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Activation of c-Jun N-terminal kinases (JNKs)/stress-activated protein kinases is an early response of cells
upon exposure to DNA-damaging agents. JNK-mediated phosphorylation of c-Jun is currently understood to
stimulate the transactivating potency of AP-1 (e.g., c-Jun/c-Fos; c-Jun/ATF-2), thereby increasing the expres-
sion of AP-1 target genes. Here we show that stimulation of JNKI1 activity is not a general early response of cells
exposed to genotoxic agents. Treatment of NIH 3T3 cells with UV light (UV-C) as well as with methyl
methanesulfonate (MMS) caused activation of JNK1 and an increase in c-Jun protein and AP-1 binding
activity, whereas antineoplastic drugs such as mafosfamide, mitomycin C, N-hydroxyethyl-N-chloroethylnitro-
sourea, and treosulfan did not elicit this response. The phosphatidylinositol 3-kinase inhibitor wortmannin
specifically blocked the UV-stimulated activation of JNK1 but did not affect UV-driven activation of extracel-
lular regulated kinase 2 (ERK2). To investigate the significance of JNKI1 for transactivation of c-jun, we
analyzed the effect of UV irradiation on c-jun expression under conditions of wortmannin-mediated inhibition
of UV-induced stimulation of JNK1. Neither the UV-induced increase in c-jun mRNA, c-Jun protein, and AP-1
binding nor the activation of the collagenase and c-jun promoters was affected by wortmannin. In contrast, the
mitogen-activated protein kinase/ERK kinase inhibitor PD98056, which blocked ERK2 but not JNK1 activa-
tion by UV irradiation, impaired UV-driven c-Jun protein induction and AP-1 binding. Based on the data, we
suggest that JNK1 stimulation is not essential for transactivation of c-jurn after UV exposure, whereas

activation of ERK2 is required for UV-induced signaling leading to elevated c-jun expression.

Exposure of mammalian cells to DNA-damaging agents elic-
its a variety of responses including the rapid transcriptional
activation of the so-called immediate-early inducible genes c-
fos and c-jun. Dimerization of their gene products forms the
transcription factor AP-1 (e.g., c-Jun/c-Fos or c-Jun/ATF-2),
which gives rise to increased expression of AP-1 target genes
such as c-jun itself (1, 47). Under conditions of c-Fos defi-
ciency, cells are rendered hypersensitive to a broad spectrum
of DNA-damaging agents, indicating that the expression of
various c-Fos-regulated genes exerts a protective function (15,
21, 25, 42). As primary targets for UV-stimulated signaling,
growth factor receptors such as the epidermal growth factor
(EGF) receptor (26) as well as cytokine receptors (40) have
been identified. Triggered by these receptors, UV irradiation
activates a protein kinase cascade covering extracellular regu-
lated kinases (ERKs) (37), c-Jun N-terminal kinases/stress-
activated protein kinases (JNKs/SAPKs) (8), and p38 mitogen-
activated protein kinases (37, 48). Phosphorylation of
transcription factors by these kinases finally results in tran-
scriptional activation of various target genes (4). In contrast to
UV, genotoxic stress evoked by alkylating agents such as
methyl methanesulfonate (MMS) fails to activate ERKs in
human cells (49). Based on this observation and on the finding
that suramin blocks only the UV-driven activation of mitogen-
activated protein kinases and does not affect MMS-induced
signaling (41, 49), it has been suggested that the primary cel-
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lular target of MMS-driven stimulation of signaling pathways is
different from that of UV.

