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ABSTRACT: Oxidants are toxic, but at low doses they can stimulate rather than inhibit the growth of
mammalian cells and play a role in the etiology of cancer and fibrosis. The effect of oxidants on cells is
modulated by multiple interacting antioxidant defense systems. We have studied the individual roles and
the interaction of Cu,Zn-superoxide dismutase (SOD) and catalase (CAT) in transfectants with human
cDNAs of mouse epidermal cells JB6 clone 41. Since only moderate increases in these enzymes are
physiologically meaningful, we chose the following five clones for in-depth characterization: CAT 4 and
CAT 12 with 2.6-fold and 4.2-fold increased catalase activities, respectively, SOD 15 and SOD 3 with 2.3-fold
and 3.6-fold increased Cu,Zn-SOD activities, respectively, and SOCAT 3 with a 3-fold higher catalase activity
and 1.7-fold higher Cu,Zn-SOD activity than the parent JB6 clone 41. While the increases in enzyme
activities were moderate, the human cDNAs were highly expressed in the transfectants. As demonstrated
for the clone SOD 15, this discordance between message concentrations and enzyme activities may be due
to the low stability of the human Cu,Zn-SOD mRNA in the mouse recipient cells. According to immunoblots
the content of Mn-SOD was unaltered in the transfectants. While the activities of glutathione peroxidase
were comparable in all strains, the concentrations of reduced glutathione (GSH) were significantly lower
in SOD 3 and SOD 15. This decrease in GSH may reflect a chronic prooxidant state in these Cu,Zn-SOD
overproducers. The Cu,Zn-SOD overproducers SOD 15 and SOD 3 were hypersensitive to the formation
of DNA single-strand breaks, growth retardation, and killing by an extracellular burst of superoxide plus
H,0, while the CAT overproducers were protected relative to the parent clone JB6 clone 41. The double
transfectant SOCAT 3 was well protected from oxidant damage because of its increased content in CAT,
which counterbalances the increase in Cu,Zn-SOD. The inducibility of the growth-competence-related
protooncogene c-fos was decreased in all transfectants, albeit probably for different reasons. We conclude
that H,O, represents the major intracellular oxidant on the pathways to DNA single-strand breakage and
cytotoxicity and that the hypersensitivity of Cu,Zn-SOD transfectants is mostly due to the overproduction
of H,0,. The balance of SOD and CAT plus glutathione peroxidase is more important for overall sensitivity
than the level of Cu,Zn-SOD alone. Growth stimulation may occur when cells are protected from excessive
oxidant toxicity but only when a sufficient oxidant signal remains to activate the necessary growth pathways.

Oxidants are ubiquitous in our aerobic environment and are
formed in situ in tissues and cells by normal metabolism and
the metabolism of certain xenobiotics. They are always toxic
and produce macromolecular damage. At the same time
oxidants can serve as (patho)physiological signals in growth
and differentiation (Cerutti, 1985; Crawford et al., 1988;
Shibanuma et al., 1988; Murrel et al., 1990; Cerutti & Trump,
1991). The sensitivity of cells to oxidants is attenuated by low
molecular weight antioxidants and antioxidant enzymes. The
biochemistry of the most important enzymes [i.e., superoxide
dismutases (SOD),! catalase (CAT), GSH peroxidases (GPx),
GSH reductase, and GSH S-transferases] has been studied
in detail [see Cerutti et al. (1988)]. However, the physiological
role of a single antioxidant enzyme in situ in the cell is only
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poorly understood because of complex interactions and in-
terrelationships between the individual components. Complete
deficiency in SOD sensitizes Escherichia coli (Natvig et al.,
1987) and Drosophila (Phillips et al., 1989) to oxidative stress,
and in several instances an increase in intracellular SOD was
protective (Krall et al., 1988; Kyle et al., 1988; Elroy-Stein
et al., 1986). However, there are remarkable exceptions. For
example, a large increase in Fe- or Mn-SOD sensitized E. coli
to paraquat toxicity (Scott et al., 1987; Bloch & Ausubel,
1986), and inactivation of Cu,Zn-SOD in human fibroblasts
increased their growth rate (Michiels et al., 1988). There was
no proportionality between the degree of resistance to paraquat
and the complement of transfected Cu,Zn-SOD in HeLa cells.
Cells with high complements were less protected and contained
increased levels of peroxidized lipid (Elroy-Stein et al., 1986).
Cytotoxic effects prevented the preparation of stable trans-
fectants of bovine adrenocortical cells with human Cu,Zn-SOD
{(Norris & Hornsby, 1990). These results suggest that a fine

! Abbreviations: SOD, superoxide dismutase; CAT, catalase; GPx,
selenium glutathione peroxidase; GSH, reduced glutathione; AO, active
oxygen; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; X/XO,
xanthine/xanthine oxidase; EDTA, ethylenediaminetetraacetic acid;
SDS, sodium dodecyl sulfate; O,*", superoxide anion radical.
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balance between several antioxidant enzymes determines the
physiological and pathophysiological effects of oxidants. It
is interesting to note that mouse L-cells, neuroblastoma cells,
and NTH 3T3 fibroblasts transfected with human Cu,Zn-SOD
possessed a compensatory increase in glutathione peroxidase
(GPx) (Ceballos et al., 1988; Kelner & Bagnell, 1990) and
that promotable mouse epidermal cells JB6 clone 41) possess
a superior antioxidant defense due to a coordinate increase
in both Cu,Zn-SOD and CAT (Crawford et al., 1989).

Our present results with stable transfectants of mouse ep-
idermal cells JB6 clone 41 indicate that at comparable levels
of GPx the balance between Cu,Zn-SOD and CAT is a de-
termining factor for their sensitivity to a burst of extracellular
active oxygen (AQO) produced by xanthine/xanthine oxidase
(X/X0). Cu,Zn-SOD overproducers were hypersensitive to
retardation of growth, cell killing, and DNA strand breakage
by AO while CAT overproducers were protected. An increase
in Cu,Zn-SOD was tolerated without an increase in oxidant
sensitivity when it was counterbalanced by a corresponding
increase in CAT in a double transfectant. Both increases in
CAT and Cu,Zn-SOD diminished the inducibility of the
growth-related protooncogene c-fos, albeit probably for dif-
ferent reasons. We propose that cells are stimulated to grow
when they are protected from excessive AO toxicity as long
as a sufficient AO signal remains to activate the necessary
growth pathways.

