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Abstract

Background Efficient delivery and expression of plasmids (pDNA) is a
major concern in gene therapy and DNA vaccination using non-viral vectors.
Besides the use of adjuvants, the pDNA vector itself can be designed to
maximize survival in nuclease-rich environments. Homopurine-rich tracts
in polyadenylation sequences have been previously shown to be especially
important in pDNA resistance.

Methodology The effect of modifications in the poly A sequence of a model
PDNA vector (pVAX1GFP) on nuclease resistance and transgene expression
was investigated. Four poly A sequences were studied: bovine growth
hormone (BGH), mutant BGH, SV40 and a synthetic poly A. Plasmid resistance
(half-life) was assessed through in vitro incubations with mammalian
nucleases. The impact in transgene expression was studied by quantifying
pDNA, mRNA, and GFP expression in CHO, hybridoma and HeLa cells.

Results and conclusions Invitro and cell culture studies indicate that
plasmids containing the SV40 and the synthetic poly A sequences present
significant improvements in nuclease resistance (up to two-fold increase in
half-life). However, RT-PCR analysis demonstrated that significant reduction
in mRNA steady-state levels were responsible for a decrease in transgene
expression and detected transfection level of CHO and hybridoma cells when
using the more resistant plasmids. Interestingly, transfection of HeLa cells
demonstrated that both poly A efficiency and plasmid resistance interfere
significantly in transgene expression. The results strongly suggest that the
choice of the poly A is important, not only for mRNA maturation/stability,
but also for pDNA resistance, and should thus be taken into consideration in
the design and evaluation of pDNA vectors. Copyright © 2007 John Wiley &
Sons, Ltd.

Keywords plasmid DNA vectors; polyadenylation signal; nuclease resistance;
reporter protein expression; mRNA maturation; DNA vaccines; gene therapy

Introduction

Inefficient nuclear delivery of plasmid DNA (pDNA) remains a major bot-
tleneck in DNA vaccination and non-viral gene therapy [1,2]. Nuclease
degradation of pDNA after administration and during trafficking to the cell
nucleus is one of the main causes of this inefficiency [2,3]. Experimental
evidence shows that the majority of pDNA administered in animal models
is degraded by a population of exo/endonucleases that are constitutively
present in the plasma and cytosol of the receptor cells. These pharma-
cokinetic experiments in mice and rat, performed with naked or complexed
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PDNA (with proteins or cationic lipids), have shown
that intravenously administered supercoiled (SC) pDNA is
converted to the open circular (OC) and linear (L) forms
within a few minutes [3,4]. Clearance of pDNA taken up
by tissues is slower, occurring within a few hours [4]. The
most used approach to improve pDNA uptake involves the
protection of pDNA from the surrounding nuclease-rich
cell/tissue environment with adjuvants such as cationic
lipids or polymers [2,5,6]. In these cases, even if the
number of pDNA copies that enters the cells is high (up
to hundreds of thousand copies [7]), a large majority
is degraded in endo/lysosomal compartments, with only
a few copies finding their way into the cell nucleus.
Finally, once the pDNA-adjuvant complex escapes from
endo/lysosomal entrapment, it must be dismantled in
order to become transcriptionally active. Following this
de-aggregation step, pDNA will still remain susceptible to
nuclease attack.

Although the fate of the pDNA molecules that reach
the cell nucleus is not yet completely understood [8],
it is clear that successful expression requires plasmids
to remain intact in the cell nucleus for a prolonged
period of time. Finding alternatives to increase pDNA
resistance during trafficking and after nuclear uptake
with a minimum of disturbance to the cell metabolism and
transgene expression is therefore an important challenge.

An alternative to adjuvant protection, which has been
recently reported [9], relies on the construction of pDNA
variants that are more resistant to nuclease action. We
have demonstrated that pDNA molecules possessing base
sequences that originate from secondary structures with
single-stranded regions (hereafter named hot spots) are
more susceptible to exo/endonucleases. In the case of
the model pDNA vector used (pVAX1LacZ, Invitrogen),
the hot spots were specifically located within the bovine
growth hormone polyadenylation signal (BGH poly A) and
within the pMB1 bacterial replication origin. Two pDNA
variants were then created by replacing the original BGH
poly A signal with the SV40 poly A or with a synthetic
poly A signal. An in vitro pDNA degradation analysis using
eukaryotic cell lysates and mice plasma demonstrated that
the half-life of the SC isoforms of the new vectors were
considerably higher when compared to the original pDNA
[9].

The polyadenylation process is an intricate event by
which the precursor RNA (pre-mRNA) is endonucleolyt-
ically cleaved 11 to 25 nucleotides downstream of the
AAUAAA sequence [10]. As important players in this
process, the cleavage and polyadenylation specific factor
(CPSF) and the cleavage stimulation factor (CST) bind
to the AAUAAA sequence and to the nearby GU/U-rich
tract, respectively. These two proteins provide a platform
for the assembly of the polyadenylation complex, that
include the poly A polymerase and poly(A)-binding pro-
tein (PABP). This polyadenylation complex will then be
responsible for the 3’-cut and addition of the poly A tail
(200 to 250 adenine residues) [11,12].