It has been shown previously that INKs/SAPKs phosphory-
late c-Jun on serines 63 and 73 (44, 45) and ATF-2 on threo-
nines 69 and 73 (14, 28). This phosphorylation occurs while
c-Jun is bound to its regulatory element in complex with
ATF-2, whereby the complex formation is not affected by phos-
phorylation (18, 28, 46, 47). Exchange of the JNK-specific
phosphate receptor amino acids of c-Jun as well as those of
ATEF-2 abolishes the transactivating capacity of these factors,
thus preventing activation of c-jun expression (28, 38). Fur-
thermore, phosphorylation of c-Jun by JNKs was reported to
be required for activation of AP-1 and cellular transformation
(44, 45). Overall, these reports indicate that phosphorylation
by JNKSs is very important for the physiological function of
c-Jun/AP-1. However, to our best knowledge, it has not been
shown that stimulation of JNK activity, for example, by over-
expression of activated SAPK/ERK kinases (SEKs), leads to
an increase in c-jun mRNA expression or c-jun promoter ac-
tivity. Also, the effect of dominant-negative SEKs on stress-
induced JNK activation and c-jun expression is largely un-
known. Interestingly, embryonic stem cells lacking JNK
upstream regulator SEK1/mitogen-activated protein kinase ki-
nase 4 (MKK4) were not impaired in UV-stimulated activation
of JNK (32, 50). One possible interpretation of this is that
other MKKs such as the recently identified MKK7 might be of
particular relevance for stress-induced JNKI activation (10,
30). Because of the lack of suitable pharmacological JNK in-
hibitors, the effect of inhibition of stress-induced JNK1 activa-
tion on the expression of the endogenous c-jun gene has not
been analyzed yet. Also, ionizing radiation and the anticancer
drug cisplatin failed to stimulate JNK activity at physiologically
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relevant doses (27) but were able to activate c-jun and c-fos
mRNA expression (9, 16, 20, 43). On the other hand, doxoru-
bicin stimulated JNK activity (19, 35) but failed to increase
AP-1 activity (7). In view of these divergent findings, it is rather
unclear whether activation of JNK1 is an essential step in
genotoxic stress-induced expression of c-jun.

We addressed the question of the physiological significance
of JNKI, which has been reported previously to be a major
UV-activated JNK isoform (14, 47), in the expression of c-jun
by analyzing the consequences of pharmacological JNKI1
blockage for UV-induced c-jun expression. As an inhibitor of
genotoxic stress-induced JNKI activation, we used wortman-
nin. Here, we demonstrate that wortmannin is highly efficient
in blocking the UV-mediated activation of JNK1 but does not
affect activation of ERK2. Under these conditions of wortman-
nin-blocked stimulation of UV-driven JNKI1 activation, expres-
sion of c-jun was not impaired, indicating that JNK1 is not
essentially required for transactivation of c-jun.

MATERIALS AND METHODS

Materials. GST-Jun (1/166) was obtained from P. Angel (Heidelberg, Ger-
many); Coll-CAT (—73/+63) and c-Jun-CAT (—196/+195) constructs as well as
c-fos, c-jun, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) hybrid-
ization probes were provided by H. J. Rahmsdorf (Karlsruhe, Germany). rhoB
cDNA was obtained from T. Hunter (San Diego, Calif.). The phosphatidylinositol
(PI) 3-kinase inhibitor wortmannin, mitomycin C, and MMS were purchased
from Sigma; the MEK inhibitor PD98059 was from Calbiochem. Treosulfan was
provided by Medac (Hamburg, Germany), N-hydroxyethyl-N-chloroethylnitro-
sourea (HeCNU) was provided by G. Eisenbrand (Kaiserslautern, Germany),
and mafosfamide was provided by J. Pohl (Asta Medica, Frankfurt, Germany).
Antibodies were obtained from Santa Cruz (San Diego, Calif.).

Cell culture. NIH 3T3 cells were routinely grown in Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal calf serum. For UV irradiation, the
medium was removed and added again after treatment. Treatment with MMS
and cytostatic drugs was performed by putting the agents directly into the me-
dium.

