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Purpose. Regulation of gene expression after gene introduction is a problematic aspect of gene therapy.
Transcription regulates gene-specific transcriptional factors, which bind to regulatory regions in the
promoter. The cytomegalovirus long terminal repeat (CMV-LTR) has a TPA response element (TRE)
as a binding site for activator protein 1 (AP-1), which is induced by oxidative stress. The purpose of this
study was to regulate exogenous gene expression in a vector with CMV-LTR using oxygen radicals.
Methods. We used two plasmids (1) pQBI25 encoding CMV-LTR and red-shift green fluorescent
protein (r1sGFP) cDNA and (2) pRc/CMV-SOD encoding CMV-LTR and human Cu, Zn-superoxide
dismutase (SOD) cDNA. FR cells were transfected with pQBI25 (FR-pQBI25 cells), and L2 cells were
transfected with pRc/CMV-SOD (L2-pRc/CMV-SOD cells). Each type of cell was exposed to oxygen
radicals using paraquat for 24 h. Levels of c-fos, c-jun and rsGFP mRNAs were determined using reverse
transcription polymerase chain reaction (RT-PCR). Levels of rsGFP protein were measured by
fluorometry. Total SOD activity was measured using the nitrite method.

Results. Levels of c-fos, c-jun (AP-1 composition protein) and rsGFP mRNA were induced significantly
by oxygen radical exposure in FR-pQBI25 cells. A positive correlation was observed between levels of c-
fos mRNA and rsGFP mRNA and also between levels of c-jun mRNA and rsGFP mRNA. Levels of
rsGFP protein were also induced significantly. Total SOD activity was induced significantly by oxygen
radical exposure in L2-pRc¢/CMV-SOD cells.

Conclusions. This study suggests that gene expression driven by the CMV- LTR promoter may be

regulated by oxygen radicals.
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INTRODUCTION

Oxidative stress (e.g., superoxide) is associated with lipid
peroxidation, several cancers, DNA mutation and ischemic-
reperfusion disorder (1-3). Cu, Zn-superoxide dismutase
(SOD), which catalyzes and eliminates superoxide, is approved
in France and is now being investigated as a polyethylene
glycol-SOD conjugate for clinical use (4,5). Generally, peptide
and protein drugs, including SOD, have problems in drug
delivery (low absorption, difficult targeting, fast elimination,
etc.). Therefore, gene therapy is a novel drug delivery system
for peptide or protein drugs. Previously, we reported ex vivo
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SOD gene delivery using a eukaryotic plasmid vector to skin
fibroblast and lung epithelial-like cells and efficacy in in vitro
experimental models (6,7). And also we reported anti-
inflammatory effects of Cu, Zn-superoxide dismutase deliv-
ered by genetically modified cells on carrageenin-induced paw
edema and cold-induced skin edema in rats in vivo (7.8).

Gene therapy has been used in several birth defects, such
as adenosine deaminase deficiency or cancer; however, at
present gene therapy is problematic, such as in regulation of
gene expression after gene introduction (9,10). Inazawa et. al.
reported on the expression of a eukaryotic plasmid vector
with a MMTYV promoter and 20K-growth hormone-regulated
adrenocorticosteroids (11).

Regulation of gene expression in eukaryotic cells is
crucial for maintenance of cellular homeostasis. The regula-
tion of gene expression can occur in multiple steps. The
overwhelming majority of regulatory events occur at the level
of transcription. These transcriptional processes regulate cis-
and trans-acting factors. Transcription factors that act as
trans-acting factors are basal transcription factors, which are
ubiquitous and recruit the RNA polymerase II multi-protein
complex to the minimal promoter. Gene-specific transcrip-
tion factors activate or repress basal transcription.

A eukaryotic expression plasmid vector must have a
promoter region and these promoter are usually sequences of

2536



Regulation of Exogenous Gene Expression by Superoxide

viral long terminal repeats, i.e., cytomegalovirus (CMV), rous
sarcoma virus, or mouse mammary tumor virus. These viral
promoters are affected by several transcription factors, and the
level of gene expression is regulated in genetically modified
cells. The CMV promoter is controlled by activator protein 1
(AP-1) because this promoter has a 12-O-tetradecanoyl phor-
bor-13-acetate (TPA) response element (TRE) (12).

