
INTRODUCTION

MANGANESE SUPEROXIDE DISMUTASE (MnSOD) is a mi-
tochondrial antioxidant enzyme that catalyzes the dis-

mutation of superoxide radical (O2
�2) to hydrogen peroxide

(H2O2) and oxygen. MnSOD activity is in general diminished
in cancer cells when compared with the normal cells from
which they were derived (26, 29). Significant decreases in
MnSOD activity compromise the cellular antioxidant defense
system, which results in the accumulation of reactive oxygen
species (ROS). At the molecular level, increased ROS lead to
oxidant injury that is manifested as alterations in protein
structure, membrane lipid peroxidation, DNA damage, and
chromosomal aberrations, and are associated with a host of
diseases, including cancer (7, 9, 24, 41).
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ABSTRACT

Manganese superoxide dismutase (MnSOD) activity is generally lower in cancer cells when compared with
their normal cell counterparts. Many studies have shown that replacing the diminished MnSOD activity leads
to inhibition of the malignant phenotype. We sought to overexpress MnSOD in a chemically transformed,
malignant rat cell line with low endogenous MnSOD activity to determine the effect on the malignant pheno-
type. After MnSOD cDNA transfection, clonal populations were characterized at the molecular level for pro-
tein, RNA, and DNA, as well as for in vitro and in vivo growth and in vivo lung metastasis. MnSOD transfectants,
which both under- and overexpressed MnSOD protein, were identified. These transfectants demonstrated
variations in glutathione peroxidase and catalase activity levels, indicating differences in peroxide-generating
versus peroxide-metabolizing enzymes (antioxidant imbalance); these differences were suggestive of alter-
ations in their abilities to metabolize peroxide when compared with the parental cell line. In addition, these
transfectants demonstrated reductions in both in vitro and in vivo growth, as well as a reduction in metastatic
potential, which correlated with antioxidant imbalance. These results suggest that the tumor suppressive ef-
fect of MnSOD overexpression is in part mediated by an antioxidant imbalance resulting in the reduced ca-
pacity to metabolize increased levels of intracellular peroxides. Antioxid. Redox Signal. 6, 501–512.
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If MnSOD is important in cancer, then normalization of the
levels of MnSOD should result in reversal of at least part of
the cancer cell phenotype. This hypothesis was first sug-
gested by Oberley and Buettner in 1979 (26, 27) and has been
tested in a number of ways with results in general confirming
the hypothesis. The most important technique utilized to ex-
amine this hypothesis has been cDNA transfection. The first
study using the cDNA transfection technique with MnSOD
was published in 1993 (5). Church et al. demonstrated that
the transfection of MnSOD cDNA into cultured human mela-
noma cells resulted in the loss of the malignant phenotype,
both in vitro by assays such as growth in soft agar and in vivo
by growth in nude mice. Similar results have been found in
mouse f ibrosarcoma (12, 38), MCF-7 human breast carci-
noma (14), virally transformed WI-38 human lung fibroblasts



(48), A172R rat glioma (49), U118 human glioma (50), SCC-
25 human oral squamous carcinoma (19), and DU 145 human
prostatic carcinoma (15). In most cases, the maximal in-
creases in MnSOD in these transfection studies were approxi-
mately sixfold, which approached the activity levels of their
normal cell counterparts (~10-fold increase). Thus, the evi-
dence appears substantial that stable MnSOD elevation by
plasmid transfection can suppress the malignant phenotype in
a variety of tumors. On the basis of this work showing growth
suppression and the fact that loss of heterozygosity for
MnSOD has been found in human melanoma (23) and glioma
(18, 35), it has been proposed that MnSOD is a new type of
tumor suppressor gene (4).

The purpose of this study was to evaluate the anticancer ef-
fects of MnSOD overexpression on the in vitro and in vivo
properties of a chemically transformed, malignant rat fibro-
blast XR23M cell line (36), and to investigate further the in-
volvement of antioxidant imbalance in the tumor suppressive
effects of MnSOD. In this study, antioxidant imbalance is
characterized by the ratio of peroxide-generating enzymes
[superoxide dismutase (SOD)] to peroxide-metabolizing en-
zymes [glutathione peroxidase (GPx) and/or catalase (CAT)].
The results of this work demonstrate that antioxidant imbal-
ance is indeed associated with the tumor suppressive effects
of MnSOD in the XR23M malignant cell line. These results
support the hypothesis of a role of antioxidant imbalance and
ROS in cancer (16).

MATERIALS AND METHODS

Cell culture

XR23M is a chemically transformed rat cell line that was
cloned from the nontumorigenic parental cell line X-REF-23
(XR23, x-ray immortalized rat embryo fibroblasts) following
exposure to methylcholanthrene (44). The cells were rou-
tinely cultured in Dulbecco’s modified eagle medium supple-
mented with 10% heat-inactivated fetal bovine serum and
maintained at 37°C in an atmosphere of 95% room air and
5% CO2. For experimental purposes, the cells were grown in
100-mm tissue culture dishes (Corning) seeded at a density of
105 cells per plate. The medium was changed every third day
and 24 h prior to harvesting. Confluent cells were scrape-
harvested in ice-cold phosphate-buffered saline, pH 7.0, and
centrifuged. Cell pellets were stored at 220°C prior to further
experimentation.

