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ABSTRACT

Activation of c-Jun N-terminal kinases (JNKs) and nuclear fac-
tor-«B (NF-«B) are early cellular responses to genotoxic stress
involved in the regulation of gene expression. Pretreatment of
cells with the hydroxymethyl glutaryl-CoA reductase inhibitor
lovastatin blocked stimulation of JNK1 activity by UV irradiation
and by treatment with the alkylating compound methyl meth-
anesulfonate but did not affect activation of extracellular signal-
regulated kinase 2 by UV light. Lovastatin also attenuated UV-
induced degradation of the NF-«B inhibitor IkBa. The effects of
lovastatin on UV-triggered stimulation of JNK1 as well as on
IkBa degradation were reverted by cotreatment with gera-
nylgeranylpyrophosphate but not with farnesylpyrophosphate.
Both a geranylgeranyltransferase type | inhibitor and a farne-

syltransferase inhibitor blocked JNK1 stimulation by UV irradi-
ation without impairing signaling to NF-«B. This indicates that
different types of isoprenylated proteins impair UV-induced
signaling to JNK1 and NF-«B, respectively. Since lovastatin
caused a rapid decrease in the level of membrane-bound Rho
GTPases, we hypothesize that Rho signaling is inhibited by
lovastatin. In line with this hypothesis, Rho-inactivating toxin B
from Clostridium difficile abolished both JNK1 activation and
IkBa degradation evoked by UV irradiation. In summary, lovas-
tatin-mediated inhibition of protein isoprenylation abrogates
cellular stress responses involving JNK- and NF-«B-regulated
pathways, which seems to be caused by inactivation of Rho
GTPases.

Ras and Ras-homologous (Rho) GTPases are involved in
the regulation of a variety of cellular functions, such as
transformation (Marshall, 1984; Khosravi-Far et al., 1995;
Qiu et al., 1995) and genotoxic stress-induced signaling lead-
ing to the activation of MAP kinases (e.g., ERKs, JNKs, and
p38 MAP kinases) (Coso et al., 1995; Minden et al., 1995;
Canman and Kastan, 1996). MAP kinases trigger the phos-
phorylation and activation of transcription factors that reg-
ulate the expression of genes whose products influence cell
proliferation, differentiation, survival, and apoptosis (Can-
man and Kastan, 1996). Besides the activation of MAP ki-
nase-related pathways, a further response of cells to geno-
toxic stress resulting in stimulation of gene expression is the
activation of NF-«kB (Baldwin, 1996; Bender et al., 1998).
Recently, it has been shown that the activity of NF-«B is also
affected by Rho proteins (Perona et al., 1997). As inferred
mainly from knock-out studies, NF-«kB protects cells from
apoptosis induced by TNFa and genotoxic agents (Beg and
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Baltimore, 1996; Van Antwerp et al., 1996; Wang et al., 1996,
1999). A prerequisite for activation of NF-«B by TNF« is I«kB
kinase complex-dependent phosphorylation of the inhibitory
molecule IkBa (Baldwin, 1996). Upon phosphorylation on
Ser-32, NF-«B is released for nuclear translocation, and free
IkBa is proteasomally degraded (Baldwin, 1996). In contrast,
in cases of exposure of cells to UV-light, IkBa degradation
and activation of NF-«kB occur independently of the IxB ki-
nase complex and phosphorylation of IkBa on Ser-32 (Bender
et al., 1998; Li and Karin, 1998). This indicates that different
mechanisms are involved in the regulation of NF-«B by DNA-
damaging treatments and TNF«, respectively.

An essential requirement for correct intracellular localiza-
tion, and consequently also for physiological function, of low-
molecular-weight GTPases is their modification by isopreny-
lation (Glomset et al., 1990; Cox and Der, 1992). The
C-terminal CAAX box is the signal structure determining
whether these proteins become geranylgeranylated or farne-
sylated by the corresponding transferases (Schafer and Rine,
1992; Brown and Goldstein, 1993; Newman and Magee,
1993). Ras proteins are mainly farnesylated (Schafer and

