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Raf-Independent and MEKK1-Dependent Activation
of NF-kB by Hydrogen Peroxide in 70Z/3 pre-B
Lymphocyte Tumor Cells

Michael Lee* and Woo Suk Koh

Korea Institute of Toxicology, Korea Research Institute of Chemical Technology, P.O. Box 107,
Yusong, Daejeon 305-600, Republic of Korea

Abstract We have previously demonstrated that hydrogen peroxide (H2O2) treatment of murine 70Z/3 pre-B
lymphocytes inhibits the immune response to lipopolysaccharide by attenuating signaling through c-Jun N-terminal
kinase (JNK) activation. In the present study, we further examined the signaling intermediates responsible for
immunosuppression by H2O2, focusing on NF-kB, a dimeric transcription factor whose activation is implicated in a
number of immune response. Treatment of 70Z/3 pre-B cells with H2O2 caused activation of NF-kB in the nuclei by
detection of NF-kB specific DNA binding, concomitant with phosphorylation of IkBa. H2O2 stimulation of NF-kB
occurred within 20 min of treatment, reached maximum level at 60 min, and sustained for 2 h or more. Especially, MEK1
may contribute to H2O2-induced NF-kB activation as shown in the inhibition of NF-kB binding activity by the MEK1 in-
hibitor, PD 98059, and H2O2-induced MEK1 activation. However, H2O2 exhibited no effect on the activity of Raf-1
kinase, which was an upstream activator of MEK1. Furthermore, B-58l and a-hydroxyfarnesylphosphonic acid, two
inhibitors of Ras, did not block NF-kB activation. In addition, the transient transfection of a dominant negative Ras
(RasN17) construct showed a negligible inhibitory effect on the activation of NF-kB byH2O2. Instead, treatment of 70Z/3
cellswithH2O2 resulted in the activation ofMAPKkinase kinase 1 (MEKK1) aswell as JNK. Therefore, our data suggest that
H2O2 regulates the activity of NF-kB by MEK1 activation through MEKK1-dependent but Ras/Raf-independent
mechanism. J. Cell. Biochem. 88: 545–556, 2003. � 2003 Wiley-Liss, Inc.
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Activation of the transcription factor, NF-kB
has been shown to be a key component of
immune response [Ghosh et al., 1998]. Our
previous results demonstrated that paclitaxel-
induced immune suppression was associated
with NF-kB activation via conventional PKC
isotypes in lipopolysaccharide-stimulated 70Z/3
pre-B lymphocyte tumor cells. [Lee and Jeon,
2001]. NF-kB is composed of two subunits of
p50 and 65 kDa, which is present constitutively
in the cytoplasm in an inactive state by in-
hibitory proteins, IkB [Baldwin, 1996]. Upon

activation, IkB undergoes phosphorylation and
degradation, and theNF-kBheterodimer trans-
locates into the nucleus, where it binds to DNA
and activates transcription [Rice and Ernst,
1993]. Recently, it has been widely known that
a high molecular weight IkB kinase (IKK)
complex, consisting of IKK-a, IKK-b, NF-kB-
inducing kinase (NIK) and two adaptor or scaf-
old proteins is involved in IkB phosphorylation
[Woronicz et al., 1997].

Independent studies have also demonstrat-
ed that MAPK kinase kinase 1 (MEKK1),
which acts as an upstreamactivator of c-Jun
N-terminal kinase (JNK), activates IKK acti-
vity [Lee et al., 1997]. MEKK1 has been mainly
implicated in the activation of the JNK and the
extracellular signal-regulated protein kinase
(ERK) pathways based on its ability to acti-
vate these kinases when overexpressed [Lange-
Carter et al., 1993; Minden et al., 1994]. Most
attention has focused on JNK, in part because
MEKK1 can induce apoptosis under certain
circumstances and JNK has been implicated in
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this process, and becauseRaf isoforms appear to
be the major kinase for the ERK pathway
[Dentet al., 1992; Kyriakis et al., 1992]. Each
MAPK kinase (MAPKK), however, can be acti-
vated by more than one MAPK kinase kinase
(MEKK), increasing the complexity and diver-
sity of MAPK signalling. In particular, activa-
tion of ERK by growth factors depends on the
Raf-1, but other MEKKs may activate ERK in
response to pro-inflammatory stimuli [Chang
andKarin, 2001].Also, the stimuli by serumand
lysophosphatidic acid activate JNK and ERK
at least in part through MEKK1 [Yujiri et al.,
1998].

