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Murine protein serine/threonine kinase 38 (MPK38) is a
member of the AMP-activated protein kinase-related serine/
threonine kinase family that plays an important role in various
cellular processes, including cell cycle, signaling pathways, and
self-renewal of stem cells. Here we demonstrate a functional
association between MPK38 and apoptosis signal-regulating
kinase 1 (ASK1). The physical association between MPK38 and
ASK1wasmediated through their carboxyl-terminal regulatory
domains and was increased by H2O2 or tumor necrosis factor �
treatment. The use of kinase-dead MPK38 and ASK1 mutants
revealed that MPK38-ASK1 complex formation was dependent
on the activities of both kinases. Ectopic expression of wild-type
MPK38, but not kinase-dead MPK38, stimulated ASK1 activity
by Thr838 phosphorylation and enhanced ASK1-mediated sig-
naling to both JNK and p38 kinases. However, the phosphoryl-
ation of MKK6 and p38 by MPK38 was not detectable. In addi-
tion, MPK38-mediated ASK1 activation was induced through
the increased interaction between ASK1 and its substrate
MKK3. MPK38 also stimulated H2O2-mediated apoptosis by
enhancing the ASK1 activity through Thr838 phosphorylation.
These results suggest that MPK38 physically interacts with
ASK1 in vivo and acts as a positive upstream regulator of ASK1.

Apoptosis signal-regulating kinase 1 (ASK1)2 is one of the
mitogen-activated protein kinase kinase kinases (MAPKKK)
that is stimulated in response to various cellular stresses,
including reactive oxygen species, tumor necrosis factor �
(TNF-�), Fas, ischemia insult, and anti-tumor agents. ASK1
stimulation leads to activation of the c-Jun NH2-terminal

kinase (JNK)/p38 signaling cascade by phosphorylating and
activating mitogen-activated protein kinase kinases (MAPKK)
such asMKK3, -4, -6, and -7 (1–3). Emerging evidence indicates
that ASK1 activity is regulated by its interaction with several
cellular partners (3–8), including thioredoxin (Trx), glutare-
doxin, heat shock protein 72 (Hsp72), 14-3-3, and protein ser-
ine/threonine phosphatase 5 (PP5). For example, Trx and glu-
taredoxin bind to the NH2- and COOH-terminal domains of
ASK1, respectively, and inhibit ASK1 kinase activity, and
Hsp72 inhibits ASK1 activation through direct interaction.
These findings suggest that other ASK1-interacting proteins
could be involved in the regulation of ASK1 activity.
Murine protein serine/threonine kinase 38 (MPK38), also

known asmaternal embryonic leucine zipper kinase (Melk), is a
member of the AMP-activated protein kinase-related serine/
threonine kinase family (9, 10).MPK38was originally identified
as a murine counterpart for its human homolog, HPK38/
hMelk/KIAA175, that may be involved in the proliferation of
interleukin-4-induced normal human keratinocytes (9). The
importance of MPK38 in oncogenesis is also underscored by
the finding that MPK38 expression is increased in tumor-de-
rived progenitor cells as well as in cancers of nondifferentiated
cells (11–13). However, the physiological regulation and func-
tions of MPK38 have remained unclear.
To explore a functional link between ASK1 and MPK38 sig-

naling pathways, we investigated the effect of MPK38 on ASK1
and its downstream targets. We demonstrated that MPK38
physically interacts with ASK1. MPK38 phosphorylates Thr838
(corresponding to Thr845 in mice) within the activation loop of
human ASK1, which subsequently leads to the stimulation of
ASK1 kinase activity. Moreover, this interaction results in the
enhancement of JNK-mediated transactivation and H2O2-in-
duced apoptosis.

MATERIALS AND METHODS

Cell Culture, Plasmids, Reagents, and Cell Line Construction—
HEK293, 293T, HaCaT, and SK-N-BE(2)C cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Invitrogen). HA-tagged wild-type and
kinase-deadASK1were kindly provided byDr.H. Ichijo (Tokyo
Medical and Dental University, Tokyo, Japan). HA-tagged
ASK1-K and ASK1-C were a gift from Dr. S. Cho (Korea
Research Institute of Bioscience and Biotechnology, Taejon,
Korea). The activator protein 1 (AP-1)-Luc reporter, pSuper
vector, and c-Fos were the kind gifts from Dr. Y. Yeom (Korea
Research Institute of Bioscience and Biotechnology, Taejon,
Korea). Glutathione S-transferase (GST)-taggedMKK6(K82A)
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and p38were a gift fromDr. E.-J. Choi (KoreaUniversity, Seoul,
Korea). To generate the kinase-dead MPK38(K40R) construct,
site-directed mutagenesis was carried out using the Quick-
Change II site-directed mutagenesis kit (Stratagene, La Jolla,
CA). PCR was performed using the full-length MPK38 cDNA
cloned into pBluescript KS (Stratagene) as the template in the
presence of forward (5�-GAGATGGTAGCTATACGCATCA-
TGGATAAGAAT-3�) and reverse (5�-ATTCTTATCCATG-
ATGCGTATAGCTACCATCTC-3�) primers. The amplified
PCR products were cut with ClaI plus NotI and cloned into
pEBG vectors to generate the GST-MPK38(K40R) construct.
pEBG-MPK38 (wobble) was generated by QuickChange II site-
directed mutagenesis kit using KS-MPK38 as the template and
the following mutant primers containing alterations in the
nucleotide sequence (5�-CAGGCAGACAAUGGAGGAUTT-
3�, amino acids 297–303) of MPK38 siRNA, sense 5�-CAGCA-
GACAAACCATGGAGGATTTA-3�, and antisense 5�-TAAA-
TCCTCCATGGTTTGTCTGCTG-3� (14). The identities of all
the PCR products were confirmed by nucleotide sequencing
analysis on both strands. Anti-FLAG (M2), anti-His, and anti-
�-actin antibodies were from Sigma; the anti-hemagglutinin
(HA), anti-ASK1, anti-MKK3, anti-ATF2, and anti-poly(ADP-
ribose) polymerase (PARP) antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA); the anti-phospho-MKK3/
6(S189/207), anti-p38, anti-phospho-p38(T180/Y182), anti-
phospho-ATF2(T71), and anti-phospho-ASK1 (T845) anti-
bodies were from Cell Signaling Technology (Danvers, MA);
and the anti-caspase-3 antibody was from Calbiochem. Anti-
MPK38 and anti-GST antibodies were described previously
(15, 16). Isopropyl �-D-thiogalactopyranoside, ionomycin,
thapsigargin, N-acetyl-L-cysteine (Nac), dithiothreitol (DTT),
aprotinin, puromycin, and phenylmethylsulfonyl fluoride were
from Sigma. TNF-� was purchased from R & D Systems. Poly-
vinylidene difluoride membrane was from Millipore Corp.
(Bedford, MA). [�-32P]ATP was from PerkinElmer Life Sci-
ences. To prepare HaCaT cells stably expressing MPK38-spe-
cific shRNA (MPK38(KD)), double-stranded oligonucleotide
(forward, 5�-GATCCCCCAGGCAGACAATGGAGGATTT-
CAAGAGAATCCTCCATTGTCTGCCTGTTTTTGGAAA-
3�; reverse, 5�-AGCTTTTCCAAAAACAGGCAGACAATG-
GAGGATTCTCTTGAAATCCTCCATTGTCTGCCTGGG-
G-3�; MPK38 sequence underlined) was cloned into the pSuper
vector. MPK38(KD) cells were screened in the presence of 1.5
�g/ml puromycin until all control parental HaCaT cells died.
Construction of ASK1(K709R) and ASK1-N Mutants—

