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Germinal center kinase (GCK), a member of the Ste20 family, selectively activates the Jun N-terminal kinase
(JNK) group of mitogen-activated protein kinases. Here, we show that endogenous GCK is activated by
polyinosine-polycytidine [poly(IC)] and lipopolysaccharides (LPS), lipid A, interleukin-1 (IL-1), and engage-
ment of CD40, all agonists that require TRAF6 for JNK activation. RNA interference experiments indicate that
GCK is required for the maximal activation of JNK by LPS, lipid A, poly(IC), and, to a lesser extent, IL-1 and
engagement of CD40. GCK is ubiquitinated in situ and stabilized by inhibitors of the proteasome, indicating
that GCK is subject to proteasomal turnover. GCK is constitutively active, and the kinase activity of GCK is
required for GCK ubiquitination. Agonist activation of GCK involves the TRAF6-dependent transient stabi-
lization of the GCK polypeptide rather than an increase in intrinsic kinase activity. Our results identify a
physiologic function and unexpected mode of regulation for GCK.

Septic shock, a major cause of mortality among hospitalized
patients, is triggered by the systemic presence of endotoxins
produced by invading pathogens. Endotoxins trigger a coordi-
nated wave of cellular signaling programs that marshal an
organismal response to microbial challenges. Particularly po-
tent endotoxins are lipopolysaccharides (LPS) produced by
gram-negative bacteria. LPS-induced sepsis commences with
the binding of LPS to toll-like receptor 4 (TLR-4) (1, 17).

The TLRs are a widely conserved family of receptor proteins
that function to recognize specific subsets of pathogen-associ-
ated molecular patterns (PAMPs). PAMPs are a divergent
group of molecular moieties, such as LPS, peptidoglycan, bac-
terial flagellin, DNA, and RNA, that are present in microbial
and viral pathogens. The binding of PAMPs to target cell
TLRs initiates innate immune responses by fostering the re-
lease of the proinflammatory cytokines tumor necrosis factor
(TNF) and interleukin-1 (IL-1) as well as interferons and
chemokines, such as IL-8 (1, 17, 33). At the cellular level,
proinflammatory cytokines can promote apoptosis, lymphocyte
development, leukocyte adhesion, and extravasation, the in-
duction of chemokines and additional cytokines, and the se-
cretion of additional inflammatory mediators, such as bioactive
lipids. When left unchecked, this response becomes excessively
magnified, resulting in septic shock.

Interestingly, the intracellular signal transduction pathways
recruited by PAMPs, IL-1, CD40 ligand, and TNF are remark-
ably similar. Engagement of these receptors results in the bind-

ing of intracellular adapter proteins that transduce signals to
intracellular effectors. These adapter proteins include mem-
bers of the TNF receptor-associated factor (TRAF) family (1,
2, 5, 6, 7, 17, 34, 36). Biochemical and genetic studies indicate
that TRAF2 is essential to TNF activation of NF-�B and ac-
tivator protein 1 (AP-1) transcription factors, while TRAF6 is
required for CD40, IL-1, and TLR activation of NF-�B and
AP-1 (20, 21, 40).

AP-1 is a heterodimeric transcription factor consisting of
c-Jun and either another member of the Jun family, a member
of the Fos family, or a member of the activating transcription
factor (ATF) family (13). The cell surface expression of inte-
grins and integrin receptors, a process necessary for leukocyte
adhesion and extravasation, requires in part AP-1, as does the
induction by proinflammatory cytokines of chemokines and
other chemoattractants that function to recruit myeloid cells to
sites of inflammation (2, 15, 23).

AP-1 is activated by mitogen-activated protein kinases
(MAPKs) either through the direct phosphorylation of AP-1
components (e.g., phosphorylation of c-Jun by members of the
Jun N-terminal kinase [JNK] group of MAPKs) or through
phosphorylation of transcription factors that function to in-
duce AP-1 components. MAPKs themselves are regulated as
part of three-tiered MAPK kinase kinase (MAP3K)3MAPK
kinase (MKK)3MAPK pathways (19).

Biochemical and genetic evidence indicates that consistent
with their roles as AP-1 regulators, the JNK and the related
p38 pathways as well as their upstream MAP3Ks and MKKs
are important to innate and acquired immunity. Thus, the
JNKs and p38s are strongly activated by endotoxins, proinflam-
matory cytokines, and engagement of the T- and B-cell recep-
tors. Disruption of jnk1 and jnk2 indicates a role for these
kinases in the differentiation of splenic lymphocytes along the
Th1 or Th2 lineage (17, 35). The MAP3Ks apoptosis signal-
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regulating kinase1, transforming growth factor �-activated ki-
nase 1 (TAK1), and tumor progression locus 2 have been
implicated in cytokine signaling to MAPKs (9, 33, 37). More-
over, as noted above, through AP-1, the JNKs and p38s are
important to the induction and release of chemokines (e.g.,
IL-8 and monocyte chemoattractant protein 1) as well as the
induction of inflammatory adhesion molecules necessary for
leukocyte binding and extravasation (2, 19, 23, 38).

The biochemical basis of MAP3K regulation remains poorly
understood. Germinal center kinase (GCK) is the founding
member of the GCK group of kinases, which are distant rela-
tives of Saccharomyces cerevisiae STE20, and is a candidate
regulator of MAP3Ks (19). GCK is itself activated by TNF and,
upon transient expression, potently and selectively activates
the JNKs (16, 19, 28). We have found that GCK binds TRAF2
and binds and activates the MAP3Ks, MEKK1, and mixed-
lineage kinase 3 (3, 41).

In this study, we examined the regulation and function of
GCK. We find that endogenous GCK is activated by several
proinflammatory stimuli that recruit JNK in a TRAF6-depen-
dent manner, including LPS, lipid A (the core pyrogenic moi-
ety of LPS), polyinosine-polycytidine [poly(IC)] (a PAMP that
mimics viral RNA and signals through TLR3 [1, 17, 34]), IL-1,
and engagement of CD40. Our RNA interference (RNAi)
experiments indicate that GCK is required for the optimal
activation of JNK by LPS and lipid A, and, to a lesser extent,
by poly(IC), IL-1, and engagement of CD40.

