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Abstract
Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric transcription factor that governs cellular
responses to reduced oxygen availability by mediating crucial homeostatic processes and is a
major survival determinant for tumor cells growing in a low oxygen environment. Clinically,
HIF-1α appears to be important in pancreatic cancer, as HIF-1α correlates with metastatic status
of the tumor. Extracellular superoxide dismutase (EcSOD) inhibits pancreatic cancer cell growth
by scavenging non-mitochondrial superoxide. We hypothesized that EcSOD overexpression leads
to changes in the O2

•−/H2O2 balance modulating the redox status affecting signal transduction
pathways. Both transient and stable overexpression of EcSOD suppressed the hypoxic
accumulation of HIF-1α in human pancreatic cancer cells. This suppression of HIF-1α had a
strong inverse correlation with levels of EcSOD protein. Co-expression of the hydrogen peroxide-
removing protein, glutathione peroxidase (GPx), did not prevent the EcSOD-induced suppression
of HIF-1α, suggesting that the degradation of HIF-1α observed with high EcSOD overexpression
is possibly due to a low steady-state level of superoxide. Hypoxic induction of vascular
endothelial growth factor (VEGF) was also suppressed with increased EcSOD. Intratumoral
injections of an adenoviral vector containing the EcSOD gene (AdEcSOD) into pre-established
pancreatic tumors suppressed both VEGF levels and tumor growth. These results demonstrate that
the transcription factor HIF-1α and its important gene target VEGF can be modulated by the
antioxidant enzyme EcSOD.

INTRODUCTION
Hypoxia-inducible factor-1 (HIF-1) is a transcriptional regulator that functions in the
adaptation of tumor cells to hypoxic conditions. HIF-1 binds to DNA at specific hypoxia
response elements (HRE) to activate the transcription of more than 100 genes involved in
cellular response to hypoxia [1]. Clinically HIF-1α appears to be important in pancreatic
cancer survival. Using immunohistochemical methods, Sun et al. demonstrated that HIF-1α
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in pancreatic cancer specimens strongly impacts prognosis and correlates with vascular
endothelial growth factor (VEGF) expression [2]. Hoffman et al. demonstrated that
pancreatic cancer specimens with high HIF-1α expression were associated with decreased
patient survival when compared to pancreatic cancers with low HIF-1α expression [3]. They
also revealed a positive correlation of HIF-1α with VEGF levels, lymph node metastasis,
and tumor size. Similarly, Shibaji et al. demonstrated that HIF-1α positivity in pancreatic
cancer correlated with metastatic status [4]. In pancreatic cancer Buchler and colleagues
demonstrated that in hypoxia, HIF-1α binds to the VEGF promoter with high specificity;
this binding correlated with levels of VEGF [5]. Taken together, these studies suggest that
HIF-1α appears to be an important factor in pancreatic cancer progression and metastasis.

Reactive oxygen species (ROS), including superoxide (O2
•−) and hydrogen peroxide

(H2O2), play a role in altering HIF-1α signaling [6, 7, 8, 9, 10]. Extracellular superoxide
dismutase (EcSOD; SOD3) modulates ROS by facilitating the conversion of O2

•− to H2O2,
which is subsequently reduced to water by the activities of catalase or peroxidases [11].
EcSOD is a copper and zinc-containing tetramer and is the only isoform of superoxide
dismutase that is secreted extracellularly. It contains a signaling peptide, which directs it to
the extracellular space, and a heparin-binding domain (HBD), allowing it to bind to cell
surfaces in the extracellular matrix [12, 13]. Thus, EcSOD may be able to modulate
oxidative stress present in the tumor microenvironment. Our working hypothesis is that
EcSOD overexpression leads to changes in the O2

•−/H2O2 balance [14], modulating the
redox status and affecting signal transduction pathways that control cell proliferation,
growth, and metastases. Here we demonstrate that overexpression of EcSOD inhibits
hypoxic pancreatic cancer cell growth and suppresses the hypoxic accumulation of HIF-1α
and its downstream target VEGF.

MATERIALS AND METHODS
Cell Culture

All pancreatic cancer cells were purchased from American Type Culture Collection
(Manassas, VA) and passaged for fewer than six months after receipt and maintained as
previously described [14]. No additional authentication was performed. H6c7 is an
immortalized cell line derived from normal pancreatic ductal epithelium with near normal
genotype and phenotype of pancreatic duct epithelial cells [15]. H6c7 cells were maintained
in keratinocyte serum free media that was supplemented with epidermal growth factor and
bovine pituitary extract. The H6c7 cells were characterized by IDEXX-RADIL (Columbia,
MO).

Adenovirus Gene Transfer
The adenovirus constructs used expressed either human EcSOD (AdEcSOD) or human
EcSOD with the heparin-binding domain deleted (AdEcSODΔHBD) which was inserted into
the E1 region of the adenovirus genome and driven by a cytomegalovirus promoter [14].
The vector control consisted of the same adenovirus with either no gene added (AdEmpty)
or adenovirus containing no added DNA (AdBglII). In addition, we used an adenoviral
vector expressing siRNA against NOX2 (AdsiNOX2), which was prepared and
characterized by Dr. Robin Davisson [16] and constructed, purified, and provided by The
University of Iowa Gene Vector Core. The AdEcSOD and the AdEmpty constructs were
purchased from ViraQuest (North Liberty, IA), while the AdBglII vector was purchased
from the University of Iowa Gene Vector Core.
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Retrovirus preparation and infection protocol
A plasmid (#100004716) containing the EcSOD gene was purchased from Open Biosystems
(Lafayette, CO) and subcloned into the expression vector, pQXCIN by ViraQuest (North
Liberty, IA). The orientation as well as sequence analysis of the final product was performed
by ViraQuest. The expression vector was co-tranfected into GP2-293 packaging cells along
with a plasmid containing pVSV-G using the Retroviral Gene Transfer and Expression Kit
according to the manufacturer’s protocol (Clonetech, Mountain View, CA). The collected
virus was used to infect the MIA PaCa-2 target cells. G418-resistant colonies were isolated
in 96-well plates and maintained in media supplemented with 600 μg/mL of G418 Sulfate
(Life Technologies, Grand Island, NY). Clones were characterized by Western blot analysis
for EcSOD expression with those selected for further study showing a wide range of EcSOD
protein expression.

