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This work is focused on the function of the microtubule and actin networks in plasmid DNA

transport during liposomal transfection. We observed strong binding of plasmid DNA-lipid com-

plexes (lipoplexes) to both networks and directional long-range motion of these lipoplexes along

the microtubules. Disruption of either of these networks led to the cessation of plasmid transport

to the nucleus, a decreased mobility of plasmids, and accumulation of plasmid DNA in large

aggregates at the cell periphery. Our findings show an indispensable but different role of both
types of cytoskeleton, actin and microtubular, in the processes of gene delivery.

Keywords: plasmid DNA-lipid complexes, cytoplasmic trafficking, actin filaments, microtubules

INTRODUCTION

The intracellular transport of plasmid DNA,
in the context of gene delivery by transfection us-
ing non-viral vectors, is still poorly explored. Rela-
tively little is known about the kinetics and fate of
the transfected DNA, such as its intracellular trans-
fer and localization. A variety of intracellular bar-
riers must be overcome to deliver exogenous DNA
into the cell nucleus of the host cell to allow its ex-
pression. Vectors must cross the plasma membrane,
move through the cytoplasm, enter the nucleus, and
then locate to a specific site suitable for vector in-
tegration and DNA transcription. The intracellular
movement of plasmid DNA complexes affecting
gene delivery may represent one of the major bar-
riers, and remains to be explored (Zhou et al., 2004).
Many authors found that plasmid DNA entered the
cells within 1 h after transfection, and that this DNA
accumulated in the perinuclear region (Zabner et al.,
1995; Coonrod ef al., 1997; Johnson & Jurcisek, 1999).
It has also been shown by Lukacs et al. (2000) that
molecules of DNA larger than 2000 bp are unable
to diffuse freely in the cytoplasm. However, it is

known that despite this apparent inability of plas-
mids to diffuse through the cytoplasm, transfections
do result in expression. Thus, plasmids must be able
to cross the cytoplasm by other means than diffu-
sion.

Trafficking of viral DNA has been studied
more intensively. Like plasmids, viruses enter their
hosts and traverse the cytoplasm to enter the cell
nucleus for replication. Recent studies have pointed
to the use by viruses of the cytoskeleton to facilitate
transport towards the nucleus (van Loo et al., 2001;
McDonald et al., 2002; Lee et al., 2006). Viruses such
as herpes simplex virus type 1 and adenovirus move
to the nucleus by latching on to dynein motor pro-
teins and moving along the microtubules (reviewed
in Campbell & Hope, 2005). Recent data indicate
that HIV-1 also uses dynein motors and the micro-
tubules for its movement (reviewed in Anderson
& Hope, 2005). Although microtubules appear to
be the dominant highways for viruses, they are by
no means the exclusive route. Van Loo et al. (2001)
showed that baculovirus uses the actin cytoskeletal
network to move towards the nucleus, using myosin
V motors. Also, some mRNAs are actively translo-
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cated from nuclear pores on cytoskeletal filaments,
and ultimately localize at specific regions of the cell
(Shav-Tal & Singer, 2005).

Like that of viruses, the transport of plas-
mids to the cell nucleus could also be facilitated by
the cytoskeletal network. A recent contribution of
Vaughan and Dean (2006) showed that disruption
of microtubules or dynein inhibition decreased ex-
pression of microinjected plasmids. Taken together,
these results led to the idea that plasmids probably
become attached to cytoskeletal motors, much like
viruses do, and move along the microtubules to the
cell nucleus. Here, we report experiments with fluo-
rescently labeled plasmid DNA transfected by means
of liposomes to find and distinguish the roles of two
cytoskeletal networks, actin and microtubules, in
plasmid DNA trafficking throughout the cytoplasm.
Labelled plasmids, together with networks visual-
ized by means of fluorescent fusion proteins or live
staining, enable us to track plasmid DNA in vivo
and to assign dynamic parameters to it. We also fol-
lowed cytoplasmic transport of plasmid DNA after
network disruption using different drug treatments.
Based on a series of in vivo cell measurements and
observations of fixed cells, we conclude that the mi-
crotubule network is utilized by plasmid DNA-lipid
complexes (lipoplexes) for long-range movement.
Unlike complexes attached to the microtubule net-
work, complexes attached to the actin network are
highly immobile. Interestingly, disruption of either
network stopped the transport of plasmid DNA and
resulted in accumulation of lipoplexes at the cyto-
plasmic periphery.

