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Inflammatory cytokines of the tumor necrosis factor (TNF) family mediate a large variety of cellular and organis- 
mal inflammatory responses and are important to the pathogenesis of a number of important disease states 
including arthritis, septic shock, inflammatory bowel disease, and, possibly, type II diabetes. Many of the re
sponses to these cytokines require de novo gene expression mediated by the activator protein-1 (AP-1) hetero- 
dimeric transcription factor. This review will discuss what is known of how cytokines of the TNF family, acting 
at the cell surface, recruit two mitogen-activated protein kinase (MAPK) subfamilies, the stress-activated protein 
kinases (SAPKs, also called JNKs) and the p38s, to transduce signals to AP-1.
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TUMOR necrosis factor (TNF) was first identified 
over 20 years ago as the causative agent of bacterial 
lipopolysaccharide-induced sepsis and hemorrhagic 
tumor necrosis. Since then, a large variety of related 
cytokines, the TNF superfamily, has been identified. 
These include interleukin-1 (IL1), lymphotoxin-p 
(LT-P), CD 154 (CD40L), CD70 (CD27L), FasL, re
ceptor activator of NF-kB ligand [(RANKL), also 
called osteoprotegerin ligand (OPGL) or TNF-related 
activation-induced cytokine (TRANCE)], TNF-re
lated apoptosis-inducing ligand (TRAIL), and CD153 
(CD30L). These bind to a parallel family of polypep
tides, the TNF receptor (TNFR) superfamily, that in
cludes not only receptors for inflammatory mediators 
but a number of viral proteins such as the Epstein- 
Barr virus latent membrane protein-1 (LMP1) and 
A35R, a protein encoded in the genome of some vac
cinia virus strains. Consistent with the structural con
servation within the TNF superfamily, receptors of 
the TNFR family all possess homologous extracellu
lar ligand binding domains with cysteine-rich repeats; 
however, the intracellular extensions of TNFR family 
receptors are significantly divergent. Cytokines of the 
TNF superfamily regulate a wide variety of proin

flammatory responses and are critical to immune cell 
development, innate and acquired immunity, as well 
as the pathogenesis of a number of diseases such as 
inflammatory bowel disease, arthritis, and type II dia
betes mellitus. Only recently, however, have the sig
nal transduction mechanisms employed by these im
portant proinflammatory mediators been identified 
(2,53,63).

Given the importance of the TNFR family to the 
inflammatory response, dissection and characteriza
tion of the signal transduction mechanisms by which 
these receptors exert their cellular effects has at
tracted wide interest. This review will focus on recent 
advances in our understanding of how the TNFR 
family signals to the activator protein-1 (AP-1) tran
scription factor.

EARLY EVENTS IN TNFR 
FAMILY SIGNALING

Receptors of the TNFR family do not possess in
trinsic enzymatic activity. Instead, upon binding li
gand, these receptors typically undergo homotrimeri-
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zation of hetero oligomerization with receptor 
accessory proteins. This oligomerization, in turn, trig
gers the binding of adapter proteins that couple to 
downstream effectors (Fig. 1). Several TNFR family 
receptors (TNFR1 and Fas are notable examples) 
possess an 80-100 A A extension, the death domain, 
that was originally identified as a motif required for 
signaling apoptosis. It is now known that death do
mains mediate protein-protein homo- and heterodim
erization and are required for nucleating receptor-ef
fector complexes and for implementing several 
signaling programs, including gene expression (Fig.
1) (2,67,68).

TNF binds to one of two receptors, the 55-kDa 
TNFR1 and the 75-kDa TNFR2 (67). Signal trans
duction by TNFR1 has been studied in some detail. 
Upon TNF-induced receptor trimerization, the death 
domain of TNFR 1 binds the death domain-containing 
adapter protein TNFR-associated death domain 
(TRADD). TRADD consists of a carboxyl-terminal 
death domain (AAs 195-305) and an amino-terminal 
effector binding domain (AAs 1-195) that binds pro
teins of the TNFR-associated factor (TRAF) family, 
including TRAF2 (24,25,48).