We show that in resting cells, endogenous GCK is ubiquiti-
nated and that treatment of resting cells with the ubiquitin
(Ub) proteasome inhibitor lactacystin (11) increases endoge-
nous GCK levels. Studies with recombinant GCK indicate that
ubiquitination requires the kinase activity of GCK, and mu-
tagenesis of two regulatory phosphoacceptor sites in the GCK
kinase activation loop also abolishes GCK ubiquitination.
GCK is exclusively ubiquitinated through Ub Lys48, even in
the presence of TRAF6, an E3 ubiquitin ligase that can pro-
mote Lys63-linked ubiquitination of target proteins (8, 37).

Of particular note is our finding that the activation of GCK
is accompanied by the transient stabilization of the GCK
polypeptide, resulting in a stimulus-induced accumulation of
Ub-GCK. This transient stabilization of GCK is not accompa-
nied by an agonist-stimulated increase in intrinsic GCK kinase
activity.

Finally, we find that endogenous GCK and TRAF6 associ-
ate, in intact cells, in an agonist-stimulated manner. Our RNAi
experiments indicate that TRAF6 is required for poly(IC)- and
LPS-stimulated GCK stabilization. GCK ubiquitination does
not require TRAF6. Our results suggest that the binding of
GCK to TRAF6 is sufficient to confer GCK stabilization. Thus,
in resting cells, GCK is rapidly turning over, due to GCK
kinase-dependent ubiquitination and degradation by the pro-
teasome. Agonists such as poly(IC) and LPS, in a TRAF6-
dependent manner, activate GCK by transiently stabilizing the
ubiquitinated GCK polypeptide. GCK then participates in the
recruitment of the JNK pathway.

MATERIALS AND METHODS

Cells, plasmids, transfection, and stimulation. Jurkat human T-lymphoma
cells and HL60 human promyelocytic leukemia cells (American Type Culture
Collection) were cultured in RPMI medium containing 10% heat-inactivated,

endotoxin-free fetal bovine serum. HL60 cells were differentiated to the macro-
phage lineage by treatment with 50 nM phorbol myristate acetate (Calbiochem)
for 5 days. 293 cells were cultured in Dulbecco’s minimum essential medium
containing 10% endotoxin-free fetal bovine serum. TNF, IL-1, and anti-CD40
were obtained from Calbiochem; phytohemagglutinin (PHA) and poly(IC) were
obtained from Sigma-Aldrich; and LPS (ultrapure; from Escherichia coli O111:
B4) and lipid A (from E. coli K12, D31m4) were obtained from List Biological
Laboratories. Where indicated, cells were treated with lactacystin (1 �M) for 1 h,
washed, and treated with agonists. Cells were stimulated with TNF (100 ng/ml),
IL-1 (20 ng/ml), anti-CD40 (1 �g/ml), PHA (1 �g/ml), poly(IC) (100 nM), UVC
(40 J/m2), LPS (1 �g/ml), or lipid A (1 �g/ml) for the times indicated in the
figures. 293 cells were transfected by using Lipofectamine (Invitrogen) according
to the manufacturer’s instructions. Generally, 5 �g of GCK cDNA were trans-
fected per 10-cm dish, except when changes in the stability of ectopically ex-
pressed GCK were under examination. In that instance, cells were transfected
with 50 ng of GCK plasmid per 10-cm dish. cDNAs for GCK, TRAF6, MEKK1,
p70 S6 kinase, wild-type (wt) Ub, and K63R Ub have been described (3, 25, 32,
41). Standard methods of mutagenesis were employed to generate K48R and
K48R/K63R Ub).

RNAi. RNA oligonucleotides were from Dharmacon and were deprotected
according to the manufacturer’s instructions. The double-stranded RNA
(dsRNA) sense and antisense strands for human GCK RNAi were 5�-GGUGC
AUAUGGGCGCCUGCdTdT-3� and 5�-GCAGGCGCCCAUAUGCACCdTd
T-3�, respectively. The dsRNA sense and antisense strands for the RNAi of
human TRAF6 were 5�-CUGUGCUGCAUCAAUGGCAdTdT-3� and 5�-UGC
CAUUGAUGCAGCACAGdTdT-3�, respectively. The dsRNA sense and antisense
strands for the RNAi of human MEKK1 were 5�-AGAGUUUCCCCAGUGCCU
UdTdT-3� and 5�-AAGGCACUGGGGAAACUCUdTdT-3�, respectively. The
nonspecific RNAi control oligonucleotide was derived from green fluorescent pro-
tein (GFP). The sequence is available from Dharmacon. Jurkat cells were oligo-
fected with 1 �g of each dsRNA.

Coimmunoprecipitation immunoblotting and kinase assays. Preparation of
cell extracts (10 to 15 mg of Jurkat cell extract protein for assays of endogenous
proteins and 1 to 3 mg of cell extract protein for studies using transfected 293
cells), immunoprecipitation, and immunoblotting were performed as described
previously (3, 41), with the following modifications. All lysis buffers included 10
�g of chymostatin/ml and 10 �g of antipain/ml in addition to the components
described previously (3, 41). For assays involving ubiquitination, extracts were
prepared with lysis buffer that also included 10 mM N-ethylmaleimide. JNK
assays and GCK myelin basic protein (MBP) and autophosphorylation assays
were performed as described previously (3, 16, 18, 41). Phosphospecific antibod-
ies were from Cell Signaling Technologies, anti-GCK and anti-TRAF6 were
from Santa Cruz Biotechnology, and antibodies to Ub were from BIOMOL
International.

RT-PCR. Jurkat cells were subjected to GCK RNAi as described above and
treated with the agonists indicated for the times shown in the figures. RNAi
efficacy was determined as described above and by examination for the suppres-
sion of stimulus-induced c-Jun phosphorylation (immunoblotting with a c-Jun
phospho-Ser63/Ser73 phosphospecific antibody). Reverse transcriptase PCR
(RT-PCR) was performed with human IL-8 primers (5�-ATGACTTCCAAGC
TGGCCGTGGCT and 3�-TCTCAGCCCTCTTCAAAAACTTCTC) or primers
for �-actin (5�-GTGGGGCGCCCCAGGCACCA and 3�-CTCCTTAATGTCA
CGCACGATTTC), total cellular RNA, and a Roche Titan One Tube kit. A
starting amount of 2 �g of total RNA was used. PCR samples were run for 35
cycles (94°C for 50 sec, 60°C for 50 sec, 72°C for 90 sec) with a final extension at
72°C for 7 min.

