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Abstract

Manganese superoxide dismutase (MnSOD) Is reduced in a variety of
tumor cells and has been proposed to be a new type of tumor suppressor
gene. The mechanism(s) by which MnSOD suppresses cancer development
is currently unknown, However, expression of this antioxidant might play

a significant role in maintaining cellular redox status. The relationship
between MnSOD expression and modulation of DNA-binding activity and
transcriptional activation of redox-sensitive oncoproteins and tumor sup
pressor proteins was studied In a murine fibrosarcoma cell line (FSa-II).
Electrophoretic mobility shift assay and transcriptional activation studies
revealed an inverse correlation between MnSOD expression and activity
of c-jun-associated transcription factors, activator protein 1 and cyclic
AMP-responsive element binding protein. Furthermore, expression of an
activator protein 1 target gene, bcl-xL, was decreased in MnSOD-trans
fected cell lines. The results suggest that overexpression of MnSOD may
exert its tumor suppressor activity, In part, by modulation of specific
oncogenes.

Introduction

MnSOD3 is an essential antioxidant enzyme that catalyzes the
conversion of superoxide radical to hydrogen peroxide and molecular
oxygen within the mitochondrial matrix. A variety of tumor types
have reduced levels of antioxidant enzymes, particularly MnSOD,
when compared to their normal counterparts (1, 2). Numerous studies
have shown that transfection of MnSOD into various tumor cell lines
leads to a decrease in their tumorigenicity. Transfection of human
MnSOD cDNA into mouse lOT 1/2 cells enhanced their differentia
tion on treatment with 5-azacytidine (3) and was protective against
radiation-induced neoplastic transformation (4). Yan et a!. (5) re
ported phenotypic reversion in SV4O-transformed fibroblasts after
transfection with human MnSOD cDNA. These cells not only had a
slower growth rate and lower plating efficiencies than the NEO
control cells, but also exhibited morphological differences. Transfec
tion of the human MnSOD cDNA into breast cancer cells (MCF-7)
and melanoma cells (UACC-903) significantly suppressed their ma
lignant phenotype, resulting in growth suppression in nude mice and
loss of clonogenicity (6, 7). We have reported previously that the
number of cells required to make tumors in syngeneic mice was
markedly increased after transplantation of a MnSOD-transfected
murine fibrosarcoma cell line (MnSOD-FSa-ll) compared to NEO
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transfected cells alone (8). Furthermore, the frequency of metastases

was greatly reduced in the syngeneic mice receiving the MnSOD
FSa-II cells (9). The transfected FSa-II cell line had an increase in the
extracellular matrix protein fibronectin. Several studies have shown
that a decrease in expression of fibronectin correlates with oncogenic
transformation (10, 11). Urano el a!. (12) reported resistance to
radiation-induced cytotoxicity in MnSOD-FSa-II cells grown in aer
obic culture conditions. Furthermore, a reduced radiation dose was
required to control one-half of the irradiated tumors (TCD50) for the
tumors produced from the MnSOD-transfected cells when irradiated
in vivo under hypoxic conditions. Taken together, these studies pro
vide in vitro and in vivo evidence of tumor suppressor effects of
MnSOD.

Functionally, MnSOD converts superoxide radicals to hydrogen
peroxide and molecular oxygen (13). Catalase or glutathione peroxi
dase further degrades hydrogen peroxide, to form water. A cellular
imbalance in antioxidant enzymes and/or reactive oxygen species are
thought to contribute to a pro-oxidant environment in cancer (14). In
addition, changes in the cellular redox status of a cell can alter
DNA-binding and transactivation activities of many transcription fac
tors, including oncogenic proteins of the NF-scB and AP- 1 complexes
and tumor suppressor proteins, such as p53 (15). A shift in the redox
status of the cell can either up- or down-regulate DNA binding and

subsequently modulate gene expression (15). Because MnSOD might
modulate the intracellular redox status, we examined the DNA
binding and transcriptional activity of redox-sensitive oncoproteins
and tumor suppressor proteins in MnSOD-transfected mouse fibro
sarcoma cells. We found an inverse correlation between MnSOD
expression and transcriptional activity of jun-associated transcription
factors.