EcSOD Activity
EcSOD activity gels were determined by the method of Beauchamp and Fridovich [17]. To
quantitatively determine the EcSOD activity released into the media (over 24 h) by MIA
PaCa-2 clones that stably overexpress EcSOD, we adapted the assay of Spitz and Oberley
[18] to a 96-well plate format; water-soluble tetrazolium-1 (WST-1) was used as the
chromophore [19]. The concentration of EcSOD in the media was determined by performing
a kinetic analysis of the competitive reduction of WST-1 using kEcSOD = 4.0×109 M−1 s−1

for the rate constant for the tetrameric form of EcSOD reacting with O2
•− and kWST−1 = 5.9

× 105 M−1 s−1 for WST-1 reacting with O2
•−. Cell numbers and volume of media over the

cells allowed determination of the average rate of release of fully active EcSOD tetramers
into the media on a per cell basis. For the assay, media from the cells was serially diluted
yielding 12 different concentrations. Because the serum in the culture media may contain
SOD activity, media that was not exposed to cells was included in the assay to provide
baseline activity levels. These solutions, as well as a set of CuZnSOD standards, were mixed
with the working solution of the assay to achieve final concentrations in 50 mM potassium
phosphate (pH 7.8) of: 1 mM diethyltriaminepentaacetic acid, 52 μg/mL BSA, 100 U/mL
bovine liver catalase, 440 μM hypoxanthine, 51 μM bathocuproinedisulfonic acid, and 10
μM WST-1 as the indicting chromophore. Then xanthine oxidase, which initiates the assay,
was added to yield a final concentration of 3 mU/mL. Kinetic data were collected with a
Tecan Infinite 200 microplate reader. Relative EcSOD concentrations were also confirmed
with activity gels.

Protein Turnover Assays
To determine whether EcSOD had an effect on HIF-1α protein synthesis or protein
degradation, cells were treated with the protein synthesis inhibitor cycloheximide or the
proteasomal inhibitor MG-132. MIA PaCa-2 cells were plated and incubated in 21% O2.
Cells were transduced with AdEcSOD or AdEmpty as described above. To examine new
protein synthesis, cells were treated with MG-132 (10 μM; EMD Chemicals, San Diego,
CA) added to the media at time 0 and incubated in hypoxia (4% O2). To examine protein
degradation, cells were pre-incubated in 4% O2 for 4 h to allow HIF-1α protein
accumulation. At time 0, cycloheximide (100 μM; Sigma-Aldrich, St. Louis, MO) was
added, and cell lysates were harvested at the appropriate time points for Western blot
analysis.

VEGF Assay
The relative amounts of secreted VEGF expressed were determined using a commercially
available ELISA assay (R & D Systems, Minneapolis, MN). The VEGF165 isoform levels
were quantified in the conditioned media in accordance with the manufacturer’s protocol
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and measured spectrophotometrically at 450 nm with wavelength correction measured at
540 nm.

Animal Studies
Athymic nude mice were obtained from Harlan Laboratories (Indianapolis, IN). The nude
mice protocol was reviewed and approved by the Animal Care and Use Committee of The
University of Iowa and was in compliance with The U.S. Public Health Service Policy on
Humane Care and Use of Laboratory Animals (NIH). Each experimental group consisted of
5–8 mice. MIA PaCa-2 tumor cells (3 × 106) were delivered subcutaneously into the flank
region of the nude mice. The tumors were allowed to grow until they reached between 3–4
mm in greatest dimension (2 weeks), at which time they were treated with adenovirus. The
adenovirus constructs (1 × 109 plaque-forming units (PFU) in 50 μL) were delivered through
two injection sites into the tumor by means of a 25-gauge needle. Controls (50 μL of 3%
sucrose), AdEmpty (50 μL of A195), or AdEcSOD (50 μL of AdEcSOD construct) treatment
were delivered to the tumor on days 0, 7, and 14 for a total of 3 injections. We have
previously demonstrated efficiency of viral construct delivery to tumors with this method
using an AdGFP construct and fluorescence microscopy [23]. Tumor size was measured
every 3–4 days [20]. In separate groups of animals, tumors were excised at 48 and 96 hours
after adenoviral injection. The tumor tissues were sectioned into 10 μm thick sections and
exposed to VEGF antibody (1:1000, AbCam, Cambridge, MA) for 1 h. Similarly, additional
sections were blocked with normal donkey serum and exposed to CD31 antibody (1:100,
Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 1 h. The secondary antibody goat anti-
rabbit conjugated to Alexa Fluor® 488 (1:500) was used as a fluorescent marker for VEGF
or CD31. Nuclei were counterstained using TO-PRO-3 (1:2000). Slides were mounted in
Vectashield® and analyzed on Bio-Rad Radiance 2100 confocal multi-photon microscope
with laser sharp software. In addition to the pre-established pancreatic tumors treated with
intratumoral injections of adenovirus, we injected separate mice with MIA PaCa-2 cells (2 ×
106) or with cells that were generated that stably overexpress the EcSOD gene. Tumor size
was measured every week for four weeks.

