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Abstract

Under physiologically relevant conditions, the levels of non-viral gene transfer are low at best.
The reason for this is that many barriers exist for the efficient transfer of genes to cells, even
before any gene expression can occur. While many transfection strategies focus on DNA
condensation and overcoming the plasma membrane, events associated with the intracellular
trafficking of the DNA complexes have not been as extensively studied. Once internalized,
plasmids must travel potentially long distances through the cytoplasm to reach their next barrier,
the nuclear envelope. This review summarizes the current progress on the cytoplasmic trafficking
and nuclear transport of plasmids used for gene therapy applications. Both of these processes
utilize specific and defined mechanisms to facilitate movement of DNA complexes through the
cell. The continued elucidation and exploitation of these mechanisms will lead to improved
strategies for transfection and successful gene therapy.
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BARRIERS TO GENE THERAPY

In order for gene therapy to be successful, many extracellular and intracellular barriers must
be overcome (Fig. 1). Outside of the cell, a number of host systems can significantly impair
gene delivery and result in sequestration of vectors by first pass organs (e.g. lung and liver),
destruction of nucleic acids by serum nucleases, opsonization, and immune and
inflammatory responses. Other barriers include the extracellular matrix, which can greatly
affect how vectors traffic in and between tissues and into their target cells. Following
successful targeting to any individual cell, the DNA must enter the cell, traverse the
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cytoplasm, and enter the nucleus prior to transcription, translation, and modification.
Multiple chemical and physical approaches are routinely used to deliver DNA into the cell,
but all result in the delivery of the DNA into the cytoplasm. However, getting into the cell is
not the end. Once inside the cell, the DNA must still navigate through the cytoplasm to
reach the nucleus and then gain access to the nuclear compartment and be expressed. In this
review, we will focus on the intracellular events associated with DNA trafficking.

CYTOPLASMIC DIFFUSION?

Until recently, the cytoplasm was viewed largely as a black box: most research focused first
on how to get DNA into the cell and second, once inside the cell, how to get the DNA into
the nucleus. Yet, how the DNA moves through the cytoplasm and how the DNA moves once
inside the nucleus are largely unknown. Recent research focused on how plasmids traffic
throughout the cell is imperative to enhancing gene delivery and gene therapy.

There are two basic mechanisms by which plasmids can reach the nucleus once they enter
the cell: by diffusion or by active transport. It had previously been shown by spot-
photobleaching that small solutes could diffuse freely and rapidly in the cytoplasm and the
nucleus [Bicknese et al. 1993; Kao et al. 1993]. This suggested that diffusion of large
macromolecules like DNA may be possible in the cytoplasm. However, Alan Verkman and
colleges elegantly demonstrated that it is highly improbable that DNA is able to freely
diffuse in the cytoplasm. After microinjection of fluorescein-labeled linear DNAs of varying
lengths into cells, the diffusional mobilities were determined by fluorescence recovery after
photobleaching (FRAP) and it was shown that movement of DNA larger than 250 base-pairs
was greatly slowed (>17-fold) compared to that seen in water [Lukacs et al. 2000]. Further,
DNA fragments larger than 2,000 base-pairs were effectively unable to diffuse in the
cytoplasm in any reasonable physiological time frame [Lukacs et al. 2000]. It has been
shown that the primary mechanism for the size-dependent reduced mobility of DNA in the
cytoplasm is likely due to the highly cross-linked actin cytoskeleton, since its disruption by
cytochalasin D eliminated the size-dependent reduction in DNA diffusion [Dauty &
Verkman 2005]. Interestingly, this data is supported by previous observations that the length
of actin filaments is estimated to be between 100 and 500 nm with a spacing of around 100
nm between filaments [Niederman et al. 1983; Stossel 1984]. Since a 250 bp fragment of
double-stranded DNA has an extended linear length of approximately 85 nm, it would be
expected to be sterically hindered in its movement through this network. Thus, it appears
highly unlikely that DNA is able to diffuse in the cytoplasm. However, since transfections
do work, there must be mechanisms whereby DNA can navigate through the dense
meshwork of the cytoskeleton to reach the nucleus. Consequently, if diffusion cannot
explain the successful movement of DNA to the nucleus, the major alternative is directed
trafficking along cytoskeletal elements.

VIRAL VECTORS

In order to understand how plasmids, plasmid-polymer, and protein-DNA complexes traffic
in the cytoplasm, it is useful to first understand how viruses have evolved to efficiently
target their genomes to the nucleus. Many viruses have the ability to enter cells and
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effectively deliver their DNA to the nucleus. Further, they have devised a number of
approaches to exploit normal cellular processes for their successful trafficking. The most
common viral vectors used include those derived from retroviruses, adenoviruses, and
herpes simplex virus, all of which have evolved unique mechanisms for intracellular
trafficking.