Paraquat, which is used as an organic phosphorus
insecticide, generates oxygen radicals. Thus, paraquat has
been used as a model compound to induce oxidative stress in
experimental system in vitro and in vivo. Li and Sun reported
that AP-1 as a transcription factor was induced by paraquat
(13). Many transcription factors are heterodimers. For
example, AP-1 is composed of two transcription factors, c-
Fos and c-Jun (14,15). The pQBI25 vector has a CMV
promoter and a red-shift green fluorescent protein (rsGFP)
cDNA. The pRc/CMV-SOD vector also has a CMV promot-
er and human SOD cDNA. In transformants with the
pQBI25 and pRc/CMV-SOD vector, the level of rsGFP and
SOD expression increase with the induction of AP-1 by
oxidative stress, respectively. Therefore, in this study, we
examined whether levels of c-fos, c-jun, rsGFP mRNAs,
rsGFP protein and total SOD activity are induced by
paraquat exposure in vitro. We also examined the association
between levels of c-fos and c-jun mRNAs as AP-1 constituent
expression, and the level of rsGFP mRNA. Our results
indicated that reactive oxygen species mediated activation of
AP-1 regulated exogenous gene expression, and thus the
optimization of gene therapy may provide.

MATERIALS AND METHODS
Materials

Recombinant human SOD (3,200 U/mg of protein) was
kindly supplied by Asahi Chemical (Tokyo, Japan). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS)
and penicillin—streptomycin mixture were purchased from Wako
Pure Chemical Industries (Osaka, Japan), Flow Laboratories
(MD, USA), ICN Biomedicals (OH, USA), Bio Whittaker (ND,
USA), respectively. RT-PCR kit (Ready To Go RT-PCR beads)
and first strand cDNA synthesis kit (Ready To Go You Prime
First Strand Beads) were purchased from Amersham Pharmacia
Biotech (NJ, USA). Tag polymerase, rsGFP containing eukary-
otic expression vector (pQBI25) and recombinant GFP were
purchased from Takara Co. (Tokyo, Japan). Ham’s F12
nutrient medium, Opti-MEM, paraquat and Geneticin sulfate
(G418) were purchased from Sigma Chemical (NJ, USA),
Gibco (NY, USA), respectively. PCR primers for c-fos, c-jun,
rsGFP and B-actin mRNAs were purchased from Funakoshi
(Tokyo, Japan), Sawady Technology (Tokyo, Japan), respec-
tively. All other chemicals were of reagent grade.

Cell Cultures

Rat skin fibroblast cell lines (FR cells, ATCC CCL 1213)
and rat lung epithelial-like cell lines (L2 cells, ATCC CCL
149) were obtained from American Type Culture Collection.
FR and L2 cells were grown in DMEM containing 10% FBS,
100 units/mL penicillin and 100 pg/ml streptomycin (penicil-
lin—streptomycin mixture) and Ham’s F12 nutrient medium
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containing 10% FBS, 100 units/ml penicillin and 100 pg/ml
streptomycin (penicillin—streptomycin mixture), respectively,
at 37°C in a humidified atmosphere of 5% CO,.

Preparations of Stable Transformants

FR cells were transfected with pQBI25 by lipofection
(TransFast™ transfection reagent, Promega, WI, USA). L2 cells
were transfected with pRc/CMV-SOD by lipofection (Lip-
ofectin™ reagent, Life Technologies, MD, USA). After 48 h,
resistant clones were selected in medium containing G418 (final
concentration 400 pg/ml) for 2 weeks. Single clones of each
transfected cell were used in this study. FR-pQBI25 cells (FR
cells transfected with pQBI25) were grown in same condition of
FR cells. L2-pRc/CMV-SOD cells (L2 cells transfected with
pRc/CMV-SOD) were grown in same condition of L2 cells.

Quantification of the Levels of rsGFP, c-fos
and c-jun mRNA

After 24 h of paraquat treatment, total RNA were
extracted from each culture using a total RN A extraction kit
(RNeasy Mini Kit, Qiagen, Hilden, Germany). RT-PCR for
B-actin and rsGFP mRNAs were performed using an RT-
PCR kit (Ready To Go RT-PCR beads), and those for c-fos
and c-jun mRNAs were performed using a first strand cDNA
synthesis kit (Ready To Go You Prime First Strand Beads)
and Taq polymerase. The levels of these mRNAs were
quantified by optical density of their bands on agarose gels
using NTH Image (National Institutes of Health, NJ, USA),
and the ratio of the expression levels of rsGFP, c-fos and c-
jun mRNAs was normalized relative to that of S-actin
mRNA. We previously confirmed that RT-PCR Kkinetic
curves of these ratios of mRNAs did not reach a plateau
(16). The RT-PCR kinetic curves of the ratios of the levels of
c-fos, c-jun and rsGFP mRNAs/S-actin mRNA in this study
could be determined quantitatively at least up to a ratio of
approximately 3. Therefore, we could estimate the levels of
rsGFP, c-fos and c-jun mRNA expression quantitatively.

