MEK kinase 1 gene disruption alters cell migration
and c-Jun NH,-terminal kinase regulation but does
not cause a measurable defect in NF-kB activation

Toshiaki Yujiri*, Margaret Ware™, Christian Widmann'#, Ryan Oyer*, David Russell*, Edward Chan', Yuzuru Zaitsu*,
Penny Clarke$, Kenneth TylerS, Yoshitomo Oka*, Gary R. Fanger*, Peter Henson®, and Gary L. Johnson*1

*Third Department of Internal Medicine, Yamaguchi University School of Medicine, Yamaguchi, Japan; TProgram in Molecular Signal Transduction, National
Jewish Medical and Research Center, Denver, CO 80206; and Departments of SNeurology and *Pharmacology, University of Colorado Health Sciences Center,

Denver, CO 80262

Communicated by John W. Kappler, National Jewish Medical and Research Center, Denver, CO, April 18, 2000 (received for review December 3, 1999)

MEK kinase 1 (MEKK1) is a 196-kDa mitogen-activated protein
kinase (MAPK) kinase kinase that, in addition to regulating the
c-Jun NHz-terminal kinase (JNK) pathway, is involved in the control
of cell motility. MEKK1~/~ mice are defective in eyelid closure, a
TGFa-directed process involving the migration of epithelial cells.
MEKK1 expression in epithelial cells stimulates lamellipodia for-
mation, a process required for cell movement. In addition, mouse
embryo fibroblasts derived from MEKK1~/~ mice are inhibited in
their migration relative to MEKK1+/+ fibroblasts. MEKK1 is re-
quired for JNK but not NF-«xB activation in response to virus
infection, microtubule disruption, and stimulation of embryonic
stem cells with lysophosphatidic acid. MEKK1 is not required for
TNFa or IL-1 regulation of JNK or NF-«B activation in macrophages
or fibroblasts. Thus, MEKK1 senses microtubule integrity, contrib-
utes to the regulation of fibroblast and epithelial cell migration,
and is required for activation of JNK but not NF-«B in response to
selected stress stimuli.
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M itogen-activated protein kinase kinase kinase (MEKK1)
is a 196-kDa serine-threonine kinase that is activated in
response to cytokines such as epidermal growth factor (EGF)
in epithelial cells (1), chemoattractants like formyl-Met-Leu-Phe
in neutrophils (2), and Ag ligation of the high affinity Ig E
receptor FceR1 in mast cells (3). MEKKI1 preferentially activates
the c-Jun NH,-terminal kinase (JNK) pathway and influences
the activity of the extracellular signal response kinase (ERK)
pathway but has little or no effect on the p38 mitogen-activated
protein kinase (MAPK) pathway (4). MEKKI has also been
shown to be a transducer for the regulation of JNK activity
during changes in microtubule integrity (5, 6). Microtubule-
disrupting drugs, such as nocodazole and taxol, activate
MEKKI1, which promotes a cell survival response during changes
in the cytoskeleton induced by these drugs (5, 6).

In addition to the regulation of MAPK pathways, MEKKI1 has
been proposed to regulate NF-«kB activation (7-11). Transfection
experiments have shown that MEKKI1 activates NF-«B by inducing
IkB degradation (7). MEKKI has also been shown to phosphory-
late and activate IKK« and -$ (8-10), the kinases responsible for
phosphorylating IkB, leading to its degradation. Loss of IxB allows
NF-«B to translocate to the nucleus and regulate transcription.
However, the role of MEKKTI in the physiological regulation of
NF-«B activation is controversial (12).