Multiple cytoskeletal networks appear to be involved in the intracellular trafficking of
retroviruses. Retroviral vectors are RNA viruses that replicate via a DNA intermediate.
Conversion of the viral RNA to double-stranded DNA occurs in the cytoplasm and the
resulting pre-integration complex consists of the reverse-transcribed DNA and a number of
viral proteins that are present in the incoming virus. How a retrovirus traffics depends on
how the virus enters the cell. Since the retroviral envelope protein determines how the virus
enters and controls cell entry, it also affects intracellular trafficking [Burns et al. 1993;
Anderson & Hope 2005]. When viruses are pseudotyped with the HIV-1 envelope protein
Env, fusion between the cell membrane and the viral envelope occurs and the viral core then
enters the cytoplasm directly, bypassing endocytosis and endosomal escape. In this case, the
viral protein Nef is required for intracellular trafficking [Tobiume et al. 2003; Campbell et
al. 2004]. Nef is a multifunctional viral protein that appears to have a role in depolymerizing
cortical actin [Chazal et al. 2001]. It has been shown that depolymerization of the actin
cytoskeleton can mimic the effects of Nef in its absence [Campbell et al. 2004], supporting
the idea that initially the cortical actin cytoskeleton immediately beneath the plasma
membrane impedes trafficking of the virus. However, some studies suggest that the actin
cytoskeleton actually enhances intracellular trafficking of other viruses (e.g., vaccinia and
HIV)[Bukrinskaya et al. 1998; Komano et al. 2004]. By contrast, when a virus is
pseudotyped with the VSV-G or the Ebola envelope proteins, the virus enters by endocytosis
and the viral core then must exit the endosome to enter the cytoplasm [Chazal et al. 2001].
Viruses that are pseudotyped with these proteins do not require the virally-encoded Nef
protein for efficient cell entry. This suggests that when a virus enters by endocytosis,
disruption of the cortical actin cytoskeleton is not required.

After traversing the cortical actin network or bypassing it by endocytosis and endosomal
escape, the retroviral core and reverse-transcribed pre-integration complex must traffic
through the rest of the cytoplasm. Early studies demonstrated that when the microtubule
network was depolymerized by nocodazole, infection by HIV was reduced 2-fold
[Bukrinskaya et al. 1998], suggesting the possibility that HIV may traffic toward the nucleus
on the microtubule network. This is supported by work from Tom Hope's lab who imaged
GFP-tagged HIV particles [McDonald et al. 2002]. Viruses were labeled with a GFP-Vpr
fusion protein (part of the viral core which remains with the pre-integration complex) and
real-time fluorescence microscopy of living cells demonstrated that cytoplasmic movement
occurred in curvilinear paths. These GFP-Vpr particles co-localized with microtubules, and
accumulated around the microtubule organizing center. Additional experiments have shown
that this trafficking appears to use the microtubule-based, molecular motor dynein for
movement towards the nucleus [Saib et al. 1997; McDonald et al. 2002; Petit et al. 2003].
Thus, while entry and initial trafficking may rely on disruption of the actin cytoskeleton, it is
the microtubule network that is required for movement to the nucleus.
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DNA viruses, like retroviruses, can enter the cell in a variety of ways, including endocytosis
and fusion with the cell membrane. Adenoviruses enter the cell via the classical clathrin-
mediated endocytic pathway [Medina-Kauwe 2003]. Acidification of the endosome is then
thought to introduce conformational changes in the adenovirus capsid which results in
endosomal escape and entry into the cytoplasm [Seth et al. 1985]. Unlike retroviruses which
uncoat in the cytoplasm, the adenoviral capsid remains largely associated with the DNA
genome and docks at the nuclear pore to release its DNA to the nucleus [Trotman et al.
2001]. Leopold et al. have shown that once in the cytoplasm, GFP-labeled adeno-virus
particles use the microtubule network to reach the nucleus [Leopold et al. 2000]. They found
that depolymerization of the microtubule network with nocodazole inhibited nuclear
localization of the virus whereas pharmacological disruption of the actin network with
cytochalasin D did not alter nuclear localization. Further, using direct video observation,
they found that when nocodazole was used to disrupt the microtubules, they no longer
observed linear movement of the virus, suggesting that viruses could not travel via directed
movement towards the nucleus without the microtubule network. In addition, microinjection
of blocking antibodies to the microtubule retrograde motor dynein resulted in the inhibition
of nuclear accumulation of the viruses, whereas blocking kinesin did not affect nuclear
accumulation [Leopold et al. 2000]. Since the environment in which the Adenovirus
particles were translocating was at a neutral pH, as determined by fluorescence ratio
imaging, they concluded that the movement was occurring in the cytoplasm and not inside
endosomes. Later studies used an in vitro microtubule assay to show that adenovirus is
indeed able to interact with dynein and microtubules [Kelkar et al. 2006]. Recent data also
suggests that adeno-associated viruses, as well as different serotypes of adenoviruses, bind
to dynein by a shared mechanism [Kelkar et al. 2006].

Other viruses, such as herpes simplex virus can enter the cell by membrane fusion, resulting
in the tegument and DNA-containing capsid being deposited at the periphery of the
cytoplasm, where it has been shown to localize with dynein [Sodeik et al. 1997; Dohner et
al. 2002]. This interaction between HSV capsids and dynein results in retrograde transport
along microtubules to the microtubule organizing center, which is often located with close
proximity to the nucleus [Kristensson et al. 1986; Sodeik et al. 1997; Mabit et al. 2002].
Indirect immunofluorescence has been used to analyze the transport of individual capsids
and it was found that within four hours of infection, most of the virus was located at the
nuclear rim [Sodeik et al. 1997]. Most of the capsids not associated with the nucleus were
associated with microtubules and it was shown that these capsids contained viral DNA.
Additionally, using immunoelectron microscopy they showed that incoming cytosolic viral
capsids were associated with dynein [Sodeik et al. 1997].