ASK1(K709R) mutants were generated by PCR as described
previously (17). In brief, HA-ASK1(K709R) was used as the
template for amplification with either the ASK1 forward 5�-
GCGTCGACATGAGCACGGAGGCGGAC-3� (SalI site un-
derlined) or reverse 5�-GCGCGGCCTCAAGTCTGTTTGTT-
TCG-3� (NotI site underlined) primer, in conjunction with one
of the following mutant primers containing alterations in the
nucleotide sequence of ASK1(K709R): for T838A, sense 5�-
TGTACTGAAGCATTTACTGGT-3�, antisense 5�-ACCAG-
TAAATGCTTCAGTACA-3�; for S83A, sense 5�-CGGGGCA-
GCGCAGTTGGCGGG-3�, antisense 5�-CCCGCCAACTG-
CGCTGCCCCG-3�; for S967A, sense 5�-AGGAGTATAGCA-
TTGCCGGTA-3�, antisense 5�-TACCGGCAATGCTATAC-

TCCT-3�; and for S1034A, sense 5�-GCTCCTCCTGCACCT-
GAAGAA-3�, antisense 5�-TTCTTCAGGTGCAGGAGGAGC-
3�. The reaction parameters were 4 min at 94 °C, 1 cycle; 30 s
at 94 °C, 1 min at 50–60 °C, 3 min at 72 °C, 18 cycles; 7 min at
72 °C, 1 cycle. The amplified PCR products were separated by
agarose gel electrophoresis, excised from the gel, and the PCR
mixtures were subjected to a second round of PCR amplifica-
tion in the absence of primers using the following parameters: 4
min at 94 °C, 1 cycle; 30 s at 94 °C, 1min at 40 °C, 3min at 72 °C,
6 cycles; 7 min at 72 °C, 1 cycle. A third round of PCR amplifi-
cation was then performed using ASK1 forward and reverse
primers and the following parameters: 4 min at 94 °C, 1 cycle;
30 s at 94 °C, 1 min at 62 °C, 3 min at 72 °C, 18 cycles; 7 min at
72 °C, 1 cycle. To generate GST-tagged fusion proteins of
ASK1(K709R) mutants, amplified PCR products were digested
with SalI andNotI and ligated into pGEX4T-3 (AmershamBio-
sciences). To generate the HA-ASK1-N construct, PCR was
performed using HA-ASK1(WT) as the template. The follow-
ing primers were used: forward primer (5�-GCGTCGACATG-
AGCACGGAGGCGGACGAGGGC-3�) containing a SalI site
(underlined), reverse primer (5�-GCGTCGACCTCAAAAAA-
CTTTTTACAATGAAG-3�) containing a SalI site (under-
lined). The amplified PCR products were cut with SalI and
cloned into a pcDNA-HAvector usingXhoI site to generate the
HA-ASK1-N.
In Vivo and in Vitro Binding Assay—Each plasmid DNA uti-

lized in the study was transfected into HEK293, 293T, or
HaCaT cells using WelFect-ExTM Plus (WelGENE, Daegu,
Korea), according to the manufacturer’s instructions. In vivo
binding assayswere performed as described previously (18). For
native PAGE to determine the in vitro binding betweenMPK38
and ASK1, the procedure was the same as that of denaturing
SDS-PAGE, except that solutions did not contain SDS or
�-mercaptoethanol, and samples were not boiled prior to load-
ing (18).
In Vitro Kinase Assay—In vitro kinase assays were performed

as described previously (6). Cells transiently transfected with
the indicated expression vectors were harvested and lysed with
buffer (20 mMHEPES, pH 7.9, 10 mM EDTA, 0.1 M KCl, and 0.3
MNaCl). The cleared lysates were subjected to immunoprecipi-
tation by incubation for 2 h at 4 °C with the appropriate anti-
bodies. After washing the immunoprecipitate three times with
lysis buffer, then twice with each kinase buffer (for ASK1, 20
mM Tris-HCl, pH 7.5, 0.1 mM sodium orthovanadate, 1 mM
DTT, and 20 mM MgCl2; for MKK3/6, 25 mM HEPES, pH 7.4,
0.1 mM sodium orthovanadate, 25 mM sodium �-glycerophos-
phate, 2 mM DTT, and 25 mM MgCl2; for p38, 50 mM HEPES,
pH 7.4, 1 mM sodium orthovanadate, 0.2 mMDTT, 1 mM phen-
ylmethylsulfonyl fluoride, and 1 mM MgCl2), the immunopre-
cipitates were assayed for the indicated protein kinase activities
in the presence of each kinase buffer containing 5 �g of recom-
binantGST-tagged substrates. The reactionmixtureswere sep-
arated by SDS-PAGE, transferred to polyvinylidene difluoride
membranes, and detected by autoradiography. Recombinant
GST-tagged ZPR9, MKK6(K82A), p38, and ATF2 were used as
substrates for MPK38, ASK1, MKK3 or MKK6, and p38 mito-
gen-activated protein kinase (MAPK), respectively. Protein
concentration was determined by the Bradford assay.
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Assays forMPK38 and JNKActivities—Cells were transiently
transfected with GST-tagged MPK38 or JNK, along with indi-
cated expression vectors, and solubilized with lysis buffer (20
mM HEPES, pH 7.9, 10 mM EDTA, 0.1 M KCl, and 0.3 M NaCl).
The cleared lysates were precipitated by glutathione-Sepharose
beads. TheGST precipitates were washed three times with lysis
buffer and twice with kinase buffer (forMPK38, 50mMHEPES,
pH 7.4, 1 mM DTT, and 10 mM MgCl2; for JNK, 20 mM HEPES,
pH 7.6, 0.1 mM sodium orthovanadate, 25 mM sodium �-glyc-
erophosphate, 2 mM DTT, and 20 mM MgCl2), and then sub-
jected to an in vitro kinase assay using recombinant ZPR9 (19)
or c-Jun as a substrate in the presence of 5 �Ci of [�-32P]ATP,
followed by SDS-PAGE and autoradiography.
Small Interfering RNA (siRNA) Experiments—The MPK38