Kinase assays. JNKI1 activity was determined by immune complex kinase
assay. After immunoprecipitation with JNK1-specific antibody (Santa Cruz, cat-
alog no. sc-474), the immunoprecipitate was incubated for 30 min at 30°C in 40
wl of reaction buffer containing 25 mM HEPES (pH 7.6), 20 mM MgCl,, 20 mM
B-glycerolphosphate, 0.1 mM sodium orthovanadate, 2 mM dithiothreitol, 25
uM ATP, and 1 pCi of [y->*P]ATP. As substrate for INK1, 1 pg of GST-Jun
(1/166) was used. Reaction products were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and visualized by autoradiography.
Additionally, SEK-mediated phosphorylation of JNK1 was analyzed after immu-
noprecipitation of JINK1 by Western blotting with phosphospecific JINK antibody
(Santa Cruz, catalog no. sc-6254). ERK2 activation was analyzed by Western
blotting with ERK2-specific antibody (Santa Cruz, catalog no. sc-154) as de-
scribed elsewhere (39).

Band shift analysis. For determination of AP-1-specific binding, band shift
analysis with an AP-1-specific oligonucleotide derived from the mouse collage-
nase promoter was performed (5'-AGTGGTGACTCATCACT 3'). The oligo-
nucleotide was 3?P labeled by the use of T4 kinase and was incubated with
extracts from treated or nontreated NIH 3T3 cells. Extracts for band shift
analysis were prepared by high-salt extraction as described elsewhere (46). After
determination of protein concentration (3), 2 to 5 pg of protein was incubated
with 3?P-labeled oligonucleotide for 30 min at room temperature. After the
incubation period, reaction products were separated on nondenaturing 5% poly-
acrylamide gels. After the run, gels were dried and subjected to autoradiography.

Northern blot analysis. Ten to twenty micrograms of total RNA, prepared
according to the method of Chomczynski and Sacchi (5), was separated on an
0.8% agarose gel. RNA was transferred overnight onto Hybond N filters (Am-
ersham) with 50 mM NaOH as transfer buffer. Prehybridization was performed
in buffer containing 7% SDS, 1 mM EDTA, and 0.5 mM Na-phosphate (pH 7.4).
Hybridization was done overnight in the same buffer additionally containing 1%
bovine serum albumin and 3?P-labeled probe. cDNA probes were 3°P labeled by
random priming (Stratagene). The filter was hybridized with c-jun-specific probe
and subsequently rehybridized with c-fos, rhoB, and GAPDH ¢cDNA probes.

Western blot analysis. For immunological detection of c-Jun, 30 g of protein
from total extracts was separated by SDS gel electrophoresis and wet blotted to
nitrocellulose with a Bio-Rad blotting chamber. The filter was blocked by over-
night incubation with phosphate-buffered saline-0.2% Tween supplemented with
5% dry milk. Hybridization with c-Jun-specific antibody (1:1,000; Santa Cruz;
catalog no. sc-45) was done for 2 h at room temperature in phosphate-buffered
saline-0.2% Tween—5% dry milk. c-Jun proteins were detected after incubation
with peroxidase-coupled anti-mouse immunoglobulin G by chemiluminescence
(Amersham, ECL detection kit).
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FIG. 1. Stimulation of JNKI1 activity and AP-1 binding by DNA-damaging
treatments. Logarithmically growing NIH 3T3 cells were left untreated (Control)
or were exposed to UV (40 J/m?) and MMS (1 mM). At 30 min (UV) and 1 h
(MMS) after treatment, cells were harvested and analyzed for INK1 activity (A).
For analysis of AP-1 binding activity (B), cells were harvested 4 h after treatment.
Determination of JNKI1 activity and AP-1 binding activity was performed as
described in Materials and Methods. Autoradiograms were densitometrically
analyzed, and relative JNK1 activity and AP-1 binding, respectively, in the un-
treated control were set to 1.0.

Promoter chloramphenicol acetyltransferase (CAT) analyses. In order to an-
alyze the effect of UV irradiation on the level of the promoter, expression
analyses with Coll-CAT (—73/+63) as well as c-Jun-CAT (—196/+195) promoter
constructs were performed. Five micrograms of the corresponding promoter
constructs was transfected by the CaCl, coprecipitation technique into logarith-
mically growing NIH 3T3 cells. At 24 h after transfection, cells were pretreated
or not (control) with wortmannin (200 nM), and 30 min later, cells were UV
irradiated (40 J/m?). After irradiation, cells were further incubated for 4 h in the
presence of wortmannin (200 nM) before the medium was replaced. Twenty-four
hours later, cells were harvested for determination of the amount of CAT protein
by an enzyme-linked immunosorbent assay-based assay (Boehringer, Mannheim,
Germany).

