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Abstract

The serine/threonine kinase MEKK3, also known as mitogen-activated protein kinase kinase kinase 3,
is a critical activator of the transcription factor NF-kB in innate immunity. However, the physiological
function of MEKK3 in adaptive immunity is unclear. Here we report that following TCR signaling,
MEKK3 positively regulated the kinase, IkB kinase, leading to NF-kB activation. T cells lacking MEKK3
were defective in TCR-induced and cytokine-induced responses. Furthermore, T cell-specific deletion
of MEKK3 resulted in reduced numbers of thymocytes and peripheral T cells. Thus, our results
provide genetic evidence that MEKK3 plays a crucial role in adaptive immunity.

Introduction

Mitogen-activated protein kinases (MAPKs) such as
ERK, JNK and p38 are ubiquitously expressed and regu-
late a wide variety of functions in mammals, including
immune regulation and activation (1). MAPKs are activated
by conserved cascades through MAPK kinase (MAPKK)
and MAPKK kinase (MAP3K). Many members of the
MAP3K family, including MEKK1, MEKK2, MEKK3, MEKK4,
ASK1, TAK1 and Tpl2, have been identified (2). However,
their specific functions in particular signaling pathways
and physiological processes are not fully understood.
Some MAP3Ks are known to control the responses of in-

nate immune cells to Toll-like receptor (TLR) stimulation
and to inflammatory cytokines by regulating IjB kinase
(IKK) and JNK activity (3, 4). For instance, TAK1 has been
reported to activate IKK and JNK following tumor necrosis
factor (TNF)-a, IL-1 and LPS stimulation (5–7). However,
the activation of NF-jB and JNK by TLR8 was TAK1 inde-
pendent (8), and IKK activation by IL-1 was not com-
pletely blocked in TAK1-deficient cells (6, 7), suggesting
the existence of TAK1-independent mechanisms of IKK
and JNK activation. This could be mediated by other
MAP3Ks such as MEKK2 or MEKK3. Indeed, in MEKK3-
deficient MEF cells, there is a delay in the activation of
NF-jB and JNK by TNF-a, IL-1 and LPS stimulation (9,
10). Moreover, MEKK2 knock-down MEFs could not induce
the late phase of NF-jB activation following TNF-a and
IL-1 stimulation (11). In contrast to such an established
role of MEKK2 and MEKK3 in the inflammatory and innate

immune responses, their roles in adaptive immunity are
less clear and somewhat controversial. Initial studies using
the Jurkat T cell line showed that a dominant-negative form
of MEKK2 blocked TCR-mediated activation of JNK (12).
Subsequent gene-targeting studies, however, demon-
strated that this enzyme did not play a significant positive
role in TCR-mediated JNK activation (13). Together, these
data suggest that depending on the cell type and cellular
contexts, distinct types of MAP3Ks could be utilized, thereby
raising the possibility that TCR might use MEKK3, rather than
MEKK2, for JNK and IKK activation in primary T cells. Hence,
in this study, we focus upon whether MEKK3 participates in
TCR-mediated IKK activation in primary T cells, possibly regu-
lating the development and function of T cells.
Here, we show that deletion of MEKK3 in a T cell-specific

manner resulted in reduced development of thymocytes.
In mature thymocytes, MEKK3 was required for TCR-
dependent activation of NF-jB. In peripheral T cells, MEKK3
was also required for IL-2-mediated proliferative responses.
Together, our results suggest that MEKK3 participates in
TCR and cytokine receptor signals to regulate the develop-
ment and function of T cells.