ABBREVIATIONS: Rho, Ras-homologous; MAP, mitogen-activated protein; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal
kinase; NF-«kB, nuclear factor kB; TNFq«, tumor necrosis factor «; I1kBe, inhibitor kBe; HMG, hydroxymethyl glutaryl; FTI, farnesyltransferase
inhibitor; GGTI, geranylgeranyltransferase type | inhibitor; FCS, fetal calf serum; CHO, Chinese hamster ovary; AP-1, activator protein 1; MMS,
methyl methanesulfonate; FPP, farnesylpyrophosphate; GGPP, geranylgeranylpyrophosphate; LT, lethal toxin from C. sordellii; ToxB, toxin B from
C. difficile; GGTase, geranylgeranyltransferase.
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Rine, 1992; Newman and Magee, 1993), whereas Rho
GTPases, in general, are geranylgeranylated. Based on this, it
is tempting to hypothesize that pharmacological inhibitors of
isoprenylation affect the physiological function of small
GTPases and, therefore, affect genotoxic stress-induced signal-
ing and gene expression. However, this aspect has not been
analyzed until now. One class of pharmaceuticals that may
interfere with protein isoprenylation is HMG-CoA reductase
inhibitors such as lovastatin (Goldstein and Brown, 1990). The
major application of this group of clinically extremely relevant
and potent therapeutics is the therapy of hypercholesterolemia,
a main risk factor for heart attack and stroke (Shepherd et al.,
1995; Blauw et al., 1997; Lipid Study Group, 1998). Recently, it
was reported that lovastatin causes up-regulation of endothelial
nitric-oxide synthase (Endres et al., 1998). This effect is thought
to contribute to the stroke-preventing activity of lovastatin (En-
dres et al., 1998). Considering that long-term intake of statins is
required to achieve optimal protective effect against heart at-
tack and stroke, a rise in undesirable side effects based on
inhibition of isoprenylation of regulatory GTPases is imagin-
able. To the best of our knowledge, putative effects of HMG-CoA
reductase inhibitors on signal mechanisms regulated by small
GTP-binding proteins have not been investigated so far.

Therefore, in the present study, we addressed the question
of whether or not inhibition of protein isoprenylation by
lovastatin has an influence on signal pathways that are
rapidly activated by genotoxic stress and regulate gene ex-
pression. Here, we present evidence that lovastatin impairs
genotoxic stress-induced signaling to both JNK1 and NF-«B.
Furthermore, the data indicate that this effect of lovastatin is
caused by inhibition of Rho.

Experimental Procedures

Materials. Cytochalasin D was obtained from Sigma (Deisen-
hofen, Germany). The HMG-CoA reductase inhibitor lovastatin, far-
nesyltransferase inhibitor (FTI), geranylgeranyltransferase type I
inhibitor (GGTI), and p53 antibody were purchased from Calbiochem
(Bad Soden, Germany). All other antibodies used in this study were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). GST-Jun
(1-166) was generously provided by P. Angel (DKF2, Heidelberg,
Germany). NF-«kB-specific reporter gene was a gift of U. Rapp (In-
stitute of Medical Radiation and Cell Research, Wiirzburg, Germa-
ny). N17Cdc42 expression constructs and N19RhoA ¢DNA were pro-
vided by A. Hall (Medical Research Council, Laboratory for
Molecular and Cell Biology, London, UK).

Cell Culture. Chinese hamster ovary (CHO) and HeLa cells were
routinely grown in Dulbecco’s modifed Eagle’s medium containing
5% fetal calf serum (FCS). Primary mouse fibroblast cell line BK4
was grown in Dulbecco’s modifed Eagle’s medium supplemented
with 10% FCS. Cell rounding was analyzed by microscopy upon
formaldehyde/Triton X-100 fixation of the cells as described (Barth et
al., 1998). Breakdown of actin cytoskeleton was confirmed by fluo-
rescein isothiocyanate-phalloidin staining (Barth et al., 1998). Lova-
statin was not preactivated by alkaline hydrolysis, because in initial
experiments it was observed to be as effective [with respect to the

induction of morphological changes (Koch et al., 1997)] as the preac-
tivated compound.

Kinase Assays. JNKI1 activity was determined by the immune
complex kinase assay system. After immunoprecipitation using a
JNK1-specific antibody (Santa Cruz), phosphorylation reaction was
performed at 30°C for 30 min in a total volume of 40 ul of reaction
buffer [25 mM HEPES, pH 7.6, 20 mM MgCl,, 20 mM B-glycerol-
phosphate, 0.1 mM sodium orthovanadate, 2 mM dithiothreitol, 25
uM ATP, and 1 uCi of [y->P]ATP]. As a substrate for JNK reaction,
GST-Jun 1/166 (a gift of P. Angel, Heidelberg, Germany) was used.
Reaction products were separated by SDS-polyacrylamide gel elec-
trophoresis and visualized by autoradiography of the dried gel. For
quantification, autoradiograms were analyzed densitometrically. For
determination of ERK2 activation, Western blot-based analysis was
performed as described (Fritz and Kaina, 1999).

Western Blot Analysis. Protein from total cell extracts (30 pg)
was separated onto 10 to 12.5% SDS polyacrylamide gels. After
wet-blotting to nitrocellulose, protein expression was analyzed using
the corresponding antibodies (1:100 to 1:1000). After incubation with
peroxidase-coupled anti-rabbit (anti-mouse) antibody, proteins were
visualized by chemiluminescence using Renaissance enhanced lumi-
nol reagent (DuPont NEN, Boston, MA).