RESULTS

In this study, we asked the question of the physiological
significance of JNKs for genotoxic stress-induced signaling.
First, we analyzed whether activation of JNKs/SAPKs is a
general early response of cells exposed to DNA-damaging
agents. Therefore, we measured the activity of JNK1, which is
known to be the major UV-stimulated JNK (14, 47), after
exposure of cells to various kinds of DNA-damaging agents. In
the next step, we analyzed whether drug-induced changes in
JNKT1 activity, via JNK-mediated activation of the transcription
factor c-Jun/ATF-2 (28, 38, 47), are related to an increase in
the expression of c-jun mRNA and c-Jun protein and changes
in AP-1 binding activity. JNK1 activity was determined by the
immune complex kinase assay with JNKI1-specific antibody.
UV irradiation of NIH 3T3 cells as well as treatment with the
alkylating agent MMS caused a rapid and strong increase in
JNKT1 activity (Fig. 1A) which was accompanied by enhanced
AP-1 binding (Fig. 1B). Interestingly, various antineoplastic
drugs such as the cyclophosphamide analogue mafosfamide, as
well as treosulfan, HeCNU, and mitomycin C, did not elicit
JNKI1 activation and also did not increase AP-1 binding activity
(Fig. 2A and B). In contrast to MMS, the antineoplastic agents
also failed to increase c-Jun protein level as determined 4 h
after treatment (Fig. 2C) and to stimulate c-jun promoter ac-
tivity (data not shown). We would like to note that the cyto-
static drugs were used at concentrations exerting cytotoxic ef-
fects comparable to those of UV and MMS (<1% colony
formation). Even at highly cytotoxic concentrations (up to 150
wM), mafosfamide did not affect AP-1 binding activity as an-
alyzed up to 8 h after treatment (data not shown). Thus, for the
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FIG. 2. Antineoplastic drugs stimulate neither JNK1 activity nor AP-1 bind-
ing and do not cause an increase in c-Jun protein level. (A and B) Logarithmi-
cally growing NIH 3T3 cells were treated with various cytostatic drugs (mafos-
famide, 60 wM; treosulfan, 500 uM; HeCNU, 60 wM; mitomycin C, 0.5 wg/ml)
and, as a control, MMS (2 mM). One and four hours after treatment, cells were
harvested for determination of JNKI activity (A) and AP-1 binding activity (B),
respectively. (C) Four hours after exposure to the agents indicated, the amount
of c-Jun protein was determined by Western blot analysis. Thirty micrograms of
protein from total cell extracts was separated by SDS-polyacrylamide gel elec-
trophoresis, and after blotting to nitrocellulose, c-Jun protein was detected with
c-Jun-specific antibody (Santa Cruz).

genotoxic agents tested, activation of JNK1 and subsequent
increase in c-Jun protein and AP-1 activity are not general
phenomena but appear to be agent specific.

