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Manganese superoxide dismutase (MnSOD) levels have
been found to be low in human pancreatic cancer [Pancreas
26, (2003), 23] and human pancreatic cancer cell lines [Cancer
Res. 63, (2003), 1297] when compared to normal human
pancreas. We hypothesized that stable overexpression of
pancreatic cancer cells with MnSOD cDNA would alter
the malignant phenotype. MIA PaCa-2 cells were stably
transfected with a pcDNA3 plasmid containing sense
human MnSOD cDNA or containing no MnSOD insert by
using the lipofectAMINE method. G418-resistant colonies
were isolated, grown and maintained. Overexpression
of MnSOD was confirmed in two selected clones with a
2–4-fold increase in MnSOD immunoreactive protein.
Compared with the parental and neo control cells, the
MnSOD-overexpressing clones had decreased growth rates,
growth in soft agar and plating efficiency in vitro, while in
vivo, the MnSOD-overexpressing clones had slower growth
in nude mice. These results suggest that MnSOD may be
a tumor suppressor gene in human pancreatic cancer.

Keywords: Dicumarol; Radiation; Reactive oxygen species; Mangan-
ese superoxide dismutase; Pancreatic cancer

Cells contain a large number of antioxidants to
prevent or repair the damage caused by reactive
oxygen species (ROS). There are three major types of
primary intracellular antioxidant enzymes in
mammalian cells—superoxide dismutase (SOD),
catalase and peroxidase, of which glutathione
peroxidase (GPx) is the most prominent. The SODs
convert Oz2

2 into H2O2, while the catalases and
peroxidases convert H2O2 into water. In this way, two

toxic species, Oz2
2 and H2O2, are converted to

the harmless product water. These antioxidant
enzymatic functions are thought to be necessary for
life in all oxygen-metabolizing cells.[1] An important
feature of these enzymes is that they are
highly compartmentalized. In general, manganese
containing superoxide dismutase (MnSOD) is
localized in the mitochondria, copper- and zinc-
containing superoxide dismutase (CuZnSOD) in
the cytoplasm, catalase in peroxisomes and cyto-
plasm and GPx in many subcellular compartments.
Each of these enzymes is also found in several
isoforms. One reason for the existence of many forms
of each of these enzymes is to reduce oxidative
stress in the various parts of the cell; different
proteins are needed for different cellular and
subcellular locations.

As with most other solid tumors, pancreatic cancer
has been demonstrated to have low levels of
antioxidant enzymes.[2] Immunohistochemistry
demonstrated that MnSOD, CuZnSOD, catalase
and GPx protein are decreased in human pancreatic
ductal carcinoma specimens when compared to
normal human pancreas. Similar findings are seen in
primary human pancreatic cancer cell lines, includ-
ing the pancreatic cancer cell line MIA PaCa-2, which
has decreased levels of MnSOD immunoreactivity
and enzyme activity when compared to normal
human pancreas.[3] This study also demonstrated
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that cell-doubling time was most rapid in the cell
lines with the lowest levels of MnSOD. There was no
correlation between cell growth and the levels of
other antioxidant enzymes including CuZnSOD,
catalase or GPx; however, MnSOD activity and
immunoreactive protein correlated with pancreatic
tumor cell doubling time. These findings suggest
that MnSOD may play a role in the growth of
pancreatic cancer in vitro.

Further confirmation that MnSOD may play a role
in the growth of pancreatic cancer was provided in
another study from our laboratory, MnSOD was
overexpressed in pancreatic cancer cells by infection
with an adenovirus-MnSOD construct.[4] Cell
growth, plating efficiency and growth in soft agar
decreased with increasing amounts of the adeno-
virus MnSOD construct. These results further
suggest that MnSOD may be a tumor suppressor
gene in human pancreatic cancer.

