
Carcinogenesis vol.17 no.4 pp.815-820. 1996

Involvement of glutathione in induction of c-jun proto-oncogene
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The c-jun proto-oncogene plays a vital role in the
carcinogenic process. Although numerous works have
extensively investigated the induction mechanisms of c-jun
by UV, hydrogen peroxide or 12-O-tetradecanoylphorbol-
13-acetate, the mechanism induced by alkylating agents
has received little attention. In this study, NIH 3T3 cells
were exposed to methylmethanesulfonate (MMS), reveal-
ing that the agent clearly induced c-jun expression with a
peak at 2 h. Pretreatment of cells with various kinase
inhibitors, e.g. H7, genistein, herbimycin A and tyrphostin,
did not show any significant effects on the MMS-induced
c-jun expression. Benzamide, an inhibitor of poly(ADP)-
ribosylation, enhanced the MMS-induced DNA breakages,
but did not potentiate that agent which elicited c-jun
expression. Another experiment showed that this agent
transfected and overexpressed an activated v-H-ros gene
in NIH 3T3 cells, which became more resistant to
MMS-induced DNA damage but expressed the same level
of c-jun transcript as compared with NIH 3T3 cells in
response to MMS. If intracellular glutathione (GSH) was
completely depleted by buthionine sulfoximine (BSO), the
MMS-elicted c-jun expression was blocked. Subsequently,
re-elevating intracellular GSH by washing off BSO caused
the expression of c-jun by MMS to increase propor-
tionately. Based on these findings, we can conclude that
the mechanism by which MMS induced c-jun expression
does not occur through activation of protein tyrosine
kinases or initiation of DNA damage, but is closely related
to the intracellular GSH.

Introduction

The c-jun proto-oncogene, which encodes a component of
transcriptional activator complex AP-1 (1), has been shown
to be rapidly induced in mammalian cells in response to
various stimuli, including UV (2), phorbol esters (3), oxidative
stresses (4) and DNA-damaging compounds (5). Continuous
expression of c-jun results in transformation of fibroblasts in
culture and the induction of tumors in animals (6,7). Introducing
a mutant of c-jun could block ras plus SV40 large T antigen
or tumor promoter 12-0-tetradecanoylphorbol-13-acetate
(TPA*)-induced rat embryo cell transformation (8). Recently,
Dong et al. (9) showed that retinoic acid is active in inhibiting
TPA-induced anchorage-independent transformation of JB6 P+

cells in the dose range that blocks TPA-induced AP-1 activity.

•Abbreviations: TPA, 12-0-tetradecanoylphorbol-l3-acetate; MMS, methyl-
methanesulfonate; GSH, glutathione; BSO, L-buthionine-5/f-sulfoximinc; PKC,
protein kinase C; IL-2, interleukin 2; HMPS, hexose monophosphate shunt.

This would suggest that a specific block in induced AP-1
activity inhibits tumor promoter-induced transformation. In
agreement with this finding, curcumin, a potent inhibitor of
rumor promotion, suppresses TPA-induced c-jun expression in
mouse fibroblasts (10). Furthermore, a persistent induction of
c-jun and c-fos was observed in asbestos-treated mesothelial
cells, thereby suggesting that asbestos-induced carcinogenesis
would be involved in chronic stimulation of cell prolifera-
tion through activation of c-jun and/or c-fos proto-oncogenes
(11). Taken together, the evidence strongly suggests that the
c-jun proto-oncogene plays a crucial role in the process of
carcinogenesis. In addition to carcinogenesis, c-jun has recently
been reported to be involved in apoptotic cell death (12) and
cell differentiation (13).