NON-VIRAL VECTORS

Although viral vectors have been regarded as the most efficient delivery vehicles for gene
therapy, they have a number of limitations, including the generation of host immune and
inflammatory reactions, size limitations of cargo genes, and random integration into the host
genome, in the case of retroviruses. Therefore, much research has focused on the
development of non-viral vectors. However, without the viral machinery to facilitate cellular
uptake, alternate approaches have been developed since free DNA is not readily taken up by
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cells. A number of current reviews have addressed the issues associated with overcoming
the barriers presented by the cell membrane [EI-Andaloussi et al. 2005; Patil et al. 2005;
Khalil et al. 2006]. Briefly, to enable up-take, the DNA can be complexed with cationic
polymers (polyplex), cationic lipids (lipoplex) or a mixture (lipopolyplex). These complexes
impart a positive charge on the DNA and the complex is able to enter the cell. Originally, it
was thought that the complexed DNA was able to freely enter the cell [Felgner et al. 1987;
Smith et al. 1993]. More recent data suggests that the complex enters by endocytosis
[Zabner et al. 1995; Clark & Hersh 1999]. This is supported by confocal image-assisted
three-dimensionally integrated quantification, which was used to determine that one hour
post lipofectamine treatment, a large percentage of the transfected plasmid was in the
endosome/lysosome fraction [Hama et al. 2006]. Zabner and colleagues demonstrated that
much of the DNA remains in the endosome and that the fusion of these endosomes results in
the formation of large perinuclear aggregates of lipoplexes [Zabner et al. 1995]. This, in
addition to their observation that lipid-DNA complexes microinjected directly into the
nucleus are unable to express, suggests that the DNA not only needs to escape from the
endsome but also must dissociate from the lipoplex, polyplex, or lipopolyplex to be
transcribed.

As an alternative to these chemical approaches, physical methods also work efficiently to
deliver DNA into the cytoplasm. Physical methods such as hydroporation, electroporation,
biolistic delivery (gene gun), or ultrasound are all used to deliver DNA across the plasma
membrane and result in naked DNA being deposited into the cytoplasm [Dean 2005]. Thus,
regardless of the method of transfection, it appears that plasmids must enter the cytoplasm
prior to nuclear localization. As discussed earlier, diffusion does not appear to be a feasible
mechanism to explain DNA cytoplasmic transport. Thus, whether the DNA enters directly
via a physical force or after endosomal/lysomal escape there must be a means whereby the
free DNA can reach the nucleus. Since retrograde movement of many viruses and
endocytosed materials, including DNA/lipoplex complexes and polyethyleneimine
(PEI)/DNA polyplexes [Bausinger et al. 2006], occurs via the microtubule network, it is
reasonable to assume that movement of plasmids towards the nucleus could utilize the
microtubule network as well. Indeed, our lab and others have shown that this is the case
[Mesika et al. 2005; Vaughan & Dean 2006].

When GFP expressing plasmids were cytoplasmically microinjected into cultured cells, a
significant level of expression was detected within four hours [Vaughan & Dean 2006]. If
the microtubule network was depolymerized with nocodazole, expression levels were
greatly reduced. By contrast, depolymerization of microtubules had no effect on gene
expression following microinjection of the DNA directly into the nucleus, suggesting that
the differences observed in the cytoplasmic injections are likely due to trafficking on
microtubules. Similarly, co-injections of a GFP-expressing plasmid and a dynein inhibitory
antibody resulted in decreased expression levels, whereas control nuclear injections and co-
injection of DNA with a control antibody did not affect expression levels. To determine if
DNA can interact with microtubules, a spin-down assay was used [Vaughan & Dean 2006].
After high speed centrifugation, microtubules pelleted along with interacting proteins. When
microtubules and DNA were incubated and subjected to this assay, the DNA was found in
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the supernatant, suggesting that there is not a direct interaction between microtubules and
the DNA. This was not surprising, since the experiments in cells suggested that dynein and
perhaps other cellular proteins are mediating the interaction. When cell extract was added to
the reactions, the DNA was found almost exclusively in the pellet, demonstrating that in the
presence of cellular proteins, DNA can bind indirectly to microtubules [Vaughan & Dean
2006].

Thus, plasmids, like many viruses, use the microtubule network to reach the nucleus.
However, the mechanism whereby DNA attaches to dynein, and hence the microtubule
network, remains unknown. What is known is that covalent or non-covalent attachment of a
nuclear localization sequence to plasmids have been shown to improve transfection
efficiency (Collas and Alestrom 1997; Aronsohn and Hughes 1998; Sebestyen, et al. 1998;
Branden, et al. 1999; Ciolina, et al. 1999; Ludtke, et al. 1999; Subramanian, et al. 1999;
Zanta, et al. 1999; Chan and Jans 2001; Balicki, et al. 2002). Further, Mesika et al. have
shown that the addition of an NLS improves transfection efficiency not only by enhancing
nuclear entry of the plasmid but also by facilitating transport in the cytoplasm [Mesika et al.
2005]. They demonstrated an increased transfection efficiency when plasmids containing
repetitive binding sites for the p50 subunit of the NF-kB transcription factor were co-
injected with p50. p50 contains an NLS, thus suggesting that the NLS-containing protein
may facilitate cytoplasmic transport. They further demonstrated that pharmacological
disruption of the microtubule network abrogated the increased expression observed and that
co-injection of an anti-dynein antibody also resulted in diminished transfection efficiency
[Mesika et al. 2005]. This suggests that the retrograde microtubule-based transport of DNA
may be due to the presence of NLSs on proteins that bind to the DNA. Indeed, using direct
single-particle tracking in a cell-free assay, another group was able to demonstrate that
NLSs facilitate active transport of proteins along microtubules [Salman et al. 2005]. It is
known that for classical NLS-meditated nuclear entry, the NLS must bind to a heterodimer