MATERIALS AND METHODS

Construction of Expression Vectors Containing Cu,Zn-SOD
or CAT and Preparation of Stable Transfectants. The
pDs-neo vector containing the adeno 5 major late promoter,
the SV40 promoter and enhancer sequences, and the neomycin
resistance gene casette was used for the construction of a
human Cu,Zn-SOD expression vector. A 600-bp ¢cDNA
fragment was removed by PstI digestion from clone pS61-10
(Sherman et al., 1983), and the G- and C-tails were removed
with the double-strand exonuclease Bal31. BamHI linkers
were added to the blunt-ended SOD cDNA fragment before
ligation into the unique BamHI site of the pDs-neo vector.
Transfection into mouse epidermal JB6 clone 41 cells was
according to Chen and Okayama (1987), and resistant clones
were selected in medium containing 400 ug/mL geneticin for
9 days. Control cell clones were also prepared which contained
only the pDs-neo vector without the SOD cDNA insert.

An expression vector containing complete CAT cDNA was
constructed by using the pCAT]1 clone of Korneluk et al.
(1984), which lacks the 5’ portion coding for 77 amino acids.
In order to complement the 5’ portion, the 5’ 450-bp PstI to
Poull fragment of the rat catalase cDNA clone pMJ1010
(Furuta et al., 1986) was inserted into the PstI and Poull sites
of pCATI1. Immediate early promoter sequences of cytome-
galovirus (CMYV), i.e., 1.2-kb PstI to Avall, were then inserted
between the Pst] and Ncol sites of the vector containing the
fused rat-human CAT cDNA. Finally the vector was com-
pleted by the insertion of a hygromycin gene resistance casette.
For this purpose pSP65~SV40-hygromycin was restricted with
Sall and HindIIl, and the ends of the 2.5-kb SV40-hygro-
mycin expression casette were filled in with Klenow enzyme.
This blunt-ended fragment was then ligated into the unique
Hpal site of the modified pCAT1 plasmid containing fused
rat-human CAT cDNA under direction of the CMV pro-
moter.

Growth Conditions and Antioxidant Enzyme Activities for
the Parent Strain and Transfectants of JB6 Clone 41 Cells.
Mouse epidermal cells JB6 clone 41 originally had been re-
ceived from Dr. N. Colburn and were cultured in monolayers
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with 8% fetal calf serum (GIBCO, Grand Island, NY) in
MEM supplemented with 50 ng/mL Na,SeO,. To the me-
dium of stable CAT transfectants was added 10 ug/mL hy-
gromycin; for stable SOD transfectants 100 ug/mL geneticin
was added, and for CAT plus SOD double transfectants both
antibiotics were added for routine culturing in order to guard
against the loss of the transfected DNAs. These antibiotics
were omitted immediately before experiments measuring bi-
ological properties. For the determination of CAT and GPx
activities, the monolayers were rinsed twice with ice-cold
phosphate-buffered saline and the cells collected by scraping
with a sterile rubber policeman. The cells were sedimented
for 4 min at 1600g and processed either for enzyme/protein
or for mRNA analyses. For enzyme/protein lysates, cells were
resuspended in 50 mM potassium phosphate buffer containing
0.5% Triton X-100 and sonicated (in an ice-water bath) for
two 30-s bursts on a Branson sonicator B15 (position 2, con-
tinuous setting; Branson Ultrasonics Corp., Danbury, CT) with
a 30-s cooling interval. Total protein concentration was de-
termined according to the procedure of Peterson (1977). For
CAT and GPx activities, sonicates were first spun 5 min at
800g (4 °C). The supernatants were assayed according to the
procedures of Clairborne (1985) for CAT activity and Giinzler
and Flohé (1985) for GPx activity.

For SOD measurements cells were suspended in 100 mM
triethanolamine—diethanolamine buffer and homogenized with
a Teflon glass Dounce homogenizer. The homogenate was
centrifuged at 105000g for 1 h (4 °C), and the supernatant
was passed through a small Sephadex G25 (coarse) column
to remove low molecular weight substances which interfere
with the enzyme assay according to the procedure of Paoletti
et al. (1986). An aliquot of the eluate was applied onto a 5.5%
polyacrylamide gel in order to localize SOD activity according
to the procedure of Beauchamp and Fridovich (1971) with the
exception that no tetramethylethylenediamine was used for
staining. Mn-SOD activity was determined in mitochondrial
fractions prepared by differential centrifugation. Mitochondria
were disrupted by freezing-thawing in a high ionic strength
buffer (0.25 mM sucrose, 0.12 M KCl, 10 mM Tris-HCI, pH
7.4). Mitochondrial membranes were removed by sedimen-
tation at 105000g for 1 h, and enzyme activity was measured
in the supernatant. Reduced glutathione (GSH) concentration
was determined by the monobromobimane method of Cot-
greave and Moldeus (1986).

Western Blot Analysis. Total cellular sonicates were pre-
pared in 50 mM potassium phosphate, pH 7.0-0.5% Triton
X-100. The sonicates were then mixed with an equal volume
of 2X SDS buffer, boiled for 3 min, frozen, boiled again for
3 min, and applied to a 12.5% SDS—polyacrylamide gel. Forty
micrograms of protein was applied to each lane and, after
electrophoresis, transferred to an Immobilon PVDF membrane
(Millipore Corp., Bedford, MA) by electrotransfer. CAT
protein concentration was determined after 2 h of prehybri-
dization by overnight incubation with a mixture of rabbit
anti-human CAT antibody and rabbit anti-human Mn-SQOD
antibody at 4 °C. The filter was washed five times followed
by hybridization with 100000 ¢cpm/mL !?’I-labeled goat
anti-rabbit immunoglobulin.

