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The phosphorylation of IkB by the multiprotein IkB kinase complex (IKC) precedes the activation of tran-
scription factor NF-kB, a key regulator of the inflammatory response. Here we identified the mixed-lineage
group kinase 3 (MLK3) as an activator of NF-kB. Expression of the wild-type form of this mitogen-activated
protein kinase kinase kinase (MAPKKK) induced nuclear immigration, DNA binding, and transcriptional ac-
tivity of NF-kB. MLK3 directly phosphorylated and thus activated IxB kinase alpha (IKKa) and IKKp, re-
vealing its function as an IkB kinase kinase (IKKK). MLK3 cooperated with the other two IKKKs, MEKK1
and NF-kB-inducing kinase, in the induction of IKK activity. MLK3 bound to components of the IKC in vivo.
This protein-protein interaction was dependent on the central leucine zipper region of MLK3. A kinase-
deficient version of MLK3 strongly impaired NF-kB-dependent transcription induced by T-cell costimulation
but not in response to tumor necrosis factor alpha or interleukin-1. Accordingly, endogenous MLK3 was
phosphorylated and activated by T-cell costimulation but not by treatment of cells with tumor necrosis factor
alpha or interleukin-1. A dominant negative version of MLK3 inhibited NF-kB- and CD28RE/AP-dependent
transcription elicited by the Rho family GTPases Rac and Cdc42, thereby providing a novel link between these

GTPases and the IKC.

In mammals, the inducible transcription factor NF-«kB is
composed of a homo- or heterodimer of various DNA-binding
subunits. The most frequently detected form of NF-«kB is a
p50-p65 dimer which is retained in the cytoplasm of most cell
types by an inhibitory subunit, called IkB. A wide variety of
stimuli including tumor necrosis factor alpha (TNF-«), inter-
leukin-1 (IL-1), lipopolysaccharide, phorbol-12-myristate 13-
acetate (PMA), and T-cell costimulation and more general
stimuli such as -y radiation lead to the induced phosphorylation
of the two major forms of IkB proteins, termed IkB-a and
IkB-B (2, 67). The inducible phosphorylation of IkB-a at
serines 32 and 36 and of IkB-B at serines 19 and 23 facilitates
their interaction with B-TrCP (47) and its subsequent ubiquiti-
nylation and proteolytic degradation (71). NF-«B migrates to
the nucleus and activates the expression of numerous target
genes which are important not only for the immune and in-
flammatory response (2) but also for other functions such as
the regulation of apoptosis (1) and cell cycle progression (18,
22, 30). The inducible phosphorylation of IkB-« is mediated by
kinases contained within a high-molecular-weight complex
(relative molecular mass, 700 to 900 kDa), the multisubunit
IkB kinase complex (IKC) (6, 46). The IKC contains two
homologous kinases, termed IKKa and IKKB (13, 50, 60, 69,
73). The leucine zipper domains contained in both IKKs
allow the formation of homo- or heterodimers in vitro, al-
though the heterodimeric form predominates in vivo (48, 69).
Gene disruption experiments revealed an important function
of IKKB for TNF-a- and IL-1-induced phosphorylation and
degradation of IkB-a (40, 64). In contrast, the IKKa protein
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is involved in multiple morphogenic events such as skeletal
development and the proliferation of epidermal keratinocytes
(23, 41, 64). Further evidence against the involvement of IKK«
in the cytokine-mediated activation of NF-kB is provided by
experiments showing that the mutation of two serine residues
(position 177 and 181) in the activation loop of IKK prevents
cytokine and NF-«kB-inducing kinase (NIK)-triggered IKK ac-
tivation, whereas the elimination of the equivalent sites in
IKKa has no effect (12). IKKB binds to NEMO/IKK-y (also
called IKKAP), a protein composed of several coiled-coil mo-
tifs (51, 61, 70). Both IKKs are found in association with the
scaffold protein IKAP, which was found to associate with NIK
(7). The MAPKKK NIK was identified as a direct activator of
both IKKs (44, 45), but recent results point to the existence of
further IKK-activating kinases (32, 48). Since a variety of un-
related stimuli can activate NF-kB—and thus presumably the
IKC—it seems unlikely that all of these inducers rely on the
activity of one single IKKK. It is therefore reasonable to
assume that different cell types and signaling pathways uti-
lize distinct IKC activating kinases. Along this line, it was
shown that the proto-oncogene product Cot kinase partici-
pates in the CD3/CD28 but not TNF-a-mediated activation of
NF-kB (43). Triggering of the IL-1 receptor activates the trans-
forming growth factor B-activated kinase 1 (TAKI1) kinase,
which phosphorylates NIK and thereby stimulates both IKKs
(56).

Mixed-lineage kinases (MLKs) form a family of serine/thre-
onine kinases with the features of mitogen-activated protein
kinase kinase kinase (MAPKKKs) (16). The MLK family con-
sists of two subgroups, one containing the highly related MLK1
(14), MLK2/MST (15, 33), and MLK3/SPRK/PTK (16, 17, 26)
kinases. MLLK2 and MLK3 share a number of structural motifs,
including an N-terminal SH3 domain, followed by the catalytic
domain and two tandem leucine/isoleucine zippers, a basic
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region, a Cdc42/Rac binding motif, and a proline-rich C ter-
minus. MLK3 can be activated by interaction with the GTP-
bound forms of the Rho family members Cdc42 and Rac (65).
MILK3 is able to form dimers via its tandem leucine zipper.
This dimerization can be induced by activated forms of the
GTPase Cdc42 and leads to transphosphorylation and subse-
quent activation of MLK3 (36). Activated MLK3 then strong-
ly stimulates the SAPK/JNK pathways but has no effect on
the activation of ERKs (65, 66). The impact of MLK3 on the
activation of p38/HOG1 is a matter of debate (65, 66). MLK3
exerts its function presumably by directly phosphorylating
JNKK/SEKI (for the JNK pathway) and MKK6 (for the p38
pathway) (59, 66). Dominant negative versions of MLK3 pre-
vent JNK activation induced by Rac and Cdc42 but not JNK
activation induced by MEKK1 (65).