siRNAs of the oligonucleotide 1 (5�-CAGGCAGACAAUGGA-
GGAUTT-3�) targeting a coding region (amino acids 297–303)
and oligonucleotide 2 (5�-AACCCAAGGGUAACAAGGATT-
3�) targeting a coding region (amino acids 156–162) onMPK38
(GenBankTM accession number NM010790), as well as ASK1
siRNA (5�-GGUAUACAUGAGUGGAAUUTT-3�) (20), were
synthesized from SamChully Pharm. Co., Ltd. (Seoul, Korea).
The sense and antisense oligonucleotides for each siRNA were
mixed and heated at 90 °C for 2min, and the combined reaction
was incubated at 30 °C for 1 h. HEK293 cells grown were plated
in 6-well flat-bottomed microplates (Nunc) at a concentration
of 2 � 105 cells per well the day before transfection. siRNA
oligonucleotides with the indicated concentrations were trans-
fected into cells using WelFect-ExTM Plus. After 48 h of trans-
fection, immunoblottings were carried out to confirm the
down-regulation of target proteins.
Luciferase Reporter Assay—293T cells were transfected

according to the WelFect-ExTM Plus method with the AP-1-
Luc reporter plasmid, along with each expression vector as
indicated. After 48 h, the cells were harvested, and luciferase
activity was monitored with a luciferase assay kit (Promega)
following the manufacturer’s instructions. Light emission was
determinedwith a Berthold luminometer (Microlumat LB96P).
Total DNA concentration was kept constant by supplementing
with empty vector DNAs. The values were adjusted with
respect to expression levels of a cotransfected �-galactosidase
reporter control, and experiments were repeated at least three
times.
Assays for Apoptosis—For cell death experiments using the

green fluorescent protein (GFP) system (18), HEK293 cells
grown on sterile coverslips were transfected with pEGFP (a
GFP-encoding expression vector) together with expression
vectors as indicated. After 24 h of transfection, the cells were
washed with phosphate-buffered saline and then incubated for
40 h in serum-free medium. The cells were fixed with ice-cold
100% methanol, washed three times with phosphate-buffered
saline, and then stained with 4�,6�-diamidino-2-phenylindole
dihydrochloride. The 4�,6�-diamidino-2-phenylindole dihy-
drochloride-stained nuclei of GFP-positive cells were analyzed
for apoptotic morphology by fluorescence microscopy. The
percentage of apoptotic cells was calculated as the number of
GFP-positive cells with apoptotic nuclei divided by the total
number ofGFP-positive cells. Terminal deoxynucleotide trans-
ferase-mediated dUTP nick-end labeling (TUNEL) staining

was performed according to the manufacturer’s instructions
(Roche Applied Science). Cells exposed to 1 mM H2O2 for 9 h
were used as a positive control.

RESULTS

Direct Interaction of MPK38 and ASK1 in Vivo and in Vitro—
We initially performed in vitro kinase assays using 293T cells to
identify MPK38-specific stimuli that modulate MPK38 kinase
activity. Among the various stimuli tested, MPK38 precipitate
from cell lysates treated with H2O2 at concentrations of more
than 0.5 mM significantly induced MPK38 kinase activity com-
paredwith untreatedMPK38 precipitate (Fig. 1A, left).We next
analyzed the kinetics of MPK38 and ASK1 kinase activity in
H2O2-stimulated 293T cells. The stimulation of MPK38 and
ASK1 kinase activity was detected at 5min after treatment with
2 mM H2O2, peaked at 30 min, and decreased thereafter (Fig.
1A, right). These results suggested that cross-talk between
MPK38 and ASK1 signaling pathways may exist as H2O2 is well
known to activate ASK1.
To test whether MPK38 is associated with ASK1 in cells, we

performed cotransfection experiments using GST-MPK38 and
FLAG-ASK1 expression vectors. The interactions between
FLAG-tagged ASK1 proteins and GST-MPK38 fusion proteins
were analyzed by immunoblottingwith an anti-FLAGantibody.
ASK1 was detected in the coprecipitate only when coexpressed
with GST-MPK38 but not with control GST alone, demon-
strating that MPK38 physically interacts with ASK1 (Fig. 1B,
left). To confirm the endogenous interaction between MPK38
andASK1, we carried out coimmunoprecipitation experiments
using endogenous MPK38 and ASK1 in HEK293 cells. Immu-
noprecipitation of endogenous MPK38 by anti-MPK38 anti-
body and then immunoblottingwith an anti-ASK1 antibody led
to the clear identification of an interaction between the two
endogenous MPK38 and ASK1 proteins (Fig. 1B, middle). We
have further determined this association using other cell lines,
including NIH 3T3 cells and R1.1 hematopoietic cells highly
expressingMPK38 (15), and we confirmed that this association
could occur in vivo (data not shown). We also analyzed the in
vitro association of purified, recombinant ASK1 with MPK38
using nondenaturing PAGE.Autophosphorylated recombinant
MPK38 was incubated with an unlabeled, recombinant
kinase-dead form of ASK1 (ASK1(K709R)) or with GST as a
nonspecific control. A shift in the mobility of 32P-labeled
MPK38 was clearly evident upon incubation in the presence
of ASK1(K709R), but it was undetectable when 32P-labeled
MPK38 was incubated with GST alone or in the absence of
ASK1(K709R), providing additional evidence of a physical
association between MPK38 and ASK1 (Fig. 1B, right).
To investigate whether the activity of both kinases was

involved in the association betweenMPK38 andASK1, we used
an in vivo binding assay to examine the effects of the kinase-
dead forms of MPK38 and ASK1 on MPK38-ASK1 complex
formation. Expression of kinase-dead ASK1 (ASK1(K709R)) or
ASK1(T838A), which is defective in ASK1 activation, resulted
in a significant reduction of complex formation compared with
expression of wild-type ASK1 (Fig. 1C, left andmiddle). Similar
results were also observed with the kinase-dead MPK38
(MPK38(K40R)) in the analysis of the association between
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MPK38 and ASK1 (Fig. 1C, right).
Consistent with this, the interaction
was very weakly detected when the
kinase-dead forms of both MPK38
and ASK1 were expressed (Fig. 1C,
right, 6th lane). In addition, H2O2
treatment did not contribute to the
modulation of the association
between MPK38 and ASK1 con-
taining kinase-dead MPK38 and/or
ASK1 (Fig. 1D, 3rd and 4th lanes
versus 5th to 10th lanes), indicating
that the kinase activity of both
MPK38 and ASK1 is important for
H2O2-mediated modulation of
MPK38-ASK1 complex formation.
ModulationofMPK38-ASK1Com-

plex Formation by ASK1 Stimuli—
We assessed whether H2O2, a stim-
ulator of ASK1, can influence the
MPK38-ASK1 complex formation
in HEK293 cells transfected with
plasmid vectors expressing GST-
MPK38 and FLAG-ASK1. After
48 h of transfection, cells were incu-
bated in media with or without 2
mM H2O2 for 30 min. MPK38 was
precipitated and the coprecipitation
of ASK1 was determined by anti-
FLAG immunoblot. MPK38-ASK1
association was significantly in-
creased by H2O2 treatment com-
pared with untreated control (Fig.
1E, upper left). Similarly, the inter-
action of MPK38 and ASK1 appears
to be increased by other ASK1 stim-
uli, including TNF-�, endoplasmic
reticulum stress (thapsigargin), and
calcium overload (ionomycin) (Fig.
1E, upper right, and data not
shown). We also determined the
effect of ASK1 stimulators on the
physical interaction between en-
dogenous MPK38 and ASK1 in
HEK293 cells. Exposure of the cells
ASK1 stimuli, such as H2O2,
TNF-�, thapsigargin, and ionomy-
cin resulted in a considerable
increase in endogenous MPK38-
ASK1 complex formation (Fig. 1E,
lower, and data not shown), suggest-
ing the involvement of MPK38 in
the ASK1 signaling pathway.
Mapping of the Binding Domain