of importins ¢ and ﬁ [Gorlich 1997]. Interestingly, Mesika et al. were able to pull down

plasmids with importin ’8 [Mesika et al. 2005]. It was originally assumed that importins
were found in the perinuclear area because of their function, but some studies suggest that
they may interact with microtubules to funnel proteins to the nuclear pore [Smith & Raikhel
1998; Lam et al. 2002; Mavlyutov et al. 2002]. Moreover, in neuronal axoplasm, importin a
has been found to be constitutively associated with dynein and importin 8 has been shown to
be located throughout the axoplasm [Hanz et al. 2003], allowing for the possibility that the
NLS is able to bind the importins in the cytoplasm for dynein-mediated transport on the
microtubule network towards the nucleus.

NUCLEAR ENVELOPE AS A BARRIER

The nuclear envelope has been proposed to be one of the most substantial barriers for DNA
delivery to cells. This was first demonstrated in 1980 when pBR322-based plasmids were
injected into the cytoplasm and showed no gene expression, while nuclear injected plasmids
showed expression in 50-100% of cells [Capecchi 1980]. Additional studies confirmed that
when 1000 to 3000 copies of plasmid were microinjected into the cytoplasm, the levels of
gene expression were approximately 3% of that seen when the plasmids were injected into
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the nucleus [Graessman et al. 1989]. Zabner and colleagues demonstrated in Xenopus
oocytes that nuclear injected DNA resulted in high level gene expression, but the same DNA
injected into the cytoplasm gave no expression [Zabner et al. 1995]. Later studies in several
other mammalian cell types further support the dependence of gene expression on plasmid
nuclear localization [Mirzayans et al. 1992; Thornburn & Alberts 1993].

This is not to say that DNA in the cytoplasm does not reach the nucleus. Rather, the amount
of DNA that gains access to the nuclear compartment is small, regardless of how it is
delivered to a cell or whether the cells are actively dividing. It has been estimated that
between 2000 and 10,000 plasmids are delivered per cell following lipofection, but that only
between 20 and 1000 are detected in the nucleus by 24-36 hours following DNA addition
[Coonrod et al. 1997; Tseng et al. 1997; James & Giorgio 2000]. Other studies have placed
the value between 30 and 60% of the input DNA reaching the nucleus [James & Giorgio
2000], but due to the use of labeled plasmid and the methods of detection [Sebestyén et al.
1998; Ludtke et al. 2002], this may be an overestimation. However, these studies reveal that
a large percentage of the input DNA never reaches the nucleus. Indeed, two studies have
shown that even in actively dividing cells, it takes between 30 and 100 times more plasmid
microinjected into the cytoplasm compared to the nucleus to give equivalent levels of gene
expression [Dean et al. 1999; Ludtke et al. 2002]. One reason for this is that trafficking
through the cytoplasm is inefficient. Second, DNA degradation likely plays a major role in
limiting the amount of DNA that can reach the nucleus. It has been estimated that the half-
life of naked plasmid DNA in the cytoplasm of cells ranges between 50 minutes and 5 hours.
If an average half-life of 3 hours is assumed, during a typical 24 hour transfection
experiment, unless the DNA reaches the nucleus quickly, less than 0.4% of the input DNA
would remain by 24 hours [Tseng et al. 1997; Escriou et al. 1998; Lechardeur et al. 1999;
Zelphati et al. 1999; James & Giorgio 2000; Pollard et al. 2001; Banks et al. 2003].

MITOSIS OR NUCLEAR PORE MEDIATED?

Access to the nucleus in many cell types, including most primary cells and many cellular
targets for gene delivery in vivo, remains highly restricted by the nuclear envelope
[Capecchi 1980; Zabner et al. 1995; Dean et al. 1999; Zupan et al. 2000; Escriou et al.
2001; Li et al. 2001; Young & Dean 2002]. In the absence of mitosis, the nuclear membrane
remains largely impermeable to plasmids. However, during mitosis, the nuclear envelope
breaks down and plasmid in the cytoplasm can gain access to the newly-formed nuclei of
daughter cells prior to nuclear envelope formation. This is the case for most routine
transfections in cell culture. Indeed, one study demonstrated that actively dividing cells,
identified by BrdU incorporation, were ten times more likely to express the transferred gene
product than BrdU-negative cells [Fasbender et al. 1997]. It has been shown that
transfections are largely dependent on the cell cycle, with a 50- to 300- fold higher level of
gene expression obtained when cells were exposed to lipoplexes just before (G2 phase) or
during mitosis (G2-M Phase)[Tseng et al. 1999; Brunner et al. 2000]. Similarly, gene
transfer and nuclear entry of DNAPEI complexes are highly dependent on mitotic events
[Grosse et al. 2006]. This demonstrates that nuclear envelope breakdown is critical for
efficient DNA nuclear entry and gene expression. Though certain physical methods such as
electroporation may show greater cell-cycle independent gene transfer, [Brunner et al.
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2002], in non-dividing or growth arrested cells, the only access plasmid DNA (or viral
genomes) will have to the nucleus is through the nuclear pore complex, or NPC.