Materials and methods

Mice

The targeting vector was electroporated into Bruce-4 ES
cells of C57BL/6 origin (provided by K. Rajewsky, the CBR
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Institute for Biomedical Research, Harvard Medical School).
Neomycin-resistant clones were screened for homologous
recombination by Southern blot using probe as shown in
Fig. 1. Correctly targeted clones were transiently transfected
with pMC1-Cre (gift from K. Rajewsky) to delete the loxP-
flanked neomycin-resistant gene cassette. Progeny clones
that became sensitive to neomycin were subjected to South-
ern blot analysis to detect floxed allele. Targeted clones
were microinjected into C57BL/6 blastocysts to generate
chimeras. Mating of chimeric male mice to C57BL/6 female
mice resulted in transmission of the floxed allele in the germ-
line. Mice with the floxed genotype were bred with a trans-
genic mouse line carrying the Cre transgene under control
of the Lck promoter (C57BL6/J background) (14), which
were then intercrossed to generate T cell-specific MEKK3-
deficient [Lck-Cre-MEKK3flox/flox (T-KO)] mice. Mice were
kept in specific pathogen-free conditions and all experi-

ments were done in compliance with the guidelines by the an-
imal research committee at RIKEN.

Reagents

Antibodies for ERK, JNK, p38, IjBa and Bcl10 were purchased
from Santa Cruz; anti-phospho-ERK, anti-phospho-JNK,
anti-phospho-p38, anti-phospho-IKKb, anti-phospho-IjBa, anti-
phospho-threonine, anti-phospho-ATF2 and anti-TAK1 antibodies
from Cell Signaling Technology; anti-GAPDH, anti-CARMA1
and anti-IKKb antibodies from Abcam; anti-MEKK3 mAb
from BD and anti-HisX6 mAb was obtained from QIAGEN.
Anti-phospho-serine was purchased from Zymed. Anti-
CARMA1 antibody for immunoprecipitation was prepared as
previously described (15). Antibodies used for TCR stimula-
tion of Jurkat cells were C305 (anti-TCR mAb) and OKT3
(anti-CD3e mAb) as described previously (16).

Fig. 1. T cell-specific gene targeting of MEKK3. (A) The conditional targeting vector was constructed to delete a genomic fragment containing
exons 11 and 12 of the MEKK3 gene. Exon 11 encodes the ATP-binding site (K391) essential for its kinase activity. One loxP site was introduced
into intron 10 and two loxP sites which flanked the neomycin-resistant gene cassette in intron 11. The expected DNA lengths (using P3–P4
primers) to detect the floxed and D allele are depicted. (B) The MEKK3 genotype was analyzed by PCR using the following primer pairs: P1-
CTCCTGGGTCAAGGTGCCTTCGGCAGGGTCTACTTGTGCT and P2-AACTGGATCTCACACTCCAGAGCACTCACCTCCTAGAGA (for the floxed
allele) or P3-TCAGAATGATCTAATGTTTGTGAGCAGCTT and P4-TCACTATGCTGACCAGCTGGCCTCACAGTGCACAGA (for the D allele; D, for
floxed allele; floxed). Genomic DNA was isolated from whole thymocytes (Thy), CD5-positive spleen cells (Spl), CD4-positive (CD4+) or CD8-
positive (CD8+) spleen cells from Lck-Cre/WT (Lck-WT) and Lck-Cre/MEKK3flox/flox (T-KO). (C) Western blot analysis of MEKK3 proteins from CD4
SP thymocytes of Lck-Cre/WT (Lck-WT) and Lck-Cre/MEKK3flox/flox (T-KO) mice.
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Flow cytometry

Lymphocytes were isolated from the thymi, spleens and pe-
ripheral blood of mice 5–8 weeks old. Antibodies for flow
cytometry were purchased from eBioscience. Stained cells
were analyzed on a FACSCalibur (BD). Cell survival was
assessed by propidium iodide staining.