Required for the MPK38-ASK1
Interaction—Weperformed in vivobinding assays to determine
which domain of ASK1 contributes to MPK38 binding. The
carboxyl-terminal regulatory domain (ASK1-C, amino acids

941–1375) of ASK1 was found to be responsible for MPK38
binding, whereas the amino-terminal (ASK1-N, amino acids
1–648) and kinase (ASK1-K, amino acids 649–940) domains

FIGURE 1. Direct interaction of MPK38 with ASK1 in vivo and in vitro. A, regulation of MPK38 and ASK1 kinase
activity by H2O2. 293T cells transiently transfected with wild-type GST-MPK38 were incubated with increasing
amounts of H2O2 for 30 min, and MPK38 was purified on glutathione-Sepharose beads. The GST precipitates were
subjected to an in vitro kinase assay using ZPR9 as a substrate, followed by SDS-PAGE and autoradiography (left). For
H2O2 time-dependent regulation of MPK38 and ASK1 kinase activity, 293T cells were treated with 2 mM H2O2 for the
indicated times. Cell lysates were immunoprecipitated by the indicated antibodies, and the kinase activities of
MPK38 and ASK1 were determined by in vitro kinase assays using ZPR9 and MKK6(K82A) as substrates (right). The
circled P-ZPR9 and P-MKK6(K82A) indicate the phosphorylated ZPR9 and MKK6(K82A), respectively. The relative
level of kinase activity was quantitated by densitometric analyses, and fold increase relative to untreated samples
was calculated. IP, immunoprecipitation; WB, Western blot. B, in vivo and in vitro association of MPK38 with ASK1. GST
alone and GST-MPK38 were cotransfected with FLAG-ASK1 into 293T cells. GST fusion proteins were purified on
glutathione-Sepharosebeads(GST Purification),andtheamountsofcomplexformationandFLAG-ASK1usedforthe
in vivo binding assay were determined by anti-FLAG antibody immunoblot (left). Cell lysates from HEK293 cells were
subjected to immunoprecipitation using either rabbit preimmune serum (Preimm.) or anti-MPK38 antibody
(�-MPK38), followed by immunoblot analysis using an anti-ASK1 antibody to determine the complex formation
between endogenous MPK38 and ASK1 (middle). As a control, the expression levels of MPK38 and ASK1 in the total
cell lysate were analyzed by immunoblot using anti-MPK38 and anti-ASK1 antibodies, respectively. For native PAGE
(8%) of the MPK38-ASK1 complex (right), purified recombinant MPK38 was autophosphorylated as described under
“Materials and Methods.” Autophosphorylated MPK38 (2–3 �g) was incubated with unlabeled recombinant GST or
GST-ASK1(K709R) (each 5 �g) at room temperature for 1 h. C, effect of MPK38 and ASK1 kinase activities on MPK38-
ASK1 association. HEK293 cells were transiently transfected with the appropriate expression plasmids, and MPK38-ASK1
complex formation was determined by Western blot analysis using anti-HA or anti-FLAG antibody as described in B.
D, modulation of MPK38-ASK1(K709R), MPK38(K40R)-ASK1, or MPK38(K40R)-ASK1(K709R) complex formation by H2O2.
HEK293cellstransfectedwiththeindicatedexpressionvectorswereincubatedwithorwithout2mM H2O2 for30min.The
levelofMPK38-ASK1complexwasanalyzedbyimmunoblotusingananti-HAantibody.E,H2O2 andTNF-�modulationof
MPK38-ASK1interaction.HEK293cells transfectedwiththeexpressionvectors indicatedweretreatedwith2mM H2O2 for
30 min or 500 ng/ml TNF-� for 30 min. Cell lysates were purified on glutathione-Sepharose beads (GST Purification) and
immunoblotted with an anti-FLAG antibody (upper). The endogenous level of MPK38-ASK1 complex in the presence or
absence of H2O2 (or TNF-�) was also analyzed by immunoblot using an anti-ASK1 antibody (lower). The relative level of
MPK38-ASK1 complex formation was quantitated by densitometric analyses and fold increase relative to untreated sam-
ples expressing wild-type MPK38 and ASK1 was calculated (C–E).
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were unable to bind with MPK38 (Fig. 2A), indicating that
ASK1 physically interacts with MPK38 through its carboxyl-
terminal regulatory domain.
To identify the region of MPK38 required for ASK1 binding,

we next performed in vivo binding assays with cells transfected
with two deletion constructs MCAT, harboring the kinase cat-
alytic domain (amino acids 7–269) of MPK38, and MPKC,
comprising the carboxyl-terminal regulatory domain (amino
acids 270–643).Wild-typeMPK38 andMPKC exhibited bind-
ing to ASK1, whereas the MCAT construct was not capable of

ASK1 binding (Fig. 2B), indicating
that the carboxyl-terminal regula-
tory domain of MPK38 was respon-
sible for ASK1 binding. Together,
these results demonstrate that the
physical association between MPK38
and ASK1 is mediated through
their carboxyl-terminal regulatory
domains.
MPK38 Stimulates ASK1 Kinase

Activity in a Kinase-dependent
Manner—To establish the physio-
logical role for the MPK38-ASK1
interaction, we investigated the
effects of this interaction on ASK1
function. To determine whether
MPK38 has an effect on ASK1
kinase activity, 293T cells were tran-
siently transfected with ASK1 alone
or cotransfected with MPK38. The
recombinant MKK6(K82A) protein
expressed in Escherichia coli was
purified and used as a substrate for
the ASK1 kinase assay. ASK1 kinase
activity significantly increasedwhen
ASK1was coexpressed withMPK38
(Fig. 3A, left). In a separate experi-
ment with recombinant wild-type
ASK1, we also demonstrated that
recombinantMPK38 proteins stim-
ulatedASK1kinaseactivityinadose-
dependent manner (Fig. 3A, right).
However, the stimulatory effect
of recombinant MPK38 on ASK1
kinase activity was not observed
in the presence of recombinant
ASK1-K, which was unable to bind
with MPK38 (Fig. 3A,middle).
To examine whether the activity

ofMPK38was involved in the ASK1
activation, we analyzed the effect of
the kinase-dead mutant of MPK38
(MPK38(K40R)) on ASK1 kinase
activity using an in vitro kinase
assay. Coexpression of kinase-dead
MPK38 had no effect on the modu-
lation of ASK1 kinase activity com-
pared with expression of wild-type

ASK1 alone (Fig. 3B, top panel, 1st lane versus 3rd lane). Similarly,
the phosphorylation of Thr838 of ASK1, which correlates with
ASK1activation (21),wasnot elevatedby transfectionwithkinase-
dead MPK38 (Fig. 3B, 2nd panel). The levels of immunoprecipi-
tated ASK1 proteins were analyzed, and similar expression levels
were found for theASK1 construct (Fig. 3B, 3rd panel), indicating
that the observed differences in phosphorylated MKK6(K82A)
were not because of differences in ASK1 expression levels of HA
immunoprecipitates. Taken together, these experiments demon-
strate thatMPK38may be a positive regulator of ASK1 activity.