In this study, we identified MLK3 as an activator of NF-«kB.
MLK3 was selectively involved in the T-cell costimulation-
induced and Rac/Cdc42-mediated NF-«kB activation. Only the
wild-type form of MLK3, not a MLK3 mutant lacking its tan-
dem leucine zipper, was constitutively attached to the IKC.
Phosphorylation and thus activation of endogenous MLK3 was
seen after CD3-CD28 costimulation of T cells but not upon
activation with TNF-a or IL-1. Accordingly, a dominant neg-
ative version of MLK3 selectively prevented CD3-CD28-
induced transcription of reporter genes controlled either by
NF-«kB or the CD28RE/AP-1 enhancer element contained
within the IL-2 promoter, suggesting that this MAPKKK feeds
pathway-specific signals into the IKC. Its ability to block Rac/
Cdc42-mediated activation of NF-kB places MLK3 down-
stream from these GTPases, thus constituting a novel IKC
activation pathway in T cells.

MATERIALS AND METHODS

Cell culture and transient transfections. HeLa, 293T, and 293 cells were
grown in Dulbecco’s modified Eagle medium supplemented with 10% (vol/vol)
fetal calf serum and 1% (vol/vol) penicillin-streptomycin (all from Life Technol-
ogies). These cell lines were transfected using the Superfect reagent (Qiagen
Inc.) according to the instructions of the manufacturer. Jurkat T-leukemia cells
expressing the large T antigen were grown at 37°C in RPMI 1640 medium
containing 10% (vol/vol) heat-inactivated fetal calf serum, 10 mM HEPES, 2 mM
glutamine, 1% (vol/vol) penicillin-streptomycin (all from Life Technologies), and
2 mg of G418 per ml. Transfection of Jurkat cells was performed by electropo-
ration using a gene pulser (Bio-Rad) at 250 V and 950 pF.

Expression vectors and reporters. The reporter plasmids (kB)3-luc (11) and
4XRE/AP-Luc (62), expression vectors for MLK3 and derivatives thereof (36),
constitutively active variants of Cdc42 and Rac (8), ASK1 (25), and glutathione
S-transferase (GST)-IKK plasmids (55) were previously described. The wild-
type and mutant forms of IKKa and -B (44, 51) and the bacterial expression
vectors for GST-IkB (1-54) (69), MEKK1 and MEKKI1A (37), and NIK (45) have
been published.

Antisera and reagents. The MLK3-specific (aMLK3) (sc-536) and oIKKB
(H-4) antibodies and supershifting antibodies recognizing NF-«kB p50 (sc-1190X)
and p65 (sc-372X) were from Santa Cruz Biotechnology Inc., aFlag antibody M2
was from Sigma, hemagglutinin-specific (aHA) antibody 12CA5 was from Roche
Molecular Biochemicals, aMyc antibody 9E10 was from Santa Cruz, and aIKKa
antibody B7.1 was from Pharmingen. « TCR(CD3) (OKT3) and aCD28 antibod-
ies were kindly provided by R. Breitkreuz. All other reagents were from Sigma
or Roche Molecular Biochemicals.

Electrophoretic mobility shift assays (EMSAs). HeLa cells (2 X 10°) were
washed twice with cold phosphate-buffered saline and harvested by scraping with
a rubber policeman. The pellet was resuspended in TOTEX buffer, and equal
amounts of protein contained in the supernatant were tested for DNA binding
essentially as described elsewhere (21). The supershift experiments were per-
formed by preincubating the total cell extracts with 2 g of the relevant anti-
bodies for 15 min at 4°C.

Immunoprecipitation experiments and Western blotting. Cell extracts con-
tained in NP-40 lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 10 mM NaF, 0.5 mM sodium vanadate, leupeptin
[10 pg/ml], aprotinin [10 pg/ml], 1% [vol/vol] NP-40, 10% [vol/vol] glycerol) were
either directly analyzed by Western blotting or immunoprecipitated following
preclearance by adding 1 to 2 pg of antibody and 25 pl of protein A/G-Sepha-
rose. After rotation for at least 4 h on a spinning wheel at 4°C, the immunopre-
cipitates were washed five times in lysis buffer. Phosphatase treatment was
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performed by incubating the cell extract with 400 U of N phosphatase for 2 h at
30°C according to the instructions of the manufacturer (Biolabs). Immunopre-
cipitates were boiled in 1X sodium dodecyl sulfate (SDS) sample buffer and
separated by SDS-polyacrylamide gel electrophoresis (PAGE) prior to blotting
to a polyvinylidene difluoride membrane (Millipore). The membrane was then
incubated in a small volume of TBST (25 mM Tris-HCI [pH 7.4], 137 mM NaCl,
5 mM KCl, 0.7 mM CaCl,, 0.1 mM MgCl,, 0.1% [vol/vol] Tween 20) containing
various dilutions of the primary antibodies. The proteins were detected with an
appropriate secondary antibody coupled to horseradish peroxidase and visual-
ized by enhanced chemiluminescence according to the instructions of the man-
ufacturer (Amersham Life Science).

Luciferase assays. Harvested cells were lysed in reporter lysis buffer (25 mM
Tris-phosphate, 2 mM dithiothreitol, [DTT], 2 mM trans-1,2-diaminocyclohex-
ane-N,N,N',N'-tetraacetic acid, 10% [vol/vol] glycerol, 1% [vol/vol] Triton
X-100). Luciferase activity was determined in a luminometer (Duo Lumat LB
9507; Berthold) by injecting 50 pl of assay buffer [40 mM Tricine, 2.14 mM
(MgCO05),Mg(OH), - 5H,0, 5.34 mM MgSO,, 0.2 mM EDTA, 66.6 mM dithio-
threitol, DTT, 540 wM coenzyme A, 940 pM luciferin, 1.06 mM ATP] and
measuring light emission for 10 s. The results were normalized to the activity of
B-galactosidase expressed by a cotransfected lacZ gene under the control of a
constitutive Rous sarcoma virus promoter.

Immunofluorescence. The p65 and MLK3 proteins were detected by immu-
nostaining essentially as described elsewhere (73). Briefly, HeLa cells were
grown on coverslips and analyzed by immunofluorescence 24 h after transfection.
Cells were fixed with 3.7% (wt/vol) paraformaldehyde for 15 min at room tem-
perature. After permeabilization with 0.02% (vol/vol) NP-40 in phosphate-buff-
ered saline for 1 min, the cells were incubated 2 h with 50% (vol/vol) goat serum.
The primary antibodies (ap65 and fluorescein isothiocyanate [FITC]-conjugated
aFlag, respectively) were diluted 1:100 and added for 2 h at 37°C. After further
washing steps, the p65-stained cells were incubated with a secondary Cy3-cou-
pled antibody. The ap65- and oFlag-stained cells were photographed with a
Zeiss Axiophot microscope and further analyzed using Axiovision software.