The rational design of the plasmid vectors used in
gene therapy (e.g. promoters, enhancers, CpG motifs,
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gene switches) is pinpointed as a key factor to enhance
specificity and modulate the therapeutic transgene
expression [13,14]. Here we present evidence that
indicate that plasmid poly A sequences also have a strong
effect on transgene expression, not only due to the impact
at the post-transcriptional level, but also by modifying
pDNA resistance to nucleases. A main challenge in the
study of pDNA resistance is the correct determination of
the number of pDNA molecules inside the transfected
cells. The most popular approach used for this purpose
is fluorescence microscopy. However, despite the highly
valuable information obtained from this technique, it
lacks analytical precision or makes use of pDNA labelled
with fluorophores. These fluorescent dyes may be toxic
to the cells, modify pDNA conformation, or ultimately
change the fate of the pDNA molecules under study
[8]. For this purpose, we used a quantitative real-time
polymerase chain reaction (PCR) method to quantify
pDNA inside transfected cells at different times post-
transfection. The effect of modifications in poly A was also
assessed through the determination of mRNA transcripts
using reverse-transcription (RT)-PCR and the levels of
transgene expression (enhanced green fluorescent protein
(eGFP)) by flow cytometry.

Materials and methods

Plasmid construction

The commercial plasmid vector pVAX1LacZ (6050 bp,
Invitrogen), designed for use in the development of DNA
vaccines, and the nuclease resistant variants pvVAX1-SV40
and pVAX1-Synt, constructed as described previously [9],
were used as starting model systems. In this work, the lacZ
reporter gene was replaced in the three plasmids by the
eGFP gene obtained from plasmid pFM20 [15]. The eGFP
gene was cloned between the Xbal, EcoRI restriction sites.
The new plasmids were then renamed pVAX1GFP-BGH
(3697 bp), pVAX1GFP-SV40 (3690 bp), and pVAX1GFP-
Synt (3488 bp). The plasmids were used to transform E.
coli DH5« and purified according to the High Pure plasmid
isolation kit protocol (Roche, Germany). Automated DNA
sequencing was performed on these constructions by Stab
Vida Inc., Portugal.

The pVAX1GFP-BGH vector contains the human
cytomegalovirus (CMV) immediate-early promoter, the
BGH polyadenylation sequence, a kanamycin resistance
gene for selection in E. coli, a pMB1 origin (pUC-derived),
a multiple cloning site and a T7 promoter/priming site.
In the variants pVAX1GFP-SV40 and pVAX1GFP-Synt, the
BGH poly A sequence (225 bp) is replaced by two known
poly A sequences: SV40 late polyadenylation signal (222
bp), and a synthetic polyadenylation sequence (49 bp),
respectively. The synthetic poly A is based on the highly
efficient poly A signal of the rabbit beta-globin gene
[16].
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Construction of plasmid pVAX1GFP-
BGH-M1 with BGH poly A mutation

Plasmid pVAX1GFP-BGH-M1 was constructed by deleting
a 61 bp sequence located downstream of the AATAAA
sequence of BGH poly A. As represented in Figure 1,
a restriction site for the enzyme Bpil (GAAGAC)
was generated by in vitro site-directed mutagenesis 25
nucleotides downstream of the AATAAA signal. The
mutagenesis was performed with the PfuTurbo DNA
polymerase according to the QuickChange site-directed
mutagenesis kit (Stratagene, UK) using the forward
primer 5-AAT TGC ATC GCA TTG TCT GAA GAC
GGT GTC ATT CTA TTC TGG G-3’' and the reverse
primer 5-CAC CCC CCA GAA TAG AAT GAC ACG
TCT TCA GAC AAT GCG ATG C-3'. The mutagenesis
created a second Bpil restriction enzyme site downstream
of the AATAAA signal, enabling the digestion and
deletion of the 61 bp sequence between the Bpil
sites (Figure 1). The sequence of the modified, 164 bp
BGH polyadenylation signal in the new pVAX1GFP-BGH-
M1 plasmid was then confirmed by automated DNA
sequencing.

Secondary structure mapping of the
new plasmids

Secondary structures of the plasmids containing the eGFP
gene were mapped by performing a sequential double
digestion with the single-stranded specific nuclease S1
from Aspergillus oryzae (Roche, Germany) and restriction
enzymes (Promega, USA) with a unique restriction site
in the plasmids. After nuclease S1 digestion (50 min,
37°C, 0.93 U/ug plasmid), the plasmid samples (4 pg)
were incubated (3 h, 37°C) with one of the following
restriction enzymes: Xbal, EcoRI or Nhel. In each
case, a control was prepared by adding the restriction
enzyme buffer to the S1-digested plasmid in order to
assure that restriction fragments were not the result
of a persistent nuclease S1 attack. The digestions
were stopped by adding an EDTA solution up to a
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final concentration of 30 mM on ice. The samples
were then analyzed by agarose gel electrophoresis
as described below. The approximate location of the
hot spot sequence can be found once the molecular
weight (MW) of the restriction fragments obtained is
determined and the restriction site of the enzyme is
known.