RESULTS

Activation of GCK by endotoxins and proinflammatory
stimuli. Previous work has indicated that GCK can be
activated in situ by TNF (16, 28). This recruitment of GCK by
a proinflammatory cytokine coupled to TRAF proteins
prompted us to investigate if GCK were broadly recruited by
other agonists that signal through TRAFs. The acquisition of
autophosphorylating activity closely follows GCK’s kinase ac-
tivity towards exogenous model substrates such as MBP (16,
27, 31, 41). Accordingly, measurement of autophosphorylation
is a convenient assay for GCK activation. Figure 1A shows
that, in addition to TNF, Jurkat human T-cell lymphoma GCK
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is activated by PHA, a lectin that functions to aggregate non-
specifically numerous cell surface glycoprotein receptors. GCK
is also activated modestly by UVC radiation, which may also
signal by triggering nonspecific receptor aggregation. Poly(IC)
stimulates a particularly robust activation of GCK, suggesting
that TLRs might couple especially strongly to GCK. The rel-
ative degrees of activation of JNK and GCK by these stimuli
correspond reasonably well, although the poly(IC) activation
of JNK seems to decline prior to that of GCK (Fig. 1A).
Consistent with a role for GCK in PAMP signaling, LPS also
vigorously activates Jurkat cell GCK (Fig. 1B).

GCK is required for the activation of the JNK pathway by
LPS, lipid A, and, to a lesser extent, poly(IC), IL-1, and en-
gagement of CD40. Both TLR3 and TLR4 couple to TRAF6 to
recruit the ERK, JNK, and p38 MAPKs and the NF-�B path-
way (1, 17, 21). Downstream elements that link TLRs and
TRAF6 to specific MAPK pathways have yet to be identified.
The transient expression of GCK strongly activates the JNKs
without significantly activating the ERKs, p38s, or NF-�B (28,
29). Given that the results shown in Fig. 1 indicated strong
GCK activation by TLR-coupled agonists, we asked next if
GCKs were physiologically relevant to the activation of the
JNKs by endotoxins and other agonists that couple to TRAF6.
To answer this question, we used mammalian cell RNAi with
small interfering RNA (siRNA) (10). Jurkat or HL60 promy-
elocytic leukemia cells were treated with a GCK-specific
siRNA or a control oligonucleotide (corresponding to GFP);
the GCK oligonucleotide reduced endogenous Jurkat cell gck
to undetectable levels and HL60 cell GCK to near-undetect-
able levels (Fig. 2; Fig. S1 in the supplemental material). In
Fig. S1, note that excess crude cell extract was used on the
immunoblots to detect GCK and to monitor the efficacy of the
silencing of gck. Under these conditions, in both cell types, the

activation of JNK by either poly(IC), highly purified LPS, or
lipid A (the fragment of LPS associated most significantly with
pyrogenic activity) was substantially reduced (Fig. 2A; Fig. S1
in the supplemental material), indicating that GCK is required
for maximal activation of JNK by agonists that couple to
TLR-3 and TLR-4.

TLRs signal through TRAF6, and TRAF6 has been impli-
cated in JNK activation by endotoxin, IL-1, and engagement of
CD40 (1, 17, 21). Consistent with the observation that GCK is
a selective JNK activator (28), we find that the silencing of gck
also significantly reduces IL-1 and CD40 activation of Jurkat
cell JNK, but not ERK or p38 (Fig. 2B). ERK and p38 acti-
vation by LPS and poly(IC) are also not affected by GCK
RNAi (J. Zhong, unpublished observations). The effect of
GCK RNAi on JNK activation by IL-1 and CD40 is less pro-
nounced than its effect on JNK activation by LPS and lipid A
or by poly(IC) (Fig. 2A; Fig. S1 in the supplemental material),
and although GCK was activated upon T-cell receptor engage-
ment by anti-CD3/CD28, the silencing of gck had at best a very
modest effect on JNK activation upon T-cell receptor activa-
tion. It is likely, then, that IL-1, CD40, and the T-cell receptor
couple to JNK through a more heterogeneous array of mech-
anisms to which the relative contribution of GCK is compar-
atively less important than the contribution of GCK to LPS
activation of JNK is (7, 19, 37).

Consistent with a requirement for GCK for JNK activation
by LPS, we also observed that the recruitment of JNK effectors
by LPS required GCK. Thus, Jurkat cells were treated with
anti-CD40, LPS, or poly(IC), and the phosphorylation of c-Jun
at Ser63 and Ser73, the phosphoacceptor sites targeted by JNK
(15, 19), was determined. From the results shown in Fig. 2C, it
is evident that the silencing of gck substantially reduced LPS
stimulation of c-Jun phosphorylation. Of note is the finding
that CD40- and poly(IC)-dependent phosphorylation of c-Jun
were not significantly reduced upon silencing of gck. The lack
of an effect on poly(IC) signaling was unexpected, however,
given that silencing of gck seemed to substantially reduce JNK
activation (Fig. S1 in the supplemental material). It is possible
that ERK may contribute to the phosphorylation of c-Jun
Ser63 and Ser73. Indeed, ERK-dependent c-Jun phosphoryla-
tion at Ser63 and Ser73 has been observed in some instances
(24).

We also assessed the role of GCK in the induction of IL-8
expression. IL-8 is expressed in response to proinflammatory
stimuli and is a chemokine critical to the recruitment of my-
eloid cells to sites of infection. Induction of IL-8 mRNA in-
volves transcriptional, posttranscriptional, and translational el-
ements, all of which are mediated in part by MAPKs (14).
Accordingly, as detected by RT-PCR (Fig. 2D), CD40, poly
(IC), and LPS induction of Jurkat cell IL-8 is rapid, being first
detectable at 3 min. The silencing of gck impairs significantly,
but not completely, the LPS induction of IL-8. The induction
of IL-8 mRNA by the other stimuli was not significantly af-
fected upon silencing of gck. From the results shown in Fig. 2,
we conclude that GCK exerts its primary impact on PAMP
signaling pathways, especially that of LPS.

