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Signaling by prointlammatory cytokines:
oligomerization of TRAF2 and TRAFG6

is sufticient tor JNK and IKK activation
and target gene induction

via an amino-terminal ettector domain

Véronique Baud,'?* Zheng-Gang Liu,'® Brydon Bennett,> Nobutaka Suzuki,' Ying Xia,'

and Michael Karin'"*

'Laboratory of Gene Regulation and Signal Transduction, Department of Pharmacology, University of California, San Diego,
School of Medicine, La Jolla, California 92093-0636 USA; 2Signal Pharmaceuticals, San Diego, California 92121 USA

Interleukin-1 (IL-1) and tumor necrosis factor (TNF-a) stimulate transcription factors AP-1 and NF-«B through
activation of the MAP kinases JNK and p38 and the IxB kinase (IKK), respectively. The TNF-a and IL-1
signals are transduced through TRAF2 and TRAFG, respectively. Overexpressed TRAF2 or TRAFG6 activate
JNK, p38, or IKK in the absence of extracellular stimulation. By replacing the carboxy-terminal TRAF domain
of TRAF2 and TRAF6 with repeats of the immunophilin FKBP12, we demonstrate that their effector domains
are composed of their amino-terminal Zn and RING fingers. Oligomerization of the TRAF2 effector domain
results in specific binding to MEKK]1, a protein kinase capable of JNK, p38, and IKK activation, and induction
of TNF-«a and IL-1 responsive genes. TNF-a also enhances the binding of native TRAF2 to MEKK1 and
stimulates the kinase activity of the latter. Thus, TNF-a and IL-1 signaling is based on oligomerization of

TRAF2 and TRAFG6 leading to activation of effector kinases.

[Key Words: Signaling; cytokines; protein kinase; effector domain)]
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Interleukin-1 (IL-1) and tumor necrosis factor (TNF-a)
are proinflammatory cytokines that are key to genera-
tion of systemic and local responses to infection, injury,
and immunological challenges (Tracey and Cerami 1993;
Dinarello 1994). Produced mainly by activated macro-
phages and monocytes, IL-1 and TNF-a participate in
lymphocyte and leukocyte activation and trafficking, fe-
ver, acute-phase response, and cartilage remodeling
(Tracey and Cerami 1993; Dinarello 1994). The biologi-
cal functions of IL-1 and TNF-« are very similar, which
is quite remarkable given the fact that the two cyto-
kines, as well as their receptors, belong to different struc-
tural classes. The effects of IL-1 are mediated by the
type-1 IL-1 receptor (IL-1R1) and IL-1R accessory protein
(IL-1RAcP) (Dinarello 1994; Greenfeder et al. 1995).
TNF-a exerts its effects through type 1 (TNFRI1) or type
2. (TNFR2) receptors (Tartaglia and Goeddel 1992). De-
spite total absence of chemical and structural similari-
ties, occupancy of these receptors leads to activation of
two transcription factors, NF-kB and AP-1, that induce
genes involved in acute and chronic inflammatory re-
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sponses (Baeuerle and Henkel 1994; Karin 1995; Barnes
and Karin 1997). NF-kB is regulated primarily by phos-
phorylation of inhibitory proteins, the IkBs, which retain
it in the cytoplasm of nonstimulated cells (Beg and Bald-
win 1993; Verma et al. 1995). Following cell stimulation
the IkBs are phosphorylated by a cytokine-activated pro-
tein kinase complex called IkB kinase (IKK) (DiDonato et
al. 1997; Mercurio et al. 1997; Régnier et al. 1997;
Woronicz et al. 1997; Zandi et al. 1997, 1998; Rothwarf
et al. 1998; Yamaoka et al. 1998). This results in the
ubiquitination and degradation of the IkBs and the
nuclear translocation of freed NF-kB. Once in the
nucleus, NF-kB activates transcription of genes whose
promoters contain kB sites. Many of these genes also
contain binding sites for AP-1 whose activity is regulated
by members of the mitogen-activated protein kinase
(MAPK) family, which enter the nucleus upon stimula-
tion to phosphorylate DNA-bound transcription factors
(Karin 1995). Most relevant to TNF-a and IL-1 signaling
are the so-called stress-activated protein kinases
(SAPKs), c-Jun amino (NJ-terminal kinases (JNKs), and
p38 (Dérijard et al. 1994; Han et al. 1994; Kallunki et al.
1994; Kyriakis et al. 1994; Lee et al. 1994; Rouse et al.
1994). Both the JNKs and the p38s are activated rapidly
and potently in response to TNF-a or IL-1, through
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MAPK cascades (Dérijard et al. 1995; Lin et al. 1995). In
some cells TNF-a or IL-1 also stimulates ERK activity,
which may also contribute to stimulation of AP-1 activ-
ity (Westwick et al. 1994).

Unlike growth factor receptors, which contain intrin-
sic tyrosine kinase domains (Schlessinger and Ullrich
1992), or most other cytokine receptors, which are
coupled to Janus kinase (JAK) tyrosine kinases (Thle
1996), the TNF-a and IL-1 receptors do not appear to
function through tyrosine kinases. Instead they operate
by recruiting a variety of signal transducers. Binding of
TNF-a to TNFR1 or TNFR2 induces receptor trimeriza-
tion and recruitment of several downstream signaling
proteins to their cytoplasmic domains (Hsu et al. 1995,
1996). TNFRI1 interacts with the signaling protein
TNFR1-associated death domain protein (TRADD),
which serves as a platform to recruit at least three addi-
tional mediators: TRAF2 (Hsu et al. 1995, 1996), receptor
interacting protein (RIP) (Stanger et al. 1995), and Fas-
associated protein with death domain (FADD) (Chinnai-
yan et al. 1995). TNFR2 activation results in direct re-
cruitment of TRAF2 and its relative TRAF1 (Rothe et al.
1994). Transfection experiments implicated TRAF2 as a
critical mediator of NF-kB (Rothe et al. 1995), JNK, and
p38 activation (Liu et al. 1996; Natoli et al. 1997; Rein-
hard et al. 1997). However, traf2~/~ cells derived from
TRAF2-deficient mice or cells from mice expressing a
dominant-negative form of TRAF2 are severely defective
in TNF-a-induced JNK activation, whereas they still ex-
hibit considerable, albeit slower, NF-kB activation (S.Y.
Lee et al. 1997; Yeh et al. 1997). The basis for the differ-
ential dependence of the AP-1 (JNK and p38) and NF-«B
pathways on TRAF2 is not understood, but it was sug-
gested that TRAF5, may substitute for TRAF2 in NF-«xB
activation (S.Y. Lee et al. 1997; Yeh et al. 1997).

