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Abstract

Cytokines and various cellular stresses are known to activate c-Jun N-terminal kinase-1 (JNK1), which is involved in
physiological function. Here, we investigate the activation of JNK1 by oxidative stress in H9c2 cells derived from rat
cardiomyocytes. H2O2 (100 WM) significantly induces the tyrosine phosphorylation of JNK1 with a peak 25 min after the
stimulation. The amount of JNK1 protein remains almost constant during stimulation. Immunocytochemical observation
shows that JNK1 staining in the nucleus is enhanced after H2O2 stimulation. To clarify the physiological role of JNK1
activation under these conditions, we transfected antisense JNK1 DNA into H9c2 cells. The antisense DNA (2 WM) inhibits
JNK1 expression by 80% as compared with expression in the presence of the sense DNA, and significantly blocks H2O2-
induced cell death. Consistent with the decrease in cell number, we detected condensation of the nuclei, a hallmark of
apoptosis, 3 h after H2O2 stimulation in the presence of the sense DNA for JNK1. The antisense DNA of JNK1 inhibits the
condensation of nuclei by H2O2. Under these conditions, the H2O2-induced phosphorylation of proteins with molecular
masses of 55, 72, and 78 kDa is blocked by treatment with the antisense DNA for JNK1 as compared with the sense DNA for
JNK1. These findings suggest that JNK1 induces apoptotic cell death in response to H2O2, and that the cell death may be
involved in the phosphorylations of 55, 72, and 78 kDa proteins induced by JNK1 activation. ß 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

In response to ischemia and reperfusion, mamma-
lian cells induce various pathways that lead to cell
death and organ dysfunction [1,2]. The cellular injury
is known to be caused mainly by oxidative stress,
such as by H2O2 generated during ischemia and re-
perfusion. Oxidative stress can trigger the activation
of multiple signaling pathways including phosphory-
lation cascades such as those involving mitogen-acti-
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Abbreviations: JNK, c-Jun N-terminal kinase; ERK, extracel-
lular signal-regulated kinase; MAPK, mitogen-activated protein
kinase; MEKK, mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase kinase; PBS, phosphate-bu¡ered
saline; DMEM, Dulbecco's modi¢ed Eagle's medium
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vated protein kinase (MAPK) superfamily members
and protein kinase C isoforms, which might regulate
cellular injury [3^13]. In particular, members of the
MAPK superfamily are responsible for the phos-
phorylation of a variety of proteins, including down-
stream kinases and transcription factors related to
physiological functions in response to oxidative
stresses [14^18]. The MAPK superfamily is classi¢ed
to three subfamilies, extracellular regulated kinase
(ERK), c-Jun N-terminal kinase (JNK), and
p38MAPK [19]. Among members of the MAPK super-
family, JNK has been shown to be important in the
signaling pathways to apoptosis. JNK is activated in
response to a variety of cellular stresses, including
DNA damaging agents, heat shock, proin£ammatory
cytokines, or hypoxia and reoxygenation via the
phosphorylation of threonine and tyrosine residues
by SEK1 or MKK4 [20^22]. These cellular stresses
can produce hydrogen peroxide, a major oxidative
stress, as well as ischemia and reperfusion, indicating
that oxidative stresses may be involved in cellular
injury through the JNK pathway. Therefore, in-
creased interest has focused on the role of the JNK
pathway in response to oxidative stress. Recently it
was reported that JNK activated by H2O2 partici-
pates in the induction of apoptosis through CPP32,
a caspase family member [16]. However, downstream
factors in the JNK activation by H2O2 are poorly
understood. We recently demonstrated that in the
heart, JNK1 translocates to the nucleus from the
cytoplasm during ischemia, and is activated in the
nucleus during postischemic reperfusion [23]. The nu-
clear activation of JNK1 rapidly induces the expres-
sion of the c-jun gene, suggesting that JNK1 activa-
tion may play a role in ischemia and reperfusion [23].
However, the role of JNK1 activation during posti-
schemic reperfusion in the heart is presently un-
known. Neither a speci¢c inhibitor of JNK1 nor
mice in which the targeted gene for JNK1 is dis-
rupted have not been produced, although inhibitors
of ERK [24^26] and p38MAPK [27] have been devel-
oped.