Statistical Analysis
Statistical analyses for the in vitro studies were performed using SYSTAT. A single factor
ANOVA, followed by post-hoc Tukey test, was used to determine statistical differences
between means. All means were calculated from three experiments, and error bars represent
standard error of mean (SEM). All western blots, activity assays, and activity gel assays
were repeated at least twice. For the in vivo studies, the statistical analyses focused on the
effects of different treatments on cancer progression. The primary outcome of interest was
tumor growth over time. Tumor sizes (mm3) were measured throughout the experiments,
resulting in repeated measurements across time for each mouse. A generalized estimating
equations model was used to estimate and compare group-specific tumor growth curves.
Pairwise comparisons were performed to identify specific group differences in the growth
curves. All tests were two-sided and carried out at the 5% level of significance. Analyses
were performed with SAS version 9.3 (SAS Institute Inc. Cary, NC).

RESULTS
EcSOD overexpression inhibits hypoxic pancreatic cancer cell growth

Previous studies have demonstrated that the overexpression of EcSOD did not affect growth
rates in B16-F1 melanoma cells in vitro but did inhibit growth in vivo [21]. To test the effect
of transient overexpression of EcSOD, the human pancreatic cancer cell lines MIA PaCa-2
and AsPC-1 were infected with AdEcSOD or AdEmpty vectors (5–100 MOI). After
transduction, the cells were incubated in 21% oxygen, exposed to hypoxia (4% O2) for 24 h,
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and then protein lysates were collected. Western blot analysis and gel activity assays were
performed, which demonstrated no detectable levels of EcSOD in wild type parental or
AdEmpty (100 MOI) infected cells. However, there were increased levels of EcSOD protein
(Figure 1A) and activity (Figure 1B) in AdEcSOD (25–100 MOI) infected cells without
concomitant changes in levels of MnSOD or CuZnSOD activity.

Next, the effect of transient EcSOD overexpression on hypoxic cell growth was examined.
MIA PaCa-2 cells were treated with increasing MOI of AdEcSOD and grown in 4% O2.
Increasing MOI of AdEcSOD transduction led to significant cell growth inhibition (Figure
1C) as well as decreased clonogenic survival (Figure 1D) when compared to the parental
cells or cells transduced with 100 MOI AdEmpty. The doubling time of cells infected with
the AdEmpty vector was 18.2 ± 1.5 h (mean ± SEM, n = 3) vs. 62.0 ± 0.7 h (mean ± SEM, n
= 3, p < 0.05) for cells infected with 100 MOI AdEcSOD. Likewise, clonogenic survival
was 93% in AdEmpty treated cells compared to 33 % in AdEcSOD treated cells. Similar
effects on cell growth and clonogenic survival were seen when experiments were repeated in
a second pancreatic cancer cell line, AsPC-1 (Supplemental Figures 1A, 1B).

Transient overexpression of EcSOD decreases HIF-1α protein levels
We hypothesized that alteration of the cellular redox environment associated with changes
in expression of EcSOD may lead to altered HIF-1α signaling. Western blot analysis and
activity gels demonstrated that infection with AdEcSOD decreased HIF-1α immunoreactive
protein in MIA PaCa-2 human pancreatic cancer cells (Figure 2A). In addition,
overexpression of EcSOD began to inhibit HIF-1α protein at the 25 MOI level and
significantly decreased HIF-1α at the 50 and 100 MOI levels. These experiments were
repeated with similar results in the AsPC-1 cells (Supplemental Figure 2). Hypoxic HIF-1α
expression in the pancreatic cancer cells was transient. When MIA PaCa-2 cells were placed
in 21% O2, there was no HIF-1α expression (Supplemental Figure 3). Placement of cells in
4% O2 for 24 h and then in 21% O2 reversed HIF-1α induction. Additionally, 4% O2
conditions proved to be optimal for HIF-1α induction compared to 1% O2 (Supplemental
Figure 4).

An increase in EcSOD activity will decrease the steady-state level of O2
•− , but may or may

not increase the levels of H2O2 , depending on the source of superoxide [14, 30]. Both O2
•−

and H2O2 may play a role in altering HIF-1α signaling since change attributable to
accumulation of H2O2 or other hydroperoxides possibly explains the suppression of HIF-1α
signaling observed in EcSOD-overexpressing cells [6, 9, 10]. To determine whether the
EcSOD-induced HIF-1α suppression was due to decreased O2

•− levels or increased H2O2
levels, glutathione peroxidase (GPx) was also overexpressed in MIA PaCa-2 cells. EcSOD,
but not GPx, inhibited HIF-1α accumulation (Figure 2B). Increasing viral MOI of
AdEcSOD correlated with increased EcSOD protein and with a subsequent decrease in
HIF-1α protein accumulation. Moreover, the EcSOD-induced suppression of HIF-1α was
not reversed in cells that were infected with both AdEcSOD and AdGPx in cells grown in
4% O2. Cells infected with the AdEcSOD vector demonstrated a significant inverse
correlation between EcSOD and HIF-1α, using densitometric analysis (Spearman ρ = −1.0,
P < 0.05) (Figure 2C). Combined, these results suggest that the HIF-1α suppression by
EcSOD may be due to the decreased levels of O2

•− and not due to increased levels of H2O2
or other hydroperoxides.