Receptor-interacting protein (RIP) is a second 
death domain-containing adapter protein that is re
cruited in a TNF-dependent manner to the TNFR1 
complex (26,56,61). RIP consists of an amino-termi
nal protein Ser/Thr kinase domain (AAs 1-304), a 
carboxyl-terminal death domain (AAs 553-656), and 
an intermediate domain (AAs 305-552) that recruits 
downstream target proteins (56). The recruitment of 
RIP to the TNFR1 complex is indirect—the RIP 
death domain does not bind the death domain of 
TNFR1. Instead, the RIP death domain binds that of 
TRADD. RIP can also interact in vivo with TRAF2, 
and TNFR engagement is thought to foster the forma
tion of a TRADD-RIP-TRAF2 complex (Fig. 1) 
(26,61).

TRAFs are an emerging family of at least six 
mammalian polypeptides (TRAFs 1-6; Table 1). All 
TRAF proteins possess two tandem carboxyl-termi
nal TRAF domains (TRAF-N and TRAF-C), pre
ceded by a zinc finger domain and, with the excep
tion of TRAF1, an amino-terminal RING finger 
domain. TRAF domains are necessary for binding 
both upstream activators and TRAF effectors (2). 
Thus, for example, the TRAF interaction motif of

NF-kB
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Wm death domain Zn finger
m m  effector domain (TRAF2)

(TRADD) g u d  kinase domain
c = D  effector domain 

(FADD)
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FIG. 1. Recruitment of signaling adapter molecules to TNFR1 and Fas, two TNFR superfamily receptors. Domains responsible for the 
various interactions are discussed in the text. Adapter protein binding is dependent upon engagement and oligomerization of receptor 
proteins.
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TABLE 1
TRAF REGULATION AND FUNCTION

TRAF Upstream TNFR Family Receptors (Selected) Effector(s) That Couple(s) to SAPKs and p38s

TRAF1 TNFR2, CD30, 4-1BB, 0x40, LMP-1 does not activate SAPKs/p38s
TRAF2 TNFR1, TNFR1—indirectly, CD27, CD30, CD40, 4-1BB, 

0x40, LMP-1
GCK, GCKR, ASK1

TRAF3 CD27, CD30, CD40, 4-1BB, 0x40, LT-pR, LMP-1 does not activate SAPKs/p38s
TRAF4 ? does not activate SAPKs/p38s
TRAF5 CD27, CD30, CD40, 0x40, LT-0R, LMP-1 ASK1
TRAF6 CD40, IL-1R GCK, ASK1

TRAF regulation and function. Receptors upstream of TRAFs are reviewed in Arch et al. (2). Recruitment of effector proteins is 
discussed in the text.

TRADD interacts with both the TRAF-C (AAs 356- 
501) and TRAF-N (AAs 272-355) domains of 
TRAF2, whereas the RIP kinase and intermediate do
mains interact with the TRAF2 TRAF-N domain 
(25,61). The RING and, possibly, the zinc finger mo
tifs of TRAF proteins are necessary for activation of 
downstream targets, and deletion of the RING do
main of TRAF2 (AAs 1-80) abrogates TRAF-medi- 
ated signal transduction (40,43,52).

THE TNF FAMILY AND GENE EXPRESSION: 
ACTIVATION OF AP-1

General Considerations

A major function of TNF and cytokines of the 
TNF family is the activation of de novo gene expres
sion mediated in large part by the recruitment of two 
important multimeric transcription factors: nuclear 
factor-KB (NF-kB) and activator protein-1 (AP-1). 
NF-kB is discussed by Gaynor et al. in this issue. 
AP-1 consists of bZIP transcription factors— typi
cally c-Jun, JunD, along with members of the fos 
(usually c-Fos) and ATF (usually ATF2) families. All 
bZIP transcription factors contain leucine zippers that 
enable homo- and heterodimerization; and, accord
ingly, AP-1 components are organized into Jun-Jun, 
Jun-Fos, or Jun-ATF dimers. Upon activation, AP-1 
binds and trans-activates genes containing the TPA 
response element (TRE— consensus sequence: TGAC/ 
gTCA). AP-1 heterodimers containing ATFs can also 
bind and /raws-activate genes containing the cAMP 
response element (CRE— consensus sequence:
TGACGTCA). Activation of AP-1 involves the direct 
phosphorylation/dephosphorylation of AP-1 compo
nents as well as the phosphorylation and activation 
of transcription factors that induce elevated expres
sion of c-jun or c-fos. These events can be activated 
independently by several different signaling path
ways. TNF activation of AP-1 is important to key 
elements of the inflammatory response including the

expression of proinflammatory cell adhesion mole
cules such as E-selectin, and the expression of tissue 
remodeling proteases, such as collagenase [reviewed 
in (30)].