In this study we prepared an antisense oligoDNA
of JNK1 which can be applied in vivo, and investi-
gated the role of JNK1 activation in response to
H2O2, a major molecule in reperfusion injury, with
special attention paid to the physiological substrates
of JNK.

2. Materials and methods

2.1. Materials

Anti-JNK-1 antibody (C-17), anti-phospho-JNK-1
antibody (G-7), anti-Bax antibody, and anti-HSP27
antibody were bought from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Anti-p53 antibody was
bought from PharMingen (San Diego, CA). Anti-K-
actin antibody was from Sigma Chemical Co. (St.
Louis, MO). An enhanced chemiluminescence reac-
tion kit assay and anti-rabbit immunoglobulin G
antibodies-coupled to peroxidase were obtained
from Amersham., and the cell counting kit (modi¢ed
MTT assay) was from Dojindo Chemicals (Kuma-
moto, Japan). Milli-Q water was used in all experi-
ments (synthesis A10, Millipore, Bedford, MA,
USA). All other chemicals were commercially avail-
able.

2.2. Cell culture and ischemic hypoxia/reoxygenation

The embryonic rat heart-derived cell line, H9c2
cells, were plated at a density of 5U104 cells per
dish in 100-mm culture dishes. After incubation in
Dulbecco's modi¢ed Eagle's medium (DMEM) with
10% fetal calf serum for 72 h, the cells were cultured
in serum-free DMEM for 60^72 h [5].

2.3. Electrophoresis and immunoblotting

The extracts and molecular mass standards were
electrophoresed on 10% polyacrylamide gels in the
presence of sodium dodecyl sulfate (SDS) and trans-
ferred to nitrocellulose membranes (0.45 Wm). The
blots were blocked with 5% nonfat dry milk in
Tris-bu¡ered saline containing 0.05% Tween 20,
and incubated with antibody. After the blots were
washed, the antigens were visualized by enhanced
chemiluminescent detection reagents.

2.4. Immuno£uorescent staining

H9c2 cells were seeded in a Chamber Slide at a
density of 3U104 cells per well. The cells were sub-
jected to H2O2 for 2 h, and then ¢xed with 1% glu-
taraldehyde for 30 min. Following ¢xation, the cells
were incubated with 1 mM Hoechst 33258 in phos-
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phate-bu¡ered saline (PBS), and washed with PBS.
The cells were viewed under a confocal £uorescence
microscope (LSM 510, Carl Zeiss, Heidelberg, Ger-
many). For JNK1 staining, the cells were ¢xed with
acetone/methanol (50:50) for 3 min at 320³C. Fol-
lowing ¢xation, the cells were blocked with 10% fetal
bovine serum in PBS for 1 h, then incubated for 24 h
at 4³C with antibody against JNK1 at 1:100 dilution
in PBS containing 3% bovine serum albumin, washed
with PBS, and incubated for an additional hour at
room temperature with Cy2-conjugated anti-rabbit
IgG at 1:800 dilution in PBS containing 3% bovine
serum albumin. The cells were viewed under a £uo-
rescence microscope (Axioplan 2, Carl Zeiss).

