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Enzymatic Activity Is Necessary for the
Tumor-Suppressive Effects of MnSOD
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ABSTRACT

The antioxidant protein manganese-containing superoxide dismutase (MnSOD) has been found to be a new
type of tumor-suppressor protein. Overexpression of the cDNA for this gene in various types of cancer via
plasmid transfection or adenovirus transduction leads to growth suppression both in vitro and in vivo. The
growth-suppressive effect of MnSOD overexpression has been presumed to be due to the enzymatic activity of
the MnSOD protein, but could be due to a number of other mechanisms, including a regulatory effect of the
RNA or protein produced. To examine this question, we used site-directed mutagenesis to produce a mutant
form of human MnSOD that has a leucine at amino acid 26 in the active site rather than the usual histidine.
We demonstrate that plasmid transfection or adenoviral transduction of this mutant MnSOD cDNA leads to a
large increase in immunoreactive MnSOD protein, but little or no increase in enzymatic activity. In contrast,
overexpression of wild-type MnSOD leads to cells with both increased MnSOD protein and activity. Overex-
pression of wild-type, but not mutant, MnSOD leads to decreased plating efficiency and growth. These results
clearly demonstrate that the tumor-suppressive effect of MnSOD protein is largely due to its enzymatic activ-

ity. Antioxid. Redox Signal. 8: 1283-1293.

INTRODUCTION

AEROBIC CELLS ARE CONSTANTLY BEING EXPOSED to meta-
bolically or environmentally produced reactive oxygen
species (ROS). It has been shown that ROS at low concentra-
tions serve physiologically useful functions, whereas at high
concentrations, ROS are toxic. One of the more important
ROS is superoxide radical anion O,™. To regulate the super-
oxide signaling pathways and to protect against the toxicity
caused by species derived from superoxide, cells possess a
protein designated superoxide dismutase (SOD). This protein
is an antioxidant enzyme and is found in several forms in eu-
karyotic cells. Manganese-containing superoxide dismutase
(MnSOD) is found in the mitochondrial matrix, whereas cop-
per- and zinc-containing superoxide dismutase (CuZnSOD)
is found in the cytoplasm, nucleus, and lysosomes. SOD cat-
alyzes the reaction:

0, + 0, +2H*— H,0,+ 0, [1]

The hydrogen peroxide produced by SOD has also been
shown to be a signaling molecule as well as to have toxic re-
activity at high concentrations. A large number of proteins re-
move peroxides from cells, including the catalases, glu-
tathione peroxidases, peroxiredoxins, and other peroxidases.
The balance between peroxide production and peroxide re-
moval is extremely important in governing the physiologic
state of the cell.

The SODs are thought to be necessary for life in oxygen-
utilizing cells (23). Knocking out the MnSOD gene in mice is
lethal, with death occurring days after birth (17, 20). Knock-
ing out the CuZnSOD gene in mice leads to increased suscep-
tibility to oxidative stress (13). Thus, normal cells and organ-
isms need adequate amounts of SOD to protect against the
toxicity of species derived from superoxide radical.
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These facts are hard to reconcile with the observations that
cancer cells usually have low levels of antioxidant proteins
and yet are obviously viable cells that can proliferate at a high
rate. It has been found that in general, cancer cells have low
levels of MnSOD, CuZnSOD, and catalase activity when
compared with an appropriate normal cell control, which is
the cell of origin of the particular cancer cell type (26-31).
Glutathione peroxidase levels are more variable, and the per-
oxiredoxins have not been adequately surveyed yet in cancer
cells. Even though the levels of the major antioxidant proteins
are low in cancer cells, they are not zero, and the concentra-
tions are obviously enough to protect the cancer cell from
whatever levels of endogenous ROS are present.

Even though a large body of literature links free radicals
and antioxidant enzymes to cancer, most of the evidence is
correlative and does not demonstrate a causal relation. Power-
ful evidence for a causal relation is that in various model sys-
tems, ROS cause cancer; moreover, antioxidants in general,
and SOD and SOD-mimetics in particular, inhibit malignant
transformation (7, 28, 30). Molecular biologic techniques
have been also used to demonstrate an important role for
SOD in transformation; overexpression of MnSOD by cDNA
transfection led to inhibition of radiation-induced transfor-
mation in a mouse fibroblast cell line (39). Recently it was
shown that a life-long reduction in MnSOD activity (in trans-
genic heterozygotic mice with a 50% reduction in MnSOD
activity) results in a much higher incidence of cancer (41).
Moreover, CuZnSOD homozygous knockout mice have a
great increase in the incidence of liver cancer (10).

If antioxidant enzymes are important in cancer, then nor-
malization of the levels of these enzymes should result in re-
versal of at least part of the cancer cell phenotype. This hy-
pothesis was first suggested by Oberley and Buettner in 1979
(27) and has been tested with regards to SOD in three different
ways: (a) elevation of SOD by exposure to a superoxide gener-
ator and subsequent isolation of resistant cells (11); (b) addi-
tion of liposomal CuZnSOD protein (2); and (c) elevation of
SOD, particularly MnSOD, by sense cDNA transfection. Each
of these techniques has supported the Oberley—Buettner hy-
pothesis. For brevity, only cDNA transfection is discussed.