Binding of IL-1 to IL-1R1 induces heterodimerization
with IL-1RAcP (Greenfeder et al. 1995) and recruitment
of the adapter protein MyD88, which mediates the in-
teraction of the IL-1 receptor-associated kinase (IRAK)
with the cytoplasmic domain of the receptor (Cao et al.
1996a; Wesche et al. 1997). In turn, IRAK recruits TRAF6
to the activated receptor (Cao et al. 1996b). Thus, despite
the lack of structural and chemical similarities between
the TNF-a and IL-1 receptors, they both use TRAF pro-
teins as signal transducers.

Like most TRAF proteins, TRAF2 and TRAF6 are
composed of a highly conserved carboxy-terminal TRAF
domain and a more variable amino-terminal domain,
which contains a RING finger and several Zn fingers
(Rothe et al. 1994; Cao et al. 1996b; Arch et al. 1998).
Overexpression of either TRAF2 or TRAF6 is sufficient
to activate signaling pathways leading to NF-«kB and
AP-1 in the absence of extracellular stimuli (Rothe et al.
1995; Cao et al. 1996b; Liu et al. 1996; Song et al. 1997).
It was found previously that the carboxy-terminal TRAF
domains can mediate homotypic and heterotypic TRAF-
TRAF interactions, as well as receptor docking (Rothe et
al. 1994; Cheng et al. 1995; Cao et al. 1996b). Although
these results suggest the carboxy-terminal TRAF do-
mains function mainly as receptor docking and oligo-
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merization domains, other experiments implicated them
in binding of putative effectors, such as the NF-kB-in-
ducing kinase NIK (Malinin et al. 1997). Such results,
therefore, suggest that the carboxy-terminal TRAF do-
main may function as an effector domain. On the other
hand, the more variable region of TRAF proteins is their
amino-terminal half (Cao et al. 1996b), and these regions
in TRAF2 and TRAF6 specify their ability to activate
NF-kB (Rothe et al. 1995; Cao et al. 1996b; Takeuchi et
al. 1996; Song et al. 1997). However, the amino-terminal
halves do not dictate binding of putative effectors such
as NIK, which interacts with all TRAFs regardless of
their ability to activate NF-kB (Song et al. 1997). Never-
theless, we postulated that the “signaling end” of TRAF2
and TRAFG6 is their amino-terminal domain, whereas the
carboxy-terminal TRAF domain may function only as an
oligomerization and receptor docking domain. To test
this hypothesis, we fused the amino-terminal halves of
TRAF2 or TRAF6 to a threefold repeat of the FK506 bind-
ing immunophilin FKBP12 (Schreiber 1991) and used the
dimeric ligand FK1012 to induce oligomerization of the
TRAF-FKBP12 chimeras (Spencer et al. 1993). We pro-
vide evidence that the critical event in TRAF-mediated
TNF-a and IL-1 signaling is ligand-induced TRAF oligo-
merization and that once oligomerized the amino-termi-
nal domains of TRAF2 and TRAFG6 gain the ability to
stably interact with effectors, one of which may be the
MAPK kinase (MAPKK) kinase (MAPKKK) MEKKI.
Oligomerization of a stably expressed TRAF2-FKBP12
chimera induces the same spectrum of genes, coding for
inflammatory mediators, as normally induced by TNF-«
or IL-1 themselves.

Results

IRAK and TRAF6 mediate [NK and p38 activation

IRAK and TRAFG are critical intermediates in the path-
way leading from IL-1R1 to NF-kB (Cao et al. 1996a,b).
To examine their involvement in JNK and p38 activa-
tion, IRAK or TRAF6 expression vectors were cotrans-
fected into HeLa or HEK 293 cells with expression vec-
tors encoding hemagglutinin (HA)-tagged JNK1 or p38a.
Both IRAK and TRAF6 activated JNK efficiently (Fig. 1A)
and p38 (Fig. 1B). IRAK(A218-507), a truncation mutant
lacking the protein kinase domain, or TRAF6(289-522),
lacking the amino-terminal RING and Zn fingers, did
not activate either JNK1 or p38 (Fig. 1C; data not shown).
On the contrary, both mutants completely inhibited JNK
completely (Fig. 1A) or p38 (Fig. 1B) activation by IL-1.
Thus, IRAK and TRAF6 are critical intermediates in the
pathway leading from IL-1R1 to JNK or p38.

We addressed the relationship between IRAK and
TRAF6 by examining the ability of the truncation mu-
tants described above to interfere with the action of the
native proteins. TRAF6(289-522) blocked JNK1 activa-
tion by IRAK, but IRAK(A218-507) did not interfere with
JNK activation by TRAF6 (Fig. 1C). These results are
consistent with those of protein recruitment experi-
ments (Cao et al. 1996b) and indicate that TRAF6 acts