Reactive oxygen species (ROS) such as hydro-
gen peroxide (H2O2) exert multiple regulatory
effects on cell behavior and function as a second
messenger [Finkel, 1998]. Especially, many cell
types produce H2O2 in response to a variety of
growth factor such as platelet-derived growth
factor (PDGF) and epidermal growth factor
(EGF) [Sundaresan et al., 1995; Bae et al.,
1997]. In addition, it has been demonstrated
that H2O2 has been known to stimulate phos-
phorylation of the three identifiedMAPkinases,
ERK, JNK, and p38 [Guyton et al., 1996; Irani
et al., 1997]. However, apart from functioning
as second oxygen messenger of signal trans-
duction, reactive oxygen species exert direct
toxic effects on cell behavior. Especially, human
lymphocytes are quite susceptible to oxidative
stress [El-Hag et al., 1986], although reactive
oxygen species can act as a trigger for lympho-
cyte activation [Rosa, 1997]. Dumont et al.
reported that H2O2 elicited apoptosis through
activation of caspase-3 and NF-kB followed
by elevated expression of p53 in human T cell
line CEM C7 [Dumont et al., 1999]. Our pre-
vious reports also demonstrated that H2O2

inhibited the immune response to lipopolysac-
charide by attenuating signaling through JNK
activation in 70Z/3 pre-B cells [Lee and Yea,
2000].

Here we show that H2O2 may induce immu-
nomodulatory effects through the activation of
NF-kB in a Ras/Raf-independent, MEKK1-
dependent manner that involves degradation
of IkBa in 70Z/3 pre-B lymphocytes.

MATERIALS AND METHODS

Materials

Anti-Raf, anti-IKKa, anti-IKKb, and anti-
MEKK1 were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA). The phospho-
specific antibodies were obtained from Cell
Signaling Technology (Beverly, MA). Protein
A-agarose was from Roche Molecular Bio-
chemicals (Indianapolis, IN). B-581 and a-
hydroxyfarnesylphosphonic acid were from
Biomol (Plymouth meeting, PA). Dulbecco’s
modified Eagle’s medium (DMEM), fetal calf
serum (FCS), and DMRIE-C reagent were pur-
chased from Life Technologies, Inc. (Rockville,
MD). Reagents for SDS–polyacrylamide gel
electrophoresis (SDS–PAGE) were from Bio-
Rad (Hercules, CA). [g-32P]ATP (3,000Ci/mmol)
was purchased from New England Nuclear
(Boston, MA). GF 109203X, Gö 6976, PD
98059, and SB 203580 were purchased from
Calbiochem (San Diego, CA). H2O2 was ob-
tained from Sigma (St. Louis, MO).

Mammalian Cell Culture
and Transient Transfection

The murine pre-B cell line, 70Z/3 (ATCC
TIB 152), was obtained from theAmerican Type
Culture Collection (Manassas, VA). The cells
were cultured in RPMI 1640 medium supple-
mentedwith100units ofpenicillin/ml, 100units
of streptomycin/ml, 2mML-glutamine, and 10%
FCS. 70Z/3 pre-B cells were transiently trans-
fected with a dominant negative Ras cons-
truct using DMRIE-C reagent (GIBCO-BRL).
All assays were performed within 48 h after
transfection, and the experiments were repeat-
ed at least twice.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts were prepared as previously
described, and gel mobility shift assays were
performed [Lee and Yang, 2000]. Briefly, 5 mg
of nuclear extracts were incubated with 2 mg
of poly (dI-dC) (Sigma) and 32P-end-labeled
DNA probe (double-stranded synthetic 26-bp
oligonucleotides GATCTCAGAGGGGACTTT-
CCGAAGAGA containing the kB enhancer of
immunoglobulin k light chain gene). The iden-
tity of the shifted bands was confirmed by
competitionwithunlabeled oligomer containing
NF-kB site.