Cell culture

T cells were cultured in Iscove’s modified Dulbecco’s me-
dium supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin. CD4 single-positive (SP) thymocytes
were purified by anti-CD4 magnetic beads following deplet-
ing CD8+ cells with magnetic beads using AutoMACS (Milte-
nyi Biotec). Isolated T cells were activated with 10 lg ml�1 of
plate-bound anti-CD3 (2C11) and 2 lg ml�1 of anti-CD28
(37.51) from BD Biosciences, with 100 ng ml�1 of phorbol
myristate acetate (PMA) (Sigma) and 2 lg ml�1 of anti-
CD28 or with 20 ng ml�1 of recombinant mouse (rm) IL-2 or
rmIL-7 (Peprotech). T cell proliferation was determined by
Cell Counting Kit-8 (Dojindo Labs) as described by the man-
ufacturer and the absorbance at 450 nm was measured in
a microplate reader (Bio-Rad). IL-2 and IFN-c production
were analyzed by ELISA according to the manufacturer’s
protocols (BD PharMingen).

Retroviral transinfection

The gene encoding Cre recombinase was cloned into the
pMX-IRES-EGFP retroviral vector (a gift from T. Kitamura,
University of Tokyo). The packaging cells EcoPack2 (BD
Biosciences) were transfected by FuGENE6 according to
the manufacturer’s protocols (Roche). The culture soup
containing retroviruses was harvested 48 h after transfec-
tion. After 24 h of stimulation with 10 lg ml�1 of 2C11 (anti-
CD3 mAb) and 5 lg ml�1 of anti-CD28 antibody, isolated
CD4+ splenocytes were infected with retrovirus by spin in-
fection at 3000 r.p.m. for 2 h in a centrifuge. The infected
GFP+ cells were sorted after cultured for additional 2–3
days with media containing rmIL-2 using as effector T cells
(17). For Jurkat cell transfectants, MEKK3 wild-type (WT)
and kinase-dead genes were cloned into pMXpuro. Ret-
roviruses were produced by transfection to pantropic pack-
aging cell GP2 (Clontech). The spin-infected Jurkat
cells without stimulation were selected with puromycine
(2 lg ml�1) for a week.

Biochemical analyses

Immunoblotting and kinase assay were performed by using
the standard protocol as previously described (15). Briefly,
cells were incubated with 10 lg ml�1 of 2C11 for 20 min on
ice and then stimulated with 50 lg ml�1 goat anti-hamster
IgG (Cappel) for 5 min at 37�C. After stimulation, the cells
were lysed in 1% NP-40 lysis. For MEKK3 kinase assays,
2 3 107 CD4+ splenocytes were lysed in 1% NP-40 lysis
buffer. Pre-cleared lysates were immunoprecipitated by 1 lg
anti-MEKK3 mAb, followed by incubation with 40 ll of pro-
tein G–sepharose. The beads were washed three times with
lysis buffer and two times with kinase buffer. The immuno-
precipitates were re-suspended in kinase buffer containing
100 lM ATP. His-tagged MKK6 was purified as per the
manufacturer’s instruction (QIAGEN) and added to the

kinase reaction mixture as a substrate. Glutathione-S-
transferase-fused IKKb as substrates were prepared as pre-
viously described (15, 18). After 30 min incubation at 30�C,
the reaction was terminated by addition of SDS sample
buffer followed by boiling for 5 min.

Statistical analysis

Data are presented as average 6 SD. Statistical analysis
was performed with Student’s t-test and analyzed using
Microsoft Excel software.

Results

MEKK3 is essential for normal T cell development

Null mutation of MEKK3 results in death at approximately
embryonic day 11 (19). Thus, to investigate the intrinsic
function of MEKK3 in T cells, we constructed a targeting
vector that was designed to delete the ATP-binding
site (K391) by Cre recombinase as shown in Fig. 1(A). To
delete the MEKK3 allele specifically in T cells, we crossed
MEKK3flox/flox mice with the Lck-Cre transgenic mice that ex-
press the Cre recombinase under the control of the T cell-
specific Lck promoter (Lck-Cre). Lck-Cre-MEKK3flox/flox mice
(called T-KO here) were born alive and appeared healthy.
Genomic PCR showed that in thymocytes and splenic
T cells, the floxed alleles containing exons 11 and 12 of
MEKK3 flanked by the loxP sites had been efficiently de-
leted (Fig. 1B). The deletion of MEKK3 was further confirmed
by western blotting using a mAb against its N-terminal; the
short form of the MEKK3 protein was undetectable (Fig. 1C).
We initially conducted FACS analysis of Tcell populations in