Although, MnSOD has been stably overexpressed
in several tumor cell types, the rationale for doing yet
another tumor type is 4-fold. Firstly, many of the
known oncogenes and tumor suppressor genes are
cell-type specific. We wanted to determine if
pancreatic cancer is responsive to MnSOD over-
expression. Secondly, we wanted to determine if
pancreatic cancer cells are responsive to MnSOD
overexpression utilizing a different technique than
adenovirus infection, specifically liposomal-
mediated plasmid transfection. Adenovirus trans-
duction can have non-specific effects unrelated to the
gene being transduced. Thirdly, pancreatic cancer is
now the fourth leading cause of cancer death in the
United States with an overall 5-year survival rate of
less than 5%.[5] Even after curative resection, the
5-year survival rates achieved at specialized centers
are less than 20% and the majority of patients die of
metastatic cancer recurrence.[6] Thus, novel treatment
strategies directed against this devastating malig-
nancy are greatly needed, which leads to the final
reason for performing these studies. Many have
suggested that the mechanism of MnSOD over-
expression is due to increased H2O2 levels.[7,8] If Oz2

2

could be generated in greater amounts in the presence
of MnSOD overexpression, then theoretically, more
cell killing would occur when Oz2

2 dismutes to H2O2.
To study this final rationale, we treated wild-type,
vector alone and MnSOD overexpressing clones with
two modalities that increase intracellular production
of Oz2

2 , ionizing radiation[9] and dicumarol.[10]

MATERIALS AND METHODS

Cell Culture and Transfection

MIA PaCa-2 cells were purchased from American
Type Culture Collection (Manassas, VA) and are

human primary pancreatic adenocarcinoma cells
derived from tumor tissue of the pancreas obtained
from a 65-year old male. The cell cultures were
maintained at 378C in Dulbecco modified Eagle
medium (DMEM; Gibco, Grand Island, NY) supple-
mented with 10% heat-inactivated fetal bovine
serum and 2.5% horse serum and were negative for
Mycoplasma. The cells at passage 40 were trans-
fected with the pcDNA3 plasmid containing a sense
human MnSOD cDNA that was cloned into the Kpn1
and EcoR1 site and controlled by the CMV
promoter.[11] The selection marker control was
rendered by transfection with only the pcDNA3vec-
tor. The transfection was performed with Lipfect-
AMINE (Life Technologies, Inc., Gaithersburg, MD)
according to the manufacturer’s recommendations.
The clones were selected with 500mg/ml of G418
(Geneticin; Life Technologies, Inc.) for 2 weeks after
the transfection and screened by Western blotting for
the level of MnSOD expression.

Cell Homogenization and Protein Determination

Cells were washed three times in PBS (pH 7.0), scraped
from the dishes using a rubber policeman and then
collected in potassium phosphate buffer (pH 7.8). This
was followed by sonic disruption on ice for 30 s in 10-s
bursts using a VibraCell sonicator (Sonics and
Materials Inc., Danbury, CT) at 100% power. Protein
concentration was determined using the Bio-Rad
Bradford dye binding protein assay kit (Hercules,
CA) according to the manufacturer’s instructions.

Western Analysis

Immunoreactive protein corresponding to MnSOD
was identified and quantitated from total cell
protein by the specific reaction of the immobilized
protein with its antibody. Total protein was electro-
phoresed in a 12.5% SDS-polyacrylamide running
gel and a 5% stacking gel. Gels were stained for
protein loading with Coomassie blue staining to
determine equal loading. The proteins were then
electotransferred to nitrocellulose sheets. After
blocking in 20% fetal bovine serum for 1 h, the
sheets were washed and then treated with antisera
to MnSOD (1:1000) for 1 h. Polyclonal rabbit-anti-
human antibodies to MnSOD has been prepared
and characterized in our laboratory.[12] This anti-
body has been shown to react with the appropriate
protein in a variety of species, including hamster
and human.[11,12] The blot was incubated with
horseradish peroxidase-conjugated goat-anti-rabbit
(Sigma) IgG (1:10,000) for 1 h at room temperature.
The washed blot was then treated with ECL western
blot detection solution (Amersham Life Science,
Buckinghamshire, United Kingdom) and exposed to
X-ray film. Western blots were performed in
duplicate.
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SOD Activity Assay

SOD activity was measured using an indirect
competition assay between SOD and an indicator
molecule, nitroblue tetrazolium. This was performed
in the crude homogenate according to the method of
Spitz and Oberley.[13] Sodium cyanide (5 mM)
inhibits Cu/ZnSOD; therefore, activity measured in
the crude homogenate in the presence of sodium
cyanide indicates only MnSOD activity. Specific
activity was reported as units per mg protein.

GPx Activity

Aliquots of sample were assayed according to an
established procedure[14] in potassium phosphate
buffer, pH 7, containing glutathione, glutathione
reductase, NaN3 to inhibit catalase and NADPH.
Hydrogen peroxide was used as the substrate.