Stable overexpression of EcSOD decreases HIF-1α protein levels
In order to confirm with a second approach that EcSOD suppresses hypoxic HIF-1α protein
accumulation, the previous experiments were repeated with clones stably overexpressing
EcSOD. Firstly, pancreatic cancer cell lines were tested for the presence of EcSOD,
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including MIA PaCa-2, AsPC-1, and PANC-1, as well as an immortalized pancreatic ductal
epithelial cell line, H6c7 [15]. The cells were examined for EcSOD gene expression by
qPCR. Cells were incubated at 21% or 4% O2. RNA was isolated and used to generate
cDNA. Amplification was carried out to 35 cycles; there was no expression of the EcSOD
gene demonstrated in any of the cell lines, while an appropriate signal was seen in a positive
control obtained from lung tissue (data not shown). Furthermore, HIF-1α mRNA expression
remained constant at both 21% and 4% O2 in all of the cell lines.

Since there is no basal expression of EcSOD in these pancreatic cancer cell lines, to test the
effect of EcSOD on HIF-1α levels in pancreatic cancer, stable clones that overexpress
EcSOD were generated. Clones were examined by Western blot analysis for EcSOD
expression, and those chosen for further study demonstrated varying degrees of EcSOD
protein expression. In the first series of experiments, clones #2, 17, 3 and 13 were chosen. In
these clones, EcSOD protein correlated well with EcSOD activity (Figure 3A). In addition,
increasing stable expression of EcSOD protein decreased HIF-1α protein levels. The data in
Figure 3B demonstrate a significant inverse correlation between EcSOD and HIF-1α using
densitometric analysis (Spearman ρ = −1.0, P < 0.05). Combined with previous data
demonstrating the effects of transient overexpression of EcSOD on HIF-1α, these results
further support the hypothesis that EcSOD suppresses HIF-1α accumulation.

EcSOD contains a positively charged heparin-binding domain that mediates the binding of
EcSOD to the cell membrane [22]. To further delineate the role of extracellular O2

•− in
HIF-1α accumulation, we used a replication-deficient adenoviral vector that expresses
EcSOD with deletion of its heparin binding domain, AdEcSODΔHBD. When compared to
the AdEcSOD vector, AdEcSODΔHBD increased EcSOD immunoreactive protein in the
media but not in the cell lysates (Figure 4A). This increased expression of AdEcSODΔHBD
also resulted in significant suppression of hypoxia induced HIF-1α accumulation (Figure
4B) and decreases in clonogenic cell survival in hypoxia (Supplemental Figure 5).

Recent studies from our laboratory have demonstrated that a possible non-mitochondrial
source of O2

•− in pancreatic cancer cells is NADPH oxidase-2 (NOX2) [23]. Superoxide
produced by NOX2 in pancreatic cancer cells with K-ras may regulate pancreatic cancer cell
growth. To further define the role of O2

•− in HIF-1α accumulation we used the AdsiNOX2
vector and determined protein levels of NOX2 and HIF-1α, and clonogenic survival. In MIA
PaCa-2 cells, AdsiNOX2 (50–100 MOI) significantly decreased NOX2 immunoreactive
protein (Figure 4C). AdsiNOX2 also decreased HIF-1α accumulation in cells grown in 4%
oxygen (Figure 4C), which was accompanied by decreases in clonogenic survival (Figure
4D) in a similar pattern as seen with EcSOD overexpression. These data suggest that non-
mitochondrial O2

•− can increase the accumulation of HIF-1α in pancreatic cancer cells;
EcSOD, which can scavenge this O2

•−, suppresses this accumulation of HIF-1α.

EcSOD increases the rate of HIF-1α protein degradation
To further investigate how EcSOD inhibits HIF-1α expression, we tested whether the
degradation of HIF-1α protein was affected by EcSOD in the presence of cycloheximide, an
inhibitor of protein translation. MIA PaCa-2 cells that had been infected with either the
AdEmpty or AdEcSOD vector (100 MOI) were pre-incubated in hypoxia for 4 h to increase
HIF-1α levels and then treated with cycloheximide. In hypoxia, HIF-1α degraded more
rapidly in the AdEcSOD treated cells compared to the AdEmpty treated cells (Figure 5A).
These results indicate that EcSOD suppresses the levels of HIF-1α protein in hypoxic
conditions through a post-translational mechanism [24].

Next we examined whether EcSOD could regulate HIF-1α protein synthesis. MIA PaCa-2
cells were treated with MG-132, a proteasome inhibitor, to interrupt HIF-1α proteasomal
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degradation. MG-132 was added to cell culture medium at 0 h, and HIF-1α protein was
detected over time. In hypoxia, there was no difference in HIF-1α protein after 2 h when
AdEmpty treated cells were compared with AdEcSOD treated cells (Figure 5B). In addition,
quantitative PCR showed that HIF-1α mRNA expression was not affected by EcSOD.
Overall these results suggest that EcSOD inhibits HIF-1α protein accumulation in hypoxia
at the post-translational level by increasing HIF-1α protein degradation, while there is no
effect on HIF-1α mRNA expression or HIF-1α protein synthesis.