Mechanism of TRAF-mediated signaling

Figure 1. TRAF6 mediates JNK and p38
activation by IL-1. (A) HEK293 cells were
cotransfected with HA-JNK1 (0.5 ng/plate)
along with either an empty expression vec-
tor (Vec), IRAK or IRAK(A218-507) (100 ng/
plate each), or TRAF6 or TRAF6(289-522)
(1 pg/plate each) expression vectors. Total
DNA was kept constant (1.5 ng/plate) using

empty expression vector. After 24 hr the
transfected cells were treated with IL-1 (10

ng/ml) for 30 min or left untreated. Cells

fold 10 64 44 07 59 08 06 57 66
Y were collected, lysed, and HA-JNK1 activ-
B < &\,‘ TRAF6 » ity was determined by immunocomplex ki-
5‘?.‘5}’ nase assay with GST-cJun(1-79) as a sub-
g strate. Fold-increase in HA-JNK1 activity

above the basal level in cells cotransfected

with empty expression vector was deter-

IRAK |

o - ]

mined by Phosphorlmaging and normalized
to the level of HA-JNKI1 expression, deter-
mined by immunoblotting. (B) HEK293

fold 10 95 159 103 13 08

cells were transfected as described above ex-
cept that an HA-p38a vector (0.5 ng/plate)

was used instead of the HA-JNK1 vector. HA-p38a activity was determined, as above, by immunocomplex kinase assay with myelin
basic protein (MBP) as a substrate. (C) HEK293 cells were cotransfected with HA-JNK1 (0.5 ng/plate), IRAK or IRAK(A218-507) (100
ng/plate each), TRAF6 or TRAF6(289-522) (1 pg/plate each) expression vectors as indicated. After 24 hr some cultures were treated
with IL-1 for 30 min and the rest left untreated. HA-JNKI1 activity and expression were determined as described above. Expression of
Flag-TRAF6, Flag-TRAF6(289-522), or IRAK was determined by immunoblotting.

downstream of IRAK in the pathway leading from IL-1R
to JNK or p38. Accordingly, coexpression of IRAK and
TRAF6 did not elicit a greater JNK activation response
than either protein alone (Fig. 1C). Essentially identical
results were obtained when activation of p38 or NF-«B
were measured as endpoints (data not shown). Immuno-
blots indicated that the potent inhibitory effect of
TRAF6(289-522) on JNK, p38 or NF-«kB activation is not
caused by nonspecific interference with IRAK, JNK1, or
p38a expression.

TRAF-FKBP12 chimeras can activate [NK, p38,
and IKK

TRAF2 and TRAF6 are recruited to the occupied TNF-«
and IL-1 receptors through binding of different adapters,
namely TRADD and IRAK, respectively, via their car-
boxy-terminal TRAF domains (Cao et al. 1996b; Hsu et
al. 1996). Overexpression of either TRAF2 or TRAF6
may mimic ligand-induced signaling by causing their ag-
gregation. In addition to mediating recruitment to the
receptor complex the carboxy-terminal TRAF domain
can engage in homotypic and heterotypic TRAF-TRAF
interactions (Rothe et al. 1994; Cheng et al. 1995; Cao et
al. 1996b). We therefore hypothesized that the amino-
terminal halves of TRAF2 and TRAF6 are their effector
domains, whereas the carboxy-terminal TRAF domain
serves only as an oligomerization and receptor docking
domain. To test this hypothesis we fused amino acids
1-303 of TRAF2 or 1-274 of TRAF6 to a threefold repeat
of the immunophilin FKBP12 (Fig. 2A). Upon incubation
with dimeric FKBP ligands, such as FK1012, chimeras
that contain several FKBP repeats undergo extensive

oligomerization (Spencer et al. 1993). Transient transfec-
tion of either TRAF2(1-303)-FKBP12 or TRAF6(1-274)-
FKBP12 vectors results in expression of proteins of the
expected size at levels similar to those of the native pro-
teins (Fig. 2B,C). In the absence of FK1012 either chimera
had little effect on activity of either a coexpressed HA-
JNK1 protein (Fig. 2B,C) or a 2xNF-«kB-LUC reporter
(Fig. 2D,E). However, incubation of cells expressing ei-
ther TRAF-FKBP12 chimera with FK1012, but not
FK506, resulted in large increases in either JNK or NF-«B
activity (Fig. 2B-E). FK1012-induced oligomerization of
either TRAF-FKBP12 chimera resulted in activation of
IKK (Fig. 2F, data not shown), similar in magnitude to
the effects of either wild-type TRAF2 or TRAF6 (data not
shown). Oligomerization of a TRAF2-FKBP12 mutant
that can not activate NF-«B (see below) failed to stimu-
late IKK activity (Fig. 2F, mR1-FKBP).

I-TRAF/TANK is a TRAF-interacting protein whose
overexpression inhibits TNF-a signaling through bind-
ing to the TRAF domain of TRAF2 (Cheng and Balti-
more 1996; Rothe et al. 1996). Overexpression of TANK/
I-TRAF had little effect on either JNK or NF-«B activa-
tion by TRAF2(1-303)-FKBP12 (Fig. 3) or TRAF6(1-274)
FKBP12 (data not shown), whereas it abolished TRAF2
and strongly reduced TRAF6-induced JNK and NF-kB ac-
tivation (Fig. 3; data not shown). Therefore the TRAF-
FKBP12 chimeras do not function through an interaction
with the endogenous TRAF2 or TRAF6 proteins or
through their indirect activation.

Mutations in the amino-terminal RING and Zn fingers
attenuate [NK and NF-kB activation

The results presented above strongly suggested that the
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Figure 2. TRAF-FKBP12 chimeras acti-
vate JNK and NF-«kB in response to dimer-
izer-induced oligomerization. (A) A dia-
gram illustrating the domain structure of
the two TRAF-FKBP12 fusion proteins.
(B) HEK293 cells were transfected with
HA-JNKI1 (0.5 ng/plate) along with either
empty expression vector or expression
vectors for Flag-TRAF2 or Flag-TRAF2(1-
303)-FKBP12 (1 pg/plate each). Some of
the transfected cells were treated with ei-
ther TNF-a (15 ng/ml) for 10 min, or
FK506 (0.5 pm) or FK1012 (0.5 pm) for 4 hr,
as indicated. JNK activity was determined
as described above. Expression of HA-

A B & g
& £ & & &
& & .\F & &
GST-cJun - | e __.”
TRAFZFKEP [Zm
! = fold 10 67 07 152 21 163

E

JNKI, Flag-TRAF2, or Flag-TRAF2(1-
303)-FKBP12 were examined by immuno-
blotting. Similar results were obtained us-

ing HeLa cells as recipients (data not
shown). (C) Similar experiments to those
described in B were performed using Flag— c
TRAFG and Flag-TRAF6(1-274)-FKBP12
expression vectors. Where
transfected cells were treated with IL-1 &
(4 ng/ml) for 10 min (D, E) NF-xB acti- & &
vation by TRAF2(1-303}-FKBP12 (D) or
TRAF6(1-274)-FKBP12 (E) was measured
by transfecting HEK293 cells with a
2xNF-«B-LUC reporter (0.5 ng/plate) and
the indicated TRAF and TRAF-FKBP12
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effector domains of TRAF2 and TRAF6 are located in
their amino-terminal halves. As a further test of this
possibility we generated a set of TRAF2 mutants in
which the amino-terminal RING finger and the first
three potential Zn fingers were rendered nonfunctional
through substitution of cysteines, thought to be involved
in metal binding, with serines (Fig. 4A). In mR1 C34 and
C37 were replaced with serines, whereas in mF1, mF2,
and mF3 C107/C112, C136/C139, and C163/C166, re-
spectively, were substituted with serines.

