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IκBα (inhibitory κBα) identified as labile repressor of MnSOD
(manganese superoxide dismutase) expression
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Cytokines, phorbol esters, radiation and chemotherapeutic drugs
up-regulate the expression of MnSOD (manganese superoxide
dismutase). Using the VA-13 cell line, we studied the regulation of
SOD2 upon treatment with PMA. Pre-treatment with CHX (cyclo-
heximide) followed by PMA led to significantly higher levels of
MnSOD mRNA compared with those with either agent alone,
suggesting de novo synthesis of an inhibitory protein. PMA treat-
ment modulates redox-sensitive transcription factors, therefore
we evaluated the effects of this combination treatment upon AP-1
(activator protein 1) and NF-κB (nuclear factor κB), two trans-
acting factors suggested to play a role in SOD2 regulation. Co-
administration of CHX and PMA led to a time-dependent increase
in the binding activity of NF-κB. Therefore we evaluated IκBα
(inhibitory κBα) and found that co-administration decreased its
steady-state level compared with either agent alone, suggesting
that enhanced NF-κB activation is due to inhibition of IκBα
synthesis. PMA activates PKC (protein kinase C) enzymes which

phosphorylate IκBα, leading to its degradation, therefore we
used GF109203X to inhibit PKC activity. Stable transfection
utilizing a PMA-responsive element in the human SOD2 gene,
showed a concentration-dependent decrease in luciferase and
NF-κB-binding activity with GF109203X. Western blot analysis
indicated the presence of several PKC isoforms in the VA-13 cell
line; however, PMA pre-treatment specifically down-regulated α
and βI, suggesting a role for one or more of these proteins in
SOD2 induction. Taken together, these results indicate that the
PKC pathway leading to SOD2 induction proceeds at least in part
through NF-κB and that inhibition of IκBα synthesis might serve
as a potential pharmacological approach to up-regulate MnSOD.

Key words: cycloheximide, gene regulation, manganese super-
oxide dismutase (MnSOD), nuclear-factor-κB-binding protein
(NF-κB-binding protein), phorbol ester, protein kinase C (PKC).

INTRODUCTION

MnSOD (manganese superoxide dismutase) is an essential anti-
oxidant enzyme that catalyses the conversion of superoxide radi-
cal into hydrogen peroxide and molecular oxygen within the
mitochondrial matrix [1]. ROS (reactive oxygen species), includ-
ing the superoxide radical, are normal by-products of cellular
metabolism and aerobic respiration. ROS and RNS (reactive nitro-
gen species) have been implicated in various pathological condi-
tions, including aging, cancer, and vascular and neurodegenerative
diseases, such as Parkinson’s, amyotrophic lateral sclerosis and
Alzheimer’s disease (reviewed in [2]). An increase in ROS/RNS
formation and/or an ineffective system for removal could contri-
bute to the pathological hallmarks associated with the afore-
mentioned diseases. Animals genetically modified to knockout
expression of individual SOD (superoxide dismutase) enzymes
have provided valuable information on the relative contributions
of each isoform in cellular homoeostasis. Knockout models of the
SOD2 gene clearly distinguished MnSOD from both the cytosolic
(Cu,Zn SOD) and extracellular (ECSOD) copper- and zinc-con-
taining SOD isoenzymes. In knockout models of the SOD2 gene,
neonatal lethality was observed as a result of cardiomyopathy [3]
and neurodegeneration [4]. Knockout of either the SOD1 or SOD3
gene did not result in neonatal lethality [5,6].

Transgenic cell lines have shown MnSOD to attenuate injury or
death under conditions of enhanced oxidative stress by exposure
to TNF-α (tumour necrosis factor α) [7], iron [8], NO-generating
systems [8,9], alkalosis [10], chemical hypoxia [11] or 5-azacy-

tidine treatment [12]. MnSOD has been shown to protect against
oxygen-induced lung injury [13], acute doxorubicin-induced car-
diac injury [14], as well as ischaemia and trauma-induced brain
injuries in a transgenic animal model [8,15].