The first article using cDNA transfection of MnSOD was
published in 1993 (8). In collaboration with Drs. Sue Church
and James Grant at Washington University, we demonstrated
that the transfection of MnSOD c¢DNA into cultured human
melanoma cells resulted in the loss of the malignant pheno-
type. The malignant phenotype was tested both in vitro by as-
says such as mitotic rate and growth in soft agar and, more
important, in vivo by growth in nude mice. All of these tests
showed a loss of the malignant phenotype in clones that over-
expressed MnSOD by at least fivefold. The most important
observations were that in the nude mouse assay, 18 of 18 sites
injected with the parental melanoma cell line developed tu-
mors, whereas none of 16 sites injected with high-MnSOD-
overexpressing cells developed tumors.

We and others have published articles on many other cancer
cell types and one virally transformed cell line, showing that
overexpression of MnSOD in each of these cell lines led to
suppression of cell growth both in vitro and in vivo. Growth
suppression was observed in human breast carcinoma MCF-7
cells (18), virally transformed WI-38 human lung fibroblasts
(42), A172R rat glioma (45), U118 human glioma (46), human
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oral squamous carcinoma SCC-25 (22), mouse (35, 38) and
human fibrosarcoma (24), human prostatic carcinoma DU145
(19), and human pancreatic cancer cells (9, 34). Therefore, in
all these tumor types, overexpression of MnSOD led to sup-
pression of at least part of the tumor cell phenotype. Thus, the
evidence appears substantial that MnSOD elevation by cDNA
transfection can suppress the malignant phenotype in a great
variety of tumors. On the basis of this work showing growth
suppression and the fact that loss of heterozygosity (LOH) for
MnSOD has been found in human melanoma (25) and glioma
(21), it has been proposed that MnSOD is a new type of
tumor-suppressor gene (6).

These cDNA transfection experiments all have the problem
that they do not show that active MnSOD protein is necessary
for the growth-suppressive activity. In other words, some other
property of the transfected DNA could lead to the tumor sup-
pression, and it might have nothing to do with the enzymatic
activity of the MnSOD. To examine this question, one must
transfect a MnSOD ¢DNA that produces a protein that has lit-
tle enzymatic activity. We have attempted to do this in the fol-
lowing manner. It has been reported that the MnSOD protein
has two variants at amino acid 58; either isoleucine (Ile) or
threonine (Thr) can be at this position in the protein (4). It is
still unclear whether this variation is a polymorphism or is a
cancer mutation. Isolated Ile58 protein was found to possess
twice the enzymatic activity of the Thr58 form and to be more
stable against heat (4). Interestingly, amino acid 58 is not in
the active site of the MnSOD protein, but in the region between
subunits of the tetramer. We sequenced the cDNA we had been
transfecting and found that it contained the lesser-activity
Thr58 form. We used site-directed mutagenesis to make the
Ile58 form. We then transfected both forms into wild-type
MCF-7 cells and isolated overexpressing clones (43). Four
clones overexpressing Thr58 MnSOD and eight clones overex-
pressing I1e58 MnSOD were isolated and characterized. The
Ile58 clones had three times the MnSOD-specific enzymatic
activity of the Thr58 form. Both forms of the MnSOD had
tumor-suppressive activity that was in general proportional to
the MnSOD activity. The Ile58 clones had a higher tumor-
suppressive effect, apparently because they had higher
MnSOD activity. These results suggest that the tumor-suppres-
sive effect of MnSOD is largely due to its enzymatic activity.

As mentioned earlier, the Ile58 Thr mutation is found in the
contact region between subunits of the MnSOD tetramer. We
wanted to verify the findings with this mutant and also
wanted to examine the effects of an active site mutant. For
these reasons, we constructed a new MnSOD mutant that has
low MnSOD enzymatic activity because an amino acid in the
active site is mutated. We have tested the tumor suppressive
ability of this mutant and found that enzymatic activity is
necessary for tumor-suppressive activity.

MATERIALS AND METHODS

Reagents

Nitroblue tetrazolium (NBT), xanthine, xanthine oxidase
(XO), diethylenetriaminepentacetic acid (DETAPAC), batho-
cuproine disulfonic acid (BCS), N,N,N',N'-tetramethyl-ethyl-
enediamine (TEMED), bovine serum albumin (BSA), and
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actin primary antibody were purchased from Sigma Chemical
Co (St. Louis, MO). Riboflavin and the protein assay solution
were obtained from BioRad Laboratories (Hercules, CA). Ni-
trocellulose membranes were purchased from S&S Co
(Keene, NH). LipofectAmine, and the transfection medium
Opti-MEM were from Gibco BRL Life Technologies, Co
(Grand Island, NY). Bacto-Agar was bought from Difco Co
(Sparks, MD). Fetal bovine serum (FBS) was purchased from
Hyclone Laboratories, Inc. (Logan, UT). Cell-culture medium
and supplementary materials were obtained from the Hybrid-
oma Facility at The University of lowa. The pcDNA3 plasmid
was obtained from Invitrogen Co (Carlsbad, CA). The chemi-
luminescent ECL kit and Western blotting Rainbow markers
were purchased from Amersham Life Science (Bucking-
hamshire, England). The primary polyclonal antibodies
against human MnSOD and CuZnSOD were developed in our
laboratory (44). The human catalase primary antibody was ob-
tained from Athens Research & Technology (Athens, GA).
Horseradish peroxidase (HRP) conjugated to goat anti-rabbit
IgG was purchased from Chemicon (Temecula, CA).