Materials and Methods

Cell Lines. A mouse fibrosarcoma cell line (FSa-II) that arose in a C3Hf/
Sed mouse was maintained in McCoy's Medium Sa supplemented with 10%
fetal bovine serum and 1% antibiotics at 37Â°Cin a humidified atmosphere
containing 5% CO2 (16). The FSa-II cells were transfected with the pSV2-
NEO plasmid or cotransfected with the sense MnSOD expression plasmid
(pH@3APR-1),as described previously (9). After 48 h, the cells were exposed
to 400 p@g/mlof geneticin. Colonies originating from a single transfected cell
were selected. Two clones that expressed different levels of MnSOD activity
[i.e., low (SOD-L) and high (SOD-H)] were selected together with a control

clone transfected with only the pSV2-NEO plasmid (NEO).
Determination of Cell Doubling Time. On the basis of the plating effi

ciencies ofthe cell lines (12), 1 X l0@ cells for the NEO line and 5 X l0@ cells

for the MnSOD-transfected lines were plated in 10â€”14dishes. Two dishes
were trypsinized every day, and the cells were counted using a hemacytometer.
Cell doubling times were obtained by linear regression analysis after plotting
the logarithm of the number of cells versus hours after plating.

SOD Activity Gel. Cells grownin 100-mmdishes were washedtwice with
10ml ofPBS, scraped, and resuspended in phosphate buffer [50 nmt(pH 7.8)].
The cell suspension was sonicated on ice three times, 15 s each, by using a
Fisher Scientific 550 sonic dismembrator with 10% power. The total protein of
the cell homogenates was measured by the Bio-Rad assay using BSA as the
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standard. Proteins of each sample (250 p@g)were loaded on a 12% polyacryl
amide gel with a 5% stacking gel. For visualization of the SOD bands, the gels

were stained with 2.43 mMNBT for 20 mm followed by a 15-mm incubation
in 28 mMriboflavin/28 m@iN,N,N',N'-tetramethylethylenediamine. All incu
bations were performed in the dark. The gels were exposed to fluorescent light
until achromatic SOD bands appeared against a blue background (17).

Colony Formation Assay. Single cells suspended in supplemented
McCoy's medium were plated into 60-mm dishes in triplicate for each clone
examined. Cells (1000/dish for NEO and 500/dish for SOD-L and SOD-H
each) were plated and kept for 12 days in the incubator to allow for colony
formation. The colonies were fixed and stained in 0. 1% crystal violet and 2.1%
citric acid.

EMSAs. The cell lines were seeded at a density of either 6.0 X l0@
cells/ISO-mm dish (NEO) or 3.0 X l0@cells/ISO-mm dish (SOD-L and
SOD-H). During the exponential growth phase, nuclear extracts were isolated
as described by Dignam and Roeder (18), with the inclusion of 35% glycerol
and protease inhibitors (pepstatin, aprotinin, and leupeptin) at I p@g/mlin the
extraction buffer. Protein concentration was determined by a colorimetric
assay (Bio-Rad Laboratories, Richmond, CA).

Consensus double-stranded oligonucleotides were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA) and Promega (Madison, WI). These
oligonucleotides were radioactively end labeled with [â€˜y-32P]ATP (3000 Ci!

mmol at 10 mCi/mI) and T4 polynucleotide kinase (New England Biolabs,
Beverly, MA). The probes were purified on a 20% native PAGE gel. The gel
was exposed to KOdak film, and the band corresponding to the double strand
was excised. The DNA was eluted overnight at 37Â°Cin 300 pA of 10 mM
Tris-HCI and 1 mMEDTA buffer (pH 7.4). The activity of labeled probe was
counted and stored at â€”70Â°C.