2.5. Transfection of DNAs into H9c2 cells

Transfection of the oligonucleotide for JNK1 was
determined as described previously [5,28]. Brie£y, a
phosphorothioate oligonucleotide with the sequence
5P-ACT TCT GCT CAT GAT GGC-3P for JNK1
was synthesized as an antisense DNA. A control
phosphorothioate oligonucleotide sequence 5P-GCC
ATC ATG AGC AGA AGT-3P for JNK1 (sense)
was also synthesized. The cells (typically 80% con£u-
ent in 24-well dishes) were washed three times with
PBS. Appropriate dilutions of oligonucleotides in
200 Wl of serum-free DMEM including liposomes
(Tfx-50, Promega Co., Madison, WI) were preincu-
bated at room temperature for 15 min. The cells were
incubated for 1 h at 37³C in the presence of 5% CO2.
At the end of the incubation period, 1 ml of medium
containing 10% fetal bovine serum was added. After
incubating for 12 h, the cells were incubated in se-
rum-free medium for 60^72 h. The expression of
JNK1 was con¢rmed by immunoblotting using
anti-JNK1 antibody. After incubation under condi-
tions of oxidative stress, the cells were used for bio-
chemical assays. Densitometric measurements were
performed with a plate analyzer (ETY3A, Toyo Sok-
ki Co., Kanagawa, Japan).

3. Results

We used cells incubated in serum-free DMEM for
60^72 h since JNK activity was detected for up to 48
h in untreated cells after the removal of serum. We

¢rst examined the time course of JNK1 activation
after H2O2 stimulation by immunoblotting using an
anti-phospho-JNK1 antibody that recognizes the ty-
rosine phosphorylation of JNK1 (Tyr-185) necessary
for activation. JNK1 phosphorylation increased sig-
ni¢cantly by approximately 4-fold by 25 min after
H2O2 stimulation (Fig. 1A), and the phosphorylation
of JNK2 with a molecular mass of 54 kDa was also
detected by the antibody. The amount of JNK1 re-
mained almost constant up to 30 min after stimula-
tion (Fig. 1B). JNK1 phosphorylation correlated
with the JNK activity measured by immunoprecipi-
tation-kinase assay using c-Jun as a substrate (data
not shown). Immunocytochemical observation using
the anti-JNK1 antibody showed that JNK1 was lo-
calized mainly in the cytosol under control condi-
tions (Fig. 2A), and nuclear staining was enhanced
after H2O2 stimulation for 25 min (Fig. 2B). To in-
vestigate the role of JNK1 in H2O2-induced cell
death, we transfected an antisense oligonucleotide
against JNK1 into H9c2 cells, and found JNK1 ex-
pression to be inhibited by 85% at a concentration of

Fig. 1. Time course of tyrosine phosphorylation of JNK1 (Tyr-
185) by H2O2 stimulation. Cell extracts (40 Wg protein) were
prepared from H9c2 cells exposed to H2O2 (100 WM) for the in-
dicated times, and subjected to immunoblotting with anti-phos-
pho-JNK1 antibody (A) or anti-JNK antibody (B). The ¢gure
shows representative immunoblots obtained from four inde-
pendent experiments as described in Section 2.
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2.0 WM DNA (Fig. 3). Incubation of cells with 2 WM
of the sense or scrambled DNA for JNK1 had no
signi¢cant e¡ect on JNK1 expression for up to
4 days. MAPK expression remained almost un-
changed in cells transfected with JNK1 DNA as
compared with untreated cells (Fig. 3). We used the
WST-1 assay to examine cell number in cells trans-
fected with the antisense DNA for JNK1 after the
addition of H2O2. Cells whose JNK1 protein was
depleted by antisense DNA showed a complete inhi-
bition of H2O2-induced cell death, while sense DNA-
treated cells underwent cell death to the same extent

as untreated cells for up to 6 h under the same con-
ditions (Fig. 4). Next, we evaluated cells subjected to
H2O2 for nuclear condensation, a hallmark of apo-
ptosis, using Hoechst 33258. One hour after H2O2

stimulation, no nuclear condensation was detectable
under the conditions in this study (data not shown).
Consistent with the decrease in cell number by stim-
ulation with H2O2, shrinking of the cytoplasm, mem-
brane blebbing, and nuclear condensation were ob-
served in cells treated with the sense DNA for
JNK1 after 3 h of H2O2 stimulation (Fig. 5). Treat-
ment with the antisense DNA for JNK1 has no e¡ect

Fig. 2. Localization of JNK1 after H2O2 stimulation. H9c2 cells
were incubated for 0 min (A,C), for 25 min after the addition
of H2O2 (B), ¢xed in cold acetone/methanol (50:50), and
stained with anti-JNK1 antibody (A,B), or with anti-histone
antibody (C) as described in Section 2. The ¢gure shows repre-
sentative photographs obtained from four independent experi-
ments. Final magni¢cation U400.