MATERIALS AND METHODS

Cell culture and cell transfection. Fibroblasts
(04-147), originated from Academic Medical Center
University of Amsterdam (The Netherlands), were
grown in DMEM medium, supplemented with 10%
fetal calf serum (FCS), penicillin (100 U/ml) and
streptomycin (100 pg/ml), in humidified air with 5%
CO, at 37°C. Transfection was performed using Lipo-
fectamine 2000 (Invitrogen) in OPTIMEM medium
(Gibco), according to the manufacturer’s protocol,
in six-well multidishes or in special chambers for in
vivo observations. After 5 h of cell transfection in the
presence of Lipofectamine 2000, the medium was
replaced with DMEM containing 10% FCS without
antibiotics, and cells were incubated for 24 h. Before
fixation, the DMEM medium was replaced with OP-
TIMEM to which green Lumio reagent was added to
produce the recommended concentration of 2.5 uM.
The cells were incubated for 30 min and then fixed
or used for in vivo observation. To visualize micro-
tubules in vivo in transfected cells, the fibroblasts

were incubated with OPTIMEM medium supple-
mented with an appropriate volume of TubulinTrac-
ker Green (Invitrogen) for 20 min, according to the
manufacturer’s protocol. After that, the medium was
supplemented with 200 uM trolox (Sigma-Aldrich),
and the cells were ready for observation in vivo.

Vectors used and DNA labelling. The Lumio
technology (Invitrogen) and the HORF clone of the
B-actin gene (IOH3654, Invitrogen) were used for fu-
sion protein preparation, where the fluorescent tag
is a Lumio tetracysteine sequence.

The plasmid DNA, composed of the pENTR
221 vector containing [-actin cDNA, the gene for
kanamycin resistance, the Kozak consensus sequence
and the pUC origin, was labelled before transfection
with Label IT Tracker reagent Cy5 (Mirus Co.), at
the Cy5:DNA ratio recommended by the manufac-
turer, at 37°C for 1 h. The unbound Cy5 reagent was
removed through DNA precipitation.

Drug treatment. Fibroblast cultures were
treated with two different inhibitors of actin po-
lymerization, latrunculin B (20 uM) or cytochalasin
D (4 uM) (both from Sigma-Aldrich), or twice with
nocodazole (20 uM) (Sigma-Aldrich) to inhibit tubu-
lin polymerization. The first treatment was carried
out 2h after transfection, and the second one just
before cell fixation. Inhibition of actin polymeriza-
tion lasted 1 h, and inhibition of tubulin polymeriza-
tion 2 h.

Cell fixation and immunostaining. Cells
were fixed in 4% paraformaldehyde and permeabi-
lized. The primary antibody used was mouse anti-
tubulin a (Santa Cruz Biotechnology, Inc.), diluted
in 7% FCS + 2% BSA/PBS. The secondary antibody
was affinity-purified donkey anti-mouse-FITC-conju-
gated from Jackson ImmunoResearch (West Grove,
PA, USA). Actin filaments were stained with rhod-
amine-phalloidin (Invitrogen) after tubulin detection.
After brief washing in 2 x SSC, Vectashield medium
(Vector Laboratories) was used for final mounting of
samples. Nuclei were stained with TOPRO-3 (Mo-
lecular Probes).

Image acquisition and analysis of experi-
mental data. For image acquisition we used an au-
tomated Leica DM RXA fluorescence microscope
equipped with a CSU10a Nipkow disc (Yokogawa,
Japan) for confocal imaging, a CoolSnap HQ CCD-
camera (Photometrix) or alternatively an iXon DV
887ECS-BV (Andor) for in vivo observation, and an
Ar/Kr laser (Inova 70C, Coherent), driven by a per-
sonal computer. Automated exposure, image quality
control and other procedures were performed using
FISH 2.0 software (Kozubek et al., 2001), and the Ac-
quiarium software was used for live cell imaging. An
oil immersion Plan Fluotar objective (100x/NA 1.3)
was used. Fourty optical sections (15 for live cells) at
0.3 um steps along the z-axis were acquired for each



Vol. 54

Plasmid DNA intracellular trafficking

659

nucleus at a constant temperature of 26°C (37°C for
live cells), and stored in the computer memory.

Changes in positions of the fluorescence sig-
nals (object tracking) were determined using the
FISH 2.0 and 3D viewer software (Kozubek et al.,
2004), which allowed us to assign 3D coordinates to
the fluorescence signals. The coordinates were tak-
en at the centre of gravity of the visualized objects.
The subsequent images of lipoplexes were captured
every 30 s for 1 min. The lipoplexes were traced in
the time-lapse series on the basis of matching al-
gorithms (Kozubek ef al., 2004). In 3D, the length
of the lipoplex trajectory was calculated using the
equation: d =V(x,-x)? + (y,;~y,)> + (z,~2,)>, where
x;, y; and z; (x,, y, and z ) were coordinates for the
first measurement and the n-th measurement of the
same object. The mean square of differences in the
length of the trajectory (Ad?) at each time point (t)
was calculated as Ad? = (d,—d,, > where At was the
time interval between measurements. The diffusion
coefficient (D) was calculated as D= Ad?t. Evalua-
tion of data, distance calculation and statistical anal-
yses were performed using the Sigma Plot statistical
package (Jandel Scientific).