Transfection of expression plasmid

The pMET ? MEX (pMM) plasmid, kindly provided by
Dr. Yi Sun, contained an 0.8-kb mouse MnSOD cDNA insert
cloned into the EcoRI site, which was driven by the metal-
lothionein promoter (43). In this work, the cells were
grown without zinc supplementation. The serum contained
2.5 µg/ml zinc, which may have allowed for maximal expres-
sion of the MnSOD cDNA insert. Moreover, although the
metallothionein promoter is known to be inducible by zinc,
studies have shown that it functions in the absence of induc-
ing agents (1, 21). XR23M cells were transfected with Lipo-
fectin reagent (GibcoBRL), and then neomycin-resistant

colonies were ring-isolated and maintained in culture for at
least 6 weeks prior to characterization. The cells were plated
for experimentation in complete media without neomycin. 

Sample homogenate preparation

The frozen pellets were thawed slowly, resuspended in a
1:1 volume of 50 mM potassium phosphate buffer, pH 7.8,
and then sonicated while on ice. Protein concentrations were
determined by the method of Lowry et al. (20).

Western blotting

Western analysis was performed as described by Oberley
et al. (28). The MnSOD, copper- and zinc-containing SOD
(CuZnSOD), CAT, and GPx antibodies used in this work were
developed in our laboratory (30–32). Protein samples were
loaded on 12.5% (MnSOD and CAT) or 15% (CuZnSOD and
GPx) polyacrylamide gels and electrophoresed at 100 V for
2 h. The protein was transferred onto nitrocellulose paper
(Schleicher & Schuell) as described (45). The blots were
blocked for 2 h at room temperature and then incubated at
4°C in diluted antibody overnight. Immunoreactive protein
was visualized by alkaline phosphatase and BCIP (5-bromo-
4-chloro-3-indolyl phosphate) colorimetric staining.

SOD activity assay

SOD activity was measured by the method of Spitz and
Oberley (40). This assay is based upon the reduction of nitro
blue tetrazolium (NBT) to blue formazan by O2

?2. One unit of
SOD activity was defined as the amount required to yield
50% of sample maximum inhibition of NBT reduction by
O2

?2. MnSOD was discerned from CuZnSOD by the addition
of 5 mM sodium cyanide.

Southern blot analysis

DNA was isolated according to standard procedures.
Fifteen-microgram aliquots of EcoRI-digested DNA were
loaded on an 0.8% agarose gel (Kodak) containing 0.5 µg/ml
ethidium bromide (Sigma Chemical Co., St. Louis, MO,
U.S.A.) and electrophoresed overnight at 20 V. The DNA was
transferred overnight onto a positively charged nylon mem-
brane (Boehringer Mannheim) and then baked at 80°C for
1 h. The blotted DNA was probed with freshly boiled digoxi-
genin-(Boehringer Mannheim) labeled MnSOD cDNA in a
42°C circulating water bath overnight (39). The hybridized
membrane was then washed several times, and bound probe
was detected using chemiluminescence from Lumigen PPD
[4-methoxy-4-(3-phosphatephenyl)spiro(1,2-dioxetane-3,29-
adamantane)]. 

Detection of MnSOD gene expression

Total RNA was isolated from confluent cell monolayers as
described (34). Expression of the exogenous MnSOD cDNA
was verified using the reverse transcriptase–polymerase chain
reaction (RT-PCR) technique (51). One-microliter aliquots of
reverse-transcribed cDNA were combined with 11 µl of a
PCR solution consisting of 10 3 PCR buffer, 0.63 U of Taq
DNA polymerase (Boehringer Mannheim), 0.5 µM dNTP, and
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0.5 µl total of oligo primers. Two sets of oligo primers were
used to distinguish endogenous from exogenous mRNA tran-
scripts and are shown in Table 1. The first set of primers
(CLONTECH) were 25-mers designed from the rat MnSOD
cDNA sequence published by Ho and Crapo (10) and ampli-
fied a 383-bp PCR product representative of endogenous rat
MnSOD transcript. To detect transcription of the exogenous
mouse MnSOD cDNA, a 24-mer downstream primer was de-
signed from the plasmid DNA sequence to include the last
three bases of the EcoRI cloning site (39 CTT AAG 59) in the
plasmid DNA sequence. This oligo was used in combination
with the upstream primer from CLONTECH, which recog-
nized the transfected mouse MnSOD cDNA at positions 218–
242, whereas the downstream primer recognized the vector
DNA starting at the AAG sequence of the EcoRI site. This
combination of primers amplified a PCR product of 729-bp
length, representative of exogenous MnSOD mRNA. PCR re-
actions were performed on a PerkinElmer Gene Amp PCR
system 2400 under the following conditions: 35 cycles; Tdenat =
94°C, 40 s; Tanneal = 55°C, 1 min; Texten = 72°C, 1 min. The
amplified products were electrophoresed at 70 V on a 2.0%
agarose gel and photographed.

Activity gels

Antioxidant enzyme activity bands were visualized using
native (nondenaturing) polyacrylamide gel electrophoresis
(33, 46). SOD activity bands were resolved on 12% polyacryl-
amide gels (2, 22), whereas 8% polyacrylamide gels were
used for resolution of CAT activity bands (47). Achromatic
bands against a dark blue background represented SOD activ-
ity. CAT activity appeared as achromatic bands on a bright
green background. 

CAT activity

CAT activity was determined in whole cell homogenates
according to the method of Beers and Sizer (3). In this assay,
the disappearance of H2O2 was measured spectrophotometri-
cally at 240 nm over a 60-s time interval. Because CAT dis-

plays unusual kinetics, k units rather than international units
were used to report enzyme activity.