In vitro nuclease resistance
experiments

The resistance of the plasmids pVAX1GFP-BGH, pVAX1-
GFP-SV40, pVAX1GFP-Synt, and pVAX1GFP-BGH-M1
was tested through in vitro incubations with Chinese
hamster ovary (CHO) cell intracellular nucleases at
pH 7.0 and 4.7, and with mice plasma nucleases
as described previously [9]. Samples were examined
by 1% agarose gel electrophoresis run for 4h at
60V and stained for 30 min in a 0.5 pg/mL ethidium
bromide solution. In order to assess the variation
of the SC and OC plasmid conformations during
incubations, the intensities of the corresponding bands
in the agarose gels were determined using densitometry
software (TotalLab v2.0, Phoretix, UK). The percentage
of the SC isoform was calculated from at least
three independent experiments by normalizing band
intensities to incubation time zero. The resistance
of the plasmids stored at 4°C in ultra-pure (and
sterile) water was also evaluated as previously described

[9].

Culture and transfection of mammalian
cells

CHO, mouse hybridoma (5367G, «CD8), and human
epitheloid carcinoma (HeLa) cells were grown in F-12
(Ham’s) nutrient mixture (Gibco, UK) containing 10%
(v/v) foetal bovine serum (Gibco, UK). All cell cultures
were performed in 75 cm? culture flasks and incubated
in 5% CO2 humidified environment at 37 °C. Following

..AATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGG
TGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGC...

l Mutagenesis

(b)

Bpil

v

..AATAAAATGAGGAAATTGCATCGCATTGTCTGAAGACGGTGTCATTCTATTCTGGGGGG
TGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGC...

(©)

l Deletion

Bpil

..AATAAAATGAGGAAATTGCATCGCATTGTCTGAAGACGGTGTCAGGCATGC...

Figure 1. Mutation and partial deletion of the 3’ flanking sequence of the BGH polyadenylation signal, generating the plasmid
pVAX1GFP-BGH-M1: (a) original BGH poly A sequence. The nucleotide in grey (T) was deleted during mutagenesis; (b) mutated
BGH poly A with new Bpil restriction enzyme site (sites are underlined and introduced nucleotides appear in bold); and (c) final
poly A sequence of the pVAX1GFP-BGH-M1. Arrows indicate the exact site of the restriction enzyme cut
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growth up to confluence, cells were trypsinized and
seeded in 24-well culture plates (5 x 10 cells per well).
The cells were incubated for 48 h and then transfected
with the different plasmids. Transfection was carried
out using the Lipofectamine 2000™ reagent (Invitrogen,
USA), according to the manufacturer’s instructions (1 ug
pDNA plus 1.5 uLlipid in 100 pL of medium per well). The
medium containing the transfection solution remained in
the cell-containing wells for 12 h and was then replaced
by regular medium.

Real-time PCR for determination of
plasmid content

Quantitative real-time PCR for plasmid determination
was carried out as recently described [15]. Firstly,
transfections of the mammalian cells were performed
as described above. As a negative control, medium
containing pDNA but no transfection lipid was added
to specific control wells. After appropriate periods,
transfected and non-transfected cells were washed four
times with 1 mL phosphate-buffered saline (PBS) to
remove non-specifically bound pDNA (as described by
Zabner et al. [7]), trypsinized from wells, and centrifuged
at 160 g for 8 min. Cell pellets were then washed with
PBS, resuspended in 0.6 mL of the same saline solution,
and counted on a Neubauer chamber (counting was
performed in duplicate). Finally, cells were centrifuged
again, the supernatant solution was removed, and pellets
were stored at —80 °C for PCR analysis. Prior to analysis,
cell pellets were ice-thawed and resuspended in PCR-
grade deionized water to a cellular concentration of
6250 cells/uL. Volumes of 2 uL of such suspensions
were used in each PCR. Negative controls containing
the same amount of non-transfected cells, exposed to
the pDNA but not to Lipofectamine™ (control cells), were
always included. Determination of pDNA concentration in
transfected cells was done in triplicate. Standard curves
were constructed by adding different amounts of purified
PDNA (pVAX1GFP-BGH) to the control cells (2 uL per
reaction, with 6250 cells/uL). Negative controls using
PCR-grade water instead of control cells were also always
run to detect undesired contamination.