The NPC is an aqueous channel in the nuclear envelope through which proteins and
ribonucleoproteins can traffic [Gorlich 1997]. Indeed, all exchange of macromolecules
between the nucleus and cytoplasm during interphase occurs through NPCs. The pores are
large ( ~ 125 Mdal) multiprotein complexes that are composed of upwards of 100 distinct
proteins present in multiple copies. Transport across the nuclear envelope occurs by either
signal-independent diffusion in the case of proteins less than 50 Kdal at rates inversely
proportional to their size or by signal-mediated import which requires the presence of a
nuclear localization signal (NLS) within the imported protein. Proteins containing an NLS
interact with a set of cytoplasmic receptor proteins, termed importins, which bind to both the
NLS and subunits of the NPC itself to facilitate translocation across the pore. The
directionality of nuclear transport is controlled by a small GTP-binding protein, RAN, which
in its GTP-bound state is localized exclusively to the nucleus and promotes disassembly of
the NLS-importin complex on the inner face of the nuclear envelope. Since a typical plasmid
is between 2 and 10 Mdal, passive import is expected to be almost nonexistent. Thus, some
sort of facilitated import must account for translocation of DNA across the NPC.

Wolff and colleagues demonstrated that plasmids can indeed enter the nuclei of terminally
differentiated cells in the absence of cell division [Dowty et al. 1995]. They showed that
plasmids localized to the nucleus following cytoplasmic microinjection in cultured
myotubes, based on detection of reporter gene expression. Nuclear import was dose- and
energy-dependent and was inhibited by agents that block transport through the NPC.
Further, they demonstrated that greater levels of gene expression (hence trafficking) were
obtained when the plasmids were injected near the nuclei as opposed to far away from the
nuclei [Dowty et al. 1995]. Using a similar approach, our laboratory demonstrated that
plasmids do indeed traffic into the nucleus through the nuclear pore complex by localizing
the injected DNA by in situ hybridization [Dean 1997] or directly using plasmids labeled
with fluorescent peptide nucleic acid clamps [Wilson et al. 1999]. Following microinjection
of plasmids between 4 and 14 kb into the cytoplasm, we were able to detect movement of
the DNA into the nuclei of injected cells within 8 hours. Further, this import was energy-
dependent and utilized the NPC, since co-injection of lectins or antibodies that block
nucleocytoplasmic trafficking of proteins and mRNA through the NPC also blocked import
of plasmids.

SEQUENCE-SPECIFIC NUCLEAR IMPORT OF PLASMID DNA

Although it has been shown in vivo that numerous plasmids can lead to productive
expression, a number of reports have suggested that certain specific sequences of DNA can
enhance nuclear accumulation of plasmid DNA. Indeed, in cultured cells, it appears that
DNA nuclear import is dependent on the presence of these sequences in the absence of cell
division. When plasmid DNA from the DNA tumor virus SV40 was microinjected into the
cytoplasm of growth-arrested cells, the majority of cells showed nuclear localization of the
plasmid within 6 to 8 hours [Dean 1997]. By contrast, plasmids lacking SV40 sequences
failed to be imported into the nuclei of cells and in synchronized cells, remained in the
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cytoplasm until after cell division [Dean 1997; Dean et al. 1999]. It was further shown that
when included on one of these cytoplasmically localizing plasmids, as little as 50 bp of the
SV40 enhancer was able to promote plasmid entry into the nucleus with the same kinetics as
the full SV40 genome [Dean et al. 1999]. Previous studies in transfected and microinjected
cells pointed to this nuclear import activity, since when plasmids lacking the enhancer
sequence were injected into the cytoplasm of dividing cells, they showed 30-fold lower
levels of expression than when delivered directly into the nucleus, whereas plasmids
containing the SV40 enhancer showed only modestly increased expression after nuclear
injection versus that found with cytoplasmic injection [Graessman et al. 1989]. This SV40
sequence, termed a DNA targeting sequence (DTS), has been shown to be active in cell lines
derived from monkey, rat, mouse, hamster, chicken, and human origin [Dean et al. 1999].
Other sequences having similar ability to promote plasmid nuclear import have also been
identified (see below) [Langle-Rouault et al. 1998; Vacik et al. 1999; Zennou et al. 2000;
Mesika et al. 2001; Vaysse et al. 2004; Mesika et al. 2005; Arhel et al. 2006]. However, it
should be stressed that such sequence-specific nuclear import appears to be important
mainly in the absence of cell division. Thus, when cells go through mitosis, any DNA can
enter the nuclear space, and as such, these sequences will play little, if any, role in
enhancing nuclear import. It is interesting to note that many of the studies that first
identified the nuclear envelope as a barrier to gene transfer used plasmids that lacked this
SV40 sequence [Capecchi 1980; Graessman et al. 1989; Thornburn & Alberts 1993; Zabner
et al. 1995]. Since most of these studies employed plasmids expressing reporter genes driven
from the Cytomegalovirus (CMV) immediate early promoter, the Rous sarcoma virus long
terminal repeat (LTR) promoter, or the herpes thymidylate kinase (TK) promoter, all of
which have been shown to have no plasmid nuclear import activity [Dean et al. 1999; Vacik
et al. 1999], it is not surprising that the plasmids failed to enter the nucleus.