Catalase Activity

Catalase activity was measured by the method of
Beers and Sizer[15] with the analysis of Aebi.[16] All
measurements were normalized to protein content.
Briefly, this is a spectrophotometric procedure that
measures peroxide removal.

Antioxidant Enzyme Activity Gels

In this technique, non-dissociating slab gels were run
essentially by the method of Davis[17] with ammonium
persulfate used as the initiator in the running gel
(12.5%) and riboflavin-light in the stacking gel (5%).
Once run, the gels were stained for SOD activity by the
method of Beauchamp and Fridovich.[18] Cu/ZnSOD
and MnSOD were differentiated by the presence of
sodium cyanide in the staining solution, which
inhibits Cu/ZnSOD. The protein concentration was
measured by the method of Lowry.[19] All antioxidant
enzyme activity gels were performed in duplicate.

Cell Growth

Cells (1 £ 104) were plated in triplicate in 1.5 ml
complete media in 24-well plates. Cells were
trypsinized and then counted on alternate days for
2 weeks using a hemocytometer. Cell population
doubling time in hours (DT) was determined using
the following equation:

DT ðhoursÞ ¼ 0:693ðt 2 t0Þ=ln ðNt=N0Þ

where t0 is the time at which exponential growth
began, t the time in hours, Nt the cell number at time
t and N0 is the initial cell number.[4]

Plating Efficiency

Wild type, neo, Mn1 and Mn7 clones (5 £ 103) were
plated in triplicate into 60-mm dishes in complete

media. The dishes were maintained in the incubator
for 6 days to allow colony formation. The colonies
were then fixed and stained with 0.1% crystal violet
and 2.1% citric acid and those colonies containing
greater than 50 cells were scored.

Anchorage-independent Growth in Soft Agar

Wild type, neo, Mn1 and Mn7 clones (5 £ 103) were
suspended in 3 ml of complete media containing a
solution of 6% agar in double distilled H2O so that
the final concentration of the agar was 0.3%. This
suspension was then plated over 3 ml of complete
media made using a 6% agar solution in double
distilled H2O so that the final concentration of the
bottom agar was 0.5%. After 16 days, colonies of
greater than 0.1 mm in diameter were scored. The
clonogenic fraction was determined using the
following equation:

Soft Agar Plating Efficiency ðPEÞ

¼ ðcolonies formed=cells seededÞ £ 100:

MTT Assay

Cells (5 £ 103) were seeded in 96-well plates either
in 50ml of medium overnight followed by addition of
dicumarol diluted in 50ml of medium or in 100ml of
medium overnight followed by exposure to g

radiation (1.5 Gy/min) from a 137Cs source, and the
cells were allowed to grow for 3 days. Ten microliter
of 5 mg/ml MTT were added to the cultures for 3 h
incubation followed by the addition of 100 ml
of lysing buffer containing 20% SDS and 50%
N,N-dimethyl formamide, pH 4.7 at 378C overnight.
Color development was measured by a microplate
titer reader (Bio-Rad) at 590 nm.

Clonogenic Survival

To determine the effect of MnSOD-overexpression
combined with different modalities that increase
intracellular production of Oz2

2 ; cells were treated
with dicumarol (0, 50 and 100mM) for 4 and 24 h or
g radiation from a 137Cs source at doses of 0, 2, 4 and
6 Gy. The cells were then plated for 7 days to form
colonies. Colonies were stained and counted as
described under plating efficiency. Cellular survi-
ving fraction was calculated as follows:

Surviving fraction ¼ colonies formed=cells seeded=

PE£ 100:

Nude Mice

Thirty-day-old athymic nude mice were obtained
from Harlan Sprague–Dawley (Indianapolis, IN).
The nude mice protocol was reviewed and approved

MNSOD AND PANCREATIC CANCER 1225

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



by the Animal Care and Use Committee of the
University of Iowa on July 5, 2001. The animals were
housed four to a cage and fed a sterile commercial
stock diet and tap water, ad libitum. Animals were
allowed to acclimate in the unit for 1 week before any
manipulations were performed. Each experimental
group consisted of four mice. Wild type (MIA
PaCa-2), neo and the MnSOD-overexpressing clones
(2 £ 106) were delivered subcutaneously into the
flank region of nude mice from a 1-cm3 tuberculin
syringe equipped with a 25-gauge needle. Tumor
size was measured weekly by means of a vernier
caliper and tumor volume was estimated according
to the following formula: tumor volume ¼ ðp=6Þ £
L £ W 2; where L is the greatest dimension of the
tumor and W is the dimension of the tumor in the
perpendicular direction.[4] Animals were killed by
CO2 asphyxiation when the tumors reached a
predetermined size of 10 £ 10 mm and this was
considered the time to sacrifice.