Activation of AP-1 by Members of the MAPK 
Family

Members of the mitogen-activated protein kinase 
(MAPK) family are critical to most aspects of AP- 
1 regulation (30,35,36,64). Three mammalian MAPK 
groups have been studied in detail: the extracellular 
signal-regulated kinases (ERKs)-l and-2 are effect
ors of the Ras proto-oncoprotein and are activated in 
response to mitogenic stimuli (3). By contrast, the 
stress-activated protein kinases [(SAPKs), also called 
c-Jun-NH2-terminal kinases (JNKs)] and the p38 
MAPKs (Table 2) are activated preferentially by en
vironmental stresses and inflammatory cytokines of 
the TNF family (35,36). Phosphorylation of c-Jun or 
ATF2 within their frans-activation domains corre
lates well with enhanced trans-activating activity
(17,30). The SAPKs can phosphorylate the c-Jun 
trans-activating domain at Ser63 and Ser73. These 
residues are phosphorylated in vivo under conditions 
wherein the SAPKs are activated; and depletion of 
SAPK from cell extracts removes all stress-activated 
c-Jun kinase. Thus, the SAPKs appear to be the dom
inant kinases responsible for stress-induced c-Jun 
phosphorylation in vivo (7,34-36). The SAPKs and 
p38s can phosphorylate ATF2 at Thr69 and Ser71 in 
the trans-activation domain. Again, these residues are 
phosphorylated under circumstances when the 
SAPKs/JNKs and p38s are activated. Phosphoryla
tion of ATF2 activates its frans-activating activity 
(17).

The SAPKs and p38s also contribute to AP-1 acti
vation by stimulating the transcription of genes en
coding AP-1 components. One of the earliest tran
scriptional events known to occur in response to 
mitogen is the induction of c-fos expression. The fos
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TABLE 2
MAMMALIAN MAP KINASE PATHWAY NOMENCLATURE

Substrate(s) (Transcription
Name Alternate Names Factors Only) Substrate(s) Effectors

MAPKs
ERKl p44-MAPK
ERK2 p42-MAPK
SAPK-cc JNK2, SAPKla
SAPK-P JNK3, SAPKlb
SAPK-y JNK1, SAPKlc
p38a SAPK2a, CSBP1
p38p SAPK2b
p38y SAPK3
p388 SAPK4

MEKs
MEK1 MAPKK1, MKK1
MEK2 MAPKK2, MKK2
SEK1 MKK4, JNK kinase (JNKK)-l,

MEK4, SAPK-kinase (SKK)-l
MKK7 JNKK2, MEK7, SKK4
MKK3 MEK3, SKK2
MKK6 MEK6, SKK3

MAP3Ks
A,B-Raf, Raf-1 
MEKK1 
MEKK2 
MEKK3

MEKK4 MTK1

ASK1

TAK1
Tpl-2 Cot
MLK2 MST
MLK3 SPRK, PTK1
DLK
TAOl/2

MUK, ZPK

GCKs
GCK1 GCK
GCKR
GLK1
HPK1

kinase homologous to Ste20 (KHS)

NIK HPKl/GCK-4ke kinase (HGK)

Elkl
Elkl
c-Jun, JunD, ATF2, Elkl
c-Jun, JunD, ATF2, Elkl
c-Jun, Jun D, ATF2, Elkl
ATF2, Elkl, MEF2C
ATF2
ATF2
ATF2

ERK1, ERK2 
ERK1, ERK2 
SAPKs

SAPKs
p38s
p38s

MEK1, MEK2 
SEK1, MKK7 
SEK1, MEK1 
SEK1, MEK1 
SEK1, MKK3,
MKK6
SEK1, MKK3,
MKK6
SEK1, MKK3,
MKK6 
MEK1, SEK1 
SEK1, MKK7 
SEK1 
?
MKK3