The GCK polypeptide contains three Pro-, Glu-, Ser-, and
Thr-rich (PEST) domains (16). Proteins with PEST domains
are frequently targets of degradation by the ubiquitin protea-
some (12, 27, 29). Of note, we also observed that, coincident

FIG. 1. Activation of GCK by proinflammatory stimuli. (A) Com-
parative activation of GCK by different agonists. Jurkat cells were
treated with the indicated stimuli for the indicated times. In the top
panel, GCK was immunoprecipitated and allowed to autophosphory-
late (auto-P) as described in Materials and Methods. Products were
separated by SDS-PAGE and subjected to autoradiography. In the
bottom panel, JNKs were immunoprecipitated and assayed for phos-
phorylation of GST–c-Jun(1-135). (B) Activation of GCK by LPS.
Jurkat cells were treated with LPS or poly(IC) as indicated. GCK was
immunoprecipitated and assayed as described for panel A.
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with activation of GCK’s kinase activity by LPS, lipid A, IL-1,
CD40 engagement, and T-cell receptor costimulation, there
was an increase in GCK polypeptide levels (Fig. 2). Note that
this increase is not apparent in Fig. S1 in the supplemental
material, inasmuch as saturating levels of cell extract were used
in that experiment in order to document the efficacy of GCK
RNAi. Moreover, treatment with the specific proteasome in-
hibitor lactacystin (11) enhanced overall GCK levels and acti-
vation by poly(IC) and LPS JNK (Fig. 2A). Thus, GCK-de-
pendent activation of JNK appears to be controlled in part by
the ubiquitin proteasome system.

GCK is polyubiquitinated through Ub K48-linked chains in
situ, ubiquitination requires the kinase activity of GCK, and
poly(IC) activation of GCK involves transient stabilization.
The enhancement of poly(IC)-, LPS-, and lipid A-induced JNK
activation by lactacystin suggested to us that GCK might itself
be a target of the ubiquitin proteasome and that this system
may contribute to GCK regulation.

We find that endogenous GCK is, in fact, ubiquitinated (Fig.
3). Thus, we pretreated Jurkat cells with vehicle or lactacystin.
Cells were then treated with vehicle or poly(IC) for various
times. Following these treatments, GCK was immunoprecipi-
tated and either assayed for autophosphorylation or subjected
to immunoblotting with either anti-Ub or low levels of anti-
GCK antibodies. From the results shown in Fig. 3, it is evident
that GCK is activated rapidly by poly(IC), with activation being
detectable at 1 min, reaching a maximum by 10 min, and
declining to the baseline by 20 min. Immunoprecipitates of
resting-cell GCK contained Ub immunoreactivity. Poly(IC)
stimulation triggered an increase in GCK ubiquitination, and
the extent of Ub immunoreactivity increased and decreased
precisely with the time course of poly(IC)-stimulation of GCK
activity (Fig. 3). Of note was that in the absence of lactacystin,
poly(IC) also stimulated an increase in total GCK levels in the
cell. Moreover, GCK levels increased and then decreased with
kinetics that mirrored precisely the GCK ubiquitination and
kinase activity. Lactacystin promoted an increase in total rest-
ing cell GCK immunoreactivity, indicating that GCK levels are
at least in part controlled by proteasomal degradation. In ad-
dition, lactacystin profoundly increased the extent and dura-
tion of poly(IC)-stimulated GCK levels and autophosphoryla-
tion (Fig. 3). Thus, GCK activation apparently involves a
transient stabilization of the ubiquitinated GCK polypeptide.

Resolution of the poly(IC) signal is accompanied by a reduc-
tion in total GCK polypeptide.

The stimulus-induced regulation of GCK levels compelled
us to ask if GCK activation was accompanied by an increase in
its intrinsic kinase activity or if GCK regulation was mediated
entirely by the enhanced stabilization of the GCK polypeptide.
Thus, we sought to determine the resting and poly(IC)-stimu-
lated levels of GCK kinase activity under conditions in which
the levels of GCK polypeptide being assayed were normalized
to equal levels. Accordingly, we treated cells with vehicle or
poly(IC) for 10 min. GCK was immunoprecipitated, and the
immunoprecipitates from each treatment set were subjected to
serial dilutions with blank protein G-agarose beads (Fig. 4A).
Each set of beads was then either assayed for GCK immuno-
reactivity or for phosphorylation of MBP. From the results
shown in Fig. 4A, it is evident that over the entire dilution set,
poly(IC) triggered an increase in GCK polypeptide levels with-
out a concomitant change in ERK levels in the crude extract
(Fig. 4B). We then compared the GCK immunoreactivity in

FIG. 3. Endogenous GCK is ubiquitinated, and activation of GCK
involves transient stabilization of the GCK polypeptide. Jurkat cells
were treated with vehicle or lactacystin, followed by treatment with
poly(IC) for the indicated times, as described in Materials and Meth-
ods. Crude cell extracts were prepared and normalized to contain
equal amounts of protein (documented by the anti-ERK immunoblot
loading control shown). GCK was immunoprecipitated, and the im-
munoprecipitates were split and subjected to either autophosphoryla-
tion assay, anti-GCK immunoblotting, or antiubiquitin blotting, as
indicated.