Cell culture

The 293 cell line is a permanent line of primary human
embryonal kidney transformed by sheared human adenovirus
type 5 (Ad 5) DNA. This cell line was purchased from ATCC
at passage 33. The cells were cultured in 95% DMEM/F12
with 5% heat-inactivated fetal bovine serum in a humidified
atmosphere of 5% CO, at 37°C. Medium was changed every
4 days, and the cells were subcultured with 0.25% trypsin and
1% EDTA whenever the cultures reached confluence. Myco-
plasma was tested at 3-month intervals so only mycoplasma-
free cells were used.

MIA PaCa-2 is a human pancreatic undifferentiated adeno-
carcinoma cell line and was obtained from Dr. Joseph Cullen
(Department of Surgery, Veterans Affairs Medical Center,
Iowa City, IA). The cells were maintained at 37°C in DMEM
supplemented with 10% heat-inactivated FBS and 2.5% horse
serum and were negative for mycoplasma.

Adenovirus infection

AdEmpty and AdMnSOD were manufactured at Viraquest
Inc. (North Liberty, IA). AAMnSOD was originally prepared
by John Engelhardt (16) by inserting the MnSOD gene into
the E1 region of an Ad5 El/partial E3 deleted replication-
deficient adenoviral vector (15). The ¢cDNA was under the
control of a CMV promoter. The MOI for all experiments was
calculated from the plaque-forming units (pfu), which was
estimated as 1% of the total particles.

MIA PaCa-2 cells were seeded in tissue-culture plates and
allowed to attach for 24 h. Cells were then incubated with
serum-free media containing adenovirus for 24 h. AdEmpty
was used as a vector control. Adenovirus-containing medium
was replaced with complete medium for an additional 24 h
before cells were harvested.

Site-directed mutagenesis

MnSOD cDNA mutants were made by the QIAGEN (Va-
lencia, CA) Quikchange Site-Directed Mutagenesis kit. The
basic procedure uses a double-stranded DNA vector, which is
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annealed to two synthetic sequences containing the desired
mutation. The two mutagenic primers (sense and antisense)
should be between 25 and 45 bases in length; the desired mu-
tation should be in the middle of the primers; the primers
should have a minimum GC content of 40%, and terminate in
one or more C or G bases; and the two primers should exactly
match each other. Then PCR is used to amplify by using pfu
DNA polymerase. We prepared the following sample reac-
tions; each sample contained 5 pl 10X reaction buffer, X ul ds
DNA template (ranging from 5 to 50 pg), 125 ng each primer,
1 pl ANTP mix, and then distilled water was added to a final
volume of 50 pl, and finally 1 pl pfu DNA polymerase was
added. Then the following PCR reactions were performed.
Cycle 1, temperature 95°C, 30 sec, once; cycle 2, 95°C, 30
sec; 55°C, 1 min; 68°C, 2 min/kb of plasmid length, total 12
cycles for point mutations. In this way a mutated plasmid was
generated. The product was treated with Dpnl endonuclease,
which is specific for methylated DNA. Dpnl deletes the origi-
nal DNA. After temperature cycling, the samples were placed
on ice for 2 min to cool the reaction to =37°C, and then 1 pl of
the Dpnl restriction enzyme was added, gently mixed, spun,
and each reaction incubated at 37°C for 1 h to digest the
parental supercoiled ds DNA (i.e., the nonmutated DNA). Fi-
nally, the mutated plasmid was transformed into Escherichia
coli, and clone selected. 1 pl of the Dpnl-treated DNA from
each sample reaction was transformed to separate aliquots of
the supercompetent cells, the reactions swirled and incubated
on ice for 30 min, and then heated for 45 sec at 42°C and
placed on ice for 2 min. Finally, 0.5 ml of NZY + broth (10 g
NZ amine, 5 g yeast extract, and 5 g NaCl) preheated to 42°C
was added, and the transformation reactions incubated at 37°C
for 1 h with shaking at 225-250 rpm; then immediately the en-
tire volume of the transformation reaction was plated on agar
plates, and the plates incubated at 37°C for >16 h.

Plasmid DNA preparation

MnSOD cDNA was mixed with E. coli competent cells
and then plated onto LB agar plates (10 g NaCl, 5 g yeast ex-
tract, 10 g tryptone, 20 g agar, and 50 mg ampicillin) at 37°C
overnight. On the following day, a single colony was picked
into LB medium, which was shaken at 200 rpm at 37°C
overnight until the medium became saturated. This usually
took 12—-16 h. Plasmid DNA was isolated by using a QIAGEN
Plasmid Midi Kit. The bacterial pellet was resuspended in
RNase buffer, and then lysed with 0.2 M NaOH and 1% SDS,
neutralized with 3 M potassium acetate and equilibrated with
0.75 M NaCl. After separating by gravity flow on a column
and centrifugation, the DNA was washed with 1 M NaCl and
15% isopropanol, eluted with 1.25 M NaCl, precipitated with
0.7 volumes of isopropanol, washed with 70% ethanol, the
DNA was again pelleted by centrifugation at 15,000 g for 10
min, air dried, and finally redissolved in TE buffer (pH 8).
After purification, the DNA concentration was quantitated
with a spectrophotometer by measuring the absorbance at 260
nm (OD,)). The protein concentration was determined by
measuring the absorbance at 280 nm (OD,;). DNA with an
OD,,/OD,, ratio >1.5 was accepted, and the concentration
of DNA was calculated by the following formula:

DNA (pg/ul) = Dilution factor X 50 X OD,, [2]
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The plasmid DNA was checked by restriction enzyme
analysis: 1 ul DNA was mixed with 5 U enzymes (EcoR1,
Kpnl). The mixture was incubated at 37°C for 1 h and elec-
trophoresed in 0.8% agarose at 100 V for 30 min in TBE solu-
tion. Under UV light, the size of DNA, which corresponded
to inserted MnSOD cDNA, was confirmed. The purified
plasmid DNA was stored at —20°C and used for transient and
stable transfection.