Reporter Gene Analysis. To determine the effect of lovastatin
on NF-«B-regulated gene expression, reporter gene analyses, using
NF-«kB-specific minimal promoter (3XNF-kB-luciferase) (Baumann
et al., 1998), were performed. After transfection of CHO cells with
the NF-«B-Luciferase construct (24 h), cells were pretreated with
lovastatin for 8 h. After pretreatment period, cells were exposed to
UV light. A further 16 h later, cells were harvested for determination
of luciferase activity using the luciferase assay (Promega, Madison,
WI). To analyze the effect of dominant negative Rho forms on stim-
ulation of NF-kB-specific gene expression by UV light, expression
vectors encoding dominant negative Cdc42 (N17Cdc42) RhoA
(N19RhoA) and Rac (N17Rac) (Fritz and Kaina, 1997) were cotrans-
fected.

Gel Retardation Analysis. >?P-labeling of oligonucleotides was
performed by use of T4 kinase. A cell extract was prepared as
described previously (van Dam et al., 1993). Binding reactions were
performed by incubation of 5 ug of protein with ~5 fmol of 32P-
labeled oligonucleotide for 30 min at room temperature [binding
buffer: 10 mM HEPES, pH 7.9, 60 mM KCI, 5 mM MgCl2, 1 mM
EDTA, 1 mM dithiothreitol, 1 ug/ml BSA, 10% glycerol, 0.5 ug
poly(dI-dC)]. Subsequently, reaction mixtures were separated onto
5% native polyacrylamide gels. After electrophoresis, gels were dried
and subjected to autoradiography. For analysis of the DNA-binding
activity of AP-1, an AP-1-specific oligonucleotide originating from
the mouse collagenase promoter (5'-AGTGGTGACTCATCACT-3")
was used.

Analysis of GTP-Binding Activity (GTP Overlay). GTP-bind-
ing activity of a membrane fraction was analyzed upon separation of
membrane proteins by SDS-polyacrylamide gel electrophoresis (15%
gel). After blotting to nitrocellulose, proteins were renatured by
overnight incubation in buffer containing 25 mM Tris/192 mM gly-
cine. After 20 min of preincubation in binding buffer [50 mM Tris (pH
7.5), 0.3% Tween 20, 5 mM MgCl,, 1 mM EGTA], [«->2P]GTP (1
nCi/ml) was added. After a further incubation period of 90 min at
room temperature, filters were washed three times for 30 min with
binding buffer. Subsequently, the level of [*?P]GTP binding was
visualized by autoradiography.

o Fig. 1. Lovastatin blocks genotoxic stress-induced activa-
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Results

CHO cells were pretreated with the HMG-CoA reductase
inhibitor lovastatin for 24 h. Afterward, they were exposed to
UV light (UV-C) or to the monofunctional alkylating agent
methyl methanesulfonate (MMS). Thirty to 60 min after ex-
posure, JNK1 activity was determined by the immune com-
plex kinase assay. As shown in Fig. 1A, pretreatment of cells
with lovastatin completely blocked both the UV- and the
MMS-induced stimulation of JNK1 activity. Pre-exposure of
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Fig. 2. Lovastatin (Lov)-mediated inhibition of JNK1 activation by geno-
toxic stress is independent of cytoskeletal changes. A, logarithmically
growing CHO cells were exposed to lovastatin (50 uM). After different
times, cells were fixed, and the number of rounded cells was counted as
described under Experimental Procedures. B, 4, 8, and 24 h after lova-
statin pretreatment, cells were irradiated with UV light (60 J/m?) or
treated with MMS (2 mM). After a further incubation period of 30 min,
cells were harvested for determination of JNK1 activity as described.
Shown are the autoradiographic results. C, serum-starved (24 h, 0.5%
FCS) HeLa cells were pretreated for different periods of time with lova-
statin (50 uM). Afterward, cells were exposed to UV light (60 J/m?); 10
min later, cells were harvested, and ERK2 activation was determined by
Western blot analysis as described under Experimental Procedures. 1,
nonphosphorylated; 2, phosphorylated (active) form.
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cells to cytochalasin D did not abolish JNK1 activation by
genotoxic agents (Fig. 1B), indicating that the inhibitory
effect of lovastatin on genotoxic stress-induced JNK1 activa-
tion is independent of cytoskeletal changes, which are also
known to be evoked by lovastatin. This view is supported by
the finding that pretreatment with lovastatin for only 4 h,
which is too short a period to cause cell rounding (Fig. 2A), is
already sufficient to completely impair stimulation of JNK1
activity (Fig. 2B). Lovastatin did not inhibit UV-induced
activation of ERK2 (Fig. 2C). This shows the specificity of
lovastatin on JNK-related signal pathways. Besides attenu-
ating activation of JNK1, lovastatin also inhibited agent-
induced increase in c-Jun protein expression and AP-1-bind-
ing activity (Fig. 3). After a pretreatment period of 4 h,
lovastatin exerts partial inhibitory effects (data not shown).