Northern Blot Analysis. Total RNA was prepared ac-
cording to the procedure of Chirgwin et al. (1979). A total
of 10 ug of total RNA was electrophoresed on a 1.4% aga-
rose—formaldehyde gel and then transferred to gene screen
membranes. The filters were prehybridized in 50 mM Tris-
HCI, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 0.2%
poly(vinylpyrrolidone), 0.2% Ficoll, S mM EDTA, 50% for-
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mamide, 0.2% BSA, 1X SSC, and 150 ug/mL denatured
salmon sperm DNA at 65 °C for 6 h. For hybridization, |
X 108 cpm/mL of 32P-labeled probe solution was used. The
filteres were washed at 65 °C twice for 15 min with 2X
standard sodium citrate (SSC)-0.1% SDS and twice for 15
min with 0.1X SSC-0.1% SDS. The probe was a transcript
of an SP65 recombinant containing in the antisense direction
a cDNA fragment of human Cu,Zn-SOD (450-bp Alu to Taq)
(Sherman et al., 1983).

The stability of Cu,Zn-SOD mRNAs transcribed from the
endogenous and transfected genes, respectively, was estimated
by using actinomycin D in the parent strain JB6 clone 41 and
the SOD transfectant SOD 15. Actinomycin D (5 ug/mL)
in DMSO was added to cultures which were approximately
80% confluent and growth continued for 2, 4, 6, 8, and 10 h
before the preparation of total RNA according to Chirgwin
et al. (1979) and Northern blotting using a 32P-labeled ribo-
probe as described above.

Induction of c-fos by AO treatment in JB6 clone 41 and
in the antioxidant gene transfected clones was determined as
described previously (Crawford et al., 1988) in monolayer
cultures grown for 24 h in only 0.25% fetal calf serum. The
cultures were exposed to AO generated by 20 ug/mL X and
2.0 ug/mL XO (obtained from Boehringer Mannheim) for
30 min. The production of O,*~ was determined spectropho-
tometrically by the reduction of cytochrome. The rate of O,*~
release was close to linear during the first 15 min at 0.45 nmol
of O,*~/min and had decreased to less than 0.2 nmol/min of
this value after 30 min. Cells were harvested and total RNA
was prepared for Nothern blotting as described above. The
probe was prepared by the transcription of an SP6 recombinant
containing a 685-bp Sall to PstI fragment of v-fos (Van
Beveren et al., 1986).

RNase Protection Analysis of CAT Expression. RNase
protection analysis was used to demonstrate the presence of
human CAT message in the transfectants CAT 4 and SOCAT
3. For this purpose the SP65 recombinant described above
containing in the antisense direction the 1250-bp HindIII to
Poull human CAT cDNA insert was linearized with Xhol,
and a ¥2P-labeled riboprobe of 468 nucleotides was prepared
according to the procedure of Melton et al. (1984). The probe
was passed through a spin column and precipitated with 2 M
ammonium acetate and 2.5 volumes of ethanol. The pellet
was washed with 75% ethanol-25% 0.1 M sodium acetate, pH
5.7, dried under vacuum, and dissolved in 100 uL of hybrid-
ization buffer (80% formamide—40 mM Pipes, pH 6.4-400
mM NaCl-1 mM EDTA).

Total cellular RNA (10 ug), prepared as described above,
was taken up in 30 uL of hybridization buffer, and 5 X 10°
cpm of the CAT riboprobe was added. After the mixture was
heated for 15 min to 85 °C and incubated overnight at 45 °C,
300 uL of RNase buffer (10 mM Tris-HCI, pH 7.8-5 mM
EDTA-300 mM NaCl) containing 40 ug/mL RNase A and
2 ug/mL RNase T1 was added, and the samples were incu-
bated for 30 min at 30 °C. The RNase was then inactivated
by the addition of 10 uL of 20% SDS and 50 ug of proteinase
K for 15 min at 37 °C. The RNA was extracted with 400
pL of phenol-chloroform-isoamyl alcohol and the aqueous
layer transferred to a centrifuge tube containing 10 ug of
tRNA. The RNA was taken up in 2 M ammonium acetate
and precipitated with an equal volume of 2-propanol and the
pellet washed once with 75% ethanol before it was dried under
vacuum. The RNA was then dissolved in 5 uL of gel loading
buffer (80% formamide-40 mM Tris—borate, pH 7.5); the
sample was heated to 85 °C for 10 min and loaded in a buffer
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consisting of 89 mM Tris-89 mM boric acid-2 mM EDTA
onto a 5% denaturing polyacrylamide gel [19:1 acrylamide:
bis(acrylamide)] which was run for 3 h at 50 W. The dried
gel was then exposed to an X-ray film.

Southern Blot Analysis. DNA was extracted, restricted
with BamHI, and electrophoresed in 0.8% agarose gels. The
DNA was transferred to nitrocellulose essentially as described
by Southern. The filters were hybridized with a nick-translated
450-bp probe removed by HindIIl/EcoRI from an SP6S vector
containing a 450-bp Alul to Tagl human Cu,Zn-SOD cDNA
fragment (Sherman et al., 1983). As expected, only the
SOD-transfected clones showed a band at approximately 0.5
kb for the transfected gene in addition to a double band at
approximately 10 kb for the endogenous mouse gene, which
is present in all cell clones. From a comparison of the in-
tensities of the bands for the transfected and the endogenous
gene, we estimate that the SOD transfectants contain no more
than one to two copies of the tranfected human SOD gene
(data not shown). For CAT a nick-translated probe was
prepared by using a 1250-bp fragment removed by HindIII
and EcoRI from an SP64 construct containing a 1250-bp
HindIII to Poull fragment of human CAT cDNA (Korneluk
et al., 1984). The blots contain two clearly separated bands
at approximately 1.8 kb for the transfected human CAT gene
in transfected clones and a band at approximately 10 kb for
the mouse CAT gene in all cell clones. Ratios of densitometer
readings for the bands attributed to the transfected over the
endogenous CAT gene indicate that the transfectants contain
two to three human CAT copies per cell (data not shown).

