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Abstract in the activation of multiple stress kinase cascades, including the
ASK1, MEKK1, MAPK, (8, 9), ERK (10), and IKK-NkB (11, 12)
signaling pathways. Among the substrates for these signaling cascades
cell death, the effect of GSTp on stress signaling pathways was inves—are P53, NiB, c-Jun, ATF2, and c-Fos, which dictate protection

tigated before and after H,0, treatment. Under nonstressed condi- [10M: OF promotion of, cell death (13, 14). Importantly, the balance
tions, increased expression of GSTp via a tet-off-inducible GSTp in Petween different stress signaling cascades appears to be among the

NIH 3T3 cells increased the phosphorylation of mitogen-activated Key determinants in dictating the cell’s fate (reviewed in Refs. 15, 16),
protein (MAP) kinase kinase 4, p38, extracellular receptor kinase although the mechanisms underlying the coordinated regulation of the
(ERK), and inhibitor of k-kinase (IKK), and reduced phosphorylation kinases involved are not understood.

of MAP kinase kinase 7 and Jun NH-terminal kinase (JNK). Whereas Recent studies revealed an association of GSTp with JNK
H,0, treatment of cells induced JNK, p38, and IKK activities, in the  through which it regulates the low basal level of JNK activity in
presence of HO, and elevated GSTp expression there was an addi- honstressed cells. Stress in the form of UV os04 causes mul-
tional increase in ERK, p38, and IKK activities and a decrease in INK timerization of GSTp, which impedes its inhibition of JNK (17).
activity. GSTp-mediated protection from H,0-induced death was at- This is remarkably similar to thioredoxin’s association with and

tenuated upon inhibition of p38, nuclear factor kB, or MAP kinase by . = .~ . . L L
dominant negative or pharmacological inhibitors. Conversely, expres- inhibition of ASK1 activities, which limit ASK1 activities under

sion of a dominant negative JNK protected cells from HO,-mediated NONstressed growth conditions (18). Given the ability of ROS to

death. These data suggest that the coordinated regulation of stress activate stress kinases and the link between stress-activated kinases

kinases by GSTp, as reflected by increased p38, ERK, and nuclear and altered redox potential, we explored mechanisms underlying

factor kB activities together with suppression of JNK signaling, con- the ability of GST to elicit protection against ROS-producing

tributes to protection of cells against reactive oxygen species-mediated agents. The present study demonstrates that GSTp coordinates

death. ERK/p38/IKK activation and JNK suppression as part of the mech-
anism underlying its ability to elicit protection against,®i-
induced cell death.

To elucidate mechanisms underlying glutathioneS-transferase p
(GSTp)-mediated cellular protection against oxidative stress-induced

Introduction

Cell protection from external damage largely depends on the avaylaterials and Methods

atb”tl.ty andt aﬁtlvfltség;rj&wx'iatlvs Enlzymes, ?glghsﬁéamt?lm h;mio- Cells and Protein Preparation. The mouse fibroblast cell line NIH 3T3
static control -An altered balance o Irectly allectSyng the NIH 373 cells that stably express the pSV40-Hyg plasmid were

cellular pr0|iferat_i0n' apoptosis, and senescence (1, 2)_' . maintained in DMEM supplemented with 10% fetal bovine serum and antibi-
A key determinant of the cellular response to OX'_dat'VG Str_e%ﬁcs (Life Technologies). Cells were grown at 37°C with 5% ,C®@he
relates to the level and form of glutathione. Changes in glutathiopget-GSTp was constructed by subcloning the cDNA of wild-type GSTp
levels have been associated with the activation of stress kinaggaHI-Sal fragment) into the tet-regulated promoter of the pUHD-10-3
(3), although the underlying mechanisms are not known. A majgector (Clontech). Cell clones that stably express both constructs were selected
factor that affects glutathione homeostasis is its utilization By 600 ug/ml geneticin in the presence of hygromycin (109/ml). GSTp-
conjugation, primarily via GST (reviewed in Refs. 4, 5). Thdet-regulatable cells were maintained in DMEM containing 10% fetal bovine
ability of GST to alter levels of cellular glutathione in response t3€™Um: 100ug/ml hygromycin, and 40Qug/ml geneticin. To maintain sup-

production of ROS has been implicated in protection of cells frm‘?{eSSion of GSTp expression,dy/ml tet was added to the medium every 3
ROS-inducing agents (6, 7) days. Proteins were prepared from cells as described previously (19). In all