In vitro kinase assays. Cells were lysed in NP-40 lysis buffer, and the IKK
proteins contained in the cell lysate were immunoprecipitated. The precipitate
was washed three times in lysis buffer and two times in kinase buffer (20 mM
HEPES/KOH [pH 7.4], 25 mM B-glycerophosphate, 2 mM DTT, 20 mM MgCl,).
The kinase assay was performed in a final volume of 20 pl of kinase buffer
containing 40 uM ATP, 5 wCi of [y->*P]ATP, and the purified substrate proteins.
GST-IkB-a (1-54) was expressed and purified from bacteria; GST-IKKa KM
and GST-IKKP KA proteins were purified from 293T cells. After incubation for
20 min at 30°C, the reaction was stopped by the addition of 5X SDS loading
buffer. After separation by SDS-PAGE, the gel was fixed, dried, and quantified
with a phosphorimager.

RESULTS

Ectopic expression of MLK3 activates NF-kB. In the course
of experiments on kinases of the JNK activation cascade, we
noticed an activation of NF-kB-dependent transcription upon
overexpression of MLK3 but not by any other of the numerous
kinases tested (data not shown). To examine this finding in
more detail, we cotransfected an NF-kB-dependent luciferase
reporter gene with increasing amounts of expression vectors
encoding either wild-type MLK3 or an inactive MLK3 variant
(MLK3 KR) which carries a point mutation in the ATP bind-
ing loop of the kinase domain. The ectopic expression of
MILK3 activated NF-kB-driven transcription in a dose-de-
pendent manner (Fig. 1A). Maximal NF-kB induction was
achieved with intermediate amounts of MLK3 expression vec-
tor, whereas a further increase in the amount of plasmid re-
sulted in a markedly diminished NF-«B activation. In contrast,
expression of the kinase-dead form of MLK3 was unable to
activate NF-kB, revealing the importance of the kinase func-
tion for NF-«kB triggering. We then asked whether ectopic
expression of MLK3 would induce DNA-binding activity of
NF-kB. To address this question, we transiently transfected
HeLa cells with an expression vector for MLK3 and assayed
the DNA-binding activity of NF-kB by EMSA. MLK3 expres-
sion resulted in the induction of NF-kB DNA binding (Fig.
1B). The subunit composition of the induced DNA-protein
complex was further characterized with supershifting antibod-
ies recognizing either the NF-kB p50 or p65 subunits. The
NF-kB-DNA complex was supershifted by each of the two
antibodies (Fig. 1B), indicating that the MLK3-induced NF-kB
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FIG. 1. Ectopic expression of MLK3 activates NF-«B. (A) HeLa cells were transiently transfected with an NF-kB-dependent luciferase reporter gene together with
increasing amounts of an expression vector for either wild-type (WT) MLK3 or a kinase inactive version of MLK3 (MLK3 KR) or an empty expression vector as a
control. Luciferase activity was determined 20 h posttransfection. Results are expressed as average fold induction relative to vector-transfected cells. Mean values of
three independent experiments performed in duplicate are shown; bars indicate standard errors of the mean. (B) HeLa cells were transfected with an MLK3 expression
vector as shown; 24 h posttransfection, total cell extracts were prepared, supershifting antibodies (Ab) were added as indicated, and the DNA-binding activity of NF-xB
was assayed by EMSA (upper). An autoradiogram showing the shifted DNA-protein complexes is displayed. Arrows point to supershifted complexes, the filled
arrowhead indicates the location of the DNA-NF-kB complex, and the circle indicates the position of a constitutively DNA-binding protein. A sample of each lysate
was analyzed by Western blotting (WB) for protein expression of MLK3 (lower). (C) HeLa cells were transiently transfected as indicated with a plasmid encoding either
MLK3 or MLK3 KR or an empty expression vector as a control. One day after transfection, the intracellular localization of p65 was investigated by indirect
immunofluorescence using an ap65 antibody and a Cy3-conjugated secondary antibody (left row). The cells that served as a positive control received 1000 U of TNF-a
for 25 min. MLK3 distribution was analyzed by direct immunofluorescence using an aFlag antibody coupled to FITC (middle row). An overlay of both stainings is shown

at the right. Yellow-stained areas indicate colocalization of MLK3 and p65.

dimer contains the typical pS0 and p65 subunits. However,
expression of MLK3 KR failed to generate the DNA-binding
activity of NF-kB (data not shown). MLK3-induced NF-xB
activation was further investigated by examining the subcellu-
lar distribution of p65 and MLK3 by indirect immunofluores-
cence. HeLa cells were transfected with vectors encoding Flag-
tagged MLK3, MLK3 KR, or the empty expression vector as a
control. Double staining with ap65 and aFlag-FITC was used
to identify transfected cells. As shown in Fig. 1C, the MLK3-
induced nuclear translocation of p65 was as complete as the
nuclear translocation triggered by TNF-a treatment. In con-
trast, ectopic expression of MLK3 KR failed to induce nuclear
translocation of NF-kB p65, thereby leaving all of the p65
protein in the cytoplasm. Double staining for NF-kB p65 and
MLK3 KR revealed areas of overlapping localization.

MLK3 activates both IKK«a and IKK@. There is recent
evidence for the existence of alternative NF-kB activation
pathways. Reoxygenation-induced tyrosine phosphorylation of
IkB-a allows the association of the regulatory subunit of phos-
phatidylinositol 3-kinase to IkB, thereby sequestering the in-
hibitory subunit from NF-«B (4), whereas UV radiation leads
to phosphorylation-independent degradation of IkB-a (3, 39).
Therefore, we examined whether MLK3-induced NF-«kB acti-
vation is mediated via activation of the IKKs by transiently
transfecting HeLa cells with an NF-kB-dependent reporter
gene along with various combinations of expression vectors for
MILK3 and dominant negative forms of IKKa and IKKpB. Un-
der these conditions, MLLK3-induced activation of NF-kB-de-
pendent transcription was dose dependently impaired upon
coexpression of either IKKa KM or IKKB KA (Fig. 2A). The
dominant negative form of IKKp inhibited the MLK3-submit-
ted signal more completely than IKKa KM, suggesting that