RESULTS
Cytoplasmic trafficking of plasmid DNA

To investigate the role of the actin network
in plasmid DNA trafficking, human fibroblasts were
firstly transfected with a P-actin-Lumio construct,
and plasmid DNA was then labelled with Cy5. The
prepared construct bears the gene for human non-
muscle -actin protein fused with the tetracysteine
Lumio tag, allowing visualisation of the fusion pro-
tein using the green Lumio reagent. Twenty-four
hours after transfection, [-actin-Lumio proteins
formed cytoplasmic filaments, a perinuclear actin
layer, and intranuclear structures (Fig. 1). The prop-
er formation of cytoplasmic filaments by the actin-

lumio protein was verified using phalloidin staining
on fixed specimens (Fig. 1C). The microtubule net-
work was labelled by taxol conjugated with green
fluorescent dye for in vivo experiments.

The in vivo observations showed that plas-
mid DNA-lipid complexes were frequently bound
to microtubules and actin filaments (Fig. 2). During
a one-minute interval, three images were acquired
and movements of the plasmid signals were ana-
lysed. Lipoplexes attached to actin filaments were
highly restricted in their motion (D = 1.42x107
um?/s, number of measured lipoplexes was 17,
std. error = 5.09x107*). The average velocity (v) of
the lipoplexes bound to the actin network was cal-
culated as v=0.292 um/min (number of measured
lipoplexes = 17, std. error = 4.5x1072), which is at
the lower limit of CCD camera resolution. On the
other hand, lipoplexes attached to the microtubule
network displayed directional motion mostly to-
ward the cell nucleus along the microtubules, as
demonstrated in representative time-lapse images
(Fig. 2, bottom row of images). The average veloc-
ity along the microtubules was v=1.119 um/min
(number of measured lipoplexes = 30, std. error =
8.8x1072).

Immunostaining of microtubules and phalloi-
din staining of actin filaments in fixed cells transfect-
ed with labelled plasmid DNA were used to deter-
mine the location of plasmid DNA signals inside the
cytoplasm in relation to both networks visualized
simultaneously in the same cells. Plasmids in lipo-
plexes clearly bound to both networks (Fig. 3A). In
many cases, plasmid signals co-localized simultane-
ously with the actin filament and with microtubules
(Fig. 3A). The lipoplexes entered the cytoplasm by
endocytosis and bound to the peripheral actin fila-
ments. At these sites, they subsequently formed
small lipoplexes, as observed in live cells (Fig. 3B).
These lipoplexes were bound to both actin filaments
and to microtubules (Fig. 3A). Plasmids accumulated
around the nucleus, co-localized with the perinucle-
ar actin shell, and entered the nucleus (Fig. 3C).

Figure 1. The actin-Lumio fusion protein expression and visualization in fibroblasts.

A fibroblast transfected with the vector bearing gene coding for the actin-Lumio fusion protein (A). The actin-Lumio pro-
tein formed cytoplasmic actin filaments visualized in green (B), which strongly co-localized with phalloidin, stained red
(C). The cell nucleus visualized with TOPRO-3 (A), coincides with the distribution of nuclear actin (B). Scale bar 5 um.
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Figure 2. Movement of plasmid DNA lipoplexes in live cells visualized simultaneously with cytoskeletal networks.

The upper row of images taken at successive time points shows the highly constrained motion of lipoplexes (blue)
bound to actin filaments (green), visualized by means of the actin-Lumio fusion protein. The bottom row of images dem-
onstrates the directional movement of two lipoplexes (blue) along a microtubule towards the cell nucleus during 1 min.

Scale bar 1 pm.