Five @xgof nuclear extract protein were used, and the final volume of each
reaction was 20 @xl.In each reaction, 4 ,xl of 5-fold binding buffer [20%
glycerol, 5 mM MgCl2, 2.5 mr@EDTA, 5 mt@iDli', 50 mr@iTris-HC1 (pH 7.5),
0.25 mg/ml poly(deoxyinosinic-deoxycytidylic acid] and 30,000 cpm of Ia
beled probe were used. Samples were incubated at room temperature for 20
mm. The reaction was stopped by addition of 2 p1 of lOX DNA loading buffer
[25 nmi Tris-HCI (pH 7.5), 0.02% bromophenol blue, and 4% glycerol].

DNA-protein complexes were separated from unbound probe on a native 4%
PAGE gel in 0.5X Tris-borate-EDTA buffer. Gels were vacuum dried and
exposed to KOdak film at â€”70Â°Cfor 24â€”48h.

Competition experiments with unlabeled oligonucleotides were used as

specificity control for DNA-binding activity. Supershift experiments to show
the components of the AP-l complex were performed by addition of 2 pi of the
primary antibody (c-jun. jun-D, jun-B, or fos) to the binding reaction and
extending the incubation to 1 h at room temperature. All antibodies were

purchased from Santa Cruz Biotechnology.
Northern Analysis. Total RNA was isolated by the method of Chirgwin et

a!. (19). RNA was estimated spectrophotometrically at 260 nm. Twenty @zgof

total RNA were loaded in a 1% agarose-formaldehyde gel for electrophoresis
and then transferred onto a nylon membrane (Nytran Plus; Schleicher &
Schuell, Keene, NH). The membrane was baked at 80Â°Cfor 2 h, prehybridized
at 42Â°Cin prehybridization solution (50% formamide, 5X saline-sodium
phosphate-EDTA (150 mM NaCl, 10 mM NaH2PO4, H2O, and 1 mM EDTA),
5 x Denhardt's solution, 0.1% SDS, and 100 @xg/ml sonicated salmon sperm

DNA), and then hybridized for 72 h at 42Â°C.Probes were 32P labeled using the
random priming method. The filters were washed at room temperature twice
for 15 mm with 2X SSC (150 mist NaCI and 15 mt@isodium citrate), 0.1% SDS,
and 0.1% Na PP1. and twice for 20 mm at 65Â°Cwith 0.1 X SSC, 0.1% SDS, and
0.1% Na PP1. The blots were then exposed to X-ray film at â€”70Â°Cfor an
appropriate time, Probes used were a human MnSOD cDNA and a chicken
j3-actin cDNA (OnCor, Inc., Gaithersburg, MD).

Construction of AP-1-pGL3-Luc Plasmid. Two 27-bp complementary
oligodeoxynucleotides, 5'-TCGAGCGCVfGATGAGTCAGCCGGAAA-3'

and 5'-AGC1TfTCCGGCTGACTCATCAAGCGC-3', containing the AP-l
consensus sequence (underlined) were synthesized (Life Technologies, Inc.,
Grand Island, NY), annealed, kinased, ligased, and inserted at the XhoI site in
a pGL3-SV4O promoter vector containing a firefly Luc reporter gene (Pro
mega). The orientation and integrity of the AP-l-pGL3-Luc plasmid was
verified by sequencing using specific primers and the Thermosequenase cycle
sequencing kit (Amersham Corp.). Sequence analysis revealed concatenation
of the oligonucleotide resulting in two copies of the AP-l construct (Fig. 1).

2X LTGAGTCAGCI

@tarLUC@@SE AP-1-pGL3-Luc

XhoI Hindu

sv@so
Promoter LUCIFERASE pGL3-Luc

Xho I Hind Ill

Fig. 1. Structures of the plasmid constructs of the AP-l-dependent pGL3-Luc vector
(AP-I-pGL3-Luc) and control vector (pGL3-Luc). Synthetic oligonucleotides containing
two copies of the AP-l consensus sequence (shown in brackets) were ligated to the
SV4O-minimal promoter in pGL3-Luc vector (Promega).