. - cases, the buffer contained a cocktail of proteageg/inl pepstatin, leupeptin,
Accumulation of ROS in response to UV o8, treatment results 5n4 aprotinin) and the phosphatase inhibitors sodium vanadateajland

sodium fluoride (5 m).
Received 3/7/00; accepted 6/8/00. Chemicals. H,0,, GSTp, pepstatin, leupeptin, aprotinin, sodium vanadate,

The costg of publication of this article were defrayed iln part by the payment qf pagdd sodium fluoride were purchased from Sigma. SB203580 and PD98059
charges. This article must therefore be hereby maddertisemenin accordance with were purchased from CalBiochem.

18 U.S.C. Section 1734 solely to indicate this fact. L .
1 Support from the National Cancer Institute (Grant CA77389) to Z. R. is gratefully Constructs. AMEKK1, a constitutively active form of MEKK1 that lacks

acknowledged. amino acids 1-351, was kindly provided by Audrey Minden (Columbia Uni-
2To whom requests for reprints should be addressed, at Ruttenberg Cancer Cewisfsity, New York, NY). MKKE®, a constitutive activator of p38; JINKREF,

Mount Sinai School of Medicine, One Gustave Levy Place, Box 1130, New York, N : : . ; ; .
10029. Fax: (212) 849-2446; E-mail: ronaiz01@doc,mssm.edu. % dominant negative of JNK2; p3%, a dominant negative form of p38;

3 Abbreviations used are: ROS, reactive oxygen species; GST, glutatioaesfer-  flagMKK7, 7,gMKK4, and GST-ATF2 expression vectors were kindly pro-
ase; ASK1, apoptosis signal-regulating kinase 1; MEKK1, MAPK/ERK kinase kinasejded by Roger Davis (University of Massachusetts, Worcester, MdBAN,
MAPK, mitogen-activated protein kinase; ERK, extracellular receptor kinase; IKK, ing superstable form okB, was provided by Dean Ballard (School of Medicine,
hibitor of k-kinase; NB, nuclear factorxB; ATF2, activating transcription factor 2; - - - - SE - .

GSTp, glutathioneStransferaser; JNK, Jun NH-terminal kinase; MEK, MAPK/ERK Yanderbllt UrlllverSIt.y, Nash\{llle, TN). IKlﬁ »a (?onstltutlvely active "_JB
kinase; MKK, MAPK kinase; kB, inhibitor of nuclear factoiB; tet, tetracycline; IP, KinaseBS177; 181E; GST«B; 2xNFxB-Luciferase; and MER", a constitu-

immunoprecipitation; PKB, protein kinase B/AKT. tively active form of MEK, were kindly provided by Michael Karin (University
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of California, San Diego, CA). GSTp cDNA was cloned into pcDNA3.1Results

5xJun2tk-Luciferase was kindly provided by Hans Van Dam (Silvius Labora- ) o ) .
tory, Leiden, the Netherlands). GSTp Expression Alters Activity of Stress Kinases.To elucidate

Antibodies, Immunoprecipitations, and Immunoblots. Antibodies to c- the nature of GSTp-elicited changes in stress kinases, we established
Jun were purchased (Santa Cruz Biotechnology). Polyclonal antibodies to JAKtet-off-based GSTp-inducible 3T3 cell line. This cell line was
were generated using bacterially expressed JNK as an antigen. Polycidglected because of its low basal levels of GSTp (Fay. Using cells
antibodies to GSTp were generated using purified GSTp (Sigma). Phospheaintained in the presence or absence of tet, we monitored changes in
antibodies to MKK4 and MKK7 were gifts from Michael Comb of Newstress kinases. Removal of tet caused a time-dependent gradual in-
England Biolabs., Beverly, MA. Phospho-antibodies to MKK6, ERK1/2, AKT¢crease in GSTp expression (Figy)1Within the initial 8 h, the levels
p38, kB, and JNK were purchased (New England Biolabs). Immunopreciphf GSTp were increased 2—4-fold, whereas during the 12—24 h period,
tations were carried out using 1 mg of protein extract angdl of the GSTp expression was increased 10-20-fold (Fig.. MKK4 and
respective antibodies and protein G beads (Life Technologies) for 16 h at 44k K6 were among the kinases that were not affected within the first
as described previously (17). Immunoblotting analysis was performed g4, after increased GSTp expression in nonstressed 3T3 cells. Kinases
described (17). Quantification of the results was performed by computeriZﬁ\,g,jlt were inhibited by low levels of GSTp expression included JNK,
densitometry. ) . ) . MKK3, p38, and MKK7. Conversely, upon higher expression of