Determination of the Levels of SOD Activity

Cells were centrifuged and separated, and then the pellet
was resuspended with distilled water (70 pl) and left at —80°C
for 1 h. The frozen sample was allowed to stand at room
temperature to disrupt the cells, followed by centrifugation at
14,000 rpm for 10 min. Total SOD activity in the supernatant
was measured using the nitrite method (17). Cellular protein
levels were determined using a Bio-Rad Protein Assay Kit
(Bio-Rad Laboratories, CA, USA).

Determination of the Levels of rsGFP Protein

Cells were centrifuged and separated, and the pellet was
resuspended with 0.1% Tween solution and then left at —80°C
for 1 h. The frozen sample was allowed to stand at room
temperature to disrupt the cells followed by centrifugation at
14,000 rpm for 10 min. The protein level of rsGFP in supernatant
was measured by the fluorometer (EX 510 nm and EM 490 nm)
with GFP protein as a standard. Cellular protein levels were also
determined using a Bio-Rad Protein Assay Kit.
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In vitro Experiment System of Paraquat Exposure
in FR-pQBI2S Cells

Aliquots of 1.3x10° FR-pQBI25 cells were seeded in
60-mm tissue culture dishes containing growth medium. After
24 h, the incubation medium was replaced with each test
medium containing the final concentrations of 5, 20 and 50 uM
of paraquat. After 24 h of paraquat exposure, total RNA were
extracted from each culture and the levels of rsGFP, c-fos and
c-jun mRNA were quantified. In parallel, cytosolic proteins
were extracted from each culture and the levels of rsGFP
protein were determined.

In vitro Experiment System of Paraquat Exposure
in L2-pR¢/CMV-SOD Cells

Aliquots of 2.0x10° L2-pRc/CMV-SOD cells were seeded
in 35-mm tissue culture dishes containing growth medium.
After 24 h, the incubation medium was replaced with each test
medium containing the final concentration of 100 uM paraquat
(17). The levels of SOD activity were determined in the cells.
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Fig. 1. Effects of paraquat treatment on c-fos and c-jun mRNA
expression in FR-pQBI25 cells. (A) Levels of c-fos mRNA expres-
sion. Upper panel shows representative blots of c-fos mRNA and g-
actin mRNA. (B) Levels of c-jun mRNA expression. Upper panel
shows representative blots of c-jun mRNA and S-actin mRNA. Each
bar represents mean+tSEM (n = 5-9). *p < 0.05 compared with
control condition.
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Fig. 2. Effects of paraquat treatment on rsGFP mRNA expression in
FR-pQBI2S cells. Upper panel shows representative blots of rsGFP
mRNA and S-actin mRNA. Each bar represents mean+SEM (n =
5-9). *p < 0.05 compared with control condition.

Statistical Analysis

Statistical analysis was performed by analysis of variance
(ANOVA). A level of p<0.05 was considered statistically
significant.

RESULTS
Inductions of c-fos and c-jun mRNAs

We examined the effect of paraquat on levels of c-fos
and c-jun mRNA expression in FR-pQBI25 cells. Both
mRNA levels were increased significantly at each concentra-
tion of paraquat treatment. The levels of c-fos mRNA were
increased 1.5- to 1.9-fold in comparison with that in control
conditions (no paraquat treatment) and also the induction of
c-fos mRNA in a paraquat-concentration-dependent manner
was observed (Fig. 1). The c¢-jun mRNA level was increased
1.5- to 1.6-fold in comparison with that in control conditions,
although the induction of c-jun mRNA levels did not occur in
a paraquat-concentration-dependent manner.
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Fig. 3. Effects of paraquat treatment on rsGFP protein expression in
FR-pQBI25 cells. Each bar represents meantSEM (n = 8-9). *p <
0.05 compared with control condition.
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Fig. 4. Correlation (a) between rsGFP mRNA and c-fos mRNA, and the correlation
(b) between rsGFP mRNA and c-jun mRNA expression in FR-pQBI25 cells.
Correlation coefficients for (a) and (b) by linear approximation least-squares method

were 0.9508 and 0.7552, respectively. Each point represents meantSEM (n = 5-9).