Growth Properties, DNA Synthesis Capacity, and Colo-
ny-Forming Ability of Antioxidant Gene Transfected JB6
Cells in the Presence and Absence of Oxidant Stress. For the
determination of the effect of AO on the growth of the parent
JB6 clone 41 cells and the antioxidant gene transfected clones,
10° cells were plated into 10-cm Petri dishes in MEM sup-
plemented with 8% serum and 50 ng/mL Na,SeO; and al-
lowed to grow for 2 days before treatment with X/XO at the
indicated doses. Without changing the culture medium the
cells were harvested at the indicated times by trypsinization,
and their number was counted in a hemocytometer (Mueh-
lematter et al., 1988). For the determination of the survival
of colony-forming ability, 500 cells for each strain were plated
into 6-cm Petri dishes and allowed to grow for 14 h under the
usual culture conditions. The cultures were then treated
without medium change with increasing doses of X/XO
(0.5-1.75 pg/mL XO and 10 ug/mL X). Control cultures
received only 10 ug/mL X. Growth was then continued for
7 days without medium change when the colonies were fixed
with methanol and stained with 2% crystal violet and counted.

DNA Single-Strand Breakage. DNA single-strand break-
age was measured by the alkaline elution method of Kohn et
al. (1976) as described previously (Muehlematter et al., 1988).
JB6 cells were seeded at low density in Petri dishes and cul-
tured as described above. After 12 h they were labeled in their
DNA by the addition of [**C]thymidine over a period of 48
h. Subsequently, the cultures were grown in fresh medium
containing nonradioactive thymidine for 12 h. Before treat-
ment with active oxygen generated by X/XO, fresh medium
supplemented with 8% fetal calf serum was added. Following
treatment for 30 min, the medium was removed and the cells
were scraped and collected directly on the filters used for
alkaline elution.

RESULTS

Transfection of Mouse Epidermal Cells JB6 Clone 41 with
Human Cu,Zn-SOD, CAT, or Both Enzymes. JB6 clone 41
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Table I: Activities of Antioxidant Enzymes in Transfected JB6 Clone 41 Cells®

CAT SOD GPx GSH
cell strain (units/mg of protein) (units/mg of protein) SOD/CAT (units/mg of protein) (nmol/10° cells)
JB6 cl 41 5.6 % 1.1 (5) 216 (11) 3.8 33+ 4 (4) 26+ 0.3 (4)
SOD 15 6.7£ 1.1 (3) 48 + 14 (11) 1.2 45 £ 5 (4) 1.5 0.1 (4)
SOD 3 48+ 1.2(2) 76 £ 9 (5) 15.8 45 £ 5 (4) 0.9 = 0.1 (4)
CAT 4 14.5 + 1.7 (4) 27 % 3 (5) 0.5 45 £ 8 (4) 27 0.1 (4)
CAT 12 23.6 + 1.2 (4) 23 + 4 (4) 1.0 35+ 11 (4) 3.9 £ 0.2 (4)
SOCAT 3 17.2 £ 4.3 (n) 36+ 6(8) 2.1 26+ 5 (4) 39+0.2(4)

?Cells were grown in monolayer cultures and extracted when confluency was approximately 80%. Values for enzyme activities are given in units
per milligram of protein cell extract; means + SD are listed; values in parentheses represent the number of independent determinations used for these
calculations. Units are defined as follows: catalase, micromoles of H,0, consumed per minute; SOD, amount of SOD inhibiting the rate of control
NADH oxidation by 50%; GPx, nanomoles of NADPH oxidized per minute at 1| nM GSH. The values for reduced glutathione are nanomoles per

108 cells.

cells were transfected with expression vectors containign cDNA
of human Cu,Zn-SOD and a neomycin resistance casette or
fusion rat-human cDNA of CAT and a hygromycin resistance
casette, respectively. Several transfectants in each series were
grown in mass culture, and SOD, CAT, and glutathione
peroxidase (GPx) activites were determined in lysates. Rep-
resentative transfectants with a moderate increase in the
particular antioxidant enzyme were chosen for detailed
characterization on the molecular and cellular level.

CAT 4 was transfected in a second round with the human
Cu,Zn-SOD expression vector, and neomycin,/hygromycin
resistant clones were selected. A particular clone, SOCAT
3, with moderate levels of both human Cu,Zn-SOD and CAT,
was chosen for in-depth investigation.

Expression of Human Cu,Zn-SOD mRN A and Rat—Hu-
man CAT mRNA in JB6 Transfectants. Stationary mRNA
concentrations were determined by using transcripts from SP65
recombinants containing cDNA fragments of human Cu,-
Zn-SOD and human CAT cDNA, respectively. The Northern
blots under high stringency conditions in Figure 1A show the
messages for endogenous mouse Cu,Zn-SOD and transfected
human Cu,Zn-SOD, which possess different lengths in the
clones SOD 3, SOD 15, and SOCAT 3. CAT 4 and a pD5-
neo transfected clone serve as controls. It is evident that the
amount of stationary mRNA is severalfold higher for the
transcripts of the transfected than for the endogenous Cu,-
Zn-SOD gene in SOD 3 and SOCAT 3. A rough measure
of the level of expression of the transfected gene can be ob-
tained by comparison with the amount of message transcribed
from the corresponding endogenous gene. In order to distin-
guish the endogenous mouse CAT mRNA from the trans-
fected rat-human CAT mRNA, we performed the RNase
protection experiment shown in Figure 1B. A 468-nucleotide
transcript was prepared from an SP6 recombinant which
contained in the antisense direction a 1200-bp human CAT
cDNA fragment reaching from the Pvull site to the HindITI
site and which was linearized with Xhol. Correspondingly,
a 486-nucleotide RNA fragment was protected from RNase
digestion in the transfectants CAT 4, CAT 12, and SOCAT
3 but not in the parent clone 41. In contrast, a short fragment
of approximately 100 nucleotides was protected in all clones
and originates from the endogenous mouse CAT message. As
noted for the Cu,Zn-SOD transfectants, it is evident that the
transcripts from the transfected CAT gene are more abundant
than those originating from the endogenous gene.