Recent investigations have focused primarily on which
signal pathways may participate in regulating c-jun expression
in response to various stimuli. For example, Curran et al. (14)
successfully demonstrated that the DNA-binding activity of
AP-1 is regulated by a novel redox mechanism. Further-
more, a key regulatory 37 kDa protein (Raf-1) corresponding
to the redox factor was subsequently identified, suggesting
that Raf-1 may represent a novel redox component of the
signal transduction processes that regulate c-jun expression.
Another study showed that activation of Src tyrosine kinases
was the earliest step for induction of c-jun by UV, followed
by activation of Ha-Ras and Raf-1 (15). However, some
contradictory findings (16) suggest that UV initially elicited a
signal from DNA damage occurring at a nuclear site, sub-
sequently transducing the signal to cytoplasm and ultimately
activating Raf-1 and MAP-2 kinases. Membrane-activated
protein kinase, such as protein kinase C, has also been reported
to serve as a primary target in the signal pathway leading to
c-jun induction in response to TPA treatment (17). Conse-
quently, this signal converges upon Raf-associated pathways.

Although many studies have elucidated the possible mechan-
isms involved in c-jun induction in response to UV or TPA,
little is known about the signal transduction mechanisms of c-
jun induced by alkylating compounds. Therefore, in this study
we examine which cellular components may be involved in
induction of c-jun by methylmethanesulfonate (MMS). The
results obtained here indicate that the level of small peptide
glutathione (GSH) within cells may play an important role in
regulating this induction.

Materials and methods
Cell cultures and chemicals
NIH 3T3 cells and v-H-ras oncogene-transformed NIH 3T3 cells (a gift from
Dr S.-F.Yang of the Institute of Molecular Biology, Academia Sinica, Taiwan)
were grown in Dulbecco's modified Eagle's medium containing 10% fetal
calf serum, 100 U/ml penicillin and 100 U/ml streptomycin. TPA, H7,
tyrphostin, herbimycin A, genistein and buthionine sulfoximine (BSO) were
purchased from Sigma Chemical Co. (St Louis, MO). MMS was obtained
from Aldrich Co. (Milwaukee, WI).

Determination of single strand breaks (SSBs) in DNA
The number of SSBs was determined using the alkaline unwinding technique
described by Solveing Walles and Erixon (18). Briefly, cells (1 X I06) were
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washed with PBS and digested with 1 X trypsin-EDTA, then treated with
30 mM NaOH, 0.15 M NaCI at room temperature for 10 min in the dark.
The alkaline unwinding was terminated by adding the neutralizing solution
(0.02 M NaH2PO4) to pH 6.8. The solution was treated with a brief
ultrasonication (40 W, 15 s) before adding SDS to a final concentration of
0.25 g/100 ml The sample could be stored deep-frozen or be put on glass
columns of hydroxylapatite (10 X 150 mm; Bio-Gel HTP; DNA-grade Bio-
Gel = 2:1; Bio-Rad; 0.3 g per column) at 60°C. The column was washed
with 10 ml 0.02 M NaH2PO4 (pH 6.8). Next, the single and double strand
DNA were eluted with 5 ml 0.08 M and 0.25 M KH2PO4 (pH 6.8) respectively.
DAPI was added and the amount of DNA was measured by fluorimetry under
an excitation wavelength of 373 nm; the absorbance of emission (Ab) was
detected at 454 nm. The number of SSBs was reflected in the percentage of
single-strand DNA calculated from the following equation: [Ab454nm of single-
strand DNA]/[Ab454nm of (single-strand DNA + double-strand DNA)] X
100%.

Determination of the intracellular GSH content

Total intracellular GSH content was measured using the enzyme recycling
assay (19). Cells were harvested by trypsinization and cell pellets were
resuspended in 0.5 ml 2% sulfosalicylic acid (Sigma) and subjected three times
to rapid freeze—thaw lysis. Paniculate matter was separated by centrifugation at
4000 g, and protein-free lysate was then obtained from the supernatant and
used for GSH measurement while the pellet was dissolvd in 1 M NaOH and
analyzed for protein by the Bio-Rad assay kit. GSH content was calculated
from the rate of change in absorbance at 412 nM on the basis of the standard
curve in each experiment.