MEKK1, 7MLK3 
MEKK1
?
MEKK1, MLK3 
MEKK1

Nomenclature for mammalian MAPK pathway components. Included are commonly accepted nomenclatures found in the primary 
literature. Not all of these names are included in the text; only SAPK and p38 regulation and function are discussed in the text.

promoter contains a cis- acting element, the serum re
sponse element (SRE), which mediates the recruit
ment of transcription factors that induce c-fos expres
sion. The SRE binds a heterodimeric transcription 
factor containing two polypeptides, the serum re
sponse factor (SRF) and the ternary complex factor 
(TCF). The TCFs are a family of Ets domain tran
scription factors that includes Elk-1 [reviewed in 
(64)]. The SAPKs and p38s (as well as the ERKs) 
can phosphorylate two critical residues in the Elkl 
C-terminus (Ser383, Ser389). This enhances the bind

ing of Elkl to the SRF and thereby elevates trans- 
activation at the SRE. Accordingly, the TCFs repre
sent a point of signal integration whereby MAPKs 
activated by a variety of stimuli contribute to c-fos 
induction (64,69).

The p38s can also phosphorylate and activate the 
frans-activating activity of the transcription factor 
myocyte enhancer factor-2C (MEF2C), a member of 
the MEF subgroup of the MCMl-agamous and defi- 
ciens-SRF (MADS) box transcription factor family. 
MEF2C was originally identified as a transcription



factor that bound to AT-rich sequences and trans- 
activated a number of genes involved in myoblast dif
ferentiation; however, MEF2C is widely expressed 
and may mediate numerous transcriptional regulatory 
events. p38s phosphorylate Thr293 and Thr300 of 
MEF2C; and Thr293/Thr300 phosphorylation is suf
ficient to activate MEF2C rrans-activating function.
A cis element for MEF2C resides within the c-jun 
promoter; thus, p38 activation can contribute to the 
induction of c-jun expression (18).

REGULATION OF THE SAPKs AND p38s

MAPK Pathway Regulation: The Core Signaling 
Module

All MAPKs are regulated as part of three-tiered 
core signaling modules wherein the MAPKs are acti
vated upon concomitant Tyr and Thr phosphorylation 
of the consensus sequence Thr-X-Tyr (X is Glu for 
the ERKs, Pro for the SAPKs, and Gly for the p38s) 
within the P-loop of subdomain VIII of the kinase 
domain. This phosphorylation is catalyzed by mem
bers of the MAPK/ERK-kinase (MEK) family. 
MEKs, in turn, are regulated by Ser/Thr phosphoryla
tion, also in the subdomain VIII P-loop, catalyzed by 
any of several protein kinases collectively referred to 
as MAPK-kinase-kinases (MAP3Ks). Consistent with 
the diversity of upstream agonists that can recruit dif
ferent MAPK pathways, MAP3Ks themselves are 
thought to be regulated by a somewhat daunting array 
of potential upstream activators ranging from Ras su
perfamily GTPases and polypeptides induced by 
DNA damage to other protein kinases and adapter 
proteins coupled to TNFR family receptors (19,35— 
37,60,66).

MEKs and MAP3Ks Upstream of the SAPKs 
and p38s

The SAPKs are regulated by at least two MEKs:
SAPK/ERK-kinase-1 [(SEK1), also called MAPK-ki- 
nase-4 (MKK4) and JNK-kinase-1 (JNKK1)] and 
MKK7 (also called JNKK2) (Table 2). SEK1 is more 
strongly activated by environmental stresses whereas 
MKK7 is more strongly recruited by inflammatory 
cytokines. However, full SAPK activation may re
quire the concerted activity of both SEK1 and MKK7 
inasmuch as SEK1, in vitro, acts primarily to phos
phorylate the SAPKs at Tyr whereas MKK7 is prefer
entially a SAPK Thr kinase (8,22,39,51,62). Two 
p38-specific MEKs are known: MKK3 and MKK6. 
MKK6 is robustly activated by all known stimuli that 
recruit the p38s. By contrast, MKK3 is selectively
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activated by environmental stresses (Table 2) (6,8, 
46). It has not yet been established whether or not 
MKK3 or MKK6 preferentially phosphorylates Thr 
or Tyr.

