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ABSTRACT

Quantification of a plasmid DNA (pDNA) and inves-
tigation of its polymer-associated state in the
nucleus are crucial to evaluate the effectiveness of
a gene-delivery system. This study was conducted
with p3NF-luc-3NF, a pDNA-bearing optimized iB
motif to favour NFiB-driven nuclear import. Here, a
quantification of pDNA copies in the nucleus was
performed by real-time confocal laser scanning
microscopy in HeLa and C2C12 cells transfected
with linear polyethylenimine or histidylated poly-
lysine. Förster Resonance Energy Transfer (FRET)
from the fluorescein-p3NF-luc-3NF donor to the
co-localized rhodamine-polymer acceptor was car-
ried out to investigate whether the pDNA was still
condensed with the polymer in the nucleus. Upon 5h
of transfection, the nuclear amount of p3NF-luc3NF
was �1500 copies in both cell lines whereas that
of pTAL-luc, a 3NF-free counterpart pDNA, was less
than 250. This quantity of p3NF-luc-3NF dropped
dramatically to that of pTAL-luc in the presence of
the BAY 11-7085, an inhibitor of NFiB activation.
These data strongly support a nuclear import of
p3NF-luc3NF mediated by NFiB. Moreover, FRET
experiments clearly revealed that most of nuclear
pDNA were still condensed with the polymer raising
the question of their passage through the nuclear
pore complex and their impact on the gene-
expression efficiency.

INTRODUCTION

Plasmid DNA (pDNA)/cationic polymer complexes
(so-called polyplexes) are attractive non-viral gene deliv-
ery systems for gene-therapy applications (1,2). Although
the fundamental mechanisms of transfection by polyplexes
are still not completely understood, it is assumed that the
delivery of plasmid DNA (pDNA) in the nucleus of the
targeted cells for gene expression requires polyplex
capture, internalization, pDNA endosome escape into
the cytosol and pDNA nuclear import. Considerable
efforts have been made to overcome these important
intracellular barriers. For instance, polyethylenimines (3)
and histidylated polymers (4) contain primary amines that
allow pDNA condensation, protecting it against nuclease
digestion and enhancing its cellular uptake. They also
possess protonable secondary amines or imidazole groups
that induce membrane destabilization in an acidic medium
favouring pDNA endosome escape and delivery in the
cytosol (5). A nuclear localization signal (NLS) peptide
such as that of the SV40 large T antigen has also been used
to help the pDNA import into the nucleus of non-dividing
cells (6). This peptide has been directly coupled with
polymers or at the end of a linear plasmid. It has also been
associated with pDNA either via a specific peptide nucleic
acid or a padlock oligonucleotide. Unfortunately, the gain
obtained with the addition of this device in terms of gene
expression and the number of transfected cells has not
been as high as expected.
Recently, the capacity of the NFkB transcription factor

to shuttle between the cytoplasm and the nucleus under
specific conditions has been exploited to increase pDNA
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nuclear import (7–9). In the cytoplasm, NFkB interacts
with the IkB subunit masking the NLS moiety of NFkB,
thus preventing its translocation into the nucleus (10).
Upon stimulation by, e.g. TNFa, a cascade of events leads
to IkB phosphorylation and its ubiquitinylation results
in a rapid degradation. Owing to the NLS now exposed,
NFkB rapidly penetrates into the nucleus where it binds to
specific DNA elements (kB sites of 10 bp) in the promoter/
enhancer regions with a high affinity (kD=10�10–
10�13M) (11). Gene expression and fluorescence micro-
scopy measurements have revealed that pDNA bearing
a 50 bp fragment made of five kB motifs inserted upstream
SV40 or CMV promoters driving the expression of the
luciferase gene increased both the luciferase activity and
the amount of fluorescent plasmids inside the nucleus of
various TNFa-treated cell lines transfected with poly-
plexes (8). The nuclear accumulation of kB-pDNA
mediated by NFkB has been demonstrated by confocal
microscopy imaging and pDNA microinjection. The
nuclear-associated fluorescence intensity inside the
nucleus of HeLa cells upon cytoplasm microinjection of
kB-pDNA/p50 suggested that 12% of pDNA were inside
the nucleus within 8 h versus 2% for kB-free pDNA or
kB-pDNA associated with a NLS-deleted p50 (9). In our
study, we designed a specific sequence termed 3NF
comprising three 10 bp kB sites separated by a 5 bp
spacer optimizing NFkB binding. We have found that
plasmids encoding the luciferase gene and containing 3NF
sequences (3NF plasmids) bound to NFkB inside the cells
and were more efficient in terms of gene expression than
the ones mentioned above (Gonçalves et al., submitted).
Fluorescent in situ hybridization (FISH) experiments have
shown that 3NF-pDNA was imported into the nucleus
more than 3NF-free pDNA. Nevertheless, the lack of an
adequate method to determine the number of pDNA
copies in the nuclear compartment limits the evaluation of
formulations containing kB-pDNA in terms of nuclear
uptake. Indeed, the determination of nuclear plasmid
copies is usually done by real-time PCR or by flow
cytometry on cell nuclei purified upon subcellular
fractionation. It is hard to prevent artefacts due for
instance to the absorption of cytosolic pDNA on the
nuclear envelope upon cell homogenization (12,13).
The aim of the present study was to determine the

number of pDNA copies in the nucleus of polyplex-
transfected cells and to investigate whether nuclear pDNA
are free of polymers or still condensed with polymers. We
used real-time confocal laser scanning microscopy
(CLSM) because this method offers a three-dimensional
(3D) analysis on sequential z-series images allowing true
quantitative determination of the copy number of a fluo-
rescent plasmid in the nucleus (14). A comparative study
was conducted in HeLa and C2C12 cells transfected with
three kinds of plasmids encoding the luciferase (luc) gene:
p3NF-luc-3NF (a 3NF-pDNA), pTAL-luc (a 3NF-free
pDNA) or pCMV-luc. We compared the nuclear accu-
mulation upon transfection with the pDNA complexed
with linear polyethylenimine (LPEI) and histidylated
polylysine (HIS). Furthermore, it is still unclear whether
pDNA is or is not packaged with the polymers in the
nucleus. Förster Resonance Energy Transfer (FRET) was

used to measure plasmid/polymer interactions in the living
cells and to address whether plasmids accumulated in the
nucleus were still condensed with the polymers. This
fluorescence method deals with a transfer from an energy
donor (i.e. fluorescein bound to pDNA) towards an
energy acceptor (i.e. rhodamine bound to polymer) only if
the distance between fluorophores is close (10–100 Å).
Overall, our data indicate that for both cell lines, p3NF-
luc-3NF was rapidly and much more accumulated in the
nucleus (�1500) than pTAL-luc and pCMV-luc (<500)
upon 5 h post-transfection. Moreover, pDNA in the
nucleus was mostly condensed with the polymers.