Transient transfection of MnSOD ¢cDNA
into 293 cells by using LipofectAmine

Before transient transfection, the 293 cells were sent to the
Hybridoma Facility at The University of lowa for testing of
Mycoplasma contamination. If the testing result was nega-
tive, then the transient transfection was carried out. The vec-
tor that carried sense MnSOD cDNA used in this experiment
was pcDNA3. The pcDNA3 plasmid is a eukaryotic expres-
sion vector containing a CMV promoter and a neomycin-
resistance gene. The plasmid containing MnSOD c¢cDNA was
constructed in our laboratory (18). The cDNA was inserted
into the pcDNA3 plasmid between the restriction enzyme
Kpnl and EcoR1 sites.

A new transfection reagent, LipofectAmine, introduced by
Life Technologies Inc., has been shown to be simple, highly
reproducible, and efficient compared with some other com-
monly used procedures such as electroporation, polycations,
calcium phosphate, liposome fusion, retroviruses, microin-
jection, and protoplast fusion. Before transient transfection,
the required plasmid and LipofectAmine concentration was
determined, and then transient transfection was carried out.
The 293 cells were seeded at 2 X 109 cells in 100-mm dishes
(Corning, Corning, New York) with the complete growth
medium, and incubated at 37°C in a CO, incubator for 24 h to
obtain 50-80% confluence before transient transfection. The
transfection was performed with LipofectAmine according to
the manufacturer’s recommendations. The transfection
medium contained 45 pl of LipofectAmine and 10 pg of plas-
mid DNA, which were separately diluted in 800 pul of OPTI-
MEM I reduced serum medium and then mixed together, in-
cubated at room temperature for 45 min to allow the
formation of DNA-liposome complexes, and then the combi-
nation diluted into 6.4 ml serum-free medium and overlaid
onto the cells. After 5 h at 37°C in a CO, incubator, 1 ml of
growth medium containing twice the normal concentration of
serum was added without removing the transfection mixture.
The next day the medium was replaced with fresh, complete
medium, and after another 20 h, the cells were harvested with
rinsing in phosphate-buffered saline (PBS, pH 7.0) twice,
scraping with a rubber policeman into PBS, and then cen-
trifuged at 500 g for 3 min. After removing the PBS, the cell
pellets were stored at —20°C until use.

Stable transfection of MnSOD
c¢DNA into MIA PaCa-2 cells

Cells (1 X 103) were seeded into six-well plates 24 h be-
fore transfection. The expression vector pcDNA3 only and
the plasmid-containing human MnSOD cDNA were trans-
fected into MIA PaCa-2 cells by using the LipofectAmine
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reagent according to the instructions provided by the manu-
facturer. The MnSOD-containing plasmid (5 pg) and Lipofect-
Amine reagent (10 pl) were mixed and incubated at room tem-
perature for 45 min to allow the formation of a DNA-lipid
complex. The same preparation was used for the vector-only
control solution. Cells were incubated with these complexes in
serum-free medium for 5 h at 37°C and 5% CO, After this in-
cubation, 1 ml of growth medium containing twice the normal
concentration of serum was added to the cells without remov-
ing the transfection mixture. Cells were provided with fresh,
complete growth medium 24 h after transfection. At 72 h after
transfection, cells were subcultured into G418 (1 mg/ml) se-
lection medium with 1:10, 1:100, and 1:1,000 dilutions, and
incubated for 14 days. Resistant colonies were selected and
grown in DMEM containing 10% heat-inactivated FBS, 2.5%
horse serum, and G418 (400 pg/ml).

Sample homogenization and protein quantitation

Cells used for Western blot or activity analysis were first
washed 3 times with PBS, pH 7.0, and then scraped with a
rubber policeman into a microcentrifuge tube. The harvested
cells were centrifuged at 500 g for 3 min. The cell pellets
were stored at —20°C until analysis. On the day of analysis,
the cell pellets were resuspended in 50 mM potassium phos-
phate buffer (PB), pH 7.8, and sonicated on ice with three
bursts of 20 sec each by using a Vibra cell sonicator with a
cup horn (Sonics and Materials Inc.) at 30% power. Protein
concentration was quantitated by Bradford’s method (5)
using a Bio-Rad Protein Assay according to manufacturer’s
instructions.

Sequencing of human MnSOD
cDNA by the fluorescent method

Automated DNA sequence analysis was performed in the
DNA Core Facility at University of Iowa. In a 0.5-ml Eppen-
dorf tube was placed: 0.5 pg plasmid with human MnSOD
cDNA and 4 pl of 0.8 pmol/ul sense or antisense primer (SP6
and T7) in a total volume of 11 pl of distilled water. The se-
quencing results were analyzed by GCG (Genetics Computer
Group) Sequence Analysis Software Package.