T-KO mice. Because there was no phenotypical difference be-
tween T cells from Lck-Cre-MEKK3+/+ and Lck-Cre-MEKK3flox/+

mice (data not shown), we used Lck-Cre-MEKK3+/+ mice as
WT control mice. The T-KO mice showed an increased percent-
age of CD4 and CD8 double-negative (DN) thymocytes and
decreased percentage of double-positive (DP) thymocytes as
WT control mice (Fig. 2A). The numbers of total thymocytes,
DP, CD4 SP and CD8 SP thymocytes in T-KO were significantly
reduced by 40–60% of WT counterparts (Fig. 2B). However,
the expression of thymocyte maturation markers, including
CD5, CD69 and CD24, was not fundamentally altered in DP or
CD4 SP thymocytes from T-KO mice (data not shown). In the
spleen of T-KO mice, the numbers of CD4+ and CD8+ T cells
were reduced by ;50 and 60%, compared with control mice
(Fig. 2A and B).
Since a survival defect in these mutant T cells was one of the

possibilities for the reduction of the number of SP thymocytes
and peripheral T cells, we examined the survival of these
T cells. However, the capacity of these T cells to survive in
culture was not significantly different between WT and
MEKK3-deficient backgrounds (Supplementary Figure S1A,
available at International Immunology Online). Moreover, acti-
vation-induced cell death in CD4+ splenic T cells from T-KO
mice did not differ significantly from WT mice (Supplementary
Figure S1B, available at International Immunology Online).

MEKK3 positively regulates TCR-mediated cellular responses

To investigate the mechanisms underlying the reduction of SP
thymocytes in T-KO mice, we then examined the response to
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TCR stimulation in mature CD4 SP thymocytes. T-KO cells
exhibited decreased cell proliferation and cytokine produc-
tion (IL-2 and IFN-c) in response to anti-CD3 antibody, with or
without anti-CD28 antibody stimulation (Fig. 3A and B).
Furthermore, CD4 SP thymocytes from T-KO mice were less
capable than their WT counterparts of inducing expression
of the activation marker CD25 after CD3/CD28 stimulation
(Fig. 3C). Next, to examine the function of MEKK3 in effector
T cells, we deleted MEKK3 in activated peripheral T cells
from MEKK3flox/flox mice by retrovirus-mediated Cre expres-
sion. Cell proliferation and cytokine production after CD3/
CD28 stimulation were significantly reduced in Cre-express-
ing effector CD4+ T cells (Fig. 4A and B). Thus, we conclude
that MEKK3 positively regulates TCR-mediated proliferation
and production of IL-2 and IFN-c.

MEKK3 is required for T cell cytokine responses

Cytokines such as IL-2 can promote T cell proliferation and
survival of effector T cells (20). To evaluate the requirement
for MEKK3 in the cytokine responses of peripheral T cells,
we examined T cell proliferation in response to IL-2 or IL-7.
The proliferation of Cre-expressing cells from MEKK3flox/flox

mice in response to IL-2 or IL-7 was reduced as compared

with mock-infected effector CD4+ T cells (Fig. 4C). The phos-
phorylation of p38 in response to IL-2 or IL-7 was not suffi-
ciently induced in Cre-expressing effector CD4+ T cells
(Fig. 4D). These results suggest that MEKK3 contributes to
not only TCR-mediated responses but also cytokine-induced
responses in peripheral CD4+ T cells. The expression of IL-2
and IL-7 receptors was not changed and similar phosphory-
lation of STAT5 was induced by IL-2 and IL-7 stimulation in
Cre-expressing cells from MEKK3flox/flox mice (data not shown).