MATERIALS AND METHODS

Reagents unless otherwise stated were purchased from
Sigma (St Quentin Fallavier, France).

Cell culture

Human epithelial ovarian carcinoma (HeLa; CCL2,
ATCC, Rockville MD, USA) and mouse skeletal muscle
(C2C12; CRL1772, ATCC) cell lines were routinely grown
at 378C in a humidified atmosphere of 5% CO2. C2C12
and HeLa cells were maintained by regular passage in
Dulbecco’s modified Eagle’s medium (DMEM) and
minimum essential medium (MEM; Gibco, Invitrogen
SARL, Cergy Pontoise, France), respectively. These media
were supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 2mM L-glutamine and 100U/ml
penicillin and 50U/ml streptomycin each (Gibco).
The HeLa cell medium was supplemented with 1% of a
100� non-essential amino acid solution (Gibco). Cells
were free from mycoplasma as evidenced by bis-benzimid-
azole staining (15).

Plasmids

pCMV-luc (pTG11033, Trangène S.A., Strasbourg,
France) and pTAL-luc (Clontech; Takara Bio Europe
S.A.S, Saint-Germain-en-Laye, France) were plasmid
DNA encoding the firefly luciferase (luc) gene under the
control of the strong human cytomegalovirus (CMV)
promoter and a weak promoter, i.e. the TATA-like
promoter region (TAL) from Herpes simplex virus thy-
midine kinase (HSV-TK), respectively. p3NF-luc-3NF
was a plasmid DNA with NFkB-binding sequence
encoding the firefly luciferase gene under the control of
the TAL from HSV-TK (Gonçalves et al., submitted).
Plasmids DNA were prepared with the Plasmid Mega Kit
(QIAGEN, Courtaboeuf, France).

p3NF-luc3NF construction

Two 3NF sequences containing three repeats of the kB
50-GGGACTTTCC-30 site were inserted in pTAL-luc, one
placed upstream the promoter region and the other down-
stream the luciferase gene. Plasmids DNA were prepared
with the Plasmid Mega Kit (Qiagen, Courtaboeuf,
France). The 50-CTGGGGACTTTCCAGCTGGG
GACTTTCCAGCTGGGGACTTTCCAGG-30 double
strand (3NF fragment) was synthesized by Eurogentec
S.A. (Seraing, Belgium). After digestion by NheI and
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BgLII restriction enzymes (MBI-Fermentas–Euromedex,
Souffelweyersheim, France), the 3NF fragment was cloned
into the same restriction sites of the pTAL-Luc cloning
vector using the T4-DNA ligase (MBI-Fermentas-
Euromedex). The ligation mixture was transformed into
the TOP10 Escherichia Coli strain that has a tetracycline
resistance. The recombinant colonies were selected on
agar-LB medium containing ampicillin and tetracycline
antibiotics. The recombinant plasmids were analysed by
PCR on colonies using the following two specific primers
purchased from Eurogentec: NFUP (50-GCTGTC
CCCAGTGCAAGTGC-30) and NFLP (50-TGCTCTCC
AGCGGTTCCATC-30) corresponding to 4910-4929 and
299-280 regions of pTAL-Luc vector, respectively. The
PCR products were amplified using PCR-Ready-to-go
beads (Amersham-Pharmacia BioTech, Saclay, France)
with a Techne Genius-Avantec thermocycler. PCR condi-
tions for amplifications were 45 s at 948C, 30 s at 578C, 50 s
at 728C for 33 cycles, preceded by 2.15min at 948C, and
followed by 5min at 728C. The recombinant plasmid
(p3NF-luc) was analysed upon extraction by digestion
with various restriction enzymes. A second 3NF fragment
was inserted into p3NF-luc downstream the luciferase
gene. The presence of the insert was determined by PCR
amplification using 3NFU (50-GGCCGCTTCGAGC
AGACATG-30) and 3NFL (50-CTGCCGGCACCTGTC
CTACG-30) primers (Eurogentec) hybridizing with 1898-
1917 and 2273-2254 regions of p3NF-luc, respectively.

Fluorescent pDNA labelling

Each plasmid DNA was labelled with the Label IT nucleic
acid labelling kit (MIRUS, Madison, WI, USA) at 1:2
reagent/pDNA weight ratio according to manufacturer’s
instructions. p3NF-luc-3NF, pTAL-luc and pCMV-luc
were labelled either with fluorescein (fluo-p3NF-luc-3NF,
fluo-pTAL-luc, fluo-pCMV-luc) or cyanine 3 (Cy3-p3NF-
luc-3NF, Cy3-pCMV-luc). The labelled DNA was purified
by ethanol precipitation. The labelling densities deter-
mined by absorbance according to the manufacturer’s
protocol were 1 fluorescein/90 bp and 1 cyanin 3/80 bp.
We have verified that the gene expression was not affected
by this type of plasmid labelling.

Cationic polymers

HIS (MW=70.4 kDa) and LPEI (MW=22kDa) were
prepared as previously described (16,17). Polymers
(0.4 mmol) were labelled in 1ml DMSO for 12 h at 208C
with 4 mmol TAMRA-5-SE (Molecular Probes, Invitrogen,
France) in the presence ofDIEA (100mmol). LPEI andHIS
were purified by precipitation in 20 volumes of ethyl
acetate/HCl (10/0.05; v:v) and 20 volumes of 2-propanol,
respectively. The precipitate was solubilized in distilled
water and freeze-dried. The fluorescent polymers were
free of unbound fluorophore as evidenced by thin
layer chromatography in chloroform/methanol/water
(6/6/1; v:v:v).

Transfection and luciferase gene expression measurements

Two days prior to transfection, cells were seeded at 2� 105

cells per well in 1ml of culture medium in a 24-well plate.

Cells were washed 3 times in serum-free medium before
transfection. LPEI (5mg) or HIS (7.5 mg) in 5 ml or 7.5 ml of
10mM Hepes pH 7.4 was added to 2.5 mg DNA in 37.5ml
of 10mM Hepes and vortexed for 4 s. The mixtures were
left for 30min at 208C and made up to 500 ml of serum-
supplemented medium before being incubated with cells
for 4 h at 378C in a humidified atmosphere of 5% CO2.
HeLa and C2C12 cells were transfected either in the
absence or in the presence of 25 ng/ml of human TNFa
(hTNFa) or murine TNFa (mTNFa), respectively. After
4 h transfection, the medium containing plasmids was
removed, replaced with fresh medium and cells were
incubated in the absence of TNFa. Luciferase gene
expression was measured by monitoring its luminescence
activity as previously described (17).