Hypoxia-induced VEGF is decreased with EcSOD
Angiogenesis is a key step that supports tumor growth but also provides a route for cells to
metastasize [25]. VEGF is a potent angiogenic stimulant [26]. Exposure to hypoxia
stimulates the production of VEGF mainly through the induction of the transcription factor
HIF-1α [27]. Since EcSOD suppressed hypoxic accumulation of HIF-1α protein, the effect
of EcSOD activity on hypoxic induction of VEGF in pancreatic cancer cells was also
measured. Wild-type MIA PaCa-2 cells were grown in hypoxia (4% O2), lysed, and total
RNA was isolated for qPCR measurements using the primers described in Materials and
Methods. VEGF-A mRNA expression increased significantly after cells were exposed to
hypoxia for 6 h (Figure 6A). This induction continued in cells exposed for longer times.
However, HIF-1α mRNA expression remained stable (data not shown), confirming that
HIF-1α protein levels are modulated post-transcriptionally rather than by decreased mRNA
expression.

Since VEGF-A mRNA expression increased significantly with hypoxia, we also determined
whether increasing EcSOD activity would affect VEGF-A mRNA expression in hypoxia.
Because HIF-1α accumulation leads to VEGF expression and EcSOD suppresses HIF-1α,
we hypothesized that EcSOD would also modulate VEGF. Indeed, stable EcSOD
transduction inhibited VEGF-A expression with hypoxic exposure. After exposure to 4% O2
for 24 h, HIF-1α decreased with increasing amounts of EcSOD immunoreactive protein and
EcSOD activity (Figure 6B). VEGF-A mRNA expression was induced in parental cells.
However, qPCR demonstrated that VEGF-A expression in wild type cells was significantly
higher when compared to all clones that stably overexpressed EcSOD (Figure 6C). This
suggests there is a potential threshold level of EcSOD, whereupon EcSOD can completely
inhibit VEGF-A mRNA expression. As a mitogenic cytokine, VEGF protein is secreted
outside the cells to stimulate the proliferation of endothelial cells [28].

To determine if VEGF protein secretion followed the trends of EcSOD-induced suppression
of VEGF mRNA expression, the pattern of VEGF protein secretion with hypoxic
stimulation was examined. MIA PaCa-2 cells transfected with AdEcSOD and stable clones
overexpressing EcSOD were grown in hypoxia (4% O2), and media were collected.
Consistent with the results showing suppressed levels of VEGF-A mRNA in hypoxia after
overexpression of EcSOD, VEGF concentrations in media were also decreased in both the
AdEcSOD treated cells (Supplemental Figure 6) and all clones overexpressing EcSOD
(Figure 6D). This demonstrates that decreasing VEGF mRNA expression by suppressing
levels of HIF-1α protein with overexpression of EcSOD also diminishes the secreted
isoform of VEGF protein that is present extracellularly in the tissue microenvironment.

EcSOD inhibits tumor growth and VEGF expression in vivo
Because EcSOD inhibits hypoxic growth of pancreatic cancer cells, which is accompanied
by suppression of HIF-1α protein accumulation and decrease in its downstream target
VEGF’s expression, we wanted to determine if EcSOD could also modulate tumor growth in
vivo and affect in vivo VEGF expression. When compared to the Control and AdEmpty
groups of mice, the mice treated with intratumoral injections of AdEcSOD showed slower
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tumor growth (Figure 7A). For example on day 17 after the start of treatment, the Control
and the AdEmpty group had mean tumor volumes of 745 mm3 and 582 mm3 respectively,
while the AdEcSOD group had a mean tumor volume of 215 mm3 (p < 0.05 vs. AdEmpty).
The mixed linear regression analysis of the tumor growth curves demonstrated that the rate
of growth differed significantly between the groups (p < 0.0001). Pairwise group
comparisons were carried out to identify where the group differences occurred. Significant
differences were observed for Control vs. AdEmpty (p < 0.05), Control vs. AdEcSOD (P <
0.01), and AdEmpty vs. AdEcSOD (p < 0.01).

In separate experiments, mice were injected with MIA PaCa-2 cells or with clone #13 that
stably overexpresses the EcSOD gene (Figure 3). Tumor size was measured every week for
four weeks. In mice injected with MIA PaCa-2 cells, 100% of the mice developed tumors
while only 25% of mice developed tumors when injected with cells overexpressing EcSOD.

We wanted to determine the effect of EcSOD-induced inhibition of in vivo growth on
VEGF. In separate groups of animals, immunohistochemistry analysis demonstrated
decreases in VEGF staining in mice treated with the AdEcSOD vector at 48 and 96 h when
compared to tumors from mice treated with the AdEmpty vector (Figure 7B). When
quantified, there were significantly lower levels of VEGF in the AdEcSOD group compared
to AdEmpty controls at 96 h (Figure 7C). In addition to decreased VEGF levels, there was a
similar decrease in microvessel growth as demonstrated by CD31 staining in tumor sections
treated with AdEcSOD compared to those treated with AdEmpty (Supplemental Figure 7).
Taken together, these results suggest that inhibition of in vivo pancreatic tumor growth by
EcSOD is also accompanied by decreased VEGF expression and microvessel growth.