FIGURE 1—continued
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MPK38 Phosphorylates Thr838 within the Activation Loop of
ASK1—Given that ASK1 physically interacts with MPK38 (see
Figs. 1 and 2), we next determined whether ASK1 can act as a
substrate for MPK38. The recombinant nonphosphorylated
form of the ASK1(K709R) or wild-type ASK1 protein was
expressed in E. coli, purified, and used as substrates for the
MPK38 kinase assay. Extracts from 293T cells expressing GST-
MPK38 were purified with glutathione-Sepharose beads and
incubated with [�-32P]ATP to allow phosphorylation of the
recombinant ASK1(K709R) or wild-type ASK1. In addition to
the increase in the phosphorylation of wild-type ASK1,
ASK1(K709R) phosphorylationwas observed in the presence of
MPK38 (Fig. 4A, top panel), indicating that ASK1 may be a
substrate for MPK38. A similar result was also observed in the
phosphorylation of ASK1 Thr838 (Fig. 4A, 2nd panel).
As the phosphorylation of Thr838 of human ASK1 (Thr845 in

mice) correlates with ASK1 activation (21) and MPK38 stimu-
lates ASK1 kinase activity (Fig. 3), we used an in vitro kinase
assay using recombinant MPK38 to examine whether this and
other (Ser83, Ser967, and Ser1034) ASK1 phosphorylation sites
play a role in MPK38-mediated phosphorylation. Mutation of
ASK1(K709R) Thr838 to Ala838 completely abolished MPK38-

dependent phosphorylation compared with the control with
ASK1(K709R) as a substrate (Fig. 4B, top panel, 3rd lane versus
5th lane), indicating that the Thr838 within the activation loop
of ASK1 represents a potential phosphorylation site for
MPK38. These results suggest that MPK38 directly phospho-
rylates ASK1 on Thr838 through physical interaction and acti-
vates ASK1.
MPK38 Is a Potential Upstream Kinase of ASK1—To exam-

ine whether ASK1 can phosphorylate MPK38 through direct
interaction, we conducted an in vitro kinase assay using recom-
binant nonphosphorylated MPK38 (MPK38(K40R)) and wild-
type MPK38 as substrates. ASK1 was unable to phosphorylate
recombinantMPK38(K40R) (supplemental Fig. S1). Moreover,
the phosphorylation of recombinant wild-typeMPK38 was not
affected by ASK1 (supplemental Fig. S1, lane 4 versus lane 5).
These results suggest that, despite physical binding, MPK38
may not be a substrate for ASK1. Based on this, together with
the above results obtained in Fig. 4, A and B, we reasoned that
MPK38 may be an upstream kinase that activates ASK1. To
examine this hypothesis, MPK38 was purified on glutathione-
Sepharose beads using HEK293 cell extracts expressing GST-
MPK38. MPK38 kinase activity was determined by in vitro

FIGURE 2. Mapping of the ASK1 and MPK38 interaction domains. The schematic structures of wild-type and deletion constructs of ASK1 (A) and MPK38 (B)
are indicated. Numbers indicate the amino acid residues corresponding to the domain boundaries. 293T cells transiently transfected with the indicated
expression vectors were lysed and then precipitated using glutathione-Sepharose beads (GST Purification), and immunoblotted with an anti-HA antibody to
determine the level of MPK38-ASK1 complex formation. The same blot was re-probed with an anti-GST antibody to confirm the expression of GST fusion
proteins in the coprecipitates, and the expression level of ASK1 in total cell lysates was determined by immunoblot analysis using an anti-HA antibody. These
experiments were independently performed at least three times with similar results. WB, Western blot.
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kinase assays using recombinant ASK1(K709R), MKK6(K82A),
or p38 as substrates. MPK38 phosphorylated recombinant
ASK1(K709R), whereas phosphorylation of recombinant
MKK6(K82A) and p38 by MPK38 was not detectable (Fig. 4C).
These findings suggest that MPK38 may act as an upstream
regulator of the MAPKKK ASK1.
MPK38 Increases the Interaction between ASK1 and Its Sub-

strate MKK3—We next examined whether MPK38 contrib-
utes to the interaction between ASK1 and its substrate
MKK3. HEK293 cells transfected with vectors expressing
FLAG-ASK1 and HA-MKK3 in the presence or absence of
MPK38 were subjected to immunoprecipitation using an
anti-HA antibody, followed by immunoblot analysis using an
anti-FLAG antibody. There was a significant increase in

complex formation between ASK1 and MKK3 in cells coex-
pressingMPK38 compared with expression in the absence of
MPK38 (Fig. 5A). In contrast, no difference in complex for-
mation was observed in the presence of N-acetyl-L-cysteine
(Nac), a potent antioxidant (Fig. 5B). This indicates that
intracellular redox regulation might be involved in MPK38-
mediated increase of the association between ASK1 and
MKK3.We also observed a similar trend showing the impor-
tance of the phosphorylation of Thr838 of ASK1 in MPK38-
mediated modulation of the complex formation between
ASK1 and MKK3 (Fig. 5C). Consistent with this, knockdown
of endogenous MPK38 decreased the complex formation
between ASK1 andMKK3, although this reduction was over-
come by expressing a wobble mutant of MPK38 (Fig. 5D).

