Vincent het was een grote 
eer dat we ceremoniemeester mochten zijn op jullie bruiloft. En Karlijn veel succes 
met je promotie onderzoek. Het komt heus wel eens af. ;-) 
Ik wil natuurlijk ook al m’n huisgenootjes in Utrecht bedanken voor alle 
gezelligheid; Nynke, Josephine en alle van Beuningenpleiners, nu weten jullie 
eindelijk wat ik al die tijd op m’n kamer zat te doen: dit proefschrift schrijven. Rob 
bedankt voor het doorlezen van de nederlandse samenvatting. Ik ben blij dat je er 
ook nog iets van geleerd hebt. 
 
To just hold on. 
Aukje, harstikke bedankt dat je m’n paranimf wil zijn. Is eigenlijk net zo iets als 
getuige, toch? Veel geluk samen met Joris en Sterre! En die reunie komt er ooit nog 
wel. 
 
All my dreams of love began 
With the reality of you. 
Ons pap, ons mam en mijn kleine, grote, broertje Willem! Jullie bedankt voor alle 
steun de afgelopen jaren! Lekker uit eten in Utrecht en zelfs op zondagochtend naar 
het voetbal. Ik weet dat ik niet zo vaak meer langs kom in Oisterwijk, maar weet dat 
ik vaak aan jullie denk. Iedereen hier in Utrecht kent ons pap en mam!  
 
Familie, vrienden en collega’s, 
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Abbreviations 
 

ANOVA  Analysis of Variance 
ARM   armadillo 
ATP   adenosine triphosphate 
BrdU   bromodeoxyuridine 
CAS   cellular apoptosis susceptibility gene 
CD   cicular dichroism 
CF   cytoplasmic filament 
CMV   cytomegalovirus  
COS-7  Simian fibroblasts (CV1 cells) transformed by SV40 
CR   cytoplasmic ring 
dbp   dynein binding peptide 
DIG   digoxigenin 
DLC   dynein light chain 
DLS   dynamic light scattering 
DMEM  Dulbecco’s Modified Eagle Medium  
DNA   deoxyribonucleic acid 
DNAse  deoxyribonuclease I 
DOPE   dioleyl phoaphatidylethanolamine 
DOTAP  1,2-dioleoyl-3-trimethylammonium propane 
DTT   dithiothreitol 
EGTA ethylene glycol bis(2-aminoethyl ether)-N,N,N'N'-tetraacetic 

acid 
EM   electron microscopy 
EtOH   ethanol 
FACS   fluorescence activated cell sorting 
FG   phenyl glycine 
FISH   fluorescence in situ hybridization 
FITC   fluorescine isothiocyanate 
GAG   glycosaminoglycan 
GAP   GTPase activating protein 
GEF   GDP-GTP exchange factor 
GR   glucocorticoid receptor 
GTP   guanosine triphosphate 
HBS   HEPES buffered saline  
HEAT   histidine, glutamic acid, alanine and threonine 
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HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HnRNP  heterogeneous ribonucleoprotein 
IBB   importin β binding domain 
INM   inner nuclear membrane 
kDa   kilodalton 
mβcd   methyl-β-cyclodextrin 
MBS   3-Maleimidobenzoic acid N-hydroxysuccinimide ester 
MDCK-42  Madin-Dardy canine kidney cells  
MTOC  microtubular organizing center 
MWCO  molecular weight cut-off 
NE   nuclear envelope 
NES   nuclear export signal 
NF   nuclear filaments 
NFkappaB  nuclear factor kappaB 
NLS   nuclear localization signal 
NPC   nuclear pore complex 
Nup   nuclearporin 
ONM   outer nuclear membrane 
osM9   optimized small M9 
OVCAR-3  ovarian carcinoma cells 
PAspA  poly(L-aspartic acid) 
PBS   phosphate buffered saline 
PCR   polymerase chain reaction 
pDAMA poly(2-methacrylic acid 2-[(2-dimethylamino-ethyl)-methyl-

amino]-ethyl ester 
PDB protein data bank 
PDI   polydispersity 
pDMAEMA  poly(2-(dimethylamino)ethyl methacrylate) 
pDMAEAppz poly(2-(dimethylamino)ethylamino)phosphazene 
PEI   polyethylenimine  
PEG   polyethyleneglycol 
PG   proteoglycan 
PHEG   poly(hydroxyalkyl L-asparagine/L-glutamine) 
PHPMA  poly(hydroxypropyl)methacrylamide 
PLL   poly-L-lysine 
pLuc   plasmid encoding for luciferase 
PMA   phorbol myristate acetate 
PNA   peptide nucleic acid 
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POM   pore membrane proteins 
PSIPRED  protein structure prediction server 
PTO   phosphorothioate 
Ran   Ras-related nuclear protein 
RGD   argine, glycine, aspartic acid 
RPMI   Roswell Park Memorial Institute 
SMGD  steroid-mediated gene delivery 
SSR   site-specific recombinase 
SV40   simian virus 40 
Vpr   viral protein R 
Z-ave   average size 

 