In Vitro Raf-1 Kinase Assay

The cell lysates were prepared as pre-
viously described [Lee and Jeon, 2001]. Im-
munoprecipitation was performed on the whole
cell lysates using anti-Raf and protein A-
agarose beads. After incubation for 2 h at 48C,
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immunoprecipitates were washed twice with
ice-cold lysis buffer. After washing with kinase
buffer (20 mM Tris, pH 7.4, 20 mM NaCl,
1mMDTT, 10mMMgCl2), Raf-1 kinase activity
was assayed by phosphorylation of the recom-
binant MEK1 in the presence of PD 98059,
which was used to inhibit the autokinase acti-
vity of MEK1. The samples were resolved by
SDS–PAGE, and phosphoproteins visualized by
autoradiography.

IkB Kinase (IKK) Assay

For IKK assay, both anti-IKKa and IKKb
antibodieswereused to immunoprecipitateboth
kinases. After immunoprecipitation, kinase as-
say was performed as described elsewhere [Lee
and Jeon, 2001]. Briefly, the kinase reaction
was performed in 30 ml of kinase buffer (20 mM
HEPES, pH7.8, 10mMMgCl2, 100 mMNa3VO4,
20 mM b-glycerophosphate, 2 mM DTT, 50 mM
NaCl) for30minat308Cin thepresenceof 10mM
ATP-10 mCi of [g-32P]ATP (10 Ci/mmol) (NEN
Life Science Products) and 500 ng of the sub-
strate GST-IkBa (Santa Cruz Biotechnology).
The reactions were terminated with 4� Laem-
mli sample buffer. Proteins were analyzed on
12.5% SDS–polyacrylamide gels, dried, and
visualized by autoradiography.

Immunoblot Analysis

Once 70Z/3 pre-B cells reached subconflu-
ence, the cells were incubated for additional
times in the presence of H2O2. The cells were
washed twice with ice-cold phosphate-buffered
saline (PBS), harvested by resuspension of the
cell pellet in lysis buffer (20 mM Tris, pH 8.0,
150 mM NaCl, 1% Triton X-100, 2 mM EDTA,
containing 1 mM phenylmethylsulfonyl fluor-
ide, 20 mg/ml aprotinin, 10 mg/ml leupeptin,
20 mM b-glycerophosphate, and 2 mM sodium
fluoride). Cell lysates were clarified by centri-
fugation at 15,000�g for 10 min at 48C, and
their protein concentrations were determined
with the aid of a BCA protein assay reagent kit
(Pierce; Rockford, IL). For immunoblotting, cell
lysates were denatured in Laemmli sample
buffer, and resolved by SDS–polyacrylamide
gel. The proteins were transferred to nitrocel-
lulose, and immunoblot analysis was performed
using specific antibodies as indicated. Immune
complexes on nitrocellulose were detected by
enzyme-linked chemiluminescence (Amersham
Pharmacia Inc., Piscataway, NJ).

RESULTS

H2O2-Induced NF-kB Activation

In agreement with other reports [True et al.,
2000] suggesting that reactive oxygen inter-
mediates play a critical role in activation of
NF-kB induced by TNF and other agents,
H2O2 increased NF-kB binding activity in nuc-
lear extracts of 70Z/3 pre-B cells. Identity of
the shifted bands was confirmed by competi-
tion with unlabeled oligomer containing NF-kB
site. The kinetics of NF-kB activation in 70Z/3
cells following H2O2 exposure were shown in
Figure 1A. H2O2-induced NF-kB activation oc-
curred within 20 min of treatment, reached
maximum level at 60 min, and sustained for 2 h
or more. DNA binding activity of NF-kB was
gradually increased at 100–300 mM H2O2 and
sharply decreased at 1 mM (Fig. 1B).