FIGURE 3. Enhancement of ASK1 kinase activity by MPK38. A, stimulation of ASK1 kinase activity by MPK38. 293T cells were transiently transfected with
HA-ASK1 in the presence or absence of GST-MPK38. Cell lysates were subjected to immunoprecipitation (IP) with an anti-HA antibody, and the HA immuno-
precipitates were analyzed for ASK1 kinase activity by an in vitro kinase assay using recombinant MKK6(K82A) as a substrate. The circled P-MKK6(K82A) indicates
phosphorylated MKK6(K82A). The same blot was stripped and re-probed with an anti-HA antibody to determine the expression level of immunoprecipitated
ASK1 (left, 2nd panel), and the expression level of GST-MPK38 in total cell lysates was examined by immunoblot analysis using an anti-GST antibody. (left, 3rd
panel). The presence of equivalent amounts of substrate was verified by immunoblotting with an anti-GST antibody (left, bottom panel). 5 �g of recombinant
ASK1-K (re.ASK1-K) or wild-type ASK1 (re.ASK1) proteins were incubated at room temperature for 1 h with the indicated amount of recombinant MPK38
(re.MPK38) in 50 �l of 25 mM HEPES buffer, pH 7.4, and then analyzed for ASK1 kinase activity by an in vitro kinase assay using recombinant MKK6(K82A) as a
substrate (middle and right). WB, Western blot. B, requirement of MPK38 activity for MPK38-induced stimulation of ASK1 kinase activity. After 48 h of transfec-
tion with the indicated expression vectors, 293T cell lysates were subjected to immunoprecipitation with an anti-HA antibody and then analyzed by an in vitro
kinase assay with recombinant MKK6(K82A) substrate (top panel). ASK1 Thr838 phosphorylation in the HA immunoprecipitates was determined by immunoblot
analysis using an anti-phospho-ASK1(T845) antibody (2nd panel). The expression levels of immunoprecipitated ASK1 and wild-type and kinase-dead MPK38 in
total cell lysates were analyzed using anti-HA and anti-GST antibodies, respectively (3rd and 4th panels). The relative level of ASK1 kinase activity was quanti-
tated by densitometric analyses, and fold increase relative to control expressing ASK1 or ASK1-K alone was calculated. re., recombinant.
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These results suggested that ASK1 activation by MPK38
increased the interaction between ASK1 and its substrate.
Because ASK1 was shown to form inactive complexes with

Trx or 14-3-3 (3, 8, 22), and ASK1 homo-oligomerization was
important for its kinase activity (21, 23), we also investigated
the effect of MPK38 on Trx (or 14-3-3) binding to ASK1 and
ASK1 homo-oligomerization. Results indicated that MPK38
stimulated ASK1 activity by dissociating Trx (or 14-3-3) from
theASK1-Trx (or 14-3-3) complex throughThr838 phosphoryl-
ation and that the homo-oligomerization of ASK1 was highly
dependent on intracellular redox status as well as phosphoryl-
ation of Thr838 of ASK1 (supplemental Figs. S2 and S3).
MPK38 Stimulates Signaling Downstream of ASK1—We

examined whether MPK38 affects signaling downstream of
ASK1, as Hsp72, another interacting partner of ASK1, was pre-
viously shown to modulate signaling downstream of ASK1
through its direct interaction with ASK1 (6). Parental SK-N-

BE(2)C cells or SK-N-BE(2)C cells
stably expressing pCMV-MPK38
(SK-MPK38) were treated with
H2O2 and subsequently immuno-
precipitated using anti-ASK1, anti-
MKK3, and anti-p38 antibodies.
Endogenous ASK1, MKK3, and p38
kinase activities were evaluated
using in vitro kinase assays. H2O2
sufficiently stimulated the kinase
activities of ASK1, MKK3, and p38
in parental SK-N-BE(2)C cells, and
these effects were further enhanced
by overexpression of MPK38 (Fig.
6A, SK-MPK38, upper panels). A
similar result was also observed in
immunoblot analysis using anti-
phospho-specific antibodies for
ASK1 Thr838, MKK3/6, p38, and
ATF2 (Fig. 6A, lower left). Consist-
ent with this, knockdown of endog-
enous MPK38 showed an opposite
trend in the modulation of ASK1,
MKK3, and p38 kinase activities
(Fig. 6B), suggesting that MPK38
stimulates ASK1-mediated signal-
ing to p38 kinase.
To determine whether MPK38

targets ASK1 directly, we also per-
formed in vitro kinase assays of
ASK1, MKK3, MKK6, and p38 in
the presence or absence of recombi-
nant MPK38. HEK293 cells were
transiently transfected with HA-
ASK1, HA-MKK3, HA-MKK6, or
HA-p38 and treatedwith orwithout
H2O2. The cells were then subjected
to immunoprecipitation with an
anti-HA antibody. The resulting
immunoprecipitates were assayed
for kinase activities ofASK1,MKK3,

MKK6, or p38 in the presence or absence of recombinant
MPK38.MPK38 specifically stimulated ASK kinase activity but
had no effect on the kinase activities of MKK3, MKK6, or p38
(supplemental Fig. S4). These results suggest that MPK38
enhances ASK1-mediated signaling through direct stimulation
of ASK1.
MPK38 Stimulates ASK1-mediated AP-1 Transcriptional

Activity in a Kinase-dependent Manner—ASK1 is a MAPKKK
involved in the activation of JNK/stress-activated protein
kinase and p38 MAPK (2, 24). Because AP-1 is a transcription
factor activated by JNK and p38 kinases, we used an AP-1 lucif-
erase reporter to determine whetherMPK38 affects ASK1-me-
diated transactivation. Wild-type MPK38 (MPK38(WT)) sig-
nificantly increased ASK1-mediated AP-1 transcriptional
activity in a dose-dependent manner, whereas kinase-dead
MPK38 had no effect (Fig. 7A). We also confirmed the roles of
MPK38 in ASK1-mediated transactivation using the MPK38

FIGURE 4. Phosphorylation of ASK1 by MPK38. A, for an in vitro kinase assay, �3– 4 �g of recombinant
ASK1(K709R) or wild-type ASK1 was mixed with 10 �M ATP, 5 �Ci of [�-32P]-ATP, and 10 mM MgCl2 in 20 �l of
kinase buffer (see “Materials and Methods”) and incubated with the precipitated MPK38 for 15 min at 37 °C with
frequent gentle mixing (top panel). ASK1 Thr838 phosphorylation was determined by immunoblot analysis
using an anti-phospho-ASK1(T845) antibody (2nd panel). The position and expression levels of GST-MPK38,
re.ASK1(K709R), and re.ASK1(WT) were monitored by immunoblotting with an anti-GST antibody (3rd and
bottom panels). The relative level of kinase activity was quantitated by densitometric analyses, and fold
increase relative to control containing recombinant wild-type ASK1 alone was calculated. WB, Western blot.
B, identification of MPK38 phosphorylation sites on ASK1. An in vitro kinase assay was performed with 5 �g of
recombinant ASK1(K709R) or one of its substitution mutants (ASK1(S83A), ASK1(T838A), ASK1(S967A), or
ASK1(S1034A)), as well as recombinant wild-type MPK38 (10 �g), as described in A (top panel). The phospho-
rylation of ASK1 Thr838 and expression of recombinant MPK38 and ASK1 were determined by immunoblotting
with anti-phospho-ASK1(T845) and anti-GST antibodies, respectively (2nd to bottom panels). The relative level
of kinase activity was quantitated by densitometric analyses, and fold increase relative to control samples
containing ASK1(K709R) was calculated. C, after 48 h of transfection with GST-MPK38, HEK293 cell lysates were
subjected to precipitation with glutathione-Sepharose beads (GST Purification) and then analyzed by in vitro
kinase assays with recombinant ASK1(K709R), MKK6(K82A), and p38 as substrates. The circled P-ASK1(K709R)
and circled P-MPK38 indicate the phosphorylated ASK1(K709R) and autophosphorylated MPK38, respectively.
re., recombinant.
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knockdown system. Transfection of MPK38 siRNA resulted in
a significant decrease in ASK1-mediated AP-1 transcriptional
activity that was proportional to the amount of MPK38 siRNA
transfected (Fig. 7A, 4th lane versus 7th and 8th lanes).