So far, stimulating effects of JNKs on transcription factors
such as ATF-2 and c-Jun have been analyzed mainly by tran-
sient-transfection experiments (28, 38). One experimental ap-
proach to investigating whether JNK1 is an essential compo-
nent in the transactivation of the endogenous c-jun gene is to
analyze the effect of UV irradiation on c-jun expression under
conditions of pharmacological inhibition of JNK1. This kind of
analysis enables a valuation of the physiological significance of
JNKI1 for UV-driven c-jun expression within the natural cellu-
lar context. Since PI 3-kinase is assumed to be involved in the
regulation of the small GTPase Rac by platelet-derived growth
factor (17, 36) and Rac is known to play an important role in
the UV-induced activation of JNKs, but not ERKS (6, 29), the
question arose whether inhibition of PI 3-kinase by the specific
inhibitor wortmannin might affect stimulation of JNKs by UV
light. As shown in Fig. 3A (upper panel), wortmannin largely
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FIG. 3. UV activation of JNK1 but not ERK2 is blocked by the PI 3-kinase
inhibitor wortmannin. (A) Logarithmically growing NIH 3T3 cells were pre-
treated or not (Control) with 200 nM wortmannin. After an incubation period of
30 min, cells were UV irradiated (40 J/m?) or treated with MMS (2 mM). After
a further incubation period of 30 min (for UV irradiation) and 60 min (for MMS)
in the presence of the corresponding concentration of wortmannin, cells were
harvested for determination of JNKI activity (upper panel). An aliquot of the
immunoprecipitated JNK1 was subjected to Western blot analysis with a phos-
phospecific INK antibody (pJNKI1 [lower panel]). Shown are the autoradio-
grams. Autoradiograms were densitometrically analyzed, and relative JNK1 ac-
tivity (and the amount of pJNKI, respectively) in the untreated control was set
to 1.0. (B) Logarithmically growing NIH 3T3 cells were pretreated or not (Con-
trol) with 200 nM wortmannin. After an incubation period of 30 min, cells were
UV irradiated (40 J/m?). Ten minutes after irradiation, cells were harvested for
determination of ERK2 activation by Western blot analysis. Arrows indicate the
positions of the nonphosphorylated (lower band) and phosphorylated (activated)
(upper band) ERK2 protein.

reduced UV-mediated activation of JNK1. Wortmannin also
reduced the extent of UV-induced phosphorylation of JNK1 as
analyzed by Western blotting with phosphospecific JNK anti-
body (Fig. 3A, lower panel). An inhibitory effect of wortman-
nin was not observed for UV-driven stimulation of ERK2 (Fig.
3B), which indicates the specificity of the effect evoked by
wortmannin. To analyze whether differences do exist in the
inhibitory capacity of wortmannin for UV- and MMS-induced
JNKTI activation, dose-response analyses were performed (Fig.
4A and B). Since ~10 nM wortmannin caused reduction of
UV-stimulated JNK activation by 50%, we suggest that the
inhibitory effect of wortmannin is due to a specific inhibition of
PI 3-kinase. In the case of MMS-driven JNKI1 stimulation,
~100 nM wortmannin was required to reduce JNKI activity by
~50%. At higher concentrations of wortmannin (e.g., 200
nM), the UV-stimulated JNK1 activity was inhibited by 80 to
90% and MMS-driven JNKI1 activation was inhibited by 50 to
60% (Fig. 4C). Thus, the most specific and efficient inhibitory
effect of wortmannin was found for the stimulation of JNK1 by
UV-C, indicating that PI 3-kinase-coupled receptors are im-
portant elements in UV-induced signaling to JNKs.

Next we analyzed whether the wortmannin-mediated reduc-
tion in the UV-driven activation of JNKI affects the induction
of c-Jun protein. Surprisingly, the increase in c-Jun protein
after treatment of cells with both UV and MMS was not af-
fected by pretreatment with wortmannin (Fig. 5), indicating
that inhibition of JNKI stimulation does not block c-jun ex-
pression. This was verified by Northern blot analysis showing
that the UV-induced increase in c-jun mRNA level was not
reduced by wortmannin (Fig. 6A). The same was true for other
immediate-early inducible genes such as c-fos and rhoB (Fig.
6A) (13). In line with these data, the UV-induced rise in AP-1
binding activity was not inhibited by wortmannin (Fig. 6B). We
should note that we determined in parallel the inhibitory effect
of wortmannin on JNKI1 stimulation, in order to ensure the
effectiveness of treatment (data not shown). We also analyzed
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FIG. 4. Wortmannin preferentially inhibits UV-driven activation of JNKI.
(A) Logarithmically growing NIH 3T3 cells were not treated (Control) or pre-
treated for 30 min with the indicated concentration of wortmannin (Wort; 2 to
200 nM). Thereafter, cells were either UV irradiated (40 J/m?) or treated with
MMS (1 mM). After a further incubation period of 30 min (for UV irradiation)
and 60 min (for MMS) in the presence of the corresponding concentration of
wortmannin, cells were harvested for determination of JNKI1 activity. Shown are
the autoradiograms. (B) Quantitative densitometric analysis of the autoradio-
grams shown in panel A. (C) Statistical analysis of the inhibitory effect of
wortmannin on JNK1 activation by UV irradiation and MMS treatment, respec-
tively. Data shown are mean values * standard deviations from five (UV) and
four (MMS) independent experiments, respectively. =, P < 0.01.