Numerous studies suggest that MnSOD activity may play a
role in tumorigenesis. Tumour cells, which normally express low
levels of MnSOD activity, undergo phenotypic changes as a result
of transfection and subsequent overexpression of MnSOD [16–
18]. Enhanced MnSOD activity has been shown to correlate with
suppression of tumour growth in nude mice [16,17] and inhibition
of metastatic potential of transplanted tumours [19]. Evaluation of
redox-sensitive oncogenes in a murine fibrosarcoma cell line
engineered to express high MnSOD activity showed selective
down-regulation of DNA binding and transcriptional activation
of Jun-associated transcription factors [AP-1 (activator protein-1)
and CREB (cAMP-response element binding protein)] [20].
Taken together, these studies provide in vitro and in vivo evidence
of tumour suppressor effects of MnSOD.

A variety of compounds such as TNF-α [21], IL (inter-
leukin)-1β [22], dinitrophenol [23], paraquat [24] and PMA [25],
which cause oxidative stress, lead to the up-regulation of SOD2
gene transcription. We have identified an enhancer element within
intron 2 of the human SOD2 gene which is responsible for TNF-α-
and IL-1β-mediated induction [26]. In addition, we have shown
that the enhancer is responsive to PMA treatment [27]. In the
present study, evaluation of the mechanism of PMA induction
in the VA-13 cell line showed that de novo protein synthesis was
not required; however, CHX (cycloheximide) in combination with
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PMA synergistically increased MnSOD mRNA levels, suggesting
the presence of a ‘labile repressor’. We have identified the IκBα
(inhibitory κBα) protein to be a repressor of MnSOD expression.
Furthermore, we show that the responsiveness of the intronic
enhancer to PMA is PKC (protein kinase C)-dependent and is
mediated, at least in part, through PKCα and PKCβI. Taken
together, these studies suggest potential pharmacological targets
in the regulation of human MnSOD expression.

EXPERIMENTAL

Cell culture

The SV40 (simian virus 40)-transformed human lung fibroblast
cell line (VA-13) which was purchased from the A.T.C.C.
(Manassas, VA, U.S.A.) was maintained in BME (Eagle’s basal
medium) supplemented with 10 % (v/v) foetal bovine serum, 1 %
(w/v) glutamine and 1 % (w/v) antibiotics. Cells were grown at
37 ◦C in a humidified atmosphere containing 5 % CO2.

Plasmids

A BamHI fragment containing a 3.4 kb 5′-flanking region was
used to generate the minimal promoter fragment (P7). To create
the P7 fragment, PCR primers with recognition sequences for the
KpnI and BglII restriction enzymes were added to allow subclon-
ing upstream of the luciferase reporter gene. The following pri-
mer set was used (the 9 bp shown underlined indicates the
KpnI-recognition site in the upper-strand primer and the BglII
recognition site in the lower-strand primer starting at + 24) [upper
strand (− 210), 5′-CGGGGTACCGCCTCCTTTCTCCCGTGC-
CCTGCCCTGG-3′; lower strand (+ 24), 5′-GGAAGGATCTGC-
CGAAGCCACCACCACAGCCACGGAGT-3′].

The P7 fragment was subcloned into a PGL3 luciferase vector
(Promega). BamHI digestion of a 39 b λ phage clone containing
the entire human SOD2 gene resulted in a 8074 bp fragment which
was subsequently used as template for generation of a 342 bp frag-
ment within the second intron (12E). The primers were designed to
amplify the 12E region KpnI sites. PCR was carried out in a 100 µl
master mixture containing 10 µl of 10× buffer [200 mM Tris/
HCl, pH 8.8, 20 mM MgSO4, 100 mM KCl, 100 mM (NH4)2SO4,
1 % Triton X-100, 1 mg/ml nuclease-free BSA], 4 µl of 10 mM
dNTP mixture (2.5 mM each of dATP, dGTP and dTTP), 1 µl
of 10 pM of each primer [upper strand, 5′-CGGGGTACCGG-
GGTTATGAAATTTGTTGAGTA-3′ and lower strand, 5′-CG
GGGTACCCCACAAGTAAAGGACTGAAATTAA-3′ (KpnI re-
cognition sites underlined)], 100 ng of plasmid DNA and
1 µl of 2.5 units/µl of a high-fidelity Pfu DNA polymerase
(Stratagene). The thermal cycling settings were, after initial de-
naturation at 95 ◦C for 5 min, 30 amplification cycles of denatu-
ration at 94 ◦C for 1 min, annealing at 60 ◦C for 1 min and exten-
sion at 72 ◦C for 1 min, and final extension at 72 ◦C for 10 min.
After amplification, the I2E (intron 2 enhancer) region was sub-
cloned into the modified PGL3 vector (Promega) containing the
luciferase reporter gene driven by the minimal human MnSOD
promoter (P7/PGL3). Nucleotide composition was verified using
sequencing methods.

