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ABSTRACT

Manganese Superoxide disimilase (MnSOD) is a member of a family
of meta lloenz) mes that catalyze the dismutation of the Superoxide aniÃ³n
to I !;<>;. It has been shown that MnSOD activity in tumor cells is lower
than that in their normal counterparts. To investigate the molecular basis
for the reduced level of MnSOD activity in human tumor cells, the
primary structure of human MnSOD has been determined from comple
mentary DNA (cDNA) isolated from a human colon carcinoma (I l'I -29)

cDNA library. The sequence of the mature protein is composed of 198
amino acids preceded by a 24-amino acid leader peptide. DNA sequence
analysis revealed that the translated region of the human tumor MnSOD
is virtually identical to the MnSOD sequence isolated from normal human
sources but exhibits differences in both the 5'- and 3'-untranslated

regions. DNA blot analysis of genomic DNA isolated from HT-29, simian
virus-transformed human lung fibroblast (SV-40/WI-38), and parental
human lung fibroblast (WI-38) cells showed an identical pattern of
hybridization to that of MnSOD cDNA. RNA blot analysis revealed that
tumor cells have lower levels of MnSOD mRNA. However, the half-life
of the mRNA was the same (approximately 10 h) in tumor and normal
cells. Ininnin<Â»logicalmeasurement of the level of MnSOD in both normal
and tumor cells also showed a reduced level of MnSOD protein in the
tumor cells. These results suggest that the reduced level of MnSOD
activity observed in human tumor cells is not due to a defect in the
primary structure of the MnSOD protein, a change in the dosage of the
MnSOD gene, or a decrease in the stability of MnSOD mRNA in tumor
cells but rather is due to a defect or defects in the expression of the gene.

INTRODUCTION

All aerobic organisms must cope with reactive oxygen species
(e.g., Superoxide anions, hydrogen peroxide, and hydroxyl rad
icals) that are formed as incomplete reduction products of
molecular oxygen in aerobic cells (1). Active oxygen species,
such as naturally occurring peroxides and radicals produced by
ionizing radiation, are also formed in organisms and cells as a
result of their contact with the environment (2). These reactive
species are thought to play a role in carcinogenesis, cardiopul-
monary disease, chemical toxicity, radiation injury, inflamma
tion, arthritis, and aging (3). Organisms that take advantage of
aerobic respiration have developed enzymatic defense systems
to block or repair this type of damage. SOD3 is one of the

enzymes in this defense system that function to scavenge poten
tially toxic Superoxide radicals (4). It has been shown that
MnSOD activity is low in tumor cells when compared to their
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normal cell counterparts (for review see Ref. 5). Antibodies
raised against normal tissue MnSOD have been used to dem
onstrate that the protein for MnSOD exists in tumor cells (6,
7). In one study (6), the loss of MnSOD activity occurred
concomitantly with a buildup of MnSOD protein. From these
results, it was suggested that MnSOD activity in these tumor
cells is low because some of the protein is inactive. However,
in our recent study using the human lung fibroblast (WI-38)
and its SV-40-transformed counterpart (7) we found that
MnSOD activity changes greatly with growth state and growth
conditions of the cells. In all cases the transformed cells have
lower MnSOD activity compared to the nontransformed cells
under the same conditions. The level of immunoreactive
MnSOD was also always lower in the transformed cells. The
normal to tumor ratios between MnSOD activity and immu
noreactive MnSOD agree quite well in all cases. These results
suggest that MnSOD activity in these tumor cells is low because
the level of the protein is low.

Since the cDNA for human MnSOD has been cloned and
sequenced from human lymphocytes, human liver, and human
placenta (8-10), with the gene for human MnSOD having been
identified as a single-copy gene encoded by human chromosome
6(11, 12), we cloned and sequenced a cDNA encoding human
colon carcinoma MnSOD in order to probe the possibility that
MnSOD activity in tumor cells is low because of a defect or
defects in the primary structure of the protein that render it
less active or less likely to be recognized by our antibody. We
have also analyzed the pattern of hybridization of the MnSOD
gene in HT-29, SV-40/WI-38, and WI-38 cells and measured
the level of MnSOD mRNA and immunoprecipitated protein
in these cells. The determination of the MnSOD primary struc
ture and the level of its gene expression is an important first
step toward further elucidation of the cause for the loss of
MnSOD activity in human cancer cells.