Statistical Analysis

Statistical analysis for the in vitro studies was
performed using SYSTAT. A single factor ANOVA,
followed by post-hoc Tukey test, was used to
determine statistical differences between means. For
non-parametric data, a Wilcoxon rank sum test was
used. All means were calculated from three different
cultures, and error bars represent standard error of
mean (SEM). All western blots, activity assays and
activity gel assays were repeated at least twice.

To compare the treatment groups over time for
tumor volume, the linear mixed model analysis[20]

assuming either an auto-regressive order 1 or
compound symmetry covariance structure for within
subjects was used. Selection of the covariance
structure was based on the Akaike’s Information
Criterion.[21] In the linear mixed model analysis,
group was considered a fixed effect and day was
considered a continuous. For the in vivo studies,
tumor volume was compared among the four groups
using the data from days 1 through 28. Survival
curves were estimated by the Kaplan–Meier product
limit curves. The log rank test was used to compare
survival between the groups. All data analyses for the
in vivo data were done using SAS version 8.0. Western
blots and activity gels were done at least twice.

RESULTS

Transfection of Human MnSOD cDNA into MIA
PaCa-2 Cells

Western Blotting and Activity Gels

MIA PaCa-2 cells were transfected with the pcDNA3
plasmid containing a sense human MnSOD cDNA or
pcDNA3 plasmid alone as a control. Two MnSOD-
overexpressing cell lines and one neo-vector control
cell lines was obtained under G418 selection. Western
blot analysis was used to measure the amount of
immunoreactive MnSOD protein in the MIA PaCa-2
cell lines (Fig. 1A). The parental cell line and neo

FIGURE 1 (A) Western blotting analysis for MnSOD. Total protein was electrophoresed in a 12.5% SDS-polyacrylamide running gel and a
5% stacking gel. After blocking in 20% fetal bovine serum for 1 h, the sheets were washed and then treated with polyclonal rabbit-anti-
human antibodies to MnSOD. MIA PaCa-2 cells were transfected with the pcDNA3 plasmid containing a sense human MnSOD cDNA that
was cloned into the Kpn1 and EcoR1 site and controlled by the human CMV promoter. The transfection was performed with
LipfectAMINE. All western blots were repeated to confirm the findings. Linear regression analysis indicated a positive correlation of
MnSOD immunoreactivity vs. MnSOD activity. (B) Detection of MnSOD activity by the activity gel assay in the parental wild-type, neo
control (V2b), Mn1 and Mn7 clones. Increases in MnSOD activity are demonstrated with in the Mn1 and Mn7 clones. Proteins (250mg each)
were separated on native polyacrylamide gels and stained for MnSOD activity by the photoinduced NBT reaction with 0.75 mM sodium
cyanide. All activity gels were performed in duplicate.
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control cell lines had approximately equal amounts of
immunoreactive MnSOD protein. However, the two
MnSOD-transfected cell lines had 1.5- and 2.1-fold
increases in immunoreactive protein compared to the
MIA PaCa-2 cell line. Densitometric quantitation of
individual MnSOD bands is shown at the bottom of
the Western blot. Likewise, the activity gels demon-
strated similar increases in MnSOD activity in the
Mn1 and Mn7 clones when compared to the parental
wild-type and neo control cell lines (Fig. 1B). There
were no significant changes in immunoreactive
CuZnSOD activity in the cell lines as measured by
the activity gels.