FIG. 2. Role of GCK in the recruitment of the JNK pathway by various agonists. (A) Efficient activation of JNK by LPS or lipid A requires
GCK. As indicated, Jurkat or HL60 cells were treated with GCK siRNA overnight, followed by 1-h treatment with 1 �M lactacystin, washing, and
treatment with LPS or lipid A as described in Materials and Methods. Cell extracts were prepared and subjected to SDS-PAGE and immuno-
blotting with the indicated antibodies. Total JNK and ERK immunoblots are loading controls. IB, immunoblot; p-JNK, immunoblot with
antibodies selective for the phosphorylated, active form of JNK. (B) GCK is less important to JNK activation by IL-1 or engagement of CD40 and
is not required for JNK, ERK, or p38 activation by IL-1, CD40, or T-cell receptor costimulation with anti-CD3/anti-CD28. Jurkat cells were treated
with GCK siRNA, followed by treatment with the indicated agonists for the times shown, as described for panel A and in Materials and Methods.
Cell extracts were prepared, and a portion was subjected to SDS-PAGE and immunoblotting with the indicated antibodies. GCK was immuno-
precipitated from the remaining extract and assayed for phosphorylation of MBP. IP, immunoprecipitation; IB, immunoblot; p-JNK, p-p38, and
p-ERK indicate immunoblots with the cognate phospho-specific, activation state antibody. (C) Efficient LPS stimulation of c-Jun phosphorylation
at the JNK-specific phosphoacceptor sites (Ser63/Ser73) requires GCK. Jurkat cells were treated with GCK siRNA as indicated (16 h) and then
treated with the indicated agonists. Cell extracts were prepared, and a portion was subjected to SDS-PAGE and immunoblotting with the indicated
antibodies. The anti-ERK immunoblot is a loading control. p-Jun, immunoblot with anti-phospho-Ser63/Ser73–c-Jun. (D) Efficient LPS induction
of IL-8 requires GCK. This experiment was performed in parallel to that shown in panel C. Total RNA was isolated from cells not used for results
shown in panel C and subjected to RT-PCR with either IL-8 or �-actin primers as indicated. Efficacy of GCK RNAi is as indicated for panel C.
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each dilution sample and identified GCK samples from control
and poly(IC)-treated cells that contained equal levels of GCK
immunoreactivity (Fig. 4A). From the results presented in Fig.
4C, it is clear that when samples from control and poly(IC)-
treated cells were adjusted to contain equal levels of GCK
polypeptide, these samples contained equal GCK kinase activ-
ity (compare the result for the control undiluted GCK beads to
that for poly(IC)-stimulated GCK beads diluted 1:4, or the
result for the control GCK beads diluted 1:2 to that for
poly(IC)-stimulated GCK beads diluted 1:8). Thus, poly(IC)
does not stimulate an increase in intrinsic GCK kinase activity.
Instead, GCK appears to be constitutively active, and the levels
of GCK polypeptide are enhanced by extracellular stimuli.

We next sought to dissect the nature and regulation of GCK
ubiquitination. Many ubiquitination reactions require a trig-
gering posttranslational modification of the target protein (27).
Thus, for example, I�B must be phosphorylated (at Ser32 and
Ser36 for I�B� or Ser19 and Ser23 for I�B�) prior to ubiq-
uitination (30). With this fact in mind, we wondered whether
the kinase activity of GCK was required for its ubiquitination.
To test this possibility, we expressed in 293 cells FLAG-tagged
forms of either wt GCK or one of two kinase-dead GCK
mutants, K44M (which alters the critical Lys residue in the
ATP binding site) (16) or S169A/T173A (which changes two
autophosphorylation phosphoacceptor sites in the kinase acti-
vation loop into nonphosphorylatable residues) (31), along
with Myc-tagged Ub. Because we anticipated that only a small

percentage of the recombinant, overexpressed GCK would be
ubiquitinated, cells were treated with lactacystin or vehicle.
Under these conditions, GCK ubiquitination was detected only
in the presence of lactacystin, as the appearance of high-mo-
lecular-weight Myc immunoreactivity in the FLAG-GCK im-
munoprecipitates. From the results shown Fig. 5A, it is clear
that only wt GCK immunoprecipitates contained detectable
Myc Ub immunoreactivity. Thus, GCK ubiquitination requires
the kinase activity of GCK. Insofar as endogenous GCK is
apparently constitutively active (Fig. 4), this kinase activity may
trigger the rapid Ub proteasome-dependent turnover of GCK.

Two prominent forms of polyubiquitin chains are assembled
onto target proteins. Proteins with poly(Ub) chains linked
through Ub Lys48 are typically destined for proteasomal deg-
radation (12, 27). A second, more recently identified form of
polyubiquitin, linked through Ub Lys63, does not usually target
a protein for the proteasome. Instead, this form of ubiquitina-
tion is thought to be involved in the regulation of protein-
protein interactions (8, 13, 27, 37). For example, TRAF6 itself
is an E3 Ub ligase and autoubiquitinates, assembling Lys63-
linked poly(Ub) chains in a manner dependent upon its RING
domain, a reaction that couples TRAF6 to elements upstream
of NF-�B (37).

We found that although GCK interacts in intact cells with
TRAF6, and, in response to poly(IC) or LPS, is activated in a
TRAF6-dependent manner (as discussed below), GCK is ubi-
quitinated solely with K48-linked poly(Ub) chains, even when
coexpressed with TRAF6. Thus, we expressed in 293 cells wt
glutathione S-transferase (GST)-tagged GCK plus either wt,
K48R, K63R, or K48R/K63R double mutant Ub (Myc-tagged)
and either vector or FLAG-TRAF6 (Fig. 5B). The ubiquitina-
tion of GCK was detected as shown in Fig. 5A. It should be
noted here that the GST-GCK was expressed from the EF-1�
promoter, which expresses at much higher levels than the
CMV promoter-driven FLAG-GCK construct used for Fig.
5A. Thus, we were able to detect ubiquitination of the GST
GCK in the absence of lactacystin. We found that only expres-
sion with wt or K63R-Ub permitted the assembly of Myc-
tagged Ub chains on the GST-GCK. Mutation of Ub Lys48 to
Arg completely abolished GCK ubiquitination, indicating
Lys48-linked polyubiquitination of GCK. Of particular note
was that expression with TRAF6 did not lead to the appear-
ance of detectable Lys63-linked Ub GCK (i.e., Myc Ub GCK
detected in K48R Ub-transfected cells) (Fig. 5B).

Poly(IC) and LPS-stimulated GCK stabilization requires
TRAF6, and poly(IC)-stimulated GCK stabilization also re-
quires MEKK1. TRAF6 is required for LPS activation of JNK
(21), and we find that GCK is necessary for maximal JNK
activation by LPS, lipid A, and poly(IC). Given that GCK
activation by poly(IC) involves stimulus-induced transient sta-
bilization, we next asked if LPS triggered a similar stabilization
of GCK and if this stabilization, as well as that stimulated by
poly(IC), required TRAF6. The results shown in Fig. 6 indicate
that indeed, TRAF6 is required for LPS- and poly(IC)-induced
stabilization and activation of endogenous GCK.