Effect of H2O2 on IkB Kinase
and IkBa Phosphorylation

The event that occurs during activation of
NF-kB is the phosphorylation of IkB that serve
to target it for ubiquitination and degradation.
Therefore, we determined IkB phosphoryla-
tion using a phospho-specific anti-IkBa anti-
body that detects IkBa only when activated by
phosphorylation at Ser-32. Treatment of cells
with H2O2 led to an increase of phosphorylated
IkBa reaching a plateau between 5 and 30 min
(Fig. 2A). Next, to determine whether IkBa
phosphorylationbyH2O2 results fromupstream
IKKcomplex,which phosphorylate the residues
in IkB molecule [Karin, 1999; Israel, 2000], we
directly measured IKK complex kinase activity
by immunoprecipitating both IKKa and IKKb
from 70Z/3 cells that are treated with H2O2. As
shown in Figure 2B, H2O2 elicited a slight and
transient IKK activation.

Involvement of MEK1/ERK Pathway in
H2O2-Induced NF-kB Activation

To further explore the mechanism responsi-
ble for H2O2-induced NF-kB activation, several
inhibitors of tyrosine kinase and PKC were
utilized (Fig. 3). A conventional PKC inhibitor,
Gö 6976 partially inhibited H2O2-induced NF-
kB activation. Although GF 109203X inhibits
conventional PKCs as well as novel PKCs, it
is unlikely to be effective as much as Gö 6976
in the inhibition of conventional PKCs. No
apparent inhibition in H2O2-induced NF-kB
activation was observed with either genistein
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(tyrosine kinase inhibitor) or GF 109203X (pan
PKC inhibitor), which were pretreated the cells
for 2 h before H2O2 treatment. On the other
hand, since previous reports showed that MAP
kinase pathway is important in the activation of
NF-kB [Nakano et al., 1998], we also investi-
gated the effect of PD 98059 (MEK inhibitor),
or SB 203580 (p38 kinase inhibitor) on NF-
kB activation by H2O2. PD 98059 markedly

inhibited H2O2-induced NF-kB activation sug-
gesting a critical role forMEK1.U0126, another
selective MEK inhibitor, also effectively reduc-
ed the activation of NF-kB (data not shown). In
contrast, SB 203580 enhanced rather than
inhibited H2O2-induced NF-kB activation. This
finding is consistent with the reported results
that SB203580 enhanced NF-kB transcrip-
tional activity [Birkenkamp et al., 2000].

Fig. 1. NF-kB activation by hydrogen peroxide (H2O2). Murine
70Z/3 pre-B cells were treated with 300 mM H2O2 for the
indicated time (A), or at indicated concentrations for 30 min
(B). Nuclear extracts were prepared, incubated with a 32P-
labeledkBprobe, andanalyzedbyEMSA.ThepositionsofNF-kB
complexes are shown. Identity of the shifted bands was

confirmed by competition with unlabeled oligomer containing
NF-kB site. The upper panel presented is representative of three
independent experiments. The lower panel represents data
quantitated by densitometry, expressed as fold stimulation. The
values are the mean of three separate experiments with error bar
representing the standard deviations (*P< 0.05).
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H2O2 Induces NF-kB Activation Through
MEK1/ERK Signaling Independent of Ras-Raf