DISCUSSION
ROS, including O2

•−, can play a role in altering HIF-1α signaling [6, 7],. Wheeler et al.
demonstrated that EcSOD did not affect growth rates of melanoma cells in vitro, while
systemic administration of an adenoviral construct containing the EcSOD gene inhibited
growth of melanoma tumors in vivo [21]. In addition, VEGF expression was also
significantly lower in AdEcSOD infected mice, as well as CD31 expression and blood vessel
density. Our study also supports the hypothesis that EcSOD can inhibit in vivo tumor
growth, and this is associated with suppression of VEGF expression. However, we also
demonstrate that EcSOD inhibited hypoxic in vitro cell growth and clonogenic survival in
pancreatic cancer cell lines. Additionally, we have shown an inverse correlation with
EcSOD and HIF-1α when EcSOD is either transiently or stably overexpressed in human
pancreatic cancer cells.

Wang and colleagues have previously shown that overexpression of manganese superoxide
dismutase (MnSOD), the mitochondrial enzyme that scavenges O2

•−, can prevent the
stabilization of HIF-1α in hypoxic conditions [6]. In contrast to our findings with EcSOD,
they demonstrated that the MnSOD-induced suppression was biphasic in their in vitro cell
model. When MnSOD was at low levels of activity, HIF-1α accumulated in hypoxia. At
moderate levels of MnSOD activity, HIF-1α accumulation was blocked and at high levels of
MnSOD accumulation of HIF-1α was again observed. They also demonstrated that the re-
stabilization of HIF-1α observed in high levels of MnSOD overexpression was due to H2O2,
most likely produced by MnSOD. Our current study also demonstrates that scavenging O2

•−

suppresses HIF-1α. However, our study reveals a linear inverse relationship between
EcSOD and HIF-1α, unlike the biphasic effect of MnSOD on HIF-1α. Additionally, when
GPx is overexpressed with EcSOD, there is no reversal of suppressed HIF-1α, suggesting
that O2

•− and not H2O2 is essential in the stabilization of HIF-1α in pancreatic cancer.
Further studies into the mechanism of MnSOD-induced suppression of HIF-1α

Sibenaller et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



demonstrated that removal of O2
•− using pharmacological doses of spin traps or O2

•−

scavengers resulted in decreased HIF-1α [7]. However, the spin traps were not significantly
toxic to the breast cancer cells used in the hypoxic conditions in these studies. It is likely
that mechanisms of oxygen sensing and signaling during hypoxia are associated with
mitochondrial ROS generation and may involve different pathways in different cell types [6,
29].

The biphasic effect observed with different levels of MnSOD on the accumulation of
HIF-1α [6] compared with the inverse linear effect we observed with EcSOD is readily
explained by consideration of the different sources of O2

•−. Superoxide is generated both
intra- and extracellularly through multiple pathways. In mitochondria, a major source of
O2

•− is the reaction of coenzyme Q semiquinone (CoQ•−) with dioxygen to form O2
•−. This

is a reversible reaction. Thus, an increase in MnSOD in the mitochondria will lower the
steady-state level of O2

•−, but will increase the flux of H2O2
30. High levels of O2

•− facilitate
accumulation of HIF-1α; as MnSOD is increased, the steady-state level of O2

•− will
decrease, resulting in a decrease in the accumulation of HIF-1α. Because of the nature of the
source of O2

•−, as MnSOD increases in the mitochondria the level of H2O2 will increase.
High levels of H2O2 can also lead to accumulation of HIF-1α, thus the observed biphasic
effect. However, the source of the extracellular O2

•− being acted on by EcSOD is most
likely an NADPH oxidase (NOX) at the cell surface [23]. The production of O2

•− by the
family of NOX enzymes is not a reversible reaction. Thus, an increase in EcSOD activity
will decrease the steady-state level O2

•−, but there will be no change in the level of H2O2,
thus the linear inverse relationship observed with changes in the level of EcSOD.

Previous studies have demonstrated that the production of superoxide by endosomal
NADPH oxidase activates transcription factors [31]. Unlike H2O2, membrane structures are
relatively impermeable to superoxide; however, NOX-active endosomes contain anion
channels capable of facilitating the movement of superoxide across cell membranes. SOD
has been found to be recruited to the surface of superoxide-producing endosomes. Thus,
superoxide is produced either outside the cell when the relevant NOX resides in the plasma
membrane or in the endosomal lumen when the NOX complex is in an intracellular
compartment [32]. This may explain why both EcSOD and the adenoviral vector that
expresses EcSOD with deletion of its heparin binding domain, AdEcSODΔHBD inhibit
HIF-1α. Hawkins et al. suggested that extracellular production of superoxide by NOX may
influence cell signaling through the regulated uptake of superoxide at the plasma membrane
and this similar regulation occurs at the level of the endosome [33].

In pancreatic cancer cells, oxygen sensing and signaling during hypoxia may be associated
with non-mitochondrial ROS generation. Our current study demonstrates that EcSOD
modulates HIF-1α signaling and may be even more effective than MnSOD in inhibiting
pancreatic cancer cell growth since this isoform targets the tumor’s extracellular space [12].
In pancreatic cancer, non-mitochondrial production of O2

•− may influence downstream
propagation of mitogenic signaling. It is hypothesized that ras activates the NADPH oxidase
system to produce O2

•−, leading to cell proliferation [34]. This increased production of ROS
may lead to an increased availability of O2

•− to interact with and stabilize HIF-1α [6, 35],
allowing this transcription or to be transported into the nucleus and promote tumor growth.