The SV40 DTS has shown significant effects on gene transfer and subsequent expression in
vitro and in vivo. In synchronized cells microinjected with GFP-expressing plasmids, it was
shown that the presence of the SV40 DTS allowed for gene expression within 2 to 4 hours
from the CMV promoter when as few as 10 plasmids were microinjected into the cytoplasm,
whereas injection of 1000 similar plasmids lacking the SVV40 sequence failed to show any
expression until cell division [Dean et al. 1999]. Similarly, in transfected cells, the presence
of the SV40 sequence has been shown to increase gene expression, presumably due to its
import activity [Reddy et al. 1999; Vacik et al. 1999; Yanai et al. 2006] In mouse muscle,
plasmids containing the SV40 DTS have shown a 20-fold increase in reporter gene
expression when compared to plasmids lacking the DTS [Li et al. 2001; Blomberg et al.
2002]. Similarly, plasmids carrying the S\V40 DTS increased gene expression 40 to 200 fold
in the vasculature of living rats following delivery by electro-poration, and in situ
hybridization confirmed that the increased expression was a result of increased nuclear
import of the plasmids [Young et al. 2003]. The central caveat to these experiments is that
the cells and tissues are largely non-dividing. Indeed, in a recent study using electroporation
to deliver genes to the cornea, Zhou and Dean found that while the presence of the SV40
DTS was required for DNA nuclear import in cultured corneal epithelial cells and fibro-
blasts [Dean et al. 1999], it had little impact on gene delivery to the injured cornea,
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presumably due to the fact that the cells in the cornea were actively dividing in a wound
repair process [Zhou & Dean 2006].

The mechanism of nuclear import of the S\V40 DTS is currently not known. It is known,
however, that the SV40 enhancer contains binding sites for numerous transcription factors,
such as AP1, AP2, AP3, NF- B, Oct-1, TEF-I and TEF-1I [Dynan & Tjian 1983; Wildeman
1988; Dynan & Chervitz 1989]. The main function of transcription factors is to activate
transcription of target genes in the nucleus. Since they are translated in the cytoplasm, they
require NLS motifs to translocate into the nucleus and bind their respective DNA regulatory
elements. However, when their binding sites are presented on a plasmid in the cytoplasm, it
is hypothesized that these transcription factors can bind the exogenous DNA in the
cytoplasm to form a DNA-protein complex and mediate interactions between DNA and
importin proteins via their NLS maotifs. Indeed, in modified ChlP assays and in purification
assays, plasmids are indeed found to bind to a number of cellular proteins, including
transcription factors, in the cytoplasm and in cytoplasmic extracts (F. Munkonge, E.
Vaughan, A. Miller, and D. A. Dean, unpublished observations). Further, it has been
demonstrated that such DNA-transcription factor-importin complexes can be formed in vitro
and in cells [Chan & Jans 1999]. Interestingly, other strong viral promoters and enhancers,
such as the cytomegalovirus promoter, Rous sarcoma virus and Moloney murine leukaemia
virus long terminal repeats, and the herpes simplex virus thymidylate kinase promoter do not
facilitate nuclear import of plasmid DNA in the absence of cell division [Dean et al. 1999;
Vacik et al. 1999]. Since these elements also contain numerous binding sites for multiple
transcription factors, this suggests that a specific tertiary protein-DNA complex is likely
responsible for the NLS-importin interactions.

Based on this model, it was hypothesized that certain promoters may bind cell-specific
transcription factors and mediate plasmid nuclear import in selected cell types. Several
sequences have been identified, including a DTS active only in endothelial cells, and a DTS
active only in smooth muscle cells [Vacik et al. 1999; Dean 2002]. Upon microinjection into
the cytoplasm, plasmids containing the smooth muscle gamma actin (SMGA) promoter were
imported into the nuclei of smooth muscle cells, but not in non-smooth muscle cell types,
such as endothelial or epithelial cells [Vacik et al. 1999]. This promoter is transcriptionally
regulated by serum response factor (SRF) and Nkx3 [Browning et al. 1998; Kovacs &
Zimmer 1998; Carson et al. 2000], and mutation of either of these DNA binding elements
abrogates SMGA DTS nuclear import activity.

Other groups have identified additional DTS elements that enhance exogenous gene
expression when included on a plasmid. For example, it is well known that the transcription
factor NF-xB is translocated to the nucleus when activated by the cytokine TNF-a [Hayden
& Ghosh 2004]. Based on this data, a series of five NF-xB binding sites were included on a
plasmid and transfected into cells with the intent of enhancing plasmid nuclear import. It
was observed that upon treating cells with TNF-a, nuclear import and subsequent gene
expression increased significantly when compared with parent plasmids [Mesika et al.
2001]. Though the SV40 DTS was also included on this plasmid [Mesika et al. 2001],
subsequent reports using plasmids containing only NF-kB sites have confirmed that this
sequence provides enhanced DNA nuclear import [Mesika et al. 2005]. Another sequence
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that can act as a DTS is the oriP sequence from the Epstein-Barr virus (EBV). When EBV
nuclear antigen (EBNA)-1 expressing cells were cytoplasmically microinjected with
plasmids containing the oriP DTS, increased gene expression was detected when compared
to plasmids lacking oriP [Langle-Rouault et al. 1998]. More recently, combinations of the
tet operator and a modified tetracycline repressor containing an NLS (tetO and TetR-NLS,
respectively) have been used in cisand transto show that nuclear import can be controlled
and enhanced by protein-DNA interactions [Vaysse et al. 2004; Vaysse et al. 2006]. When
multiple copies of the tetO sequence were cloned into a plasmid and transfected into cells
expressing TetR-NLS, gene expression increased almost 20-fold in growth-arrested cells,
and nuclear localization increased by 4-fold.