Since Ras/Raf signaling has been shown to be
upstream activators of MEK1/ERK pathway,
we further investigated the involvement of Ras/
Raf in the activation of NF-kB in 70Z/3 cells
exposed toH2O2. In this study, 70Z/3 pre-B cells
were transiently transfected with a dominant
negative Ras construct (RasN17), which blocks
endogenous Ras function interfering with up-
stream activation of Ras proteins [Chen et al.,
1994]. As previously reported [Pahan et al.,
2000], the expression of a dominant negative
mutant of Ras demonstrated inhibitory effects
on NF-kB activation induced by lipopolysac-
charide used as a positive control, indicating
that the transfected cells expressed RasN17
proteins sufficient for inhibiting Ras function.
However, transient transfection of RasN17 had
little inhibitory effect on H2O2-induced NF-kB
activation (Fig. 4A). In addition, B-581 and a-
hydroxyfarnesylphosphonic acid, which block
the Ras localization and function by inhibiting

farnesyltransferase activity, showed no inhibi-
tory effect on H2O2-induced NF-kB activa-
tion (Fig. 4B). Moreover, contrary to the idea
that Raf-1 is involved in NF-kB activation
[Flory et al., 1998], H2O2 did not activate Raf-1
detectably (Fig. 4C). LPS, used as a positive
control, demonstrated activating effects on
Raf-1. Since the electrophoretic mobility of
Raf-1 has been known to be an adequate moni-
tor for the activation state of Raf-1, we also
investigated themobility shift of the C-terminal
fragment of Raf-1 (RfIII) expressed in 70Z/3
cells. It has been previously reported that
this 33 kDa RfIII exhibited serum- and phor-
bol ester-induced shift in gel mobility that
mimicked the shift observed with full-length
Raf-1 [Olah et al., 1995]. A significant shift
in electrophoretic mobility was observed with
RfIII after LPS treatment of the overexpressor
cells. However, H2O2 showed no effect on RfIII
mobility shift (Fig. 4C). These results imply
that MEK1/ERK signaling, which is associat-
ed with H2O2-induced NF-kB activation, is
distinct from Ras/Raf.

Fig. 2. Effect ofH2O2on IkB-a phosphorylation.A: 70Z/3pre-B
cells were treated with 300 mMH2O2 for the indicated time, and
the whole cell lysates were analyzed by Western blot. To detect
H2O2-induced IkB phosphorylation, it was used a polyclonal
phospho-specific anti-IkB-a antibody which detects IkB-a only
when activated by phosphorylation at Ser-32 (upper panel).
In parallel experiments, immunoblot analysis was also per-
formedusing anti-IkB-a to show similar amounts of proteins in all
lanes (lower panel). B: 70Z/3 pre-B cells were treated as indi-
cated above. Both anti-IKKa and IKKb antibodies were used to

immunoprecipitate both kinases from the cell lysates. The immu-
noprecipitates of IKK complex were analyzed in the in vitro
kinase assay using GST-IkBa as a substrate (upper panel). Equal
amounts of the immunoprecipitated kinase complex present in
each lane were confirmed by immunoblotting for IKKa (lower
panel). Numbers listed below each band indicate value quanti-
fiedbydensitometry of immunoblots, expressedas fold change in
phosphorylation, in which the phosphorylation observed in
unstimulated cells was defined as 1. The results presented are
representative of three independent experiments.
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Fig. 3. MEK/ERK pathway is required for NF-kB
activation. 70Z/3 pre-B cells were pretreated with
either GF 109203X (1 mM), Gö 6976 (1 mM), PD
98059 (50 mM), SB 203580 (30 mM), or genistein
(60 mM) for 2 h before stimulation with H2O2 for
30 min. EMSA was performed on nuclear extracts.
Identity of the shifted bands was confirmed by
competition with unlabeled oligomer containing
NF-kB site. Results of one representative experiment
of three are shown in the upper panel. The lower
panel represents data quantitated by densitometry,
expressed as fold stimulation. The values are the
mean of three separate experiments with error bar
representing the standard deviations (*P< 0.05).