H,0, Treatment. Medium taken from the culture dish was mixed WlthGSTp, p38 exhibited a substantial increase in its phosphorylation.

freshly diluted HO, and immediately applied to the cultured fibroblasts. . . . .
Y diLe HO, ' 'ately appl witured 1 .. ERK phosphorylation revealed a marked increase at later time points
Immunokinase Assays.Immunokinase assays were carried out using im-

munoprecipitated material (of 1 mg of protein) that had been incubated wﬁﬁ'g' 1a). A modest increase was seen in phosphorylation of MKK?

the respective substrates (17). IP with INK was followed by phosphorylati@lflter 24 h of glevated GSTp expression (Fig). 1Higher 'eYeL? Of
of GST-JuA~#7, IP of p38 was followed by phosphorylation of GST-ATF2, IPGSTP expression (absence of tet for 12-24 h) attenuated inhibition of

of ERK was followed by phosphorylation of myelin basic protein, and IP o NK phosphorylation. This observation is in line with our former
IKK was followed by phosphorylation of GST«B. findings, which revealed a concentration-dependent inhibition of INK
Apoptosis Studies. Analysis of cell death was carried out as described b@ictivity by GSTp (17). Increased GSTp expression also caused a
Kumaret al.(20), using triplicates 0f5000 cells per measurement, at the timenoticeable increase in the degree eBIphosphorylation (not shown).
points indicated in “Results.” Of the various stress-activated kinases tested, PKB/AKT was not

a b
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Fig. 1. Effect of GSTp on stress kinases using tet-inducible GSTp
P f— — — - R
p38 NIH 3T3 cells.a, induced GSTp expression inhibits INK activity.
) J— GSTg" cells were maintained in the presence or absence of tet for
p38 ) the time points indicated. Proteins were subjected to immunoblot
analysis using the respective phospho-antibodies indicated and non-
phospho-antibodies (when available). Intensities of bands were
100 93 98 170 260 quantified using densitometer scanning. Changes in relative intensity
ERK1/2P .. e e - are indicated as percentage of time 0 (100%). Expression of GSTp at

each of these time points is shown at tbevestpanel.b, effect of
s i - - induced GSTp expression on phosphorylation of ATF2 and c-Jun.
ERK1/2 “ == ' w GSTp™ cells were maintained in the absence of tet for the time
points indicated. Proteins were analyzed by Western blotting with
antibodies to phospho-ATF2 or c-Jun followed by Western blotting
p —— with antibodies to ATF2 or c-Jun. Level of GSTp expression at each
AKT N — — —— of these points is shown in tHewestpanel.hr, hour.

GSTp —
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degree of HO,-induced JNK phosphorylation, although the level of

control H,0, JNK phosphorylation was still higher than in control or in GSTp-
expressing cells (Fig. 2). The ability of GSTp to limit the degree of
hr 0 0 1 1 3 3 JNK activation after BO, treatment points to a mechanism by which
GSTp may also serve to limit the magnitude of this stress kinase
tet + - + = + - output. Together, changes seen in stress kinases ugontkeatment

of GSTp-expressing cells revealed the nature of coordinated regula-
tion of stress kinases as reflected in the increased activities of IKK,
JNK - e - - Jun p38, and ERK while limiting the JNK output.