Quantitative real-time PCR for determination of pDNA
was performed by amplification of a 108 bp sequence
from the eGFP gene using the 5-TCG AGC TGG ACG
GCG ACG TAA A-3' forward primer, and 5-TGC CGG
TGG TGC AGA TGA AC-3' reverse primer. PCRs were
carried out in a Roche LightCycler™ detection system
using the FastStart DNA Master SYBR Green I kit™ (Roche,
Germany) as recommended by the manufacturer. Each
20 pL of final reaction volume contained 2.0 pL of the 10x
SYBR Green mixture, 0.4 pL of each primer (0.4 uM final
concentration), 1.6 uL of MgCl, solution (3.0 mM final
concentration), 13.6 uL. PCR-grade water, and 2.0 uL of
sample. Reactions were incubated at 95 °C for 10 min to
activate FastStart DNA polymerase, followed by 30 cycles
of 10 s at 95°C, 5 s at 55°C, and 7 s at 72 °C. Following
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the final cycle, reaction mixtures were kept at 70°C for
30 s, and heat-denatured over a temperature gradient at
0.1°C/s from 70 to 95°C.

Quantitative RT-PCR

Transfection, washing and collection of mammalian cell
samples were performed as described above. Cell samples
for RNA analysis were immediately stored at —80°C.
Total cellular RNA was isolated from these samples
using the High Pure RNA isolation kit (Roche, Germany)
according to the manufacturer’s instructions. The total
RNA content of each sample was quantified by absorption
at 260 nm. The reverse transcription reactions were
normalized to contain equivalent amounts (300 ng) of
total RNA. Reverse transcription was performed using the
18t Strand ¢cDNA synthesis kit for RT-PCR (AMV) (Roche,
Germany). The cDNA synthesis was performed using the
Oligo-p(dT),5 primer, according to the manufacturer’s
instructions. Volumes of 2 uL of each reverse-transcription
reaction were then used in each quantitative real-
time PCR reaction, performed as described above for
plasmid DNA determination. The RT-PCR determination
for GFP mRNA content in transfected cells was done in
triplicate. Standard curves were constructed by adding
different amounts of purified pDNA (pVAX1GFP-BGH)
to the ¢cDNA of control cells (non-transfected cells).
Negative controls using PCR-grade water instead of
control cells were also run to detect any undesired
contamination.

Detection of GFP expression by flow
cytometry

Cultivation and transfection of the mammalian cells
with the plasmids were performed as described above.
After selected periods post-transfection, cells contained
in 24-well plates were trypsinized and -centrifuged
at 160 g for 8 min. Cell pellets were then washed
with PBS and resuspended in 1 mL of the same
solution. Transfected and non-transfected cells were
analyzed in a FACscan Scalibur (Becton-Dickinson, USA),
which recorded forward scatter (FSC), side scatter
(SSC), and green fluorescence (FL1). From these data,
cells were first isolated from debris by their FSC
versus SSC characteristics, and transfection efficiency
was determined by subtracting those cells displaying
background FL1 (non-transfected cells) from the total
cell population. Average green fluorescent intensities
corresponding to the expression level of GFP were
calculated using the CellQuest Pro software (Becton-
Dickinson, USA). In this work we define ‘transfection
level’ as the percentage of cells expressing green
fluorescence above the threshold level defined by the
natural autofluorescence of the control non-transfected
cells.

J Gene Med 2007; 9: 392-402.
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Results

Plasmid DNA construction and
secondary structure mapping

The commercial plasmid vector pVAX1LacZ and the poly
A modified variants pVAX1LacZ-SV40 and pVAX1LacZ-
Synt [9] were used as starting model systems. To
facilitate detection of the transgene expression, the
lacZ reporter gene was replaced by the eGFP gene in
these three plasmids. The vectors were then renamed
pVAX1GFP-BGH (3697 bp), pVAX1GFP-SV40 (3690 bp),
and pVAX1GFP-Synt (3488 bp). The plasmid yield
and isoform distribution obtained with the three new
constructs after amplification in E. coli and purification
were similar to those obtained with the LacZ plasmids
(results not shown).

The secondary structure of the new plasmids was
mapped to check if any new hot spot had been introduced
after the replacement of the reporter gene. Table 1
shows the results of the sequential double digestion with
the single-stranded specific nuclease S1 and restriction
enzymes with a unique restriction site in the plasmid
PVAX1GFP-BGH. An analysis of the molecular mass of
the fragments resulting from sequential double digestion
indicated the presence of only two hot spots in the new
plasmids, in the same locations found previously for
pVAXl1LacZ (average positions 1621 bp and 3051 bp,
corresponding to the BGH poly A sequence and pMB1
origin of replication, respectively) [9]. These results show
that the replacement of the lacZ gene by the eGFP gene
did not introduce new hot spots in the plasmids.

Plasmid resistance to nucleases

The resistance of each plasmid towards nucleases present
in mice plasma, and CHO cell lysates at pH 4.7 and
7.0, was assessed by in vitro incubations at 37 °C. Tests
were also done using the original pvAX1LacZ as a control
plasmid. The time course of nuclease degradation of each
plasmid in terms of loss of the SC isoform was quantified
by scanning the corresponding bands in the agarose gel
(Figure 2).