MEKK3 positively regulates NF-jB activation in TCR signaling

Having demonstrated that MEKK3 is required for optimal
TCR-mediated cellular responses, we further investigated
the effects of MEKK3 ablation on TCR signaling events. As
reported (21), NF-jB was active in CD4 SP thymocytes from
WT mice by measuring DNA-binding activity. In contrast, this
activity was greatly diminished in CD4 SP thymocytes from
T-KO mice (Supplementary Figure S2A, available at Interna-
tional Immunology Online). Moreover, anti-CD3/CD28 anti-
body or PMA stimulation induced IjBa phosphorylation,
whereas in T-KO cells, induced phospho-IjBa was signifi-
cantly reduced (Fig. 5A). Thus, MEKK3 regulates TCR sig-
naling activating NF-jB in CD4 SP thymocytes. Next, we

Fig. 2. MEKK3 is essential for normal T cell development. (A) Flow cytometry of lymphocytes from thymi (Thy), spleens (Spl) and PB of Lck-Cre/
WT (WT) and Lck-Cre/MEKK3flox/flox (T-KO). Numbers in each box indicate the representative percentages of population. (B) Cellularity of
thymocytes (Thy) or spleen cells (Spl). P values (P =) in the bottom of graph represent significance for differences of cell numbers (n = 8).
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examined the activation status of ERK, JNK and p38,
assessed by their phosphorylation status in CD4 SP thymo-
cytes. After anti-CD3 or PMA stimulation, MAPKs activation
was induced, but slightly, as previously reported (22). ERK
status did not differ significantly between WT and T-KO. In
contrast, stimulation-induced status of JNK, p38 or ATF2
(23) was reduced, albeit a small extent, in CD4 SP thymo-
cytes from T-KO mice (Fig. 5B). Since in MEKK4-deficient
mice, a partial reduction of TCR-mediated p38 activation
has been reported (24), it is possible that MEKK4 might play
a compensatory role particularly in the p38 pathway.
Given the participation of MEKK3 in TCR signaling, we

designed experiments for testing whether endogenous
MEKK3 is indeed activated in primary T cells by using bio-
chemical analysis. MEKK3 was immunoprecipitated and we
measured its in vitro kinase activity. As a substrate, MKK6
or MEKK3 by itself was used. As shown in Fig. 5(C), MEKK3
was activated in response to anti-CD3/CD28 antibody stimu-
lation. We obtained similar results by PMA stimulation (Sup-
plementary Figure S3A and B, available at International
Immunology Online).
Because PMA directly induces activation of protein kinase

C (PKC), the defective PMA-mediated IjBa phosphorylation

of T cells from T-KO mice suggests that MEKK3 may act
downstream of PKCs (Fig. 5A). The adaptor protein
CARMA1 is known to be a direct downstream target of PKCs
in the TCR-mediated NF-jB activation pathway (25).
CARMA1 is thought to function as an organizer of a macro-
molecular complex that permits activation of IKK following
TCR stimulation (26). Thus, we examined whether MEKK3 is
associated with this macromolecular complex. As shown in
Fig. 5(D), efficient interaction between MEKK3 and CARMA1
in primary T cells was observed after anti-CD3/CD28 anti-
body stimulation. Given the evidence that IKKb binds to this
macromolecular complex, undergoes phosphorylation and
induces subsequent IjB phosphorylation in TCR signaling
context (26, 27), these data suggest that MEKK3 might par-
ticipate in phosphorylating IKKb after its recruitment to the
macromolecular complex. In support of this possibility, the
immunoprecipitated MEKK3 after TCR stimulation was able
to phosphorylate IKKb in vitro (P-IKKb; Fig. 5C). Since Jurkat
T cells also demonstrated requirement for MEKK3 in TCR-
mediated NF-jB activation (Supplementary Figure S4A and
B, available at International Immunology Online), we tested
necessity of its kinase activity for IKKb phosphorylation by
using this system. For this purpose, we obtained Jurkat