Although a number of specific sequences have been identified and shown to increase DNA
nuclear import both in vitro and in vivo, using a number of experimental approaches from
multiple laboratories, other experiments suggest that while these sequences may enhance
transport, they may not be “required” for DNA nuclear import in the absence of cell
division. For example, a number of different plasmids lacking specific DNA nuclear import
sequences have been delivered by direct injection or electroporation to mouse muscle and
have shown robust gene expression [Wolff et al. 1990; Wolff et al. 1992; Wolff et al. 1992;
Manthorpe et al. 1993; Hartikka et al. 1996; Doh et al. 1997], despite the fact that myotubes
are terminally differentiated and do not divide. In these experiments, both the CMV
promoter and the RSV LTR showed robust expression in muscle. This implies that in certain
tissues, especially skeletal muscle, plasmids lacking the SVV40 enhancer are still able to enter
the nucleus, although other studies have reported that the SV40 enhancer can increase gene
expression in mouse muscle [Li et al. 2001; Blomberg et al. 2002]. Another recent study
used a series of plasmids containing or lacking various segments of the SV40 DTS and
found that upon liposome-mediated transfection of several cell types, there were no
beneficial effects of the import sequence on gene expression in cultured cells [Prasad & Rao
2005]. However, in this study, effects on nuclear import of the DNA were not evaluated.
One possibility is that these DNA nuclear import sequences simply increase the rates or
nuclear import and that this can shift the balance between productive nuclear targeting and
expression and degradation in the cytoplasm. If this is the case, it could be possible to flood
the cytoplasm with DNA and drive the nuclear import reaction independent of specific DNA
sequences. In support of this, it has been shown that when 10° plasmids (lacking SV40
sequences) are injected into the cytoplasm of a single mouse myotube in vivo, no gene
expression is seen, but when 108 plasmids are injected, gene expression is detected [Utvik et
al. 1999]. Another possible reason for these differing results is that many studies on
intracellular trafficking of DNA have used a labeling technique that has been shown to alter
DNA trafficking properties, perhaps leading to misinterpretations [Gasiorowski & Dean
2005].

NLS:DNA CONJUGATES

Since nuclear localization signals were identified and shown to direct protein nuclear
localization [Kalderon et al. 1984; Kalderon et al. 1984], their use to promote and enhance
nuclear import of plasmids has been proposed and studied [Cartier & Reszka 2002; Escriou
et al. 2003; Hebert 2003]. In early studies, increased nuclear localization and transgene
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expression was observed in zebrafish embryos after cytoplasmic injection of plasmid DNA
complexed (non-covalently) with SV40 T-antigen NLS peptides [Collas & Alestrom 1996;
Collas et al. 1996; Collas & Alestrom 1997; Collas & Alestrom 1997]. This process has
been elucidated as a two-step mechanism, involving peptide binding to DNA and their
subsequent translocation across the NPC [Collas & Alestrom 1997]. Using in vitro
assembled sea urchin nuclei, they were able to demonstrate that DNA nuclear import was
energy-dependent, inhibited by agents that block the NPC, and required cytoplasmic extracts
[Collas & Alestrom 1996]. When this approach was taken in mammalian cells, only a 3-fold
increase in gene expression was seen following cationic liposome-mediated transfection
[Aronsohn & Hughes 1998]. A similar effect was observed by utilizing a non-classical NLS,
the M9 sequence of the human hnRNP A1 protein, to enhance gene expression by an order
of magnitude in non-dividing endothelial cells [Subramanian et al. 1999]. NLS peptides
have also been covalently attached to plasmids and other forms of DNA to facilitate nuclear
import, but the enhancement of gene delivery/expression has been modest at best [Sebestyén
et al. 1998; Ciolina et al. 1999; Neves et al. 1999]. Perhaps the greatest improvements in
nuclear targeting and gene expression were seen when a single NLS peptide fused to a linear
piece of DNA that was capped at both ends by DNA hairpins [Zanta et al. 1999]. In this
study, the authors reported that gene expression levels increased by nearly 1000-fold when a
wild type NLS was fused to the DNA. Though the condensation of the plasmid DNA by the
peptide may have contributed to the effect, the involvement of the NLS was implicated by
the finding that a single amino acid substitution within the NLS peptide abolished increased
gene expression [Zanta et al. 1999].

Peptide nucleic acids (PNASs) have also been used to link plasmid DNA to NLS peptides.
Peptide nucleic acids are nucleic acid analogs in which the phosphodiester backbone is
replaced with a polyamide backbone made up of repeating N-(2-aminoethyl)glycine units
[Dean 2000; Koppelhus & Nielsen 2003]. PNAs can form triplex structures with specific
sequences of DNA, and bind with a high affinity (1076 — 107 M) [Dean 2000]. These PNAs
have been explored as a tool to attach peptides and other molecules, and are especially
useful due to their ability to maintain supercoiled conformation when bound to plasmid
DNA [Zelphati et al. 1999; Zelphati et al. 2000]. Moreover, when bound to plasmids, they
do not alter the trafficking or transcriptional properties of the DNA, whereas a number of
commercially available kits either destroy the ability of a plasmid to move within the cell or
even cause it to mislocalize [Gasiorowski & Dean 2005]. When PNA-NLS peptides were
complexed with plasmids and transfected into cells with polyethylenimine (PEI), nuclear
localization and gene expression was enhanced up to eightfold when compared to
uncomplexed plasmid DNA [Branden et al. 1999]. Further, when similar PNA-NLS/plasmid
and PNA-NLS/oligonucleotide conjugates were injected into mouse organs in vivo,
increased levels of gene expression and nuclear localization of the conjugates were observed
in skin, skeletal muscle, and liver [Branden et al. 2001].