We have defined the role of MEKKI1 in selectively regulating
the JNK pathway by using targeted gene disruption (5, 6). In
addition to defining the role of MEKKI in the regulation of
MAPK pathways, MEKK1~/~ cells provide the necessary cell
system to define its requirement in other regulatory processes. In
this report, we show that MEKKT1 is involved in the control of
epithelial cell and fibroblast motility. We further demonstrate
the requirement of MEKK1 in the regulation of the JNK
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pathway but not in regulating NF-«B in cells in response to
specific cytokines and stress stimuli

Methods

Generation of MEKK1 Knockout Mice. MEKK1~/~ ES cells have
been characterized previously (5). Chimeric mice were gener-
ated by injection of C57BL/6 blastocysts with MEKK1*/~ ES
cells. MEKK1~/~ mice were generated by crossing MEKK1+/~
males and females. MEKK1~/~ mice were identified by Southern
blotting. MEKK1~/~ mice represented the predicted 20%-25%
of litter pups. MEKK1~/~ mice are now 12-14 months old with
growth and fertility characteristics similar to wild-type mice.
Mouse embryo fibroblasts were generated from wild type and
MEKKI1 "/~ day 14 embryos.

Kinase, Electrophoretic Mobility Shift and Reporter Gene Assays.
JNK, ERK, and p38 kinase assays were performed as described
previously (1, 4-6). Electrophoretic mobility shift assays
(EMSAs) were performed using the consensus kB and NF-1
sequences (13). Nuclear extracts (8 ug for ES cells and 2 ug for
macrophages and fibroblasts) were incubated with 10 fmol of
radiolabeled probe and 1 ug of poly(dI-dC) in buffer containing
10 mM Tris-HCI (pH 7.5)/100 mM KCl/1 mM EDTA/1 mM
DTT/10% glycerol. Bands were verified as NF-«B by supershift
assays using anti-p65 or anti-pS0 Abs. NF-«kB-luciferase assays
were performed by transfecting the reporter plasmid into ES
cells or mouse embryo fibroblasts 24 h before manipulation of
the cells (14).

Fibroblast Motility Assay. MEKK1~/~ and wild-type day 14 mouse
embryonic fibroblasts were cultured in DMEM supplemented
with 10% FCS. Four hours before the initiation of migration
experiments, approximately 107 cells were plated on AT culture
dishes (Bioptechs, Butler, PA). Immediately before the experi-
ment, cells were switched to medium supplemented with 20 mM
Hepes (pH 7.4) that had been precharged with CO,. Fibroblast
migration paths were determined by tracking single cells for 18 h.
Cells were observed by using a Leica DMRXA microscope with
a X10 water immersion objective. A 37°C environment was
maintained by the use of a Bioptechs ATC3 heated stage. Visual
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data were acquired every 15 min by using a SensiCam charge-
coupled device (CCD) (Cooke Corporation, Tonawanda, NY)
controlled by SLIDEBOOK software (Intelligent Imaging, Denver,
CO). Cell centroid data were obtained by using National Insti-
tutes of Health IMAGE software.

Production of ES Cell-Derived Macrophages. MEKK1~/~ and
MEKKI1"/* ES cells were suspended and grown as embryoid
bodies for 6 days. Embryoid bodies were harvested and disso-
ciated by trypsinization. Cells (1 X 10°/ml) were cultured in
macrophage differentiation medium containing Iscove’s modi-
fied Dulbecco medium (IMDM), 0.15 mM monothioglycerol,
10% FCS, 10% L-cell-conditioned medium containing macro-
phage colony-stimulating factor (M-CSF), and 1 ng/ml IL-3 and
cultured for an additional 48 h in macrophage differentiation
medium. Cells were collected and cultured in macrophage
differentiation medium in the absence of IL-3. Macrophages
began to adhere to plastic substratum in 2-3 days of culture in
differentiation medium without IL-3. Cells were fed every 2 days
and characterized after 7-10 days by colony morphology and
expression of macrophage markers including F4 /80 and Mac-1
(CD11b/CD18). Macrophages were used for experiments 2-3
wk after initiation of the differentiation program.

