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Exposure of eukaryotic cells to extracellular stimuli results in activa-
tion of mitogen-activated protein kinase (MAPK) cascades composed
of MAPKs, MAPK kinases (MAP2Ks), and MAPK kinase kinases
(MAP3Ks). Mammals possess a large number of MAP3Ks, many of
which can activate the c-Jun N-terminal kinase (JNK) MAPK cascade
when overexpressed, but whose biological function is poorly under-
stood. We examined the function of the MAP3K MEK kinase 1
(MEKK1) in proinflammatory signaling. Using MEKK1-deficient em-
bryonic stem cells prepared by gene targeting, we find that, in
addition to its function in JNK activation by growth factors, MEKK1 is
required for JNK activation by diverse proinflammatory stimuli, in-
cluding tumor necrosis factor a, IL-1, double-stranded RNA, and
lipopolysaccharide. MEKK1 is also essential for induction of embry-
onic stem cell migration by serum factors, but is not required for
activation of other MAPKs or the IkB kinase signaling cascade.

MEKK1 (MEK kinase 1) is one of the first identified members
of the mitogen-activated protein kinase (MAPK) kinase

kinase (MAP3K) group (1). Although MEKK1 was initially
thought to be a specific activator of the extracellular signal-
regulated kinase (ERK) MAPK cascade, it was found to be a more
potent and preferential activator of the c-Jun N-terminal kinase
(JNK) group of MAPKs (2), possibly through its high affinity
toward the MAP2K, JNK kinase 1 (JNKK1)ySEK1yMKK4 (3).
JNK activity is potently stimulated by a variety of physical and
chemical stresses, most notably UV irradiation and osmotic stress,
but also by the protein synthesis inhibitor anisomycin, arsenite, and
heat shock (4–7). In addition, JNK is activated by a variety of
proinflammatory stimuli, including tumor necrosis factor a
(TNFa), IL-1, lipopolysaccharide (LPS), and double-stranded
(ds)RNA (8–10). All of these stimuli are potent activators of innate
immune responses (11), to which JNK activation makes an impor-
tant contribution (10). JNK activity is also stimulated by certain
growth factors and small G proteins, such as Ras and Rac (12, 13).
Although only two MAPK kinases (MAP2Ks) function as JNK
kinases, JNKK1ySEK1yMKK4 (14–16) and JNKK2yMKK7 (17–
19), many MAP3Ks, in addition to MEKK1, can activate the JNK
cascade (20–23). The exact physiological function of each of these
MAP3Ks, which include MEKK2, MEKK3, MEKK4, transforming
growth factor b (TFG-b)-activating kinase 1 (TAK1), and apopto-
sis signal-regulating kinase (ASK)1, is not known. Recently, how-
ever, gene-disruption experiments were used to generate embry-
onic stem (ES) cells deficient in MEKK1 (24). These studies
revealed that MEKK1 plays a critical role in JNK activation by
serum, lysophosphatidic acid (LPA), and nocodazole, a microtu-
bule-disrupting agent (24, 25). MEKK1 is also partially involved in
JNK activation by osmotic shock and plays an important role in JNK
activation by oxidative stress, but is not required for responsiveness
to heat shock, anisomycin, or UV radiation (24, 26). The role of
MEKK1 in JNK activation by TNFa or other proinflammatory
stimuli has not been investigated. The biological role of MEKK1 in
cellular responses to serum growth factors has not been defined
either.

Recently, we identified MEKK1 as a potential target for TNF
receptor-associated factor 2 (TRAF2) and TRAF6 (27), two
related signal transducers that are recruited to TNFa and IL-1
receptors, respectively (28, 29). The recruitment of TRAF2 and
TRAF6 to proinflammatory receptors is essential for JNK
activation (8, 27, 30). However, TNFa- and TRAF2-induced
JNK activation was also suggested to be mediated by ASK1 (31),
and another MAP3K, TAK1, was suggested to mediate JNK
activation by IL-1 (32). MEKK1 was also suggested to be a
critical mediator of NF-kB activation (33–35), acting by means
of the IkB kinase (IKK) (36, 37). To investigate the function of
MEKK1 in proinflammatory signaling, we generated MEKK1-
deficient ES cells. Using these cells, we found that MEKK1 is
required for JNK activation in response to diverse proinflam-
matory stimuli, including TNFa, IL-1, dsRNA, and LPS.
MEKK1 is also required for induction of ES cell migration in
response to serum factors. MEKK1, however, is not required for
IKK activation.