IKKp is more important for this activation process. This ob-
servation is in good accordance with the predominant role of
IKKp for the stimulus-induced phosphorylation of IkB as re-
vealed by gene disruption experiments (40, 64). To obtain
further evidence for the role of IKKs, we expressed the wild-
type forms of MLK3, IKKa, and IKKB and investigated the
effects on activation of a NF-kB-dependent reporter gene.
Expression of suboptimal amounts of IKKa and IKKp, which
by themselves only moderately activated NF-kB-dependent
transcription, strongly synergized with coexpressed MLK3 to
activate the kB-dependent reporter gene (Fig. 2B). It was then
reasonable to examine whether ectopic expression of MLK3
induces the enzymatic activity of both IKKs. The transfection
of moderate amounts of epitope-tagged IKKs in HeLa cells
allows their incorporation into functional cytokine-responsive
high-molecular-weight IKCs (32, 38; S. P. Hehner, unpublished
observation), making this cellular system ideally suited for
functional studies on IKKs. Accordingly, HeLa cells were tran-
siently transfected with expression vectors for Flag-tagged IKKa
either alone or in combination with vectors encoding MLK3
and the kinases NIK, MEKKI1, and ASKI1 as a control. We
immunoprecipitated the tagged IKKa protein and examined
its activity by measuring the phosphorylation of the exog-
enously added substrate protein [GST-IkB-a (1-54)] in im-
mune complex kinase assays (Fig. 2C). MLK3 expression ac-
tivated the kinase activity of IKKa« as strong as the known IKK
activator MEKK1, whereas the control MAPKKK ASK1 did
not affect IKKa activity. In agreement with previous reports
(43, 54), NIK was even more potent in the activation of IKKa
than MEKK1. The phosphorylation of IKKa was induced by
MLK3, MEKK]1, and NIK to comparable extents (Fig. 2C). We
assayed the impact of MLK3 expression on IKKp activity by an
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analogous experimental approach by ectopically expressing
IKKpB instead of IKKa. As seen for IKKe, the expression of
MILK3 induced IKKB activity as efficiently as MEKK1, but
again expression of NIK induced the IKKp activity to an even
greater extent (Fig. 2D). All three kinases also induced the
phosphorylation of IKKB, clearly indicating that MLK3 acti-
vates NF-kB on the classical pathway employing IKKa and
IKKB.

The leucine zipper of MLKS3 is required for IKK activation.
We then determined the domains within the MLK3 protein
that are important for IKK activation. HeLa cells were tran-

siently transfected with an expression vector for IKKa either
alone or along with MLK3 and various derivatives thereof. The
activity of immunoprecipitated IKKa was determined by im-
mune complex kinase assays. Here the wild-type form of
MLK3 and MLK3AC591, a variant which lacks the C-terminal
256 amino acids including the proline-rich region, efficiently
activated IKKa, whereas MLK3ALZ, a deletion mutant that
lacks the tandem leucine zippers, was as inactive as the kinase-
dead mutant MLK3 KR (Fig. 3A). These two versions of
MLK3 also failed to induce the phosphorylation of IKKa. In
an analogous experimental approach, we tested the impact of
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FIG. 2. MLK3 activates NF-«kB via IKKa and IKKB. (A) HeLa cells were cotransfected with a kB-dependent reporter gene and the indicated combinations of
expression vectors encoding MLK3, IKKa KM, and IKKB KA. Luciferase activity was determined 20 h posttransfection. Mean values from two independent
experiments performed in duplicate are shown; bars indicate standard errors of the mean. WT, wild type. (B) Experiment performed as for panel A except that vectors
encoding wild-type IKKa and IKK were used. (C) Flag-tagged IKKa was expressed either alone or in combination with NIK, MEKK1, MLK3, or ASK1 in HeLa cells;
24 h posttransfection, cell lysates were prepared and IKKa was immunoprecipitated. Kinase activity was determined by immune complex kinase assays (KA) using
purified GST-IkB-a (1-54) as substrate. An autoradiogram from a reducing SDS-gel shows IKKa phosphorylation (upper) and phosphorylation of the recombinant
substrate protein and a quantitative evaluation obtained by phosphorimaging (middle). A fraction of the immunoprecipitate was analyzed by Western blotting (WB) for
IKKa expression (lower). (D) Experiment performed as for panel C except with an expression vector encoding IKKp instead of IKKa. Representative results are shown.

these MLK3 variants on IKKp activity. Kinase assays using
immunoprecipitated epitope-tagged IKKB showed the func-
tionality of MLK3 and MLK3AC591 but revealed the inactivity
of MLK3ALZ and MLK3 KR (Fig. 3B). Both inactive mutants
were unable to induce the phosphorylation of IKK@, showing
that the leucine zipper is required for activation of the two
IKKs. Similarly, the expression of MLK3ALZ did not induce
the expression of an NF-kB-dependent luciferase gene (data
not shown).

MLKS3 is an IKKK. Both IKKs are activated upon trans-
phosphorylation on serines contained in the activation loop
and subsequently autophosphorylate themselves (12, 44). To
explore whether MLK3 is able to transphosphorylate IKKe, a
vector coding for a kinase-dead version of IKKa (to exclude
autophosphorylation) was coexpressed in HeLa cells with ac-
tive and inactive forms of MLK3, NIK, and the catalytic do-
main of MEKK1 (MEKKI1A), respectively. All coexpressed
proteins carried identical Flag tags to allow copurification of

proteins by immunoprecipitation. Subsequent in vitro immune
complex assays revealed that all three kinases were able to
transphosphorylate IKKa KA (Fig. 4A). The inactive versions
of the three kinases failed to induce IKKa KA phosphoryla-
tion, thereby making IKKa phosphorylation by coprecipitating
kinases unlikely. We also investigated the transphosphoryla-
tion of IKKB by coexpression of Flag-tagged IKKB KA to-
gether with the various active and inactive forms of MLKS3,
NIK, and MEKKI1A. The IKKB KA protein was transphospho-
rylated upon expression of MLK3 and the other two control
kinases, showing that MLK3 can induce the IKK-activating
phosphorylation as efficiently as the other two IKKKs tested
(Fig. 4B). Activation of IKKSs relies on transphosphorylation of
conserved serines contained in the T loop. Whereas IKKa
becomes phosphorylated at serine residue 176 (45), IKKp ac-
tivation necessitates phosphorylation of serines 177 and 181
(12). We therefore tested whether MLK3 activates both IKKs
by phosphorylating them at the described serine residues or
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FIG. 3. Mapping of the MLK3 domains required for NF-kB activation. (A) HeLa cells were transfected with expression vectors for Myc-tagged IKKa either alone
or together with the indicated MLK3 variants as shown. After 24 h, in vitro kinase assays (KA) were performed. An autoradiogram showing the phosphorylation of
IKKa (upper) and GST-IkB-a (lower) is displayed. Control Western blots (WB) ensuring the correct expression of the differentially tagged proteins are shown in the
lower part. (B) Experiment performed as for panel A except that an expression vector for IKKB was transfected. Representative results are displayed. ns, nonspecific

band.