Characterization of Hematopoietic Cells from MEKK1~/~ Mice. Cell
surface immunofluorescence staining analyzed by flow cytom-
etry was performed on cells isolated from lymph node, spleen,
bone marrow, and peripheral blood of 8-wk-old MEKK1~/~,
MEKKI1 "/~ and wild-type mice. Staining was performed with
FITC-labeled H57.597 mAB to the T cell receptor, FITC-labeled
mAB to the pan B cell marker B220, phycoerythrin (PE)-labeled
anti-CD4, and PE-labeled anti-CD8 mABs. Representation of
hematopoietic cell types in the bone marrow of MEKK1~/~ vs.
wild-type animals was also analyzed. Bone marrow cells were
flushed from the femur with PBS, washed, and resuspended at
107 cells/ml. Smear preparations on glass slides were stained by
May-Giemsa method and morphologically examined. Three
hundred bone marrow cells were counted each from three
MEKK1~/~ mice and one MEKK1"* mouse. To measure the
lipopolysaccharide (LPS)-induced lung inflammatory response,
mice were anaesthetized with Avertin and 300 ng O111:B4 LPS
in 50 wl saline solution instilled into the lungs through a 22-gauge
catheter inserted into the trachea to just above the carina to
initiate the inflammatory response. After 4 h, the animals were
killed with Nembutal, and the lungs were lavaged four times with
1 ml of ice cold saline containing 0.1% heparin. The numbers
and composition of cells in the lavage were analyzed by direct
counting after cytospin. After centrifugation to remove the cells,
lavage fluids were analyzed for cytokines. ELISAs were per-
formed by using commercially available kits for TNFa and
macrophage inflammatory protein (MIP)-2, according to the
manufacturer’s (R&D Systems) instructions (15).

Results

MEKK1 Regulates the Motility of Epithelial Cells and Fibroblasts. Mice
that are homozygous null for the MEKK1 gene (MEKK1 /")
have open eyes at birth (Fig. 1). Eyelid fusion occurs normally
between E15.5 and E16.5 of mouse embryonic development.
Eyelid closure has been shown to involve the migration of
periderm-derived epithelial cells over the surface of the cornea
(16). The eyelid closure involves an epithelial cell migration that
is regulated by transforming growth factor a (TGFa) and the
asB; integrin extracellular matrix receptor. Targeted disruption
of both TGFa alleles mimics the MEKK1 knockout in which
mice are born with open eyes (17, 18). A similar open eye
phenotype is observed in mice in which a transgenic asfB;
integrin under the control of the involucrin promoter is misex-
pressed in differentiating keratinocytes (19, 20). No other overt
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Fig. 1. Failure of eyelid closure in MEKK1~/~ mice. Mice that are MEKK1~/~
are born with open eyelids. Wild-type littermates are born with closed eyes
that remain closed for approximately 2 wk after birth. Two MEKK1~/~ and two
wild-type pups from different litters are shown. The open eyelid phenotype
has a 95% penetrance in MEKK1~/~ animals.

phenotypic change is observed in MEKKI-null mice.
MEKKI1~/~ mice are similar to wild-type littermates in size and
fertility.