Hybridization probe

A full-length EcoRl fragment of c-jun coding sequence (20) and a GAPDH
cDNA Pstl fragment cut out from pIBI30 GAPDH (21) were used as
hybridization probes. DNA fragments were purified by electrophoresis on
NA-45 membranes (Schleicher and Schuell) and radiolabeled by a random
pnmer kit (New England Biotechnology) using [a-32P]dCTP (Amersham).

Total RNA isolation and Northern blot analysis

Total cellular RNA was isolated as described by Xie and Rothblum (22). For
Northern blots, RNA (20 ng/lane) was separated in an agarose/formaldehyde
gel, transferred to Zeta-probe nylon filter (Bio-Rad), and hybridized to the
DNA probes (1-2 X 10° c.p.mVml). The filter was washed successively in
2 X SSC, 0.1% SDS; 0.5 X SSC, 0.1% SDS and 0.1 X SSC, 0.1% SDS for
15 min in each solution at 65°C, followed by exposure on X-ray film (Kodak
XAR-5) with an intensifying screen at —70°C. Finally, the X-ray film was
developed and scanned to estimate the band density.
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Results

A kinetics study of c-jun induction by MMS, H2O2 and TPA
The time course of c-jun induction by 1 mM MMS is shown
in Figure 1A. A peak of c-jun induction was observed at 2 h
after compound treatment. Consequently, the level of c-jun
decreased gradually and returned to a control level by 8 h.
For reference, the response of c-jun to MMS was compared
with its induction by hydrogen peroxide (H2O2) and TPA. As
shown in Figure 1(B,C), in response to H2O2 and TPA c-jun
expression was more rapidly induced with peaks at 30 and
60 min respectively.

Effects of protein kinase inhibitors on MMS-elicited c-jun
mRNA expression
Protein kinase C (PKC) (17) and tyrosine kinases (15) have
been found to play a prominent role in TPA- and UV-induced
c-jun activation respectively. In this study, whether or not PKC
is involved in c-jun induction by MMS is verified by employing
long-term exposure (24 h) to TPA or following 1 h pretreatment
with H7 (25 (iM) to block the PKC activity. These results
indicate that neither TPA nor H7 treatment affected c-jun
induction by MMS (Figure 2, lanes 3 and 4).

Furthermore, three different tyrosine kinase inhibitors, i.e.
tyrphostin-23 (50 jiM), genistein (50 |iM) and herbimycin A
(1.5 |i.g/ml), were used to examine the effects on this induc-
tion by MMS. The examination revealed that the induction of
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Fig. 1. (A) Kinetics of c-jun induction by 1 mM MMS in NIH 3T3 cells.
(B) Kinetics of c-jun induction by 200 u\M H2O2 and (C) kinetics of c-jun
induction by 100 ng/ml TPA in NIH 3T3 cells. Total RNA was extracted
from confluent cells cultured in DMEM with 10% serum at different time
points of MMS treatment indicated in the figure. Expression of mRNA was
analyzed by Northern blots using 32P-labeled cDNA of c-jun as hybridizing
probe. NexL the membrane was exposed to X-ray film for 72 h.
Quantilation of c-jun mRNA by densitometnc scanning is shown at the
bottom of the figure. The number indicates the fold-change of c-jun of
treated cells versus control cells in the ethidium bromide-stained gel-
normalized density of the autoradiogram. Positions of 28S and 18S rRNA
are marked on the left
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Fig. 2. (A) Effects of kinase inhibitors on the MMS-induced expression of
c-jun in NIH 3T3 cells. Cells were treated as follows: control (lane 1);
I mM MMS for 2 h (lane 2); pre-exposure with 100 ng/ml TPA for 24 h
(lane 3); 25 p.M H7 for 1 h (lane 4); 50 nM tyrphostin for 1 h (lane 5);
1.5 |ig herbimycin A for I h (lane 6) and 50 (iM genistein for I h (lane 7),
then I mM MMS for another 2 h respectively. (B) Kinase inhibitors inhibit
TPA and PDGF-induced c-jun mRNA accumulation. Cells were treated as
follows: control (lane 1): 100 ng/ml TPA for 60 min (lane 2); pre-exposure
with 100 ng/ml TPA for 24 h (lane 3); 25 nM H-7 for 1 h (lane 4). then
100 ng/ml added for another I h respectively; 50 ng/ml PDGF for I h
(lane 5); pretreatment with I 5 |ig/ml herbimycin A for I h (lane 6), then
PDGF added for a further I h Northern blot analysis as described in
Materials and methods Quantitation of c-jun mRNA by densitometnc
scanning is shown at the bottom of the figure. The number indicates
the fold-change of c-jun transcripts of treated cells from control cells in
the GAPDH-normalized density of the autoradiogram.