Fig. 3. E¡ect of JNK1 antisense DNA on JNK and MAPK ex-
pression in H9c2 cells. Cell extracts (40 Wg protein) were pre-
pared from H9c2 cells with 2 WM sense DNA or antisense
DNA, and subjected to immunoblotting with anti-JNK1 anti-
body or anti-MAPK antibody. The ¢gure shows representative
immunoblots obtained from two independent experiments.

Fig. 4. E¡ect of JNK1 antisense DNA on cell death after H2O2

stimulation. H9c2 cells were pretreated with the sense or anti-
sense DNA for JNK1 at the indicated concentrations in
DMEM containing liposomes (Tfx-50), and exposed to H2O2

(100 WM) for 6 h. Cell numbers were determined by the WST-1
assay (mean þ S.E., n = 5; *P6 0.05, #P6 0.05).

Fig. 5. E¡ect of JNK1 antisense DNA on apoptotic cell death
after H2O2 stimulation. H9c2 cells were pretreated with the
sense (A) or antisense (B) DNA for JNK1 at the indicated con-
centrations in DMEM containing liposomes (Tfx-50), and were
exposed to H2O2 (100 WM) for 3 h. The cells were then ¢xed
with glutaraldehyde solution (1% glutaraldehyde in PBS), and
stained with 1 mM Hoechst 33256 as described in Section 2.
The ¢gure shows representative photographs from three inde-
pendent experiments. Final magni¢cation U800.
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on the loss of cell number or morphological changes
in the nuclei after 3 h of H2O2 stimulation. These
¢ndings indicate that JNK1 participates in H2O2-in-
duced apoptotic cell death. To investigate the phys-
iological substrates of JNK1 involved in H2O2-in-
duced cell death, we examined the phosphorylation
of proteins after H2O2 stimulation in the presence of
the antisense or sense DNA for JNK1. Stimulation
by H2O2 induced the phosphorylation of proteins
with molecular masses of 18, 55, 72 and 78 kDa in
the presence of the sense DNA for JNK1. The phos-
phorylation of proteins with molecular masses of 55,
72, and 78 kDa was signi¢cantly inhibited in the
presence of the antisense DNA for JNK1 (Fig. 6).
These ¢ndings suggest that 55, 72, and 78 kDa pro-
teins may be involved in H2O2-induced cell death
through JNK1 activation.

We carried out immunoblotting using anti-p53
antibody to examine whether a protein with molec-
ular mass of 55 kDa is p53, apoptosis-related pro-
tein, since it was reported that JNK can phosphory-
late directly p53 by H2O2 stimulation. In response to
H2O2, the mobility shift of p53 protein, phosphory-
lation form of p53, was observed (Fig. 7A), and the
mobility shift was inhibited by transfection of anti-

sense DNA for JNK1. The ¢ndings suggest that 55
kDa protein phosphorylated by JNK activation may
be p53. A transcriptional product of p53, Bax pro-
tein also increased by treatment with H2O2, the in-
crease of which was blocked by antisense DNA for
JNK1 (Fig. 7C). These ¢ndings suggest that JNK1
activates p53/Bax pathway in response to H2O2 stim-
ulation. We performed the immunoblotting using
anti-heat shock protein (HSP)27 antibody, since
HSP27 forms a dimer through the phosphorylation
in response to various stresses, and functions as a
molecular chaperon. Anti-HSP27 antibody recog-
nised only a protein with molecular mass of 27
kDa, a monomer form of HSP27, not 55 kDa pro-

Fig. 6. E¡ect of JNK1 antisense DNA on the H2O2-induced
phosphorylation of proteins. H9c2 cells were pretreated with
the sense or antisense DNA for JNK1 at the indicated concen-
trations in DMEM containing liposomes (Tfx-50), and exposed
to H2O2 (100 WM) for the indicated times. Cell extracts were
prepared, and subjected to immunoblotting with anti-phospho-
serine/phospho-threonine/phospho-tyrosine antibody. The ¢gure
shows representative immunoblots obtained from two indepen-
dent experiments.