The stabilities of the endogenous mouse SOD and trans-
fected human SOD mRNAs were compared in clone SOD 15
in an experiment with the transcriptional inhibitor actinomycin
D. The Northern blots are shown on Figure 2. Transcripts
of the gene for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were measured as reference. Our results indicate
a much lower stability for the human Cu,Zn-SOD message
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FIGURE 1: Expression of endogenous and transfected Cu,Zn-SOD
and CAT genes in transfectants of JB6 clone 41. (A) The concen-
trations of endogenous mouse message and message transcribed from
transfected human ¢cDNA for Cu,Zn-SOD were measured by
Northern blotting of total RNA extracted from monolayer cultures
of the stable transfectants SOD 3, SOD 15, and SOCAT 3. For
comparison, corresponding Northern blots were also performed for
the parent JB6 clone 41, for CAT 4, and for cells which had been
transfected with the pDs-neo vector which did not contain a cDNA
insert. A labeled transcript of an SP65 recombinant containing in
the antisense direction a cDNA fragment of human Cu,Zn-SOD was
used as the probe and is described under Materials and Methods. (B)
The expression of transfected and endogenous CAT mRNA in parent
clone 41, CAT 4, CAT 12, and SOCAT 3 was determined in RNase
protection experiments. Total cellular RNA was hybridized with a
468-nucleotide 32P-labeled riboprobe transcribed from an SP65 re-
combinant containing in antisense direction an insert of human CAT
cDNA and digested with RNases A and T1. The protected RNA
was isolated and separated by gel electrophoresis and the dried gel
exposed to an X-ray film as outlined under Materials and Methods.

transcribed from the transfected gene than for the endogenous
mouse message.

Levels of Antioxidant Enzymes in JB6 Clone 41 Trans-
fectants. CAT, SOD, and GPx activities as well as concen-
trations of reduced glutathione were measured in lysates of
the parent clone 41 and the antioxidant gene transfectants and
are given in Table I. It is evident that CAT 4 possesses
2.6-fold and CAT 12 4.2-fold higher CAT activities than the
parent clone 41. In SOD 15 the total SOD activity is 2.3-fold
and in SOD 3 3.6-fold above the parent JB6 cells while CAT
levels are essentially unaltered. In SOCAT 3 the total SOD
activity is 1.7-fold higher than in the parent clone 41 and
1.3-fold higher than in CAT 4 from which it was derived. No
significant differences were observed in the GPx activities
between all six cell strains. In contrast, the concentrations of
reduced GSH were lower in SOD 15 and SOD 3 (see Table
I) while total glutathione levels were comparable (data not
shown).

Mn-SOD activity was determined in soluble mitochondrial
preparations of the parent clone 41 and CAT 4 and found to
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FIGURE 2: Stability of Cu,Zn-SOD mRNA transcribed from the
transfected human Cu,Zn-SOD cDNA and from the endogenous
Cu,Zn-SOD gene, respectively. Monolayer cultures were treated with
5 ug/mL actinomycin D and total RNA prepared after the indicated
duration of growth for Nothern blotting with a human Cu,Zn-SOD
riboprobe as described in the legend to Figure 1.
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FIGURE 3: SOD activity gel of extracts of the parent JB6 clone 41
and its transfectants. Cellular homogenates were centrifuged at high
speed, and the supernatant was passed through a Sephadex G25
column as described under Materials and Methods. Aliquots of the
cluates were applied to a 5.5% PAGE, and the SOD activity was
localized as described by Beauchamp & Fridovich (1971).

be 10-15-fold lower than Cu,Zn-SOD in both clones. Mn-
SOD protein levels were estimated by immunoblotting (see
below).

A SOD activity gel is shown in Figure 3. Because of its
higher mobility human Cu,Zn-SOD can be readily distin-
guished from endogenous mouse Cu,Zn-SOD. Since Cu,-
Zn-SOD is a dimer, the band between the two activities most
probably represents the mouse~human heterodimer. It is
evident that the SOD-transfected clones SOD 3, SOD 15, and
SOCAT 3 contain active human Cu,Zn-SOD.

The presence of human CAT protein in CAT 4, CAT 12,
and SOCAT 3 was demonstrated by immunoblotting with
rabbit anti-human CAT antibody. The immunoblots in Figure
4 show double bands for the CAT transfectants which cor-
respond to human and mouse CAT, which cross-reacts with
the antibody. The parent clone 41, SOD 15, and SOD 3 show
single bands. Indeed, the filters had been reacted simulta-
neously with a mixture of rabbit anti-CAT and rabbit anti-
human Mn-SOD antibodies. The high-mobility band in all
cell clones corresponds to endogenous mouse Mn-SOD, which
cross-reacts with the latter antibody. According to these data
all six cell clones contained comparable amounts of Mn-SOD.

Susceptibility to DNA Strand Breakage upon Exposure to
Superoxide plus Hydrogen Peroxide. We measured the in-
duction of DNA single-strand breaks (alkali-labile sites) in
four representative cells strains, i.e., parent, SOD 15, CAT
4, and SOCAT 3, at two doses of O,*" plus H,0, produced
extracellularly by 40/3 and 40/4 pg/mL X/XO by the al-
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FIGURE 4: Immunoblots for CAT and Mn-SOD in sonicates of the
parent JB6 clone 41 and its transfectants. Boiled cellular sonicates
were separated on 12.5% SDS-PAGE and electrotransferred to a
PVDF membrane. CAT and Mn-SOD proteins were determined by
the reaction with a mixture of rabbit anti-human CAT antibodies and
rabbit anti-human Mn-SOD antibodies. The immune complexes were
made visible by the reaction with '2°I-labeled goat anti-rabbit im-
munoglobulin G, followed by autoradiography (for experimental
details, see Materials and Methods).

kaline elution method. From Figure 5 we can derive the
following order of decreasing susceptibilities: SOD 15 >
parent > CAT 4 ~ SOCAT 3. Our data indicate that H,0,
is the major intracellular oxidant species which ultimately leads
to DNA breakage by an extracellular burst of O, plus H,0,
but give no information on the mechanism of break formation.