Next we analyzed whether lovastatin interferes with other
types of early cellular responses to genotoxic stress, in par-
ticular with UV-induced signaling to p53/p21 and to NF-«B
(Fritsche et al., 1993; Bender et al., 1998). To investigate the
effect of lovastatin on p53/p21, we made use of a primary
mouse fibroblast cell line expressing wild-type p53. Pretreat-
ment of these cells with lovastatin for 2 h did not inhibit the
UV-induced rise in p53 protein level (Fig. 4A). Moreover, p21
protein induction was also not affected by lovastatin pre-
treatment (Fig. 4B). Under identical experimental condi-
tions, an increase in c-Jun protein expression was blocked
(Fig. 4B). After an extended period of time of lovastatin
pretreatment (16 h), the UV-stimulated increase in p53 pro-
tein level was no longer detectable (Fig. 4C). In contrast, the
UV-induced increase in the amount of p21 protein remained
unchanged (Fig. 4C). To analyze the effect of lovastatin on
stress-induced signaling to NF-«B, we monitored its influ-
ence on IkBa degradation upon UV irradiation. As shown in
Fig. 4D, the UV-induced decrease in IkBa protein level was
completely blocked after 24 h of lovastatin pretreatment.
After a pretreatment period of 4 h, a significant (P < .05)
inhibitory effect of lovastatin on IkBa degradation by UV
light was already observed (Fig. 4E). Cytochalasin D pre-
treatment did not impair UV-induced degradation of IxBa
(data not shown), indicating that lovastatin affects NF-«B
signaling independent of cytoskeletal changes. Overall, the
HMG-CoA reductase inhibitor lovastatin impaired genotoxic
stress-induced signaling to JNK1 and NF-«B without affect-
ing mechanisms leading to the activation of ERK2 and p21.
Also, notably, a lower concentration of lovastatin (e.g., <10
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Fig. 3. Lovastatin (Lov) impairs the UV- and MMS-induced increase in
c-Jun protein level and DNA-binding activity of AP-1. Logarithmically
growing CHO cells were pretreated with lovastatin (50 uM) for 20 h.
Subsequently, cells were exposed to UV (60 J/m?) or treated with MMS (1
mM). After a further incubation period of 4 h, cells were harvested, and
the amount of c-Jun protein was determined by Western blot analysis.
DNA-binding activity of AP-1 was analyzed by gel retardation analysis as
described under Experimental Procedures.




1392 Gnad etal.

uM) effectively inhibited UV-inducible signaling. Thus, 4 to 5
uM lovastatin is sufficient to cause 50% inhibition of the
UV-stimulated JNK1 activation and IkBa degradation, re-
spectively (Fig. 5A). Furthermore, 5 uM lovastatin largely
abrogated the stimulation of NF-«B-regulated gene expres-
sion by UV exposure (Fig. 5B).

Basically, inhibitors of HMG-CoA reductase cause deple-
tion of precursor molecules that are required for both protein
geranylgeranlyation and protein farnesylation (Goldstein
and Brown, 1990). To identify the type of protein isopreny-
lation that is important for signaling to JNK1 and NF-«B,
lovastatin pretreatment was performed in the presence of
either FPP or GGPP, respectively. As shown in Fig. 6A,
cotreatment with GGPP restored JNK1 activity upon UV
irradiation to >80% of the level that is observed in nonpre-
treated control cells. In contrast, addition of FPP had no
effect on the lovastatin-mediated inhibition of JNK1 activa-
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tion by UV light (Fig. 6A). This indicates that blockage of
UV-triggered JNK activation by lovastatin is caused mainly
by inhibition of protein geranylgeranylation. To further ad-
dress this question, we investigated the effect of pharmaco-
logical inhibitors of protein geranylgeranylation (e.g., GGTI)
and farnesylation (e.g., FTI) on UV-induced JNKI1 activity.
Pretreatment of cells for 4 h with both GGTI and FTI exerted
no inhibitory effect (Fig. 6B), whereas pretreatment for 24 h
inhibited the UV-induced increase in JNK1 activity by 80 to
90% (Fig. 6B). Obviously, protein geranylgeranylation as
well as farnesylation is essential for JNK1 stimulation by
UV. Because FPP did not reverse the lovastatin effect, we
conclude that farnesylated proteins are necessary, but insuf-
ficient on their own, to mediate activation of JNK by UV
light. With respect to UV-stimulated degradation of IkBa, we
found that FPP did not abolish the inhibitory effect of lova-
statin on IkBa degradation by UV light, whereas GGPP did