Uptake of polyplexes and flow cytometry

Two days prior to transfection, cells were seeded as above.
At 80% confluent, cells were washed 3 times in serum-free
medium and incubated for 5 h at 378C in serum-
supplemented medium with fluo-pDNA/polymer com-
plexes. Cells were then washed twice with ice-cold PBS
(pH 7.4), harvested by trypsin, centrifuged (1500 r.p.m.
for 5min at 48C) and suspended in PBS. The cell-
associated fluorescence was analysed by flow cytometry
(FACSort, Becton-Dickinson, Grenoble, France) before
and after a post-incubation for 30min at 48C in the
presence of 50 mM monensin (18). The monensin treat-
ment restores the fluorescein fluorescence partially
quenched in acidic vesicles (endosomes and lysosomes).
The cell-associated fluorescence was recorded at 520 nm
after excitation at 488 nm and was expressed as the mean
value of the fluorescence intensity of 104 cells. The cell-
associated fluorescence was expressed relative to that
of cells transfected with fluo-p3NF-luc-3NF/LPEI poly-
plexes to take into account fluorescence intensity
variations of each fluo-pDNA/polymer complex.

CLSM

CLSM experiments were performed using a Zeiss Axiovert
200M microscope coupled with a Zeiss LSM 510 scanning
device (Carl Zeiss Co. Ltd., Iena, Germany). The inverted
microscope was equipped with a Plan-Apochromat 63�
objective (NA=1.4) and with a temperature-
controlled stage. In each experiment, the cell nuclei were
labelled with 1 mM Draq5, a far-red fluorescent DNA dye
(Biostatus Limited, Shepshed, UK). Images were recorded
with Carl Zeiss’s LSM Image Browser software and were
calculated with the public-domain ImageJ software (19).
Each image was represented with 512� 512 pixels
measuring 0.28� 0.28mm2 each, and recorded with a line
mode to reduce background noise (average on two
scanning images). Image acquisition was performed with
the CLSM’s meta mode selecting specific domains of the
emission spectrum, i.e. Draq5 was excited at 633 nm with a
He/Ne laser and its fluorescence emission was collected
between 670 and 745 nm.
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Plasmid quantitation in cell nucleus

Two days prior to the experiment, 104 C2C12 and
HeLa cells were seeded in a 4-well Lab-Tek chambered
coverglass (Nunc, Dutsher S.A., Brumath, France). Fluo-
pTAL-luc (0.5 mg) and Cy3-p3NF-luc-3NF (0.5 mg) in
70 ml of 10mM Hepes (pH 7.4) were separately mixed with
1 mg unlabelled LPEI in 10mM Hepes (pH 7.4). After
30min at 208C, fluo-pTAL-luc/LPEI polyplexes were
mixed with Cy3-p3NF-luc-3NF/LPEI polyplexes and the
solution adjusted to 500 ml with a CO2-independent
medium (Gibco) supplemented with 10% heat-inactivated
FBS, 2mM L-glutamine, 100 U/ml penicillin and 50 U/ml
streptomycin. Then, HeLa and C2C12 cells were incu-
bated with the polyplex mixture in the absence or in the
presence of 25 ng/ml of hTNFa or mTNFa, respectively.
Similar experiments were also carried out with the
mixture of 0.5 mg fluo-pTAL-luc/1 mg LPEI and 0.5 mg
Cy3-pCMV-luc/1 mg LPEI polyplexes. The same protocol
was carried out with 0.5mg of plasmid complexed with
1.5mg HIS. For NFkB inhibition, HeLa cells were pre-
treated with 1 mM BAY 11-7085 (Calbiochem – Merks,
VWR, Strasbourg, France) for 1 h at 378C in medium
supplemented with 10% FBS, prior to incubation with
25 ng/ml hTNFa and 1 mM BAY 11-7085 at 378C in the
presence of fluo-pTAL-luc/LPEI and Cy3-p3NF-luc-3NF/
LPEI polyplexes as described before. The cells were then
observed under confocal microscopy in real-time after 1 h,
3 h and 5 h incubation. As a control, cells were incubated
for 5 h at 378C with a mixture of fluo-pTAL-luc polyplexes
and Cy3-pTAL-luc polyplexes. Fluorescein (fluo) and
cyanine 3 (Cy3) fluorophores were excited with Ar and
He/Ne laser lines at 488 and 543 nm, respectively. Each
fluorescence emission was collected with the CLSM’s meta
mode in two distinct channels limited to 500–542 and
560–605 nm, respectively.
Up to 20 optical slices of 0.6mm in depth each were

recorded for every sample. Each 12-bit TIFF image was
transferred to ImageJ to visualize every z-series of images
in x–z side view with the Volume Viewer plug-in (20). The
total number of nuclear spots was determined for 12 nuclei
and converted into the number of pDNA copies per
nucleus assuming that one spot contained 18 pDNA
copies on average. This value took into account the
average number of plasmid per polyplex molecule and the
average number of polyplexes per fluorescent spot. By
fluorescence correlation spectroscopy (21) and transmis-
sion electron microscopy (22), the number of plasmids per
PEI or HIS polyplexes is 3.5� 1 and 4, respectively. Then,
one can assume that four plasmids are complexed per
polyplex on the bases of these previous results. Moreover,
the number of polyplexes per fluorescent spot was
determined from the total number of 3D pixels (voxel)
of spots (35.3� 14.9 voxels) and the voxel number of
a polyplex (8 voxels). This latter number was determined
from fluorescence of polyplexes observed at the bottom of
a cell-free Lab-Tek chambered coverglass poured with the
polyplexes in culture medium supplemented with 10%
heat-inactivated FBS. Only voxels having at least half of
the fluorescence intensity of the brighter voxels in a given
spot were considered.

pDNA condensation and FRET

One microgram fluo-p3NF-luc-3NF was complexed with
either 2 mg Rho-LPEI or 3 mg Rho-HIS in 10mM Hepes
(pH 7.4) as described above. HeLa and C2C12 cells were
incubated for 5 h at 378C with 500 ml of polyplexes in CO2-
independent medium supplemented with 10% heat-inacti-
vated FBS, 2mM L-glutamine, 100 U/ml penicillin and
50U/ml streptomycin containing either in the presence of
25 ng/ml of hTNFa or mTNFa. Cells were washed in a
polyplex-free medium and observed by confocal micro-
scopy. Sensitized emission FRET experiments were
performed with a 488 nm Argon laser excitation wave-
length for fluo and rho, and fluorescence emissions were
collected with the CLSM’s multitracking mode limited to
500–530 nm for fluo, 580–628 nm for rho and 542–570 nm
for FRET. Optical section thickness was 0.8 mm. For the
acceptor photobleaching experiment, fluo, rho and Draq5
fluorophores were excited at 488, 543 and 633 nm in a
multitracking mode, respectively. Bleaching of rho was
performed at 543 nm with 800 pulses. One set of images
was recorded every 5 s during 10 acquisitions.