MATERIALS AND METHODS

Cell Culture and cDNA Library Construction. Human lung fibroblasts
(WI-38), virally (SV-40) transformed human fibroblasts VA-13 subline
2RA (SV-40/WI-38), and human colon carcinoma (HT-29) cells were
maintained in Eagle's basal medium containing 200 /AI glutamine, 10%

Tris-buffered saline, 2.2 g/liter sodium bicarbonate, 100 units/ml so
dium penicillin, and 100 Mg/ml streptomycin sulfate. For the pulse-
chase experiments, cultures of exponentially growing cells were labeled
with [3H]uridine (37.5 Ci/mmol) at 50 ^Ci/ml. After 4 h, the medium

was replaced with a medium containing 5 miviuridine, 2.5 HIMcytidine,
and serum at the appropriate level.

All routine subcultures were performed as previously described (7).
Total RNA was isolated by the method of Chirgwin et at. (13), and
poly(A+) RNA was obtained by using two cycles of oligodeoxythymi-
dylate cellulose chromatography (14). An oligodeoxythymidylate-
primed library containing cDNA inserts larger than 500 base pairs was
constructed from this RNA using the cDNA synthesis system from
Amersham based on the use of RNase H (15). This library was con
structed in the EcoRl site of the Xgtl 1 expression vector (16).
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Library Screening. The library was plated in soft agar on Escherichia
coli, strain Y1090, at a density of 2.5-3 x 10" plaques/ 100-mm plate.

Immunological screening was conducted using a 1:1000 dilution of the
previously described antibody (7). Plaques that bound anti-MnSOD
antibodies were detected with biotinylated goat anti-rabbit IgG. Positive
plaques were purified, and DNA was isolated from them by the plate
lysis method (17). The sizes of the cDNA inserts were estimated by
agarose gel electrophoresis after cleavage of the DNA with EcoRl. The
inserts were cloned into the EcoRl site of M13 mpl8 using standard
procedures. Colorless plaques that contained an approximately 1-kilo-
base insert in both the forward and reverse orientation were identified
and expanded for DNA sequence analysis.

The dideoxynucleotide chain termination method was used for all
sequence analyses in conjunction with M13 mpl8 (18). Except for the
initial clone, most of the M13 clones were generated by the exonuclease
III sequential deletion method (19). DNA sequences of various overlap
ping clones were obtained in both orientations using the modified T7
DNA polymerase (20).

DNA Isolation and Analysis. High molecular weight DNA was iso
lated from cells by a standard phenol/chloroform procedure (16). In
brief, cells were washed twice with Tris-buffered saline, scraped from
the dish, and pelleted by low-speed centrifugation. The cell pellet was
resuspended in 10 volumes of solution A (0.5 M EDTA, pH 8.0-IOO
Aig/ml proteinase K-0.5% sarcosyl) and incubated at 50Â°Cfor 3 h. The

mixture was extracted three times with phenol and dialyzed extensively
against solution B (50 mM Tris-HCI, pH 8.0-10 mM EOT A-10 HIM
NaCl). The sample was then treated with 100 ^g/ml DNase-free RNase
A followed by phenol/chloroform extraction and ethanol precipitation.

Ten fig of each DNA was digested with restriction endonucleases.
Digested DNAs were analyzed by electrophoresis through a 0.8%
agarose gel and transferred to a nitrocellulose filter. The filter was
prehybridized for 6 h at 42Â°Cin a buffer containing 50% formamide,
5x SSC (5x SSC is 0.75 M NaCl-0.075 M sodium citrate), Denhardt's

solution [0.02% (w/v) each of bovine serum albumin, polyvinylpyrroli-

done, and Ficoll], 0.1 mg/ml denatured salmon sperm DNA, and 0.2%
SDS. The cDNA was labeled with [32P]dCTP by the random hexamer
method (21), and the filter was hybridized at 42Â°Cfor 48 h in the same
solution used for prehybridization except that 0.5-1.0 x IO6 cpm/ml

of radiolabeled probe was added.
The filter was washed twice in 5x SSC, 0.1% SDS, and 0.05%

sodium pyrophosphate at room temperature, then twice in O.lx SSC,
0.1% SDS, and 0.05% sodium pyrophosphate at 68Â°C,and then ex
posed to Kodak XAR film at -70'C.