Growth Properties and DNA Synthesis Capacity of Anti-
oxidant Gene Transfectants in the Presence and Absence of
Oxidant Stress. Growth curves were determined for the parent
clone 41 and the antioxidant gene transfectants. Monolayer
cultures were established by plating 10° cells into 10-cm Petri
dishes and cell numbers counted after different lengths of
growth. The results shown on Figure 6A are for routine
culture conditions in an atmosphere of 5% CO,. With the
exception of CAT 4 with a slightly higher growth rate, the
parent clone and the transfectants possess similar growth
potentials. Addition of 15 or 25 ug/mL xanthine to the culture
medium did not affect growth. Panels B and C of Figure 6
show growth curves under oxidative stress generated extra-
cellularly by X/XO, which produces a mixture of O,"” and
H,0,. Two doses were used in order to magnify strain dif-
ferences between the SOD transfectants and the parent strain
(Figure 6B) and the CAT transfectants and the parent strain
(Figure 6C), respectively. Monolayer cultures were treated
2 days after plating when they reached a density of (4-6) X
10° cells per 10-cm Petri dish. After 6 h 15/1.5 ug/mL X/XO
(initial rate of O,"~ production of 0.45 nmol/min) had de-
stroyed 81% of the parent clone, 68% of SOCAT 3, 89% of
SOD 15, and 94.4% of SOD 3. While the surviving cells of
the parent clone and SOCAT 3 possessed normal growth
potential, the remaining cells of SOD 15 and SOD 3 failed
to grow. Our results indicate that the increase in Cu,Zn-SOD
in SOD 15 and SOD 3 resulted in sensitization to oxidative
stress and that this sensitization was eliminated in SOCAT
3 by a compensatory increase in CAT. A large difference in
sensitivity between the parent and CAT transfectants becomes
apparent at a higher dose of X/XO of 25/2.5 ug/mL. Under
these conditions 93% of the parent cells were killed within 6
h as compared to 65% for CAT 12 and 51% for CAT 4. Cells
which survived the initial toxicity possessed normal growth
properties. Qualitatively similar results were obtained at low
doses for the survival of colony-forming ability although the
quantitative differences between the six cell strains were less
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FIGURE 5: Active oxygen induced DNA strand breakage in the parent JB6 clone 41 and the transfectants SOD 15, CAT 4, and SOCAT 3.
Monolayer cultures were labeled in their DNA with ['*C]thymidine. Before treatment with 40/3 ug/mL X/XO (left side) or 40/4 ug/mL
X/XO (right side), respectively, fresh medium supplemented with 8% fetal calf serum was added. Following treatment for 30 min the medium
was removed, and the cells were scraped and collected on the filters used for alkaline elution.
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FIGURE 6: Growth curves of the parent JB6 clone 41 and its transfectants under routine culture conditions and following exposure to an extracellular
oxidative burst. (A) Monolayer cultures containing (4-6) X 10° cells per 10-cm Petri dish were grown in an atmosphere of 5% CO, for the
indicated lengths of time and cell numbers determined following trypsinization. (B) Monolayer cultures at the indicated cell density were
exposed to an extracellular burst of AO produced by 15 ug/mL X and 1.5 ug/mL XO, and growth continued for increasing lengths of time
before harvesting and determination of cell numbers. (C) Monolayer cultures at the indicated cell density were exposed to an extracellular
burst of AO produced by 25 ug/mL X and 2.5 ug/mL XO, and growth continued for increasing lengths of time before determination of cell
numbers (see Materials and Methods).

pronounced than for the growth data reported above (results
not shown).

Zn-SOD in SOCAT 3, we conclude that H,0, is mostly re-
sponsible for the cytocidal action of an extracellular burst of

The effect of oxidant stress on the DNA synthesis capacity
of the antioxidant gene transfectants was assessed by meas-
uring the incorporation of [*H]thymidine in a 1-h pulse into
acid-insoluble material at different lengths of time after ex-
posure to an extracellular oxidative burst. The results were
analogous to the growth curves, the relative resistance of the
four cell strains being CAT 4 > SOCAT 3 > parent clone 41
> SOD 15. From the protective capacity of intracellular CAT
in CAT 4 and CAT 12 and the fact that additional CAT
prevented hypersensitivity due to increased levels of Cu,-

02._ plus H202.

Inducibility of c-fos mRNA by Oxidant Stress in Anti-
oxidant Gene Transfectants. The induction of growth-com-
petence-related genes is a necessary prerequisite for growth
stimulation. The immediate early gene c-fos is a prototype
in this regard, and we have shown previously that its tran-
scription is induced in JB6 cells by oxidants (Crawford et al.,
1988; Muehlematter et al., 1989). Therefore, we compared
the increase in stationary concentration of c-fos mRNA fol-
lowing AO treatment in the antioxidant gene transfectants.
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FIGURE 7: Induction of c-fos message by an extracellular oxidative
burst in the parent JB6 clone 41 and its transfectants. Partially
serum-starved monolayer cultures were exposed to AO generated by
20 wg/mL xanthine and 2 pg/mL xanthine oxidase, and growth
continued for 30 min before the preparation of total RNA. A labeled
transcript of an SP6 recombinant containing in the antisense direction
a fragment of v-fos DNA was prepared in order to probe the Northern
blots. After exposure to an X-ray film the stripped filters were
rehybridized with a probe for rat glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). The autoradiograms of the blots were
evaluated by densitometry, and the values for the ratios of c-fos
mRNA/GAPDH mRNA are listed in the lower portion of the figure.

Figure 7 shows Northern blots with ratios of densitometer
readings relative to the reference gene GAPDH. The following
order of decreasing inducibility of ¢-fos (c-fos/GAPDH) was
observed (after 30 min of AO treatment generated by 20
ug/mL X plus 2.0 ug/mL XO): parent clone 41 (8.3) > CAT
4 (6.0) > SOD 3 (3.3) > SOCAT 3 (1.4) > SOD 15 (0.8)
= CAT 12 (0.7). While the absolute values for the ratios of
c-fos /GAPDH varied, the same order of c-fos inducibility for
the different strains was observed in several experiments.

DiscussioN

The cellular antioxidant defense is composed of multiple low
molecular weight components and several enzymes. Because
these molecules interact, complement, interfere, or even com-
pete with each other and act at different sites in the cell, the
elucidation of their respective roles is a difficult task. Our
present work focuses on the interrelationship of Cu,Zn-SOD
and CAT in the protection of mouse epidermal cells JB6 from
an extracellular burst of O," plus H,O,. This form of oxidant
stress mimics the action of phagocytic leukocytes in inflam-
mation which produce a large amount of AO close to the
surface of the target cell (Nathan et al., 1979; Simon et al.,
1981; Sinet, 1982). We prepared cells with moderate increases
in Cu,Zn-SOD, CAT, or both enzymes because only at
moderate increases is a condition created which is physiolog-
ically meaningful. SOCAT 3 cells with concomitant increases
in both Cu,Zn-SOD and CAT were prepared by consecutive
transfections with expression vectors containing different an-
tibiotic selection markers rather than cotransfection. Only this
more laborious approach allows the unambiguous evaluation
of the effects of the introduction of the second antioxidant
enzyme, i.e., Cu,Zn-SOD, on the cellular resistance to oxi-
dative stress.