FRET calculations

Spectral overlap and Förster distance between donor and
acceptor. The J overlap integral (in M�1 cm3) expressing
the degree of spectral overlap between the fluo emission
and the rho absorption can be written in the alternative
form on the wavelength (�) scale (between 450 and
650 nm):

J ¼

Z 650 nm

450 nm

FDð�Þ � "Að�Þ � �
4d� 1

Where FD corresponds to the total fluorescence intensity
normalized to unity of the fluo donor and "A is the
extinction coefficient of the rho acceptor. The distance for
which the energy transfer efficiency is equal to 50%, is
called the Förster distance (R0) as:

R0 ¼ 9:79� 103 �2 � n�4 � �D � J
� �1=6

2

Where �D is the quantum yield of fluo coupled with
plasmid DNA (�D=0.27), n is the refractive index of the
medium (n=1.33 in distillated water). �2 is the factor
describing the relative orientation in space of the
transition dipoles of the donor and acceptor. A �2-value
of 2/3 was generally assumed. In our system, the J overlap
integral was 3.64� 10�13M�1 cm3 (spectra not shown).
Thus, R0 allowing an energy transfer efficiency of 50%
was 51.3 Å. These values were in agreement with those
previously reported by Wu and Brand (23) and indicated
that an energy transfer between fluo and rho could occur
in our cellular system.

Sensitized emission. We applied three methods to correct
FRET images from changes in donor and acceptor
emission. The calculations were performed from the
variation in pixel response with the PixFRET plug-in of
ImageJ in each region of interest (ROI) (24).
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(i) The method according to Youvan et al. (25)
determines only a FRET intensity image (Fc)
corrected by the cross-talk and background inten-
sity, but is not normalized for the concentration of
the donor and acceptor:

Fc ¼ IFRET � A� ID � B� IA

IFRET, ID, and IA were intensities (subtracted from
their background intensity) in ROIs under the
distinct FRET, fluo and rho channels, respectively.
A and B were the percentage of fluo and rho bleed-
through in the FRET channel, respectively. They
were determined by quantifying the relative intensity
ratio in the FRET, fluo and rho channels of image
analysis from cells transfected with fluo-pDNA/
unlabelled polymer and unlabelled pDNA/rho-
polymer complexes, respectively. No bleed-through
signals from fluo in the rho channel and vice versa
were observed.

(ii) With Gordon et al.’s correction (26), Fc is normal-
ized to the direct donor and acceptor signal
according to the nF equation: nF ¼ Fc= ID � IAð Þ.

(iii) According to Xia and Liu (27), Fc is divided by the
square root of the donor and acceptor product
(NFRET ¼ Fc=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ID � IA

p
) and should be constant

and independent of the local concentration of donor
and acceptor.

Acceptor photobleaching. Alternatively, the absolute
FRET efficiency (%F) between the donor (fluo) and the
acceptor (rho) was obtained by measuring the donor
emission variation before [(ID)Pre-bleaching] and after
[(ID)Post-bleaching] selective photobleaching of the acceptor
according to Siegel et al. (28):

%F ¼
IDð ÞPre-bleaching
IDð ÞPost-bleaching

 !
� 100

The FRET efficiency (%E=1�%F) was also calculated
from fluorescence recovery after the photobleaching kinetic
of the donor emission in the presence of the acceptor in
ROIs. This procedure used each cell or sub-region as its
own internal standard. In this way, values as low as a few
percent could be quantified with reasonable confidence.

RESULTS

Influence of 3NF sequences on gene expression

Two 3NF sequences composed of three 10 bp kB sites
separated by a 5 bp spacer maximizing the binding of
NFkB proteins were put both upstream the TATA-like
promoter region from the HSV-TK promoter and down-
stream the luciferase gene. The luciferase gene expression
of p3NF-luc-3NF upon transfection of HeLa cells with
LPEI was compared to that obtained in cells transfected
with either pCMV-luc or kB-deleted pDNA (pTAL-luc)
(Figure 1). In the absence of TNFa-stimulation, the
luciferase gene expression with p3NF-luc-3NF was 1600-
fold higher than with pTAL-luc and not significantly

different than with pCMV-luc in which the luciferase gene
expression was driven under the strong CMV promoter.
Upon TNFa stimulation to maximize NFkB availability,
the luciferase activity with p3NF-luc-3NF was 8-fold
higher than in the absence of stimulation whereas it did
not change with pTAL-luc. Interestingly, gene expression
with p3NF-luc-3NF reached a similar value as with
pCMV-luc (29 400 versus 23 900RLU/mg of protein,
respectively). TNFa stimulation also improved CMV-luc
expression. This was likely due to a transcriptional
activation of the luciferase gene by NFkB. Indeed, three
NFkB-binding consensus sequences separated by 142 and
152 bp elements are present in the CMV promoter. Similar
results were obtained upon transfection with HIS
(data not shown). This result underlined the influence of
the 3NF sequences on the luciferase gene expression.
The uptake by HeLa cells of fluorescein-labelled pDNA

complexed with LPEI or HIS revealed that the cell
fluorescence associated with p3NF-luc-3NF and pCMV-
luc were quite comparable after 5 h incubation whatever
the polymer used (Figure 1 insert). Compared to pCMV-
luc, the remarkable effect on the luciferase gene observed
in Figure 1 with p3NF-luc-3NF may be likely due to a
larger number of pDNA copies imported into the nucleus.
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Figure 1. Influence of 3NF sequences on the luciferase gene expression.
HeLa cells were transfected with LPEI complexed with the indicated
plasmids in the absence (open bar) or the presence (solid bar) of 25 ng/
ml TNFa. The luciferase activity expressed as relative light units per
microgram protein (RLU/mg of protein) was measured upon 24 h of
culture. The values shown are averages of three independent experi-
ments. Insert: polyplex uptake. HeLa cells were incubated at 378C for
5 h in the presence of 2.5 mg of the indicated fluorescein-labelled
plasmids complexed either with LPEI (hatched bar) or HIS (grey bar).
Cells were then harvested with trypsin and their fluorescence intensity
was measured by flow cytometry after a post-treatment with monensin.
The cell-associated fluorescence (MFI) in arbitrary units was expressed
relative to that of cells incubated with fluo-p3NF-luc-3NF/LPEI
polyplexes.
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This could imply that the weakness of the TATA-like
promoter in p3NF-luc-3NF was counterbalanced by the
higher number of pDNA copies in the nucleus. The cell
fluorescence associated with pTAL-luc was a third
(with LPEI) to a fifth (with HIS) less than that with
p3NF-luc-3NF, suggesting that pTAL-luc polyplexes were
slightly less taken up by the cells. Nevertheless, this uptake
difference cannot explain the 1300-fold higher luciferase
activity observed with p3NF-luc-3NF compared to pTAL-
luc (Figure 1). This could be consecutive to an enhance-
ment of the 3NF-plasmids penetration in the nucleus.
Similar results were obtained with C2C12 cells except that
the cell-associated fluorescence was 2- to 3-fold higher
than with HeLa cells (data not shown).