RNA Isolation and Analysis. Cytoplasmic RNA was obtained by
lysing the cells with 0.01 M NaCl-3 mM MgCl2-0.01 M Tris-HCl-0.5%
Nonidet P40. The RNA was purified by phenol extraction of the
cytoplasmic phase, which was separated from the intact nuclei by brief
centrifugation. For RNA analysis, total RNA was denatured in 7.4%
formaldehyde and 6x SSC at 65'C for 15 min and spotted onto a

nitrocellulose membrane using a dot blot minifold. Hybridization and
washing were performed as described for DNA analysis. For RNA
turnover studies, poly(A+) RNA from cytoplasmic RNA was obtained

by oligodeoxythymidylate cellulose chromatography. MnSOD cDNA
(2 fig) was denatured in alkali and immobilized on a nitrocellulose filter
(BA85). RNA to be hybridized was dissolved in 300 ^1 of 2x SSC. The
unlabeled poly(A*) RNA was included in the hybridization solution at

500 Mg/ml. The nitrocellulose filter was then added and the solution
overlayered with mineral oil to prevent evaporation. The hybridization
was performed at 65Â°Cfor 24 h. After hybridization, the filters were

washed with 2x SSC for 5 min at room temperature, for 90 min at
65Â°C,and then for 5 min at room temperature. The filters were then

incubated for 90 min at room temperature with 2x SSC containing 20
Mg/ml of RNAse A and then washed several more times with 2x SSC
at room temperature.

Immunological MnSOD Assay. The amount of immunoreactive
MnSOD protein was measured by a modification of a previously
described Western blotting procedure (22). Briefly, samples were elec-
trophoresed on a 12.5% polyacrylamide slab gel following pretreatment
with SDS and /Ã®-mercaptoethanolat 100'C for 4 min, and the protein

from the finished gel was electrotransferred to a nitrocellulose filter
(BA85). The nitrocellulose sheets were washed and treated with rabbit
antiserum to human MnSOD, followed by biotinylated secondary IgG
and immunoperoxidase staining.

RESULTS AND DISCUSSION

Nucleotide Sequence Analysis of Human MnSOD. Of the
700,000 recombinant phages screened, 4 positive plaques were
found to remain positive throughout 3 rounds of screening and
rescreening processes. The DNA sequence of one of these
positive plaques was determined in both directions. The nucleo-
tide sequence and deduced amino acid sequence (Fig. 1) indi
cated that, with only one exception, the amino acid sequence is
virtually identical to the MnSOD sequence isolated from nor
mal human sources (8-10). This variation is a cytosine to
guanine substitution leading to a glutamine instead of glutamic
acid at amino acid 131 found in the MnSOD cDNA sequence
from human T-lymphocytes. However, this amino acid is also
predicted to be glutamic acid by the cDNA sequence of MnSOD
isolated from human liver and human placenta. Therefore, this
variation is not unique for MnSOD isolated from human tumor
cells. These results suggest that a defect in the primary sequence
of the MnSOD protein in human tumor cells is not likely to be
the reason for the loss of MnSOD activity in human tumor
cells. It is also indicated that further study using the antibodies
raised against MnSOD from normal human sources should not
create any major problem due to differences in cell type or
tissue of origin.

Although there is no major difference in the translated region
among human MnSOD cDNA, the nucleotide sequence at the
5'- and 3'-untranslated regions of the MnSOD cDNA isolated

from human T-lymphocytes varied greatly from those found in
the human colon carcinoma (Fig. 2). These differences did not
appear to be specific for human tumor MnSOD for the follow
ing reasons:

1. Except for variations in the length of the 5'- and 3'-

untranslated regions, the nucleotide sequence cDNAs isolated
from human colon carcinoma, human liver, and human pla
centa share a common 5'- and 3'-untranslated region beginning

from the start or stop codons (Fig. 2).
2. Variations among the 3'-untranslated region of human

MnSOD cDNAs have been observed even among cDNAs iso
lated from the same cDNA library (10).