Cells were plated at a density of 5 X 10@cells/well in a six-well plate. After
24 h, the cells were transfected using a modification of the calcium phosphate
method described by Graham and Van Der Eb (20). Three @zgof empty vector
(pGL3-Luc) or 3 @gof the Ap-l-pGL3.Luc vector were cotransfected with 3
@.tgof pRL-TK, which contains the Renilla cDNA driven by the thymidine
kinase promoter. After 48 h, the cells were washed in PBS, lysed in reporter
passive lysis buffer (Promega), and centrifuged for 30 s to pellet cellular
debris. The samples (20 @xl)were analyzed for Luc activity using the Dual-Luc
Reporter Assay System (Promega) according to manufacturer instructions in a
TD-20/20 luminometer (Turner Designs).

Mitochondrial Fractionation. The â€œmitochondnal fractionâ€• of FSa-II

cells was prepared by washing the cells twice in ice-cold PBS, followed by
resuspension in S ml of0.25 M sucrose, I mM EGTA, and 10 mrvt Tris-HC1 (pH

7.4) and centrifuging at 500 X g for 2 mm at 5Â°C. The supematant was

discarded, and the cells were resuspended in 5 ml of the same buffer. The cells
were homogenized in a glass-Teflon homogenizer using 10 up-and-down
strokes at 500 rpm. The homogenate was centrifuged at 1,500 X g for 10 mm

at 5Â°C.The supernatant was decanted and centrifuged at 10,000 X g for 10 mm
at 5Â°C.The crude mtochondrial pellet was resuspended in 100 @xlof buffer,
and protein concentration was determined by a colorimetric assay (Bio-Rad
Laboratories).

Western Blot Analysis. Mitochondrial proteins (100 @xgÃ±ane)were dcc
trophoresed in a 12.5% SDS-polyacrylamide gel according to the method of
Laemmli (2 1). Transfer onto nitrocellulose membrane was assessed by incu
bating with 0. 1% Ponceau. The membrane was washed with distilled water to

remove the excess stain and blocked in Blotto [5% milk, 10 mM Tris-HC1, 150
mM NaCI (pH 8.0), and 0.05% Tween 20) for 3 h at room temperature. The
membrane was them incubated with an affinity-purified rabbit anti-bcl-xL
antibody (1 @xg/ml)in Blotto at 4Â°Covernight. The bcl-x antibody, which was
obtained from Santa Cruz Biotechnology, was raised against a peptide corre
sponding to amino acids 193â€”212of the human bcl-xL protein (identical to the
corresponding mouse sequence). The antibody is specific for bcl-x proteins and
does not cross-react with bcl-2 or bax. After washing two times in TBS (10 mM
Tris-HCI and 150 mM NaCl)-0.05% Tween 20, the blot was incubated with
goat antirabbit IgG conjugated to horseradish peroxidase (Cappel) at a I :3000
dilution in Blotto for 1 h at room temperature. The blot was washed three times
with TBS-0.05% Tween 20 and once with TBS. Protein bands were visualized
using the enhanced chemiluminescence detection system (Amersham).

Results

Expression of MnSOD in FSa-II Cells. A highly metastatic mu
rime fibrosarcoma cell line (FSa-II) was transfected with the pSV2-
NEO plasmid or cotransfected with an expression vector for human
MnSOD under the control of a human f3-actin promoter (22). After
selection in geneticin, resistant colonies were isolated and expanded
for further characterization. Integration of the MnSOD gene was
verified by Southern blot analysis. The level of MnSOD activity was
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Fig. 2. Expression of human MnSOD mRNA. Twenty @zgof total RNA from each
sample were electrophoresed and transferred. Blot was hybridized with 32P-labeled
MnSOD cDNA probe. RNA loading was verified using a 32P-labeled j3-actin cDNA
probe.
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57 Â±3 and 144 Â±5 units/mg protein, respectively (9). All cell lines
equally express CuZnSOD, which migrates at Mr 32,000.

In Vitro Growth Characteristics. Growth curves were performed
by seeding cells as described in â€œMaterialsand Methodsâ€•and then
counting the cells daily. Fig. 4 shows the result of an experiment with
cells analyzed in duplicate. The SOD-L clone exhibited no change in

doubling time compared to the NEO control clone (15.4 Â±0.5 h). The
doubling time of the SOD-H clone was 17.1 Â±1.7 h.