Next, to test the effect of MPK38 on ASK1-mediated JNK
activation, HEK293 cells were transfectedwith vectors express-
ingGST-JNK andHA-ASK1 in the presence or absence of wild-
type and kinase-deadMPK38. JNK activity was evaluated using
an in vitro kinase assay with c-Jun as a substrate. As expected,
ASK1-mediated JNK activation was markedly increased by
wild-type MPK38 in a dose-dependent manner, whereas
kinase-deadMPK38 had no effect onASK1-mediated JNK acti-
vation (Fig. 7B, left). To verify whether the knockdown of
endogenous MPK38 contributed to altered ASK1-mediated
JNK activation, HEK293 cells transfected with GST-JNK and
HA-ASK1, together withMPK38-specific siRNA, were purified
on glutathione-Sepharose beads, followed by an in vitro kinase
assay using c-Jun as a substrate. ASK1-mediated JNK activation

was decreased in a dose-dependent manner in MPK38-knock-
down cells compared with control cells expressing JNK and
ASK1 in the absence ofMPK38 siRNA (Fig. 7B,middle, 4th lane
versus 7th and 8th lanes). A similar result was also observed in
HaCaT cells stably expressing an shRNA targeting MPK38
(MPK38(KD)) (Fig. 7B, right). These results suggest that ASK1
phosphorylation that is mediated via direct interaction with
MPK38 increases ASK1-mediated signaling to both JNK and
p38 kinases.
MPK38 Stimulates H2O2-mediated Apoptosis—Because

MPK38 interacts with ASK1 (see Figs. 1 and 2) and the ASK1
activation induces apoptotic cell death under various condi-
tions (2, 3), we next examined whether MPK38 could influence
H2O2-mediated cell death. Expression of wild-type MPK38 in
HEK293 cells resulted in a significant increase inH2O2-induced
cell death in a dose-dependent manner, as determined by GFP
system and TUNEL staining (Fig. 8). This indicated that
MPK38 is involved inH2O2-mediated cell death.We also deter-

FIGURE 5. MPK38-mediated modulation of the association between ASK1 and MKK3. A–C, HEK293 cells were transfected with the indicated combinations
of HA-MKK3, FLAG-ASK1, FLAG-ASK1(T838A), GST-MPK38, and GST-MPK38(K40R). Cell lysates were then subjected to immunoprecipitation (IP) with an anti-HA
antibody, and the resulting immunoprecipitates were analyzed by immunoblot analysis with an anti-FLAG antibody to determine the association of MKK3 with
ASK1 in the presence or absence of 15 mM Nac for 30 min. The expression levels of ASK1 and MPK38 in total cell lysates were analyzed by immunoblot using
anti-FLAG and anti-GST antibodies. D, effect of MPK38 knockdown on the association between ASK1 and MKK3 was determined by immunoblotting with the
indicated antibodies using HEK293 cells transiently transfected with MPK38 siRNA 1 (left) or HaCaT cells (MPK38(KD)) stably expressing MPK38 shRNA (right).
MPK38(KD) cells were transfected with 4 �g of plasmid (MPK38(W)) containing a wobble mutant cDNA encoding MPK38 with three synonymous point
mutations within the siRNA target sequence (right). The relative level of ASK1-MKK3 complex formation was quantitated by densitometric analyses, and fold
increase relative to control expressing ASK1 and MKK3 in the absence of MPK38 was calculated. WB, Western blot.
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mined whether the kinase activity of MPK38 was necessary for
modulation of H2O2-mediated cell death because only wild-
typeMPK38 induced ASK1 activity (see Fig. 3B). No difference
in the H2O2-mediated cell death was found in the presence of
kinase-dead MPK38 compared with the control treated with
H2O2 in the absence of MPK38 (supplemental Fig. S5, lane 4

versus lanes 7 and 8), indicating an important role for MPK38
kinase activity in the modulation of H2O2-mediated cell death.

We also performed knockdown experiments of MPK38
usingMPK38 siRNA.Transfection ofHEK293 cells with siRNA
duplexes targeting MPK38 resulted in a significant decrease of
H2O2-mediated apoptosis, proportional to the amount of

FIGURE 6. Effect of MPK38 on ASK1 downstream signaling. A, MPK38 stimulates ASK1 downstream signaling. Parental SK-N-BE(2)C cells or MPK38 stable
transfectants (SK-MPK38) were incubated in the presence or absence of 2 mM H2O2 for 30 min. Cell lysates were subjected to immunoprecipitation (IP) using the
indicated antibodies, and the immunoprecipitates were assayed for activities of ASK1, MKK3, or p38 by in vitro kinase assays using the indicated substrates. The
expression levels of ASK1, MKK3, and p38 in the immunoprecipitates were analyzed by immunoblot using the indicated antibodies. The presence of equal
amounts of each substrate in these assays was confirmed by immunoblotting with an anti-GST antibody (upper, bottom panels). WB, Western blot. B, modu-
lation of ASK1 downstream signaling by knockdown of endogenous MPK38. Parental HaCaT cells or HaCaT cells stably expressing MPK38 shRNA (MPK38(KD))
were treated with 2 mM H2O2 for 30 min. The immunoprecipitates were also subjected to in vitro kinase assays as described in A. ASK1 Thr838, MKK3/6, p38, and
ATF2 phosphorylation were determined by immunoblot analysis using the indicated phospho-specific antibodies (A and B, lower, left panels). The expression
levels of ASK1, MKK3, p38, ATF2, and MPK38 in total cell lysates were analyzed by immunoblot using the indicated antibodies (A and B, lower, right panels). The
relative level of kinase activity was quantitated by densitometric analyses, and fold increase relative to untreated samples in parental cells was calculated.

FIGURE 7. Up-regulation of JNK-mediated transcription by MPK38. A, 293T cells were transfected with 0.2 �g of AP-1 luciferase plasmid and increasing
amounts of wild-type (WT) and kinase-dead (K40R) forms of MPK38 (6 and 9 �g) and MPK38 siRNA 1 (50 and 200 nM) as indicated in the presence or absence
of c-Fos (0.6 �g). Data shown are means (� S.E.) of three independent experiments. p � 0.05 relative to control; significance calculated by Student’s t test.
B, enhancement of JNK activity by MPK38. HEK293 cells were cotransfected using GST-JNK (1.5 �g) and HA-ASK1 (2 �g) in the presence or absence of increasing
amounts of wild-type (WT) and kinase-dead (K40R) forms of MPK38 (6 and 9 �g) or MPK38 siRNA 1 (100 and 200 nM). An in vitro kinase assay for JNK activity was
performed as described under “Materials and Methods.” The amounts of precipitated JNK and the expression level of ASK1 and MPK38 in total cell lysates were
determined by immunoblot analysis using anti-GST and anti-HA antibodies. MPK38(KD) cells transfected with GST-JNK and HA-ASK1 were also precipitated
using glutathione-Sepharose beads (GST Purification), and the precipitates were subjected to an in vitro kinase assay using c-Jun as a substrate to determine JNK
activity (right). The relative level of JNK activity was quantitated by densitometric analyses, and fold increase relative to control HEK293 cells expressing JNK
alone or untreated HaCaT cells expressing JNK and ASK1 was calculated. WB, Western blot.
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siRNA used in the transfection (Fig. 8, 6th lane versus 13th and
14th lanes). These data strongly suggest that MPK38 contrib-
utes toH2O2-mediated apoptosis by enhancing theASK1 activ-
ity through phosphorylation.
ASK1 has been implicated in caspase-3 activation (25, 26).