Thus, to silence Jurkat cell traf6, we treated the cells with
TRAF6 siRNA. As a control, cells were treated with an irrel-
evant dsRNA sequence (corresponding to GFP). From the
results shown in Fig. 6, it is clear that the silencing of traf6
resulted in a substantial decrease in resting- and stimulated-

FIG. 4. Activation of GCK involves an increase in GCK polypep-
tide levels without a concomitant increase in intrinsic GCK kinase
activity. (A) poly(IC) induced increases in GCK polypeptide levels.
Jurkat cells were treated with poly(IC) for 10 min as described in
Materials and Methods. Crude extracts were prepared and normalized
to contain equal amounts of protein, as documented by the anti-ERK
immunoblot loading control shown in panel B. GCK was immunopre-
cipitated, and the beads were diluted as indicated with blank protein
G-agarose beads. Equal levels of GCK immunoreactivity were de-
tected in the undiluted control and the 1:4 diluted poly(IC) sample, as
well as in the 1:2 diluted control sample and the 1:8 diluted poly(IC)
sample (arrows). The GCK samples indicated with the arrows were
subjected to in vitro kinase assays with MBP as a substrate. (B) Load-
ing control, an anti-ERK immunoblot of crude cell extracts. (C) Kinase
assay of GCK immunoprecipitates. IP, immunoprecipitate; IB, immu-
noblot; KA, kinase assay.
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cell GCK polypeptide levels (compare lanes 10 to 12 and 16 to
18 to lanes 13 to 15; also compare lanes 1 to 3 and 7 to 9 to
lanes 4 to 6). This decrease was partially reversed with lacta-
cystin (compare lanes 13 to 15 to lanes 4 to 6; also compare
lanes 1 to 3 and 7 to 9 to lanes 10 to 12 and 16 to 18). It is
important to note that the TRAF6 RNAi was accomplished by
incubating the cells overnight with TRAF6 siRNA. This step
was followed by lactacystin treatment (1 h), washing, and then
treatment with LPS or poly(IC). Under these circumstances,

the lactacystin is only partially able to reverse the destabiliza-
tion of GCK mediated by TRAF6 RNAi. Although Ub GCK
levels also declined upon treatment with TRAF6 siRNA, these
declines accompanied those of total GCK (in Fig. 6, compare
lanes 10 to 12 and 16 to 18 to lanes 13 to 15; compare also lanes
1 to 3 and 7 to 9 to lanes 4 to 6), indicating a decrease in total
GCK rather than a loss of GCK ubiquitination (a comparison
of lanes 4 to 6 and 13 to 15 indicates that lactacystin treatment
enabled the detection of trace Ub GCK under conditions of

FIG. 5. Regulation and characteristics of GCK ubiquitination. (A) The kinase activity of GCK is required for GCK ubiquitination. 293 cells
were transfected with FLAG-tagged wt, K44 M, or S169A/T173A GCK, plus Myc Ub as indicated. Cell extracts were prepared and normalized
to contain equal levels of protein, as indicated by the anti-ERK immunoblot. GCK was immunoprecipitated, and the immunoprecipitates were
subjected to SDS-PAGE and immunoblotting with anti-Myc, as indicated, to detect Myc-tagged Ub GCK. Expression of the constructs was
documented by subjecting a portion of the cell extracts to SDS-PAGE and immunoblotting with the cognate epitope antibodies. (B) GCK is
exclusively ubiquitinated with Lys48-linked poly(Ub) chains. 293 cells were transfected with GST-tagged wt GCK, FLAG-tagged TRAF6 plus
either Myc-tagged wt, K63R, K48R, or K48R/K63R Ub, as indicated. Cell extracts were prepared and normalized to contain equal levels of protein,
as indicated by the anti-ERK immunoblot. GST-GCK was isolated on glutathione-Sepharose and subjected to SDS-PAGE and immunoblotting
with anti-Myc, as indicated, to detect Myc-tagged Ub GCK. Expressions of the various constructs were documented by subjecting a portion of the
cell extracts to SDS-PAGE and immunoblotting with the cognate epitope antibodies. IP, immunoprecipitate or glutathione-agarose immobiliza-
tion, as indicated; IB, immunoblot.
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TRAF6 knockdown). ERK protein levels were unaffected by
TRAF6 RNAi, and the control dsRNA had no effect on GCK
levels (in Fig. 6, compare lanes 1 to 3 to 7 to 9; compare also
lanes 10 to 12 to lanes 16 to 18). Thus, the resting-cell and
agonist-stimulated stability of GCK is critically dependent
upon the presence of TRAF6, and TRAF6 knockdown en-
hances the proteasomal degradation of GCK.

MEKK1 is a MAP3K that is relatively selective for the JNK
pathway, although MEKK1 can also participate in ERK acti-
vation (19, 42). Recently, MEKK1 was shown to possess an E3
Ub ligase activity that was dependent upon a plant homeodo-
main motif in the MEKK1 amino terminal regulatory region.
This E3 ligase activity assembles exclusively Ub K48-linked
poly(Ub) chains (22, 39). Endogenous GCK binds endogenous

MEKK1 tightly in situ, and GCK can activate MEKK1’s
MAP3K activity (3, 41). Because of the tight binding of GCK
to MEKK1, coupled with the observations that (i) MEKK1 is
an E3 ligase, and (ii) GCK is ubiquitinated with Lys48-linked
poly(Ub) chains, we asked if silencing of mekk1 by RNAi might
reduce the ubiquitination and degradation of GCK. To our
surprise, we observed the opposite (Fig. 7). While the silencing
of Jurkat cell mekk1 reduced the resting and poly(IC)-stimu-
lated levels of endogenous Ub-GCK, this decline was accom-
panied by an almost complete loss of detectable total GCK
immunoreactivity (Fig. 7, compare lanes 7 to 9 to 10 to 12;
compare also lanes 1 to 3 to 4 to 6), a loss that was reversed
upon treatment of the cells with lactacystin (Fig. 7, compare
lanes 7 to 9 and 10 to 12 to lanes 4 to 6). Thus, it is unlikely that

FIG. 6. TRAF6 is required for resting cell and agonist-stimulated stabilization of GCK. Jurkat cells were treated with TRAF6 or control (GFP)
siRNA as indicated. Cells were then treated with vehicle or lactacystin, followed by LPS (top panel) or poly(IC) (bottom panel) as indicated. Cell
extracts were prepared and normalized to contain equal amounts of protein (the ERK immunoblot is an indication of protein normalization). GCK
was immunoprecipitated and subjected to SDS-PAGE and immunoblotting with anti-Ub or anti-GCK as indicated. Cell extracts were subjected
to immunoblotting with anti-TRAF6 to document the silencing of traf6. IB, immunoblot; IP, immunoprecipitate.
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MEKK1 is an E3 ligase for GCK. Instead, MEKK1 protects
GCK from proteasomal degradation.