GPx activity

GPx was assayed according to a modified version of
the method of Gunzler and Flohe (8). This assay entails the
indirect, coupled measurement of GPx activity that is moni-
tored by the disappearance of NADPH at 340 nm. Total and
selenium-dependent (Se-dep) GPx were measured using
cumene hydroperoxide and H2O2 (Sigma Chemical Co.), re-
spectively, as substrates. One unit of GPx is defined as the
amount of homogenate required for oxidation of 1 µmol of
NADPH per minute.

Cell doubling time under 
serum restricted conditions

To evaluate cell doubling time(s) under serum restricted
conditions, all cells were seeded in triplicate in 60-mm Corn-
ing tissue culture dishes at densities of 105 cells per dish.
Cells were evaluated for growth rates at 10%, 5%, and 1%
serum concentrations. Cell counts were obtained on a daily
basis for 5 days using a Coulter counter, and plotted versus
time to determine cell doubling time(s) in units of hours.
Doubling time (DT) was calculated using

DT = 0.693t/ln(Nt/N0)

where t is the time in days, Nt is the cell number at time t, and
N0 is the cell number at the initial time.

Clonogenicity under serum restricted conditions

Cell plating efficiencies were calculated for 10%, 5%, and
1% serum concentrations. Cells were seeded in triplicate in
60-mm Corning tissue culture dishes at densities of 100 cells
per dish for both 10% and 5% serum, and 200 cells per dish
for 1% serum-supplemented cells. The cells were incubated
for 14 days and then stained with crystal violet (Sigma Chem-
ical Co.), and the colonies were counted. Plating efficiencies
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TABLE 1. OLIGO PRIMER SEQUENCES USED IN RT-PCR REACTIONS TO DISTINGUISH ENDOGENOUS

FROM EXOGENOUS MNSOD TRANSCRIPTS

Endogenous rat transcript specific oligo primer sequences (CLONTECH):
Upstream 25-mer

59 GCG ACC TAC GTG AAC AAT CTG AAC G 39 (177–202)
Downstream 25-mer

59 TC AAT CCC CAG TGG AAT AAG GC 39 (559–535)
RT-PCR product: 383 bp

Exogenous transcript specific 39 oligo primer sequence specific for vector DNA:
Downstream 24-mer

59 TAT CTT ATC ATG TCT GGA TCG GAA* 39
Upstream CLONTECH oligo recognition of mouse MnSOD cDNA

59 GCG GCC TAC GTG AAC AAC CTC AAC G 39† (218–242)‡

*The last three italicized bases of the downstream 24-mer are specific for the EcoRI cloning site of the vector DNA.
†Underscoring denotes mismatched base pairing during recognition of the rat upstream 25-mer primer with the mouse MnSOD

cDNA.
‡The 24-mer downstream primer was combined with the CLONTECH upstream primer (rat), which recognized the mouse

cDNA at positions 218–242. This oligo combination amplified an RT-PCR product of 729 bp in length.



were calculated as the ratio of average colonies counted di-
vided by the number of cells plated.

Clonogenicity in soft agar

Transfected and control populations grown in 10% serum
were suspended at densities of 500–1,000 cells/ml in a final
concentration of 0.35% agar and plated on top of a 0.5% agar
nutrient layer to evaluate cellular anchorage independence
(13). The cells were maintained at 37°C and 5% CO2 for
2 weeks. Colonies were counted, and clonogenic fraction was
calculated as described above.

Characterization of malignancy 
by injection in nude mice

Male nude mice (4 weeks old) were purchased from Har-
lan Sprague (Indianapolis, IN, U.S.A.) and were allowed to
acclimate for 1 week prior to experiments. Control and MnSOD-
overexpressing cell lines were injected subcutaneously in the
right shoulder region at a titers of 5 3 106, 106, and 105 cells
per 0.2-ml volume per animal, with n = 4 animals per group.
All cells were suspended in serum-free Dulbecco’s modified
Eagle medium. Tumor volumes were measured every 3–4
days using a vernier caliper, for 30 days. Tumor volume (TV)
was calculated by the following formula:

TV (mm3) = (L 3 W2)/2

where L is the longest dimension of the tumor in millimeters
and W is the shortest dimension of the tumor in millimeters
(49, 50). The animals were killed by CO2 asphyxiation, and
then tumor and lung tissues were removed for fixation.  

Light microscopic examination for metastases

Tissues were prepared for light microscopy by fixing in
10% buffered formalin for 2 h, then transferred to phosphate-
buffered saline, pH 7.4, and embedded in paraffin. Sections
were stained with hematoxylin and eosin and examined for
metastases in a blinded fashion. Animals were scored positive
for metastasis with the observation of at least one metastatic
focus. 

Statistical analysis

All data were analyzed using one-way ANOVA. Dunnett’s
test (p # 0.05) was used to determine any statistical signifi-
cance of transfected populations when compared with the
XR23M parental control. Scheffé’s test was also used to com-
pare differences among groups.