As an alternative to linking individual NLS peptides by various means to plasmids, others
have taken the approach of forming NLS-containing protein complexes with DNA in
attempts to increase gene transfer and expression. Unlike highly charged NLS peptides
which may electrostatically interact with the plasmid backbone rather than be accessible to
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the NLS-dependent nuclear import machinery, an advantage to using NLS-containing
proteins is that the DNA binding domains of the proteins and the NLS may be spatially
separated and structurally fixed so that the NLS is free to interact with the importins.
Complexes of plasmids with high mobility group-1 (HMG-1) proteins or the nuclear protein
nucleoplasmin have been shown to increase nuclear localization of plasmids by about 3-fold
within 4 to 8 hours of transfection of cells and to increase gene expression by a factor of 5
within the first 12 hours in rat liver, compared to plasmids complexed with 1gG or BSA
[Kaneda et al. 1989]. Wolff and colleagues found that addition of histone H1 to plasmids
gave a 20-fold stimulation of gene expression versus DNA without H1 when the complexes
were transfected into cells using cationic [Fritz et al. 1996] or anionic [Hagstrom et al.
1996] liposomes. More recently, as discussed above, Mesika et al. have demonstrated that
complexation of plasmids with the p50 subunit of the NF-kB transcription factor can
faciliate both cytoplasmic trafficking and nuclear import [Mesika et al. 2001; Mesika et al.
2005].

Use of viral proteins coupled to plasmid DNA has gained momentum recently as alternative
to viral delivery systems. The human immunodeficiency virus-1 (HIV) has the ability to
transport its cDNA through an intact nuclear envelope, and consequently has the ability to
infect non-dividing cells [Hearps & Jans 2006]. Thus, the proteins involved in this
mechanism are being investigated as potential candidates for enhancement of DNA nuclear
import. Recently, one study analyzed the ability of a tetracycline repressor protein TetR
fused to the TAT peptide to enhance nuclear import and gene expression of minicircle DNA
in vivo. It was found that there was more than a 6-fold increase in gene expression in mouse
lung [Vaysse et al. 2006]. Another HIV protein, the integrase IN, has shown nuclear
accumulation and DNA binding activity in vitro, and may be a candidate for enhancement of
nonviral gene delivery [Hearps & Jans 2006].

Several recent studies have used approaches that bypass use of an NLS but still try to
increase NLS-dependent nuclear import. Daniel Scherman's group has taken an intriguing,
although unfortunately, not particularly successful approach of bypassing the NLS and
fusing plasmids directly to an importinp peptide directly. During transport of classic NLS-
containing proteins, the NLS binds to importina which in turn binds to importinp through its
importinp binding domain (IBB), and this IBB then facilitates translocation into the nucleus
[Gasiorowski & Dean 2003]. When the IBB peptide was covalently conjugated to plasmids,
a 20-fold increase in gene expression was seen in inefficiently transfected cells [Carriere et
al. 2003]. However, when transfection conditions were optimized, the peptide had no effect,
leading the authors to conclude that the improvement was not due to nuclear import, but
rather altered physiochemical properties of the peptide-DNA complex. In a similar
approach, another study linked the recombinant importinf} protein to a plasmid using
biotinylation. It was observed that, when this DNA conjugate was microinjected into
NIH3T3 fibroblasts, the nuclear localization and gene expression efficiency was markedly
higher than plasmid DNA alone [Nagasaki et al. 2005]. Another approach has exploited the
glucocorticoid receptor which normally is cytoplasmic but upon ligand binding, translocates
into the nucleus. Rebuffet and colleagues complexed dexamethasone, a glucocorticoid
receptor ligand, to plasmids by either a direct linkage via a psoralen linker or using a PNA
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clamp [Rebuffat et al. 2002]. When these complexes were transfected into glucocorticoid
receptor-expressing cells, gene transfer and expression was 20- to 40-fold greater than that
seen with unmodified DNA. Finally, another study observed that when vimentin, a
cytoplasmic intermediate filament protein, was bound to oligonucleotides or plasmids (via a
cryptic DNA binding domain), the protein caused rapid migration of the DNAs into the
nucleus, although the mechanisms for this remain unclear [Hartig et al. 1998; Hartig et al.
1998].

CONCLUSIONS

The limitations of gene therapy are many while the improvements have been few and
incremental. Even though we can now deliver a higher amount of transgene into the cells of
many different tissues with new generation transfection reagents and methods for in vivo
delivery, there are many intracellular barriers that impede intracellular DNA trafficking,
degrade DNA in transit, and silence gene expression once delivery has ceased. This often
results in plasmids that never reach the nucleus and are subsequently degraded. Thus, it is
vital that we understand how plasmids move inside the cell in order to develop novel ways
to enhance trafficking and improve gene delivery and expression. Although the intracellular
trafficking of exogenous DNA may not be a normal event in the cell, it occurs everyday in
and out of the laboratory, and as such must be understood if gene therapy is to be an
effective strategy to eventually treat disease.
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Fig. (1). Pathways and cellular barriersto gene delivery
Supercoiled DNA can be internalized via receptor mediated pathways, liposomal

endocytosis, or through transient pores created in the plasma membrane by physical forces
such as electroporation. Once inside the cell, the DNA needs to traverse the cytoplasm to be
imported into the nucleus where it can be transcribed.
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