Fig. 4. Ras/Raf pathway is not involved in H2O2-induced NF-
kB activation. A: 70Z/3 pre-B cells were transfected with control
vector or dominant negativeRas (RasN17). After 48h, transfected
cells were treated with either LPS or H2O2 for 30 min. Nuclear
extracts were prepared, incubated with a 32P-labeled kB probe,
and analyzed by EMSA. B: 70Z/3 pre-B cells were pretreated (þ)
or not (�) with either B-581 (50 mM) or a-hydroxyfarnesylpho-
sphonic acid (10 mM) for 24 h before treatment with H2O2 for
30 min. EMSA was performed on nuclear extracts. The lower
panels of (A) and (B) represent data quantitated by densitometry,
expressed as fold stimulation. The values are the mean of three
separate experiments with error bar representing the standard
deviations (*P< 0.05). C: 70Z/3 pre-B cells were incubated in
the presence of 0.5% serum for 24 h to minimize serum effect on
Raf-1 kinase and then treated with either 300 mM H2O2 for the
indicated time, or 1mg/ml LPS for 20min. For in vitro Raf-1 kinase

assays, Raf-1 immunoprecipitates were incubated in kinase
buffer containing10mCiof [g-32P]ATP in thepresenceofMEK1as
a substrate. Samples were resolved by electrophoresis on 10%
SDS–PAGE, and the radioactivity incorporated into the 32P-
labeled MEK-1 protein was determined by autoradiography.
In themiddle panel, immunoprecipitateswere prepared in paral-
lel with those assayed for kinase activity, separated by SDS–
PAGE, transferred to filters, and probedwith anti-Raf antibody. In
the bottom panel, 70Z/3 cells expressing C-terminal Raf
fragment (RfIII) were incubated in the presence of 0.5% serum
for 24 h prior to treatment with either vehicle, H2O2 (300 mM,
30 min), or LPS (1 mg/ml, 20 min). Proteins were separated
by electrophoresis on SDS–polyacrylamide gels (12.5%). The
electrophoretic mobility of RfIII was examined by immunoblot
analysis using the anti-Raf antibody. The results presented are
representative of three independent experiments.
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Fig. 4.
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MEKK1 Pathway is Required for Hydrogen
Peroxide-Induced NF-kB Activation

Since MEKK1 is implicated in the activation
of IKK [Lee et al., 1997], the effect of H2O2 on
MEKK1 activation was measured in 70Z/3 pre-
B lymphocytes. We directly measured MEKK1
activity by immunoprecipitation with an anti-
body against MEKK1, followed by in vitro auto-
phosphorylation assay. Despite few published
direct demonstration, it is assumed that auto-
activation of MEKK1 via autophosphorylation
of Thr-575 might be an immediate response to
initial kinase activation [Deak and Templeton,
1997]. The autophosphorylation ofMEKK1was
first observed 10 min after treatment of 70Z/3
pre-B cells with H2O2, reaching a maximum at
30min (Fig. 5A). The activation of JNK,which is
a downstream effector of MEKK1, was also
detectable in cells treated with H2O2 (Fig. 5B).
Additionally, SEK1 and MEK1 activation was
estimated by measuring the level of phosphor-
ylation in whole cell lysates using an antibody
raised against phosphorylated peptides that
correspond to the active forms of SEK1 and
MEK1. Surprisingly, H2O2 appeared to have
no effect on SEK1 phosphorylation (Fig. 5C)
despite that SEK1 is a downstream kinase of
MEKK1. Rather, treatment of pre-B cells with
H2O2 substantially increased MEK1 phosphor-
ylation. Moreover, the kinetics of H2O2-induced
MEK1phosphorylationwaswell correlatedwith
those of NF-kB binding activity. Phosphoryla-
tion of MEK1 was first observed 20 min after
treatment of 70Z/3 pre-B cells with H2O2 and
sustained for 2 h or more (Fig. 5D). When
western blotting was performed, no change
in the level of MEK1 protein was observed
throughout the treatment period. Thus, these
data suggest that MEK1 rather than SEK1 is
involved in H2O2-induced activation of NF-kB
that is dependent of MEKK1.