We reported previously that when the 342 bp I2E fragment was
linked to the basal promoter (P7) of the SOD2 gene, transcriptional
activities were increased significantly in response to cytokines in
an orientation- and position- independent manner [26]. Based on
these findings, we chose to transfect a construct containing the I2E
element upstream of both the basal promoter (P7) and the luci-
ferase reporter. Further information, including construct maps, as
well as the location of transcription-factor-binding sites in the
SOD2 gene (5′-I2E-3′), are provided by Xu et al. [26].

Stable transfection

We reported previously the generation of stable VA-13 clones by
transfection of a linearized plasmid (I2E-P7/PGL3) [27]. In brief,
the plasmid DNA (I2E-P7/PGL3) was linearized with BamHI
and co-transfected with the pSV2-NEO plasmid using Lipofectin.
After 48 h, the cells were exposed to 400 µg/ml G418 sulphate.
Clones were obtained and propagated from single transfected
cells plated on to 60-mm-diameter dishes. After isolation of three
clones (VA13I2E4, VA13I2E7 and VA13I2E8), preliminary ex-
periments were conducted comparing the effects of CHX +− PMA
(mRNA) and PMA-mediated differences in luciferase expression.
No differences were observed among the individual clones,
therefore clone VA13I2E7 was used for all subsequent experi-
ments. Cell lines obtained from individual clones were maintained
in BME with 10 % (v/v) foetal bovine serum, 1 % (w/v) gluta-
mine, 1 % (w/v) penicillin–streptomycin and 400 µg/ml G418.
Integration of DNA was verified by restriction digestion followed
by Southern blot analysis. Luciferase activity was measured using
the Luciferase Assay System (Promega) according to the manu-
facturer’s instructions. All luciferase assays were normalized to
protein concentration.

Northern blot analysis

Cells (1 × 106/p150 plate) were plated, grown to approx. 90 %
confluence, pre-treated with CHX (10 µg/ml) for 1 h, followed
by a 6 h treatment of PMA (100 nM). Total RNA was isolated,
and the concentration was estimated spectrophotometrically at
260 nm. Total RNA (30 µg) was loaded on a 1 % agarose formal-
dehyde gel for electrophoresis and then transferred on to a nylon
membrane. The membrane was baked at 80 ◦C for 2 h, pre-hybrid-
ized at 42 ◦C in pre-hybridization solution [50 % formamide,
5 × saline/sodium phosphate/EDTA (150 mM NaCl, 10 mM
NaH2PO4 and 1 mM EDTA)], and then hybridized for 72 h at
42 ◦C. Probes were 32P-labelled using the random priming
method. The filters were washed twice at room temperature
(22 ◦C) for 15 min with 2 × SSC (1 × SSC is 0.15 M NaCl/
0.015 M sodium citrate) and 0.1 % (w/v) sodium pyrophos-
phate, and twice for 20 min at 65 ◦C with 0.1 × SSC, 0.1 % (w/v)
SDS and 0.1 % (w/v) sodium pyrophosphate. The blots were then
exposed to X-ray film at − 70 ◦C. The probes used were a human
MnSOD cDNA and a chicken β-actin cDNA.

Cell fractionation

Cells were placed on ice, washed twice with PBS, and scraped
into homogenization buffer (20 mM Hepes, 5 mM EGTA, 10 mM
2-mercaptoethanol, 100 µg/ml leupeptin and 1 mM PMSF). Cells
were homogenized in a pre-cooled Dounce homogenizer. The
lysate was centrifuged (2 min, 50 g) to remove intact cells. Cell
homogenates were fractionated into cytosolic or membrane com-
ponents by centrifugation (1 h, 100 000 g). The resulting super-
natant was stored at − 70 ◦C. The membrane pellet was rinsed in
homogenization buffer and then resuspended in the same buffer
containing 0.5 % (v/v) Triton X-100. The sample was incubated
on ice for 30 min with occasional vortex-mixing. Following re-
suspension, the fraction was centrifuged (30 min, 14 000 g) and
the supernatant was stored at − 70 ◦C.