The failure of eyelid closure in MEKK1~/~ mice is character-
istic of a defect in cell migration. Migration of eyelid epithelial
cells is difficult to quantitate in the animal. The most definitive
studies have used transgenic animals with a B-galactosidase
reporter gene regulated by the involucrin promoter to monitor
cell migration during eyelid closure (19). As an alternative, we
analyzed the migration properties of primary fibroblasts isolated
from MEKK1~/~ and wild-type 14-day embryos. MEKK1~/~
and MEKK1*/* mouse embryo fibroblasts were monitored for
their motility in the presence of 5% serum (Fig. 2). Single cells
were tracked for 18 h with visual data acquired every 15 min. The
plots in Fig. 2 show the tracks for nine cells of each phenotype,
with their origins superimposed at 0,0 in the X and Y coordi-
nates. The results clearly demonstrate that MEKK1~/~ cells are
defective in cell motility. This result with mouse embryo fibro-
blasts is consistent with the failure of eyelid closure in MEKK1-
null mice, a phenotype that has been characterized to involve
defective epithelial cell migration (19, 20). When overexpressed
in epithelial cells, MEKK1 induces large lamellipodia-like struc-
tures (Fig. 3). Lamellipodia are involved in cell migration (21),
and their production is stimulated by the low molecular weight
GTP-binding protein, Rac (22). MEKKI1 binds Racl in a GTP-
dependent manner consistent with MEKKI1 contributing to
Rac-mediated lamellipodia formation and cell motility. How-
ever, the defect in cell motility observed in MEKK1~/~ cells is
not global in MEKK1-null animals because the mice are appar-
ently developmentally normal except for a loss of eyelid closure.
There appears to be a significant redundancy in the pathways
that control cell motility. The eyelid closure involves a single
layer of cells whose migration is extremely sensitive to disruption
of EGF receptor signaling and is easily observed in the
MEKKT1~/~ mouse. To observe the defect in fibroblast migration
cells had to be studied in vitro. The mechanism by which MEKK1
influences cell motility is currently unclear. Unlike ES cells,
MEKK1~/~ mouse embryonic fibroblasts respond to serum with
activation of JNK (not shown); therefore, it is unlikely that JNK
is involved in the MEKKI1 control of cell motility. MEKK1~/~
cells are, however, morphologically different from wild-type
MEKKI1 cells isolated from embryos of identical age (not
shown). Wild-type fibroblasts in serum show a polarized mor-
phology, generally indicative of cell movement. MEKK1~/~

PNAS | June 20,2000 | vol.97 | no.13 | 7273

CELL BIOLOGY



MEKKI1 +/+
300
200
SRS
d <3
100
i h
£ A ~ | v
3 0 \Er \N_J
-10¢ T
20!
-30!

am
MEKK1 -/}
300
200
100
N
g
o
-10
2
-300
300 <200 <100 O 100 200 300
pm

Fig. 2. Loss of MEKK1 expression inhibits mouse embryonic fibroblast
migratory behavior in the presence of 5% serum. Each plot presents repre-
sentative cell tracks for nine cells, with the origins of migration superimposed
at 0,0 for clarity of presentation. Tracks were acquired over 18 h at 15-min
intervals.

fibroblasts have a more isoformly spread morphology, without a
defined cell front. Fluorescent staining of actin fibers and focal
adhesions did not show a difference in their content or distri-
bution between MEKKI1-null and wild-type cells. The kinase
activity of MEKKI1 was required for the morphological changes
observed in the transfection studies (Fig. 3), and the morpho-
logical differences observed in MEKK1~/~ fibroblasts is prob-
ably related to loss of MEKKI kinase activity. Substrates for
MEKKI1 involved in cell migration are not identified, but
MEKKI has been reported to localize to both actin fibers and
focal adhesions (23). The findings are consistent with MEKK1
activation contributing to the regulation of cell movement that
might involve the formation of a leading edge and /or adherence
of fibroblasts.