the effect of wortmannin on the UV-stimulated transactivation
of the cjun and collagenase promoters. Exposure to UV light
resulted in a ~3.5- and a ~2.5-fold increase in the activity of
the promoters of c-jun and collagenase, respectively. Pretreat-
ment of cells with wortmannin did not inhibit the extent of
activation of both promoters by UV (Fig. 6C). Based on the
data, we conclude that the activation of JNK1 by UV is not
decisive for the transcriptional activation of c-jun.

As we have shown above in Fig. 3B, wortmannin did not
affect the activation of ERK2 by UV. In view of this, we asked
whether stimulation of ERK2 might be sufficient for induction
of c-jun by UV irradiation. To address this question, we used
the MEK inhibitor PD98059, which specifically blocked UV
activation of ERK2 without inhibiting JNK1 stimulation (Fig.
7A). As shown in Fig. 7B, inhibition of ERK2 activation was
accompanied by obstruction of the UV-stimulated increase in
c-Jun protein level and AP-1 binding. Overall, these data in-
dicate that ERK2 activation is essential for the UV-driven
increase in c-Jun protein level and AP-1 binding activity
whereas JNK1 stimulation is not essentially required for trans-
activation of c-jun by UV light.
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DISCUSSION

JNKT1 is known to be a major JNK/SAPK which is stimulated
after UV irradiation of cells (14, 47). This work was performed
to elucidate whether activation of JNK1 is an essential com-
ponent in the induction of endogenous c-jun RNA and c-Jun
protein and the rise in AP-1 binding activity. In particular, we
wished to address the question of the physiological significance
of JNK1 stimulation by UV-C for transactivation of c-jun. To
this end, we investigated the effect of UV irradiation on the
expression of the endogenous c-jun gene under conditions of
JNKI1 inhibition. Furthermore, we analyzed the effects of dif-
ferent types of DNA-damaging agents on JNK1 activity, on the
level of c-Jun protein, and on AP-1 binding activity.

We demonstrate that treatment of cells with UV and the
alkylating agent MMS results in activation of JNKI, stimula-
tion of the cjun promoter, an increase in the amount of c-Jun
protein, and stimulation of AP-1 binding activity. Under iden-
tical experimental conditions (e.g., equitoxic doses), various
cytostatic drugs, which are frequently used in cancer therapy,
neither evoked stimulation of JNK1 activity nor increased the
c-Jun protein level and AP-1 binding. Therefore, we suppose
that rapid activation of JNK1 and the subsequent increase in
cjun expression and AP-1 activity are not general early re-
sponses of cells to genotoxic stress. Obviously, the stimulation
of JNKs and c-jun expression depends on specific properties of
the genotoxic agent to which the cells are exposed. This con-
clusion is in line with data recently reported by Liu et al. (27).
The clinically relevant antineoplastic agents used in our study
induce DNA cross-links which are major cytotoxic lesions (11,
12). Therefore, a low yield of DNA damage induced by these
agents may exert a high level of cytotoxicity, compared to
MMS or UV, whose cytotoxicity is due to lesions other than
DNA interstrand cross-links (11, 24). Thus, it is possible that
the critical dose required for stimulation of JNK signaling
cannot be achieved with DNA cross-linking cytostatic drugs, if
applied at equitoxic doses compared with methylating agents
or UV light. Overall, for the DNA-damaging agents tested, the
potency in activating JNK1 was related to their ability to in-
crease c-Jun protein level and AP-1 binding activity. On the
other hand, the antineoplastic agent doxorubicin was previ-
ously reported to stimulate JNK activity (19, 35) but failed to
increase the AP-1 level (7) and c-jun expression (la). This
shows that JNK1 activation is not necessarily accompanied by
c-jun induction. In line with this are our observations that the
cytokine interleukin 18 (IL-1B) stimulates JNK1 activity with-
out affecting c-Jun level and AP-1 binding and that overexpres-
sion of JNK1 does not stimulate c-jun promoter activity (13a).
Furthermore, treatment of cells with cisplatin lacked signifi-
cant JNK activation (9, 27) but clearly induced c-jun mRNA
expression (9).