Several basic mechanisms can give rise to these variations,
including: (a) transcription of the various mRNAs for MnSOD
from two distinct genes, (b) initiation of several primary tran
scripts at alternative promoters, (c) different termination or 3'-

posttranscriptional processing, and (d) alternative splicing of
the same primary transcripts.

Since variations are found in both 5'- and 3'-untranslated

regions, it is likely that more than one of these mechanisms are
responsible for the generation of different MnSOD mRNA
species found in human cells. The significance of these differ
ences remains to be elucidated.

DNA Blot Analysis of Human MnSOD Genes. To determine
whether there is any change in the gene dosage or complexity
in human MnSOD genes in the tumor cells, DNA isolated from
VVI-38and SV-40/WI-38 cells was digested with various restric
tion enzymes (Fig. 3). The intensity of the bands is relatively
the same in both cell lines, suggesting that there is no change
in the number of copies of the MnSOD gene in the transformed
cells.
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-24 -20
Mat Leu Ser Arg Ala

TGGCTTCGGC AGCGGCTTCA GCRGATCGGC GCCATCAGCG GTAGCACCAG CACTAGCAGC ATG TTG AGC CGG OCA 75
-10 1

val cys Gly Thr ser Arg Gin Lau Ala Pro Ala Lau Gly Tyr Lau Gly Bar Arg Gin Lys Bis Bar 141
GTG TOC CGC ACC AGO AGG CAG CTG GCT CCG GCT TTG GOG TAT CTG CGC TCC AGG CAG AAG CAC AGO

10 20
Lau fio Asp Lau Pro Tyr Asp Tyr sly Ala Lau Glu Pro His Ila Asn Ala ala Ila Hat Gin Lau
CTC CCC GAG CTG CCC TAC GAC TAC GGC OCC CTG GAA CCT CAC ATC AAC GCG CAG ATC ATG CAG CTG 207

30 40
His His Ser Lys His His Ala Ala Tyr Tal Asn Asn Lau Asn Val Thr Glu Glu Lys Tyr Gin Glu
CAC CAC AGC AAG CAC CAC GCG GCC TAC GTG AAC AAC CTG AAC GTC AAC GAG GAG AAG TAC CAG GAG 273

50 60
Ala Leu Ala Lys Gly Asp Val Thr Ala Gin Ila Ala Lau Gin Pro Ala Lau Lys Pha Asn Gly Gly
GCG TTG GCC AAG GGA GAT GTT ACA GCC CAG ATA GCT CTT CAO CCT OCA CTG AAG TTC AAT GGT GGT 339
70 30 90

Gly His Ila Asn His ser Ile Pha Trp Thr Aan Leu Ser Pro Asn Gly Gly Gly GiÃ¹Pro Lys Gly
GGT CAT ATC AAT CAT AGC ATT TTC TGG ACA AAC CTC AGC CCT AAC OGT GGT GGA GAA CCC AAA GGG 405

100 110
GiÃ¹ Lau Lau Glu Ala Ila Lys Arg Asp Pha Gly Bar Phe Asp Lys Phe Lys Glu Lys Lau Thr Ala
GAG TTG CTG GAA GCC ATC AAA CGT GAC TTT SGT TCC TTT GAC AAG TTT AAG GAG AAG CTG ACG GCT 471

120 130
Ala Ber Val Gly Val Gin Gly Bar Gly Trp Gly Trp Lau Gly Pha Asn Lys Glu Arg Gly His Lau
GCA TCT GTT GGT GTC CAA GGC TCA GGT TGG GGT TOG CTT GGT TTC AAT AAG GAA CGG GGA CAC TTA 537

140 150
Gin Ila Ala Ala Cys Pro Asn Gin Asp Pro Leu Gin Gly Thr Thr Gly Leu Ile Pro Leu Leu Oly
CAA ATT GCT GCT IGT CCA AAT CAG GAT CCA CTG CAA GGA ACA ACA GGC CTT ATT CCA CTG CTG GGG 603