Lov
Y
| UY + Loy

=
o
'
c = ;.
=

g
5 100
o0
R
S
c
g A &
& 504
<
s
=
©
QO
o
0
uy - - + +
Lov(4h) - + - +

Fig. 4. Effect of lovastatin on the UV-induced increase in p53/p21 and degradation of IkBa. A and B, logarithmically growing primary mouse fibroblast
cells were left untreated (Con) or were pretreated (Lov) for 2 h with lovastatin (50 uM). Afterward, cells were irradiated (60 J/m?) and further
incubated in the presence of lovastatin; 6 h (for analysis of p53) and 10 h (for p21 analysis) later, cells were harvested, and the expression of p53 and
p21 protein, respectively, was analyzed by Western blot analysis. For the control, filters were rehybridized with ERK2 and c-Jun specific antibodies.
C, cells were left untreated (Con) or were pretreated for 16 h with lovastatin (Lov) as described under A. Subsequently, cells were irradiated and
analyzed for p53/p21 protein expression 6 to 10 h later. D, after the pretreatment period of 4 and 20 h with lovastatin (50 uM), cells were irradiated
(80 J/m?) and harvested a further 4 h later for determination of the amount of IkBa by Western blot analysis. Shown is one representative experiment.
The relative amount of IkBa (IkBa/ERK2) in the control was set to 1.0. Con, nonpretreated; Lov, lovastatin pretreatment as described before. E, Mean
values * S.D. from three independent experiments performed as described under D with a lovastatin pretreatment period of 4 h. The relative amount
of IkBa in untreated control was set to 100%. **, significant effect (P < .05).



(Fig. 7A). Thus, as with JNK1 activation, inhibition of pro-
tein geranylgeranylation by lovastatin is the main underly-
ing cause for abrogation of IkBa degradation induced by UV
light. In contrast to JNK1, inhibition of protein isoprenyla-
tion by FTI and GGTI did not prevent the decrease in IxkBa
protein level after UV exposure (Fig. 7B). This indicates that
different types of isoprenylated proteins that are targeted by
lovastatin are involved in the regulation of UV-induced sig-
naling, leading to JNK1 activation or IxkBa degradation.

Ras-related GTPases of the Rho family are modified by
isoprenylation and are reported to be involved in the regula-
tion of both JNKs/stress-activated protein kinases and
NF-«kB (Coso et al., 1995; Minden et al., 1995; Perona et al.,
1997). Therefore, we considered Rho GTPases as putative
candidates whose function might be inhibited by lovastatin.
This hypothesis is supported by the finding that lovastatin
treatment resulted in a rapid, time-dependent decline in the
level of membrane-bound RhoA, Rac, and Cdc42 protein (Fig.
8A). The overall level of Rho GTPases in whole cell extracts
was not changed by lovastatin (data not shown). Compared
with the untreated control, the amount of these GTPases was
largely (>50%) reduced already 8 h after addition of lova-
statin (Fig. 8B). In contrast, the overall level of [*?P]GTP-
binding proteins remained largely unchanged within the first
8 h after lovastatin treatment (Fig. 8B). This indicates that
lovastatin treatment preferentially results in a rapid drop of
Rho GTPases from the membrane fraction. After 24 h of
treatment with GGTI, a decrease in the level of membrane-
bound Rho proteins was not observed (data not shown).