The TRAF domains of TRAF6 are necessary for the stabi-
lization of GCK in situ. The results shown in Fig. 6 indicate
that TRAF6 is necessary for the agonist-stimulated stabiliza-
tion of GCK. We strongly doubt that TRAF6-mediated stabi-
lization of GCK involves TRAF6-dependent ubiquitination of
GCK, inasmuch as GCK is ubiquitinated solely through Lys48-
linked poly(Ub) chains, even when TRAF6 is coexpressed.
Accordingly, we sought to identify alternative mechanisms by
which TRAF6 might modulate GCK polypeptide levels. It was
previously shown that when transiently overexpressed, recom-
binant TRAF proteins bind recombinant GCK and that this
interaction requires the TRAF proteins’ TRAF domains (3, 19,
41). We first tested whether endogenous GCK and TRAF6
could interact in intact cells in an agonist-stimulated manner.
Thus, Jurkat cells were treated with poly(IC). Cell extracts
were prepared, and GCK and TRAF6 were immunoprecipi-
tated. The GCK beads were then probed on immunoblots with
anti-TRAF6. Likewise, the anti-TRAF6 immunoprecipitates
were probed with anti-GCK. The results in Fig. 8A indicate
that coincident with the poly(IC)-dependent accumulation of
GCK, endogenous TRAF6 and GCK interacted in a poly(IC)-
stimulated manner and could be coimmunoprecipitated. This
finding is consistent with the idea that the agonist-dependent
interaction of GCK and TRAF6 mediates GCK stabilization.

Inasmuch as GCK binds TRAF proteins through their
TRAF domains (19, 41), we next asked if the expression of
TRAF6 could stabilize coexpressed GCK in a manner that
required the TRAF6 TRAF domain. Ectopically expressed
GCK, when transfected at high levels, appears stable (Fig. 5).
Thus, in order to detect changes in the stability of recombinant
GCK, 293 cells were transfected with very low levels (50 ng/
plate) of GST-GCK plus an excess of either vector, FLAG-
tagged wt, �RING, or �TRAF TRAF6. From the results
shown in Fig. 8B, it is evident that under the transfection

conditions used, the level of GCK protein present in the trans-
fected cells was substantially enhanced by wt TRAF6 and by
�RING TRAF6, in spite of the fact that the RING domain is
necessary for TRAF6’s E3 ligase activity (8, 37). By contrast,
the deletion of the TRAF domains, which eliminates GCK
binding (41), specifically abolished TRAF6-dependent GCK
stabilization. Levels of recombinant p70 S6 kinase (S6K1) were
not affected by coexpression with TRAF6 (Fig. 8B). From this
result, we conclude that the binding of GCK to the TRAF6
TRAF domain, and not the E3 ligase activity of TRAF6, is
sufficient to confer stabilization of GCK.

DISCUSSION

The results presented herein document that GCK is re-
quired for the efficient activation of JNK by TRAF6-depen-
dent stimuli, including PAMPs [poly(IC), LPS, lipid A] and, to
a lesser degree, IL-1 and engagement of CD40. The require-
ment for GCK is most pronounced for LPS signaling, and
extends to LPS stimulation of c-Jun phosphorylation and in-
duction of IL-8. Moreover, our results show that GCK is acti-
vated by a novel mechanism. We find that GCK is constitu-
tively active as a kinase, and that this kinase activity is
necessary for GCK ubiquitination and, likely, its consequent
rapid turnover by proteasomal degradation. In response to
stimuli that recruit TRAF6 [e.g., poly(IC)], GCK binds
TRAF6. This interaction transiently stabilizes the GCK

FIG. 7. MEKK1 is required for GCK stabilization. Jurkat cells
were treated with MEKK1 or control (GFP minus MEKK1 RNAi)
siRNA as indicated. Cells were then treated with vehicle or lactacystin,
followed by poly(IC) as indicated. Cell extracts were prepared and
normalized to contain equal amounts of protein (the ERK immuno-
blot is an indication of protein normalization). GCK was immunopre-
cipitated and subjected to SDS-PAGE and immunoblotting with an-
ti-Ub or anti-GCK as indicated. Cell extracts were subjected to
immunoblotting with anti-MEKK1 to document silencing of mekk1.
IB, immunoblot; IP, immunoprecipitate.

FIG. 8. Endogenous GCK and TRAF6 interact in an agonist-de-
pendent manner, and the binding of GCK to TRAF6 is likely sufficient
to mediate GCK stabilization. (A) Binding of endogenous GCK to
TRAF6. Jurkat cells were treated with poly(IC) for the indicated
times. Endogenous GCK or TRAF6 were immunoprecipitated and
subjected to SDS-PAGE and immunoblotting with the indicated anti-
bodies. (B) Coexpression of GCK with wt or �RING TRAF6, but not
�TRAF TRAF6 results in stabilization of the GCK polypeptide. 293
cells were transfected with 50 ng of GST GCK, 3 �g of Myc-tagged p70
S6 kinase 1 (S6K1) transfected as a loading control) and the indicated
FLAG-tagged TRAF6 constructs (1 �g of wt TRAF6; 6 �g of each
mutant TRAF6). Cell extracts were normalized to contain equal
amounts of total protein (indicated by the anti-Myc blot showing equal
levels of transfected Myc S6K1), and subjected to SDS-PAGE and
immunoblotting with anti-GST, anti-FLAG, or anti-Myc, as indicated.
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polypeptide. The interaction between GCK and MEKK1 may
also stabilize GCK. To our knowledge, GCK is the first signal-
ing Ser/Thr protein kinase whose activation involves the tran-
sient stabilization of its ubiquitinated form.

The mechanism of GCK regulation differs significantly from
that reported for GCK related (GCKR), another member of
the GCK subgroup of the Ste20 family (32). GCKR is strongly
activated by TNF and is required for TNF activation of JNK
(31). Recent findings indicate that GCKR is activated by
TRAF2 through a process that involves Lys63-linked ubiquiti-
nation, a reaction mediated by the E3 ubiquitin ligase activity
of TRAF2 and by the E2 ubiquitin-conjugating proteins
Uev1A and Ubc13 (32).