Induction of rsGFP mRNA and Protein

Figures 2 and 3 show levels of rsGFP mRNA and rsGFP
protein expression after paraquat treatment, respectively. The
level of rsGFP mRNA expression was increased 1.9- to 2.9-fold
in comparison with that in control conditions and the
expression of rsGFP mRNA was paraquat-concentration
dependent. The levels of rsGFP protein expression increased
by 1.8- to 3.1-fold in comparison with that in control conditions;
this increase was paraquat-concentration dependent.

Correlation between c-fos mRNA, c-jun mRNA
and rsGFP mRNA Expression

We examined whether the paraquat-induced c-fos and c-
jun mRNA expression affected induction of rsGFP mRNA
expression. Figure 4a, b show the relationship between levels
of c-fos mRNA and rsGFP mRNA expression, and the
relationship between levels of c-jun mRNA and rsGFP
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Fig. 5. Effects of paraquat treatment on SOD activity in L2-pRc/
CMV-SOD cells. O, no treatment; M, 100 puM paraquat. Each bar
represents mean+tSEM (n = 3-12). *p < 0.05.

mRNA, respectively. A positive correlation was observed
between levels of c-fos mRNA and rsGFP mRNA, and was
observed between levels of c-jun mRNA and rsGFP mRNA
on the each concentration of paraquat treatments.

Induction of Total SOD Activity

Figure 5 shows the levels of total SOD activity in L2 and
L2-pRc/CMV-SOD cells with or without paraquat treatment.
The level of total SOD activity in L2-pRc/CMV-SOD cells
increased 1.8-fold in comparison with normal L2 cells in the
control condition (no paraquat treatment). Total SOD activity
was not increased by treatment with paraquat in normal L2
cells; however, significant induction of total SOD activity was
observed in L2-pRc/CMV-SOD cells by paraquat treatment.
The level of total SOD activity in L2-pRc/CMV-SOD cells was
increased by 1.4-fold in comparison with that in the control
condition.

DISCUSSION

In this study, we examined the effect of paraquat on the
expression of rsGFP ¢cDNA transfected rat skin fibroblasts
and human SOD cDNA transfected rat lung epithelial-like
cells in vitro.

We confirmed that, after 6 months, FR-pQBI25 cells
expressed rsGFP using fluorescent microscopy and we detected
a rsGFP mRNA-derived single band using ethidium bromide
stained agarose gel electrophoresis after RT-PCR. L2-pRc/
CMV-SOD cells also showed long-term (over 6 months)
expression after transfection using the lipofection method (18).

AP-1 is comprised of members of the FOS and JUN
family and is in the family of basic domain/leucine zipper
transcriptional factors that have been characterized for their
specific binding to TRE (19,20). The amount of AP-1 is
regulated by the level of fos and jun mRNA species. AP-1 is
activated by mitogen-activated protein kinase families (21).
AP-1 regulates the expression of many genes, including those
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encoding collagenase, stromelysin, cyclin D, TGF-1 beta and
many cytokines, by binding to TREs in the promoters of
these genes (22). Expression of c-JUN and c-FOS is induced
by phorbol esters such as TPA (23,24). Furthermore, AP-1
has been shown to be induced by paraquat, H,O,, UV-A,
UV-C, dioxin, hyperglycaemia, substance P and others
(25-32). The induction of c-fos and c-jun mRNA in FR cells
is suggested to be caused by reactive oxygen from paraquat,
and these mRNAs were induced AP-1 activity.

Paraquat and H,O, induced not only AP-1 but also
nuclear factor kappaB (NF-kB) (33,34). Sequence analysis of
the mouse GPx and CAT genes revealed putative binding
motifs for NF-xB and AP-1 which were actively involved in
the upregulation of the GPx and CAT in response to
oxidative stress. NF-kB and AP-1 are important mediators
of redox-responsive gene expression. The relative involve-
ment for inductions and effects of other transcriptional
factors or AP-1 family members remains to be established.