To further prove the essential role of Rho proteins in UV-
induced signaling, we made use of Clostridium difficile ToxB,
which specifically inactivates Rho GTPases (e.g., RhoA, Rac,
Cdc42) (Just et al., 1994, 1995) by glucosylation. As shown in
Fig. 9, ToxB completely blocked UV-induced stimulation of
JNK1 activity (Fig. 9A) and also impaired the decrease in
IkBa protein level (Fig. 9B). Statistical analysis revealed
that the blocking effect of ToxB on UV-induced IxBa degra-
dation is highly significant [relative amount of IkBa protein
after UV irradiation: 0.35 = 0.10 (n = 3); relative amount of
IkBa protein after UV irradiation plus ToxB pretreatment:
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1.10 = 0.15 (n = 3)]. Thus, Rho GTPases are essentially
required for genotoxic stress-induced signaling to both JNK1
and NF-«B. To identify the types of Rho GTPase primarily
involved, we used two additional bacterial toxins that specif-
ically inhibit different subtypes of Rho proteins. Inactivation
of Rac by lethal toxin from Clostridium sordellii (L'T) (Just et
al., 1996) impaired activation of JNK1 by UV light (Fig. 9A)
without affecting IkBa degradation (Fig. 9B). On this basis,
we suggest Rac activity to be crucial for signaling to JNK1
but not to NF-«B. Inactivation of Rho subtypes (RhoA, -B,
and -C) of Rho GTPases by Clostridium botulinum, exoen-
zyme C3 (Aktories et al., 1988; Kikuchi et al., 1988; Chardin
et al., 1989) partially inhibited activation of JNK1 by UV
light (Fig. 9A) and, similar to LT, did not affect IkBa degra-
dation (Fig. 9B). This indicates that Rho (e.g., RhoA, -B, and
-C)-regulated mechanisms contribute to JNK1 activation by
UV irradiation without affecting NF-«kB-related pathways.
Of all Rho-inactivating toxins tested, only ToxB impaired
UV-induced signaling to NF-«B. ToxB distinguishes from LT
and C3 toxin in that it has Cdc42 as an additional substrate.
This raises the question of whether or not inactivation of
Cdc42 is sufficient to block NF-«B activation by UV irradia-
tion. To this end, we analyzed the effect of dominant negative
Cdc42 (N17Cdc42) on stimulation of NF-kB-regulated gene
expression by reporter gene analysis. As shown in Fig. 9C,
neither dominant negative Cdc42, Rac (N17Rac), nor RhoA
(N19RhoA) inhibit the UV-driven NF-«B-specific gene ex-
pression. This indicates that down-modulation of a single
Rho-regulated pathway alone is not sufficient to block NF-«B
activation by UV irradiation.

Discussion

In the present study, we provide evidence that the HMG-
CoA reductase inhibitor lovastatin abrogates stimulation of
c-Jun-N-terminal kinase 1 (stress-activated protein kinase 1)
activity by genotoxic stresses such as UV irradiation and
MMS exposure. Cytochalasin D, which causes depolymeriza-
tion of the actin cytoskeleton in a manner similar to lova-
statin, failed to inhibit JNK1 activation by UV light, showing

Fig. 5. Lovastatin-mediated inhibi-
tion of JNK1 and NF-«B is dose de-
pendent. A, logarithmically growing
cells were pretreated with different
concentrations of lovastatin (1, 5,
and 20 uM) for 20 h. Afterward, cells
were irradiated (80 J/m?2); 30 min
and 4 h later, JNK1 activity and
IkBa degradation, respectively, were
determined as described before.
Data shown are mean values from
two independent experiments. The
relative JNK1 activity (IkBa degra-
dation) without lovastatin pretreat-
ment was set to 100%. B, 24 h after
transfection with the NF-«B-specific
reporter gene construct (3xNF-«B-
Luc), cells were pretreated with 1
and 5 uM lovastatin for 8 h. After-
ward, cells were irradiated (80 J/m?),
and a further 16 h later, they were
harvested for determination of lucif-
erase activity. Data shown are mean
values from at least two independent
experiments, each performed in du-
plicate.
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that the inhibitory effect of lovastatin on genotoxic stress-
induced activation of JNKI1 is independent of cytoskeletal
changes, which are also evoked by lovastatin (Schmidt et al.,
1982; Fenton et al., 1992; Bifulco et al., 1993; Koch et al.,
1997). Inhibition of UV-induced JNKI1 activation by lova-
statin is accompanied by blockage of c-Jun protein expression
and AP-1-binding activity. This is in contrast to the phospha-
tidylinositol-3 kinase inhibitor wortmannin, which blocks
genotoxic stress-induced activation of JNK1 without affect-
ing c-Jun protein expression and AP-1 binding (Fritz and
Kaina, 1999). Because lovastatin does not interfere with sig-
naling to ERK2 and p21, a nonspecific inhibitory effect of this
compound on genotoxic stress-inducible mechanisms can be
ruled out. Moreover, bearing in mind that activation of ERKs
by UV light is regulated mainly via the Ras/Raf pathway
(Radler-Pohl et al., 1993; Canman and Kastan, 1996), the
data also indicate that Ras/Raf-regulated mechanisms are
not significantly affected by lovastatin. Another cellular re-
sponse to genotoxic stress that we found to be impaired by
lovastatin, too, is UV-induced signaling to NF-«B. The ICj,
concentration of lovastatin for inhibition of UV-mediated ac-
tivation of JNK1 as well as IkBa degradation is 4 to 5 uM.
This indicates that the observed inhibitory effects of lova-
statin on stress-inducible signal pathways might also be rel-
evant under in vivo conditions, in particularly in the liver,
where the highest concentration of lovastatin is achieved.
Although lovastatin was able to block UV-induced signal-
ing to both JNK1 and NF-«B, different mechanisms are very
likely to be involved. This hypothesis is based on the obser-
vations that 1) 4 h of lovastatin treatment were sufficient to
completely block JNK1 activation by UV light; under these
conditions UV-induced signaling to NF-«B was only partially
attenuated and 2) inhibitors of both FTI and GGTI were able
to impair JNK1 activation, although none of them inhibited
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Fig. 6. Both geranylgeranylated and farnesylated proteins are involved
in the lovastatin-mediated inhibition of UV-induced activation of JNKI.
A, logarithmically growing CHO cells were pretreated with lovastatin
(Lov) for 4 h in the presence (+) or absence (—) of FPP (50 uM) and GGPP
(50 uM), respectively; 30 min after UV irradiation (60 J/m?), cells were
analyzed for JNK1 activity as described. Shown is the autoradiography of
one representative experiment (of three independent experiments, each
giving basically identical results). B, CHO cells were left untreated (Con-
trol) or were pretreated with either GGTI (10 uM) or FTI (50 uM) for 4 h
and 24 h, respectively. After a preincubation period, cells were irradiated
and harvested for determination of JNKI1 activity as described under A.
Shown is the autoradiography of one representative experiment (of at
least two independent experiments, giving basically the same results).