The role of disruption of the cytoplasmic networks
in plasmid trafficking

To elucidate the role of the cytoskeleton in
the trafficking of plasmids to the cell nucleus, in-
hibitors of polymerization of actin or microtubule
networks were used (Fig. 4). Nocodazole treatment
changed the shape of cells (Fig. 4A) and disrupted
the microtubule network as visualized by tubulin
immunostaining (Fig. 4E). The plasmid DNA lipo-
plexes changed their cytoplasmic location. Unlike
in untreated control cells (Fig. 4H), lipoplexes accu-
mulated in large aggregates at the cytoplasmic pe-
riphery (Fig. 4E). The lipoplexes also changed their
mobility. Directional movement was not detectable,
and the diffusion coefficient was similar to the value
measured for the dynamics of plasmids bound to
actin filaments in untreated cells (1.36x1073 um?/s;
number of measured lipoplexes = 20, std. error =
2.9x107). The nocodazole treatment also halted plas-
mid transport into the cell nucleus. As Fig. 5 shows,
the number of plasmid signals inside the nucleus
decreased significantly compared with the number
of plasmid signals in nuclei of untreated cells. Al-

though the microtubule network in nocodazole-
treated cells was disrupted, the actin filaments were
still visible (Fig. 4E). But this single network did not
allow plasmid DNA transport.

The actin network was disrupted using treat-
ment of cells with latrunculin B or cytochalasin D.
Both drugs reversibly inhibited polymerization of
actin filaments. The inhibitors disorganized the actin
cytoskeleton and changed the shape of cells and nu-
clei (Figs. 4B, C). The inhibition of actin polymeriza-
tion also changed the distribution of lipoplexes in the
cytoplasm, and their mobility decreased to 3.8x107*
pum?/s (number of measured lipoplexes = 10, std. er-
ror = 1.4x107#). The plasmid DNA accumulated in
large aggregates at the cytoplasmic periphery, and
plasmid transport to the cell nucleus was stopped
as in the case of nocodazole treatment (Figs. 4F, G).
Although the microtubule network was not substan-
tially affected by inhibitors of actin polymerization,
and microtubules were visible using immunostain-
ing of tubulin (Figs. 4F, G), there was no transport
along microtubules. Disruption of plasmid transport
after the treatment of cells with both types of inhibi-
tors was also reflected in the low number of plasmid
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particles entering the nucleus (Fig. 4I). The results
show that plasmids require both networks to be un-
affected for transport towards the cell nucleus.

DISCUSSION

The purpose of this study was to analyse the
roles of the cytoplasmic actin and microtubule net-
works in plasmid DNA trafficking. Labelled plasmid
DNA was transfected into fibroblasts that expressed
the fluorescent fusion protein actin-Lumio, or into fi-
broblasts stained with a fluorescent dye that bound
to the microtubules. Using this approach, we were
able to track plasmid DNA simultaneously with the

Figure 3. Distribution of lipo-
plexes throughout the cell cyto-
plasm and their binding to cy-
toskeletal networks.

Panel A of the image demon-
strates the co-localization of sig-
nals of plasmid DNA lipoplexes
(blue) with the networks inside
the cytoplasm. Arrow 1 indicates
a large mass of lipoplexes bound
to a peripheral actin filament
(red). Arrow 2 shows lipoplexes
attached to the actin network
(red). Arrow 3 indicates lipo-
plexes bound to both a micro-
tubule (green) and an actin fila-
ment (red); arrows 4 and 5 show
lipoplexes bound to microtubules
only. The decomposition of the
large mass of lipoplexes to the
smaller ones at the periphery of
the live cell is shown in panels B.
The distribution of plasmid DNA
lipoplexes in a whole fibroblast
expressing actin-Lumio fusion
protein (green) is demonstrated
in panel C. The actin-Lumio pro-
teins visualize actin filaments and
the cell nucleus. Plasmid DNA is
concentrated near the nucleus
(yellow arrows 1-3), at the actin
perinuclear shell (yellow arrows
4 and 5) and within the nucleus
(yellow arrows 6 and 7). Scale
bars 2 pm.

cytoskeleton in vivo, and study the mobility of the
plasmid DNA-lipid complexes in relation to the net-
works and its binding to them.

When plasmids enter the cell (in this work by
means of liposome transfection), they need to travel
long distances through the cytoplasm to reach the
cell nucleus. On the other hand, Lukacs et al. (2000)
and Dauty and Verkman (2005) have shown that
DNA fragments cannot move via diffusion through
the cytoplasm. Since diffusion through the dense
meshwork of the cytoplasm is not likely, other mech-
anisms must exist by which plasmids can move to-
wards the cell nucleus. Recently, it became clear that
the cytoskeleton does not constitute a barrier for
successful gene delivery, but on the contrary, some



662

V. Ondrej and others

2007

nocodazole

cytochalasin D

30

o

25

20 A

no. of plasmid signals per nucleus
@

0 : : —

control latrunculin B cylochalasinD  nocodazole

Figure 4. Disruption of cytoskeletal networks influenced
the transport of lipoplexes throughout the cell cyto-
plasm.