RESULTS

Isolation and screening of clones

Malignant rat XR23M cells were f irst transfected with a
human MnSOD cDNA. We were able to isolate clones with
increased MnSOD protein; however, these transfected cells
demonstrated small increases in MnSOD enzymatic activity
(data not shown). For this reason, the rat XR23M cells were

transfected with a mouse cDNA. Neomycin-resistant colonies
were ring-isolated and maintained in culture for 6 weeks prior
to characterization. The cells were screened for increased
MnSOD immunoreactive protein by western blotting as shown
in Fig. 1. Three clonal populations, mMn6, mMn9, and mMn185,
demonstrated increases in immunoreactive MnSOD protein
when compared with the parental XR23M control cell line. In
addition, a fourth clone, mMn249, demonstrated decreased
levels of immunoreactive protein when compared with the
XR23M parental control, which is highly unusual and sug-
gestive that disruption of MnSOD gene expression had oc-
curred. MnSOD activity levels were measured in all cell lines
to verify that the overexpressed protein was correctly processed
to make active enzyme. The enzymatic activity levels are pre-
sented in Table 2. When compared with the XR23M parental
control, MnSOD activity of mMn6, mMn9, and mMn185 was
approximately three- to f ivefold increased, whereas mMn249
was approximately fourfold decreased; these activities are
consistent with the immunoreactive protein levels shown in
Fig. 1.

Southern analysis of EcoRI-digested DNA shown in Fig. 2
demonstrates stable incorporation of the mouse cDNA into
the genome of the MnSOD-transfected cell lines. The endoge-
nous MnSOD gene was characterized in the parental and vec-
tor controls (lanes 2–4) by two bands migrating at approxi-
mately 9.4 and 6.5 kb. In addition to these two migrating
fragments, a multiband pattern was observed in all MnSOD-
transfected populations. The smallest fragment migrated at
0.8 kb and is consistent in length with the 0.8-kb transfected
MnSOD cDNA. In addition, slower migrating fragments were
observed in the MnSOD-transfected cell lines only. These
fragments may be a reflection of incomplete digestion of the
plasmid DNA. These data verify that the neomycin-resistant
cells had incorporated the MnSOD cDNA into the host
genome. 

Next, primer sequences were designed (Table 1) to demon-
strate transcription of the transfected cDNA and to distin-
guish exogenous from endogenous message. Primers (CLON-
TECH) designed from the rat MnSOD cDNA sequence were
used for the detection of endogenous transcript in the XR23M
rat cells (10). These primers amplified an RT-PCR product
characterized by a calculated length of 383 bp. To discern ex-
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FIG. 1. Western analysis of control and MnSOD-
overexpressing cell lines. Sample lanes contained 20 µg of
protein. Lane 1, 0.5 mg of purified human kidney MnSOD;
lane 2, XR23 nonmalignant control; lane 3, parental XR23M
malignant control; lane 4, Neo3 vector control; lane 5, Neo7
vector control; lane 6, mMn6; lane 7, mMn9; lane 8, mMn185;
lane 9, mMn249. Immunoreactive protein was probed with
human kidney MnSOD antibody diluted 1:1,250.



ogenous transcript from the mouse cDNA insert, the up-
stream primer from CLONTECH was combined with a primer
designed to specifically recognize the EcoRI insertion site of
the plasmid DNA sequence, which contained the MnSOD
cDNA. This combination of primers amplified an RT-PCR
product of 729 bp calculated length. Figure 3 illustrates the
results of the RT-PCR assay. Exogenous and endogenous tran-
scripts are shown in lanes 1–9 and 11–19, respectively. Lanes
1 and 19 contained RT-PCR product amplified from the MnSOD
cDNA plasmid in combination with the respective primers,
whereas lane 10 contained molecular weight markers. Lanes
2–5 and 11–14 contained product of the parental and vector
controls, whereas lanes 6–9 and 15–18 contained RT-PCR
product of the MnSOD cDNA transfected cell lines. Lanes
6–8 demonstrate the active transcription of exogenous cDNA

in mMn6, mMn9, and mMn185 MnSOD overexpressors as
characterized by the 693-bp amplified transcript. Lanes 11–
18 show RT-PCR product of the endogenous MnSOD gene in
all cell lines. Interestingly, mMn249 demonstrated transcrip-
tion of the endogenous MnSOD gene, whereas that of the
exogenous MnSOD cDNA was not detectable. Thus, clone
mMn249 is not producing RNA from the plasmid, and this is
consistent with the lowered MnSOD protein observed. Based
on sequence information, the calculated lengths of the exoge-
nous (729 bp) and endogenous (383 bp) RT-PCR products
were reasonably consistent with the 693- and 404-bp products
resolved on the gel as sequence calculations and gel resolu-
tion measurements were within 5% for both endogenous and
exogenous amplimers. 

Effects of MnSOD modulation 
on other antioxidant proteins

Next, we studied the affect of overexpression of MnSOD on
the levels of other antioxidant enzymes via western blotting,
activity gels, and activity assays. Figure 4 shows the western
analyses of CuZnSOD and CAT in MnSOD-overexpressing
cells. Staining intensities for CuZnSOD were similar among
XR23M parental and vector controls, as well as mMn6 and
mMn9, but were slightly lower in mMn185 and mMn249. Fig-
ure 4B demonstrates some variation in the 60-kDa immunore-
active CAT protein, as mMn185 and mMn249 contain less im-
munoreactive CAT when compared with the XR23M parental
control. In addition to the 60-kDa CAT subunit, a 30-kDa
faster migrating subunit was also observed, and is consistent
with other published reports (42). Western blotting was per-
formed with GPx antibody, but multiple bands were seen, and
so these data were not interpretable.