DISCUSSION

In the present study, we showed that H2O2

wasable to stimulate the translocation ofNF-kB
to the nucleus in 70Z/3 pre-B cells. However,
contrary to other reports [Bowie and O’Neill,
2000] that NF-kB activation by H2O2 was slow
(120 min) and transient, H2O2-induced NF-kB
activation occurred within 20 min of treatment,
reached maximum level at 60 min, and sus-
tained for 2 h or more. In addition, treatment of
cells with H2O2 led to an increase of phosphory-

lated IkBa.Moreover, the present study showed
that H2O2 elicited a slight and transient IKK
activation. The results suggested by others
[Jaspers et al., 2001], in which treatment with
H2O2 increased IKK activity, concomitant with
phosphorylation and ubiquitination of IkBa,
showed consistency with our results.

MEKK1, which acts as an upstream activa-
tor of JNK, is implicated in the activation of
IKK [Lee et al., 1997; Nakano et al., 1998].
In this study, we found that H2O2 increased
the autophosphorylation of MEKK1 as well as
phosphorylation of JNK. Despite few publish-
ed direct demonstration, it is assumed that
autoactivation of MEKK1 via autophospho-
rylation of Thr-575 might be an immediate
response to initial kinase activation [Deak and
Templeton, 1997]. The kinetics ofH2O2-induced
MEKK1 phosphorylation was well correlated
with those of NF-kB binding activity, suggest-
ing that MEKK1 positively regulate NF-kB
activation in pre-B cells exposed to H2O2.
However, H2O2 appeared to have no effect on
SEK1 phosphorylation despite that the activa-
tion signal of MEKK1 passes through SEK1.
Instead, MEK1, which is an upstream activator
of ERK, was phosphorylated by H2O2 treat-
ment. This result suggests that MEK1 may
contribute to H2O2-mediated NF-kB activation
as shown in the inhibition of H2O2-induced NF-
kBbinding activity byMEK inhibitor, PD 98059
(Fig. 3), although Janssen-Heininger et al.
[1999] showed the dose-dependent activation
of NF-kB after exposure to PD 98059. In
contrast, Raf-1, which has been implicated
in the activation of MEK1, is unlikely to be
involved in H2O2-induced NF-kB activation be-
cause H2O2 exhibited no effect on Raf-1 kinase
activity. This finding would be consistent
with the reported results that Raf-1 did not
phosphorylate a purified GST-IkB—a fusion
protein [Hambleton et al., 1995]. In addition,
a dominant negative Ras (RasN17) showed
negligible inhibitory effects on H2O2-induced
NF-kB activation implying a role for Ras/Raf
signaling far more distal to NF-kB activation
by H2O2, although several observations have
demonstrated that Ras is an important sen-
sor of redox stress [Lander et al., 1995]. Thus,
H2O2-mediated MEKK1 activation seems to
be attributable to the activation of MEK1/
ERK pathway. In fact, the catalytic domain of
MEKK1 activates MEK1 by phosphorylating
it on the same sites that Raf-1 phosphorylates,
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Fig. 5. The activation of multiple pathways including MEKK1/
JNK and MEK1 by H2O2. A: Murine 70Z/3 pre-B cells were
treated with 300 mM H2O2 for the indicated time, and in vitro
autokinase assays were performed on the immunoprecipitated
MEKK1 proteins to determine MEKK1 autophosphorylation. The
autophosphorylation of MEKK1 is indicated by arrow. B–D:
H2O2-induced phosphorylations of JNK, SEK1, and MEK1 were
investigated using antibodies that detect kinases only when
activated by phosphorylation. Murine 70Z/3 pre-B cells were
stimulated with 300 mM H2O2 for the indicated time, and the
whole cell lysates were analyzed by Western blot. The phos-
phorylated forms of JNK (B), SEK1 (C), and MEK1 (D) were