whether MLK3 activation employs an alternative activation
pathway. IKKa KA and IKKa KA (SA), a mutant where serine
176 was mutated to alanine, were coexpressed with MLK3 in
HeLa cells. MLK3 and IKKa proteins were isolated by coim-
munoprecipitation with aHA antibodies, and phosphorylation
of IKKa was determined by immune complex kinase assays
(Fig. 4C). IKKa KA but not IKKa KA (SA) was phosphory-
lated by MLK3. In parallel, we determined phosphorylation
of either IKKB KM or the double-point mutant IKKB KM
(SSAA) after coexpression and coimmunoprecipitation with
MLK3. The IKKB form with mutated serines 177 and 181 was
not phosphorylated by MLK3 (Fig. 4C), showing that MLK3
activates both IKKs via phosphorylation of the serines con-
tained in the activation loop. These findings suggest a direct
phosphorylation of both IKKs by MLK3. This question was
directly addressed by in vitro kinase assays using purified GST-
IKKs as substrate proteins. Flag-tagged MLK3 and the MLK3
kinase-dead version as a control were expressed in HeLa cells,
immunoprecipitated, and incubated with purified GST-IKK
proteins in the presence of [y-**P]JATP. Both, the GST-IKK«
KM and GST-IKKB KA proteins were phosphorylated in the
presence of the wild-type but not the inactive form of MLK3
(Fig. 4D). These experiments also revealed a constitutive phos-
phorylation of overexpressed MLK3. Since both substrate pro-
teins have no intrinsic kinase activity, this experiment suggests
that the IKKs can serve as direct substrates for MLK3 at least
in vitro.

Cooperative activation of IKKs by the IKKKs MLK3, NIK,
and MEKKI. The existence of several IKK kinases raises the
possibility of functional cross talk or cooperativity between
these kinases. Therefore, it was of interest to study the func-
tional interaction between the various IKKKs in nonstimulated
cells, since the various signaling pathways (e.g., TNF-o, IL-1p3,
or T-cell costimulation) affect many different downstream tar-
gets and exert pleiotropic effects. To address this issue, HeLa
cells were transfected with IKKa in the absence or presence of

various combinations of expression vectors encoding MLK3,
MEKKI, and NIK. To allow the detection of costimulatory
effects, only low amounts of IKKK expression vectors were
transfected, resulting only in suboptimal IKK activation. IKKa
was immunoprecipitated, and its kinase activity was deter-
mined. The weak induction of IKKa activity induced by sub-
optimal amounts of MLK3 was synergistically augmented upon
coexpression of MEKKI1 (Fig. 5A). Similarly, the MLK3-de-
rived signal was further boosted upon coexpression of NIK,
showing a functional cooperation between MLK3 and the
two other IKKKs. Subsequently, we tested whether the three
IKKKSs would also cooperate for the activation of IKKB. Here
again, the MLK3-induced IKKp activity was synergistically ac-
tivated by coexpression of either NIK or MEKKI1 (Fig. 5B).
Assuming that the different signaling cascades differentially
employ the various IKKKs, these findings might help to explain
the synergistic NF-kB activation occurring after the simulta-
neous administration of different NF-kB inducers. To further
evaluate the relative contribution of NIK and MEKKT1 for the
transmission of the MLK3-derived signals, we investigated the
impact of coexpressed dominant negative versions of NIK and
MEKKIA on IKK activity induced by MLK3. The expression
of dominant negative NIK (NIK KKAA) strongly reduced the
MLK3-induced IKKa activity in a dose-dependent manner
(Fig. 5C). In contrast, the overexpression of MEKKIA KM
only marginally impaired the activity of IKKa. We then per-
formed an analogous set of experiments to test the effects of
dominant negative versions of NIK and MEKK1 on MLK3-
induced activation of IKKB. The kinase-dead versions of NIK
and MEKKI1 prevented the MLK3-induced activation of IKKf3
in a dose-dependent fashion (Fig. 5D). The preferential inhi-
bition of IKK@ activity by dominant negative MEKKI is in line
with previous findings showing that MEKK1 acts preferentially
on IKK@ (34, 54).

The leucine zipper of MLK3 is required for binding to IKKa
and IKK@ in vivo. The overlapping subcellular localization of
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FIG. 4. MLK3 directly phosphorylates IKKa and IKKB. (A) A plasmid encoding Flag-tagged IKKa KA was transfected either alone or along with Flag-tagged
expression vectors for the wild-type and kinase-dead forms of MLK3, MEKK1A, and NIK into HeLa cells. After 24 h, the proteins were purified by immunoprecipitation
and phosphorylation of IKKa KA was determined by in vitro kinase assays (KA) (upper). Aliquots of the extracts were analyzed for expression of the transfected
proteins by Western blotting (WB) (lower). (B) HeLa cells were transfected with an expression vector for Flag-tagged IKKB KA either alone or in combination with
the MAPKKKS used for panel A. The cells were further analyzed for IKKB KA phosphorylation and protein expression. (C) HeLa cells were transfected with expression
vectors encoding HA-tagged versions of MLK, IKKa KA, IKKa KA (SA), IKKB KM, and IKKB KM (SSAA) as indicated. One day later, proteins were isolated by
coimmunoprecipitation with aHA antibodies, and phosphorylation of IKKa and IKKB was determined by in vitro kinase assays (upper). Western blots demonstrating
comparable expression of transfected proteins are displayed (lower). (D) HeLa cells were transiently transfected with expression vectors for either the wild-type or the
kinase-deficient form of MLK3. MLK3 was immunoprecipitated from cell lysates, and its activity was determined by immune complex kinase assays using 1 wg of
purified GST-IKKa KM or GST-IKKB KA as substrate. An autoradiogram from a reducing SDS-gel is shown (upper). A sample of each lysate was analyzed by
immunoblotting for protein expression of MLK3 (lower). Sizes are indicated in kilodaltons.