When examined at low input mR1 and mF1 were de-
fective in JNK activation, whereas mF2 and mF3 had
wild-type activity (Fig. 4B, top). However when exam-
ined at higher input mR1 and mF1 were only partially
defective in JNK activation (Fig. 4B, bottom). A mutant
that completely lacks the RING finger, TRAF2(87-501),
was inactive at all levels, as described previously (Liu et
al. 1996). When examined at either low (data not shown)
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or high-input mR1 and mFI1 failed to activate NF-«B,
whereas mF2 had wild-type activity (Fig. 4C). Surpris-
ingly, mF3 was 2.5 times more potent than wild-type
TRAF2 in NF-kB activation (Fig. 4C). We also examined
the ability of the various TRAF2 mutants to stimulate
IKK activity by cotransfecting them with an HA-IKKR
vector (Zandi et al. 1997). Whereas neither mR1 nor mF1
activated IKKB, mF2 was as effective as wild-type
TRAF2 (Fig. 4D). Consistent with its behavior in the
reporter assay, mF3 activates IKKB about twofold better
than wild-type TRAF2 (Fig. 4D). mR1 was also inactive
as an FKBP fusion protein (Fig. 2F).

Oligomerization of TRAF2-FKBP12 in stably
transfected cells activates the program
of inflammation-induced genes

To test whether the amino-terminal effector domain of
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Figure 3. Activation of JNK and NF-«B by TRAF2-FKBP12 is
insensitive to TANK/I-TRAF. (A) HEK293 cells were cotrans-
fected with HA-JNK1 (0.5 ng/plate) along with an empty ex-
pression vector, Flag-TRAF2 or Flag-TRAF2(1-303)-FKBP12
(500 ng/plate each) and I-TRAF (150 ng/plate) expression vec-
tors as indicated. Cells were treated with either TNF-a for 15
min, or FK506 or FK1012 for 4 hr, as indicated, before being
collected to measure HA-JNKI1 activity and expression. (B)
HEK293 cells were transfected with 2xNF-«kB-LUC and RSV-
lacZ reporters along with the indicated expression vectors and
treated as in A. Luciferase activity was determined as described
above.

TRAF?2 is sufficient for triggering most of the physiologi-
cal functions of TNF-«a at the cellular level, we generated
stably transfected clones of HeLa cells that express
TRAF2(1-303)-FKBP12 at levels that are not much
higher than those of endogenous TRAF2 (data not
shown). Treatment of such cells with FK1012, but not
FK506 (data not shown), resulted in efficient JNK and
IKK activation similar in magnitude to the effects of
TNF-a (Fig. 5A) and IL-1 (data not shown). Treatment of
nontransfected cells with FK1012 had no effect on either
protein kinase (data not shown). To examine whether
dimerizer-induced clustering of the TRAF2(1-303)-
FKBP12 chimera induced the same gene expression pro-
gram as induced by TNF-a or IL-1, we extracted total
cytoplasmic RNA from cells stably expressing this chi-
mera that were either cultured in growth medium alone
or treated with FK1012 (4 hr). We also prepared RNA
samples from untreated, TNF-«a (7 hr)-, IL-1 (7 hr)-, or
FK1012 (4 hr)-treated parental HeLa cells. Poly(A)" RNA
was isolated and used to generate total *2P-labeled
c¢DNA probes that were hybridized to membranes con-
taining 597 spotted DNA fragments derived from differ-
ent human genes. Exposure to TNF-a or IL-1 induced the
expression of five of these genes by more than three- to
fourfold (Fig. 5B). These genes code for the chemokines
MCP-1, MIP-2a, and IL-8, the cytokine IL-6 and the ad-

Mechanism of TRAF-mediated signaling

hesion molecule ICAM-1. Treatment of the TRAF2(1-
303)-FKBP12-expressing cells with FK1012 induced the
same set of genes as induced by TNF-« or IL-1. Moreover,
none of the 590 genes (of which only 4 are shown in the
Fig. 5B) that were refractory to TNF-a and IL-1 was in-
duced by treatment of TRAF2-FKBP12-expressing cells
with FK1012 (Fig. 5B; data not shown). Treatment of
nontransfected HeLa cells with FK1012 did not induce
any TNF-a- and IL-1-responsive genes (data not shown).

Dimerizer-induced interaction of TRAF-FKBP12
chimeras with MEKK1

A member of the MAPKKK family, NIK, was suggested
to mediate TNF-a- and IL-1-induced NF-«B activation
(Malinin et al. 1997). NIK was isolated as a TRAF2-in-
teracting protein. However, NIK interacts with almost
all of known TRAF proteins, regardless of their ability to
activate NF-«B (Song et al. 1997; V. Baud, unpubl.). Fur-
thermore, signaling incompetent mutants of TRAF2 or
TRAF6 do not exhibit any reduction in their ability to
interact with NIK (V. Baud, unpubl.). Yet, overexpressed
NIK activates NF-kB and catalytically inactive NIK(AA)
mutant can block TNF-a- and IL-1-induced NF-kB acti-
vation (Malinin et al. 1997). Another MAPKKK, MEKK1
was suggested to transduce the effect of TNF-a and IL-1
to the JNK and p38 cascades (Minden et al. 1995; Liu et
al. 1996; Xia et al. 1998). MEKKI1 was also suggested to
be involved in NF-«B activation (Lee et al. 1997). An-
other MAPKKK suggested to be involved in TNF-a-in-
duced JNK activation is ASK1 (Ichijo et al. 1997).