Plasmids pVAX1GFP-SV40 and pVAX1GFP-Synt were
significantly more resistant than the pVAX1GFP-BGH
(and pVAX1LacZ) containing the original BGH poly A

Table 1. Mapping of secondary structures (hot spots) in
pVAX1GFP-BGH by double digestion with nuclease S1/restriction
enzyme

Restriction enzyme Secondary structure location (bp)

Xbal * 3066 + 35
EcoRI 1629 £ 22 3092 £+ 29
Nhel 1613+ 15 2996 + 48
Average location 1621 +30 3051+ 50
Location within the plasmid BGH polyA pMB1 origin

*Not possible to quantify fragment size.

Copyright © 2007 John Wiley & Sons, Ltd.
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sequence. This was more evident when using mice
plasma and CHO cell lysate nucleases at pH 4.7,
representative of the endo/lysosomal nucleases. In mice
plasma, the half-lives of pVAX1GFP-SV40 and pVAX1GFP-
Synt were approximately 2-fold higher when compared
with pVAX1GFP-BGH. The results also indicate that the
replacement of the lacZ gene by the eGFP gene slightly
increased the overall plasmid resistance to nucleases,
probably because plasmids containing the eGFP gene
(3697 bp) are significantly smaller than those containing
the lacZ gene (6050 bp). Overall, plasmids containing
the eGFP gene presented a nuclease degradation pattern
similar to that presented by Ribeiro et al. for the LacZ’
plasmids [9].

The stability of the plasmids during storage at 4°C
in MilliQ water (pH around 7.0) was also evaluated
(Figure 3). The results found indicate impressive dif-
ferences in the isoform distribution of the four tested
plasmids after 5 months of storage. Almost all the SC
isoforms of plasmids pVAX1LacZ and pVAX1GFP-BGH
were converted into the OC and L isoforms, while most
of the SC isoforms of plasmids pVAX1GFP-SV40 and
pVAX1GFP-Synt remained intact, indicating a significant
improvement in storage stability.

Plasmid DNA decay in transfected CHO
cells

The resistance of the poly A modified plasmids in cultured
cells was evaluated by detecting the decay of the different
plasmids after transfection of CHO cells, using real-time
PCR. Firstly, a standard curve for the determination of the
number of plasmid copies was generated by spiking non-
transfected CHO cells with increasing amounts of pDNA.
A linear working range (from 5 pg to 2.5 ng of pDNA per
PCR reaction) was obtained, enabling the quantification
of a minimum of 350 copies/cell (LOQ) and detection of a
minimum of 140 copies/cell (LOD). Figure 4 presents the
copy numbers of the different plasmids inside CHO cells
at different times post-transfection. In agreement with the
in vitro nuclease resistance assays, plasmids pVAX1GFP-
SV40 and pVAX1GFP-Synt presented higher resistance to
degradation when compared with the original plasmid.
The results also indicate that a high number of pDNA
copies (tens of thousands) were internalized by each
cell during transfection. This is in accordance with
results obtained by other authors using lipid-mediated
transfection [7,17], which also showed that the large
majority of pDNA copies remain entrapped in endosomal
vesicles and never reach the cell nucleus. The observed
rate of pDNA decay was not linear, decreasing for longer
post-transfection times. An average value of 1300 copies
of the plasmid pVAX1GFP-BGH was detected 4 days post-
transfection. The calculated half-life of this pDNA (after
24 h post-transfection) was 19.5 h, a value coherent with
those found in literature [1,7]. The half-lives of the SV40
and Synt plasmids were 26.4 and 29.3 h, respectively. It
is important to note that since the cells continue to divide

J Gene Med 2007; 9: 392-402.
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Figure 2. Time-course evolution of SC plasmid isoforms during incubation with nucleases at 37 °C, and agarose gel electrophoresis
presenting the corresponding nuclease degradation patterns: (a) mice plasma, (b) CHO cell lysates at pH 4.7, and (c) CHO cell
lysates at pH 7.0. Symbols: pVAX1LacZ (¢ ), pVAX1GFP-BGH (M), pVAX1GFP-SV40 (A) and pVAX1GFP-Synt (0O). Error bars indicate
standard deviation between three independent experiments. Numbers over each gel lane correspond to incubation time in minutes.
Masses of 0.8 pg and 0.4 pg of each pDNA were loaded in the agarose gel lanes for mice plasma and CHO lysates, respectively

after the transfection procedure (although at a lower
rate after reaching confluence), part of the reduction in
plasmid copies per cell should be attributed to pDNA
partition between daughter cells and not exclusively to
degradation. Also important is the fact that the PCR
quantification method determines the total amount of
pDNA inside the cells, with no distinction between those

Copyright © 2007 John Wiley & Sons, Ltd.

entrapped within endosome vesicles (the majority) or
those that reached the cell nucleus. Nevertheless, it is
reasonable to assume that most of the pDNA decay
measured accounts for degradation of plasmids entrapped
within the vesicles. Plasmids that reach the cell nucleus
may have a different fate than immediate degradation,
remaining in the cell nucleus for a longer period [8].