Enzymatic activity levels of CuZnSOD and CAT were de-
termined by both activity gels and spectrophotometric assay.
Figure 5A demonstrated similar CuZnSOD activity as deter-
mined by activity gel among control and transfected popula-
tions. CAT activity gel analysis demonstrated some variation,
as mMn9 appeared to be higher and Neo7 and mMn185 were
lower when compared with parental XR23M, as shown in
Fig. 5B. CAT and GPx enzymatic activity levels were also
measured spectrophotometrically in all cell lines to complete
the antioxidant enzyme profile, and are summarized along
with SOD activity levels in Table 2. When compared with the
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FIG. 2. Southern blot analysis of parental and vector con-
trols and MnSOD-transfected cell lines. Each lane contained 30
µg of EcoRI-digested DNA. Lane 1, digoxigenin-labeled molecu-
lar weight markers; lane 2, XR23 nonmalignant control; lane 3,
XR23M malignant control; lane 4, Neo7 vector control; lane 5,
mMn249; lane 6, mMn6; lane 7, mMn9; lane 8, mMn185.

TABLE 2. ANTIOXIDANT ENZYME PROFILE OF XR23M MALIGNANT CONTROL, VECTOR CONTROL, AND MNSOD OVEREXPRESSORS

Clone Total SOD MnSOD CuZnSOD CAT Total GPx Se-dep GPx

XR23 NM NM NM 12 ± 1.0* NM 3.99 ± 0.99
XR23M 444 ± 96 23 ± 3 421 ± 94 18 ± 1.0 5.99 ± 2.27 4.03 ± 1.33

Neo3 217 ± 23* 14 ± 2 203 ± 21* 41 ± 3.0* 5.81 ± 0.66 4.54 ± 0.54
Neo7 317 ± 27 28 ± 3 289 ± 30 6 ± 1.0* 4.57 ± 0.15 4.36 ± 0.15
mMn6 500 ± 0 66 ± 22* 434 ± 22 18 ± 2.0 5.36 ± 0.58 4.69 ± 0.58
mMn9 467 ± 58 92 ± 2* 375 ± 57 30 ± 2.0* 4.01 ± 0.63 5.07 ± 0.16

mMn185 361 ± 127 101 ± 31* 260 ± 142 6 ± 0.5* 3.11 ± 0.51* 3.51 ± 0.99
mMn249 156 ± 20* 6 ± 2 150 ± 19* 15 ± 1.0 4.21 ± 1.14 3.11 ± 0.26

SOD activity is reported as U/mg of protein ± SD. CAT activity is reported as k/g of protein ± SD. GPx activity is reported as
mU/mg of protein ± SD. NM, not measured.

*Significantly different compared with XR23M parental control at p # 0.05.



parental XR23M cell line, total SOD and CuZnSOD activity
levels were similar in all clonal populations with the excep-
tion of Neo3 vector control and mMn249, the clonal popula-
tion that demonstrated the lowest levels of MnSOD activity.
MnSOD activity was significantly increased in mMn6, mMn9,
and mMn185 and is consistent with immunoreactive protein
levels shown in Fig. 1. CAT activity levels in mMn6 demon-
strated no difference, whereas mMn9 was 1.7-fold increased
and mMn185 was 2.7-fold decreased when compared with
the XR23M parental control. Se-dep GPx activities demon-

strated no significant variation; however, total GPx activity in
mMn185 was significantly less than the XR23M parental
control activity levels. Because transfected cells exhibited some
variation in peroxide metabolizing enzymes, MnSOD: CAT
and MnSOD:GPx activity ratios of the control and trans-
fected cell lines were calculated to evaluate the possibility of
antioxidant imbalance and are summarized in Table 3. In gen-
eral, MnSOD overexpressors exhibited higher MnSOD:CAT
and MnSOD:GPx ratios when compared with control popula-
tions, whereas the MnSOD underexpressor, mMn249, exhib-
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FIG. 3. RT-PCR analysis of parental and vector controls and MnSOD-transfected cell lines. Lanes 1–9 contained RT-PCR
product of exogenous transcript, whereas lanes 11–19 contained RT-PCR product from endogenous transcript. Each lane con-
tained 10 µl of RT-PCR product in the following order: lane 1, MnSOD cDNA control; lane 2, XR23 nonmalignant control; lane 3,
XR23M malignant control; lane 4, Neo3 vector control; lane 5, Neo7 vector control; lane 6, mMn6; lane 7, mMn9; lane 8,
mMn185; lane 9, mMn249; lane 10, molecular weight markers; lane 11, XR23 nonmalignant control; lane 12, XR23M malignant
control; lane 13, Neo3 vector control; lane 14, Neo7 vector control; lane 15, mMn6; lane 16, mMn9; lane 17, mMn185; lane 18,
mMn249; lane 19, MnSOD cDNA control.

FIG. 4. Western analysis of control and
MnSOD-overexpressing cell lines. Sample
lanes contained 20 µg of protein. Lane 1, 0.5
µg of purified enzyme standard; lane 2,
XR23 nonmalignant control; lane 3, parental
XR23M malignant control; lane 4, Neo3 vec-
tor control; lane 5, Neo7 vector control; lane
6, mMn6; lane 7, mMn9; lane 8, mMn185;
lane 9, mMn249. Immunoreactive protein
was probed with human rCuZnSOD and
human erythrocyte CAT antibodies diluted
1:500. The purified enzyme standards were
bovine CuZnSOD and bovine liver CAT.



ited lower MnSOD:CAT and MnSOD:GPx ratios. These results
demonstrate an antioxidant imbalance (peroxide-generating
versus peroxide-metabolizing enzymes) in the MnSOD-trans-
fected cell lines.