MnSOD immunoprotein analysis
by Western blotting

The amount of immunoreactive MnSOD protein was mea-
sured by the technique of Laemmili (14). In brief, 10 pg of
total proteins was denatured with SDS loading buffer at 94°C
for 4 min and then separated by electrophoresis on a 12.5%
SDS-polyacrylamide running gel with a 4.5% stacking gel in
SDS-Tris-glycine running buffer pH 8.8 at 100 V. Proteins
were electrotransferred to a nitrocellulose membrane at 100
V for 1 h at 4°C. After blocking with 5% dry milk at room
temperature for 1 h, the blot was incubated with a polyclonal
anti-rabbit MnSOD (1:1,000), CuZnSOD (1:2,000), or CAT
(1:1,000) antibody in 5% milk at room temperature for 1 h.
After washing 3 times with TBST (0.02 M Tris buffer pH 7.0
and 0.05% Tween 20), 5 min each, the blots were incubated
with goat anti-rabbit immunoglobulin G (IgG)-horseradish
peroxidase conjugate at 1:10,000 dilution in TBST for 1 h at
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room temperature. The washed blot was then treated with
ECL Western blotting detection reagents (Amersham Life
Science, Buckinghamshire, England) and exposed to x-ray
film (Eastman Kodak, Rochester, NY).

MnSOD and catalase activity gels

The SOD activity gel assay is based on the inhibition of
the reduction of nitroblue tetrazolium (NBT) by SOD (1). The
CAT activity gel assay was carried out according to the meth-
ods described by Sun e al. (40).

MnSOD spectrophotometric activity assay

The standard SOD activity assay using the modified NBT
reduction method was described by Oberley and Spitz (32,
33, 37). In this indirect method, xanthine—xanthine oxidase is
used to generate O,"~, and NBT reduction is used as an indi-
cator of O,"~ production. SOD will then compete with NBT
for O,"~. MnSOD activity was measured in the presence of 5
mM NaCN in the mixture to inhibit CuZnSOD activity. One
unit of SOD activity was defined as amount of protein re-
quired to give half-maximal inhibition of NBT reduction. The
activity values were expressed in units per milligram protein
(U/mg protein).

Plating efficiency

Plating efficiency was measured as previously described
(36). Cells (500-2,000) were seeded in 60-mm dishes, incu-
bated for 14 days to allow colony formation, and then fixed
and stained with 0.1% crystal violet. The colonies containing
=50 cells were scored. The plating efficiency (PE) was calcu-
lated as follows: PE = (colonies formed/number of cells
seeded) X 100%.

Growth curve

Cells (5,000) of different MOI treatment were plated in
triplicate in six-well plates. The growth rate of cells was de-
termined by counting the number of cells with a hemocy-
tometer as a function of time. Cell population doubling time
(Td) was calculated from the growth rate during exponential
growth by the following formula:

Td=0.693(¢ — £,)/In(N/N,) (3]

where ¢, is the time at which exponential growth began, ¢ is
time in days, N, is the cell number at time ¢, and N, is the cell
number at the initial time.

Statistical analysis

The significance of group differences in MnSOD protein
and activity levels was assessed with ANOVA. Comparisons
of plating efficiency between groups were performed with
Poisson regression. Multivariate ANOVA was used to com-
pare cell growth in the different MOI treatment groups, and
cell-doubling times were analyzed with one-way ANOVA.
Statistical tests were carried out at the 5% level of signifi-
cance with the SAS statistical software (Cary, NC). Pairwise
group comparisons were performed with the Tukey’s HSD
procedure to control the overall significance level of each ex-
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periment. Tests for mean differences in these experimental
replicates were nonsignificant. All Western blots and activity
gels were run at least twice to show reproducibility.

RESULTS

The active site of human MnSOD contains His-26 and
His-74 from the N-terminal domain of the protein and Asp-
159 and His-163 from the C-terminal domain. The fifth coor-
dination site of the manganese in the active site is thought to
be occupied by a water molecule (3). We used site-directed
mutagenesis to change the histidine (CAC) at amino acid 26
to a leucine (CTC). The change was confirmed with DNA se-
quencing (data not shown). Wild-type or mutant MnSOD
cDNA was inserted into the pcDNA3 plasmid between the re-
striction enzyme Kpnl and EcoR1 sites. The pcDNA3 plas-
mid is a eukaryotic expression vector containing a CMV pro-
moter and a neomycin-resistance gene. Plasmid with no
added DNA was designated Neo and was used as a transfec-
tion control.

We used transient transfection to introduce the pcDNA3
plasmid into 293 cells. The 293 cells are primary human em-
bryonal kidney cells transformed by sheared human aden-
ovirus type 5 DNA. Transient transfection was accomplished
by using the LipofectAmine reagent according to the manu-
facturer’s recommendations. After transfection, samples were
analyzed by Western blotting and activity gel, as shown in
Fig. 1. Control untransfected 293 cells (lane 1) or Neo trans-
fected cells (lane 2) showed little MnSOD protein or enzy-
matic activity. Cells transfected with wild-type (WT)
MnSOD showed a large increase in both MnSOD protein and
activity (Fig. 1a and b, lane 3). In contrast, cells transfected
with the mutant MnSOD H26L demonstrated a large increase
in immunoreactive protein, but no increase in activity (Fig. la
and b, lane 4). This was confirmed by the densitometry of the
Western blot and activity gel, as shown in Fig. 2.