We examined whether the TRAF-FKBP12 chimeras
interact with either of these MAPKKKs and other signal-
transducing proteins known or thought to be involved in
TNF-« or IL-1 signaling. As observed by others (G. Crab-
tree, pers. comm.) we found that within 1 hr of FK1012
treatment the TRAF-FKBP12 chimeras formed aggre-
gates that could be sedimented from cell lysates by cen-
trifugation. These aggregates were insoluble in nondena-
turing buffers and therefore it was impossible to use con-
ventional immunoprecipitation procedures to examine
the interaction of any protein with the oligomerized
TRAF-FKBP12 chimeras. To circumvent this problem
we took advantage of the ability of the oligomerized
TRAF-FKBP12 chimeras to form insoluble aggregates
and examined whether coexpressed signal transducing
proteins cosedimented with TRAF2(1-303)-FKBP12
upon FK1012 addition. Whereas epitope-tagged NIK,
ASK1, GCK, and MEKK?2 remained soluble after coex-
pression with TRAF2(1-303)-FKBP12 and FK1012 treat-
ment, full-length MEKK1 was rendered insoluble by this
treatment (Fig. 6). If expressed in the absence of
TRAF2(1-303)-FKBP12, MEKKI remained soluble even
after incubation with FK1012. Interestingly, truncated
MEKKI1 polypeptides produced by intracellular proteoly-
sis (Cardone et al. 1997; Widmann et al. 1998) remained
soluble and did not cosediment with oligomerized
TRAF2(1-303)-FKBP12. To further investigate which re-
gion of MEKKI is involved in the interaction with
TRAF2(1-303)-FKBP12, we coexpressed the chimera
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Figure 4. Mutations within the amino-termi-
nal effector domain of TRAF2 differentially af-

fect JNK and IKK activation. (A) Schematic rep- A Cc

resentation of TRAF2 mutants. The numbers 15,

below the diagram refer to amino acids posi-

tions. F1-5 denote the five Zn fingers. The do- TRAF-2 [EETrTF o Tm o] Jmea] e ]

mains in which pairs of cysteine residues were m wm % = c

replaced with serines are indicated by black mRt E_ﬂjr:l: I:] Fraral_Taarc ] %10'

boxes (mR1: $34/37, mFl: §107/112; mpy; ™1 ~CEST T el e 2

$136/139; and mF3: S163/166). (B) JNK activa- F3 S E

tion. HEK293 cells were cotransfected with S 5]
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with either full-length MEKK1 or two deletion mutants,
70K MEKKIAN and 35K MEKKIAN, which encode the
carboxy-terminal 672 and 321 residues of MEKKI, re-
spectively. Whereas full-length MEKK1 cosedimented
with TRAF2(1-303)-FKBP12 after FK1012 treatment, the
truncation mutants remained soluble (Fig. 6). To further
examine the physiological relevance of this interaction
we coexpressed MEKK1 with mutant versions of
TRAF2(1-303)-FKBP12 that either contain a nonfunc-
tional amino-terminal RING finger (mRI-TRAF2-
FKBP12) or completely lack this part of the protein
[TRAF2(100-303)-FKBP12; indicated as ATRAF2 in the
Fig. 6]. Although both mutants were rendered insoluble
after FK1012 treatment, mR1-TRAF2-FKBP12 was con-
siderably less effective in coprecipitating MEKKI1 in
comparison to wild-type TRAF2-FKBP12, whereas a
very small fraction of MEKK]1, if any, cosedimented with
TRAF2(100-303)-FKBP12 (Fig. 6). Interestingly, coex-
pression of wild-type TRAF2-FKBP12 enhanced MEKK1
proteolysis, whereas coexpression of mRI-TRAF2-
FKBP12 or TRAF2(100-303)-FKBP12 decreased the ex-
tent of MEKK1 proteolysis. These observations are con-
sistent with previous reports according to which cell
stimulation enhanced MEKKI1 proteolysis (Cardone et al.
1997; Widmann et al. 1998).
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TNF-a activates MEKK1 and enhances its binding
to TRAF2

The results described above suggest that MEKK1 is one
of the effectors through which TRAF2 activates down-
stream kinases. To further investigate the role of MEKK1
in TNF-a signaling we examined the effect of TNF-a on
the interaction between TRAF2 and MEKK1. HEK293
cells were transfected with either a wild-type TRAF2 or
a TRAF2(87-501) expression vector in the absence or
presence of an MEKK1 vector. Cells were either left un-
treated or were stimulated with TNF-a and the interac-
tion between MEKK1 and TRAF2 or TRAF2(87-501) ex-
amined by immunoprecipitation. Cell stimulation with
TNF-a resulted in a large increase in the interaction be-
tween MEKK1 and wild-type TRAF2, whereas no con-
siderable interaction was observed between MEKK1 and
TRAF2 (87-501) in the absence or presence of TNF-a
(Fig. 7A). In addition, cell stimulation with TNF-a sub-
stantially increased the extent of MEKKI1 autophos-
phorylation, only which coexpressed with wild-type
TRAF2 (Fig. 7A). In nontransfected cells, stimulation
with TNF-a increased both the autokinase activity of
MEKKI1 and its ability to phosphorylate JNKK1 (Fig. 7B).
Expression of catalytically inactive MEKK]1 inhibited the
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Figure 5. Treatment of Hela cells stably expressing TRAF2—
FKBP12 with FK1012 activates the inflammation-induced gene
expression program. (A) Treatment of HeLa cells that stably
express TRAF2(1-303)-FKBP12 with FK1012 activates JNK and
IKK. Endogenous JNKI (left) or IKKa (right) was immunopre-
cipitated from untreated or cells treated with either TNF-a (15
ng/ml for 10 min) or FK1012 (0.5 pm for 4 hr). JNK and IKK
activity were determined by immunocomplex kinase assays
with GST-cJun(1-79) and GST-IkBa(1-54) as substrates, respec-
tively. Immunoprecipitated JNK1 and IKKa proteins were de-
tected by immunoblotting. (B) Oligomerization of TRAF2(1-
303)-FKBP12 induces the same gene expression program as
TNF-a or IL-1. Membranes containing an array of 597 spotted
cDNA fragments derived from different human genes were hy-
bridized to 32P-labeled cDNA probes derived from poly(A)* RNA
samples prepared from either parental HeLa cells that were ei-
ther untreated or treated with either TNF-« (solid bars; 15 ng/
ml) or IL-1 (hatched bars; 4 ng/ml) for 7 hr, or from HeLa cells
stably expressing TRAF2(1-303)-FKBP12 that were either un-
treated or treated with FK1012 (open bars; 0.5 pum for 4 hr). The
fold-increase in gene expression above the level in untreated
parental or transfected cells was determined by Phosphorlmag-
ing and a series of Excel-based macros as described in Materials
and Methods. Data are averages of two completely independent
experiments. Only 4 of the 590 genes whose expression was not
induced by TNF-a, IL-1, or FK1012 are included. Treatment of
parental HeLa cells with FK1012 did not result in gene induc-
tion (data not shown).