Fig. 3. MEKK3 positively regulates TCR-mediated cellular responses. (A and B) Cell proliferation (A) and cytokine production (B) induced by
TCR stimulation. CD4 SP thymocyte cells from Lck-Cre/WT (WT) and Lck-Cre/MEKK3flox/flox (T-KO) mice were cultured in indicated concentration
(lg ml�1) of anti-CD3-coated plates with or without 2 lg ml�1 of anti-CD28 antibody for 48 h. Levels of IL-2 or IFN-c were determined by ELISA
using 24-h culture supernatants. Data of cell proliferation are presented as average 6 SD for triplicate cultures of three experiments (1, 2 and 3).
Data of cytokine production are shown as mean6 SD of the results from triplicate samples of four experiments. Significant differences are shown
as P value. (C) Flow cytometric analysis of CD25 expression as activation marker. Purified CD4 SP thymocyte cells were untreated (�) or
stimulated (+) with anti-CD3 antibody (10 lg ml�1) plus anti-CD28 antibody (2 lg ml�1) for 48 h and stained with antibody against CD25.
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T cells expressing WT T7-tagged MEKK3 or its kinase mu-
tant (Supplementary Figure S5A, available at International
Immunology Online). As shown in Fig. 5(E), WT MEKK3,
but not its kinase mutant, was able to P-IKKb. Together,
these data suggest that MEKK3 or a kinase that may be
associated with the MEKK3 complex is responsible for
phosphorylating IKKb.

Discussion

Previous studies have shown that MEKK3 is required for NF-
jB activation in innate immune responses. Here, we have
shown that MEKK3 is needed for optimal T cell development
and TCR-mediated cellular responses. Our data also sug-
gest that following TCR stimulation, MEKK3 interacts with
the macromolecular complex that includes CARMA1 and
P-IKKb directly or indirectly, thereby participating in NF-jB
activation.
The defective thymocyte development observed in T-KO

mice is similar to that seen in mice lacking NEMO (alterna-

tively named IKKc) or expressing a kinase-dead mutant of
IKKb in T cells (28), suggesting the link between MEKK3
and IKK activation. However, the deletion of TCR signal
components such as CARMA1, Bcl10 and MALT1, which
are involved in IKK activation in mature T cells, do not se-
verely affect T cell development in the thymus (26). Two al-
ternative, which are not necessarily mutually exclusive,
possibilities could be envisaged to explain the relatively mild
phenotype of CARMA1-, Bcl10- and MALT1-deficient mice.
First, the NF-jB signal needed for T cell development can
be provided by other NF-jB-activating receptors when TCR-
mediated NF-jB activation is absent (in the case of
CARMA1, Bcl10 or MALT1 knockout mice). According to this
scenario, MEKK3 in thymocytes might integrate signaling
from the two NF-jB-activating receptors, thereby participat-
ing in thymocyte development. Second, rather than up-
stream receptors, multiple downstream targets of MEKK3
might explain why the thymocyte development is more af-
fected in T-KO than in CARMA1, Bcl10 or MALT1 knockout
mice. For instance, MEKK3 participates in not only IKK but

Fig. 4. MEKK3 regulates cellular responses induced by TCR or cytokine stimulation in the effector T cells. (A and B) Analyses of the effector
T cells. The splenocytes from MEKK3flox/flox mice were transinfected with retrovirus encoding Cre with IRES-EGFP (Cre) or solely IRES-EGFP
(mock) as described in Materials and methods. Cells were cultured in 10 lg ml�1 of anti-CD3-coated plates plus 2 lg ml�1 of anti-CD28 antibody
or 100 ng ml�1 of PMA with 2 lg ml�1 of anti-CD28 antibody for 48 h. Level of IL-2 or IFN-c was determined by ELISA using 24-h culture
supernatants. Data are the results from triplicate culture from one representative of two experiments. (C) Cytokine response of effector T cells.
Cells were prepared as in (A and B). All cytokines as a stimulant were used at concentration of 20 ng ml�1. Data are shown as the results from
triplicate culture from one representative of two experiments. (D) Activation of p38. Activation of p38 in response to cytokines at concentration of
20 ng ml�1 for 30 min. Cell lysates from the effector cells as in (A, B and C) were analyzed by western blotting.
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also p38 activation, even partial, in the TCR signaling con-
text, while CARMA1/Bcl10/MALT1 molecules appear to par-
ticipate in IKK but not p38 activation (29). However, the role
of p38 MAPK pathway, by itself, in thymocyte development
has been controversial (30–32). Thus, it is also possible that
an as yet unidentified target might exist downstream of
MEKK3, contributing to thymocyte development together
with the NF-jB.
The decrease in numbers of T-KO thymocytes, relative to