Clones SOD 3 and SOD 15 contain one to two copies of
human Cu,Zn-SOD ¢cDNA and clones CAT 4 and CAT 12
two to three copies of CAT ¢DNA under the direction of
strong transcriptional promoters; the double transfectant SO-
CAT 3, which is derived from CAT 4, contains in addition
to CAT cDNA one to two copies of human Cu,Zn-SOD
cDNA. From the Northern blots it is evident that the cDNAs
are well expressed in the transfectants. However, the high
mRNA concentrations do not result in equal increases in
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enzyme activities. For example, a ratio of 7 of human Cu,-
Zn-SOD mRNA over endogenous mouse Cu,Zn-SOD mRNA
only results in a 3-fold higher total SOD activity in clone SOD
3. These discrepancies may be due to low stability of the
Cu,Zn-SOD mRNAs transcribed from the transfected human
cDNAs. This is demonstrated in clone SOD 15 in Figure 2
in an experiment with the transcriptional inhibitor actinomycin
D. RNase protection analysis of RNA from CAT 12 and
CAT 4 indicates a ratio of 4 and 3, respectively, for nRNA
transcribed from the transfected gene relative to mRNA from
the endogenous gene. These ratios reflect well the increases
in CAT activities in these clones relative to parent cells (see
Figure 1 and Table I).

Expression of human Cu,Zn-SOD in SOD 15, SOD 3, and
SOCAT 3 did not affect significantly CAT activities which
remained on the level of the respective parents, i.e., JB6 clone
41 and CAT 4. Similarly, increased CAT activities in CAT
4 and CAT 12 had no major effect on their SOD activities.
Judging from the immunoblots shown in Figure 4, neither the
expression of human Cu,Zn-SOD nor that of CAT altered the
amounts of Mn-SOD protein, and no major differences in
Mn-SOD activity were detected in mitochondrial preparations
of CAT 4 reltive to the parent clone 41. Similarly, no sig-
nificant differences were observed in GPx activity for all six
cell strains studied in this work. In contrast to our findings,
human Cu,Zn-SOD transfectants of mouse L-cells, neuro-
blastoma cells, and NIH 3T3 fibroblasts possessed increased
GPx activities (Ceballos et al., 1988; Kelner & Bagnell, 1990)
as did trisomy 21 human fibroblasts with three copies of the
Cu,Zn-SOD gene (Sinet, 1982). The concentrations of re-
duced glutathione were comparable in the parent clone, CAT
4, CAT 12, and SOCAT 3. The fact that they were signif-
icantly lower in SOD 3 and SOD 15 may reflect a situation
of chronic oxidative stress in these strains.

It is evident from our results that increases in Cu,Zn-SOD
and CAT had opposite effects on the sensitivity of JB6 cells
to killing, growth inhibition, and the formation of DNA sin-
gle-strand breaks by an extracellular burst of AO. However,
the balance between Cu,Zn-SOD and CAT plus GPx may be
more important for sensitivity to AO than the absolute amount
of a single antioxidant enzyme. Indeed, at comparable levels
of GPx the most sensitive strains SOD 15 and SOD 3 have
high ratios of SOD/CAT of 7.2 and 15.8 while the resistant
strains CAT 4 and CAT 12 have low ratios of 0.5 and 1.0,
respectively (see Table I). Taken together, our data suggest
that H,0, represents a major intracellular AO species on the
pathways to cytotoxicity and DNA single-strand breakage.
However, our results do not imply that DNA is the immediate
target for attack by H,O, or its radical derivatives (Cantoni
et al., 1989). Sensitization by excess Cu,Zn-SOD appears to
be a consequence of overproduction of H,0,.

A small extracellular burst of AO can stimulate rather than
inhibit the growth of fibroblasts (Zimmerman & Cerutti, 1984;
Shibanuma et al., 1988; Murrel et al., 1990) and epidermal
cells. In particular, we observed that X/XO stimulated the
growth of promotable JB6 clone 41 but not of nonpromotable
JB6 clone 30 (Muehlematter et al., 1988). Interestingly, both
CAT and Cu,Zn-SOD levels were coordinately increased
2-3-fold on the mRNA and enzyme levels in clone 41 relative
to clone 30 (Crawford et al., 1989). At an equal dose, AO
induced the growth-competence-related protooncogene c-fos
more efficiently in the nonpromotable clone 30 (Crawford et
al., 1988). The reason for this apparent paradox may be that
cells are stimulated to grow when they are protected from
excessive AQ toxicity as long as a sufficient AO signal remains
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to activate the necessary growth pathways. Despite the op-
posite effects of additional CAT and Cu,Zn-SOD on cyto-
toxicity by AO, the inducibility of c-fos is reduced in both types
of transfectants. However, the reasons for the decrease in c-fos
induction are probably quite different for CAT and Cu,Zn-
SOD transfectants. The former are well protected from ex-
cessive H,0, toxicity, but at the same time the signal which
results in c-fos induction is attenuated. We had shown pre-
viously that H,0O, rather than O,*" represents the active species
for the induction of the translocation to the plasma membrane
of protein kinase C (Larsson & Cerutti, 1989) and that CAT
rather than SOD inhibited S6 phosphorylation by X/XO in
JB6 cells (Larsson & Cerutti, 1988). In contrast, increases
in Cu,Zn-SOD levels alone augment the intracellular forma-
tion of H,0,, and toxic effects on components of the signal
transduction pathways may predominate. It should be noted
that in the X/XO system used in our work a large amount
of O, plus H,0, is generated close to the cell surface. Su-
peroxide may penetrate the membrane sufficiently for dis-
mutation by cytosolic Cu,Zn-SOD. Therefore, enhanced ox-
idative damage in SOD 15 and SOD 3 may occur preferen-
tially at the plasma membrane. Peroxidatic activity of Cu,-
Zn-SOD (Hodgson & Fridovich, 1975) may contribute to the
peroxidation of membrane lipids. Induction of c-fos and other
immediate early genes is necessary for the acquisition of
growth competence in many types of cells, but it is by no means
sufficient for growth stimulation. Oxidants are bound to affect
multiple pathways which participate in positive and negative
growth regulation. Therefore, it is not astonishing that no
simple relationship was observed between the inducibility of
¢c-fos and growth response to oxidants for the SOD and CAT
transfectants studied in this work.