Antioxidant Enzyme Activities

Because of the importance of both anitoxidant
enzyme activity and the balance among antioxidant
enzymes, we measured the four major mammalian
antioxidant enzymes (MnSOD, CuZnSOD, catalase
and GPx) in the pancreatic cancer cell lines. Enzyme
activity is the most important parameter to deter-
mine the function of MnSOD because the expression
of MnSOD mRNA may not necessarily mean an
increase in MnSOD protein.[22] Moreover, even
increased MnSOD protein is not necessarily active.
Therefore, we performed both enzymatic gels and
activity assays to measure the activity of MnSOD.
Table I demonstrates that there were no significant
differences in the enzyme activities of CuZnSOD,
catalase or GPx in the wild-type, vector control or
MnSOD-overexpressing cell lines. In contrast, all the
MnSOD-transfected cell lines had a 2–3-fold increase
in MnSOD activity. The MnSOD enzyme activity
assays correlated well (r2 ¼ 0:91; P , 0.05) with the
results obtained with Western blotting. It should be
emphasized at this point that enzymatic activity data
were calculated from multiple samples, while the
western blots and activity gels discussed previously
were from only one sample (different samples for the
western blots and activity gels). Unfortunately, the
neo clone selected also had slightly increased
MnSOD activity. This could be due to several
reasons: pre-existing cells with high MnSOD,
stress-induction, etc. This is not a significant problem
since in many of the following studies, we used
correlation analysis to determine if MnSOD played
a role.

Tumor Biological Characteristics of MnSOD-
overexpressing Cells

Cell Growth

MnSOD-overexpressing cells demonstrated slower
in vitro growth compared to parental cells (Fig. 2A).
MIA PaCa-2 cell doubling time significantly
increased with the Mn7 clone when compared to
the parental cells or the vector control cells. Tumor
cell doubling time was 26 h for the parental cell line
and 29 h in the neo controls. In the MnSOD-
overexpressing cell lines, doubling time increased
to 40 and 53 h in the Mn1 and Mn7 clones,
respectively (Fig. 2B). For example, at 96 h, cell
number decreased approximately by 45% with the
Mn1 cell line and by approximately 64% with Mn7
cell line when compared to the neo controls (Fig. 2A).

Plating Efficiency

To determine the clonogenic capacity of MnSOD
overexpressing cells, we performed a plating
efficiency assay. In general, malignant cells have a
higher plating efficiency than do normal cells.
Plating efficiency was reduced in the MnSOD
transfected cells compared with the parental cells
(Fig. 3A). Plating efficiency was 16.7 ^ 1.9 and
17.3 ^ 0.4% in the wild type and neo control cell
lines, respectively. Transfection of MnSOD decreased
the plating efficiency to 11.2 ^ 0.4% in the Mn1
clones and 5.1 ^ 0.2% in the Mn7 clones (P , 0.01 vs.
neo controls).

Growth in Soft Agar

To examine anchorage-dependent growth, we per-
formed a soft agar assay. Whereas malignant cells
form colonies in soft agar, normal cells do so in far
smaller numbers. Overexpression of MnSOD signifi-
cantly reduced colony formation (Fig. 3B). Soft agar
plating efficiency was 0.92 ^ 0.15 and 0.75 ^ 0.12%
in the wild type and neo controls, respectively.
Colony formation was significantly reduced with the
Mn1 clones to 0.17 ^ 0.15 and to 0.21 ^ 0.11 in the
Mn7 clones (Mean ^ SEM, P , 0:01 vs. neo cont-
rols). There was an inverse correlation with the
MnSOD enzyme activity assays and anchorage-
dependent growth in soft agar (r2 ¼ 0:91; P , 0:05Þ:

TABLE I Antioxidant enzyme activity in MIA PaCa-2 cell lines

Cell line
MnSOD

(units/mg protein)
CuZnSOD

(units/mg protein)
Catalase

(mk units/mg protein)
GPx

(munits/mg protein)

MIA PaCa-2 13.3 ^ 2.0 46.5 ^ 7.7 6.9 ^ 2.9 15.5 ^ 3.3
Neo control 22.0 ^ 0.5 68.6 ^ 5.9 6.3 ^ 2.1 15.0 ^ 3.3
Mn1 36.8 ^ 7.2* 48.5 ^ 12.0 4.9 ^ 0.7 22.8 ^ 1.3
Mn7 29.9 ^ 3.2* 62.0 ^ 10.1 3.3 ^ 0.7 19.2 ^ 1.6

Values are mean ^ SEM, n ¼ 3: * P , 0:05 compared to the neo control, MIA PaCa-2.
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Effect of MnSOD Overexpression on Sensitivity to
Increased Intracellular Production of Oz2

2 :