The question arising from these data is whether JNK1 acti-
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FIG. 5. UV- and MMS-stimulated induction of c-Jun protein is not impaired
by wortmannin. Cells pretreated or not (Control) with wortmannin (200 nM, 30
min) were irradiated with 40 J/m? (A) or treated with 1 mM MMS (B). Four
hours after exposure, the amount of c-Jun protein was analyzed by Western
blotting with c-Jun-specific antibody.
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FIG. 6. Wortmannin does not inhibit UV-stimulated expression of c-jun. (A) NIH 3T3 cells were pretreated or not (Control) with wortmannin (200 nM). Thirty
minutes later, cells were UV irradiated (40 J/m?), and after a further incubation period of 30 min in the presence of wortmannin, total RNA was isolated and subjected
to Northern blot analysis with c-jun, c-fos, and rhoB-specific hybridization probes. As a control for the amount of RNA loaded onto the filter, rehybridization was done
with a GAPDH probe. Shown are the autoradiograms. (B) Wortmannin treatment and UV irradiation were performed as described for panel A. Four hours after
irradiation, cells were harvested for determination of AP-1 binding activity. The autoradiogram is shown. (C) NIH 3T3 cells were transfected with 5 pg of
collagenase-CAT construct (Coll-CAT) and c-jun-CAT construct (Jun-CAT), by the calcium phosphate coprecipitation technique. Twenty-four hours after transfection,
cells were pretreated or not (Control) with wortmannin (Wort; 200 nM) for 30 min. Subsequently, cells were irradiated (40 J/m?) or not (Control) and further incubated
for 4 h in the presence of wortmannin (200 nM). Thereafter, medium was replaced by fresh medium. After an incubation period of 24 h, cells were harvested for
determination of the amount of CAT protein by an enzyme-linked immunosorbent assay-based assay system (Boehringer).

vation is absolutely required for UV-induced transactivation of
c-jun. An experimental approach which may be useful to ad-
dress this question is based on the analysis of the UV-stimu-
lated c-jun expression under conditions of JNK1 inhibition. As
a potent pharmacological inhibitor of JNK activation, we iden-
tified the PI 3-kinase inhibitor wortmannin. Wortmannin
largely blocked stimulation of JNK1 activity by UV and MMS
but did not affect UV activation of ERK2, indicating the spec-
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FIG. 7. MEK inhibitor PD98059 blocks UV-stimulated ERK2 activation and
impairs induction of c-Jun and AP-1. (A) Logarithmically growing NIH 3T3 cells
were pretreated or not (control [Con]) with 50 puM MEK inhibitor PD98059.
After an incubation period of 30 min, cells were UV irradiated (40 J/m?). Ten
minutes after irradiation, cells were harvested for determination of activation of
ERK?2 and JNKI, as described in Materials and Methods. Shown are the auto-
radiograms. (B) Pretreatment with PD98059 and subsequent UV irradiation of
cells were performed as described for panel A. After an incubation period of 4 h
in the presence of PD98059 (50 uM), cells were harvested for Western blotting
(c-Jun) and AP-1 binding analysis (AP-1). The autoradiograms are shown.