MLK3 KR and NF-kB p65 raises the possibility for a physical
association between this MAPKKK and the IKC. To address
this question, we examined whether MLK3 coprecipitates with
its substrate proteins IKKoa and IKKP. 293 cells were trans-
fected with epitope-tagged versions of IKKa and IKK@ either
alone or together with a vector encoding MLK3, MLK3AC, or
NIK as a positive control. The IKKs were immunoprecipitated
from an aliquot of the cell lysates, and the associated proteins
were detected by immunoblotting. Both IKKs were found to
coprecipitate with MLK3, MLK3AC, and NIK (Fig. 6A). In a
complementary experimental approach, the MAPKKKSs were
immunoprecipitated from another aliquot of the cell lysate,
followed by the detection of associated IKK proteins by West-
ern blotting. Also, these experiments revealed the mutual bind-
ing of MLK3 and MLK3AC to IKKa and IKKB. To explore the

possible function of the MLK3 leucine zipper region for bind-
ing to components of the IKC, we transfected 293 cells with
expression vectors for both IKKs either alone or along with
plasmids encoding the wild-type or leucine zipper-deficient
version of MLK3. The wild-type form of MLK3 coprecipitated
with IKKa and IKK, whereas the MLK3ALZ version failed to
bind (Fig. 6B). We then investigated whether MLK3 is also
found in association with the IKC without ectopic expression
of the various binding partners. The IKC was isolated from
Jurkat cell extracts by immunoprecipitation using a mono-
clonal alKKa antibody (61). Subsequent immunoblotting re-
vealed that MLK3 coimmunoprecipitated only with oIlKKa
antibodies, not with isotype-matched control antibodies, dem-
onstrating the physical association of MLK3 with the IKC in
vivo (Fig. 6C). The association of MLK3 with the IKC was also
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FIG. 5. MLK3, NIK, and MEKKI1 synergize in IKK activation. (A) Flag-tagged IKKa was expressed either alone or together with various combinations of MLK3
(150 ng), MEKKI1 (250 ng), and NIK (150 ng), as indicated, in HeLa cells. Cells were lysed 24 h later; IKKa was immunoprecipitated and its kinase activity (KA) was
determined using GST-IkB-a (1-54) as substrate. An autoradiogram from a reducing SDS-gel and its quantitative evaluation are shown. WB, Western blot. (B)
Experiment performed as for panel A except with IKKP instead of IKKa. (C) HeLa cells were transfected with an expression vector for IKKa alone or together with
vectors encoding MLK3 (500 ng) and 1 or 2 pg of dominant negative forms of NIK and MEKK1. IKKa« kinase activity was determined by immune complex assays. Full
kinase activation seen upon coexpression of MLK3 and IKKa was arbitrarily set as 100%. (D) IKKP was coexpressed with MLK3 and the dominant negative forms
of NIK and MEKKI1 as shown. The experiment and its analysis were carried out as for panel C. Representative results from kinase assays and control Western blots

are shown.

seen in extracts from CD3-CD28-PMA-stimulated Jurkat cells
(data not shown), showing the constitutive association with the
IKC. In the absence of antibodies clearly recognizing endoge-
nous NIK, we could demonstrate the presence of this protein
neither in the immunoprecipitated IKC nor in Jurkat cell ly-
sates (data not shown). Taken together, these data show that
MLKS3 not only acts as a IKKK in vitro but also can be copre-
cipitated with the IKC.

MLK3 sends CD3-CD28-derived signals to the IKC. The
MILK3-activating signals have been only incompletely de-
scribed (36). Therefore, we tested various well-characterized
NF-kB-activating signals for the ability to induce phosphory-
lation and subsequent activation of MLK3. Jurkat T cells were
either left untreated or stimulated with different combinations
of PMA or agonistic «CD3 and «CD28 antibodies. Treatment
of cells with aCD3-aCD28, aCD3-PMA, aCD28-PMA, or
aCD3-CD28-PMA resulted in the occurrence of an MLK3
form with a slightly decreased mobility in SDS-polyacrylamide
gels as detected by immunoblotting (Fig. 7A). In contrast, the
individual stimuli failed to induce this upshift. To test whether
the upshifted band represents the phosphorylated form of the
MLK3 protein, we incubated extracts from activated T cells
with N phosphatase. This treatment completely converted the
slower-migrating form of MLK3 to the faster-migrating version
that is found in unstimulated T cells (Fig. 7A). To evaluate the
relative contribution of MLK3 for NF-kB-dependent tran-
scription induced by T-cell stimulation, we cotransfected Jur-
kat cells with an NF-kB-dependent reporter gene along with
either the empty expression vector or the kinase-deficient mu-
tant of MLK3. Distinct combinations of «CD3 and aCD28

antibodies and PMA elicited NF-kB-dependent transcription
to various degrees. Induced NF-«B activation was significantly
impaired upon coexpression of MLK3 KR (Fig. 7B). A hall-
mark of costimulated T cells is the induced expression of the
cytokine IL-2 (52). The IL-2 promoter harbors binding sites for
numerous transcription factors including NF-AT, NF-«kB, oc-
tamer factors, and the CD28RE/AP composite element (28).
Knockout experiments showed the necessity of NF-«kB for the
induced IL-2 transcription (35). Since NF-«B is also important
for gene expression triggered from the CD2SRE/AP element
(49), we examined the consequences of MLK3 KR expression
on transcriptional activation from this element. Jurkat cells
were transfected with a luciferase reporter construct controlled
by four repeats of the CD28RE/AP element (4 XRE/AP-Luc)
along with either an empty expression vector or an expression
vector for dominant negative MLK3. Various combinations of
aCD3, aCD28, and PMA differentially activated CD28RE/AP-
dependent transcription, but each of the activating signals was
diminished upon coexpression of MLK3 KR (Fig. 7C). Also
the T-cell costimulation-triggered transcription of a luciferase
reporter construct fused to the human IL-2 promoter was dose
dependently inhibited by coexpression of increasing amounts
of MLK3 KR (data not shown). We next tested the influence
of MLK3 KR expression on NF-kB activation induced by
TNF-a or IL-1B. Transcription of an NF-kB-dependent re-
porter gene induced by TNF-a or IL-1B was not significantly
changed in the presence of dominant negative MLK3 (Fig.
7D), showing the pathway preference of MLK3. Similarly, nei-
ther TNF-a nor IL-1B was able to generate the slower-migrat-
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FIG. 6. MLK3 is constitutively associated with the IKC via its leucine zipper. (A) Expression vectors for IKKa and IKKB were cotransfected into 293 cells with
plasmids encoding a Flag-tagged version of either MLK3, MLK3AC, or NIK. One day later, cells were lysed and the IKK proteins were immunoprecipitated (IP) from
an aliquot of the lysates with aMyc antibodies. The coprecipitating proteins were detected by immunoblotting using aFlag antibodies (upper). In a complementary
experiment, the MAPKKKSs were immunoprecipitated with aFlag antibodies, followed by the detection of coprecipitating IKK proteins by Western blotting (WB) with
aMyc antibodies (middle). The correct expression of the ectopically expressed proteins in whole cell extracts (WCE) was ensured by immunoblotting (lower). (B)
Expression vectors for IKK were expressed in 293 cells either alone or together with MLK3 or MLK3ALZ as indicated. MLK3 and MLK3ALZ were immunopre-
cipitated from cell lysates with «HA antibodies, and the coprecipitating IKK proteins were detected with a«Myc antibodies (upper). Aliquots of the total cell extracts
were tested by immunoblotting for the expression of the ectopically expressed proteins (lower). Positions of molecular weight markers are indicated at the left in
kilodaltons. A representative result is shown. (C) Jurkat cells were lysed, and the IKC was immunoprecipitated from an aliquot of the cell lysates with alKKa antibodies.
Isotype-matched control antibodies (Ab) were added to another aliquot of the cell extract. Immunoprecipitates were washed five times; the proteins were eluted with
1X SDS sample buffer and analyzed by Western blotting. Blots showing the IKKea, IKKB, and MLK3 proteins are shown; molecular masses of a protein marker are
given at the left. Samples of the total cell extracts were also tested by immunoblotting for the expression of IKKa, IKKB and MLK3 (lower).