MEKK1 Regulates JNK but Not NF-«B Activation. Findings shown in
Fig. 4 demonstrate that MEKKI1 expression in ES cells is
required for activation of the JNK pathway in response to
lysophosphatidic acid (LPA), taxol-induced microtubule disrup-
tion, and virus infection. With each stimulus, the MEKK1~/~
cells have a diminished or absent JNK response, compared with
MEKKI1*/* cells. The regulation of NF-«B activation is mark-
edly different in response to these stimuli. LPA and infection of
cells with reovirus activates NF-«B in MEKK1~/~ and wild-type
cells (Fig. 4 A and C, respectively). Taxol does not measurably
activate NF-«B assayed by EMSA (Fig. 4B) or by NF-«B
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Fig. 3. Human T47D breast adenocarcinoma cells were transfected with
pcDNA3 encoding full length MEKK1 or kinase inactive MEKK1, which were
tagged at their NH; terminus with the hemagglutinin (HA) epitope. Cells were
stained with anti-HA mouse mAb followed by FITC-labeled rabbit anti-mouse
Ab. (Top) Cells were costained with rhodamine-phalloidin for labeling of the
actin cytoskeleton and anti-HA for MEKK 1. (Middle) A TA47D cell with dramatic
lamellipodia-like structures stained only for HA-MEKK1. This cell shows the
association of transfected MEKK1 with cytoskeletal structures. (Bottom) Two
representative cells stained for kinase-inactive HA-MEKK 1. The formation of
lamellipodia-like structures was observed in greater than 65% of wild-type
MEKK 1-transfected cells and less than 5% of cells expressing kinase-inactive
MEKK1. One hundred transfected cells expressing wild-type and 100 cells
expressing kinase-inactive MEKK1 were scored for lamellipodia-like
structures.

promoter luciferase assay (not shown) in either wild-type or
MEKKI1~/~ ES cells. Thus, there is discordance in the regulation
of MEKK1 and NF-«B. Two stimuli, LPA and reovirus infection,
required MEKKI1 for JNK activation but had normal NF-«B
stimulation in the absence of MEKKI1 expression. MEKKI is
activated in response to taxol (5, 6), and taxol-stimulated JNK
activation in ES cells requires MEKK1. However, taxol does not
stimulate NF-«kB in ES cells. This result demonstrates that
MEKKTI activation is dissociated from NF-kB activation in taxol
treated ES cells. Cumulatively, the findings indicate that
MEKK1 is selectively involved in JNK activation under condi-
tions where it is not required for NF-«B activation.

ES cells do not respond to cytokines such as TNFa. Therefore,
to further define the requirement of MEKKI in cytokine sig-
naling, macrophages were derived by in vitro differentiation of
MEKK1~/~ and MEKK1*/* ES cells (Fig. 54). Macrophages
were challenged with TNFa and assayed for JNK and ERK
activity. TNFa stimulation of JNK and ERK are similar in
MEKK1 /= and MEKK1"/* macrophages. Thus, MEKK1 is not
required for JNK or ERK activation in macrophages challenged
with TNFa. Similarly, the activation of NF-«B is similar in

Yujiri et al.
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were challenged with different concentrations of taxol for 30 min for JNK assay

and with 10 uM taxol for the indicated times for NF-«B assay. (C) Cells were

infected with the Abney strain of reovirus (multiplicity of infection = 4) or mock infected in the absence of virus. At the indicated times after infection, cells were
assayed for JNK or NK-«B activity. JNK activity was quantitated by Phosphorimager (Molecular Dynamics) analysis, with control activity given a value of 1.0 for
the MEKK1*/* cells (shown as numbers under the autoradiograph). NF-«B activity was assayed by electroporation of an NF-kB-regulated luciferase reporter gene
24 h before virus infection. Two independent MEKK1~/~ ES clones are shown for the NF-«B assay after reovirus infection. Each experiment is representative of

two to four independent experiments for each stimulus.

TNFa-stimulated macrophages independent of MEKKI1 expres-
sion status. Unlike ES cells, NF-«B is activated in macrophages
in response to taxol treatment. Fig. 54, panel iii, shows that
NF-«kB activation in response to taxol is similar in MEKK1~/~
and MEKK1 ™+ macrophages. There is no apparent requirement
for MEKKT1 in the regulation of NF-«kB activity in macrophage
responses to either TNFa or taxol.

Fig. 5B shows the response of MEKK1~/~ and MEKK1*/*
mouse embryo fibroblasts to TNFa and IL-1. Stimulation of
INK, p38, and NF-«B is similar in MEKK1~/~ and wild-type
fibroblasts in response to both TNFa and IL-1. Similarly, the
IL-1 stimulation of JNK and p38 activity is similar in the
MEKKI1~/~ and wild-type fibroblasts. Thus, the loss of MEKK1
expression does not influence the TNFa or IL-1 regulation of
JNK, p38, or NF-«B activity in macrophages and fibroblasts.