The SAPKs and p38s are regulated by a very large 
number of MAP3Ks. These fall into several protein 
kinase families. The MEK kinases (MEKKs) bear 
structural homology, within their kinase domains, to 
the kinase domain of 5. cerevisiae STE11, a MAP3K 
in the mating pheromone response pathway. Mamma
lian MEKKs include MEKKs 1-4, TGF-P-activated 
kinase-1 (TAK1), apoptosis signal-regulated kinase-1 
(ASK1), NF-kB inducing kinase, a selective activator 
of the NF-kB pathway (see Gaynor et al. in this is
sue), and tumor progression locus-2 (Tpl-2). Tpl-2 is 
the rat homologue of the product of the human proto
oncogene cot. MEKK1 is predominantly specific for 
the SAPK pathway and is a potent activator of SEK1. 
MEKK1 can also strongly activate MKK7. MEKK2 
and -3 can activate both the SAPK pathway (via 
SEK1) and the ERK pathway (via MEK1). Transient 
expression of Tpl-2 also recruits the SAPK and ERK 
pathways with equal potency; and in vivo and in 
vitro, Tpl-2 is a MAP3K that can activate MEK1 and 
SEK1. MEKK4, TAK1, and ASK1 can activate both 
the SAPK pathway (via SEK1) and the p38 pathway 
(via MKK3 and MKK6; Table 2) (4,14,29,38,41,42, 
50,59,70-72).

Mixed lineage kinases (MLKs) are also MAP3Ks. 
MLKs are a small family of protein Ser/Thr kinases 
that share a general structural configuration wherein 
an amino-terminal kinase domain is followed by one 
to two leucine zippers, a Cdc42/Rac interaction and 
binding (CRIB) domain, and a carboxyl-terminal pro
line-rich domain with several consensus SH3 binding 
motifs. MLK2 [also called MKN28 cell-derived Ser/ 
Thr kinase (MST)] and MLK3 [also called SH3 do
main-containing proline-rich kinase (SPRK), or pro
tein Tyr kinase-1 (PTK1)] contain, in addition to 
these features, an amino-terminal SH3 domain. The 
name mixed lineage kinase comes from the fact that 
the kinase domains of the MLKs bear structural simi
larities to both Ser/Thr and Tyr kinases (10,13,23,66). 
Dual leucine zipper bearing kinase [(DLK), also 
called MAPK upstream kinase (MUK) or zipper-con
taining protein kinase (ZPK)] MLK2, and MLK3 are 
MAP3Ks that selectively recruit the SAPKs via direct 
activation of SEK1 and MKK7 (11,20,21,47).

Thousand-and-one (TAO) kinases (TAOl and 
TA02) are a novel family of 1001 amino acid Ser/ 
Thr kinases. TAOs consist of amino-terminal kinase 
domains and extensive (700 AA) carboxyl-terminal 
extensions of unknown function. The kinase domains 
of TAOs are significantly homologous to S. cerevis
iae STE20 (40% identity) and the germinal center ki
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nases (43% identity with GCK) (see below). How
ever, there is also appreciable identity with MLK2 
(33% overall). Notably, most of the identity with 
MLK2 resides within the substrate binding motifs of 
the kinase domain. In vitro, the purified kinase do
main of TAOl will directly phosphorylate and acti
vate SEK1, MKK3, and MKK6; however, in vivo 
only MKK3 is activated. Thus, TAOl appears to be 
a MAP3K selective for the p38s. The ability of 
TAOl to catalyze directly the activation of MEKs 
may be due to the kinase domain homology with 
MLK2 (Table 2) (28).

Given this remarkable heterogeneity of upstream 
activators, how, then, do receptors of the TNFR fam
ily couple to the SAPKs and p38s? Transient expres
sion of TRAF2, -5, and -6, as well as RIP, but not 
TRAF1, -3, o r -4 activates the SAPKs (12,40,43, 
54,76). In addition, thus far, it is known that expres
sion of TRAF2 and RIP also activates the p38s (76). 
Gene disruption studies indicate that deletion of traf2 
abrogates TNF activation of the SAPKs, but not NF- 
kB, indicating a pivotal role for TRAF2 in TNF sig
naling to SAPK (74). Deletion of rip has no effect on 
TNF activation of SAPK, but prevents TNF activa
tion of NF-kB (32); insofar as RIP interacts strongly 
with TRAF2, these gene deletion results indicate that 
RIP activation of SAPK may represent one of several 
redundant mechanisms of SAPK activation by TNF, 
all of which emanate from TRAF2.