160 170
Ila Asp Val Trp Glu His Ala Tyr Tyr Leu Gin Tyr Lys Asn Val Arg Pro Asp Tyr Leu Lys Ala
ATT GAT GTG TGG GAG CAC GCT TAC TAC CTT CAG TAT AAA AAT GTC AGG CCT GAT TAT CTA AAA GCT 669
180 190 198
He Trp Asn Val Ile Asn Trp Glu Asn Val Thr Glu Arg Tyr Met Ala cys Lys Lys Stop
ATT TGG AAT GTA ATC AAC TGG GAG AAT GTA ACT GAA AG A TAC ATG GCT TGC AAA AAG TAA 729
ACCACGATCG TTATGCTGAG TATGTTAAGC TCTTTATGAC TGTTTTTGTA GTGGTATAGA GTACTGCAGA ATACAGTAAG 809
CTGCTCTATT GTAGCATTTC TTGATGTTGC TTAGTCACTT ATTTCATAAA CAACTTAATG TTCTGAATAA TTTCTTACTA 889
AACATTTTGT TATTGGGCAA GTGATTGAAA ATAGTAAATG CTTTGTGTGA TTGAAAAAAA AAAAAAAAAA AAAAAAAAAA 969

Fig. 1. Nucleotide and deduced amino acid sequences of cDNA-encoding human colon carcinoma MnSOD. The predicted protein sequence extends 24 amino
acids upstream from the A'-terminal amino acid of human MnSOD, suggesting a prepeptide. Hence, human colon carcinoma MnSOD is composed of 222 amino
acids, 24 of which are prepeptide in accordance with the published amino acid sequence of human MnSOD isolated from various normal cells.

5' Untranslated region

Lymphocytes CGACGATCACGACCGAATGGCGACTACGGCGGCTAGACGACTT...
Colon cancer CGACGATCACGACCACGATGGCGACTACGGCGGCTAGACGACT. . .
Liver CGACGATCACGACCACGATGGCGACTACGGCGGCTAGACGACT. . .
Placenta CGAC.

3' Untranslated region

Lymphocytes ACCACGATCGTTATGCTGAT CATACCCTAATGATCCCAGCAAG...
Colon cancer ACCACGATCGTTATGCTGAG TATGTTAAGC TCTTTATGAC TGT. . .
Liver ACCACGATCGTTATGCTGAG TATGTTAAGC TCTTTATGAC TGT. . .
Placenta ACCACGATCGTTATGCTGAG TATGTTAAGC TCTTTATGAC TGT. . .

Fig. 2. Comparison of the 5'- and 3'-untranslated regions of human MnSOD.
Sequences were aligned from the first nucleotide 5 ' upstream from the translation
initiation codons and 3' downstream from the termination codons of each cDNA.

The number of restriction fragments hybridized to the
MnSOD cDNA probe is identical in the transformed and
nontransformed WI-38 cells. These fragments range from ap
proximately 1 to >10 kilobases (Fig. 3). The same DNA blot
analysis of genomic DNA isolated from HT-29 cells also
showed an identical pattern of hybridization to WI-38 cells for
the same restriction enzymes tested (not shown). Thus, al
though a change in the DNA sequence which is not recognized
by the enzymes used in this investigation will not be detected,
these results suggest that there is no major structural alteration
in the MnSOD gene that is associated with transformation or
carcinogenesis.

Expression of MnSOD Genes. RNA blot analysis of cyto-
plasmic RNA from SV-40/WI-38 and WI-38 cells probed with
the full-length cDNA showed a decreased level of MnSOD
mRNA in the tumor cells (Fig. 4A). To ensure that the de
creased MnSOD mRNA in tumor cells did not result from
experimental variations in the amount of RNA spotted on the
nitrocellulose paper, the same RNA blot was subsequently
rehybridized with a 0-actin probe. The amount of hybridizable
(3-actin mRNA was approximately the same in these cells (Fig.
4B). Therefore, the level of MnSOD mRNA is specifically
reduced in human tumor cells. Since it is possible that the

reduced MnSOD mRNA observed in the tumor cells is due to
a decrease in its stability, the turnover rate of MnSOD mRNA
in the tumor cells and that in their normal cell counterparts
were compared (Fig. 5). MnSOD mRNA turnover occurred at
the same rate in normal and tumor cells. The half-life of
MnSOD mRNA in both normal and tumor cells was approxi
mately 10 h. Thus, the possibility that a decrease in stability
causes the reduced level of the steady state MnSOD mRNA in
tumor cells can be ruled out.