Immune Cell Differentiation Appears Normal in MEKK1~/~ Cells. INK
is known to influence the differentiation of T cells (24). There-
fore, an analysis of bone marrow-derived cells was performed for
MEKKI1~/~, MEKK1"/~, and wild-type mice (not shown). The
number of T cell receptor-positive cells, CD4" and CD8* T cells,
B220* B cells, neutrophils, monocytes, and erythroid series
cells was similar in MEKK1~/~, MEKK1*/~, and MEKK1*/*
cells, demonstrating that hematopoietic cell differentiation is not
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significantly altered in MEKK1-null mice. To further define the
phenotype of MEKK1~/~ cells, an LPS-stimulated inflammatory
response was characterized for MEKK1~/~ and wild-type mice.
Bacterial LPS stimulates a strong inflammatory response that
activates both JNK and NF-«B in several cell types, including
monocytes and neutrophils (2, 25). The lungs of MEKK1~/~ and
wild-type mice were instilled with 300 ng of LPS to induce an
inflammatory response that recruits stimulated neutrophils and
monocytes to the lung. Four hours after LPS instillation, the
levels of two cytokines, MIP-2 and TNFe«, were measured in the
bronchial alveolar lavage fluid. Infiltrating monocytes produce
both MIP-2 and TNF«. The LPS stimulation of MIP-2 and TNFa
production in the lungs of MEKK1~/~ and wild-type mice was
similar (not shown). The results show that the production of two
cytokines produced by monocytes that have infiltrated the lung
in response to LPS does not require MEKKI1 expression. The
promoters controlling MIP-2 and TNF« gene expression both
contain AP-1 and NF-«B regulatory elements (25) but do not
require MEKKI1 for regulation of their expression.

Discussion

As characterized to date, the MEKK1-null mouse is phenotyp-
ically normal except for the failure of eyelid closure. Eyelid
closure has been previously demonstrated to involve a popula-
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tion of cells derived from the periderm that is the outermost
layer of the developing epidermis. Eyelid tip cells migrate from
the margins of the eyelid to cover the corneal epithelium. The
targeted disruption of the EGF receptor and TGFa has been
shown to cause failure of eyelid closure (17, 18, 26, 27). TGF«
is expressed in the advancing eyelid tip epithelium and appears
to be involved in controlling migration of these cells (28).
MEKKTI is activated in response to EGF receptor stimulation
(1). Our results are consistent with MEKKI1 being in the
signaling pathway required for EGF receptor control of eyelid tip
cell migration.

To directly demonstrate a role for MEKKI in cell migration,
fibroblasts were characterized in vifro. MEKK1~/~ mouse em-
bryo fibroblasts are significantly impaired in migration relative
to wild-type fibroblasts. A rather subtle morphological differ-
ence is also seen in MEKKI~/~ fibroblasts relative to
MEKK1"/* fibroblasts. The MEKK1~/~ cells have a flattened
“pancake”-like morphology whereas the wild-type cells have a
more fusiform morphology, with a characteristic leading
edge and tail. It is likely that MEKKI1 signaling is involved in
regulating this morphological feature of mouse embryo
fibroblasts. MEKKI1 overexpression stimulates pronounced la-
mellipodia-like structures in a kinase-dependent mechanism, a
morphological characteristic that is diminished in MEKK1~/~
fibroblasts. The findings are consistent with the observations of
Christerson et al. (23) that MEKKI interacts with a-actinin, actin
stress fibers and can be localized in focal adhesions, suggesting
a role for MEKKI1 in adhesion and/or migration. Because
MEKKI1-null mice are visibly normal except for an eyelid closure
defect, it is obvious that most regulatory processes involving cell
migration are compensated for in MEKK1~/~ animals. The
pathological consequence of the MEKKI-null phenotype is
postnatal inflammation of the eye and blindness. These ocular
pathologies generally occur in mice with failure of prenatal
eyelid closure (17, 18, 20).