Our results imply that H,O, is the major damaging species
as well as the trigger for pathophysiological reactions for an
extracellular burst of AO produced by X/XO (Simon et al.,
1981; Link & Riley, 1988). Similarly, the toxic effects of
activated inflammatory leukocytes can be mostly attributed
to H,0, (Nathan et al., 1979; Simon et al., 1981; Thomas et
al., 1986). Evidently epidermal cells such as JB6 are poorly
protected from a large extracellular flux of H,O, in part be-
cause CAT is located mostly in peroxysomes and the contri-
bution of cytosolic SeGPx is only minor (Michiels et al., 1988).
Any further increase in H,O, by excess Cu,Zn-SOD only
aggravates toxicity. Reduction of Fe!'! by O,*~ which might
be diminished by SOD does not appear to contribute in a major
way to toxicity (Kyle et al., 1988). It should be appreciated
that the contributions of CAT and Cu,Zn-SOD to antioxidant
defense could be quite different under normoxic conditions or
when AO is generated intracellularly. For example, in most
cell systems a moderate increase in cytoplasmic SOD was
protective against redox-cycling drugs such as paraquat (El-
roy-Stein et al., 1986; Krall et al., 1988).
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Tyrosine and Threonine Phosphorylation of an Immunoaffinity-Purified 44-kDa

MAP Kinase'
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ABSTRACT: We have approached the functioning of a MAP kinase, which is thought to be a “switch kinase”
in the phosphorylation cascade initiated from various receptor tyrosine kinases including the insulin receptor.
To do so, antipeptide antibodies were raised against the C-terminal portion of ERK1 (extracellular sig-
nal-regulated kinase 1), a protein kinase belonging to the family of MAP kinases. With these antipeptide
antibodies, we observed the following: (i) a 44-kDa protein can be specifically recognized both under native
and denaturing conditions; (ii) a 44-kDa phosphoprotein can be revealed in 32P-labeled cells; its phospho-
rylation is stimulated by insulin, sodium orthovanadate, and okadaic acid; (iii) a MBP kinase activity can
be precipitated, which phosphorylates MBP on threonine residues, and which is stimulated by insulin, sodium
orthovanadate, okadaic acid, and fetal calf serum; (iv) this MBP kinase activity appears to be correlated
with the in vivo induced phosphorylation of the 44-kDa protein. We next studied the in vitro phosphorylation
of this 44-kDa/ERK1-immunoreactive protein. A time- and manganese-dependent phosphorylation was
stimulated by the in vitro addition of sodium orthovanadate. Phosphoamino acid analysis of the in vitro
phosphorylated 44-kDa protein revealed both threonine and tyrosine phosphorylation. Importantly, this
in vitro phosphorylation of MAP kinase results in activation of phosphorylation of added MBP substrate.
As a whole, our data indicate that the 44-kDa phosphoprotein identified by our antipeptide antibodies very
likely corresponds to a MAP kinase. The observation that the immunoaffinity-purified 44-kDa MAP kinase
exhibits in vitro phosphorylation on threonine and tyrosine residues suggests that this MAP kinase possesses
both a threonine and tyrosine kinase autophosphorylation activity or that one or more MAP kinase kinase(s)

copurify(ies) with the 44-kDa MAP kinase.

A growing list of hormones and growth factors initiate their
biological effects by interacting with their specific transmem-
brane receptors, which carry protein tyrosine kinase activity
(Ullrich & Schlessinger, 1990; Yarden & Ullrich, 1988). One
of the major goals of the current research focused on cell
metabolism and growth concerns the eludication of the
mechanism by which these hormones and growth factor re-
ceptors stimulate pleiotropic cell responses. For insulin, it is
now well established that the earliest post-binding event
identified so far is activation of the receptor tyrosine kinase,
with ensuing receptor tyrosine autophosphorylation (Gam-
meltoft & Van Obberghen, 1986; Rosen, 1987). Concurrent
with this insulin receptor phosphorylation, the state of phos-
phorylation of a series of cellular proteins changes, and this
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concerns for the most part proteins phosphorylated on serine
and/or threonine residues (Czech et al., 1988; Pelech et al.,
1987; Rosen, 1987). One of the most pressing problems to
be solved in this context is the identification of the serine/
threonine protein kinases and phosphatases, which are the
missing components in the phosphorylation cascade initiated
from the insulin receptor tyrosine kinase.

MAP kinase is a serine/threonine kinase transiently acti-
vated in many cell types by a variety of extracellular signals
such as insulin, EGF,! PDGF, FGF, NGF, or TPA (Erickson

! Abbreviations: EGF, epidermal growth factor; PDGF, platelet-de-
rived growth factor; FGF, fibroblast growth factor; NGF, nerve growth
factor; MAP kinase, mitogen-activated protein kinase; TPA, O-tetrade-
canoylphorbol 13-acetate; MBP, myelin basic protein; PBS, phosphate-
buffered saline; DMEM, Dulbecco’s modified Eagle medium; FCS, fetal
calf serum; PMSF, phenylmethanesulfony! fluoride; C peptide, ERK1
peptide/sequence 356-367; TLC, thin-layer chromatography; ERKI,
extracellular signal-regulated kinase 1; PNPP, p-nitrophenyl phosphate;
EGTA, ethylene glycol bis(S5-aminoethyl ether)-N,N,N’,N"tetraacetic
acid; EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxy-
methyl)aminomethane; BSA, bovine serum albumin; SDS-PAGE, so-
dium dodecy! sulfate—polyacrylamide gel electrophoresis.
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