EMSA (electrophoretic mobility-shift assay)

Cells were plated at a density of 6 × 105 cells/100-mm-diameter
dish. Cells were treated as described above, and nuclear extracts,
as well as the cytoplasmic fraction, were isolated as described pre-
viously with the inclusion of 35 % (v/v) glycerol and protease
inhibitors (pepstatin, aprotinin and leupeptin) at 1 µg/ml in the
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extraction buffer. The phosphatase inhibitors sodium orthovana-
date and sodium fluoride were included at concentrations of 5 mM
and 1 mM respectively. Protein concentration was determined
by a colorimetric assay (Bio-Rad). Oligonucleotides correspond-
ing to AP-1 or the NF-κB (nuclear factor κB) element within
the I2E fragment were either purchased from Santa Cruz (AP-1)
or synthesized by Life Technologies as follows: AP-1, 5′-CGC-
TTGATGACTCAGCCGGAA-3′; NF-κB, 5′-GAGACTGGGG-
AATACCCCAGT-3′.

After annealing, each oligonucleotide was radioactively end-
labelled with [γ -32P]ATP (3000 Ci/mmol at 10 mCi/ml) and
T4 polynucleotide kinase (New England Biolabs, Beverly, MA,
U.S.A.). The probes were purified on a 20 % native PAGE gel.
The gel was exposed to Kodak film and the band corresponding
to the double strand was excised. The DNA was eluted overnight
at 37 ◦C in 300 µl of 10 mM Tris/HCl, 1 mM EDTA buffer
(pH 7.4). The activity of labelled probe was counted and stored
at − 70 ◦C. Nuclear extract (10 µg) protein was used, and the final
volume of each reaction was 20 µl. In each reaction, 4 µl of 5-fold
binding buffer [20 % glycerol, 5 mM MgCl2, 2.5 mM EDTA,
5 mM DTT (dithiothreitol), 50 mM Tris/HCl, pH 7.5, 0.25 mg/
ml poly(deoxyinosinic-deoxycytidylic acid)] and 40 000 c.p.m.
of labelled probe were used. Samples were incubated at room
temperature for 20 min. The reaction was stopped by addition
of 2 µl of 10 × DNA-loading buffer [25 mM Tris/HCl (pH 7.5),
0.02 % (w/v) Bromophenol Blue and 4 % (v/v) glycerol]. DNA–
protein complexes were separated from unbound probe on a
native 6 % PAGE gel in 0.5 × Tris/borate/EDTA buffer. The speci-
ficity of binding has been reported previously either using cor-
responding mutated oligonucleotides or supershift experiments
[6,13]. Gels were vacuum-dried and exposed to Kodak film at
− 70 ◦C.

Western blot analysis: IκBα

Cytoplasmic extracts (25 µg) of control and treated cells were
analysed for levels of IκBα. Samples were separated on an SDS/
12.5 % PAGE gel and transferred on to nitrocellulose. Transfer
efficiency was assessed by staining with 0.1 % (w/v) Ponceau S.
The membrane was washed with distilled water to remove the
excess stain and blocked in Blotto [5 % (w/v) dried milk, 10 mM
Tris/HCl, 150 mM NaCl (pH 8.0) and 0.5 % (v/v) Tween 20]
for 1 h at room temperature. An affinity-purified rabbit anti-IκBα
antibody (1:1000) purchased from Santa Cruz Biotechnology was
used. After two washes in TBST [Tris-buffered saline (10 mM
Tris/HCl and 150 nM NaCl) with Tween 20], the blot was incub-
ated with goat anti-rabbit IgG conjugated to horseradish peroxi-
dase (Santa Cruz Biotechnology) at a 1:5000 dilution in Blotto for
1.5 h at room temperature. The blot was washed three times with
TBST and once with TBS (Tris-buffered saline). Protein bands
were visualized using the ECL® (enhanced chemiluminescence)
detection system (Amersham Biosciences).

PKC isoforms

Cytoplasmic, membrane or total cell lysates were analysed for
various PKC isoforms. All antibodies were used at a 1:1000
dilution and were purchased from Santa Cruz Biotechnology.
Secondary antibodies (Santa Cruz Biotechnology) were used at a
1:5000 dilution.