J Gene Med 2007; 9: 392-402.
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Figure 3. Agarose gel electrophoresis presenting the plasmid
stability during storage in ultra-pure water, pH 7, at 4°C.
M, DNA ladder; lanes 1, 3, 5 and 7, control plasmids
before storage (pVAX1LacZ, pVAX1GFP-BGH, pVAX1GFP-SV40
and pVAX1GFP-Synt, respectively); lanes 2, 4, 6 and 8,
plasmids stored for 5 months (pVAX1LacZ, pVAX1GFP-BGH,
PVAX1GFP-SV40 and pVAX1GFP-Synt, respectively)

Transgene expression in mammalian
cells

The efficiency of transfection and transgene expression
of each plasmid vector was analyzed through the quan-
tification of the number of cells presenting eGFP fluo-
rescence after transfection experiments. Cells expressing
fluorescence were quantified by flow cytometry using
non-transfected cells as negative controls. Figure 5 shows
the percentage of transfected cells showing green fluo-
rescence at different times post-transfection in a typical
transfection experiment, whereas Table 2 presents the
values obtained 24 h after transfection in three indepen-
dent experiments. Despite the fact that the transfection
level varied between independent experiments, transfec-
tion with pVAX1GFP-BGH always resulted in a higher
number of detected fluorescent cells when compared with
transfections using the pVAX1GFP-SV40 and pVAX1GFP-
Synt variants. The differences amongst transfections are
explained by a sum of factors including small differ-
ences in plasmid batches, cationic-lipid/plasmid complex
preparation, and cell confluence during transfection.
Transfection experiments conducted in CHO cells using
electroporation led to results (not shown) similar to those
obtained by lipofection. Thus, a direct correlation between
the efficiency of transgene expression in CHO cells and
the resistance of the plasmids to nuclease degradation
(in vitro and in cultured cells) was not observed.

After determining that the plasmid containing the BGH
poly A signal led to higher eGFP expression, despite its
lower nuclease resistance in vitro and in cultured cells,
time-course transfection experiments were conducted to
quantify eGFP mRNA by RT-PCR (Figure 6). Absolute
quantification of the copy number of the target mRNA

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 4. Kinetic of pDNA decay inside CHO cells quantified
by real-time PCR after transfection with the pVAX1GFP-BGH
(W), pVAX1GFP-SV40 (A), and pVAX1GFP-Synt (O) using
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Figure 5. Time-course of transfected CHO cells presenting green
fluorescence. The cells were transfected with the different
PDNA vectors using Lipofectamine™, and the expression of the
enhanced green fluorescent protein (eGFP) was detected by
flow cytometry. Error bars indicate standard deviation between
duplicates

Table 2. Percentage of CHO cells presenting fluorescence 24 h
after transfection with different plasmids in three distinct
experiments

Plasmid Exp. 1 Exp. 2 Exp. 3 Average SD*
pVAX1GFP-BGH 28.8 471 37.5 355 12.8
pVAX1GFP-SV40 13.4 374 22.8 245 12.1
pVAX1GFP-Synt 17.9 36.9 30.3 284 9.6

*SD: standard deviation.

transcript was done by relating the PCR signal to a
standard curve with detection (LOD) and quantification
(LOQ) limits of 1850 and 18000 copies per ng of
total RNA, respectively. The mRNA results indicated that
the number of mRNA copies in cells transfected with
PVAX1GFP-BGH was significantly higher when compared
with the number of copies obtained with cells transfected
with the pVAX1GFP-SV40 and pVAX1GFP-Synt plasmid
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(m), pVAX1GFP-SV40 (A), and pVAX1GFP-Synt (O) using
Lipofectamine™ . Error bars indicate standard deviation between
triplicates (days 1 and 2 post-transfection) or deviation between
duplicates (days 3, 4, 6 and 8)
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Figure 7. Correlation between plasmid copies per cell versus
eGFP mRNA level in transfected CHO cells using pVAX1GFP-BGH
(W), pVAX1GFP-SV40 (A), and pVAX1GFP-Synt (O). The chart
was plotted using the average data presented in Figures 4 and 6

variants. Figure 7 plots the total pDNA per CHO cell versus
the eGFP mRNA content. If for the sake of argument we
assume that the number of pDNA molecules that reaches
the nucleus is proportional to the total number of plasmids
in the cells, the results indicate that the BHG poly A
sequence has an efficiency up to 4-fold higher than the
SV40 and Synt poly As, a value obtained by comparing
the ratios mRNA/pDNA at 48 h post-transfection.
Clearly, the differences in transfection levels found
between the vectors are not only the result of the different
numbers of pDNA molecules that reach the nucleus, but
should also be attributed to differences in the steady-state
levels of mRNA. The fact that the plasmid containing the
BGH poly A is more efficient at the post-transcriptional
level may result in cells with higher fluorescence levels
(above the threshold of the flow cytometer), even
with a smaller number of pDNA molecules in the cell
nucleus. In fact, CHO cells transfected with pVAX1GFP-
BGH presented almost twice the fluorescence intensity
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than cells transfected with the pVAX1GFP-SV40 and
pVAX1GFP-Synt (Figure 8). A good correlation (r?> above
0.95) was found when plotting the average intensity of
cell fluorescence as a function of the mRNA level.