Images of fibroblasts after inhibition of tubulin polyme-
rization by nocodazole (A, E), or inhibition of actin po-
lymerization using cytochalasin D (B, F) or latrunculin B
(C, G). Nocodazole disrupted the microtubular network
(green), but did not affect the actin network. Cytochala-
sin D and latrunculin B disrupted the actin network (red).
Both types of inhibitors changed the shape of the cells, and
caused accumulation of plasmid DNA lipoplexes (blue) as
huge aggregates at the periphery of the cytoplasm, unlike
in control cells (D, H), where signals of small lipoplexes
were bound to the cytoskeleton. Scale bars 20 um (A-D)
and 5 pm (E-H). The bar graph (I) shows the decreased
number of plasmid DNA signals per nucleus after treat-
ment with the actin polymerization inhibitors, latrunculin
B and cytochalasin D, or with the tubulin polymerization
inhibitor nocodazole, 24 h after cell transfection.

components of cytoplasmic networks actively con-
tribute to transport of plasmids in complexes, just
as they do for viruses (Zhou et al., 2004; Vaughan
& Dean, 2006). As already published (McDonald et
al., 2002; Lee et al., 2006), viruses utilize dynein mo-
tors to move along the microtubules. Some viruses,

latrunculin B
\

control

such as baculovirus (Van Loo et al., 2001), also uti-
lize actin filaments. Moreover, pathogens like the
Listeria bacterium and Vaccinia virus stimulate ac-
tin filament polymerisation for their movement in
the cell (Gruenheid & Finlay, 2003). In this study,
it was demonstrated that plasmid DNA-lipid com-
plexes bind to microtubules and show directional
movement along the microtubule network, similar
to viruses (Fig. 2). This agrees with the findings of
Vaughan and Dean (2006), who showed an impor-
tant role for microtubules in plasmid transport, be-
cause of the decrease in expression of microinjected
plasmids after the inhibition of dynein motors or
disruption of microtubules. On the other hand, our
results show that actin filaments immobilized the
bound plasmid DNA lipoplexes. They displayed
highly restricted diffusive motion, with correspond-
ing slow randomly-oriented movement (average ve-
locity 0.292 um/min).

Considering these results, it was rather sur-
prising that disruption of either of the networks
investigated led to a complete stoppage of plasmid
transport. Nocodazole treatment disintegrated mi-
crotubules, which inhibited plasmid trafficking, as
also observed by Vaughan and Dean (2006). In our
experiments, untreated cells showed accumulation
of small clumps of lipoplexes at the perinuclear re-
gion, similar to the studies of Zabner et al. (1995)
and Coonrod et al. (1997). After the nocodazole
treatment, lipoplexes formed large aggregates at the
cell periphery. This shows that plasmid transport
was interrupted after the lipoplexes entered the cell,
and their inability to move toward the nucleus led
to their accumulation. A similar disruption of plas-
mid transport was achieved using inhibitors of actin
polymerization, although the microtubules were not
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disorganized. Although actin filaments restricted the
movement of lipoplexes, it is evident that they must
play some important role in plasmid trafficking. A
large number of lipoplexes were localized on actin
filaments and microtubules together. These results
indicate that the plasmids in the complex with Ii-
pids that entered the cytoplasm first encounter the
peripheral actin cytoskeleton. They become immobi-
lized and their aggregates form smaller ones, which
are probably moved to nearby microtubules and
uploaded on to them as cargo. After that, the lipo-
plexes move towards the cell nucleus. Similarly, the
actin cytoskeleton may act as a barrier to incoming
retroviral vectors at the plasma membrane. Howev-
er, some studies indicate that the actin network may
also play a positive role in early retroviral traffick-
ing (reviewed in Anderson & Hope, 2005; Campbell
& Hope, 2005). Interestingly, the diffusion coefficient
and velocity of plasmid DNA lipoplexes bound to
actin filaments in the cytoplasm are similar to the
parameters of the intranuclear movement of nuclear
bodies like Cajal and PML (polymyelocytic leuke-
mia) bodies (Platani et al., 2002; Gdrich et al., 2004),
and also to the intranuclear dynamics of plasmid
DNA localized inside the cell nucleus (Ondrej et al.,
2006). Because of the similar dynamic parameters of
plasmids in both cytoplasm and nucleoplasm, the
directional movement of plasmids inside the nucle-
us (Ondrej et al.,, 2006), and the presence of nuclear
actin in forms ranging from monomers to polymers
(McDonald et al., 2006), we suggest that the nuclear
plasmids are also attached to actin polymers and
could move along them for short distances.
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