ificity of inhibition. As deduced from the concentration of
wortmannin which is required to inhibit JNKI activation by
50%, PI 3-kinase appears to be specifically involved in UV-
induced signaling to JNKs. The maximum inhibition of UV-
driven JNKI1 activation, as obtained with 200 nM wortmannin,
was 80 to 90%. This is in the same range as that observed for
other PI 3-kinase-regulated physiological functions (2, 31, 33,
34). The data strongly indicate that PI 3-kinase-coupled recep-
tors (such as the platelet-derived growth factor receptor and
cytokine receptors) are involved in UV-driven signaling to
JNKs. This is in agreement with recent data showing the in-
terference of multiple growth factor and cytokine receptors in
the JNK signaling cascade (40). It was proposed elsewhere that
the EGF receptor predominantly participates in activation of
ERKs (26). However, UV stimulation of ERKs was still ob-
served in EGF receptor-deficient cells (22). Thus, overall it
remains unclear whether the EGF receptor is a dominant el-
ement in initiating UV signaling to ERKs. Since we observed
an inhibitory effect of wortmannin specifically on UV-induced
activation of JNK1 but not on the UV stimulation of ERKs, we
suggest that different types of growth factor receptors are in-
volved in UV-induced signaling: PI 3-kinase-coupled receptors
which trigger the activation of the JNK cascade and PI 3-ki-
nase-independent receptors interfering mainly with the stimu-
lation of ERKs.

The availability of wortmannin as a specific inhibitor of the
UV-induced activation of JNK1 enabled us to analyze the
physiological relevance of JNK1 activation to the induction of
the endogenous c-jun gene by UV light. Surprisingly, under
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conditions of strong inhibition of UV-stimulated JNK1 activa-
tion, we observed neither a reduction of the UV-stimulated
cjun mRNA expression nor an effect on c-Jun protein level,
AP-1 binding activity, and activation of the c-jun and collage-
nase promoters. Based on this, we suggest that, although pre-
dominantly activated by UV irradiation (14, 47), UV-driven
JNKI1 stimulation is not essential for transactivation of c-jun
expression. The hypothesis of JNKI1-independent, genotoxic
stress-induced expression of c-jun is in agreement with the
finding that ionizing radiation (doses up to 200 Gy) does not
stimulate JNK activity (27), although it evokes both c-jun and
c-fos induction (16, 20, 43). Identical results have been ob-
tained with the antineoplastic drug cisplatin (9). Furthermore,
very recently it was shown that UV-mediated AP-1 activation
can be blocked without inhibiting JNK activity (23). Taken
together, there are different lines of evidence which contradict
the prevailing view of a general, major role of JNKs (in par-
ticular, JNK1) in genotoxic stress-induced signaling leading to
gene expression. It remains possible that yet insufficiently char-
acterized JNK isoforms, which are different from JNKI1 and
are not predominantly activated by UV, might be decisive for
UV-induced signaling to c-Jun/ATF-2 and concomitant trans-
activation of c-jun. Based on our finding that inhibition of
ERK?2 activation by the MEK inhibitor PD98059 blocked the
UV-driven increase in c-Jun expression and AP-1 binding ac-
tivity, we hypothesize that stimulation of ERK2 activity after
UV exposure is probably physiologically more relevant for the
induction of c-jun than is the activation of JNKI.

In summary, we demonstrate that (i) the early activation of
JNKI1 and the subsequent increase in c-Jun protein and AP-1
binding are not general responses of cells to DNA-damaging
treatments; (ii) the PI 3-kinase inhibitor wortmannin specifi-
cally blocks the UV-mediated activation of JNK1 but does not
affect stimulation of ERK2; (iii) wortmannin-mediated block-
age of UV-stimulated JNKI1 activation does not inhibit the
UV-driven increase in c-jun mRNA, c-Jun protein, AP-1 bind-
ing, and c-jun promoter activity; and (iv) inhibition of UV-
mediated ERK2 activation by PD98059 is accompanied by
inhibition of c-Jun induction and AP-1 activation. Based on the
data, we suggest that PI 3-kinase-coupled growth factor recep-
tors are important upstream elements in UV-induced signaling
to JNKs. Since c-jun expression was not altered under condi-
tions of JNKI1 inhibition but was impaired by inhibition of
ERK?2, we further suggest that stimulation of JNK1 activity is
not essential for transcriptional activation of the endogenous
cjun gene, whereas ERK2 stimulation is required.
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