In this study, we looked at paraquat induction of AP-1
family members, c-jun and c-fos mRNA 24 h after treatment
and reported a 1.5- to 1.9-fold increase. Both c-jun and c-fos
mRNA are early response genes and are most often induced
within 15 to 30 min after exposure to stimuli (13). Gene
expression is usually return to uninduced levels within the
first few hours. On the other hand, our data showed that gene
expression of AP-1 family members can occur later and is
sustained for a long-term period. We investigated inductions
of c-jun and c-fos expression 4 h after paraquat treatment in
secretable SOD (SOD conjugated with interleukin-2 signal
peptide) overexpressed FR cells. But no inductions of c-fos
and c-jun expression observed (data not shown). Zhou et al.
demonstrated that AP-1 dependent gene expression is also
induced in myotubes in response to pro-oxidant treatment in
a dose-dependent manner and time-dependent manner (34).
AP-1 is important mediator of redox-responsive gene ex-
pression. The induction of AP-1 continued to increase after
6 h of treatment, peaking between 12 and 48 h (34,35). These
results showed that inductions of c-fos and c-jun expression
by paraquat treatment required a time lag. Because paraquat
is prototype redox chemical compound, reactive oxygen was
generated in the mitochondrial redox reaction after import of
paraquat into mitochondria.

The pQBI25 vector has a CMV promoter upstream of
the rsGFP gene. We hypothesized that rsGFP gene expres-
sion should be regulated with AP-1 activity because CMV-
LTR has TRE for AP-1 binding. In this study, levels of
rsGFP mRNA and rsGFP protein were induced by paraquat,
and a correlation between levels of c-fos and c-jun mRNA
and rsGFP mRNA was observed in FR-pQBI25 cells. This
result suggests that the induction of rsGFP expression is
dependent on induction of c-Fos and c-Jun expression.

The levels of rsGFP protein in FR-pQBI25 cells treated
with paraquat were increased by 1.8- to 3.1-fold in comparison
with those not treated with paraquat, and the levels of total
SOD activity in L2-pRc/CMV-SOD cells treated with paraquat
were also increased by 1.4-fold in comparison to those not
treated with paraquat. The total SOD activity in the trans-
formed cells is the sum of endogenous rat SOD and exogenous
human SOD activities in the pRc/CMV-SOD vector. Consid-
ering the rat SOD activity in normal L2 cells (rat lung epithelial-
like cell lines), the levels of exogenous human SOD activity in
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L2-pRc/CMV-SOD cells treated with paraquat were increased
approximately twofold in comparison with those of the control
conditions. We used two different cells (FR cells as rat skin
fibroblasts and L2 cells as rat lung epithelial-like cell lines) in
this study. Increase in exogenous gene expression was same
intensity in both cell lines. In this fact, we confirmed that effect
of induction of exogenous gene expression by treatment of
paraquat was not affected by kind of host cell.

To date, heat shock, hormones such as glucocorticoid,
estrogen, progesterone and androgen have been used to
regulate gene expression. However, for various reasons,
including pleiotropic effects caused by the inducers or
interference of transgene expression by endogenous inducers,
these systems may be not well suited for gene therapy (36). In
a previous study, gene expression regulatory systems that
used tetracycline-responsive promoters have led to the
establishment of highly efficient regulatory systems in
mammalian cells (37). Thus, regulation of gene expression
during gene therapy is possible.

In this study, paraquat was used to generate reactive
oxygen species. Our data suggest that exogenous gene expres-
sion driven by the CMV-LTR may be under the regulation of
endogenous active oxygen.

If active oxygen is overproduced in tissues and organs,
such as in inflammation or in ischemic-reperfusion disorders,
exogenous gene expression driven by CMV-LTR should be
induced. Since the regulation of exogenous gene expression is
possible, a plasmid vector with CMV-LTR is useful in gene
therapy for these diseases.

We used rsGFP and SOD as a model reporter in this
study. If cDNA encoding proteins with scavenger functions is
inserted in the plasmid vector with CMV-LTR, the gene
expression should be regulated by the levels of active oxygen,
and cytotoxicity resulting from the overproduction of active
oxygen in tissues and organs may be reduced.

Some drugs, such as anthracyclines, generate reactive
oxygen, which cause adverse effects (38). For prevention of
the adverse effects of these drug treatments, a plasmid vector
with CMV-LTR may be useful in gene therapy.

CONCLUSION

In the drug delivery system for gene therapy, the
regulation of gene expression after gene introduction has
been difficult. This study showed that exogenous gene
expression driven by CMV-LTR and regulated by AP-1 was
induced by active oxygen.

Plasmid vectors with CMV-LTR may be usefulness in
gene therapy for medical treatment and prevention of drug-
induced side effects of active oxygen intervention and
medical treatment of disease that is related to active oxygen.
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