c-jun did not interfere with these kinase inhibitors (Figure 2,
lanes 5-7). To verify that the kinase blockers used here were
effective, we performed some appropriate controls as follows:
(i) 24 h exposure to TPA and 1 h pretreatment with 25 ^M
H-7 blocked TPA-induced c-jun expression (Figure 2B, lanes
2-4); (ii) 1 h pretreatment with 1.5 |Xg/ml herbimycin A
inhibited platelet-derived growth factor-induced c-jun mRNA
accumulation (Figure 2B, lanes 5 and 6).

Effects of DNA damage on MMS-elicited c-jun mRNA
expression
An alkaline unwinding method is used to monitor the extent
of DNA damage following MMS mtreatment. Figure 3A shows
that DNA breakages increased proportionately with the time
of MMS exposure during the first 2 h. In addition, benzamide
(4 mM), a poly(ADP)ribosylation transferase inhibitor, was
added 5 min prior to MMS, thereby resulting in a significant
increase in DNA damage. Under the same treatment protocol,
the levels of c-jun transcripts were monitored to observe
whether these would change. These results indicate that
although benzamide could enhance MMS-induced DNA dam-
age, MMS-elicited c-jun expression would not be altered
(Figure 3B, lanes 5 and 6). However, benzamide alone did not
change the abundance of c-jun mRNA (Figure 3B, lanes 3 and
4). As previously described (I.W.Chou et al, unpublished
observations), v-H-ras-transformed NIH 3T3 cells exhibited a
striking resistance to MMS-induced cell death as compared
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Fig. 3. (A) Effects of benzamide on the level of MMS-induced DNA
damage measured by alkaline elution at 1 and 2 h of treatment in NIH 3T3
cells. (B: I mM MMS loaded at '0' time; ( Q I mM benzamide added
5 min before '0' time when I mM MMS was loaded: ( • ) 4 mM benzamide
added 5 min before '0' time when I mM MMS was loaded. Each point
represents the mean of three replicate cultures. (B) Effect of benzamide on
MMS-induced c-jun mRNA expression in NIH 3T3 cells. Total RNA was
extracted from cells of the following treatments: lane 1, control; lane 2,
1 mM MMS for 2 h; lane 3, 1 mM benzamide for 2 h; lane 4, 4 mM
benzamide for 2 h; lane 5, 1 mM benzamide for 5 min, then I mM MMS
added for another 2 h; lane 6, 4 mM benzamide for 5 min, then 1 mM
MMS added for another 2 h. Methods of Northern blot analysis and
quantitation of mRNA were described in Figure 2. Exposure time of X-rays
was 96 h.

with their parental NTH 3T3 cells. Consistent with this finding,
our results confirmed the absence of DNA breakages in v-H-
ras-transformed cells during the first 2 h of MMS treatment
(Figure 4A). However, the c-jun transcript still reached max-
imal induction at 2 h after MMS treatment (Figure 4B). In
addition, it was of interest to note that the induction kinetics
of c-jun by MMS between NIH 3T3 and \-H-ras NTH 3T3
cells was quite similar (Figure 4C). These findings strongly
suggest that the induction of c-jun by MMS may not occur
through DNA damage.