ing and phosphorylated form of MLK3, as revealed by Western given stimulus can simultaneously activate JNK as well as NF-
blot experiments (Fig. 7E). kB. The behavior of MLK3 as a dual activator of JNK and

MLKS3 is a downstream target of small GTPases. Since Rho NF-«B is reminiscent of MEKKI1, which activates JNK via
family GTPases play an important role in the activation of T phosphorylation of JNKK1 (MKK4/SEK) (42) and triggers
lymphocytes (27), we next determined the impact of MLK3 KR NF-«kB by direct phosphorylation of both IKKs (38). In the
expression on transcription induced by Rac or Cdc42 in Jurkat absence of specificity constants of MLK3 for its substrates
cells. CD28RE/AP-dependent transcription induced by ectopic JNKK1 (66) and IKKa and IKK (this study), it is impossible
expression of constitutively active forms of Rac (Rac QL) or to estimate whether MLK3 has a bias for either of the two
Cdc42 (Cdc42 QL) was significantly impaired in the presence  pathways. The activation of a given pathway by more than one
of MLK3 KR (Fig. 8A). Similarly, this dominant negative form  upstream activator is not without precedent. An example is
of MLK3 also efficiently antagonized NF-kB-dependent tran-  provided by MEKK1-deficient embryonic stem cells, which are
scription triggered by Rac QL or Cdc42 QL (Fig. 8B). Subse- unable to activate JNK upon exposure to cold stress and mi-
quently we tested whether Rac and Cdc42 may influence the  crotubule disruption but display normal JNK activation in re-
phosphorylation of MLK3. Expression of Rac QL and Cdc42  sponse to heat shock, UV irradiation, and anisomycin (72).
QL in Jurkat cells resulted in the occurrence of the slower- The maintenance of JNK activation in response to certain

migrating form of MLK3 (Fig. 8C), showing that both GTPases  stimuli points to the compensatory action of other JNKK ki-
act upstream from MLK3 and affect its phosphorylation. Not nases such as MLK3.

all MLK3 proteins were found in the upshifted form, which can Here we identify T-cell costimulation as a physiological in-
be explained by the limited transfection efficiency of Jurkat — ducer of MLK3 activity. We suggest a scenario in which acti-
cells. In summary, these data suggest that MLK3 is an integral ~ vated MLK3 promotes IL-2 transcription in two ways: first,

component of the costimulation-induced, GTPase-mediated it contributes to the activation of NF-kB, a transcription
activation of NF-«B in T lymphocytes. factor transactivating from the NF-«B binding site and the
CD28RE/AP element contained in the IL-2 promoter. Second,

DISCUSSION triggering of MLK3 results in the activation of JNK, a kinase

that is necessary for transactivation from the CD28RE/AP

T-cell costimulation by simultaneously triggering of the T- element (34) and the AP-1 sites (31) contained within the
cell receptor (TCR) and the auxiliary receptor CD28 leads to regulatory region upstream from the IL-2 gene. The T-cell
the synergistic activation of JNK (63) and NF-kB (20, 29). costimulation-induced NF-kB-dependent transcription could
Here we show that the serine/threonine kinase MLK3 plays an not be absolutely blocked by dominant negative MLK3, raising
important role in the T-cell costimulation-induced activation the possibility for the existence of further kinases feeding co-
of NF-kB. Since MLK3 is known to activate the JNK pathway stimulatory signals into the IKC. A candidate is the MAPKKK
(65, 66), this finding contributes to our understanding of how a Cot, which was recently shown to participate in TCR-CD28-
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FIG. 7. A role for MLK3 for T-cell activation-induced NF-kB activation. (A) Jurkat T cells were treated by the addition of agonistic «CD3 (5 pg/ml) and aCD28
(10 pwg/ml) antibodies or with PMA (5 ng/ml) at the indicated combinations; 15 min later, total cell extracts were prepared and the electrophoretic mobility of MLK3
was determined by reducing SDS-PAGE followed by Western blotting. An aliquot of a protein extract from Jurkat cells that were stimulated for 15 min was
preincubated with A phosphatase. Typical results are displayed. (B) Jurkat cells were transfected with 5 pg of a NF-kB-dependent reporter construct together with 20
ng of the kinase inactive version of MLK3 as indicated; 16 h posttransfection, cells were stimulated by different combinations of «CD3, «CD28, and PMA for 8 h as
indicated. Luciferase activity was determined, and results are expressed as average fold induction relative to unstimulated, vector-transfected cells. (C) Experiment was
performed as for panel B except that a reporter plasmid containing four repeats of the composite CD28RE/AP element of the IL-2 promoter fused to luciferase
(4XRE/AP-Luc) was used. (D) Jurkat cells were electroporated with a NF-kB-dependent reporter gene along with 20 g of control vector or MLK3 KR. The next day,
cells were treated for 8 h with TNF-« (2,000 U/ml) or IL-1B (10 ng/ml), and luciferase activity was determined. All results represent averages of three independent
experiments; bars indicate standard errors. (E) Jurkat cells were left untreated or incubated for 15 min with TNF-a (2,000 U/ml), IL-18 (10 ng/ml), or aCD3-aCD28-
PMA as indicated. The electrophoretic mobility of MLK3 was determined by Western blot analysis.
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FIG. 8. MLK3 is activated on a pathway employing Rac and Cdc42. (A) Expression vectors for constitutive active forms of Rac and Cdc42 and dominant negative
MLK3 were transfected into Jurkat cells at the indicated combinations together with the 4XRE/AP-Luc reporter plasmid; 18 h posttransfection, cells were harvested
and luciferase activity was determined. (B) Experiment performed as for panel A except that an NF-kB-dependent reporter gene was used. All results represent mean
values from three independent experiments performed in duplicate; standard errors of the mean are shown by error bars. (C) Jurkat cells were transfected with an
expression vector for a Flag-tagged versions of Rac QL or Cdc42 QL or an empty expression vector. One day later, cell extracts were analyzed by Western blotting for
MLK3 phosphorylation (upper) and expression of Flag-tagged Rac and Cdc42 (lower). The asterisk indicates the position of the phosphorylated MLK3 protein.