Elevated GSTp Expression Elicits Protection against HO,-
induced Cell Death. Given the well-documented protection elicited
by GSTp in cells subjected to treatments that generate high levels of
ROS (reviewed in Refs. 5, 7), we determined whether GSTp-mediated

ERK - - ' MBP changes in stress kinases play a causative role in GSTp-elicited
. protection against ROS-generating treatments. To this end, we first
compared the levels of cell death in response to various doseg®hf H
in the presence and absence of GSTp expression. Treatment with 50
p38 - ATFE2 um H,0, in the absence of GSTp expression led to the death of 35%
of the cells after 24 h; this was reduced to 20% upon GSTp expression
(Fig. 3). Analysis at a later time point (48 h) revealed higher degrees
of cell death, which were dependent on the dose gdfHused (not
shown). Exposure to higher doses 0f®j (100 um) also revealed
- - - IxB GSTp-mediated protection against cell death (39&6sus 25%).
GSTp maintained its protection even at higher doses 49,H40%

versus30% at 200umMm; Fig. 3). These data suggest that theO5+
Fig. 2. Effect of GSTp on KO, induction of stress kinases using tet-inducible GST

NIH 3T3 cells. GSTE cells were maintained in the presence or absence of tet with%pduced. cell death. of 3T3 cells was .eﬁ|C|entIy reduced by GSTp
without H,0,. Proteins were prepared for analysisrBa after HO, treatment. Analysis €xpression. Analysis of the type of,8,-induced cell death revealed

was carried out \{iaimmunokinase r_eac_tion using antibodies to the kinases indicate_}d on|at it is primarily late apoptosis/necrosis (not shown), which is in line
left and respective substrates as indicated onrifjet. hr, hour; MBP, myelin basic . . . Lo . .. .
protein. with previous studies indicating that necrosis is the major form of
death induced by 5O, (11).

p38, ERK, and NFkB Activation and JNK Suppression Are
affected by either low or high levels of GSTp expression (F@). 1 Required for GSTp’s Ability to Mediate Protection against ROS-
These results document the ability of GSTp to elicit coordinatedduced Cell Death. To directly assess the possible contribution of
regulation of various stress kinases in a dose-dependent man@3Tp-modified kinases to GSTp-mediated protection frogOH
These observations also imply that the subset of activated strextuced cell death, 3T3 cells were transfected with a dominant neg-
kinases affected by GSTp depends on the expression level of GSagve form of p38, with JNK, or with the superrepressor eB) or
Whereas at low levels GSTp inhibited phosphorylation of JNKyere subjected to treatment with pharmacological inhibitors of
MKK3, MKK?7, and p38, higher expression of GSTp led to markedMAPK (PD98059) or p38 (SB203580). An ability to reduce the
ERK1/2, MKK4, and p38 phosphorylation. Changes in the level afegree of GSTp-elicited protection would point to the role of the
GSTp expression, as generated in these GSTp-inducible cells &ig.respective kinase in this response.
lowest pangl mimic the increase in GSTp expression seen after Forced expression of IMKF, a dominant negative form of JNK,
exposure to various DNA-damaging agents (21, 22). Similarly, ele-
vated expression of GSTp has been reported to exist in a wide range
of human tumors and often is associated with increased drug resist-
ance (7, 23).

The effects of GSTp on stress kinases were also reflected at the
level of the respective transcription factor substrates. Increased ax-
pression of GSTp coincided with increased phosphorylation of ATF3
(Fig. 1b) but not c-Jun, probably because of an increase in p38 activit-%
(Fig. 1a). Together, these data establish the effect of GSTp expressigh
on the activity of key stress kinases and their respective substraté\ﬁ.
The biological significance of GSTp-mediated changes in various
stress kinases was elucidated using cell death as a relevant biological
end point.

Effect of GSTp Expression on Stress Kinases following Expo-
sure to H,0O, Treatment. We next examined the effect of GSTp 50 100 200
expression on the activities of stress kinases after exposurg@g H H,0, [uM ]
treatment, which generates high levels of ROS (1, 24). Analysis of ) ) o
H,0;-elicted changes revealed increased aciviy of ERK, p38, JNIg, 0.2 Efectf 61 on H0-inducen ce deat, oS celsvere mataned 1
and IKK, measured via immunokinase reactions of the respectivgicated with or without HO, treatment at the doses indicated. In all cases, cells were
substrates (Fig. 2). }D, treatment in the presence of GSTp expresprepared for cell death analysis 30 h afteiC treatment. Each analysis was performed

. . e in triplicate (counting 50,000 cells per point). Data shown represent values over control,
sion further increased ERK, p38, and IKK activities as Clearly Seen\ﬁ\fich varied between 2.5 and 5.0% of cell death. Data shown represent three independent

the 3-h time point (Fig. 2). Conversely, GSTp expression reduced t@eriments.
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COORDINATED REGULATION OF STRESS KINASES BY GSTp

a the presence of INK'F expression could be attributed to the limited
effectiveness of this dominant negative vector, and suggests that
GSTp complements the limited effect of JN® through inhibition of
additional INK molecules.