To determine the relationship between the MnSOD mRNA
level and the level of immunoprecipitable MnSOD in these
cells, a modification of the previously described Western blot
technique using a biotinylated secondary antibody was used.
The results showed that the tumor cells have a lower level of
MnSOD than does the normal cell line (Fig. 6). Thus, the level
of MnSOD mRNA correlated with the level of immunoreactive
MnSOD in these cells.

Previously, we reported that the level of MnSOD protein and
activity in these normal and tumor cells agreed very well in all
conditions examined (7). Thus, it appears likely that the
MnSOD activity in tumor cells is low because the MnSOD
protein in tumor cells is low. This result is in agreement with
that reported for MnSOD in human skin fibroblasts and their
SV-40-transformed counterpart when the Mancini immunodif-
fusion assay was used (23). In another study that compared the
amount of immunoreactive MnSOD to MnSOD activity in
human lung cancer tissue, an apparent disparity in the content
of immunoreactive MnSOD enzymatic activity in the sample
was noticed (6). However, it was also found that the cancer
tissue sample contained a heat-stable factor that inhibited
MnSOD activity. Thus, the presence of an inhibitor in the
cancer tissue sample may have caused the apparent difference
in the immunoreactive MnSOD and MnSOD enzymatic activ
ity found in that study.

Taken together, the results accumulated thus far suggest that
the reduced level of MnSOD activity observed in human tumor
cells is not due to a defect in the primary structure of the

941

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/3/939/2446280/cr0510030939.pdf by guest on 19 M

ay 2023



MnSOD AND CANCER

a b c d e f

23.1

9.4

6.6

4.4

2.3
2.0

100-

IO-

IO 20

Chase Time (hr)

30

Fig. 5. Stability of MnSOD niRNA. Cultures of exponentially growing cells
were labeled with []H]uridine and chased with cold uridine as described in
"Materials and Methods." At the indicated times, cultures were harvested and
the amount of radioactivity in MnSOD poly(A*) mKNA was determined. *, WI-
38 cells; O, SV-40/WI-38 cells.
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Fig. 3. Southern analysis of the human MnSOD gene. Ten *igeach of genomic
DNA from VVI-38 cells or SV-40/WI-38 cells was digested with restriction
endonucleases. After digestion, the DNA was electrophoresed through agarose,denatured, and transferred to a nitrocellulose niter and hybridized with 'â€¢'!*
MnSOD cDNA, as described in "Materials and Methods." Lanes a-c, DNA from
SV-40/WI-38; lanes d-f, DNA from WI-38 cells; lanes a and d, EcoRl; lanes b
and e, Pst I; lanes c and/ Xba I. Ordinate, size of molecular weight markers in
kilobases.

B

1
2
4

â€¢â€¢
â€¢â€¢

MnSOD ÃŸ-actin
Fig. 4. A, dot blot analysis of MnSOD RNA. Left lane, WI-38 cells; right lane,

SV-40/WI-38 cells. Total cytoplasmic RNA (50 ^g) was applied to a nitrocellulose
filter by means of a minifold applicator. Ordinate, -fold of dilution. B, the same
filter was washed and rehybridized to an actin probe.

MnSOD protein, to a change in the dosage of the MnSOD
gene, or to a decrease in the stability of MnSOD mRNA in
tumor cells but rather is due to a defect or defects in the
expression of the gene.

Fig. 6. Western analysis of human MnSOD. Samples were prepared and
electrophoresed through polyacrylamide gels and then electrotransferred and
immunologically stained, as described in "Materials and Methods." Lane a
contained 150 ^g of cell homogenate from WI-38; lane b contained 1SO*tgof cell
homogenate from SV-40/WI-38; lane c contained 0.5 Â«igof purified chicken liver
MnSOD.
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