Materials and Methods
Generation of Mekk12/2 ES Cells. The targeting vector shown in Fig.
1 was constructed as previously described (38). The vector was
linearized with NotI and electroporated into ES cells (Genomic
System) (39). G418-resistant clones were analyzed by PCR and
Southern blotting for the presence of a disrupted Mekk1 allele. One
Mekk11/2 euploid ES cell clone was further cultured in elevated
G418 concentration (2 mgyml), and resistant clones were charac-
terized by PCR and Southern blotting for disruption of both Mekk1
alleles.

Kinase and DNA Binding Assays. To measure its kinase activity,
MEKK1 was immunoprecipitated from cell lysates with rabbit
antiserum to recombinant human MEKK1 (amino acids 1006–
1170). The immunoprecipitates were subjected to kinase assays
with bacterially expressed glutathione S-transferase (GST)-
JNKK1 as a substrate, using standard protein kinase assay
conditions (4). JNK was immunoprecipitated from cell lysates
with an antibody against human full-length JNK1 (G151-333.8;
PharMingen). The precipitates were subjected to in vitro kinase
assay with GST-c-Jun (1–79) as a substrate (4). JNK, p38, and
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ERK activation were determined by immunoblotting total cell
lysates separated by SDSyPAGE with anti-phospho-JNK (7932;
Promega), anti-phospho-p38 (9211S; New England Biolabs), and
anti-phospho-ERK (9101S; New England Biolabs), respectively,
following suppliers’ recommendations. These antibodies are
specific to the activated forms of these MAPKs. Total loading of
JNK, p38, and ERK was determined by reprobing stripped blots
with anti-JNK (G151-666.13; PharMingen), anti-p38 (9212; New
England Biolabs), or anti-ERK (9102; New England Biolabs)
antibodies. IKK was immunoprecipitated from cell lysates with
monoclonal antibody against recombinant IKKg (c73-764;
PharMingen), and its activity was measured by immunocomplex
kinase assay with GST-IkBa (1–54) as a substrate (40). Elec-
trophoretic mobility-shift assays (EMSAs) were performed as

described (40). Briefly, 20 mg of whole cell extracts was incubated
with 2 mg of poly(dI-dC) and 5,000 cpm of labeled oligonucle-
otide probes. After 30 min of incubation at room temperature,
the samples were resolved on native 5% polyacrylamide gels.

Cell Migration Assays. Cell migration was measured with modified
Boyden chambers as described (41). There was no difference in the
ability of wild-type and Mekk12/2 cells to adhere to fibronectin-
coated plates.

MAPK Inhibitors. The specific JNK inhibitor (SP 600125) was a gift
from Signal Pharmaceuticals, San Diego. When used at 50 mM, this
compound completely inhibits JNK activity but does not inhibit
ERK1, ERK2, p38a, or p38b (unpublished results). The MEK

Fig. 1. Generation of Mekk12/2 ES cells. (A) Diagram of the targeting strategy. Schematic structures of Mekk1 cDNA, the relevant portion of the Mekk1 locus, the
targeting vector, and the homologous recombinant. Indicated are locations of the N-terminal regulatory region and the C-terminal catalytic (Ki) domain of MEKK1,
restrictionsites (H,HindIII;RI,EcoRI;P,PstI;N,NotI;X,XbaI; B,BamHI), andthepositionofa59externalprobe (a).Arrowheads labeledP1,P2,P3,andP4 indicatepositions
of primers used in genotyping. (B) Southern blot demonstrating homologous recombination within the Mekk1 locus. The 59 external probe detects a 3-kb HindIIIyPstI
fragment for the wild-type locus and an 8-kb HindIIIyPstI fragment for the targeted locus. (C) Immunoblot (IB) using MEKK1 and b-galactosidase antibodies revealing
expression of 180-kDa mouse MEKK1 polypeptide in mouse fibroblasts (3T3) and ES cells (WT) and a 242-kDa MEKK1-b-galactosidase fusion protein in two homozygous
recombinant clones. (D) MEKK1 kinase activity in Mekk1 wild-type (1y1), heterozygous (1y2), and homozygous (2y2) recombinant ES cells. Lysates were prepared
from cells stimulated with sorbitol (300 mM), nocodazole (2 mM), or TNFa (10 ngyml) for the indicated times. After immunoprecipitation (IP) with anti-MEKK1,
immunocomplex kinase assays (KA) were performed by using GST-JNKK1 as a substrate. Fold-activation was calculated based on phosphorimager analysis.
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Fig. 2. MEKK1 is required for JNK activation by proinflammatory stimuli. Wild-type (1y1) and MEKK1-deficient (2y2) ES cells were left untreated or incubated with
TNFa (10 ngyml), IL-1 (10 ngyml), LPS (15 mgyml), or dsRNA (5 mgyml) for the indicated times (min) after which the cells were lysed. Equal amounts (100 mg) of lysates
were resolved by SDSyPAGE, transferred to a nitrocellulose membrane, and sequentially probed with antibodies to activated (phosphorylated) JNK (p-JNK) and
activated (phosphorylated) ERK (p-ERK). The membranes were stripped and reprobed with antibodies to all JNK and ERK isoforms. Shown are the results of one typical
experiment of at least three similar and separate experiments.