Inasmuch as TRAF2 plays an essential role in 
TNF signaling to the SAPKs, activation of the 
SAPKs by TRAF5 and-6 may occur as a conse
quence of engagement of other receptors of the TNF 
family. In support of this, activation of the SAPKs 
by RANKL proceeds in large part through TRAF6, 
whereas activation of the SAPKs by CD27 may be 
mediated by both TRAF2 and TRAF5 (1,12). How
ever, until recently, aside from these observations, 
there has been little insight into how TRAFs couple 
to the MAP3K —> MEK —» MAPK core signaling 
modules that regulate the SAPKs and p38s.

COUPLING STRESS-REGULATED 
MAP3Ks TO TRAFs

General Considerations

Four broad classes of regulators are thought to lie 
upstream of stress-regulated MAP3Ks: (i) Ras super
family GTPases [reviewed in (66)], (ii) polypeptides 
transcriptionally induced by stress (60), (iii) protein 
kinases homologous to germinal center kinase (9,27, 
33,45,52,57,58,65), and (iv) adapter proteins coupled 
to receptors of the TNFR family (1,2,12,40,43,76).

The latter two mechanisms are most germane to 
TNFR signaling.

The Germinal Center Kinase Family Includes Potent 
and Selective Activators of the SAPKs

Germinal center kinase-1 [(GCK1), also called 
germinal center kinase (GCK)] was cloned by Kehrl 
and colleagues as part of a subtractive screen to iden
tify novel polypeptides selectively expressed in B fol
licular germinal centers (GCs) (31). Subsequently, 11 
mammalian protein Ser/Thr kinases related to GCK1 
have been identified. In addition, there are Drosoph
ila, C. elegans, Dictyostelium, and S. cerevisiae ho- 
mologues. All members of the GCK family possess 
amino-terminal protein kinase domains and extensive 
carboxyl-terminal regulatory domains referred to as 
CTDs. The kinase domains of GCKs are distantly re
lated to those of S. cerevisiae STE20, and, accord
ingly, GCKs and Ste20s have often been grouped into 
a single family. However, unlike the Ste20s, GCKs 
do not possess amino-terminal regulatory regions. 
Nor do the GCKs possess CRIB motifs. Thus, GCKs 
cannot bind Rho subfamily GTPases. Therefore, 
GCKs should be considered a separate protein kinase 
family [reviewed in (37)].

The GCK family can be subdivided into two 
groups (group-I and group-II) based on structural and 
functional properties. Group-I GCKs are most closely 
related to GCK1. These include GCK1, GCK-related 
(GCKR), GCK-like kinase (GLK), hematopoietic 
progenitor kinase-1 (HPK1), and Nck-interacting ki
nase (NIK). (NIK is also, somewhat confusingly, an 
abbreviation for NF-KB-inducing kinase. In this re
view, NIK refers to the GCK homologue.) Drosoph
ila Misshapen and C. elegans Mig-15 are also group- 
I GCKs (Table 2) (9,27,33,37,52,57,58,65). Group-II 
GCKs are poorly understood. These enzymes are 
more distantly related to GCK1 and more closely ho
mologous to 5. cerevisiae SPS1, a gene required for 
encapsulation of haploid nuclei during sporulation 
[reviewed in (37)].

As was mentioned above, although GCK1 is 
widely expressed, its distribution in B lymphocyte 
follicular tissues is restricted largely to the GCs and 
not the surrounding mantle zone (31). GCs are re
gions of B cell selection and differentiation, pro
cesses that require in part agonists of the TNF family 
including CD40 and TNF itself (53,63). Consistent 
with this, the three most closely related GCKs—  
GCK1, GCKR, and GLK—are all activated in vivo 
by TNF. Given the ability of the TNF family to re
cruit the SAPKs, it was not surprising that the group- 
I GCKs, the members of the GCK family most 
closely related to GCK1, are, upon transient expres-



sion, also strong SAPK activators. Expression of 
group-I GCKs does not result in activation of the 
ERKs or p38s.