signaling to NF-«B. The data indicate that different types of
isoprenylated proteins are involved in the activation of JNK1
and NF-«B by genotoxic stress. Surprisingly, the inhibitory
effect of lovastatin on NF-«B signaling was reversed by
GGPP but was not affected by the inhibitor of GGTase type I.
This indicates that the activity of GGTases other than
GGTase type I is crucial for the modification of regulatory
proteins triggering NF-«B activation by UV irradiation. Al-
ternatively, compensatory mechanisms by other types of
GGTases might come into play. This would also explain our
observation that, upon pretreatment of cells for 24 h with the
GGTase type I inhibitor, clear changes in the level of mem-
brane-bound Rho proteins were not observed.

Rho family GTPases are reported as central players in the
regulation of JNKs (Coso et al., 1995; Minden et al., 1995)
and are also known to interfere with NF-«B regulation (Pe-
rona et al., 1997). Therefore, it was reasonable to assume
that Rho proteins might be important cellular targets whose
activity is inhibited by lovastatin. If this assumption is true,
lovastatin should be expected to reduce the fraction of phys-
iologically active Rho proteins that are located in the mem-
brane fraction. Indeed, lovastatin caused a rapid decline in
the amount of membrane-bound Rho proteins. Eight hours
after exposure to lovastatin, RhoA, Rac, and Cdc42 protein
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Fig. 7. Involvement of protein geranylgeranylation and farnesylation in
UV-induced signaling to NF-«B. A, cells were pretreated with lovastatin
(Lov) for 16 h in the presence (+) or absence (—) of FPP (50 uM) and
GGPP (50 uM), respectively. After pretreatment, cells were irradiated
with UV light (80 J/m?). After a further incubation period of 4 h, cells
were harvested for the determination of IkBa protein level by Western
blot analysis. Autoradiograms were analyzed densitometrically, and the
relative amount of IkBa (IkBa/ERK2) in the control was set to 1.0. B,
CHO cells were pretreated or not (Control) with either GGTI (10 uM) or
FTI (50 uM) for 24 h. After the preincubation period, cells were exposed
to UV light and harvested a further 4 h later for determination of the
IkBa protein level. Quantification was performed as described under A.



levels were already decreased by >50%, whereas the overall
level of [**P]GTP-binding proteins was only slightly reduced
(<20%). Obviously, lovastatin causes a rapid, preferential
decline of Rho-type GTPases from the membrane fraction. A
lovastatin-induced decrease in membrane localization of
RhoA was recently reported by Koch et al. (1997). Changes in
the overall level of Rho GTPases by lovastatin treatment
were not observed, as analyzed in whole cell extracts. Yet, an
additional Rho form, which can be assumed to represent the
nonisoprenylated form, became detectable (data not shown).