Effects of GSH content on MMS-induced c-jun expression
Intracellular GSH is a preferential target for alkylating agents
(23). From this, we postulate that the change of GSH within
cells by MMS may be related to its induction of c-jun. BSO,
a specific inhibitor of y-glutamylcysteine synthetase, was used
to deplete the GSH content within cells to observe its effect
on MMS-elicited c-jun expression. Exposure of NTH 3T3 cells
to 50 or 100 nM BSO for 16 h resulted in a nearly 100%
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Fig. 5. MMS-induced c-_/un mRNA expression is inhibited by pretreatment
of BSO in NIH 3T3 cells. Total RNA was extracted from the following
cells: lane 1, control; lane 2, 50 U.M BSO for 16 h; lane 3, 100 |iM BSO
for 16 h; lane 4, 1 mM MMS for 2 h; lane 5. 50 uM BSO for 16 h, then
1 mM MMS added for another 2 h; lane 6, 100 uM BSO for 16 h, then
1 mM MMS added for another 2 h. Results were measured by Northern
blotting. Quantitation of mRNA was measured by the same method
described in Figure 2 Exposure time of X-ray film was 48 h.
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Fig. 4. (A) Difference of I mM MMS-induced DNA damage level between
parental NIH 3T3 ( • ) and v-H-raj-transformed NIH 3T3 cells ( • ) during
2 h treatment. Alkaline elution analysis was examined at 0, 60 and 120 min.
Each point represents the mean of three replicate cultures. (B) Kinetics of
c-jun induction by I mM MMS in v-H-ras-transformed NIH 3T3 cells.
Total RNA was extracted at the different time points indicated in the figure
and analyzed by Northern blotting. Quantitation of mRNA was measured by
the method described in Figure 2. Exposure time of X-rays was % h.
(C) Comparison of the induction kinetics of c-jun mRNA by MMS between
NIH 3T3 ( • ) and v-H-ras NIH 3T3 cells ( • ) . The relative induction of
c-jun between these two cell lines was determined relative to the level of
GAPDH signal.
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depletion of GSH (data not shown). Northern blot analysis
reveals that treatment of cells with 50 or 100 (iM BSO alone
did not induce the level of c-jun (Figure 5, lanes 2 and 3).
However, MMS-induced c-jun expression was dramatically
inhibited by treatment with BSO (Figure 5, lanes 4-6).

The precise relationship between GSH content and c-
jun induction by MMS was next determined by depleting
intracellular GSH and then re-elevating it by washing off BSO.
As shown in Figure 6A, the levels of GSH within cells
gradually increased when BSO was washed out. After 24 h of
BSO removal, -80% of GSH was recovered. Next, MMS was
added to the cells for 2 h under the same conditions with
different levels of GSH as indicated in Figure 6A. These
results clearly demonstrated that the expression of c-jun by
MMS increased proportionately with the elevation of GSH
levels (Figure 6B).