Fig. 7. E¡ect of JNK1 antisense DNA on the H2O2-induced
p53 and Bax proteins. H9c2 cells were pretreated with the sense
or antisense DNA for JNK1 at the indicated concentrations in
DMEM containing liposomes (Tfx-50), and exposed to H2O2

(100 WM) for the indicated times. Cell extracts were prepared,
and subjected to immunoblotting with anti-p53 antibody (A),
anti-K-actin antibody (B,D), and anti-Bax antibody (C). The
¢gure shows representative immunoblots obtained from three
independent experiments.
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tein in the SDS gel (data not shown). There might be
mainly a monomer form of HSP27 in SDS gels as the
interactions of protein^protein were broken by sam-
ple preparation using heating and SDS.

4. Discussion

In this report, we demonstrate that JNK1 is in-
volved in H2O2-induced cell death, and that there
are three proteins with molecular masses with 55,
72, and 78 kDa that are involved downstream of
JNK1 in response to oxidative stress.

As shown in this study, the antisense DNA for
JNK1 inhibits the cell death caused by oxidative
stress, suggesting that there may be factor(s) involved
in cell death downstream of JNK1. It appears that
activated JNK directly phosphorylates proteins in
response to H2O2, which may lead to apoptosis,
since apoptotic cell death in H9c2 cells is rapidly
induced after the addition of H2O2. In previous pa-
pers, several proteins related to apoptosis, such as
p53 [29,30], bcl-2 [31,32], and Caspase3 [32] have
been identi¢ed as substrates of JNK1. At least, we
observed the phosphorylations of three proteins
(p55, p72, and p78) as JNK substrates during oxida-
tive stress. Among these proteins, a protein with a
molecular mass of 55 kDa in SDS^polyacrylamide
gel electrophoresis may be p53 as described by our
data and Buschmann et al. [29]. As shown in this
study, JNK1 translocates from the cytosol to the
nucleus in response to H2O2. Transcription factor
p53 is also known to localize in the nucleus, where
it may be phosphorylated p53 by JNK1. The phos-
phorylation of p53 by JNK1 has been reported to
play a role in H2O2-induced apoptosis, a ¢nding con-
sistent with our data. In response to oxygen species,
HSP27 is phosphorylated, protecting cells against
damages [33]. Within the cells, HSP27 can form di-
meric complex of 54 kDa. A protein with molecular
mass of 55 kDa present in downstream of JNK1 by
H2O2 stimulation was not appeared to be HSP27,
since molecular mass of 27 kDa, a monomer form
of HSP27, was mainly detected by immunoblotting
using anti-HSP27 antibody. It is possible that a pro-
tein with a molecular mass of approximately 70 kDa
may be a HSP70 family member or a transcription
factor related to heat shock proteins, since oxidative

stresses, such as ischemia and hypoxia, induce
HSP70 through HSF activation, and the induction
of HSP 70 is reported to regulate JNK activity [34^
36].

In cardiac myocytes that have lost their mitogenic
activity, the preservation of cell viability by the inhi-
bition of apoptotic cell death may be critical for the
maintenance of normal cardiac function [1,37,38].
Since ischemia^reperfusion has been shown to induce
apoptotic cell death in the heart, the activation of
JNK1 might play a role in the signaling pathway
of apoptosis in the heart exposed to oxidative stress-
es such as ischemia and hypoxia. It is possible that
the antisense DNA for JNK1 developed in this study
may contribute to a therapy for ischemic heart dis-
ease involving the inhibition of apoptosis during
postischemic reperfusion.