FRET imaging of polyplexes inside the cells

The condensation status of endocyted polyplexes in cells
was investigated by FRET imaging. C2C12 cells were
transfected for 1 h with double-labelled fluo-p3NF-luc-
3NF/rho-LPEI polyplexes. Nuclei were stained with 1 mM
Draq5 to visualize the nuclei size easily. The merged image
with fluo, rho, Draq5 and transmission channels showed a
majority of red spots (rho-polymer) in the cytoplasm close
to the nucleus (Figure 2A). The absence of green
fluorescence indicates a probable energy transfer between
rho-polymer and fluo-p3NF-luc-3NF due to the presence
of highly condensed pDNA in polyplexes. Conversely, the
presence of yellow spots (white arrows on Figure 2A
insert) corresponding to co-localization of fluo-p3NF-luc-
3NF and rho-LPEI revealed that some pDNA were
weakly condensed in polyplexes. FRET experiments
undergo a fluorescence bleed-through of the direct
excitement of the acceptor at donor excitation wave-
lengths, the dependence of FRET on the concentration of
the acceptor, and background noise. We therefore
calculated corrected FRET ratio images according to
either Youvan (Figure 2B), Xia (Figure 2C) or Gordon
(Figure 2D) and compared them to the polyplex location
in Figure 2A. For a direct comparison with Figure 2A, we
chose the FRET ratio from the image in Figure 2C
obtained by the Xia method that normalized the FRET
ratio apart from the donor and acceptor concentrations.
In contrast, the image in Figure 2B obtained with the
Youvan method that did not take into account the
concentration of the two fluorophores and the image in
Figure 2D obtained with the Gordon method that
overcompensated for the concentration did not fit very
well with the image in Figure 2A. The comparison of
Figure 2A and C shows that FRET ratio values varied
with the fluorescent spot considered, indicating that the
strength of interaction between LPEI and pDNA was
not equally distributed. In fact, many red spots in
Figure 2A displaying a high FRET ratio ranging from
18 to 35 revealed the presence of well-condensed pDNA
in polyplexes in this area. On the other hand, the absence
of FRET for other spots presumes either polyplex
dissociation with pDNA separation from polymer in
different z-sections or the presence of rho-LPEI alone.
Sometimes, one can notice the presence of red and green
overlay with a low FRET ratio (from 10 to 17) indicating

that pDNA was weakly condensed in those polyplexes
(white arrow on Figures 2A and C insert).

Polyplexes are present in the nucleus

As aforementioned, FRET imaging according to Xia’s
normalization was used to achieve analysis of the
condensation status of pDNA in polyplexes in the nucleus.
C2C12 and HeLa cells were transfected for 5 h either with
fluo-p3NF-luc-3NF/rho-LPEI or fluo-p3NF-luc-3NF/
rho-HIS polyplexes (Figure 3). In merged images
performed with fluo, rho and Draq5 emissions, a majority
of red spots was clearly observed in the nucleus revealing
at least the distribution of rho-LPEI (or rho-HIS) (open
arrows in Figures 3A, C, E and G). In contrast, only a few
green spots corresponding to the presence of free fluo-
p3NF-luc-3NF were detected in this area (right open
arrow in Figure 3G). Three types of DNA statuses were
observed when comparing the merged images to their
respective FRET ratio images. Several red spots exhibiting
a FRET ratio higher than 18 (solid arrow in Figure 3B,
G and H) correspond to well-condensed pDNA in this
ROI. Yellow spots with a significant FRET ratio ranging
from 10 to 17 are detected in certain ROIs indicating a
subsequent pDNA unpackaging (some of the solid arrows
in Figure 3D, F and H). Some green and red spots
displaying no significant FRET ratio reveal some pDNA
molecules free of polymer and polymer molecules free of
pDNA, respectively (open arrows in Figure 3B, D, F and
H). A proper statistical analysis carried out in ten
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Figure 2. Sensitized emission measurements of double-labelled LPEI-
polyplexes by CLSM. HeLa cells were incubated with fluo-p3NF-luc-
3NF/rho-LPEI polyplexes in the presence of TNFa. Fluorescein (fluo),
rhodamine (rho) and Draq5 were excited at 488, 543 and 633 nm,
respectively. (A) Transmitted light images merged with recorded images
for the fluorescence emission of fluo-p3NF-luc-3NF (in green), rho-
LPEI (in red) and Draq5 (in blue) in a multi-tracking mode. (B–D)
FRET ratio images calculated according to the method of Youvan (B),
Xia (C) and Gordon (D). Sidebars: colour pixels scoring for FRET
level from 0 (dark blue) to 50 (white). Each image corresponds to
512� 512 pixels measuring 0.28� 0.28 mm2 each.
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transfected HeLa cells after 5 h indicated that 58 spots
displayed a FRET ratio higher than 10 and 18 green spots
displayed no FRET. These results indicated that the major
part (76%) of p3NF-luc-3NF was still highly condensed
with the polymer in the nucleus.

In a second step, the presence of FRET in the nucleus
was validated by acceptor photobleaching experiments
(Figure 4). Prior to the rho photobleaching, many red
spots were observed around and inside the nucleus of