Discussion

DNA damage is generally considered to be a primary indication
of induction of some specific gene expression by genotoxic
compounds (24). However, two lines of evidence presented
here demonstrate that c-jun induction by MMS may not occur
through DNA damage. First, exposure of cells to 4 mM
benzamide significantly potentiated the MMS-caused DNA
breakages but did not elevate the expression of c-jun transcripts.
Second, MMS induced less DNA damage in \-H-ras NIH 3T3
cells, but elicited a similar level of c-jun mRNA as compared
to NIH 3T3 cells. TPA- and UV-elicited c-jun expression
was found to be related to some specific protein kinases.
Autophosphorylation of Ltk, which is localized primarily
in the endoplasmic reticulum, was dramatically stimulated in
response to alkylating and thiol-oxidizing agents (25). In
addition, treatment of T cells with either alkylating agents (26)
or treatment of early B cells with ionizing radiation (27)
increases tyrosine phosphorylation of several cellular proteins.
This increase is probably achieved through oxidation or
alkylation of a highly reactive essential cysteine residue at
tyrosine phosphatase (28). These observations indicate that
activation of some protein kinases by changing the phospho-
rylation status of cellular proteins may function as crucial
intermediates in the pathway, thereby leading to c-jun induction
in response to exogenous stimuli. However, this study failed
on multiple trials to affect c-jun expression by MMS with some
well-known PKC and tyrosine kinase inhibitors. Therefore we
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Fig. 6. (A) Intracellular GSH content within BSO-treated NIH 3T3 cells
recovers gradually after BSO was washed out by fresh medium. GSH
content was determined from the following cells: control (column 1);
50 nM BSO for 16 h treatment (column 2); 50 uJvi BSO for 16 h
treatment, then cells were washed and recultured in fresh medium for
another 4 h (column 3), 8 h (column 4), 16 h (column 5) and 24 h
(column 6) respectively. Each bar represents the mean of three replicate
values. (B) Expression of MMS-induced c-jun mRNA is inhibited by
increasing BSO while fresh medium is replaced in NIH 3T3 cells. Total
RNA was extracted from the following cells: control (lane 1); 50 nM BSO
for 16 h treatment (lane 2); I mM MMS for 2 h treatment (lane 3); 50 (iM
BSO for 16 h treatment then I mM MMS for another 2 h (lane 4); fresh
medium replaced after 16 h treatment of 50 |lM BSO for 8, 16 and 24 h,
then I mM MMS was added for another 2 h (lanes 5-7 respectively).
Northern blots and quantitation of mRNA were performed as described in
Figure 2. Exposure time of X-ray film was 72 h.

can conclude that neither PKC nor protein tyrosine kinase is
involved in MMS-induced c-jun expression.

A large body of evidence suggests that intracellular GSH
content plays a vital role in regulating the expression of some
genes and a variety of cellular functions. A change in GSH
content could affect the actions of interleukin 2 (IL-2) on
cytotoxic T cells, including cellular proliferation, efficiency of
binding and intemalization of IL-2 (29). It has also been
reported that depletion of GSH by BSO potentiated the active
oxygen species-induced AP-1 binding activity in HepG2 cells
(30). Even treatment with BSO alone can also enhance AP-1
binding activity. In contrast, the data in this study demonstrated
that the reduction of GSH level by BSO resulted in a decrease
in MMS-elicited c-jun expression. As the intracellular GSH
level was gradually re-elevated by washing off BSO, the MMS-
elicited c-jun expression increased proportionately (Figure 6B).

The concentrations of BSO (50 and 100 |iM) used here
effectively depleted >90% of intracellular GSH but did not
increase in c-jun mRNA, thereby suggesting that the change
in GSH itself could not alter the c-jun expression in this cell
line. Based on these findings, we suggest that adducts of GSH
and MMS probably play an important role in mediating such
a signal transduction pathway.

In agreement with these findings, Clancy et al. (32) dis-
covered the depletion of intracellular glutathione was accom-
panied by a rapid and concomitant activation of the hexose
monophosphate shunt (HMPS) following exposure to nitric
oxide. Synthetic preparations of S-nitrosoglutathione shared
with nitric oxide the capacity to activate the HMPS. Therefore,
Clancy et al. suggested that nitric oxide may regulate cellular
functions via the formation of intracellular S-nitrosothiol
adducts and activation of the HMPS. 5-Methylglutathione has
long been known to inhibit the glyoxalase system (32),
indicating that this adduct may exhibit a biological activity in
intact cells. Obviously, further research is required to clarify
the possible role of methylglutathione in MMS-elicited c-jun
induction.

To our knowledge, this is the first study to investigate the
possible mechanisms involved in c-jun induction by chemical
carcinogens. Of particular interest is that this induction pathway
is not achieved through protein kinase or DNA damage, but
is closely related to intracellular GSH levels.
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