Inhibitor study

Cells were plated (1 × 105/well) in a 24-well plate for reporter
assays or (6 × 105) in a p100 plate for EMSA analysis. After
72 h, cells were pre-treated for 2 h with GF109203X (0–1 µM;
Calbiochem) followed by either a 1 h (EMSA) or 12 h (reporter

Figure 1 MnSOD mRNA levels increase synergistically with PMA + CHX
treatment

Northern blot analysis of MnSOD mRNA in VA-13 cells as a result of CHX (10 µg/ml) exposure
for 1 h followed by a 6 h treatment with PMA (100 nM). The 1 kb and 4 kb human MnSOD
transcripts are indicated. The blots were stripped and reprobed with a β-actin probe.

assay) administration of PMA. Cells were collected as described
previously, and luciferase activity or DNA-binding studies were
performed.

Adenoviral-mediated gene transfer

Cells were plated (1.5 × 105/well) in a six-well plate. After
24 h, cells were washed twice, and a 1 h adenoviral infection of
108 pfu (plaque-forming units)/ml at 37 ◦C in Optimem was per-
formed. Dominant-negative expression vectors for the human
PKCα, β1 and β2 isoforms were obtained from Dr George King
(Joslin Diabetes Center, Boston, MA, U.S.A.). After 1 h, BME
containing 10 % (v/v) foetal bovine serum was added. At 48 h
following transfection, cells were treated with PMA. Samples
were collected and assayed for luciferase activity or the presence
of PKC.

Statistical analysis

All experiments were replicated in triplicate and representative
findings are shown. ANOVA was performed for multiple samples,
and statistical significance was determined using Bonferroni’s
test.

RESULTS

Induction of MnSOD mRNA in VA-13 cells by phorbol ester
is independent of protein synthesis and is superinduced
by inhibition of protein synthesis

We have shown previously that PMA can induce MnSOD mRNA
levels in VA-13 cells, and that this induction may be mediated
through co-ordinated efforts of C/EBP (CCAAT/enhancer-bind
ing protein) and NF-κB transcription factors, which bind to an
enhancer element within the second intron of the human SOD2
gene (I2E) [27]. In the present study, we evaluated whether protein
synthesis was required for the PMA-mediated induction using the
VA-13 cell line. After all treatments, an increase in both the 4 kb
and 1 kb transcripts was seen. Blots were stripped and reprobed
with a chicken β-actin cDNA probe as a control for RNA integrity
and loading. Using densitometry, we quantified fold-change
among treatments after normalization to β-actin. Experiments
were conducted in triplicate and averaged, with Figure 1 being
a representation of our findings. We showed a 3.8 +− 0.2-fold in-
crease in MnSOD mRNA levels with CHX alone (Figure 1). PMA
treatment resulted in a 4.9 +− 0.3-fold increase in mRNA levels;
however, pre-treatment with CHX followed by the phorbol ester
resulted in a 6.8 +− 1.4-fold increase compared with control.
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Figure 2 CHX + PMA selectively enhances NF-κB DNA-binding activity
in VA-13 cells

EMSA of nuclear extracts (10 µg) with radiolabelled oligonucleotides. Cells were pre-treated
with CHX (10 µg/ml) for 1 h before PMA (100 nM) administration. Extracts were prepared at
30 min, 2 h or 4 h after PMA treatment.

Figure 3 CHX + PMA enhances IκBα degradation in VA-13 cells

Western blot analysis of IκBα levels in the cytoplasmic extracts of cells pre-treated for 1 h with
CHX (10 µg/ml) followed by PMA (100 nM). Extracts were prepared 30 min, 2 h, 4 h or 6 h
after PMA administration. GAPDH was used as a loading control.

CHX enhances PMA-mediated increases in NF-κB DNA-binding
activity

Previously, we have shown that PMA treatment can lead to an
increase in NF-κB DNA-binding activity within the intronic en-
hancer of the SOD2 gene [27]. Since changes in the activity of
NF-κB are thought to be a primary mechanism of increased tran-
scription of the SOD2 gene, we evaluated the binding pattern with
respect to CHX +− PMA over 4 h. Figure 2 shows a time-dependent
increase in NF-κB DNA-binding activity with CHX alone. In ad-
dition CHX + PMA treatment led to substantial increases in the
DNA-binding activity of NF-κB compared with that with PMA or
CHX alone. Furthermore, phorbol esters are known to modulate
AP-1-dependent transcriptional events in vitro [30]. AP-1 has
been suggested to play a role in regulation of MnSOD, as binding
sites for this transcription factor have been described in the pro-
moter region [31]. Therefore we evaluated the binding pattern with
respect to CHX, PMA and CHX + PMA treatment. No changes
were observed in the DNA-binding pattern of AP-1 (Figure 2)
upon administration of CHX.