Compared to NEO control cells, colonies formed in the SOD-H-
overexpressing clone were generally not as dense (Fig. 5). In addition
to the change in colony formation, a change in morphology was
observed in the MnSOD-overexpressing clones. Fig. 6 shows a more
fibroblast-like morphology in MnSOD-transfected cells compared to
NEO control cells.

Overexpression of MnSOD Modulates the DNA-binding Activ
ity of AP-1 and CREB. To determine whether transcription factors
are modulated by MnSOD, cell lines that express low (SOD-L) and
high (SOD-H) MnSOD activities were compared to control (NEO)
cells transfected with vector alone. Initially, we examined the DNA

binding activities of a variety of oncoproteins (Ap-l, CREB, and
NF-KB) and tumor suppressor proteins (p53) to determine whether

overexpression of MnSOD would lead to a general modulation of all
redox-sensitive transcription factors or a more specific target in reg
ulation of activity.

Fig. 4. in vitro growth analysis of MnSOD-FSa-II cells. Cells were seeded in 60-mm
dishes, and cells were counted daily using a hemacytometer. All data are expressed as
means of counts made in quadruplicate. NEO, neomycin-transfected FSa-II cells; LOW,
FSa cells expressing low MnSOD activity; HIGH, FSa expressing high MnSOD activity.
Bars, SD.

SODL
initially assayed in cell homogenates of positive clones by the NBT
method (9). Thereafter, the cell lines were routinely monitored by
Northern analysis and activity gel assay. No MnSOD mRNA band
was visualized in the Northern blot from the NEO control cell line
(Fig. 2) after hybridization with the human MnSOD cDNA. The
SOD-L and SOD-H cell lines show a band of approximately 1 kb in
size after hybridization. RNA sample loading was equivalent based on
the equal intensity of the @-actinband in all cell lines.

As shown in Fig. 3, the MnSOD-transfected cells, but not the NEO
control cells, show a band at Mr 88,000 corresponding to the trans- Fig.5.Colony-formingassayofNEOandMnSODtransfectants.Cellswereplatedinto

. . . 6O@mm dishes, 500 cells/dish for each of the MnSOD transfectants and 1000 cells/dish for

fected human MnSOD. These data were in agreement with previously theNEOcontrol.After12days,colonieswerestainedwith0.1%crystalvioletand2.1%
reported MnSOD activities (Â±SD) of SOD-L and SOD-H cells of citricacid.
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petitive inhibition with unlabeled oligonucleotides that contained the
same consensus sequences as the labeled probes, as well as the SP-l

consensus sequence. Formation of the DNA-protein complex was
reduced significantly on competition with a 100-fold excess of the
same cold oligonucleotide, but not with the SP-l oligonucleotide.

AP-l transcriptional activity is dependent on the complex interac
tion of many proteins (c-jun. jun-B, jun-D, fos, and fra; Ref. 23).
Therefore, the composition of the AP-l complex(es) binding to its
consensus oligonucleotide in FSa-II cells was analyzed by supershift

analysis. Nuclear extracts were incubated for 1 h at room temperature

with antibodies specific for the different fos and jun proteins prior to
the DNA-binding reaction. As shown in Fig. 8, incubation with
antibodies to c-jun and jun-D represents the major constitutents of the
AP-l binding activity. Only a slight shift withjun-B can be seen in the
NEO cells. No shift or reduction in AP-l DNA-binding activity was

a seeninanyofthecelllineswiththefosantibody.
Expression of MnSOD Modulates the Transcriptional Function

of AP-1. To verify the functional activity of AP-1 complexes in the
FSa-II cell lines, AP-l transcriptional activation was measured. The
three cell lines were transfected with an AP-l-dependent Luc reporter
construct, which was made by synthesizing an AP-l consensus oh