Our findings also begin to address the controversial role of
MEKXKTI in the regulation of JNK and NF-kB pathways. The loss
of MEKKI1 expression clearly can cause the loss of INK activa-
tion in response to a specific stress stimulus in specific cell types.
In no case where JNK activation was deficient in MEKK1~/~
cells was there a corresponding loss of NF-«kB activation. In ES
cells, there is a clear dissociation of MEKKI1 regulation of the
JNK pathway and the control of NF-«B. In the ES cell response
to taxol, MEKK1 and JNK are activated, but NF-«B is not. This
finding indicates that there are conditions in specific cell types
where MEKKI is activated without measurable NF-«B activa-
tion. It is possible that taxol poisoning of microtubules uncouples
MEKKI1 from NF-«B but not JNK activation in mouse ES cells.

Fig.5. JNKand NF-«B are regulated by TNFa and IL-18 similarly in MEKK1+/+
and MEKK1~/~ macrophages and fibroblasts. (A) ES-derived macrophages. (i)
Immunoblot of MEKK1 protein expression in MEKK1~/~ and MEKK1*/* mac-
rophages. (i) JNK and ERK activation in response to a 10-min exposure of ES
cell-derived macrophages to 10 ng/ml TNFa. JNK activity was measured by
using GST-c-Jun as substrate, and ERK was assayed after immunoprecipitation
using myelin basic protein (MBP) as substrate in in vitro kinase assays. (iii)
EMSA analysis of NF-«B activation was determined after exposure of macro-
phages to 5 uM taxol for 2 h or 10 ng/ml TNFa for 30 min. (B) Mouse embryo
fibroblasts. (i) Dose-response curve for TNFa activation of JNK activity in
MEKK1~/~ and MEKK1+/* fibroblasts. JNK was assayed in cell lysates prepared
after a 20-min exposure of cells to TNFe. (ii and iii) NF-«B activity after a 30-min
exposure of MEKK1~/~ and MEKK1+/* cells to the indicated concentrations of
TNFa or IL-1B, respectively. (iv) Time course of JNK and p38 activation in
response to 10 ng/ml TNFa or 10 ng/ml IL-18. JNK activity was assayed by
using GST-c-Jun as substrate. p38 activity was assayed after SDS/PAGE of cell
lysates by immunoblotting with an anti-phospho-p38 Ab. The results are
representative of two to five independent experiments for both macrophages
and fibroblasts.
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We also did not find a dependence of MEKKI1 for NF-«B
activation in response to TNFa in macrophages or TNFa and
IL-1 stimulation of fibroblasts. These results conflict with the
finding of others using transfection and overexpression of wild-
type and kinase-inactive MEKKI1. In MEKK1 overexpression
studies using transient transfection, it is clear that activated
MEKK]I can stimulate IKK«a and - (7-11). Furthermore, ki-
nase-inactive MEKK1 can suppress NF-«B activation. We have
searched for a stimulus, including cytokines and multiple stress
insults, to find an NF-«B response that depends on MEKKI.
MEKKI1~/~ cells provide the appropriate model for this analysis.
Whereas we can clearly demonstrate in specific cell types the role
of MEKKI1 in JNK activation and cell motility in response to
specific stimuli, we have failed to find a stimulus that requires
MEKK1 for NF-«B activation. Thus, if MEKK1 is physiologically
capable of regulating NF-«B activation, it is neither the domi-
nant kinase nor required for NF-«B activation in response to
TNFe, IL-1, taxol, LPA, or virus infection in the three cell types
we have screened.

Our studies have indicated that MEKKI1 regulation has three
primary characteristics. First, MEKKT1 is activated by changes in
cell shape and microtubule integrity. Second, MEKKI1 can be
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