Exposure of kBAN-expressing cells to D, did not cause addi-
tional changes in the degree of cell death (from 36% to 34%),
probably because of experimental conditions that were set to a high
dose effect of BO,. Importantly, upon expression of GSTp, there was
an increase in ED,-induced cell death (from 21% to 28%), indicating
that the lack of NkB attenuates GSTp-elicited protection against
H,0,-induced death (Fig.&). Forced expression of the&B super-
repressor #BAN in the presence of elevated GSTp caused a 5-fold
increase in the basal level of cell death before exposure,@, Fig.
4a), suggesting that without exogenous damagexBlfEooperates

with GSTp to promote cell survival. These findings are in line with the
b 70 effect of GSTp on kB phosphorylation (Fig. 3) and suggest that
NFkB is a part of the GSTp-coordinated response that elicits protec-
tion against HO,-induced cell death.

Forced expression of p38F, a dominant negative p38 construct,
did not alter the level of 5D -induced cell death; however, it atten-
uated the decrease mediated by GSTp. Whereas GSTp led to a 40%
inhibition of H,O,-mediated cell death (from 37% to 20%), in the
presence of p3&¥P, there was no protection from,B.,-induced cell
death (Fig. #), but rather an increase from 38% to 48%. Observations
made with the dominant negative form of p38 were confirmed using
the pharmacological inhibitor SB203580, which efficiently increased
the degree of HO,-mediated cell death in the presence of GSTp
expression from 20% to 52% (Figby These results indicate that p38
is among the stress kinases used by GSTp to elicit its protective effect
against HO,-induced cell death. Treatment of cells with the pharma-
C cological inhibitor of MAPK kinase, PD98059, attenuated GSTp-

60 elicited protection as reflected in the substantial increase (from 22% to
42%) in the level of HO,-mediated cell death (Figck This finding
points to the role of ERK in the ability of GSTp to protect against
H,0,-induced cell death.

The ability to attenuate protection elicited by elevated expression of
GSTp via the genetic or pharmacological inhibitors of the respective
kinases establishes the contribution of ERK, p38, and IKK to GSTp-
elicited protection from HO,-mediated cell death. At the same time,
the increased survival of J@,-treated cells by the dominant negative
form of JNK points to its proapoptotic signal, which is down-regu-
lated by GSTp, as part of the GST-elicited integrated stress response.

% of cell death

% of cell death

(3 +tet
- tet

% of cell death

S <
ol S ' S
& 3
Q

Q . .
& R Discussion
Fig. 4. Inhibition of p38, ERK, or NkB attenuates GSTp ability to elicit protection The present stud oints to the role of the glutathione-conjugatin
from H,O,-induced cell deatha, GSTE"™ cells were transfected with INRF or IkBAN P . y P . . 9 . Jug g
and 24 h later exposed to,B, (100 um) in the presencegfay column or absence enzyme GSTp in the coordinated regUIauon of stress kinases in

(hatched columyof tet. Degree of cell death was determined 24 h after exposure®y,H response to ROS-generating treatments. Integrated regulation of stress
using vital staining analysis (20). Data shown represent three experiments performeﬂii

triplicate. Data shown reflect numbers over control nontreated cells (which varied betweerf\;laseS by G_STP _e_ntalls the activation of _p38’_K{B": and ERK
3 and 5%)b, experiment performed similar to the one described, iwith the exception cascades, while limiting the degree of JNK signaling. Although each

that the pharmacological inhibitor SB203580 was used to inhibit p38 catalytic activitgf the stress kinases alone, when uncoordindted @verexpression),
The dominant negative construct of p3838*S% was also used in this setting, as .