Acknowledgements

We thank K. Iwamoto for technical assistance
with immunoblotting and cell culture. This study
was supported in part by Grants-in-Aid for Scienti¢c
Research from the Ministry of Education, Science,
Sports and Culture, Japan, and by grants from Mo-
chida Memorial Foundation, Terumo Life Science
Foundation, Suzuken Memorial Foundation, Ono
Medical Research Foundation, Uehara Memorial
Foundation, Japan Research Foundation for Clinical
Pharmacology, and Japan Heart FoundationcP¢zer
Pharmaceuticals Grant for Research on Coronary
Artery Disease.

References

[1] R.A. Gottlieb, K.O. Burleson, R.A. Kloner, B.M. Babior,
R.L. Engler, Reperfusion injury induces apoptosis in rabbit
cardiomyocytes, J. Clin. Invest. 94 (1994) 1621^1628.

[2] B.R. Lucchesi, Modulation of leukocyte-mediated myocar-
dial reperfusion injury, Annu. Rev. Physiol. 52 (1990) 561^
576.

[3] Y. Mizukami, K. Yoshida, Mitogen-activated protein kinase
translocates to the nucleus during ischaemia and is activated
during reperfusion, Biochem. J. 323 (1997) 785^790.

[4] Y. Mizukami, T. Hirata, K. Yoshida, Nuclear translocation
of PKCj during ischemia and its inhibition by wortmannin,
an inhibitor of phosphatidylinositol 3-kinase, FEBS Lett.
401 (1997) 247^251.

BBAMCR 14790 21-9-01

Y. Mizukami et al. / Biochimica et Biophysica Acta 1540 (2001) 213^220218



[5] Y. Mizukami, S. Kobayashi, F. Uberall, K. Hellbert, N.
Kobayashi, K. Yoshida, Nuclear mitogen-activated protein
kinase activation by protein kinase Cj during reoxygenation
after ischemic hypoxia, J. Biol. Chem. 275 (2000) 19921^
19927.

[6] K. Yoshida, T. Hirata, Y. Akita, Y. Mizukami, K. Yama-
guchi, Y. Sorimachi, T. Ishihara, S. Kawashiama, Translo-
cation of protein kinase C-K, N and O isoforms in ischemic
rat heart, Biochim. Biophys. Acta 1317 (1996) 36^44.

[7] K. Yoshida, S. Kawamura, Y. Mizukami, M. Kitakaze, Im-
plication of protein kinase C-K, N and O isoforms in ischemic
preconditioning in perfused rat hearts, J. Biochem. (Tokyo)
122 (1997) 506^511.

[8] K. Yoshida, Y. Mizukami, M. Kitakaze, Nitric oxide medi-
ates protein kinase C isoform translocation in rat heart dur-
ing postischemic reperfusion, Biochim. Biophys. Acta 1453
(1999) 230^238.

[9] K.A. Robinson, C.A. Stewart, Q.N. Pye, X. Nguyen, L.
Kenney, S. Salzman, R.A. Floyd, K. Hensley, Redox-sensi-
tive protein phosphatase activity regulates the phosphoryla-
tion state of p38 protein kinase in primary astrocyte culture,
J. Neurosci. Res. 55 (1999) 724^732.

[10] B.S. Wung, J.J. Cheng, Y.J. Chao, H.J. Hsieh, D.L. Wang,
Modulation of Ras/Raf/extracellular signal-regulated kinase
pathway by reactive oxygen species is involved in cyclic
strain-induced early growth response-1 gene expression in
endothelial cells, Circ. Res. 84 (1999) 804^812.

[11] V. Adler, Z. Yin, S.Y. Fuchs, M. Benezra, L. Rosario, K.D.
Tew, M.R. Pincus, M. Sardana, C.J. Henderson, C.R. Wolf,
R.J. Davis, Z. Ronai, Regulation of JNK signaling by
GSTp, EMBO J. 18 (1999) 1321^1334.

[12] S.R. Adderley, D.J. Fitzgerald, Oxidative damage of cardio-
myocytes is limited by extracellular regulated kinases 1/2-
mediated induction of cyclooxygenase-2, J. Biol. Chem.
274 (1999) 5038^5046.