To examine these results with another technique, we also
performed stable transfection experiments. The 293 cells
were again transfected with the pcDNA3 plasmid and then
clones isolated that overexpressed either WT or mutant
MnSOD. Two WT cell lines (WTS5, WT6) and two mutant cell
lines (H26L4, H26L8) were studied. Western blotting showed
an increase in MnSOD, but not in CuZnSOD or catalase, im-
munoreactive protein in all clones, whether expressing mu-
tant or wild-type MnSOD (Fig. 3). Conversely, the two wild-
type clones showed a large increase in MnSOD enzymatic
activity (Fig. 4, lanes 2 and 3 compared with control, lane 1),
whereas the mutant clones showed no increase in MnSOD ac-
tivity (Fig. 4, lanes 4 and 5). All samples had similar CuZn-
SOD and catalase enzymatic activities (Fig. 4). These results
on MnSOD activity with a semiquantitative activity gel were
confirmed with the quantitative spectrophotometric activity
assay, as shown in Fig. 5a. The 293 cells stably overexpress-
ing wild-type MnSOD showed about a 10-fold increase in
MnSOD activity compared with the untransfected control
cells. Cells overexpressing the mutant MnSOD demonstrated
no changes in MnSOD enzymatic activity. Thus, stably trans-
fected clones overexpressing mutant MnSOD demonstrated a
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FIG. 1. Mutant MnSODH26L transiently trans-
fected into 293 cells increased MnSOD protein lev-
els and decreased MnSOD activity. (a) Cellular
protein (10 pg) was separated on a 12.5% SDS poly-
acrylamide gel, and Western blotting was performed.
The expression of MnSOD protein was observed in
the ~22-kDa band. Mutant H26L had the same high
protein level as did the wild-type transfectant. (b) Cel-
lular protein (80 pg) was separated in a 12% native
polyacrylamide gel and stained with a solution con- b
taining 0.75 mM sodium cyanide to visualize MnSOD
activity only. Electrophoresis was performed at 4°C
for 3-4 h. Compared with the band of control (no
treatment) and vector control (Neo), the activity gel
showed a greatly increased intensity of the activity
band in the wild-type transfectant and decreased in-
tensity of the activity band in the H26L transfectant.

C Neo WT H26L
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C Neo WT H26L
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large increase in MnSOD immunoreactive protein, but no in-
crease in MnSOD enzymatic activity.

To examine the effect of MnSOD overexpression on cell
phenotype, we measured the effect on plating efficiency (PE).
Plating efficiency is usually higher in cancer cells compared
with normal cells, and MnSOD elevation has usually been
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FIG. 2. Densitometric analysis of Western blot and activity
gel of MnSOD. (a) Densitometric analysis of Western blot-
ting bands showed increases in MnSOD protein levels from
wild-type and H26L transfectants. The mean IDV and standard
deviations for three separate experiments are shown. *p < 0.05
compared with the parental control cell line. (b) Densitometric
analysis of activity gel bands showed increases in MnSOD ac-
tivity from wild-type transfectant, but decreases in the H26L
transfectant. The mean IDV and standard deviations for three
separate experiments are shown. *p < 0.05 compared with the
parental control cell line.

shown to decrease plating efficiency. In the present study,
clones overexpressing WT MnSOD had lower PE compared
with control cells (Fig. 5b). In contrast, cells overexpressing
H26L actually had higher PE than control cells. Thus, overex-
pression of the different forms of MnSOD had a substantial
effect on the cellular phenotype, and mutant MnSOD did not
lead to the decreased PE usually seen with wild-type MnSOD
overexpression.

To verify these results, MnSOD was overexpressed by an-
other technique: adenovirus transduction. In addition, we
switched to a more malignant cell line, human pancreatic
cancer MIA PaCa-2 cells. Both WT and mutant MnSOD ade-
noviral constructs were made by Viraquest, Inc. The adeno-
virus expressing wild-type MnSOD has been extensively
tested by our laboratory and been shown to express active
MnSOD protein. As shown in Fig. 6, increasing the MOI of
the adenovirus expressing mutant MnSOD led to increasing

C  WT5 WT6 H261.4 H26L.8

— S NS SR SR <— CuZnSOD

_‘._(--‘amlas’c

-—y e Gy Sy Gy <«—\cin

FIG. 3. Stable transfection of human MnSOD cDNA and
mutant MnSOD H26L increased protein levels of MnSOD
in 293 cells. Cellular protein (10 pg) from each cell line was
separated on a 12.5% SDS polyacrylamide gel for Western
blotting for MnSOD, CuZnSOD, and catalase. The expression
of MnSOD, CuZnSOD, and catalase protein was observed in
the ~22-, 16-, and 60-kDa bands, respectively. An increased ex-
pression of MnSOD was observed in the ~22-kDa band in the
two wild-type transfected cell lines (WT5, WT6), and two mu-
tant H26L-transfected cell lines (H26L4, H26L8), but the
CuZnSOD and catalase protein did not change. Actin was used
as loading control.
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amounts of MnSOD immunoreactive protein. Similar levels
of MnSOD immunoreactive protein were found in cells trans-
duced with adenovirus expressing 200 MOI of wild type
MnSOD and 25 MOI of H26L (Fig. 7). Thus, the adenovirus
expressing mutant MnSOD was much more effective at ex-
pressing the protein than the adenovirus expressing wild-type
MnSOD. Therefore, to compare the enzymatic activity of
cells with equivalent amounts of MnSOD immunoreactive
protein, in Fig. 8 again, 200 MOI of the adenovirus express-
ing wild-type MnSOD was compared with only 25 MOI of
the adenovirus expressing the mutant MnSOD. Transduction
with adenovirus expressing WTMnSOD, but not mutant
MnSOD, led to increases in MnSOD enzymatic activity (Fig.
8). No changes were found in the levels of CuZnSOD or cata-
lase protein (Fig. 7) or activity (Fig. 8) after transduction of
adenovirus expressing WT or mutant MnSOD. Adenoviral
transduction led to increases in both wild-type and mutant
MnSOD protein for as long as 7 days after transduction (data
not shown).