PARP is known to be as an in vivo substrate of capase-3 (27).
Based on this, to investigate whether the stimulation of H2O2-
mediated apoptosis byMPK38 is dependent on its activation of
caspase-3, leading to the proteolytic cleavage of PARP, we
assessed the effects of MPK38 on H2O2-induced caspase-3
activity and PARP cleavage by immunoblotting with anti-
caspase-3 and anti-PARP antibodies, respectively. Results indi-
cated thatMPK38 stimulated H2O2-mediated apoptosis by up-
regulating an in vivo capase-3 activity (supplemental Fig. S6).

DISCUSSION

Themechanism forASK1 activation in response to apoptotic
stimuli has not been fully elucidated, despite the proposed
function of ASK1 in mediating multiple cell death pathways.
Recent studies have demonstrated that ASK1 activity is posi-
tively or negatively regulated by its interacting partners, includ-
ing tumor necrosis factor receptor-associated factor (28), Daxx
(1), JNK/stress-activated protein kinase-associated protein 1
(JSAP1)/JNK-interacting protein 3 (JIP3) (29), thioredoxin (3,
4), glutaredoxin (7),HSP72 (6), Raf-1 (3), Akt/PKB (30), PP5 (5),
and 14-3-3 (8). In addition, ASK1 phosphorylation also regu-
lates its activity (5, 21, 30, 31). Akt/PKB binds to and phospho-
rylates Ser83 of ASK1, resulting in the inhibition of ASK1-me-
diated apoptosis (30); and 14-3-3 interacts with phosphorylated
Ser967 of ASK1 to inhibit ASK1 function (8). Conversely, PP5
dephosphorylates murine Thr845 within the activation loop of
ASK1 that is critical for ASK1 activation and thereby inhibits
ASK1-mediated apoptosis (5). Although Akt/PKB was recently
described as a kinase that is critical for ASK1 Ser83 phosphoryl-
ation (30), the question remains which kinases are responsible
for ASK1 phosphorylation at multiple sites, including Thr845,
Ser967, and Ser1034. To gain insight into the mechanism(s) by
which MPK38 positively regulates ASK1 activity, we examined

whether the Thr838 (corresponding
to Thr845 in mice) plays a key role in
MPK38-mediated phosphorylation
using an in vitro kinase assay and
immunoblot analysis. MPK38 was
shown to phosphorylate Thr838 of
ASK1, but not Ser83, Ser967, and
Ser1034 (Fig. 4B). In addition, the
previous finding of Thr845 phospho-
rylation in kinase-dead ASK1 of
H2O2-treated ASK1-null mouse
embryonic fibroblasts strongly sup-
ports the notion that Thr845 phos-
phorylation occurs via a putative
Thr845 kinase in cells (21). A recent
report (32) showing that the ASK1-
interacting partner ASK2 activates
ASK1 through Thr838 phosphoryla-
tion is interesting in regards to the
search for this putative kinase.

We examined whether MPK38 functions as an upstream
kinase of ASK1 or another MAPKKK, because recent studies
showed that ASK1 associated with other MAPKKKs, including
TAK1 (33) and Raf-1 (34). These interactions lead to ASK1-
mediated inhibition of TAK1-mediatedNF-�B signaling aswell
as Raf-1-mediated inhibition of ASK1 kinase activity. As
shown in Fig. 4C, MPK38 was able to phosphorylate GST-
ASK1(K709R), but not GST-MKK6(K82A) or GST-p38. Fur-
thermore, neither ASK1 nor TAK1 could phosphorylate GST-
MPK38(K40R) in a reciprocal way (see supplemental Fig. S1
and data not shown). These results strongly suggest that
MPK38, unlike ASK2 (32), is apparently an upstream kinase of
ASK1 but not of other MAPKKKs. In addition, MPK38 and
ASK2 are not like each other in terms of their overall structures;
MPK38 possesses an amino-terminal kinase domain and a car-
boxyl-terminal regulatory domain (9), but ASK2 contains a
kinase domain in themiddle portionwith amino- and carboxyl-
terminal flanking regions (32). Furthermore, there is only 29%
amino acid identity between MPK38 and ASK2, particularly in
the kinase domain. Based on this, we speculate thatMPK38 and
ASK2 work in different ways to regulate ASK1 activity, despite
the ability of these two kinases to phosphorylate the same site
(Thr838/Thr845) of ASK1. However, we cannot rule out the pos-
sibility that ASK1 activation can be also triggered by ASK1 oli-
gomerization, which is independent of direct phosphorylation
of Thr845 through putative Thr845 kinases.
Little is known about the biological functions or the molec-

ular mechanism(s) underlying MPK38 activity, despite its
implicated involvement in various cellular processes, including
cell cycle, spliceosome assembly, carcinogenesis, and self-re-
newal of stem cells (35). The results presented here suggest that
MPK38 stimulates the activation of ASK1-mediated signaling
to both JNK and p38 kinases through direct interaction with
and phosphorylation of ASK1, and that the MPK38-ASK1
interactionmay provide amolecular basis for the proposed sev-
eral MPK38 functions. Moreover, the role of MPK38 as an
inducer of ASK1-mediated signaling may clarify the mecha-
nism(s) underlying MPK38-mediated signaling in carcinogen-

FIGURE 8. Effect of MPK38 on H2O2-mediated apoptosis. HEK293 cells were transiently transfected with
increasing amounts of wild-type MPK38 (0.8 and 1.6 �g) and ASK1 (0.5 and 1 �g) or MPK38 and ASK1 siRNAs
(100 and 200 nM) in the presence or absence of H2O2. Apoptotic cell death was determined using the GFP
expression system (GFP) or TUNEL. Cells exposed to 1 mM H2O2 for 9 h was used as a positive control. Data
shown are means (�S.E.) of three independent experiments. p � 0.05 relative to control; significance calcu-
lated by Student’s t test.
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esis. We have revealed that MPK38 directly binds to and acti-
vates ASK1 to stimulate ASK1-mediated signaling through
ASK1 phosphorylation at Thr838, and our results suggest that
MPK38 is a potential upstream kinase of ASK1. In addition,
H2O2-dependent modulation of MPK38 activity may provide
an effective way to study the biological role of MPK38 in detail.
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