indicated.c, experiment performed similar to the one described, iwith the exception is capable of eliciting either promotion of or protection against cell
that the pharmacological inhibitor PD98059 was used to inhibit the MEK signalingeath, GSTp contributes to a coordinated regulation that is likely to
pathway. Inhibitor was adde6 h before tet was removed (or not, as indicated). play an important role in its ability to elicit protective effects. The
coordinated regulation of stress kinases by GSTp is better appreciated
in light of the differences seen in the activities of the kinases follow-
caused a minimal increase (5%) in the level of cell death in untreatied) exposure to ROS-generating treatment, as demonstrated in the
cells, in a manner that was not affected by GSTp expression (&jg. 4present study for ED,. GSTp efficiently amplified the degree of IKK,
The level of HO,-induced cell death was reduced upon expression p88, and ERK activities while suppressing the level of the INK-
GSTp (from 36% to 22%) and upon coexpression of 3RfKand elicited signal. Cell death elicited by, is efficiently inhibited by
GSTp (from 17% to 8%; Fig.d. This observation suggests that INKforced expression of the dominant negative form of JNK. Conversely,
promotes cell death after exposure tg@J. The ability of GSTp inhibition of p38/ERK/NB attenuated GSTp-elicited protection.
expression to further reduce the degree gdktmediated cell deathin ~ The system used in the present studies reflects two physiological
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scenarios where GSTp expression is elevatafdaf increase in the 3.

expression of GSTp has been reported in response to ROS-generatinEnifI

agents and is mediated by c-Jun (21, 25); ande(evated levels of

Wilhelm, D., Bender, K., Knebel, A., Angel, P. The level of intracellular glutathione
a key regulator for the induction of stress-activated signal transduction pathways
cluding jun N-terminal protein kinases and p38 kinase by alkylating agents. Mol.
Cell. Biol., 17: 4792—-4800, 1997.

GSTp expression are found as often in human tumors as in their céll Tew, K. D. Glutathione-associated enzymes in anticancer drug resistance. Cancer

line derivatives. The latter observation has been correlated with mu&I;

Res.,54: 4313-4320, 1994.
Hayes, J. D., and McLellan, L. I. Glutathione and glutathione-dependent enzymes

tidrug resistance and poor apoptotic response to chemotherapeutiGepresent a co-ordinately regulated defence against oxidative stress. Free Radical

drugs (4, 7, 23).
Because ROS-generating agents also activate transcription of cst

Res.,31: 273-300, 1999.
Baez, S., Segura-Aguilar, J., Widersten, M., Johnson, A. S., and Mannervik, B.

Rsiutathione transferases catalyse the detoxification of oxidized metabalitepsi-(

via the INK/Jun cascade, our finding points to the possible existence ofnones) of catecholamines and may serve as an antioxidant system preventing degen-
a feedback regulatory loop for regulation of stress kinases. According to erative cellular processes. Biochem.324: 25-28, 1997.

ew, K. D., and Ronai, Z. GST function in drug and stress respdmsgy Resist.

this model, exposure to ROS-generating agents generates multimers ofjpgates2: 143-147, 1999.

GSTp that no longer elicit INK inhibition and thus enables the activatios.
of INK. Through transcriptionally active JNK substrates, including c-Jur?:

Cobb, M. H. MAP kinase pathways. Prog. Biophys. Mol. Bi@ll; 479-500, 1999.
Adler, V., Yin, Z., Tew, K. D., and Ronai, Z. Role of redox potential and reactive
oxygen species in stress signaling. Oncogdi®e,6104—-6111, 1999.

a new synthesis of GSTp takes place, which is expected to resume JNKguyton, K. z., Liu Y., Gorospe M., Xu, Q., and Holbrook, N. J. Activation of
inhibition. Such a feedback loop points to redox-dependent regulation of mitogen-activated protein kinase by,®. Role in cell survival following oxidant

the duration and magnitude of stress kinase activity. 11
Among possible explanations for coordinated regulation of various
stress kinases by GSTp a® the possible association of GSTp with12-
other upstream signal transduction components; tke effect of
GSTp on scaffold proteins; and)(a possible link between GSTp and
caspases, which are required foy®3-mediated cell death.
Altogether, the current study provides insight into the mechanism

13.

14.

injury. J. Biol. Chem.271: 4138-4142, 1996.

Lee, Y., and Shacter, E. Oxidative stress inhibits apoptosis in human lymphoma cells.
J. Biol. Chem. 274: 19792-19798, 1999.

Kamata, H., and Hirata, H. Redox regulation of cellular signalling. Cell. Sigtl.,
1-14, 1999.