WT mice (Fig. 2), suggests a problem with thymocyte sur-
vival, differentiation and/or proliferation (33). We examined
these possibilities. First, the survival capacity of thymocytes
in culture was not significantly different between WT and
MEKK3-deficient backgrounds in our experimental condi-
tions (Supplementary Figure S1, available at International
Immunology Online). Second, the development of DN thy-
mocytes in T-KO mice, assessed by expression of CD25
and CD44, was also not significantly changed (data not

shown), and a massive repertoire change appears not to oc-
cur in T-KO mice because CD4 SP thymocytes from the mu-
tant mice had no significant differences in Vb usage
(determined by anti-TCR Vb 2-, 3-, 4-, 5-, 6-, 7-, 8-, 9-, 10-,
11-, 12-, 13-, 14- and 17-specific mAb) (data not shown).
Finally, the proliferation of T-KO thymocytes in response to
TCR stimulation was defective as shown in Fig. 3. Together,
our data suggest that decreased proliferation capability of
MEKK3-deficient thymocytes could contribute to the reduced
numbers of T-KO thymocytes, at least partly. However, sur-
vival and differentiation problems cannot be completely ex-
cluded by our data, simply because our assay systems
might not have sufficed enough to detect small changes in
these aspects.
MEKK3 was initially isolated as an activation molecule to

the ERK pathway (34). However, recent genetic analysis has
revealed that MEKK3 contributes to NF-jB activation but not
to ERK in TNF receptor (TNFR) and Toll/IL-1 receptor