Transfection experiments using mouse hybridoma and
HeLa cells were also performed using the different
pDNA vectors. Despite the much lower transfection level,
experiments with hybridoma cells led to results similar
to those obtained using CHO cells (Figure 8). However,
interesting differences were found when transfecting
Hela cells. As obtained with CHO and hybridoma
cells, transfection with pVAX1GFP-BGH resulted in
higher values of eGFP mRNA and average intensity
of cellular fluorescence (Figure 8). On the other hand,
the transfection levels obtained with pVAX1GFP-SV40
and pVAX1GFP-Synt were approximately the same or
even higher (for pVAX1GFP-Synt) than those found
with pVAX1GFP-BGH. The highest number of plasmid
copies per HeLa cell (around 15090) was also obtained
with pVAX1GFP-Synt. These results indicate that not
only the efficiency of the poly A sequence at the post-
transcriptional level but also pDNA resistance plays a
major role in the detected transfection level of the studied
plasmids.

Effect of polyadenylation efficiency on
transgene expression

In order to demonstrate the effect of polyadenylation
efficiency on the transfection level and transgene
expression, a plasmid containing a mutant BGH poly
A was constructed (Figure 1). The mutant (pVAX1GFP-
BGH-M1) has a deletion of 61 bp downstream of the
AATAAA signal. The deleted sequence included part of
the 3’ efficiency elements of the BGH poly A and also
part of a putative hot spot sequence for nuclease action,
as described previously [9]. No significant changes were
detected in the in vitro resistance of pVAX1GFP-BGH-M1
to nuclease action. A secondary structure mapping with
nuclease S1 indicated that the putative hot spot was still
present, probably as a result of the high frequency of
purine-rich zones in the BGH poly A sequence (results not
shown) [9]. Figure 9 presents the average values of pDNA
(copies/cell), mRNA (copies/ng total RNA), transfection
level (%) and average intensity of cellular fluorescence,
48 h post-transfection of CHO and HelLa cells with the
mutant pVAX1GFP-BGH-M1. A comparison of the data
obtained for pVAX1GFP-BGH and pVAX1GFP-BGH-M1
shows that the deletion in the BGH poly A sequence led
to: (i) a decrease in the transfection level (2 times), (ii) a
decrease in the mean fluorescence (3 times), (iii) a similar
number of plasmid copies per cell, and (iv) a decrease
in eGFP mRNA steady-state level (8 times). Clearly, the
mutation in the BGH poly A signal did not result in an
increase in pDNA resistance to nucleases, but severely
impaired transgene expression. So far, it is difficult to
evaluate if the lower levels of mRNA obtained when using
the Synt, SV40 and BGH-M1 poly As in comparison with
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those obtained with BGH poly A, resulted from differences
in the mRNA maturation process or stability (turnover),
since both directly influence steady-state mRNA levels
[18].

Discussion

In a previous report we have shown a direct correlation
between the number of homopurine-rich sequences in
the polyadenylation signals BGH, SV40 and Synt and
the susceptibility of plasmids harbouring each sequence
(pVAX1LacZ-BGH, pVAX1LacZ-SV40, pVAX1LacZ-Synt)
to digestion with the single-stranded specific nuclease S1
[9]. The BGH poly A sequence has the highest frequency of
purine-rich zones (six), followed by the SV40 (three) and
Synt (none). The results presented in this work confirm
the importance of these regions, which are prone to
form single-stranded structures, in plasmid stability and
resistance to mammalian nuclease attack. The mapping of
secondary structures also indicated that the replacement
of the plasmid reporter gene (lacZ by eGFP) in each of
the three reference plasmids did not alter the presence
of single-stranded secondary structures (at least not at
detectable levels). The in vitro incubation of these new

Copyright © 2007 John Wiley & Sons, Ltd.

eGFP plasmids with mammalian nucleases confirmed that
the suppression of the hot spot in the poly A signal
results in significant improvements in plasmid resistance
(Figure 2). This effect was more evident for mice plasma
and CHO endosome/lysosome nucleases. Furthermore,
the plasmids containing the SV40 and the synthetic poly
A presented remarkable stability upon storage, when
compared to the plasmid with BGH poly A (Figure 3).