[13] K. Uchida, M. Shiraishi, Y. Naito, Y. Torii, Y. Nakamura,
T. Osawa, Activation of stress signaling pathways by the end
product of lipid peroxidation. 4-hydroxy-2-nonenal is a po-
tential inducer of intracellular peroxide production, J. Biol.
Chem. 274 (1999) 2234^2242.

[14] V. Moreno-Manzano, Y. Ishikawa, J. Lucio-Cazana, M. Ki-
tamura, Suppression of apoptosis by all-trans-retinoic acid.
Dual intervention in the c-Jun n-terminal kinase-AP-1 path-
way, J. Biol. Chem. 274 (1999) 20251^20258.

[15] N.R. Bhat, P. Zhang, Hydrogen peroxide activation of mul-
tiple mitogen-activated protein kinases in an oligodendrocyte
cell line: role of extracellular signal-regulated kinase in hy-
drogen peroxide-induced cell death, J. Neurochem. 72 (1999)
112^119.

[16] H. Kakeya, R. Onose, H. Osada, Caspase-mediated activa-
tion of a 36-kDa myelin basic protein kinase during anti-
cancer drug-induced apoptosis, Cancer Res. 58 (1998) 4888^
4894.

[17] N.A. Turner, F. Xia, G. Azhar, X. Zhang, L. Liu, J.Y. Wei,
Oxidative stress induces DNA fragmentation and caspase
activation via the c-Jun NH2-terminal kinase pathway in

H9c2 cardiac muscle cells, J. Mol. Cell Cardiol. 30 (1998)
1789^1801.

[18] X. Wang, J.L. Martindale, Y. Liu, N.J. Holbrook, The cel-
lular response to oxidative stress: in£uences of mitogen-ac-
tivated protein kinase signalling pathways on cell survival,
Biochem. J. 333 (1998) 291^300.

[19] R.J. Davis, MAPKs: new JNK expands the group, Trends
Biochem. Sci. 19 (1994) 470^473.

[20] M. Karin, T. Hunter, Transcriptional control by protein
phosphorylation: signal transmission from the cell surface
to the nucleus, Curr. Biol. 5 (1995) 747^757.

[21] Y.T. Ip, R.J. Davis, Signal transduction by the c-Jun
N-terminal kinase (JNK) ^ from in£ammation to develop-
ment, Curr. Opin. Cell Biol. 10 (1998) 205^219.

[22] A. Minden, M. Karin, Regulation and function of the JNK
subgroup of MAP kinases, Biochim. Biophys. Acta 1333
(1997) F85^104.

[23] Y. Mizukami, K. Yoshioka, S. Morimoto, K. Yoshida, A
novel mechanism of JNK1 activation. Nuclear translocation
and activation of JNK1 during ischemia and reperfusion,
J. Biol. Chem. 272 (1997) 16657^16662.

[24] D.T. Dudley, L. Pang, S.J. Decker, A.J. Bridges, A.R.
Saltiel, A synthetic inhibitor of the mitogen-activated protein
kinase cascade, Proc. Natl. Acad. Sci. USA 92 (1995) 7686^
7689.

[25] L. Pang, T. Sawada, S.J. Decker, A.R. Saltiel, Inhibition of
MAP kinase kinase blocks the di¡erentiation of PC-12 cells
induced by nerve growth factor, J. Biol. Chem. 270 (1995)
13585^13588.

[26] M.F. Favata, K.Y. Horiuchi, E.J. Manos, A.J. Daulerio,
D.A. Stradley, W.S. Feeser, D.E. Van Dyk, W.J. Pitts,
R.A. Earl, F. Hobbs, R.A. Copeland, R.L. Magolda, P.A.
Scherle, J.M. Trzaskos, Identi¢cation of a novel inhibitor of
mitogen-activated protein kinase kinase, J. Biol. Chem. 273
(1998) 18623^18632.

[27] A. Cuenda, J. Rouse, Y.N. Doza, R. Meier, P. Cohen, T.F.
Gallagher, P.R. Young, J.C. Lee, SB 203580 is a speci¢c
inhibitor of a MAP kinase homologue which is stimulated
by cellular stresses and interleukin-1, FEBS Lett. 364 (1995)
229^233.