Fuchs, S. Y., Adler, V., Pincus, M. R., and Ronai, Z. MEKK1/JNK signaling
stabilizes and activates p53. Proc. Natl. Acad. Sci. US#,10541-10546, 1998.

Xia, M., Dickens, J., Raingeaud, R., Davis, J., and Greenberg, M. E. Opposing effects
of ERK and JNK-p38 MAP kinases on apoptosis. Science (Washington ZX0),
1326-1331, 1995.

underlying the regulation of key signal transduction components thiat Karin, M. Mitogen-activated protein kinase cascades as regulators of stress responses.

play pivotal roles in the response to stress and damage by altered

and redox potential. The delicate balance between inhibition of Jﬁ%
and activation of ERK,#B kinase, and p38 points to the mechanism?.

by which GSTp is capable of eliciting protection against cell death

%nn. NY Acad. Sci.,851: 139-146, 1998.

avis, R. J. Signal transduction by the c-Jun N-terminal kinase. Biochem. Soc.
Symp.,64: 1-12, 1999.
Adler V., Yin, Z., Fuchs, S. Y., Benezra, M., Rosario, L., Tew, K. D., Pincus, M. R.,
Sardana, M., Henderson, C. J., Wolf, J. R., Davis, R., and Ronai, Z. Regulation of
JNK signaling by GSTp. EMBO J18: 1321-1334, 1999.

induced by ROS-generating agents. The widely documented dere@ii-saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., Kawabata,
lation of GSTp expression in human tumors represents one importantM., Miyazono, K., and Ichijo, H. Mammalian thioredoxin is a direct inhibitor of

poptosis signal-regulating kinase (ASK) 1. EMBO1X; 2596-2606, 1998.

Setting where Changes in the coordinated regl’"ation of stress kinaﬁf%dler, V., Shaffer, A., Kim, J., Dolan, L., and Ronai, Z. UV-irradiation and heat

are expected to take place and impact on cell protection from cell
death in response to ROS-generating treatments.

Acknowledgments

We thank Stuart Aaronson for providing NIH 3T3 cells that stably express thg

pSV40-Hyg plasmid, and Roger Davis, Michael Karin, H. Van Dam, and Audrey

20.

21.

shock mediate JNK activationia alternate pathways. J. Biol. Chen270: 26071—
26077, 1995.

Kumar, S., Kinoshita, M., Noda, M., Copeland, N. G., and Jenkins, N. A. Gene Dev.,
8: 1613-1626, 1994.

Ainbinder, E., Bergelson, S., Pinkus, R., and Daniel, V. Regulatory mechanisms
involved in activator-protein-1 (AP-1)-mediated activation of glutathione-S-transfer-
ase gene expression by chemical agents. Eur. J. BiocR2di3t. 49-57, 1997.

Sukuki, T., Morimura, S., Diccianni, M. B., Yamada, R., Hochi, S., Hirabayashi, M.,
Yuki, A., Nomura, K., Kitagawa, T., Imagawa, M., and Muramatsu, M. Activation of

Minden for stress kinase constructs. We also thank Thomas Buschmann for kindglutathione transferase P gene by lead requires glutathione transferase P enhancer |. J.

assistance and Arthur Cederbaum and Serge Fuchs for comments.

References

1. Gamaley, I. A., and Klyubin, I. V., Roles of reactive oxygen species: signaling and
regulation of cellular functions. Int. Rev. CytolL88: 203—-255, 1999.

2. Powis, G., Briehl, M., and Oblong, J. Redox signalling and the control of cell growth
and death. Pharmacol. The88: 149-173, 1995.

4057

23.

24.

25.

Biol. Chem.,271: 1626-1632, 1996.

Salinas, A. E., and Wong, M. G. GlutathioBgransferases—a review. Curr. Med.
Chem.,6: 279-309, 1999.

Scharffetter-Kochanek, K., Wlaschek, M., Brenneisen, P., Schauen, M., Blaudschun,
R., and Wenk, J. UV-induced reactive oxygen species in photocarcinogenesis and
photoaging. Biol. Chem378: 1247-1257, 1997.

Xia, C., Hu, J., Ketterer, B., and Taylor, J. B. The organization of the human GSTP1-1
gene promoter and its response to retinoic acid and cellular redox status. Biochem. J.,
313: 155-161, 1996.