Although not so evident as in the in vitro assays, the
analysis of pDNA decay in transfected CHO cells also
indicates that the pVAX1GFP-SV40 and pVAX1GFP-Synt
variants are more resistant to intracellular degradation
(Figure 4). However, despite this increased resistance
to nucleases, the pVAX1GFP-SV40 and pVAX1GFP-
Synt plasmids presented significantly lower transfection
efficiency, as quantified by the number of CHO cells
expressing the reporter protein eGFP at levels detectable
by the flow cytometric analysis (Figures 5 and 8). Since
the plasmids differed only in their poly A signals, the role
and function of these sequences at the post-transcriptional
level should be responsible for the differences in transgene
expression in CHO cells.

It is known that the BGH poly A pre-mRNA
forms an extensive hairpin loop secondary structure at
the 3’-untranslated region (UTR) [19]. Although less
extensively, SV40 poly A also forms a malleable stem-loop
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due to the presence of GU- and U-rich elements upstream
and downstream of the AAUAAA signal sequence [10,11].
However, the much smaller Synt poly A signal has no GT-
or T-rich sequences upstream of the AATAAA sequence,
even though our in silico analysis indicates that a loop
structure downstream of that signal does exist in solution
(result not shown). All together, the longer and more
malleable structure of the BGH poly A signal may result
in a more efficient polyadenylation sequence.

In the case of HeLa cells, however, a different picture
emerged when comparing plasmids pVAX1GFP-BGH and
PVAX1GFP-Synt (Figure 8). In fact, and although levels
of mRNA and average cell fluorescence were almost
40% higher with the BGH poly A signal, transfection
efficiency was very similar to those obtained with
plasmids pVAX1GFP-SV40 and pVAX1GFP-Synt. This may
be directly attributed to the higher number of plasmid
copies per cell detected, especially in the case of plasmid
PVAX1GFP-Synt (15090 vs. 4900), demonstrating that
in some cases plasmid resistance is important. The more
nuclease-resistant plasmid, presenting a longer half-life of
the SC isoform, was probably able to reach the nucleus of
a larger number of cells. The results recently reported by
Remaut et al. [20] showing the much higher transfection
efficiency of the SC isoform when compared to the
OC and L isoforms corroborates this hypothesis. In the
case of pVAX1GFP-BGH and the modified pVAX1GFP-
BGH-M1, similar levels of pDNA copies were found in
the cells. However, the low efficiency of the modified

Copyright © 2007 John Wiley & Sons, Ltd.

poly A sequence led to a significant decrease in the
‘apparent’ transfection level. Taken together the results
indicate that the detected transfection level results
from a compromise between plasmid resistance (hence
number of plasmids reaching the cell nucleus) and post-
transcriptional efficiency of the poly A signal.

So far, few studies have demonstrated the importance
of incorporating post-transcriptional regulatory elements
in gene therapy vectors in order to improve gene
expression via an increase in the level of mRNA and
the efficiency of translation [21-24]. In those studies, the
approach used involved the insertion of the woodchuck
hepatitis virus post-transcriptional regulatory element
(WPRE) into the 3’-UTRs of adeno-associated virus
vectors. Despite the benefits in gene expression, the
excessive size of the WPRE sequence proved to be a
significant limitation [25]. To the best of our knowledge,
this type of approach has not been applied to non-viral
vectors.

In conclusion, the efficiency of a pDNA vector will
ultimately result from its efficiency in overcoming
physical and metabolic barriers during trafficking to
the cell nucleus, and also from the efficiency of the
regulatory sequences (e.g. promoter, poly A sequence,
etc.) responsible for the transgene expression. As
recently demonstrated for the influence of pDNA size in
transfection efficiency [26], the pDNA resistance should
be taken into consideration during pDNA design and
evaluation because it may significantly interfere in the
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final transfection results. Our studies strongly suggest that
the polyadenylation sequences play an important role in
both, resistance and post-transcriptional efficiency. This
information may be relevant not only for the optimization
of vectors used in non-viral gene therapy studies, but also
for the optimization of vectors employed in the production
of recombinant proteins by transient transfection of
mammalian cells.

Conclusions

The hypothesis that the modification of nuclease-
sensitive sequences (hot spots) such as those present
in BGH polyadenylation signals may significantly increase
the resistance of plasmid vectors towards mammalian
nucleases and their stability during storage has been
confirmed. The elimination of these hot spots in poly
As, by replacing for a synthetic poly A sequence, or
the attempt to eliminate the hot spot by deletion of
nucleotide sequences, typically lead to low levels of
transgene expression by interfering in mRNA maturation
or turnover. In one case, however, there are strong
indications that the use of a synthetic poly A leads to
higher transfection levels as a direct result of increased
plasmid resistance. Further studies on the role of
secondary structures located upstream and downstream
of the AATAAA poly A signals are still necessary to
increase the current knowledge of their effects on plasmid
DNA stability and pre-mRNA maturation. The rational
design of poly A signals could, in the near future,
allow the construction of plasmid vectors with improved
resistance to nucleases and specifically optimized at the
post-transcriptional level.
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