[28] Y. Kawata, Y. Mizukami, Z. Fujii, T. Sakumura, K. Yoshi-
da, M. Matsuzaki, Applied pressure enhances cell prolifera-
tion through mitogen-activated protein kinase activation in
mesangial cells, J. Biol. Chem. 273 (1998) 16905^16912.

[29] T. Buschmann, Z. Yin, A. Bhoumik, Z. Ronai, Amino-ter-
minal-derived JNK fragment alters expression and activity of
c-Jun, ATF2, and p53 and increases H2O2-induced cell
death, J. Biol. Chem. 275 (2000) 16590^16596.

[30] T. Buschmann, V. Adler, E. Matusevich, S.Y. Fuchs, Z.
Ronai, p53 phosphorylation and association with murine
double minute 2, c-Jun NH2-terminal kinase, p14ARF,
and p300/CBP during the cell cycle and after exposure to
ultraviolet irradiation, Cancer Res. 60 (2000) 896^900.

[31] S. Kharbanda, S. Saxena, K. Yoshida, P. Pandey, M. Ka-
neki, Q. Wang, K. Cheng, Y.N. Chen, A. Campbell, T.
Sudha, Z.M. Yuan, J. Narula, R. Weichselbaum, C. Nalin,

BBAMCR 14790 21-9-01

Y. Mizukami et al. / Biochimica et Biophysica Acta 1540 (2001) 213^220 219



D. Kufe, Translocation of SAPK/JNK to mitochondria and
interaction with Bcl-x(L) in response to DNA damage,
J. Biol. Chem. 275 (2000) 322^327.

[32] R.K. Srivastava, S.J. Sollott, L. Khan, R. Hansford, E.G.
Lakatta, D.L. Longo, Bcl-2 and Bcl-X(L) block thapsigar-
gin-induced nitric oxide generation, c-Jun NH(2)-terminal
kinase activity, and apoptosis, Mol. Cell. Biol. 19 (1999)
5659^5674.

[33] A. Clerk, A. Michael, P.H. Sugden, Stimulation of multiple
mitogen-activated protein kinase sub-families by oxidative
stress and phosphorylation of the small heat shock protein,
HSP25/27, in neonatal ventricular myocytes, Biochem. J. 333
(1998) 581^589.

[34] V.L. Gabai, A.B. Meriin, J.A. Yaglom, V.Z. Volloch, M.Y.
Sherman, Role of Hsp70 in regulation of stress-kinase JNK:
implications in apoptosis and aging, FEBS Lett. 438 (1998)
1^4.

[35] D.D. Mosser, A.W. Caron, L. Bourget, C. Denis-Larose, B.
Massie, Role of the human heat shock protein hsp70 in
protection against stress-induced apoptosis, Mol. Cell. Biol.
17 (1997) 5317^5327.

[36] V.L. Gabai, A.B. Meriin, D.D. Mosser, A.W. Caron, S.
Rits, V.I. Shifrin, M.Y. Sherman, Hsp70 prevents activation
of stress kinases. A novel pathway of cellular thermotoler-
ance, J. Biol. Chem. 272 (1997) 18033^18037.

[37] R.A. Gottlieb, R.L. Engler, Apoptosis in myocardial ische-
mia-reperfusion, Ann. N. Y. Acad. Sci. 874 (1999) 412^
426.

[38] Z. Sheng, K. Knowlton, J. Chen, M. Hoshijima, J.H.
Brown, K.R. Chien, Cardiotrophin 1 (CT-1) inhibition of
cardiac myocyte apoptosis via a mitogen-activated protein
kinase-dependent pathway. Divergence from downstream
CT-1 signals for myocardial cell hypertrophy, J. Biol.
Chem. 272 (1997) 5783^5791.

BBAMCR 14790 21-9-01

Y. Mizukami et al. / Biochimica et Biophysica Acta 1540 (2001) 213^220220