gonucleotide and ligating to the XhoI site in the pGL-3-SV4O-Luc
promoter vector (Fig. 1). Forty-eight h after transfection, the cells
were washed and lysed, and Luc activity was measured as described
in â€œMaterialsand Methods.â€•AP-l activity was defined as the increase
in Luc activity seen in cells transfected with the AP-l-pGL3-Luc
plasmid as compared to cells transfected with the vector (pGL3-Luc)
alone. Cotransfection with the pRL-TK DNA served as an internal
control to which the reporter gene was normalized. As seen in Fig. 9,
the NEO cells had a 3-fold greater AP-l activity compared to the
SOD-L cells and a 20-fold greater AP-l activity compared to SOD-H

b cells.Theseresultscorrelatewell with theEMSAs,whichshoweda
decrease in AP-l DNA-binding activity as MnSOD activity increased.

bcl-xL Protein Is Reduced in the Mitochondria of Cells Over

expressing MnSOD. To further verify the AP-l transcriptional ac
tivity, we analyzed the expression of an AP-l target gene, bcl-xL.
Bcl-xL protein content in the mitochondrial fraction of transfected and
control cells was assayed by Western analysis. Fig. 10 shows a
decrease in bcl-xL protein in the MnSOD-overexpressing cells com
pared to NEO. Analysis using a Pharmacia LKB Ultroscan XL den
sitometer revealed a 67.8% decrease in the SOD-L sample and a
76.4% decrease in the SOD-H bcl-xL protein content compared to the
NEO control sample.

MnSOD is proposed to be a new type of tumor suppressor gene.
The activity of this protein is reduced in a variety of cancer and
in vitro-transformed cell lines, whereas it is increased in differentiated
cells. Studies by our group and others show clearly that overexpres

sion of MnSOD in numerous cancer cell lines reduces tumorigenicity.

Morphological differences were observed in the MnSOD-overex
pressing clones. Compared with the NEO control cells, these clones
grew in monolayers, with long cellular processes, resembling a fibro
blast-like morphology. These studies agree with results by Yan et a!.

(5), who notedmorphologicaldifferencesin MnSOD-transfected
SV4O-transformed fibroblasts. The growth rates among the three cell
lines were not significantly different; however, the SOD-H cells
produced colonies that were less dense than the NEO control cells.
Previously reported studies by our group have shown that the Mn
SOD-transfected fibrosarcoma cells are capable of forming tumors in

syngeneic mice, but that the cell number required to form a tumor is

increased significantly compared to parental or NEO-transfected cells
5268
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Fig. 6. Phase-contrast micrographs showing morphological change of MnSOD-over
expressing clones. a, NEO-transfected cells; b. SOD-L-transfected cells; c, SOD-H-
transfected cells.

Cells were harvested while growing exponentially, nuclear extracts
were prepared, and specific DNA-binding activity was measured as
described in â€œMaterialsand Methods.â€•As shown in Fig. 7, EMSA
indicates an inverse correlation between MnSOD activity and DNA

binding activity of AP-l and CREB transcription factors (Fig. 7A). No
change in the DNA-binding activity for NF-KB (Fig. 7A) or p53 (Fig.
7B) was seen among the three cell lines.

Of the transcription factors examined in the FSa-II cell line, only
the jun-associated proteins were modulated by overexpression of
MnSOD. Specificity for the AP-l sequences was confirmed by com
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Fig. 7. EMSA of nuclear extracts (5 @zg)of exponentially
growing FSa-II cells using radiolabeled oligonucleotides [AP
I, CREB, and NF@xB (A) and p53 (B)]. A, Lanes I, 4, and 7,
extracts from NEO-transfected FSa-H cells; Lanes 2, 5, and 8,
nuclearextractsfromSOD-Lcells;Lanes3, 6, and9, nuclear
extracts from SOD-H cells. ft,, free probe. B. Lane I, NEO;
Lane 2, SOD-L; Lane 3, SOD-H nuclear extracts.

B

proteins was examined. The results show a modulation of specific
oncogenic proteins with the increased level of MnSOD in the MnSOD
cDNA-transfected clones.