Fig. 3. MEKK1 is not involved in IKK and NF-kB activation in ES cells. (A) IKK activation. Wild-type (1y1) and MEKK1-deficient (2y2) ES cells were left untreated or
stimulated with TNFa, IL-1, LPS, dsRNA, as described above, LPA (20 mM), or nocodazole (2 mM). IKK complexes were isolated from equal amounts of cell lysates by
immunoprecipitation with anti-IKKg monoclonal antibody, and immunocomplex kinase assays (KA) were performed by using GST-IkBa (1–54) as a substrate. Recovery
of IKK was determined by immunoblotting (IB) with anti-IKKa. (B) NF-kB activation. Wild-type and MEKK1-deficient ES cells were treated as described above with TNFa,
IL-1, LPS, and LPA. At the indicated times, cell extracts were prepared, and NF-kB and NF1 DNA binding activities were measured. NS, nonspecific protein–DNA complex.
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inhibitor (PD 98059) was purchased from New England Biolabs,
and the p38 inhibitor SB202190 was from Calbiochem. The inhib-
itors (20–50 mM) were added to cells in serum-free media for 0.5–1
h before the cell migration assay.

Results
Generation and Characterization of Mekk12/2 ES Cells. To investigate
the physiological functions of MEKK1, we used the targeting vector
shown in Fig. 1A to disrupt the Mekk1 locus in mouse ES cells (39).
Integration of the targeting vector into the Mekk1 locus should
result in formation of an MEKK1-b-galactosidase fusion protein
containing the first 1188 amino acids of MEKK1, but lacking its
entire kinase domain. Indeed, heterozygote Mekk11/2 ES (Fig. 1B)
cells express both full-length 180-kDa MEKK1 polypeptide and a
242-kDa MEKK1-b galactosidase fusion protein (Y.X., unpub-
lished results). We obtained several cell lines in which both Mekk1
alleles were disrupted and no longer express wild-type MEKK1 by
selecting Mekk11/2 ES cells for survival in high concentration of
G418 (Fig. 1 B and C). These cells express only the 242-kDa
MEKK1-b galactosidase fusion protein. Most of the work reported
below was carried out with one such cell line (M1), although
another cell line behaved in an identical manner (Y.X., unpublished
results). MEKK1 kinase activity is stimulated by TNFa (27),
nocodazole, and osmotic stress (Fig. 1D). No MEKK1 kinase
activity could be detected in Mekk12/2 cells, whereas reduced
kinase activity was present in lysates of Mekk11/2 cells (Fig. 1D). As
the heterozygote cells express similar amounts of native MEKK1
and the MEKK1-b galactosidase fusion protein, it is unlikely that
the latter acts as a dominant negative inhibitor of MEKK1. In
addition, overexpression of the MEKK1 N-terminal fragment in
HeLa or 293 cells did not reveal dominant negative activity (3).

MEKK1 Is Required for JNK but Not IKK Activation by Proinflammatory
Stimuli. As previously described (24), we found that the absence of
MEKK1 prevented JNK activation by nocodazole, but had only a
small effect on the response to osmotic shock and anisomycin
(42–45). Using a lower dose of UVC radiation than the one used
previously (80 Jym2 vs. 100 Jym2), we found that JNK was activated
with slower kinetics in Mekk12/2 cells in comparison to wild-type
cells (data not shown). Thus, MEKK1 contributes to, but is not
essential for, JNK activation in response to UVC exposure. We
examined the response of JNK to four different proinflammatory
stimuli, TNFa, IL-1, LPS, and dsRNA. Each stimulus causes
substantial but transient JNK activation in wild-type cells (Fig. 2).
However, none of these stimuli led to considerable JNK activation
in Mekk12/2 cells. Exposure to proinflammatory stimuli also results
in modest ERK activation (Fig. 2). In this case, however, the loss of
MEKK1 resulted in more potent MAPK activation by all four
stimuli: TNFa, IL-1, LPS, and dsRNA (Fig. 2). The increase in
ERK activation was not because of higher levels of ERK1 or ERK2
in the mutant cells. It is possible, therefore, that JNK activation may
exert a negative effect on activation of the ERK cascade by
proinflammatory stimuli. Unfortunately, we were not able to
determine the involvement of MEKK1 in p38 activation by these
stimuli, as none of them led to considerable p38 activation, even in
wild-type cells (data not shown).