Fig. 5. MEKK3 positively regulates NF-jB activation in TCR signaling. (A) The IjBa phosphorylation of CD4 SP thymocyte in response to anti-
CD3/CD28 (10 lg ml�1) or PMA (100 ng ml�1) stimulation for 5 min. (B) Immunoblot analysis of MAPKs. The purified CD4 SP thymocytes from
Lck-Cre/WT (WT) and Lck-Cre/MEKK3flox/flox (T-KO) mice were stimulated with anti-CD3 (10 lg ml�1) or PMA (100 ng ml�1) for 5 min. (C) In vitro
MEKK3 kinase assay (IVKA). Cell lysates (4 3 107) were immunoprecipitated by anti-MEKK3 mAb (MEKK3) or non-immune mouse IgG (Ctl.)
prepared from WT CD4+ spleen T cells stimulated by anti-CD3 with anti-CD28 (10 lg ml�1). Phosphorylation status was detected by anti-
phospho-serine (P-S) or anti-phospho-IKKb antibody (P-IKKb). As a substrate, MKK6, IKKb-glutathione-S-transferase or MEKK3 by itself was
used. (D) Inducible interaction of MEKK3 with CARMA1. Cell lysates as same in (C) were immunoprecipitated by anti-MEKK3 mAb non-immune
mouse IgG (Ctl.) and detected by anti-CARMA1 antibody. (E) In vitro kinase activity of MEKK3 in Jurkat cells. MEKK3 kinase activity was
determined by its in vitro phosphorylation activity toward IKKb-glutathione-S-transferase and detected by anti-phospho-IKKb antibody. Lysates
from Jurkat cells expressing MEKK3-WT-T7 (WT) or its kinase-dead-T7 (Kinase Dead) were immunoprecipitated by anti-T7 mAb.
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signaling (9, 10). As shown in our data, MEKK3 is also not
involved in TCR-mediated ERK activation. Our results shed
new light on the mechanism of TCR-mediated NF-jB activa-
tion. In the Jurkat T cell line, the signaling complex including
CARMA1, Bcl10, MALT1 and TNFR-associated factor
(TRAF)6 has been shown to be essential for TCR-mediated
NF-jB activation (5). MEKK3 is recruited to this macromolec-
ular complex; the inducible interaction between MEKK3 and
CARMA1 was observed in primary T cells. This interaction
appears to be kinase dependent, since the TCR-mediated
interaction was significantly reduced in Jurkat cells express-
ing the kinase-dead mutant of MEKK3 (Supplementary
Figure S5B, available at International Immunology Online).
Although this study has not addressed the mechanism by
which MEKK3 interacts with the macromolecular complex in-
cluding CARMA1, it is possible that MEKK3 interacts directly
with CARMA1 or with TRAF2 via receptor-interacting protein
1, as has been observed in the case of TNFR signaling (3).
Importance of phosphorylation of the activation loop serine
residues of IKKb has been demonstrated by in vivo as well
as in vitro experiments (3). Our data highly suggest that
MEKK3 participates in linking the signaling complex includ-
ing CARMA1 to IKKb phosphorylation. First, MEKK3 was ac-
tivated upon TCR stimulation. Second, MEKK3 was
demonstrated to play a critical role in TCR-mediated NF-jB
activation in primary thymocytes, the effector T cells and
Jurkat T cells (Fig. 5A, Supplementary Figure S2B, available
at International Immunology Online). Third, immunoprecipi-
tated MEKK3 was able to P-IKKb in in vitro conditions.
Fourth, the inducible association of Bcl10 with CARMA1 was
substantially decreased in MEKK3 knock-down cells, sug-
gesting that MEKK3 participates in the formation of the mac-
romolecular complex, directly or indirectly (Supplementary
Figure S4C, available at International Immunology Online).
Given that the IKK is also recruited to the signaling complex
that includes CARMA1 (26, 27), recruitment of MEKK3 to this
complex also allows the activated MEKK3 to gain access to
its substrate IKKb in in vivo contexts. As discussed above,
direct phosphorylation of IKKb by MEKK3 is a potential
mechanism. But, considering that TAK1 is associated with
MEKK3 in some conditions (35) and is also capable of phos-
phorylating IKKb and recruited to TRAF6 in TCR signaling
context (5), another explanation for our data is that MEKK3
might regulate such other IKK kinases, thereby promoting
phosphorylation of IKKb.
Our results demonstrate that not only TCR but also cytokines

such as IL-2 utilize MEKK3 for exerting their cellular responses.
In fact, MEKK3-deficient effector T cells showed the signifi-
cantly reduced activation of p38 in response to IL-2. The activity
of p38 is shown to be essential for cytokine-driven Tcell prolifer-
ation (36, 37). Thus, it is reasonable to anticipate that MEKK3
is involved in IL-2-mediated p38 activation, which in turn con-
tributes to proliferation of effector T cells. Further work is
needed to dissect the role of MEKK3 in TCR versus cytokine
signaling in the development and activation of T cells.

Supplementary data

Supplementary figures are available at International Immu-
nology Online.
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DN double-negative
DP double-positive
IKK IjB kinase
MAPK mitogen-activated protein kinase
MAPKK MAPK kinase
MAP3K MAPKK kinase
PKC protein kinase C
PMA phorbol myristate acetate
rm recombinant mouse
SP single-positive
T-KO Lck-Cre-MEKK3flox/flox

TLR Toll-like receptor
TNF tumor necrosis factor
TNFR TNF receptor
TRAF TNFR-associated factor
WT wild type
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