CHX enhances PMA-mediated IκBα degradation in VA-13 cells

Western blot analysis of cytoplasmic extracts prepared 30 min,
2 h, 4 h or 6 h after co-administration with the phorbol ester re-
vealed an 85% decrease in IκBα protein at 2 h compared with
control. With only CHX, there was a 19% decrease, and
with PMA treatment alone, a 30% decrease in IκBα protein
levels compared with control was seen (Figure 3). Lower levels
of IκBα with the combined treatment paralleled the increase in
NF-κB-binding activity described previously. Protein loading was

Figure 4 Inhibition of PKC decreases PMA-mediated effects on NF-κB DNA-
binding activity within the intronic enhancer as well as MnSOD protein

(A) The effect of GF109203X on PMA (100 nM) responsiveness of the I2E/P7-dependent
luciferase reporter gene. Results are means +− S.E.M. for three independent experiments.
+P � 0.0001, significant difference between PMA and non-treatment with each concentration of
GF109203X; *P � 0.0001, significant difference compared with PMA alone. (B) EMSA of
nuclear extracts (10 µg) with radiolabelled oligonucleotides. Cells were pre-treated with
GF109203X (0–1 µM) for 1 h before PMA (100 nM) administration. Extracts were prepared 1 h
after PMA treatment. (C) Western blot analysis of cytosolic extracts (100 µg) of cells pre-treated
with GF109203X (0–1 µM) for 1 h before PMA (100 nM) administration. Extracts were prepared
24 h after PMA treatment. GAPDH was used as a loading control.

assessed using GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) as a control.

GF109203X inhibits PMA-mediated inducibility of I2E-dependent
luciferase expression and MnSOD protein

Administration of GF109203X inhibited, in a dose-dependent
manner, the effect of PMA on I2E-dependent luciferase express-
ion, suggesting a PKC-dependent mechanism of transcription
activation (Figure 4A). Furthermore, analysis of AP-1 and NF-κB
DNA-binding activity after GF109203X/PMA treatment revealed
a dose-dependent decrease in NF-κB DNA-binding activity within
the intronic fragment, but no change in AP-1 DNA-binding acti-
vity, suggesting that the PKC is involved in increased NF-κB
binding (Figure 4B). In addition, MnSOD protein level was
decreased upon GF109203X/PMA treatment compared with that
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Figure 5 Time-dependent down-regulation of PKC isoforms with PMA
treatment

Total cell lysates were collected at various time points (0–24 h) after PMA (100 nM) treatment
and PKC isoforms determined by Western blot analysis.

Figure 6 Time-dependent translocation of PKC isoforms after PMA
treatment

Western blot analysis of PKC isoforms after PMA (100 nM) administration. Cytoplasmic (C)
and membrane (M) content of each PKC isoform is represented over a 2 h time course.

with PMA alone (Figure 4C), consistent with reporter and EMSA
analysis. GAPDH was used as a protein-loading control.

Time-dependent down-regulation of PKC isoforms
with sustained PMA treatment

Continuous exposure of some cell lines to PMA will down-regu-
late PKC isoforms of the conventional (α, βI, βII and γ ) and
novel types (δ, ε, η and θ ), but not the atypical isoforms (ζ , λ, τ
and µ) [28,29]. Therefore we treated the VA-13 cell line for 24 h
with PMA, and collected cells at 2, 4, 8, 12 and 24 h. Total cell
lysates were analysed for the predominant conventional and novel
PKC isoforms in the VA-13 cell line (α, βI, βII and ε). Within 8 h,
a decline in α (38.9%), βI (84.8%) and βII (42.9%) was ob-
served compared with the non-treated cells (0 h). The level of
PKCε did not decline until after 12 h (Figure 5).

Time-dependent translocation

Conventional PKC isoforms are known to translocate to the
plasma membrane following phorbol ester stimulation. Therefore,
to verify activation of the α and βI isoforms in the VA-13
cell line upon PMA treatment, both cytosolic and membrane
fractions were analysed by Western blotting over a 2 h time period
(Figure 6). In the VA-13 cell line, some membrane-associated
PKCα was detected in the untreated VA-13 cells. Within 15 min
of PMA exposure, an increase in the membrane-associated PKCα
isoform was noted, with sustained levels through 2 h of treatment.
No membrane-associated PKCβI was observed in unstimulated
VA-13 cells; however, within 30 min of PMA exposure, the cyto-
solic content of PKCβI had decreased, with a concomitant
increase in the membrane-associated level.