Next, the effect of MnSOD overexpression on in vitro and
in vivo growth was investigated. To accomplish this, the fol-
lowing analyses were performed: (a) in vitro evaluations of
cell doubling times, plating efficiencies, and anchorage-inde-
pendent growth in soft agar, and (b) tumor growth and lung
metastasis in nude mice. When compared with the XR23M
parental control, MnSOD overexpressors demonstrated a 1.5–
2-fold increase in cell doubling times when grown in 1% serum
(data not shown). MnSOD overexpressors formed no count-
able colonies when grown in 1% serum, whereas the plating
efficiency of the XR23M parental control was 4% (data not
shown). Similarly, when plated in soft agar, the XR23M parental
and Neo3 vector control cell lines demonstrated 6.8% and
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FIG. 5. Native activity gel analysis of (A)
CuZnSOD and (B) CAT enzymes in con-
trol and MnSOD-overexpressing cell lines.
Sample lanes contained 50 µg of protein.
Lane 1, purified enzyme standard (10 µg of
bovine CuZnSOD or 0.13 µg of human eryth-
rocyte CAT); lane 2, XR23 nonmalignant
control; lane 3, parental XR23M malignant
control; lane 4, Neo3 vector control; lane 5,
Neo7 vector control; lane 6, mMn6; lane 7,
mMn9; lane 8, mMn185; lane 9, mMn249.

TABLE 3. RATIOS OF PEROXIDE-GENERATING: 
PEROXIDE-METABOLIZING ENZYMES IN CONTROL

AND MNSOD OVEREXPRESSORS

MnSOD: MnSOD: MnSOD:
Clone CAT total GPx Se-dep GPx

XR23M 1.3 3.8 5.7
Neo3 0.3 2.4 3.1
Neo7 4.7 6.1 6.4
mMn6 3.7 12.3 14.1
mMn9 3.1 22.9 18.2
mMn185 16.8 32.5 28.8
mMn249 0.4 1.4 1.9

Ratios were calculated from data presented in Table 2.
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FIG. 6. The effects of MnSOD overexpression on clono-
genicity in soft agar. *Significantly different from XR23M at
the p < 0.05 level. No colony formation was observed in clone
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20.5% colony-forming abilities, respectively, whereas MnSOD
overexpressors formed colonies ranging from 0% to 3.2%
(Fig. 6). These results are expected because, in general, can-
cer cells show a higher frequency of growth in soft agar than
normal cells. These studies demonstrate that MnSOD overex-
pression has inhibitory effects on the in vitro growth of cells
grown in 1% serum or in 10% serum and 0.35% soft agar.

The in vivo growth effects of MnSOD overexpression on
tumor-forming ability and rate of metastasis to the lung in
nude mice were also evaluated. Three to four animals per cell
line were used, and each experiment varied according to the
number of cells injected per animal, as well as the duration of
the experiment. Figure 7A demonstrates tumor formation of
the three MnSOD-overexpressing cells (mMn6, mMn9, and
mMn185) when compared with the XR23M parental control.
One million cells were injected per animal in this experiment.

Tumor growth was apparent by day 14, at which point tumor
volumes were measured over a period of 30 days. When com-
pared with the parental XR23M cell line, MnSOD overex-
pressors exhibited reduced tumor volume as MnSOD activity
increased (see Table 2). Moreover, an average of 10.5 lung
metastases per animal were quantified for the XR23M malig-
nant control, whereas 0.5–1.5 were quantified in lung tissue
derived from animals injected with MnSOD-overexpressing
cells (Fig. 7B). Also, metastatic potential demonstrated a lin-
ear response with respect to MnSOD activity levels, with a
linear regression correlation coefficient of 20.94 (Fig. 7B
inset and Table 4). Similar growth kinetics was observed in
two additional experiments, in which 1 3 105 or 5 3 106 cells
were injected per animal (data not shown). 

The most interesting observation of the effects of MnSOD
transfection on in vivo tumor growth pertained to the unantic-
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FIG. 7. (A) In vivo growth rates of MnSOD
overexpressors compared with XR23M malig-
nant control. One million cells were injected per
animal. Mean tumor volumes were calculated
from four animals. The inset figure demonstrates
similar growth rates of the Neo3 vector control
and parental XR23M cell line; in this experiment,
105 cells were injected per animal. (B) In vivo ef-
fects of MnSOD overexpression on metastatic
potential in XR23M parental control, mMn6,
mMn9, and mMn185 cell lines, which exhibit
two- to fourfold increases in MnSOD activity
when compared with XR23M control. The inset
demonstrates the linearity of the association be-
tween MnSOD activity and metastatic potential.
(C) In vivo growth rates of mMn249 (fourfold
MnSOD underexpressor) and mMn185 (fourfold
MnSOD overexpressor) compared with XR23M
parental control. Cells (1 3 105) were implanted
in the shoulders of each animal. Tumor growth
was followed in three (XR23M and mMn249) or
four (mMn185) animals for 35 days. 