HeLa cells transfected with fluo-p3NF-luc-3NF/rho-HIS
polyplexes (Figure 4G). No green spot of fluo-p3NF-luc-
3NF was visible indicating the presence of FRET between
rho-HIS and fluo-p3NF-luc-3NF (Figure 4E). After the
rho photobleaching, a clear fluorescence recovery of the
donor (fluo) was observed in the bleached ROI (Figure 4F
in circle), whereas a decrease in the fluorescence intensity
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Figure 3. FRET imaging of double-labelled polyplexes in living cells.
C2C12 (A–D) and HeLa (E–H) cells were transfected for 5 h with fluo-
p3NF-luc-3NF/rho-LPEI (A, B and E, F) or fluo-p3NF-luc-3NF/rho-
HIS (C, D and G, H). NFRET ratio images were calculated according
to Xia’s normalization. Fluo, rho and Draq5 were excited at 488, 543
and 633 nm, respectively. Sidebars: colour pixels scoring for FRET level
from 0 (dark blue) to 50 (white). Each image corresponds to 512� 512
pixels measuring 0.28� 0.28 mm2 each.
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Figure 4. Acceptor photobleaching of double-labelled HIS-polyplexes
in living cells. HeLa cells were transfected for 5 h with fluo-p3NF-luc-
3NF/rho-HIS polyplexes. Fluo, rho and Draq5 were excited at 488, 543
and 633 nm, respectively. Before and after the rhodamine photobleach-
ing, three images were simultaneously recorded by CLSM in a multi-
tracking mode. The broken circle on images corresponds to the
bleached area. Experimental conditions: acceptor bleaching was
processed with 800 pulses at 543 nm in a time series (one image
recorded every 5 s); each image corresponds to 512� 512 pixels
measuring 0.28� 0.28mm2 each.
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of the corresponding red spots occurred (Figure 4H, white
arrow). The fluorescence variation of the donor in
intracellular polyplexes was determined from pixel inten-
sities in two ROIs (n=10 spots for each): a first ROI
submitted to the rho photobleaching and a second area
taken as control ROI. A third one recorded outside of cells
was used to determine the background. Compared to the
control ROI, a high increase (from 27.9% to 98.5%) in the
fluo fluorescence efficiency was observed immediately after
acceptor photobleaching. According to Siegel et al. (28),
the calculated FRET efficiency was about 72.1 and 1.5%
before and after the rho phothobleaching, respectively. No
significant fluorescence variation was observed inside the
control ROI. Thus, a recovery of the fluo intensity was
clearly measured after the rho photobleaching. This
FRET result characterized via the rho photobleaching
combined with the direct FRET measurements clearly
demonstrated that the majority of pDNA in the nucleus
were still in a highly condensed form with the polymer 5 h
post-transfection.

Nuclear quantitation of pDNA

Transfection was performed both with a 3NF-free pDNA
(fluo-pTAL-luc) and 3NF-pDNA (Cy3-p3NF-luc-3NF) to
visualize the influence of 3NF sequences on the nuclear
localization inside the same cell and to determine
simultaneously the amount of each plasmid in the same
nucleus. In this way, we avoided artefacts due to the cell
cycle heterogeneity. Figure 5 shows a typical confocal
z-series image of TNFa-stimulated HeLa cells upon 2 h
incubation at 378C with a mixture of fluo-pTAL-luc/LPEI
and Cy3-p3NF-luc-3NF/LPEI polyplexes. Many red or
green intracellular spots were clearly observed, confirming
the cellular uptake of these two plasmids. Fluo-pTAL-luc
and Cy3-p3NF-luc-3NF were sometimes co-localized
(yellow spots). Interestingly, the presence of several
red spots in the nucleus clearly revealed that Cy3-p3NF-
luc-3NF was efficiently imported. Fluo-pTAL-luc
(green spots) was also observed in the nucleus but at
much lower frequency than Cy3-p3NF-luc-3NF.
A 3D analysis based on CLSM images was performed

to evaluate the rate of pDNA nuclear accumulation in
C2C12 and HeLa lines. Cells were co-incubated either
with the mixture of fluo-pTAL-luc and Cy3-p3NF-luc-
3NF polyplexes or of fluo-pTAL-luc and Cy3-pCMV-luc
polyplexes, and observed in real-time.

HeLa cells. A rapid nuclear import of the three kinds of
pDNA was clearly observed upon 1 h in TNFa-stimulated
HeLa cells transfected with LPEI-polyplexes (Figure 6A).
Nevertheless, a progressive accumulation of p3NF-luc-
3NF occurred and reached a steady state after 3 h
incubation. Upon 5 h incubation, the copy number of
p3NF-luc-3NF (1493� 672 copies) was 4- and 6-fold
higher than that of pCMV-luc (368� 116 copies) and
pTAL-luc (223� 88 copies), respectively. In contrast, the
nuclear copy number of these pDNA did not increase
significantly upon 1 h incubation in the absence of TNFa
(Figure 6A insert). These results indicated that TNFa
stimulation increased the kinetic of pDNA accumulation

into the nucleus. When cells were transfected with HIS-
polyplexes in the presence of TNFa, a progressive increase
in p3NF-luc-3NF also occurred in the nucleus and
a plateau was observed after 3 h (Figure 6B). Moreover,
the copy number of p3NF-luc-3NF (1235� 276 copies)
was 2.5- and 5-fold higher than that of pCMV-luc
(526� 211 copies) and pTAL-luc (252� 149 copies),
respectively. In the absence of TNFa, the nuclear
quantities of the three pDNA were 2- to 3-fold lower
than that in TNFa-stimulated cells (Figure 6B insert).

C2C12 cells. As compared to TNFa-stimulated HeLa
cells, a rapid nuclear import of the three kinds of pDNA
was clearly observed upon 1 h in stimulated C2C12 cells
transfected with LPEI-polyplexes (Figure 7A).
Subsequently, no change was observed at 3 and 5 h.
However, the copy number of p3NF-luc-3NF (685� 234
copies) was 2- and 1.5-fold higher at any time than that of
pTAL-luc (345� 146 copies) and pCMV-luc (489� 215
copies), respectively. In the absence of TNFa, these pDNA
constructs were rarely present in the nucleus (Figure 7A
insert). A progressive accumulation of p3NF-luc-3NF was
observed over 5 h whereas no change was detected for
pCMV-luc and pTAL-luc. Concerning transfection with
HIS-polyplexes, the rate of the nuclear accumulation of
p3NF-luc-3NF in TNFa-stimulated cells increased
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Figure 5. CLSM images of transfected living cells. C2C12 cells were
transfected for 2 h with a mixture of Cy3-p3NF-luc-3NF/LPEI and
fluo-pTAL-luc/LPEI polyplexes. Red denotes Cy3-p3NF-luc-3NF;
green, fluo-pTAL-luc; yellow, the overlap of the two denotes pDNA;
blue, Draq5-labelled nucleus. For each set, (A) is the x–y top view at a
given z; (B, C) and (D, E) are two examples on the respective y–z and
x–z side views along dotted lines. Objects in drawn circles are indicated
by arrows in the x–z and y–z plane side views. Fluo, Cyanin 3 (Cy3)
and Draq5 were excited at 488, 543 and 633 nm, respectively.
Fluorescence emissions were collected in a multi-tracking mode. Each
confocal image corresponds to 512� 512 pixels measuring
0.28� 0.28mm2 each.
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progressively compared to LPEI-polyplexes (Figure 7B).
However, the number of p3NF-luc-3NF copies in cells
transfected with HIS-polyplexes or LPEI-polyplexes
reached an equivalent level at 5 h. Moreover, the number
of p3NF-luc-3NF copies was 1.5–2 times lower in C2C12
cells than in HeLa cells. No change of pTAL-luc and
pCMV-luc copy number was observed over 5 h.
Interestingly, the number of p3NF-luc-3NF (765� 357
copies) was clearly 2-fold higher than that of pCMV-luc
(375� 141 copies). Again, the nuclear copy number of
pTAL-luc varied considerably (162� 142 copies). In the