Figure 7 PKCα and βI are involved in PMA-mediated increases in MnSOD
protein

(A) Western blot analysis of PKC isoforms from total cell lysates of cells transfected with either
the GFP adenoviral control construct or individual dnPKC isoform constructs. GAPDH was
used as a loading control. (B) The effect of dnPKC expression vectors on the PMA-mediated
increase in I2E-dependent luciferase expression. Results are expressed as means +− S.E.M.
for three independent experiments. *P � 0.0001, significant difference between treatment and
non-treatment with same vector; +P � 0.05 and #P � 0.0001, significant difference between
PMA treatment of dominant-negative construct and GFP construct. (C) At 48 h after adenoviral
infection, cells were treated with PMA (100 nM) for 24 h. Cytosolic extracts were collected and
analysed by Western blot using 100 µg of protein/lane. GAPDH was used as a loading control.

Overexpression of dn (dominant-negative) PKCα and βI decreases
I2E and MnSOD protein level responsiveness to PMA

To determine if PKCα, βI or βII contributed to the responsiveness
of the I2E fragment to PMA, dominant-negative expression vec-
tors were transfected into the I2E stable clone described pre-
viously [27]. Expression of the dominant-negative isoforms was
verified by Western blot analysis (Figure 7A). I2E stable clones
expressing dnPKCα, dnPKCβI or dnPKCβII were treated with
100 nM PMA for 12 h, and luciferase values were compared
with the control [GFP (green fluorescent protein)] vector. Fig-
ure 7(B) shows a significant decrease in reporter gene expression
with PMA treatment in the cells which overexpressed the dnPKCα
and βI isoforms. Overexpression of the dnPKCβII isoform did
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not alter luciferase expression compared with the GFP control.
Figure 7(C) shows a decrease in MnSOD protein level in cells
transfected with either the dnPKCα or the dnPKCβI expression
construct, followed by phorbol ester treatment, compared with
PMA alone, which is consistent with luciferase analysis. GAPDH
was used as a loading control.

DISCUSSION

Previously, we reported the activation of the human SOD2 gene by
TNF-α, IL-1β and PMA to be mediated, at least in part, through an
NF-κB element within the second intron [26,27]. In the present
study, we show that the protein synthesis inhibitor, CHX, can
significantly increase MnSOD mRNA in the presence of PMA. In
addition to NF-κB, phorbol esters can activate AP-1, a transcrip-
tion factor with binding sites located in the SOD2 promoter
[30,31]. Analysis of DNA-binding activity after administration
of CHX +− PMA revealed an increase in NF-κB compared with
that of PMA alone. No additive effect of AP-1 DNA-binding
activity was seen with CHX +− PMA compared with phorbol ester
alone. This finding suggests that the effect of CHX may involve
modulation of proteins that bind the intronic NF-κB site.

Activation of NF-κB is a multistep process that can involve
phosphorylation of the IκB family of inhibitors, followed by their
ubiquitination and subsequent degradation by the 26 S protea-
some. Superinduction of the c-fos and IL-2 genes in the presence
of protein synthesis inhibitors and stimuli such as PMA can occur
either through mRNA stabilization or loss of a labile repressor
[32,33]. Previously, we reported that PMA treatment resulted in
activation of NF-κB, mediated via degradation of the IκBα and
β inhibitors [27]. Since IκBα is an NF-κB target gene [34], we
chose this cytoplasmic inhibitor to investigate, being the most
likely labile repressor candidate of SOD2 expression. We find
lower levels of the IκBα inhibitor in the presence of CHX +− PMA
compared with either CHX or PMA alone. This finding is con-
sistent with those of Novak et al. [35], who reported that a
synergistic increase in the human urokinase gene, in the presence
of CHX +− PMA, was mediated via a labile repressor exerting its
effect through a NF-κB site.