We next examined the effect of adenoviral infection on cell
phenotype. Adenoviral WTMnSOD inhibited growth, whereas
adenovirus expressing mutant MnSOD had much less growth-
suppressive effect. At 200 MOI, some effect was seen with
empty virus, but 200 MOI of adenovirus expressing wild-type
MnSOD suppressed growth more, and adenovirus expressing
mutant MnSOD (25 MOI) suppressed growth less than 200
MOI of empty adenovirus (Fig. 9a and b). Similarly, adenovi-
ral transduction of wild-type MnSOD led to a statistically sig-
nificant reduction in plating efficiency (Fig. 9c), whereas ade-
noviral transduction of the mutant MnSOD led to no change in
plating efficiency. Thus, at similar levels of protein expres-
sion, wild-type MnSOD had a growth-suppressive effect, but
mutant MnSOD did not. This strongly suggests that the
growth-suppressive effect of MnSOD overexpression is due to
the enzymatic activity of the MnSOD protein.
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FIG. 4. Stable transfection of human mutant MnSOD

H26L decreased activity level of MnSOD in 293 cells. Cel-
lular protein (100 pg) was separated in a 12% native polyacry-
lamide gel for SOD activity, and 30 pg of cellular protein was
separated in an 8% native polyacrylamide gel for catalase ac-
tivity. Compared with the band of control (no treatment), the
activity gel showed a greatly increased intensity of the activity
band in the wild-type transfectants (WTS, WT6), and de-
creased intensity of the activity band in the H26L transfectants
(H26L4, H26L8), but the CuZnSOD and catalase activity did
not change.

MnSOD activity. The total cellular protein was assayed for
MnSOD activity. One unit of MnSOD activity is defined as
amount of protein required to give half-maximal inhibition of
NBT reduction. Values are expressed as mean + SEM of three
independent cultures. The MnSOD activity was increased by
10- to 12-fold in the MnSOD-overexpressing cell lines com-
pared with the parental cell line (*p < 0.05 in line WTS, but not
significant in line WT6), but not significantly changed in the
mutant MnSOD-overexpressing cell lines (H26L4 or H26L8)
compared with the 293 parental cell line (p > 0.05). (b) Over-
expression of MnSODH26L-increased plating efficiency. Cells
were seeded into 60-mm dishes at a certain cell number. After
2 weeks’ incubation at 37°C, cells were fixed and stained.
Colonies containing >50 cells were counted. The plating effi-
ciency (PE) was calculated as PE = (Colonies formed/Number
of cells seeded) X 100%. Data are expressed as mean = SEM,
n = 3. The plating efficiencies were decreased in the WTMn-
SOD-overexpressing cells compared with the parental control
cells (*p = 0.0032 for WTS5 and *p = 0.0012 for WT6). The
mutant MnSOD-overexpressing cells had increased plating ef-
ficiencies compared with the parental cells (**p < 0.0001 for
clone H26L8 and **p = 0.0462 for clone H26L4).

DISCUSSION

The purpose of this work was to construct, express, and
test a mutant MnSOD cDNA. We used site-directed mutagen-
esis to construct an active site mutant for MnSOD in which
the histidine at amino acid 26 was replaced with a leucine.
DNA sequencing demonstrated that we had produced the de-
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FIG. 6. Adenovirus MnSODH26L infection
in MiaPaCa2 cells increased MnSOD pro-
tein in a dose-dependent manner. Cellular
protein (10 pg) was separated on a 12.5% SDS
4=NMnSOD | polyacrylamide gel, and Western blotting was
performed. The expression of MnSOD protein
was observed in the ~22-kDa band. Actin was
used as loading control.

4= Actin

sired mutation. We used three different transduction tech-
niques to express the protein: transient plasmid transfection,
stable plasmid transfection, and adenoviral transduction. All
three techniques showed that we could overexpress both wild-
type and mutant MnSOD protein. Western blotting, activity
gel analysis, and spectrophotometric enzyme activity assay
demonstrated that when we overexpressed wild-type MnSOD
protein, we observed a large increase in both MnSOD im-
munoreactive protein and enzymatic activity. However, when
we overexpressed the mutant MnSOD protein, we observed a
large increase in MnSOD immunoreactive protein, but no in-

crease in MnSOD enzymatic activity. These studies show that
we have produced a mutant MnSOD protein with little or no
enzymatic activity.