ipated, slower in vivo growth of clone mMn249, which under-
expressed MnSOD when compared with the XR23M control
(Fig. 7C). In light of this f inding, the in vivo data were ana-
lyzed relative to each cell line antioxidant profile (Tables 2
and 3). To this end, Fig. 8 demonstrates tumor volume plotted
as a function of (A) MnSOD activity and (B) MnSOD:Se-dep
GPx ratio. The shapes of these curves are provocative and
suggest an involvement of antioxidant imbalance in the sup-
pression of tumor growth in transfected cell lines that both
underexpress and overexpress MnSOD. Moreover, these data
suggest an optimum antioxidant/oxidant level, which may be
necessary for proliferation of the tumor cell. To this end, lin-
ear regression correlation coefficients were calculated rela-
tive to metastatic potential (Fig. 7B inset) and antioxidant
profile (Tables 2 and 3), and are summarized in Table 4. Lin-
ear regression analyses of these data suggest that metastatic
potential decreases linearly as a function of the following pa-
rameters: increased MnSOD activity, decreased total GPx ac-
tivity, increased MnSOD:CAT ratios, and increased MnSOD:
total GPx ratios, and is suggestive of a role of increased intra-
cellular peroxides in the antimetastatic effects of MnSOD
overexpression. It should be pointed out here that although
fewer metastases were observed in the animals injected with
MnSOD overexpressing clones, these clones also grew much
more slowly. So, one possibility is that the metastases were
fewer simply because the primary tumors were smaller. Fur-
ther experiments are necessary to examine this question. In
summary, these results suggest that MnSOD overexpression
suppresses tumor growth, as well as metastasis to the lung,
and that these anticancer effects may be mediated through al-
terations in the balance between peroxide-generating versus
peroxide-metabolizing enzymes within the tumor.

DISCUSSION

MnSOD has been shown to function as an antitumor agent
(25). The current report demonstrates growth inhibitory effects
in MnSOD transfectants that overexpress active enzyme. We
could only obtain clones that had increased MnSOD activity
when we transfected with mouse MnSOD cDNA and not

human MnSOD cDNA. We have obtained this result in other rat
cell lines also. These results suggest that cross-species trans-
fections with MnSOD cDNA should be done with caution.

Interestingly, one clonal population that underexpressed
the MnSOD enzyme also exhibited tumor suppressive effects.
Why this clone underexpressed MnSOD remains a mystery,
but is most likely due to integration of the transfected cDNA
into a region of the rat genome that affects MnSOD expres-
sion. This result was based on only one clone, and so more
clones need to be investigated to f irm up this observation.
Nevertheless, the results suggest that inhibition of MnSOD
could also be utilized as a growth inhibitory strategy for can-
cer. This could be done with antisense oligos or small inter-
fering RNA.

We hypothesize that the tumor suppressive effects for both
the over- and underexpressors may be explained by alter-
ations in antioxidant balance within the transfected cell lines,
which in this study is characterized by the ratios of peroxide-
generating to peroxide-metabolizing enzyme activities. In
support of this hypothesis, Li et al. have isolated clonal popu-
lations of human DU145 prostate carcinoma cells overex-
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TABLE 4. SUMMARY OF LINEAR REGRESSION CORRELATION

COEFFICIENTS RELATING METASTATIC POTENTIAL TO

ANTIOXIDANT PROFILE, AS WELL AS COMPARING THE OTHER

ANTIOXIDANT ENZYME ACTIVITIES TO MNSOD ACTIVITY

Linear 
regression (r)

Metastatic potential* vs. MnSOD activity† 20.9458
Metastatic potential vs. MnSOD:GPx‡ 20.8248
Metastatic potential vs. MnSOD:CAT‡ 20.5685
Metastatic potential vs. total GPx activity† 0.7613
MnSOD activity vs. total GPx activity† 20.9348

*Metastatic potential was based on values presented in Fig. 7.
†MnSOD and total GPx activity levels are presented in

Table 2.
‡MnSOD:GPx and MnSOD:CAT ratios are presented in

Table 3.

FIG. 8. Tumor volume as a function of (A) MnSOD activ-
ity and (B) MnSOD:Se-dep GPx ratio. Tumor volumes were
obtained from animals injected with 105 cells, whereas MnSOD
activity and MnSOD:Se-dep GPx ratios were taken from Tables
2 and 3, respectively.



pressing MnSOD, which were characterized as adapted (two-
fold increase in MnSOD and twofold increase in CAT) and
nonadapted (fivefold increase in MnSOD with no measurable
change in CAT) (15, 16). When compared with that of parental
controls, electron microscopic analysis of nonadapted cells
only, demonstrated mild focal loss of mitochondrial cristae
under normal cell culture conditions, whereas dramatic mito-
chondrial injury was observed following exposure to 1.5 mM
H2O2. Both adapted and nonadapted cell lines demonstrated
an accumulation of intracellular peroxides that were associ-
ated with a slight decrease in cell viability. However, when
compared with parental and vector controls, exposure to ex-
ogenous H2O2 or mitomycin C resulted in decreased viability
of the nonadapted clone only (15). In addition, decreased glu-
tathione (GSH):glutathione disulfide (GSSG) ratios were as-
sociated with cell cycle alterations in the adapted and nonadapted
cell lines (16). These results demonstrate that overexpression
of MnSOD perturbs the intracellular antioxidant balance, which
under specific growth conditions leads to an accumulation of
intracellular peroxides at least in the mitochondria and de-
creased cell viability. 