detected with immunoblotting using anti-phospho-JNK (Thr183/
Tyr185), anti-phospho-SEK1 (Thr261) and anti-phospho-MEK1
(Ser217/221) antibodies. The same blot was stripped and then
reprobed with anti-JNK, anti-SEK1, and anti-MEK1 antibodies to
show similar expression level of each protein in all lanes. In all
experiments, 70Z/3 pre-B cellswere incubated in the presence of
0.5% serum for 24 h prior to H2O2 treatment to minimize serum
effect.Numbers listedbeloweachband indicate valuequantified
by densitometry of immunoblots, expressed as fold change in
phosphorylation, in which the phosphorylation observed in un-
stimulated cells was defined as 1. Results of one representative
experiment of three are shown.
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and MEKK1 activates ERK directly through
MEK1 [Gardner et al., 1994; Karandikar
et al., 2000]. INF-a was also known to regulate
the activity of the MEK/ERK pathway through
a Ras/Raf-independent mechanism [Romerio
et al., 2000]. On the other hand, it has been
recently reported that JNK could be activat-
ed by a constitutively active MEK1 besides
SEK1 [Bagowski et al., 2001]. However, in our
study,MEK1didnotphosphorylateJNKinvitro
(data not shown), suggesting that an indirect-

pathway may connect the MEK1/ERK cascade
to the JNK cascade. Therefore, our examination
of MAPK pathways revealed that MEKK1-
dependent MEK1/ERK and JNK signaling are
required for H2O2-induced NF-kB activation,
such as okadaic acid-induced IL-6 gene expres-
sion, which is mediated through the ERK1/2
and JNK pathway-dependent activation of NF-
kB transcriptional capacity [Tuyt et al., 1999].

Since redox signaling has been shown to acti-
vate NF-kB by pathway that does not involve
phosphorylation or degradation of IkBa [Imbert
et al., 1996; Flohe et al., 1997],we also examined
an alternative pathway to NF-kB activation.
An alternative route to NF-kB activation, in-
dependent of IkB phosphorylation, involves
the kinase Tpl-2/Cot (tumour progression locus
2 kinase) which can phosphorylate p105, lead-
ing to its processing into p50. In addition, Tpl-2
phosphorylates and activates both MEK-1 and
SEK-1 in vitro [Hagemann et al., 1999]. How-
ever, the Cot response by H2O2 was not de-
tectable in 70Z/3 pre-B cells (data not shown).

Many results have demonstrated a critical
role for the PKC isoforms in theNF-kBpathway
at the level of IKK activation and IkB degrada-
tion [Lallena et al., 1999; Trushin et al., 1999].
In this study, a highly selective cell-permeable
conventional PKC inhibitor, Gö 6976 partially
inhibited H2O2-induced NF-kB activation. Con-
versely, treatment of cells with GF 109203X,
which inhibits the conventional and novel iso-
forms, had little or no effect on H2O2-induced
NF-kB activation. Although GF 109203X inhi-
bits conventional PKCs in addition to novel
PKCs, it is unlikely to be effective asmuch asGö
6976 in the inhibition of conventional PKCs.
Therefore, we can not exclude the possibility
that conventional PKCs play, in part, an impor-
tant role in theH2O2-inducedNF-kBactivation.
However, Kaul et al. reported that conventional
PKC activity may modulate basal NF-kB activ-
ity but does not participate in H2O2-stimulated

NF-kB activation [Kaul et al., 1998], implying
that inhibitory effect of Gö 6976 is due to the
inhibition of basal NF-kB activity.

Originally, it has been known that NF-kB
activation suppresses the signals for cell death.
However, Lin et al. [1999] reported the para-
doxical role of NF-kB in apoptosis, function-
ing as both a pro-apoptotic and anti-apoptotic
regulatory factor within a single cell type. Our
results lead to conclusion that Ras/Raf-
independent, MEKK1-dependent MEK1 and
JNK activation caused NF-kB activation, re-
sulting in immune suppression in 70Z/3 pre-B
cells. Further experiments are required to de-
termine if the dominant negative mutant of
MEKK1 prevents H2O2 from activating MEK1
and NF-kB.
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