Effect of MnSOD Overexpression on Radiation
Response

Cell radiosensitivity was determined first by the
MTT assay (Fig. 4A). In general, MnSOD-over-
expressing cell lines were more radioresistant than
the MIA PaCa-2 parental cell line. The neo control
cell line also demonstrated radioresistance compared
to the parental cell line at 2, 4 and 6 Gy. However, the
Mn1 and Mn7 clones had significantly increased
radioresistance at the 4 Gy dose when compared to
the neo control cell line. Unlike the MTT assay, the
clonogenic cell survival assay (Fig. 4B) demonstrated
radiosensitivity in the MnSOD overexpressing
clones. There was a significant decrease in colony
formation in the Mn1 and Mn7 cell line at doses of 2
and 4 Gy. At 6 Gy there was no colony formation in

any of the cell lines. Although, the observed
differences in the MnSOD-overexpressing cell lines
may be due to growth rate or cytostatic effects, the
lack of colonies in these cell lines after radiation
suggests a cytotoxic effect.

Effect of MnSOD Overexpression on Dicumarol
Treatment

Recent studies have demonstrated that the two-
electron reductase enzyme NADPH:quinone oxido-
reductase is upregulated in pancreatic cancer[23] and
pancreatic cancer cell lines.[10] Inhibition of this
enzyme with the competitive, specific inhibitor
dicumarol results in increased semiquinone pro-
duction. Semiquinones react with molecular oxygen
to form intracellular Oz2

2 :[10]. Cell viability with
dicumarol treatment was first determined by the
MTT assay (Fig. 5A). In a similar pattern as seen with

FIGURE 2 (A) Cell growth. MIA PaCa-2 cells stably transfected with MnSOD demonstrate reductions in cell growth. No significant
changes were seen with the V2B (neo control) compared with parental cells (wild-type). Mean in vitro cell growth is shown. Each point was
determined in triplicate. *P , 0:01 vs. WT. (B) Doubling times. MIA PaCa-2 cells stably transfected with MnSOD demonstrate increases in
doubling times. No significant changes in doubling time were seen with the V2B (neo control) compared with parental cells (wild-type).
Mean doubling time is shown. Each point was determined in triplicate. *P , 0:01 vs. WT.
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g radiation, dicumarol treatment resulted in
increased cell viability in the MnSOD overexpressing
clones as measured by MTT, but decreased clono-
genic survival, when compared to the parental cell
lines. Dicumarol, 100mM for 4 h resulted in increased
cell viability in the Mn1 clone while dicumarol
100mM for 24 h resulted in increased cell viability in
both the Mn1 and Mn7 clones when compared to the
parental cell lines. Unlike the MTT assay, the
clonogenic cell survival assay (Fig. 5B) demonstrated
decreased clonogenic survival in the Mn7 MnSOD
overexpressing clone. At a dicumarol dose of 100mM
for 24 h, there were no surviving colonies (P , 0:05
vs. neo control cell line).

Tumorigenicity in Nude Mice

Tumor volume was compared among the four
groups using the data up to day 28 only. To compare
treatment groups over time for tumor volume, the
linear mixed model analysis[20] assuming a com-
pound symmetry covariance structure for within
subjects was used. In the linear mixed model
analysis, group was considered a fixed effect and

day was considered a continuous covariate. An
interaction term between day and group was also
included in the model. Using day as a continuous
covariate assumes that the mean tumor volume is a
linear function of days. The linear assumption was
acceptable since the adjusted r 2s were all at least 0.79
(wild type: r2 ¼ 0:92; neo: r2 ¼ 0:79; Mn1: r2 ¼ 0:88;
Mn7 r2 ¼ 0:90). The linear mixed model suggested
that the interaction between day and group was
statistically significant ðP ¼ 0:017Þ; that is, there was
an overall difference among the groups in the slopes
for tumor volume over time. The estimates for the
slopes by group are provided in Table II.[21]

As indicated in Fig. 6, there were significant
differences between wild-type and the Mn1 and
Mn7 clones. Additionally, there were significant
differences between the neo controls and the Mn1
group of animals. Thus, MnSOD overexpression
caused the pancreatic cancer cell line to grow much
slower in vivo. There was an inverse correlation
between the MnSOD enzyme activity assays
(r2 ¼ 0:96; P , 0:05) and the tumor size at day 28,
i.e. the higher the MnSOD activity, the slower in vivo
tumor growth.