.@ An explanation for the inverse correlation of MnSOD expression

and AP-l DNA-binding activity in FSa-II cells could be that it is due
AP-I to a decrease in the endogenous superoxide concentration, resulting in

a modulation of the cellular redox status. Superoxide is one of many
forms of activated oxygen species that contribute to a pro-oxidant

a-c-jun a-jun-B ct-jun-D a-c-fos

I,
1 2 3 4 5 6 1 8 9 10 11 12 13 14 15

Fig. 8. Supershift analysis of nuclear extracts (5 @sg)of exponentially growing FSa-II
cells using a radiolabeled AP-l oligonucleotide and antibodies against c-jun. jun-B, jun-D,
and c-fos. Lanes 1â€”3,nuclear extracts without antibody. Lanes 1. 4, 7. 10. and 13, nuclear
extracts from NEO-transfected FSa-II cells. Lanes 2, 5, 8, 11, and 14, nuclear extracts
from SOD-L cells. Lanes 3, 6, 9, 12, and 15, nuclear extracts from SOD-H nuclear
extracts. Arrow, AP-l complex with bound antibodies.

(8). Furthermore, the metastatic potential was reduced significantly in
the MnSOD-transfected cells. Taken together, these results clearly
demonstrate an inverse correlation between MnSOD activity and
tumorigenicity in the FSa-II cells.

Although in vitro and in vivo data strongly suggest a role for
MnSOD as a tumor suppressor protein, the mechanism is unknown.
Interestingly, oxygen-containing radicals, such as superoxide, have
been thought to contribute to cancer development, primarily through
DNA damage. Recently, studies by Irani et a!. (24) have shown a role
for superoxide in the signal transduction pathway of the proto-onco
gene ras. Alterations in the ras pathway result in increased DNA
synthesis which involves superoxide. Just how the superoxide radical
carries the ras signal is unknown; however, it is possible that modu

lation of the redox status is involved.
In this study, the effect of overexpression of MnSOD on DNA

binding activities of redox-sensitive oncogenic and tumor suppressor
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Fig. 9. Transcriptional activity of an AP-l-pGL3-Luc reporter construct. NEO control
and MnSOD-FSa-II cells (SOD-L and SOD-H) were transfected with 3 @zgof either
pGL3-Luc or AP-l-pGL3-Luc DNA, and then each was cotransfected with 3 @xgof
pRL-TK DNA. NEO. LOW. and HIGH, vector alone. NEO/AP-I, LOW/AP-I, and HIGH!
AP-I, AP- l-pGL3-Luc. All data are expressed as means of two independent transfections.
Bars, SD.
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sensus sequence at â€”267. The bcl-xL protein exhibits high homology

with bcl-2, is localized within the mitochondrial membrane (36), and
inhibits apoptosis induced by various stimuli (37). A decrease in
bcl-xL protein in MnSOD-transfected fibrosarcoma cells compared to
the NEO-transfected cells suggests strongly that the inverse correla
tion observed between AP-l DNA-binding activity and expression of
MnSOD leads to modulation of bcl-xL expression. However, because
the promoter region of the bc!-xL gene contains numerous regulatory
regions in addition to AP-1, it is conceivable that other regulatory
regions are important in the basal expression of this protein.

The bc!-2 gene was initially discovered as an oncogene in
non-Hodgkin's B-cell lymphoma (38). Additional bcl-2 family
members, such as bcl-xL, are overexpressed in acute myeloid
leukemia lines (39). Unlike other oncogenes, which increase the
rate of proliferation, overexpression of bcl-2 and bcl-xL results in
expansion of cancer cells by preventing apoptotic cell death (40,
41). Numerous genes contain AP-l-regulatory elements within
their promoter regions; however, we selected the bcl-xL gene based
on its role in cancer. Although it remains to be established whether
the reduction of AP-l activity is a necessary upstream step for
suppression of bcl-xL, our results clearly demonstrate a link be
tween expression of MnSOD, reduction of bcl-xL and suppression
of tumorigenicity in the fibrosarcoma cells.
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