Proinflammatory stimuli are also potent activators of IKK and
NF-kB (42–45). In contrast to the effect on JNK, the loss of
MEKK1 did not reduce IKK or NF-kB activation in response to
TNFa, IL-1, LPS, or dsRNA (Fig. 3 A and B). NF-kB activity is also
stimulated by depolymerization of microtubules (46). Despite the
large increase in MEKK1 catalytic activity in nocodazole-treated
cells (Fig. 1D), MEKK1 is not required for nocodazole-induced
IKK activation (Fig. 3A). We also found that LPA treatment
resulted in IKK and NF-kB activation and this response was also not
altered by the loss of MEKK1 (Fig. 3 A and B). To determine
whether ES cells contain the same type of IKK activity character-
ized in differentiated cell types (40, 42, 43, 45), we generated ES

cells that are deficient in the IKKg regulatory subunit (C.M. and
M.K., unpublished observations). As shown for other cell types
(45), the loss of IKKg expression prevented the activation of IKK
(Fig. 4A) and NF-kB (data not shown) by TNFa or IL-1. Thus, there
is nothing unusual about the IKK complex present in ES cells, and
its activation requires the IKKg regulatory subunit, but not the
MAP3K MEKK1.

At least two MAP3Ks, MEKK1 (3, 8, 27, 47) and ASK1 (31),
were suggested to mediate JNK activation by TNFa. Another
family member, TAK1, was suggested to mediate JNK activation in
response to IL-1 (32). Our results indicate that, at least in ES cells,
MEKK1 is required for JNK activation by TNFa, and this require-
ment is not compensated by other MAP3Ks, including MEKK2,
ASK1, or TAK1, all of which are expressed at levels similar to
MEKK1 in these cells (Fig. 4). Expression of all of these MAP3Ks,
as well as the upstream kinase GCK, which was also proposed to be
involved in TNFa signaling to JNK by MEKK1 (47), was unaltered
in the Mekk12/2 cells.

MEKK1 Is Required for Serum-Induced JNK Activation and ES Cell
Migration. In addition to chemical and physical stressors and
proinflammatory stimuli, JNK activity is stimulated by certain
growth factors and small G proteins (2, 12, 13). As reported earlier
(24), activation of JNK by serum or LPA was considerably reduced
in Mekk12/2 cells (Fig. 5A). As these stimuli activated p38 in ES
cells, we could examine the dependence of this response on
MEKK1. In contrast to the defect in JNK activation, the activation
of both p38 and ERK by serum or LPA was not considerably
reduced by the loss of MEKK1 (Fig. 5A). However, we did find

Fig. 4. Dependence on IKKg and expression of MAP3Ks and GCK in wild-type
(1y1) and mutant (2y2) ES cells. (A) Wild-type and Ikkg- (only a single Ikkg allele
was disrupted, but as Ikkg is an x-linked gene and the ES cells we used were XO,
this resulted in complete loss of IKKg expression) ES cells were left untreated (0
time point) or treated with TNFa or IL-1 as described above. At the indicated
times, cell lysates were prepared and IKK activity was determined by using an
IKKa monoclonal antibody and immunocomplex kinase assay. (B) Exponentially
growing ES cells or 3T3 fibroblasts were lysed, and equal amounts (50 mg) of total
cell lysates were resolved by SDSyPAGE, transferred to a nitrocellulose mem-
brane, and probed with antibodies to ASK1, TAK1, MEKK2, or GCK (Santa Cruz
Biotechnology). All of these antibodies were found to specifically recognize their
cognate antigens based on immunoblot analysis of cells transiently transfected
with expression vectors for the different kinases (not shown).
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decreased activation of JNK by oncogenic Ha-Ras in Mekk12/2

cells, but expression of either activated Rac1 or full-length human
MEKK1 resulted in the same JNK activation response as observed
in wild-type cells (Fig. 5B). These results suggest that, in addition
to TRAF proteins, which function as intermediates in proinflam-
matory signaling, MEKK1 is responsive to Ras proteins, which act
as intermediates in growth factor signaling. However, despite
previous expectations (12, 13), MEKK1 does not seem to act
downstream to the Rac group of small G proteins in the pathway

leading to JNK activation. Because stable expression of human
MEKK1 in Mekk12/2 ES cells restored JNK activation (Y.X.,
unpublished results), the signaling defect in the Mekk12/2 ES cells
is indeed caused by the MEKK1 deficiency and is fully reversible.