FIGURE 3 (A) Plating efficiency. MIA PaCa-2 cells stably transfected with MnSOD demonstrate reductions in plating efficiency. No
significant changes were seen with neo controls compared with wild-type parental cells. Mean plating efficiency of wild-type, neo, Mn1 or
Mn7 cells are shown. Each determination was performed in triplicate. P , 0:05 vs. wild-type. (B) Growth in soft agar. MIA PaCa-2 cells
stably transfected with MnSOD demonstrate reductions in soft agar plating efficiency. No significant changes were seen with neo controls
compared with wild-type parental cells. Mean plating efficiency in soft agar of wild-type, neo controls, Mn1 or Mn7 cells are shown. Each
determination was performed in triplicate. �P , 0:01 vs. wild-type or neo. Linear regression analysis indicated an inverse correlation with
the MnSOD enzyme activity assays and anchorage-dependent growth in soft agar.
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DISCUSSION

Our study demonstrated that stable overexpression
of MnSOD decreased in vitro growth rates, growth
in soft agar and plating efficiency, while in vivo,
MnSOD-overexpressing clones had slower growth
in nude mice. Combining MnSOD overexpression
with other modalities that increase production of
Oz2

2 (i.e. radiation and dicumarol) increased
cytotoxicity as measured by the clonogenic
cell survival assay. Taken together with other
studies from our laboratory demonstrating
suppression of the malignant phentoype after
infecting pancreatic cancer cells with an adeno-
virus-MnSOD construct,[4] the present studies with

stable overexpression provide further evidence that
MnSOD may be a tumor suppressor gene in human
pancreatic cancer.

Our results correlate with other studies of MnSOD
overexpression in other cell lines. In rat glioma cells,
MnSOD overexpression inhibited growth compared
to parental and vector control cells.[9] Additionally,
MnSOD overexpression sensitized cells to radiation
and inhibitors of hydroperoxide removal. In our
present study, the clonogenic cell survival assay
demonstrated that MnSOD overexpression also
rendered cells more sensitive to increased Oz2

2 levels
presumably by increasing intracellular H2O2 pro-
duction which in turn is converted to hydroxyl
radicals to cause cell killing.

FIGURE 4 Effect of MnSOD overexpression on radiosensitivity of MIA PaCa-2 cells. (A) MTT assay of radiation survival. Cells were
seeded at 3000 cells/well in 96-well plates overnight and exposed to 0, 2, 4 or 6 Gy of radiation from a 137Cs source. After irradiation,
metabolic cell viability was determined by the MTT assay on day 3. Means, N ¼ 3; �P , 0:0001 vs. WT, P , 0:05 vs. Neo. (B) Clonogenic
assay of radiation survival. Cells were seeded at 300 cells/60-mm culture dish were exposed to 0, 2, 4 or 6 Gy of radiation from a
137Cs source. Surviving fraction was determined at 1 week. Means, N ¼ 3; �P , 0:05 vs. neo.
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In contrast to MnSOD overexpression in glioma
cells, our study demonstrates that MnSOD over-
expression in pancreatic cancer cells increases
metabolic cell viability as measured by MTT. This
is consistent with the premise that MnSOD is
decreasing levels of Oz2

2 by dismutation to H2O2.

The MTT assay widely used in cell proliferation and
cytotoxicity assays, uses electron acceptors to
facilitate reduction of formazans.[24] Our study
demonstrated that MnSOD overexpression inhibited
reduction of formazans indicating involvement of
Oz2

2 in the reductive mechanism. MnSOD decreases
levels of Oz2

2 by conversion to H2O2. H2O2 is well
known for its cytotoxic effect leading to cell death as
seen in the clonogenic assay. Collier and Pritsos have
recently demonstrated similar results with the
different effects of dicumarol when measured by
the MTT assay and the clonogenic assay.[25] In mouse
mammary tumors and Chinese hamster ovary cells,
significant increases in cell viability were demons-
trated after short time period treatments with

FIGURE 5 Effect of MnSOD overexpression on dicumarol response in MIA PaCa-2 cells. (A) MTT assay of metabolic viability after
dicumarol treatment. Cells were seeded at 3000 cells/well in 96-well plates overnight and treated with dicumarol 0, 50 or 100mM for 24 h.
Metabolic cell viability was determined by the MTT assay on day 2. Means, N ¼ 3; �P , 0:05 vs. wild-type. (B) Clonogenic assay after
dicumarol treatment. Cells were seeded and exposed to dicumarol 0, 50 or 100mM for 24 h. Surviving fraction was determined at 1 week.
Means, N ¼ 3; �P , 0:05 vs. neo.