ability of both TRAF2 and TRAF2-FKBP to activate JNK
(Fig. 7C). Previously the same mutant was found to in-
hibit TNF-a-induced JNK activation (Liu et al. 1996).
These results strongly implicate MEKK1 as a down-
stream effector of TRAF2.

Discussion

Although TNF-«a and IL-1 or their receptors bear no bio-
chemical and structural resemblance, they elicit similar
biological effects (Tracey and Cerami 1993; Dinarello

Mechanism of TRAF-mediated signaling

1994). This is largely because both TNF-a and IL-1 are
potent activators of AP-1 and NF-«kB, which mediate
many of their effects (Barnes and Karin 1997). Activation
of AP-1 and NF-kB can be attributed to the recruitment
of two similar signaling proteins, TRAF2 and TRAF6,
respectively, to the TNF-a and IL-1 receptors. TRAF2
and TRAF6 are members of a growing family of signal
transducers related by a conserved carboxy-terminal
TRAF domain (Cao et al. 1996b). Except for TRAF6,
which is exclusively involved in IL-1 signaling (Cao et al.
1996b), most other TRAFs are signal transducers for
members of the TNF/TNFR superfamilies (Rothe et al.
1995; Duckett et al. 1997; Arch et al. 1998). The results
described above explain how TRAF2 and TRAF6, and by
analogy other TRAF proteins, transduce signals gener-
ated by receptor occupancy to downstream responses.
According to these results the conserved carboxy-termi-
nal TRAF domain is likely to function as an oligomer-
ization domain whose major role is to induce clustering
of the more variable amino-terminal effector domain.
Regulated clustering of the amino-terminal effector do-
mains of either TRAF2 or TRAF6, through fusion to a
threefold FKBP12 repeat and incubation with the dimer-
izer FK1012 (Spencer et al. 1993), is sufficient for acti-
vating all of the downstream protein kinases that trans-
duce the TNF-a and IL-1 signals to AP-1 and NF-«kB and
for induction of the same spectrum of target genes nor-
mally induced by TNF-«a or IL-1.

Overexpressed native TRAF2 or TRAF6 can activate
JNK, p38, and IKK, in the absence of extracellular
stimuli. We explain these results by postulating that
overexpression of TRAF2 or TRAF6 results in their
oligomerization, thereby mimicking recruitment to li-
gand-oligomerized receptors (Heldin 1995). Because the
carboxy-terminal TRAF domain is involved in homo-
typic and heterotypic TRAF-TRAF interactions (Rothe
et al. 1994; Cheng et al. 1995), it seemed likely that one
of its more important roles is to cause oligomerization of
TRAF2 or TRAFG. It therefore followed that the effector
functions of TRAF2 or TRAFG6 reside within their amino-
terminal domains. This hypothesis was tested by fusing
these domains to a threefold repeat of the immunophilin
FKBP12 and induction of oligomerization with the
dimerizer FK1012 (Spencer et al. 1993). Despite the ab-
sence of the carboxy-terminal TRAF domain, both
TRAF-FKBP12 chimeras were capable of JNK, p38, IKK,
and NF-«B activation after treatment with FK1012. Im-
portantly, FK1012 treatment of HeLa cells that stably
express TRAF2(1-303)-FKBP12 induced the same set of
target genes whose expression is normally induced by
TNF-a or IL-1. These genes code for the chemokines
MCP-1, MIP-2a, and IL-8, the cytokine IL-6 and the ad-
hesion molecule ICAM-1. As discussed (Barnes and Ka-
rin 1997), these and similar molecules (whose cDNAs
were not part of the microarray we used) are instrumen-
tal in mediating the proinflammatory activity of TNF-«
and IL-1. In addition, MCP-1, IL-8, IL-6, and ICAM-1
promoters contain functional AP-1 and NF-kB sites
(Dendorfer et al. 1994; Chen and Manning 1995; Farina
et al. 1997; Martin et al. 1997; Roger et al. 1998). Further
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Figure 6. Oligomerization-induced interaction of
TRAF2-FKBP12 with MEKK1. HEK293 cells were
transfected with 0.4 ng of different expression vec-
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nondenaturing buffer. After centrifugation the dis- TRAF2-FKBPs S " R—— { r—'u_ -
solved insoluble (P) and soluble (S) fractions were

separated by 7.5% SDS-polyacrylamide gel.
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immunoblotting with antibody to their amino-ter-
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with an antibody to their amino-terminal Flag tag.
Equal loading of the lanes was controlled by prob-
ing the same blots with an actin antibody.

indication that the amino-terminal halves of TRAF2 and
TRAF6 mediate their effector function is provided by
mutagenesis experiments. Mutations in the amino-ter-
minal RING finger and several of the putative Zn fingers
of TRAF2 had both negative and positive effects on JNK
(and p38) and IKK activation.

Why does the amino-terminal effector domain require
clustering for its function? We suggest that it may have
low intrinsic affinity toward its targets and that cluster-
ing stabilizes such interactions. In addition, clustering of
the amino-terminal effector domain may cause cluster-
ing of its targets, one of which may be MEKKI1. Cluster-
ing of MEKK1 may facilitate its autophosphorylation, as
seen after TNF-a stimulation.