The reasons for the differences in GCK and GCKR regula-
tion are unclear. Structurally, GCK and GCKR are strikingly
similar. Both enzymes contain amino-terminal kinase domains
followed by carboxy-terminal regulatory domains that include
several PEST sequences as well as binding sites for polypep-
tides with SH3 domains. Moreover, both GCK and GCKR
bind the TRAF domains of TRAF proteins (19, 31, 41).
TRAF6, which links TLRs to JNK and is central to LPS, lipid
A, and poly(IC) regulation of GCK, is, like TRAF2, an E3
ubiquitin ligase (8, 21, 37). The E3 ligase activity of TRAF6 is
central to cytokine activation of NF-�B. Thus, in response to
IL-1, TRAF6 autoubiquitinates, assembling Ub Lys63-linked
chains (8, 37). Still, in spite of the facts that (i) endogenous
GCK and TRAF6 bind in a ligand-dependent manner and (ii)
TRAF6 is an E3 ubiquitin ligase, we can detect no K63-linked
ubiquitination of GCK, even when GCK is coexpressed with
TRAF6. Our observation that the deletion of the TRAF do-
main of TRAF6, but not the RING domain of TRAF6 (which
mediates E3 ligase activity) (8, 37), inhibits the ability of
TRAF6 to stabilize GCK, coupled with the earlier finding that
GCK binds TRAF proteins through their TRAF domains, sug-
gests that the binding of GCK and TRAF6 is sufficient to
stabilize GCK in situ. It is possible that the GCKR polypeptide
contains specific molecular determinants that drive TRAF2-
dependent Lys63-linked polyubiquitination and that these de-
terminants are not present on GCK. Consistent with this idea,
transient expression studies using mutant Ub constructs indi-
cate that, in contrast to the Lys48-linked ubiquitination of
GCK, GCKR is exclusively ubiquitinated through Lys63-linked
polyubiquitin chains (32).

Consequent to IL-1-dependent TRAF6 autoubiquitination,
TRAF6 binds TAK1-associated binding protein 2, a regulatory
subunit of TAK1. This binding brings TAK1 to the receptor
signaling complex, triggering TAK1 activation and consequent
phosphorylation of the I�B kinase complex (38). TAK1 is a
MAP3K that can also recruit JNK (via phosphorylation of
MKK4 and MKK7) and p38 (via phosphorylation of MKK-3
and MKK-6) (19). Moreover, TRAF6 is necessary for IL-1 as
well as PAMP activation of JNK and NF-�B and is responsible
for activating TAK1 in response to IL-1 (8, 21, 37). Further-
more, dTAK1, the Drosophila orthologue of TAK1, appears
necessary for innate immunity (35). By contrast, we find that
GCK, which does not detectably interact with TAK1 (J. M.
Kyriakis, unpublished observations), is necessary for the
PAMP [LPS and poly(IC)] activation of JNK.

The recruitment of TAK1 and TAK1-associated binding
protein 2 by IL-1 raises questions as to the overall significance

of GCK to cytokine-PAMP signaling. The RNAi knockdown of
GCK to undetectable levels substantially reduces the LPS and
poly(IC) activation of JNK but is less effective at diminishing
JNK activation by IL-1 and engagement of CD40. Consistent
with this observation, the LPS stimulation of c-Jun phosphor-
ylation at Ser63 and Ser73 and the induction of IL-8 mRNA
are also significantly reduced upon silencing of gck. By con-
trast, although poly(IC) activation of JNK is reduced upon
silencing of gck, the phosphorylation of c-Jun and the induc-
tion of IL-8 mRNA are not detectably affected. It is entirely
possible that TAK1 is more critical than GCK to p38 and
NF-�B activation or that IL-1, poly(IC), and engagement of
CD40 recruit multiple JNK activation pathways (e.g., TAK1)
in which GCK is differentially important.

With this possibility in mind, the induction of IL-8 is note-
worthy. The kinetics of this induction are quite rapid (Fig. 2D),
and several studies suggest that cytokines (IL-1, TNF) induce
IL-8 via transcriptional, posttranscriptional, and translational
mechanisms (14). Previous work indicates that the posttran-
scriptional induction of IL-8 involves p38 MAPK-dependent
transient stabilization of the mRNA (14). The lack of an effect
of gck silencing on IL-1, CD40, or poly(IC) induction of IL-8
mRNA, coupled with the specificity of GCK for the JNK path-
way, is consistent with this idea. On the other hand, the silenc-
ing of gck substantially reduces the rapid induction of IL-8 by
LPS. It is possible that JNK may contribute to LPS-stimulated
IL-8 mRNA stabilization. Indeed, while p38 plays a major role
in agonist-induced mRNA stabilization, especially that of
mRNAs containing 3� AU-rich elements (14), JNK-dependent
mRNA stabilization has been observed (4).

What might the biological function of GCK be? Our results
plus the work of others indicate that GCK levels in the cell are
regulated by multiple mechanisms. In human lymphoid tissue,
B-cell GCK mRNA is strongly induced as cells migrate from
the mantle zone to germinal centers (16). GCK is a very spe-
cific JNK pathway activator. ERK, p38 MAPK, and NF-�B are
not activated by GCK even under conditions of overexpression
(28, 31), and knockdown of GCK by RNAi fails to significantly
reduce ERK or p38 activation by IL-1, engagement of CD40
(Fig. 2), or PAMPs (Zhong, unpublished). Consistent with
these findings, our results indicate that GCK recruits two JNK-
specific MAP3Ks, MEKK1 and mixed-lineage kinase 3 (3, 41).
Our findings suggest that GCK is especially relevant to LPS
stimulation of the JNK pathway. GCK itself is extremely low in
abundance and is transiently stabilized upon agonist stimula-
tion. It is possible that transcriptional and posttranslational
regulation of GCK polypeptide levels allows GCK to modulate
the intensity of JNK signaling, especially that triggered by
endotoxin, relative to other pathways emanating from recep-
tors of the innate immune system. Inasmuch as JNK has been
implicated in inflammation-induced chemokine production
and apoptosis during septic shock (23, 26, 38), it will be im-
portant to determine if GCK is involved in these processes as
well.
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