TABLE II In vivo tumor volume slopes over time for the data
shown in Figure 5

Group Slope (CI 95%)

Wild type 17.3 (11.5–23.0)
Neo 13.4 (7.6–19.1)
Mn1 4.8 (21.0–10.6)
Mn7 7.4 (1.–13.1)
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dicumarol. Clonogenic assays provided contrasting
results where greater dicumarol toxicity was
observed when compared to the MTT assay.
Additionally, ROS production in these cell lines
was increased in a concentration-dependent manner
with dicumarol administration. The MTT assay in
our current study also demonstrated that the vector
control cells are resistant to radiation but not to
dicumarol. The generation of ROS after dicumarol
treatment is currently under investigation in our
laboratory. The molecule or molecules involved in
the ROS effects following dicumarol treatment are
unknown. There are two obvious possibilities
whereupon dicumarol treatment could induce ROS
generation. First, NAD(P)H:quinone oxidoreductase
(NQO1) directly reduces quinones to the hydro-
quinone form, thus bypassing the reactive semiqui-
none intermediate during metabolism.[26 – 29]

Dicumarol inhibits NQO1, initiating ROS production
when reactive semiquinones generate a redox cycle,
resulting in superoxide (Oz2

2 Þ formation. Dicumarol
also inhibits the quinone form of coenzyme Q
resulting in semiquinone intermediates that
combine with molecular O2 to form Oz2

2 .[25,30] The
net result is an increase in ROS following dicumarol
treatment.

Although our study demonstrates that MnSOD
overexpression inhibits pancreatic cell growth, other
investigations have demonstrated that MnSOD has
antiapoptotic effects in cellular protection. Park et al.
demonstrated that mitochondrial DNA-depleted
SK-Hep1 rho (0) hepatoma cells were resistant to
apoptosis and MnSOD expression was profoundly

increased in these rho (0) cells.[31] Also, previous
studies in a human ovarian cancer cell line
demonstrated that overexpression of MnSOD inhib-
ited cell growth but induced irradiation resistance
than parental cells.[32]

The results from this study demonstrate that
overexpression of MnSOD can enhance the anti-
tumor effects of radiation and dicumarol. These
treatment combinations could be successful in vivo.
The proposed mechanism for these effects is the
increased H2O2 production from MnSOD dismuta-
tion, which cannot be detoxified by the levels of
catalase or GPx. H2O2 is then free to diffuse to nearby
cells and, through Fenton chemistry, is converted to
hydroxyl radical to cause cellular toxicity and death.
The killing observed in the clonogenic cell survival is
postulated to rely on the fact that the H2O2-removing
antioxidant enzymes catalase and GPx, are not also
increased. The mechanism by which H2O2 might
inhibit tumor growth is still unknown. However,
Weydert et al. have demonstrated cell killing via both
apoptotic and necrotic mechanisms in vitro, but the
in vivo mechanism is unclear.[8]

In summary, overexpression of MnSOD sup-
presses the malignant phenotype of pancreatic
cancer, while MnSOD-overexpressing clones had
slower growth in nude mice. Combining MnSOD
overexpression with other modalities that increase
intracellular production of Oz2

2 increased cytotoxicity
presumably by increasing levels of H2O2. These
results provide further evidence that MnSOD may be
a tumor suppressor gene in human pancreatic
cancer.

FIGURE 6 MnSOD overexpression decreased MIA PaCa-2 tumor growth in nude mice. Cells (2 £ 106) were injected subcutaneously in
the flank region of nude mice and tumor size was measured once a week. MIA PaCa-2 overexpressing MnSOD (Mn1 and Mn7) tumors
showed a 2–3-fold decrease in tumor growth over the wild-type tumors or neo controls (Day 28: median tumor volume 345 mm3 in wild-
type tumors and 289 mm3 in neo controls vs. 104 mm3 in Mn1 and 156 mm3 in Mn7). �P , 0:01 vs. WT, P , 0:05 vs. neo. Linear regression
analysis indicated an inverse correlation with the MnSOD enzyme activity assays and tumor volume on day 28.
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