The suggestion of a role of antioxidant or redox imbalance
in the anticancer effects of MnSOD has been suggested in
other reports. For example, overexpression of MnSOD (5.7-
fold) in MCF-7 malignant breast cancer cells resulted in a
nonproliferating clonal population, which remained quiescent
unless 10 mM pyruvate, a H2O2 scavenger, was added to the
tissue culture media (14). More recent studies have demon-
strated that the growth inhibitory effects of MnSOD overex-
pression are mediated by the generation of intracellular per-
oxides. To this end, the overexpression of either GPx or CAT
reversed the growth inhibitory effects of MnSOD by altering
the intracellular redox status (17, 37). Moreover, Kim et al.
have demonstrated that tumor cell growth inhibition mediated
by MnSOD overexpression was associated with increased
aconitase activity, decreased intracellular GSH:GSSG ratio,
and a dose-dependent inhibition of pyruvate carboxylase ac-
tivity (11). These results demonstrated that MnSOD-mediated
alterations in the steady-state concentrations of mitochondr-
ial O2

?2 and H2O2 impact cellular metabolic capacity, culmi-
nating in inhibitory effects on tumor cell proliferation (11). In
another report, MnSOD-mediated suppression of tumor
growth was enhanced by the glutathione reductase inhibitor
1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), and the GSH
synthesis inhibitor buthionine sulfoximine (49). Moreover,
the sensitivity to BCNU-mediated cell killing was partially
inhibited by pyruvate, a H2O2 scavenger, further implicating
an involvement of peroxides in the tumor suppressive effects
of MnSOD overexpression. These results support the hypoth-
esis that the antitumor effects of MnSOD are mediated at
least in part through alterations in intracellular antioxidant/
redox balance leading to conditions that are unfavorable for
tumor growth. 

The concept of antioxidant imbalance may also explain the
observation in the current report, pertaining to the antiprolif-
erative effect of MnSOD underexpression on tumor growth in
a selected clonal population. When compared with the
XR23M control, underexpression (fourfold decrease) as well
as overexpression (fourfold increase) of MnSOD resulted in
reduced tumor growth (Fig. 8A). The same pattern of growth
inhibition was observed when tumor volume was plotted as a

function of MnSOD:Se-dep GPx ratio (Fig. 8B). MnSOD:Se-
dep GPx ratio is a measure of enzymatic activities involved in
H2O2 generation versus H2O2 metabolism, and therefore sug-
gests a role of H2O2 in tumor cell growth. This ratio increased
linearly as a function of MnSOD overexpression and was as-
sociated with tumor growth inhibition in three of the selected
populations. However, a sharp decrease in MnSOD activity
and MnSOD:Se-dep GPx ratio (mMn249) was also associ-
ated with growth inhibition and suggests a requirement of an
optimum level of H2O2 for tumor cell growth as shown in Fig.
8. The involvement of H2O2 concentration dependence in the
regulation of cellular response has been reviewed by Davies
(6) and may explain these results. In this review, very low lev-
els of H2O2 (3–15 µM) elicit a significant mitogenic response
resulting in 25–45% stimulation of growth, whereas higher
levels (120–150 µM) cause temporary growth arrest, followed
by an adaptive stress response in which protective proteins
are induced. At H2O2 concentrations of 250–400 µM, perma-
nent growth arrest occurs in cells, which otherwise maintain
what appears to be normal cellular function. Further in-
creases in H2O2 concentration ($1 mM) result in apoptosis
and necrosis (6). 

One factor that must be taken into account in the discus-
sion of the effects of MnSOD modulation is cell location.
MnSOD is a mitochondrial protein and is thought to be enzy-
matically active only in the mitochondria. The Se-dep GPx
that our assay measures is probably mostly cytosolic GPx or
GPx1. This GPx is found in the cytoplasm, nucleus, and mito-
chondria. On the other hand, CAT is found mostly in peroxi-
somes and sometimes in the cytoplasm. Thus, the increased
peroxides that we and others have alluded to probably occur
in the mitochondria first and may diffuse to the cytoplasm.
GPx1 is in a good location to remove these peroxides, but
CAT and other peroxide-removing proteins may not be as ef-
fective due to their removed location.

In summary, the results in this study demonstrate MnSOD-
mediated growth inhibition and antimetastatic effects in
XR23M tumor cells, which are associated with alterations in
antioxidant balance. These data also suggest the requirement
of an optimal balance between intracellular oxidants and an-
tioxidants for tumor cell growth, and are supportive of the
hypothesis that the critical factor distinguishing normal cell
division from that of transformed cells involves the intracel-
lular levels of H2O2 (27). These results were found in fibro-
blasts, and it remains to be seen if similar results would be
observed in epithelial cells, which are the source of the ma-
jority of human cancers.
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ABBREVIATIONS

BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; CAT, cata-
lase; CuZnSOD, copper- and zinc-containing superoxide dis-
mutase; GPx, glutathione peroxidase; GSH, glutathione;
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GSSG, glutathione disulfide; H2O2, hydrogen peroxide; MnSOD,
manganese-containing superoxide dismutase protein; MnSOD,
manganese-containing superoxide dismutase gene, cDNA, or
RNA; NBT, nitro blue tetrazolium; O2

?2, superoxide radical;
PCR, polymerase chain reaction; ROS, reactive oxygen
species; RT-PCR, reverse transcriptase–polymerase chain
reaction; Se-dep, selenium-dependent; SOD, superoxide dis-
mutase.
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