Not only did the mutant protein have little or no enzymatic
activity, but it also did not produce the effects on cell function
that the wild-type protein did. Thus, we found that wild-type
protein reduced plating efficiency after plasmid transfection,
whereas the mutant protein actually increased plating effi-
ciency. Similarly, wild-type protein inhibited pancreatic can-
cer cell growth and reduced plating efficiency after adeno-
virus transduction, whereas mutant MnSOD inhibited growth

v
—

_— :

- -, @ <—CuZnSOD

P o = =  ¢=Catalase

- & " <«Actn

<4—MnSOD

4= CuZnSOD

== Catalase

FIG. 8. Adenovirus MnSODH26L infection decreased

FI1G. /7. Adenoviral MnSODHZOL 1nfection produced the
same high MnSOD protein level as adenoviral wild-type
MnSOD infection, but did not change CuZnSOD or cata-
lase protein levels. Cellular protein (10 pg) was separated on
a 12.5% SDS polyacrylamide gel, and Western blotting was
performed. The expression of MnSOD, CuZnSOD, and cata-
lase protein were observed in the ~22-, 16-, and 60-kDa bands,
respectively. Actin was used as loading control. AdMn-
SODH26L-infected cells (25 MOI) had the same high MnSOD
protein level as did AAWTMnSOD-infected cells (200 MOI),
but did not change CuZnSOD or catalase protein levels.

MnSOD activity but did not change CuZnSOD or catalase
activity. Cellular protein (10 pg) was separated in a 12% na-
tive polyacrylamide gel for SOD activity, and 30 pg of cellular
protein was separated in an 8% native polyacrylamide gel for
catalase activity. After electrophoresis, the gels were stained
for SOD or catalase activity. Compared with the band from
control (no treatment), and AdEmpty vector, the activity gel
showed a greatly increased intensity of the activity band in the
AdWTMnSOD-infected cells and decreased intensity of the
activity band in the AAMnSODH26L-infected cells; however,
the CuZnSOD or catalase activity did not change.
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FIG. 9. Adenovirus MnSODH26L infection did not inhibit cell
growth. (a) Growth curves: 5,000 cells were seeded into six-well
plates and counted every 24 h by using a Coulter counter. The re-
sults represent mean = SEM, n = 3. Adenoviral WTMnSOD
(AdMnSOD in figure) inhibited cell growth compared with
AdEmpty control cells (*p < 0.05). Conversely, AAMnSODH26L
had a much smaller effect on cell growth and was statistically dif-
ferent from the cells treated with AdEmpty (**p < 0.05) or AdMn-
SOD (#p < 0.05). (b) Cell doubling time. The doubling time was
calculated from the growth curves during logarithmic growth
phase. Data are expressed as mean + SEM, n = 3. AAMnSOD-in-
fected cells displayed a statistically significant increase in cell dou-
bling time compared with AdEmpty-infected cells (*p < 0.05),
whereas AdMnSODH26L-infected cells were significantly de-
creased (*p < 0.05) compared with AdEmpty-infected cells. (c)
Plating efficiency. Cells were seeded into 60-mm dishes at a certain
cell number. After 2 weeks incubation at 37°C, cells were fixed and
stained. Colonies containing >50 cells were counted. The plating
efficiency (PE) was calculated as PE = (Colonies formed/Number
of cells seeded) X 100%. Data are expressed as mean + SEM, n =
3. The plating efficiencies were decreased in the AdAMnSOD cells
compared with the parental cells and AdEmpty control cells (both
*p <0.0001). AdMnSODH26L. increased plating efficiencies com-
pared with the AAMnSOD (**p < 0.0001) and AdEmpty control
cells (p = 0.005), but showed no difference compared with the
parental cells (p = 0.9855).
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to a much smaller extent and did not change plating effi-
ciency. These results are consistent with what has been re-
ported by Kim et al. (12) in a different cell system. In WI-38
VA13 subline 2RA SV40-transformed human lung fibrob-
lasts, transduction with adenovirus containing wild-type
MnSOD led to an increase in both MnSOD immunoreactive
protein and enzymatic activity, whereas transduction with the
same adenovirus used in the present study containing mutant
H26L led to a large increase in MnSOD immunoreactive pro-
tein, but no increase in enzymatic activity. Moreover, Kim et
al. showed very convincingly by using immunogold EM that
the mutant protein localized in the mitochondria as expected.
Thus, the mutant protein was found in the proper place in the
cell but had little enzymatic activity. Finally, transduction
with adenoviral wild-type MnSOD led to a large increase in
the number of apoptotic cells, whereas transduction with the
mutant MnSOD led to a much smaller increase in the number
of apoptotic cells. Hence these authors also conclude, as we
did, that the effects of MnSOD on cell function are largely
due to the enzymatic activity of the protein.

Taken together, these studies suggest that the enzymatic ac-
tivity of MnSOD is responsible for its effect on cell pheno-
type. This conclusion further suggests that either the species
removed or produced by MnSOD causes its effects. We are
currently investigating which of the species are responsible
for the remarkable effects produced by this protein.
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ABBREVIATIONS

ANOVA, analysis of variance; BCS, bathocuproine disul-
fonic acid; BSA, bovine serum albumin; CAT, catalase;
CuZnSOD, copper- and zinc-containing superoxide dismu-
tase; DETAPAC, diethylenetriaminepentacetic acid; FBS,
fetal bovine serum; HRP, horseradish peroxidase; LOH, loss
of heterozygosity; MnSOD, manganese-containing superox-
ide dismutase; MOI, multiplicity of infectivity; NBT, nitrob-
lue tetrazolium; PB, phosphate buffer; PBS, phosphate-
buffered saline; PE, plating efficiency; ROS, reactive oxygen
species; SOD, superoxide dismutase; Td, cell population dou-
bling time; TEMED, N,N,N’,N'-tetramethyl-ethylenediamine;
WT, wild type; XO, xanthine oxidase.
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