MEKKI1 interacts with the amino-terminal effector do-
main of TRAF2 in an oligomerization-dependent man-
ner. Several pieces of evidence suggest that this interac-
tion is of functional relevance. First, binding of MEKK1
to the amino-terminal effector domain of TRAF2 de-
pends on oligomerization of the latter. Second, the bind-
ing is specific and several other MAPKKKs, including
NIK, or a STE20-like kinase that were examined did not
interact with the amino-terminal domain of TRAF2.
Third, mutations in the amino-terminal domain of
TRAF2 that reduce or abolish its ability to activate JNK
and p38 have a corresponding effect on oligomerization-
dependent binding to MEKK1. Fourth, cell stimulation
with TNF-a greatly enhances the interaction between
native TRAF2 and MEKKI1. Fifth, deletion of the amino-
terminal RING finger of TRAF2 abolishes TNF-a-in-
duced binding to MEKKI. Sixth, TNF-a stimulates
MEKKI1 kinase activity and the latter is required for JNK
activation. Previous experiments have shown that
MEKKI is a potent activator of the JNK cascade (Minden
et al. 1994) and provided genetic evidence supporting its
involvement in TNF-a-mediated JNK and p38 activation
(Minden et al. 1995; Liu et al. 1996; Xia et al. 1998). We
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also found that MEKKI is involved in TNF-a-mediated
ERK activation (Y. Xia, unpubl.). More recently, MEKK1
was also proposed to be involved in NF-«kB activation
(F.S. Lee et al. 1997; Yin et al. 1998). Although MEKK1
overexpression causes IKK activation (Lee et al. 1998),
this effect is weaker than the effect on JNK activity (Ka-
rin and Delhase 1998). Also the mR1-TRAF2 mutant
which is partly defective in MEKK]1 binding has dimin-
ished ability to activate JNK but is completely unable to
activate IKK or NF-kB. It is therefore possible that
MEKKI1 activation can contribute to NF-«B activation
via an IKK-independent mechanism. For instance both
p38 and ERK may be involved in stimulation of NF-kB/
P65 transcriptional activity in TNF-a-treated cells (Van-
den Berghe et al. 1998). Although MEKK]1 is probably not
the sole effector that is activated by the TRAF2 amino-
terminal domain, these results are consistent with the
results of gene targeting experiments. Cells isolated from
TRAF2 knockout mice are completely deficient in TNF-
a-mediated JNK activation but are compromised only
partially in NF-kB activation (S.Y. Lee et al. 1997; Yeh et
al. 1997). One explanation for the partial defect in NF-«B
activation is that another TRAF protein, possibly TRAF5
(Nakano et al. 1996), may compensate for the loss of
TRAF2. Alternatively, a weak effect of MEKK1 on IKK
may result in nuclear translocation of only a small frac-
tion of NF-kB complexes, whose transcriptional activity
could be enhanced greatly via p38 and ERK. Together,
these pathways will cause a large increase in NF-«B tran-
scriptional activity in TRAF overexpressing cells. Yet, in
the absence of TRAF2, TNF-a can activate NF-kB via
MEKK]1-independent mechanisms.

TRAF2 was found previously to interact with the ger-
minal center kinase (GCK) and NIK, protein kinases in-
volved in JNK and NF-kB activation (Malinin et al. 1997
Yuasa et al. 1998). Although catalytically inactive NIK
blocks NF-kB activation (Malinin et al. 1997; Song et al.
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Figure 7. TNF-a activates MEKK1 and enhances its binding to
TRAF2. (A) TNF-a-dependent association of TRAF2 with
MEKKI1 and increase of MEKKI autokinase activity. HEK293
cells were cotransfected with Flag-TRAF2 (50 ng DNA /plate)
along with either an empty vector or Xpress-MEKK1 (100 ng
DNA /plate). Lysates prepared from untreated or TNF-a-treated
cells (10 ng/ml, 4 min) were immunoprecipitated with anti-
MEKKI1. Coprecipitating Flag-TRAF2 was detected by immu-
noblot analysis. MEKK1 autophosphorylation was determined
by immunocomplex kinase assay without exogenous substrate.
Fold increase in TNF-a-induced MEKK1 autophosphorylation
was determined by Phosphorlmaging. (B) Activation of endog-
enous MEKK1 by TNF-a. HeLa cells were treated with TNF-a
for 30 min, 1 hr, or left untreated. Endogenous MEKK1 was
immunoprecipitated from 1 mg of total cell lysates and its au-
tokinase activity and ability to phosphorylate catalytically in-
active JNKK1 were determined by immunocomplex kinase as-
say. (C) Inactive MEKK] mutant inhibits JNK activation by
TRAF2 and TRAF2-FKBP12. HEK293 cells were cotransfected
with HA-JNK1 (0.4 pg DNA/plate), along with an empty ex-
pression vector, Flag-TRAF2 (50 ng DNA/plate), or Flag-
TRAF2-FKBP12 (100 ng DNA /plate] and MEKK1 (K432M] (2 ng
DNA /plate) expression vectors as indicated. Cells were left un-
treated or treated with FK1012 for 4 hr, as indicated, before
being collected to measure HA-JNK1 activity and expression.

1997), its binding to TRAF2 is mediated by the carboxy-
terminal TRAF domain, which is absent from the chi-
meric protein. Therefore, the ability of NIK to bind to
the carboxy-terminal TRAF domains of TRAF2 or
TRAF6 (Malinin et al. 1997; Song et al. 1997) is not cru-
cial for their signaling activity. Furthermore, NIK binds
indiscriminately to most TRAF proteins regardless of
their ability to trigger NF-«kB activation (Song et al.
1997). Importantly, NIK binds to TRAF3 and the mR1
and mF1 mutants of TRAF2 (V. Baud, unpubl.), all of
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which cannot activate NF-kB. Furthermore, binding of
NIK to TRAF2 and its catalytic activity are not stimu-
lated by TNF-a (V. Baud, unpubl.). Overexpressed NIK
was found to associate with IKK« or IKK (Régnier et al.
1997; Woronicz et al. 1997), but it is not an integral part
of the native IKK complex (DiDonato et al. 1997;
Rothwarf et al. 1998). Thus, although NIK seems to be
involved in NF-kB activation its exact function and re-
lationship to TNF-a or IL-1 signaling remain enigmatic.
GCK binding to TRAF2 is also mediated via the TRAF
domain rather than the amino-terminal effector domain
(Yuasa et al. 1998). In addition to its role in oligomeriza-
tion, the carboxy-terminal TRAF domain through inter-
action with other protein kinases may facilitate the ac-
tivation of proteins that directly interact with the
amino-terminal effector domain of TRAF2, one of which
seems to be MEKK1. In this respect, TRAF2 and other
family members may be regarded as molecular scaffolds
(Faux and Scott 1996).