induced NF-«kB activation (43). However, the pathway trig-
gered by Cot is distinct from that activated by MLK3. Whereas
Cot leads to the activation of NIK (43), MLK3 does not act
upstream from NIK and directly phosphorylates both IKKs.
Since the MEKKI1-homologous proteins MEKK2 and MEKK3
were recently identified as NF-kB activators (74), it may well
be that MLK3- and Cot-homologous proteins also contribute
to the TCR-CD28-mediated activation of NF-kB. However, it
remains to be seen whether endogenous Cot and MEKKI are
activated by T-cell costimulation.

This study identifies MLK3 as another IKKK, as judged by
two criteria. First, MLK3 expression induced the phosphory-
lation of kinase-dead versions of IKKa and IKK( to a com-
parable extent as did the expression of NIK and MEKKI.
Second, immunoprecipitated MLK3 phosphorylated puri-
fied GST-IKKa KM and GST-IKKR KA proteins. All IKKKs
identified so far belong to the group of MAPKKKSs and are
constitutively attached to the IKC (38, 43, 45). A previous
study showed the functional cooperation between NIK and
MEKK]I1 for the activation of IKK activity (55). Our data in-
dicate that also the MLK3-induced activation of both IKKs is
further potentiated by the coexpression of MEKK1 or NIK. In
contrast to the MAPKK TAKI1, which links TRAF6-derived
signals to its downstream target NIK, it seems that MEKKI,
NIK, and MLK3 are direct activators of IKKs. Nevertheless,
there is a mutual interference between (at least some) of the
IKKKs. The MEKK1-induced NF-kB activation was impaired
in the presence of dominant negative NIK (54), and the
MLK3-induced activation of IKKs was reduced by kinase-in-
active variants of NIK and MEKKI1. From a molecular point of
view this could be explained by competition of the IKKKs for
a common activation site, which would be compatible with the
finding that various IKKKs use identical IKK phosphorylation
sites. On the other hand, this competition model does not
explain the synergistic activation pattern of IKKKs, which sug-
gests that these kinases act in parallel. The simultaneous acti-
vation of several IKKKs may help to explain the previous
finding that one IKKK alone is not sufficient for full activation
of NF-kB. For example, TNF-a-induced NF-«B activation can-
not be completely inhibited by dominant negative forms of
MEKKI1 (37). It was suggested that MEKK1 has a predilection
for IKKB (54) and that NIK preferentially phosphorylates
IKKa over IKKB (44). IKKB was more efficiently phosphory-
lated by MLK3 than IKKa. This might be explained by the

phosphorylation of IKKa at only one serine, in comparison to
IKKR, which is phosphorylated at two serine residues. Since
IKKB KA repressed MLK3-elicited NF-kB activation more
strongly than IKKa KM, it may also be possible that MLK3
preferentially phosphorylates IKKB. All experiments discussed
here used IKKs that were purified by immunoprecipitation,
leaving the formal possibility that the phosphorylation might
have been caused by a coprecipitating kinase. The tandem
leucine zipper of MLK3 is essential for its binding to the IKC
in vivo and in vitro. It remains to be seen whether the contact
to both IKKs is direct or mediated by binding to intermediate
proteins such as NIK, NEMO/IKKYy, or IKAP. MLK3 is also
found in association with the scaffold protein JIP, along with
other components of a JNK signaling pathway (68). It was
proposed that the simultaneous binding of HPK1, MLKS3,
MKK?7, and JNK to JIP may mediate the coordinate sequential
interaction of these kinases (68), but the ratios between scaf-
fold-attached and free MLK3 are not known. The ectopic
expression of MLK3 potently activated NF-kB at low input
levels, whereas high doses were ineffective. This may be taken
as an indication that only MLK3 that is properly complexed
and incorporated into the IKC (and/or the JIP complex) is
competent for NF-«kB activation. This also might explain the
lack of NF-«kB induction by ectopic expression of MLK3 de-
scribed in a recent study (74), since the authors used rather
high amounts of MLK3 expression vector (6 n.g).

Since MLK3 does not play an important role in NF-«B
activation by TNF-« or IL-1, this study corroborates the con-
cept that different NF-kB-activating stimuli use different MAP-
KKKs. Along this line, IKKB '~ fibroblasts show no TNF-a-
induced degradation of IkB-a and activation of NF-«kB, but the
IL-1-induced IkB phosphorylation remains essentially unaf-
fected (40, 64). The differential activation of distinct IKKKs
would explain earlier findings describing the synergistic activa-
tion of NF-kB by the simultaneous addition of distinct NF-«kB
activators (2). It will be exciting to learn whether the cell
contains distinct sets of differentially composed IKCs, or
whether the distinct signaling cascades deliver their signals to
uniformly built IKCs, thereby differentially affecting IKKKs.

Earlier studies revealed the activation of NF-kB by Rac/
Cdc42-derived signals (58). Therefore, the identification of
MILK3 as an activator of NF-kB uncovers one of the compo-
nents of the signaling pathway between Rac and NF-kB. Ac-
tivation of Rac by T-cell costimulation involves Vav family
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proteins, which act as a GTP/GDP exchange factor for the Rho
family of GTPases (5, 10, 19). The analysis of Vavl ™/~ mice
revealed that Vavl is dispensable for CD28 costimulation (57)
but necessary for the CD3/CD28-induced activation of NF-«kB
(9). Since MLK3 is widely expressed in a variety of tissues, it is
reasonable to assume that MLK3 can be activated by further
Rac/Cdc42-dependent stimuli (53), which await their identifi-
cation in future studies.
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