In our current study we have demonstrated that EcSOD inhibits pancreatic cancer cell
growth in cell culture and in an animal model. Increasing levels of EcSOD correlated with
decreasing HIF-1α and VEGF, suggesting that EcSOD-induced inhibition of tumorigenesis
is associated with its modulation of HIF-1α signaling and subsequent disruption in
angiogenesis. This evidence suggests that antioxidant-induced changes to the redox status of
cells and tissues, specifically by EcSOD, can modulate cell proliferation (Figure 7D). Our
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qPCR results show suppression of VEGF-A mRNA expression in stable clones expressing
EcSOD when compared to wild type cells; this suggests there is a threshold level of EcSOD
whereupon EcSOD can inhibit VEGF-A mRNA expression. Forsythe et al. showed a dose-
dependent decrease in VEGF expression with transfection of a dominant-negative form of
HIF-1α [36], implying that EcSOD’s decrease in HIF-1α levels would subsequently lead to
a dose-dependent decrease in VEGF protein. However, our study demonstrates that when
HIF-1α falls beneath a certain threshold level, there is a complete blockage of VEGF
expression and protein secretion.

Our results affirm prior studies demonstrating that HIF-1α is an important transcription
factor in promoting angiogenesis, tumorigenicity, and metastases in the hypoxic tumor
microenvironment and that EcSOD may modulate angiogenesis through HIF-1α. Since
intratumoral hypoxia and increased HIF-1α levels have correlated with more aggressive
tumor growth and spontaneous metastases in xenograft models [37] and with poorer clinical
survival in pancreatic cancer, blocking HIF-1α accumulation with EcSOD, or
pharmacological approaches that parallel the actions of EcSOD, could provide an important
new therapeutic approach in pancreatic cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Extracellular SOD (EcSOD) modulates levels of HIF-1α in human pancreatic
cancer cells.

• EcSOD modulated vascular endothelial growth factor (VEGF).