absence of TNFa, the nuclear amount of each pDNA was
rapidly saturated. p3NF-luc-3NF (259� 129 copies) and
pCMV-luc (243� 130 copies) was 3.5-fold higher than
pTAL-luc (70� 58 copies) (Figure 7B insert). Nevertheless,
the number of p3NF-luc-3NF in stimulated cells was
3 times higher than in non-stimulated cells.
As controls, HeLa and C2C12 cells were transfected

with a mixture of Cy3-pTAL-luc polyplexes and fluo-
pTAL-luc polyplexes in the absence of any other plasmids.
We found that the amount of Cy3-pTAL-luc delivered in
the nucleus was similar to that of fluo-pTAL-luc (data not
shown). This evidenced that there was no influence of the
fluorophore on the intracellular trafficking of plasmid.
Moreover, the amount of Cy3-pTAL-luc (hatched bar
in Figures 6 and 7) delivered in the nucleus after 5 h incu-
bation was equal to that of fluo-pTAL-luc co-transfected
either with Cy3-p3NF-luc-3NF or Cy3-pCMV-luc. This
indicated that the nuclear accumulation of pTAL-luc
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Figure 6. Quantitative measurement of the number of plasmid copies in
the nucleus of HeLa cells. TNFa-stimulated cells were incubated with a
mixture of Cy3-p3NF-luc-3NF polyplexes (solid bar) and fluo-pTAL-
luc polyplexes (open bar) or a mixture of Cy3-pCMV-luc polyplexes
(grey bar) and fluo-pTAL-luc polyplexes made with LPEI (A) or HIS
(B). In control, cells were incubated for 5 h with a mixture of Cy3-
pTAL-luc polyplexes (hatched bar) and fluo-pTAL-luc polyplexes.
Insert: transfection in the absence of TNFa. Up to 20 optical slices
0.6 mm in depth were recorded by CLSM. Results are the mean value of
12 nuclei. Significant statistical difference between cells transfected with
p3NF-luc-3NF and cells transfected with p3NF-luc-3NF (filled
diamond), pTAL-luc (asterisk) or pCMV-luc (cross) according to a
Student’s test with P< 0.01.
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Figure 7. Quantitative measurement of the number of plasmid copies in
the nucleus of C2C12 cells. Experimental conditions and legends are as
in Figure 6. Results are the mean value of 12 nuclei. Significant
statistical difference between cells transfected with p3NF-luc-3NF and
cell transfected with p3NF-luc-3NF (filled Diamond), pTAL-luc
(asterisk) or pCMV-luc (cross) according to a Student’s test with
P< 0.01.
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upon co-transfection was not influenced by the presence
of the other plasmids.

NF�B inhibition. BAY 11-7085, an inhibitor of the NFkB
activation by TNFa was used to demonstrate the
involvement of NFkB in the nuclear accumulation of
p3NF-luc-3NF (29). As shown in Figure 8A, the number
of p3NF-luc-3NF copies in the nucleus at 1, 3 and 5 h
clearly decreased and was 4-fold lower than in untreated
cells. In contrast, the number of pTAL-luc copies did not
statistically change in BAY 11-7085-treated cells. The
same procedure carried out in cells transfected with
HIS-polyplexes led to similar observations (Figure 8B).
Thus, the dramatic inhibition of the pDNA nuclear
import in the presence of BAY 11-7085 was indicative
of the NFkB-mediated nuclear delivery of p3NF-luc-3NF.
Moreover, we evaluated the influence of 1 mM BAY
11-7085 on the luciferase expression. Upon transfection

with p3NF-luc-3NF in the presence of this inhibitor, the
luciferase activity was 2.5 times lower than in its absence.
In contrast, no significant change was observed when the
cells were transfected with pCMV-luc in the absence and
in the presence of the inhibitor. These results are in good
correlation with the decrease of the nuclear import of
p3NF-luc-3NF in the presence of the inhibitor of the
NFkB activation.

DISCUSSION

Although the transfer of pDNA into the nucleus of post-
mitotic cells is a prerequisite for efficient transfection by
polyplexes, quantification of pDNA molecules in the cell
nucleus upon transfection is weakly documented. In this
work, we determined the number of pDNA copies in
the nucleus of two different cell lines transfected with
pDNA/LPEI and pDNA/HIS polyplexes. Moreover, the
state of nuclear pDNA was investigated by FRET and
FRAP techniques. The study was conducted with three
different pDNA constructs encoding the luciferase gene.
Amongst them, p3NF-luc-3NF bore two 3NF optimized
sequences for binding to NFkB to favour the pDNA
import into the cell nucleus. In terms of luciferase gene
expression, the transfection of HeLa cells with p3NF-luc-
3NF was indeed several orders of magnitude higher than
with the 3NF-free pDNA counterpart, pTAL-luc and
reached a level close to that obtained with a luciferase
gene expression driven by a strong promoter. We found
that the amount of fluo-pDNA taken up by the cells was
similar whatever the plasmid constructs. Confocal micros-
copy images showed that fluo-pDNA was present in the
cell nucleus as fluorescent spots, the number of which was
higher when cells were transfected with p3NF-luc-3NF
than with the other pDNA. To determine whether spots
corresponded to polyplexes or plasmid free of polymer,
fluorescence-based techniques such as FRET and FRAP
were applied to assess plasmid/polymer interaction in the
nucleus. FRET imaging using Xia’s normalization
revealed the presence of many yellow spots that displayed
significant FRET ratios, indicating the presence of
plasmid–polymer interaction. In addition, few free
p3NF-luc-3NF and free polymer were found in the nuc-
leus. The presence of many condensed plasmids in the
nucleus evidenced by the FRET phenomenon was con-
firmed by the clear fluorescence recovery of fluo-p3NF-
luc-3NF observed upon acceptor (rho) photobleaching.
These results are in agreement with those previously
reported for other polyplexes. Indeed, Godbey et al. (30)
have shown by microscopy observations that pDNA and
branched PEI were also co-localized in the nucleus upon
transfection of EA.hy 926 cells. Ho and others (31, 32)
have shown by FRET microscopy that pDNA and
chitosan were also co-localized in HEK293 cells trans-
fected with red quantum dot-DNA/Cy5-chitosan poly-
plexes. According to Itaka et al.’s work (33), the FRET
level of LPEI/pDNA polyplexes in the cytoplasm
remained high upon 4 h transfection indicating that the
majority of pDNA was still condensed in polyplexes.
Then, a significant decrease of FRET occurred 16 h
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Figure 8. NFkB inhibition effect on the p3NF-luc-3NF nuclear import.
HeLa cells were incubated with a mixture of Cy3-p3NF-luc-3NF
polyplexes (hatched bar) and fluo-pTAL-luc polyplexes (grey bar) made
with LPEI (A) or HIS (B) in the presence of BAY 11-7085 and TNFa.
Cells were also transfected in the absence of BAY 11-7085 with Cy3-
p3NF-luc-3NF polyplexes (solid bar) and fluo-pTAL-luc polyplexes
(open bar). Results are the mean value of 12 nuclei. (asterisk)
Significant statistical difference of values obtained between cells
tranfected with p3NF-luc-3NF in the absence or the presence of
BAY 11-7085 according to a Student’s test with P< 0.01.
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post-transfection indicating a pDNA decondensation. Our
results are in agreements with Itaka’s data since 76% of
pDNA were condensed with polymer in the nucleus upon
5 h transfection.