Previously, we reported that degradation of IκBα occurs rapidly
in the presence of either cytokines or phorbol esters, with levels
rebounding to greater than control within 90 min [27]. Re-syn-
thesis of the non-phosphorylated IκBα inhibitor can bind p50–
p65 heterodimers in the nucleus and inhibit NF-κB-mediated tran-
scriptional activity, thereby providing an auto-inhibitory feedback
loop for modulation of gene expression [36]. In addition, IκBα
localized in the nucleus can enhance dissociation of p50–p65 from
specific DNA consensus sequences [37]. Recently, Daosukho
et al. [38] reported that modulation of the DNA-binding activity
in favour of the p50–p65 complex enhances NF-κB-mediated in-
duction of MnSOD, therefore inhibition of IκBα by CHX would
enhance p50–p65 interaction at the intronic NF-κB site, thereby
increasing transcription of MnSOD mRNA. This is the first study
to our knowledge which suggests that the labile repressor, IκBα,
might serve as a potential pharmacological target for modulation
of MnSOD expression.

As mentioned previously, activation of NF-κB may be preceded
by phosphorylation of IκBα. Intracellular targets of phorbol esters
belong to the PKC family as do chimaerins, protein kinase D,
RasGRPs (Ras guanine nucleotide-releasing proteins), Munc13s
and diacylglycerol kinase γ [39]. Previous studies have identified
IκBα as a downstream target of PKC phosphorylation [40–42],
therefore we wanted to determine if the NF-κB-mediated tran-
scriptional activation localized to the second intron was PKC-
dependent in the presence of PMA.

PKC molecules contain both a regulatory and catalytic domain.
The regulatory domain interacts with calcium, phosphatidyl-
serine and diacylglycerol, whereas the catalytic domain con-
tains ATP and protein substrate-binding sites. Both domains
have served as targets for the design of pharmacological
agents to modulate enzyme activity. The bisindolylmaleimide,
GF109203X, first described by Toullec et al. [43], exhibits a high
degree of selectivity for PKC isoenzymes by acting as a com-
petitive ATP inhibitor in the catalytic domain of the enzyme.
The use of GF109203X in the VA-13 cell line suggests a role
for one or more of the PKC isoforms in the transcriptional
regulation of the SOD2 gene upon PMA administration, as both
NF-κB DNA-binding activity and I2E-dependent luciferase activ-
ation decreased in a concentration-dependent manner. Our results
extend the findings of Kim et al. [44] who reported that inhibition
of PKC decreased PMA-mediated MnSOD mRNA induction in
a human lung adenocarcinoma cell line (A549). Bianchi et al.
[45] reported a decrease in arachidonic-acid-mediated induction
of MnSOD mRNA and protein levels in a human HepG2 hepatoma
cell line with administration of calphostin C, a PKC inhibitor.
Das et al. [46] showed calphostin C and GF109203X to block
MnSOD induction by vinblastine, vincristine and paclitaxel in
A549 cells. PKC translocation studies by Das et al. [46] revealed
PMA induced PKCα, β, δ and µ movement to the A549 mem-
brane; however, the anticancer drugs specifically stimulated the
translocation of PKCδ, suggesting a role for this isoform in
MnSOD induction in the A549 cell line. The present study cannot
rule out the contribution of the PKCδ isoform to PMA-mediated
induction; however, in the VA-13 model, the PKCδ isoform
was expressed at low levels in comparison with the PKCα, βI, βII
and ζ isoforms, as determined by Western blot analysis. Further-
more, translocation of the α and β isoforms of PKC to the cellular
membrane upon phorbol ester stimulation, as well as a decrease
in PMA-mediated I2E-dependent luciferase expression after tran-
sient transfection of dnPKCα or βI, suggests a probable role for
these enzymes in the regulation of the SOD2 gene in the VA-
13 cell line. Studies have shown that prolonged treatment with
PMA will selectively down-regulate some PKC isoforms, while
others are unaffected [47]. In the present study, we show that
prolonged PMA administration has a greater effect on the PKCα
and βI isoforms than others. When the stable clones expressing the
I2E-dependent luciferase construct were pre-treated with PMA
for 8 h and then rechallenged with another 100 nM phorbol ester,
there was no further increase in activity, suggesting that the PKC
isoforms responsible for the NF-κB activation were unavailable
(results not shown). Taken together, these results suggest a role
for multiple PKC isoforms in up-regulation of MnSOD and
suggest that the isoenzymes contribution may be stimulus- and/or
cell-type-dependent.
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