• Increased EcSOD gene expression via (AdEcSOD) suppressed tumor growth in
a murine model of pancreatic cancer.
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Figure 1. Adenoviral transduction of EcSOD inhibits hypoxic pancreatic cancer cell growth
A. Western blot analysis demonstrates increases in EcSOD immunoreactivity of adenoviral
infected MIA PaCa-2 pancreatic cancer cells with increasing MOI. AdEmpty (100 MOI) as a
negative control or AdEcSOD (0–100 MOI) was applied to cells for 24 h in 21% O2. Cells
were exposed to 4% O2. Western blot demonstrates no detectable EcSOD immunoreactivity
in the AdEmpty (100 MOI) or non-infected cells (0 MOI) but direct increases in EcSOD
immunoreactivity with increasing MOI.
B. SOD enzymatic activities of adenoviral infected MIA PaCa-2 cells. Total cell lysate was
assayed for SOD activities demonstrating increases in EcSOD activity with increasing viral
titer but no changes in either the CuZnSOD or MnSOD activities.
C. AdEcSOD inhibited cell growth in 4% O2. MIA PaCa-2 cells were treated with AdEmpty
(100 MOI) or AdEcSOD (25–100 MOI). Increasing viral titers of AdEcSOD inhibited cell
growth. Each point represents the mean of three separate experiments. Mean ± SEM, n = 3.
p < 0.05 vs. 100 MOI AdEmpty.
D. AdEcSOD inhibits clonogenic survival. MIA PaCa-2 cells were treated with AdEcSOD
(25–100 MOI) and cultured for 14 days in 4% O2. Increasing viral titers decreased
clonogenic survival with significant reductions at AdEcSOD 50 and 100 MOI compared to
AdEmpty 100 MOI. Each point represents the mean of three separate experiments. Mean ±
SEM, n = 3. p < 0.05 vs. 100 MOI AdEmpty.
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Figure 2. EcSOD modulates HIF-1α accumulation in pancreatic cancer cells
A. Human pancreatic cancer cells were infected with the AdEcSOD or AdEmpty vectors and
exposed to 4% O2. Protein was harvested for EcSOD and HIF-1α Western blot analysis.
EcSOD inhibited HIF-1α accumulation in MIA PaCa-2 human pancreatic cancer cells.
B. EcSOD-induced decreases in HIF-1α protein accumulation were not reversed with GPx.
Western analysis of MIA PaCa-2 cells infected with the AdEmpty, AdGPx, and AdEcSOD
vectors or combinations. To equalize the viral load of the combined virus in these
experiments, the AdEmpty vector was given. For example, the 50 MOI AdGPx was given
along with 50 MOI AdEmpty to equal the viral load of the combination of AdGPx (50 MOI)
+ AdEcSOD (50 MOI). The EcSOD overexpression-induced inhibition of HIF-1α
accumulation was not reversed with overexpression of GPx.
C. Inverse correlation between EcSOD immunoreactive protein and HIF-1α protein
accumulation in MIA PaCa-2 cells. HIF-1α protein levels were quantified by densitometry
using Image J analysis (V1.43i). Spearman correlation coefficient demonstrates a significant
inverse relationship. Five points are shown here. Lanes 1, 3, 4, 5 and 6 from Figure 2B were
used in the analysis.
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Figure 3. HIF-1α protein accumulation is decreased in cells with stable overexpression of EcSOD
immunoreactive protein
A. Cells of different stable clones expressing varying levels of EcSOD were exposed to 4%
O2 for 24 h and protein was harvested for EcSOD activity gel assay. CuZnSOD activity was
used as a loading control. EcSOD protein correlated with EcSOD activity without changes
in CuZnSOD activity.
B. There is an inverse relationship between EcSOD protein and HIF-1α protein
accumulation in MIA PaCa-2 cells that stably express varying amounts of EcSOD protein.
HIF-1α and EcSOD protein levels were quantified by densitometry using Image J analysis.
Spearman correlation coefficient demonstrates a significant inverse relationship.
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Figure 4. Non-mitochondrial superoxide alters HIF-1α protein accumulation
A. MIA PaCa-2 cells were infected with the AdEmpty, AdEcSOD, or EcSOD with deletion
of its heparin binding domain, AdEcSODΔHBD, and exposed to 4% O2. Western blot
analysis once again demonstrated overexpression of EcSOD in cells treated with AdEcSOD.
However, in cells treated with AdEcSODΔHBD there was an absence of cellular increases in
EcSOD but EcSOD was increased in the media.
B. AdEcSODΔHBD inhibits HIF-1α accumulation. Cells were infected with the AdEcSOD,
AdEcSODΔHBD or AdBglII vectors and exposed to 4% O2. Overexpression of EcSOD with
AdEcSODΔHBD inhibited HIF-1α accumulation in MIA PaCa-2 human pancreatic cancer
cells.
C. An adenoviral vector expressing siRNA against NOX2 (AdsiNOX2) was transfected into
the MIA PaCa-2 pancreatic cancer cell line and grown in 4% oxygen. AdsiNOX2 (25–100
MOI) decreased immunoreactive protein when compared to both the parental cell line and
cells transfected the adenoviral control vector AdEmpty (100 MOI). In addition to
knockdown of NOX2, there was an inhibition of HIF-1α accumulation in cells treated with
the AdsiNOX2 vector.
D. AdsiNOX2 infection (25–100 MOI) in MIA PaCa-2 cells decreased surviving fraction
when compared to the same cell line infected with the AdBglII vector (100 MOI). Each
point represents the mean values, with p < 0.05 vs. AdBglII, n = 3.
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Figure 5. EcSOD increases the rate of HIF-1α protein degradation
A. AdEcSOD increases the degradation rate of HIF-1α protein. MIA PaCa-2 cells were
treated with cycloheximide (100 μM) to inhibit protein synthesis. The levels of HIF-1α
protein and β-actin with either AdEmpty or AdEcSOD (100 MOI) were analyzed after
exposure to 4% O2. The degradation rate of HIF-1α was increased by overexpression of
EcSOD.
B. EcSOD did not affect HIF-1α protein synthesis. MIA PaCa-2 cells were treated with
MG-132 (10 μM) to inhibit protein degradation through the proteasome. Levels of HIF-1α
and β-actin in cells treated with either AdEmpty or AdEcSOD infection were determined
over a period of 2 h. The amount of HIF-1α protein was unchanged in the presence of
MG-132 after treatment with EcSOD.
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Figure 6. EcSOD overexpression suppressed hypoxic induction and secretion of VEGF
A. Hypoxia increased the induction of VEGF-A mRNA in MIA PaCa-2 cells. Cells were
grown in 4% O2 for 48 h. RNA was extracted, and qPCR was performed using GAPDH as a
control to quantitate relative expression of VEGF. In 4% O2, VEGF mRNA expression
relative to control cells grown in 21% O2 was increased in a time-dependent manner.
B. Increases in EcSOD protein and activity inhibit HIF-1α protein accumulation in various
MIA PaCa-2 cell-clones that stably express varying amounts of EcSOD protein. EcSOD
activity is represented by the rate of EcSOD synthesis and release of active tetrameric
EcSOD into the media in units of zeptomole cell−1 s−1.
C. EcSOD overexpression suppressed VEGF-A mRNA in all MIA PaCa-2 clones that
overexpress EcSOD. Quantitative RT-PCR analysis of VEGF-A expression in different
EcSOD-overexpressing clones subjected to 24 h of hypoxia illustrates a consistent reduction
in induction of VEGF-A in all cells. This is not dependent on EcSOD protein or activity.
Mean ± SEM, n = 3, p < 0.05 vs. wild-type (WT).
D. Overexpression of EcSOD suppressed VEGF protein secretion in MIA PaCa-2 cells.
VEGF protein was measured in cell lysates after 24 h of hypoxia (4% O2) in six different
clones with various EcSOD activities. Mean ± SEM, n = 3, p < 0.05 vs. WT.
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Figure 7. EcSOD overexpression inhibits tumor growth and VEGF expression in vivo
A. AdEcSOD injections decreased MIA PaCa-2 tumor growth in nude mice. The AdEcSOD
group had significantly slower tumor growth when compared to the Control and AdEmpty (p
< 0.01, n = 5–8/group). On day-17 there was a 6-fold decrease in tumor growth in animals
receiving the AdEcSOD vector when compared to Controls and a 4.5-fold decrease in tumor
growth when compared to treatment with the AdEmpty vector.
B. AdEcSOD intratumoral injections decreased VEGF staining. Tumor specimens were
harvested from AdEmpty treated mice and from mice treated with AdEcSOD at 48 and 96 h
after treatment.
C. Relative intensities of VEGF were quantitated using Image J analysis demonstrating
decreased VEGF staining 96 h after AdEcSOD injections. Mean ± SEM, n = 3, p < 0.05 vs.
AdEmpty.
D. Our working model on how the O2

•− produced by NOX2 in pancreatic cancer cells could
regulate pancreatic cancer cell growth. Activation of NOX2 leads to an increase in the
steady-state level of O2

•−. This increase in O2
•− leads to an increase in the accumulation of

HIF-1α and an increase in associated downstream events, e.g. VEGF secretion and cell
growth. The scavenging of extracellular O2

•− by EcSOD inhibits the accumulation of
HIF-1α accumulation and these events.
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