Another line of evidence showing that Rho proteins are
crucial for UV-induced signaling to both JNK1 and NF-«B is
based on the use of Rho-inactivating clostridial toxins. Upon
inactivation of all Rho species (e.g., RhoA-like species, Rac
and Cdc42) by C. difficile ToxB (Just et al., 1994, 1995), a
stimulatory effect of UV irradiation on JNK1 activation and
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Fig. 8. Lovastatin causes a rapid decrease in the level of membrane-
bound Rho GTPases. A, after exposure of CHO cells for different periods
of time with lovastatin (Lov, 50 uM), membrane fractions were prepared,
and the amount of Rho GTPases (Cdc42, Rac, and RhoA) was analyzed by
Western blotting. Additionally, the overall level of GTP-binding proteins
was determined using a [*P]GTP overlay assay as described under
Experimental Procedures. B, quantitative densitometric analysis of the
data shown under A. The relative amount of a given Rho GTPase
([*?P]GTP binding level) in the untreated control was set to 100%.
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IkBa degradation was no longer detectable. This shows that
Rho proteins are essentially required for genotoxic stress-
induced signaling to JNK1 and NF-«B. From transient trans-
fection of constitutively activated Rho species (Coso et al.,
1995; Minden et al., 1995) and from the use of Rho-activating
necrotizing factor from E. coli (Lerm et al., 1999), it is known
that activation of Rho results in stimulation of JNK activity.
However, we would like to point out that it was still quite
unclear what subtype of Rho GTPase might be of particular
physiological relevance to trigger JNK activation upon UV
irradiation. Furthermore, participation of Rho proteins in
genotoxic stress-induced activation of NF-«kB has not been
described so far. To identify the type of Rho GTPase that is
physiologically most relevant for signaling to JNK1 and
NF-«B we made use of bacterial toxins specifically inactivat-
ing particular Rho isoforms. Inactivation of Rac signaling by
use of LT from C. sordellii (Just et al., 1996) completely
abrogated activation of JNK1 by UV light without affecting
IkBa degradation. This strongly indicates that Rac is the
most physiologically relevant Rho GTPase triggering UV-
induced signaling to JNK1. Inhibition of RhoA-like GTPases
(e.g., RhoA, -B, and -C) by C. botulinum exoenzyme C3 (Ak-
tories et al., 1988; Kikuchi et al., 1988; Chardin et al., 1989)
partially inhibited UV-stimulated JNK1 activity and did not
affect IkBa degradation. Obviously, although to a lesser ex-
tent than Rac, activation of RhoA-like GTPases also influ-
ences the level of JNK1 activity upon UV exposure. However,
neither Rac nor RhoA-like GTPases seem to be decisive for
signaling to NF-«B. Of all toxins tested, only ToxB was able
to block UV-induced IkBa degradation. ToxB is distinguished
from LT (Rac specific) and C3 exoenzyme (RhoA-like specific)
only in additionally inactivating Cdc42. Therefore, it is
tempting to speculate that Cdc42 is important for the acti-
vation of NF-«B by UV light. However, dominant negative
Cdc42 (N17Cdc42) failed to inhibit UV-induced activation of
NF-kB-regulated gene expression. The same is true for
N17Rac and N19RhoA, which we included as further con-
trols. These data are in line with a recent report (Perona et
al., 1997). Therefore, we suggest that down-modulation of
Cdc42-regulated signaling alone is not sufficient for inhibi-
tion of NF-kB activation by UV irradiation. Maybe, inactiva-
tion of several Rho species is required for blockage of UV-
induced signaling to NF-«B. This interesting point will be the
subject of forthcoming studies. When discussing Rho
GTPases as putative relevant targets for lovastatin-mediated
attenuation of genotoxic stress-induced activation of NF-«B,
it should not be concealed that the evidence available for the
participation of Rho proteins in the regulation of NF-«B is
much more tenuous than it is for JNK signaling. Therefore,
we cannot completely rule out that mechanisms independent
of Rho GTPases are also involved in the inhibitory effect of
lovastatin on NF-«B signaling. In particular, this is true for
a participation of regulatory prenylated proteins other than
Rho GTPases. Alternative possibilities, such as an interfer-
ence of cytoskeleton or effects unrelated to prenylation, are
unlikely, because cytochalasin D fails to block the UV-in-
duced degradation of IkBa and the inhibitory effect of lova-
statin is neutralized by supplementation with GGPP.

In summary, we have shown that the clinically very rele-
vant group of statines, which are established to prolong life
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span in cases of coronary insufficiencies, exerts dramatic
inhibitory effects on stress-inducible mechanisms involving
JNKs and NF-«B. Both factors are central regulators of cel-
lular responses to genotoxic and nongenotoxic stress, thereby
affecting cellular survival, apoptosis, and inflammation
(Baldwin, 1996; Canman and Kastan, 1996; Wang et al.,
1996). With the data available, we suggest that members of
the Rho family of small GTPases, which are highly important
for genotoxic stress-induced signaling to JNK1 and NF-«B,
are inhibited by lovastatin. The identification of Rho-regu-
lated stress-inducible signal pathways as cellular targets of
HMG-CoA reductase inhibitors provides a novel molecular
basis for understanding the mechanisms underlying the clin-
ical effectiveness of this group of therapeutic drugs. Further-
more, it also points to putative undesirable side effects of
statins, brought about by an altered cellular response to
extracellular stress. This might have implications for cyto-
static drug-based cancer therapy and anti-inflammatory
therapies.
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