The quantification of pDNA copies in the nucleus was
achieved in living cells by fluorescent pDNA and a 3D
analysis on sequential z-series of real-time confocal
microscopy images. We found that the number of
pDNA copies accumulated in the nucleus upon 5 h
transfection with p3NF-luc-3NF was clearly higher than
upon transfection with pTAL-luc or pCMV-luc. These
results demonstrate that 3NF sequences favour pDNA
nuclear import. We also observed a rapid nuclear
accumulation of p3NF-luc-3NF within 1 h in both cell
lines and saturation after 3 h incubation. After 5 h, the
number of p3NF-luc-3NF copies in the nucleus of HeLa
cells was 1493� 672 with LPEI and 1235� 276 with HIS,
compared with 223� 88 to 526� 211 p3NF-free plasmid
copies (pTAL-luc and pCMV-luc). In comparison, James
and Giorgio (12) have found by quantitative flow
cytometry measurements on isolated nuclei that 1250
pCMV-plasmid copies were delivered into nuclei of HeLa
cells after 4 h transfection with cationic liposomes.
Tachibana et al. (34) have estimated by real-time PCR
that about 5840 copies of pGEM/SV2CAT were present in
the nucleus of hepatic AH130 cells upon 36 h transfection
with cationic liposomes. These values are higher than
those that we have found for pTAL-luc (�250 copies/
nucleus) and pCMV-luc (�500 copies/nucleus). This
discrepancy could be related to subcellular fractionations
performed to purify nuclei. Indeed, contamination of the
nuclear fraction by cytoplasmic pDNA often leads to
overestimation of plasmid numbers contained in the
nuclei. The number of p3NF-luc-3NF copies (1493� 672
copies) found in HeLa nuclei was 6-fold more than that of
pTAL-luc, resulting in a luciferase gene expression
difference of three orders of magnitude. According to
Pollard et al. (35), it seems that 103 pDNA copies in the
nucleus is a threshold leading to a 100% chance of
transfecting the cell. Indeed, intra-nuclear microinjection
of 103 pDNA copies free or complexed with PEI led to
the transfection of the cell while that of 102 copies had a
40–50% chance of transfecting the cell. In addition, the
gene expression driven by the two p3NF-luc-3NF and
pCMV-luc plasmids was similar, despite the stronger
promoter present in the pCMV-luc plasmid. These results
suggest that the 3-fold higher copy number of p3NF-
luc-3NF into the nucleus balances the weakness of its
promoter. The CMV promoter contains kB-binding
consensus sequences that can be potentially recognized
by NFkB, leading to a transcriptional activation upon
TNFa stimulation. Thus, an improved expression of
pCMV-luc occurs. These kB sequences are separated
by 142 and 152 bp, an arrangement that is not optimal
to favour a NFkB-mediated nuclear import of pCMV-luc
in comparison with p3NF-luc-3NF plasmid.

According to our data, the amount of pTAL-luc inside
the nucleus did not depend on either the cell type or on the
polymer type. In contrast, the number of p3NF-DNA
imported into the nucleus was almost 2-fold more in HeLa
cells than in C2C12 cells. This could be due to different

thresholds of NFkB activation between these two cell
types. Similarly, we also noticed that in cells transfected
with LPEI and HIS in the absence of TNFa, the amount
of p3NF-luc-3NF in the nucleus was 3- and 5-fold more
than that of pCMV-luc or pTAL-luc, respectively. It has
been previously reported that many polyamines are able to
increase the transcription of genes, in part, through the
activation of NFkB pathway (36). Indeed, Shah et al. (36)
have demonstrated that in transient transfection experi-
ments using an NFkB-driven secreted alkaline phospha-
tase reporter, spermine analogues induced NFkB activity
by �2-fold. Therefore, in the absence of TNFa, the higher
number of p3NF-luc-3NF copies compared to pTAL-luc
or pCMV-luc could be related to an activation of the
NFkB pathway by cationic LPEI and HIS polymers.
We have demonstrated that plasmids encoding the

luciferase gene and containing 3NF sequences (3NF-
plasmids) were (i) recognized by NFkB inside HeLa cells,
(ii) more efficient than 3NF-free plasmids to transfect cells
and (iii) more imported in the nucleus than 3NF-free
plasmids on the basis of FISH experiments. Here, we
demonstrated that the nuclear import of the p3NF-
plasmid was mediated by NFkB. Indeed, the p3NF-luc-
3NF copy number dropped dramatically in the nucleus in
the presence of BAY 11-7085 and reached the amount of
pTAL-luc.
Besides, FRET and FRAP measurements have evi-

denced that some polyplexes appeared intact and located
within the nucleus at 4 h post-transfection. These findings
raise the question of the plasmid passage into the nucleus
through the nuclear pore complex (NPC) (37). Although
small macromolecules (�40 kDa) diffuse passively through
NPCs, larger ones are actively transported by a process
mediated by NLS signal recognized by a heterodimeric
protein complex including a and b importins. Most
importantly, nucleopores can only be expanded up to
39 nm (38), a diameter considerably smaller than the
current size (70–300 nm) of LPEI or HIS-polyplexes. The
following hypotheses can be considered to explain
the presence of polyplexes in the nucleus. First, the size
or the shape of polyplexes can undergo modifications near
the nuclear envelope, allowing a passage through the
nucleopores. Second, the plasmid is unpackaged on
the cytosolic side of the nuclear envelope, and is repacked
in the nucleus upon the separate passage of the polymer
and the plasmid through the nucleopores. To date, no
current data support these hypotheses. Further work to
determine the polyplexes localization in the nucleopores as
well as the plasmid and polymer interactions with NPCs
on both sides of the nuclear envelope will contribute to
elucidate this question.
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