Serum growth factors and Ha-Ras are important stimulators of
cell proliferation. Although the loss of MEKK1 abolished JNK
activation by these stimuli, it had little effect on serum-induced cell
proliferation (Y.X., unpublished results), suggesting that JNK ac-
tivation may not be critical for DNA synthesis and cell division, at

Fig. 5. MEKK1 is involved in serum- and Ras-induced JNK activation and induction of ES cell migration. (A) Serum- and LPA-induced MAPK activation. Exponentially
growing wild-type (1y1) and MEKK1-deficient (2y2) ES cells were serum-starved for 2 h. The cells were either left untreated or incubated with serum (15%) or LPA
(20 mM) for the indicated times (min). The cells were lysed and JNK, p38, and ERK activation and expression were determined as described in Fig. 2 by immunoblotting.
(B) MEKK1 is involved in Ras-induced JNK activation. Wild-type or MEKK1-deficient ES cells were transfected with HA-JNK2 vector along with either empty vector or
expression vectors for Ha-Ras(V12), Rac(L61) or full-length human MEKK1. JNK activation was determined by immunocomplex kinase assay (KA) by using GST-c-Jun
(1–79) as a substrate. Fold-activation was determined after phosphorimager analysis. HA-JNK2 expression was examined by immunoblotting (IB) using anti-HA
antibody. (C) MEKK1 is required for serum-stimulated ES cell migration on fibronectin. Wild-type and MEKK1-deficient ES cells were serum-starved for 2 h. Cells were
allowed to migrate on fibronectin (10 mgyml)-coated transwells (modified Boyden chambers) in the presence of BSA (10 mgyml, control), serum (2%), TNFa (10 ngyml),
or LPA (20 mM). The numbers of migrated cells were determined after fixing and staining the cells with crystal violet. The results represent the average of three
independent experiments.
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least not in ES cells. However, serum growth factors and oncogenic
Ha-Ras are also known to induce cell migration (48, 49). We
considered the possibility that MEKK1 may be involved in this
response. Indeed, we found that serum induced the migration of
wild-type, but not Mekk12/2, ES cells plated on fibronectin (Fig.
5C). The serum factor that induces ES cell migration was neither
LPA nor TNFa. Using protein kinase inhibitors, we found that
serum-induced ES cell migration was sensitive to a specific JNK
inhibitor that does not inhibit other MAPKs, but not to a MEK
inhibitor that prevents ERK activation (Y.X., unpublished results).
Partial inhibition of cell migration was observed in response to high
doses of a p38 inhibitor (Y.X. unpublished results). However, at
such doses, p38 inhibitors partially interfere with JNK activity.

Discussion
Activation of JNK by TNFa requires recruitment of TRAF2 to
TNF receptors (8, 30). The N-terminal effector domain of TRAF2
interacts with and activates MEKK1 on its oligomerization (27).
IL-1 and LPS signaling to JNK, on the other hand, require a
different TRAF protein, TRAF6 (50). Another proinflammatory
stimulus that leads to JNK activation is dsRNA, which acts as a
mimic of viral infection (10). dsRNA also activates NF-kB and IKK,
and this activation depends on the RNA-dependent protein kinase
PKR, but this enzyme is not involved in JNK activation (10). The
dependence of JNK activation by dsRNA on MEKK1 suggests a
similarity between dsRNA signaling and the pathways that mediate
the responses to TNFa, IL-1, and LPS.

Using JNK2-deficient fibroblasts, we found that JNK activation
by these proinflammatory stimuli is involved in induction of genes
coding for cytokines and chemokines (10). JNK activity is also
stimulated by growth factors, and this response also requires
MEKK1. Although, in ES cells, JNK activation is not critically
involved in stimulation of cell proliferation, it is required for
induction of cell migration, another physiologically important cel-
lular response to growth factors (48, 49). Interestingly, genetic
evidence implicates the JNK pathway in induction of cell migration
during Drosophila embryogenesis (51, 52).

Although MEKK1 appears to be a multifunctional MAP3K,
mediating responses to proinflammatory stimuli, growth factors,
and microtubule-disrupting agents, most of its downstream activity
is channeled toward activation of the JNK MAPK pathway with
little contribution, if any, to the ERK and p38 cascades. MEKK1
also does not contribute to activation of the IKK to NF-kB signaling
cascade. Hence, the signaling function of MEKK1 is highly specific.
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