In summary, binding of TNF-a and IL-1 to their respec-
tive receptors induces recruitment of TRAF2 or TRAF6,
respectively, to the activated receptors as well as recep-
tor clustering. This results in TRAF oligomerization,
which stabilizes or enhances the interaction of the
amino-terminal TRAF effector domains with at least
two effectors. One effector contributes mostly to MAPK
activation, which seems to be MEKKI, and the other
contributes mostly to IKK activation. Direct induction
of TRAF2 or TRAF6 oligomerization bypasses the initial
steps in TNF-a and IL-1 signaling, resulting in effective
dimerizer-dependent IKK and MAPK activation and in-
duction of NF-«kB and AP-1 target genes.

Materials and methods

Cell culture and cytokines

HEK293 or HeLa cells were maintained as described (Hsu et al.
1995). Stably transfected HeLa cells expressing TRAF2(1-303)-
FKBP12 were established by standard procedures using Neo” as
a selection marker and G418. Positive clones were identified by
immunoblot analysis. Human recombinant IL-la and TNF-«
were provided by Dainppon Pharmaceutical Co. and Chiron,
Inc., respectively.

Expression vectors and transfections

HA-JNK1, HA-p38a, Flag-IKK«, HA-IKKB, and 2xNF-kB-LUC
were described (Dérijard et al. 1994; Minden et al. 1994; Liu et
al. 1996; DiDonato et al. 1997; Zandi et al. 1997). Expression
vectors for IRAK, TRAF6, TRAF6(289-522), -TRAF, NIK,
GCK, ASK1, MEKKI full-length and deletion mutants and
MEKK?2 were also described (Lange-Carter et al. 1993; Katz et al.
1994; Blank et al. 1996; Cao et al. 1996a,b; Rothe et al. 1996;
Ichijo et al. 1997; Malinin et al. 1997; Natoli et al. 1997; Xia et
al. 1998). Kinase-defective IRAK was generated by deleting
IRAK coding sequences from amino acid 218 to 507. mR1, mFI,
mF2, and mF3 TRAF2 mutants were generated by substituting
cysteines 34/37, 107/112, 136/139, and 163/166 in wild-type
TRAF2 with serines, respectively, using site-directed mutagen-
esis. TRAF-FKBP12 expression vectors were generated by stan-
dard recombinant DNA procedures and details are available
upon request.
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For transfections, 3 x 10° cells in 35-mm dishes were trans-
fected with 1.5-2.0 ng of DNA using lipofectamine (GIBCO
BRL) as described (Minden et al. 1994). Luciferase activity was
determined as described (Hsu et al. 1995) and normalized per
B-galactosidase expression from a cotransfected lacZ reporter.

Immunoblotting

Cell lysates (20 ng of protein) were resolved on 7.5%-10% SDS-
polyacrylamide gels and transferred to Immobilon P membranes
(Millipore). After blocking with 5% skim milk in PBS-T (PBS
with 0.1% Tween 20) for 1 hr, the membranes were probed with
either HA (Pharmingen), Xpress (Invitrogen), M2 (Sigma),
MEKK1 C-22 (Santa Cruz), MEKK2 (gift of B. Su, M.D. Anderson
Cancer Center, Houston, TX), JNK1 333.8 (Pharmingen), IKK«a
(Pharmingen), or IRAK (Santa Cruz) antibodies. Subsequent
Western blotting analyses were performed as described (Hsu et
al. 1995).

Kinase assays

Transfected cells were collected in 200 pl of M2 lysis buffer 24
hr after transfection (Minden et al. 1994). HA-JNK1, HA-p38«,
Flag-IKKa, or HA-IKKB was immunoprecipitated with HA or
M2 antibodies, as required, and their kinase activities deter-
mined using 2 ng of GST-cJun(1-79), myelin basic protein
(MBP), or GST-IkBa(1-54), as substrates (Dérijard et al. 1994,
1995; DiDonato et al. 1997; Zandi et al. 1997). Fold activation of
HA-JNK1, HA-p38a, HA-IKK, and Flag-IKKa was determined
by PhosphorImaging and normalized to their expression levels.

Gene expression microarray

Total cytoplasmic RNA was prepared (Maniatis et al. 1989).
Poly(A)" RNA was isolated using Oligotex resin according to the
manufacturer’s instructions (Qiagen). Atlas Human ¢cDNA Ex-
pression Array (Clontech) containing 597 spotted ¢cDNA frag-
ments derived from different human genes was probed with
32p-labeled ¢cDNA probes generated from 1.5 ug of poly(A)*
RNA, hybridized, and washed as recommended by the manu-
facturer. Image data were collected by Phosphorlmaging. Hit
picking and subsequent analysis were performed using a series
of Excel-based macros developed at Signal Pharmaceuticals.

Coprecipitation of proteins with TRAF-FKBP12 chimeras

After transfection, HEK293 cells were treated or not with
FK1012 (0.5 um) for 4 hr, collected, and lysed in 200 ul of non-
denaturing lysis buffer (25 mm HEPES at pH 7.7, 300 mp NaCl,
1.5 mm MgCl,, 0.2 mm EDTA, 0.5% Triton X-100, 2 mm DTT,
1 mm PMSF). After centrifugation at 10,000g¢ for 10 min at 4°C,
the supernatant was recovered and the pellet was resuspended
in 200 pl of 2x Laemmli buffer. One-tenth of both soluble and
insoluble fractions was fractionated on a 7.5% SDS-polyacryl-
amide gel, transferred to Immobilon P membrane and Western
blotted.
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