The CTDs of group-I GCKs all contain at least 
two PEST motifs and at least two consensus binding 
sites for polypeptides with SH3 domains (37). Most 
strikingly, however, all group-I GCKs share a 
strongly conserved ~350-AA domain at far carboxyl- 
terminal end of the CTD that contains a leucine-rich 
region and a short carboxyl-terminal extension, the 
CT motif. One of the SH3 binding motifs is present 
at the amino-terminal end of the Leu-rich region of 
four of the mammalian group-I GCKs: GCK1, 
GCKR, GLK, and HPK1. The Leu-rich and CT mo
tifs have been implicated in the binding of MAP3Ks 
and TRAFs (Fig. 2) (37,58,76).

Binding of MAP3Ks to Group-I GCKs

The mechanism(s) by which group-I GCKs recruit 
the SAPKs was initially obscure until it was observed 
that these kinases could directly interact in vivo and 
in vitro with MAP3Ks. Thus, a yeast two-hybrid 
screen that employed HPK1 as bait identified MLK3 
as an HPK1 interactor (33). The SH3 domain of 
MLK3 interacts in vivo and in vitro with the car
boxyl-terminal two polyproline SH3 binding sites on 
the HPK1 CTD (33). HPK1 can also interact with 
MEKK1 in vivo. This interaction has been mapped to 
the HPK1 CTD; however, it is not yet known which 
region(s) of the HPK1 CTD bind MEKK1 (27). It is 
likely that MLK3 and MEKK1 are HPK1 effectors 
inasmuch as kinase-dead forms of either MAP3K can 
effectively block HPK1 recruitment of the SAPKs 
(27,33).

NIK can interact in vivo with MEKK1. In this in
stance, the binding has been mapped to the Leu-rich 
and CT motifs of the NIK CTD, and AAs 1-719 of 
MEKK1 (Fig. 2A). Deletion of either region abro
gates binding; and the two domains, as free, truncated 
polypeptides, can interact in vivo. Consistent with the 
possibility that MEKK1 is a NIK effector, kinase-in
active mutants of MEKK1 can effectively block NIK 
activation of the SAPKs (58).

GCK1 can interact in vivo with either endogenous 
or recombinant MEKK1 (Figs. 2A and 3). This inter
action can be replicated in vitro. Truncation studies 
indicate that MEKK1 interacts with GCK1 through 
an acid-rich region of the MEKK1 amino-terminal 
regulatory domain, AAs 817-1221, which is clearly 
distinct from the domain, AAs 1-719, that interacts 
with NIK (Figs. 2A and 3) (58,76). MEKK1 is a 
likely GCK1 effector inasmuch as expression of AAs 
817-1221 of MEKK1, a region devoid of substrate 
binding motifs, completely inhibits GCK1 signaling
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to the SAPKs (76). The domains on the GCK1 CTD 
that bind MEKK1 also differ from those of NIK that 
interact with MEKK1. Deletion of the GCK1 CT mo
tif abrogates MEKK1 binding whereas deletion of the 
Leu-rich motif restores binding. Subsequent deletion 
of the C-terminal PEST motif (PEST3) again pre
vents binding (76).

Given the striking conservation of group-I GCK 
Leu-rich and CT extensions (Fig. 2B), what could ac
count for the different mechanisms by which NIK 
and GCK1 interact with MEKK1? An explanation 
may lie in the choice of MEKK1 constructs used in 
the mapping studies, and in nonconserved regions of 
the Leu-rich domains of group-I GCKs; and, in fact, 
MEKK1 may interact with upstream group-I GCKs 
at multiple contact points. Thus, although GCK1 can 
bind full-length MEKK1, the mapping studies of the 
GCK1-MEKK1 interaction, unlike those of the NIK- 
MEKK1 interaction, employed a truncated MEKK1 
construct consisting of residues 817-1493 (76). Con
versely, the effect on MEKK1 binding of deletion of 
the NIK CT motif was not examined (58). Finally, 
NIK is the most distantly related of the group-I 
GCKs, and the Leu-rich regions of GCK1, GCKR, 
GLK, and HPK1 contain a highly conserved 
—60-70-AA amino-terminal extension not present in 
the NIK Leu-rich domain (Fig. 2B) (37,58). In the 
resting cell, this domain could serve to inhibit the 
binding of MEKK1. GCK1 (or GCKR, GLK, or 
HPK1) activation, perhaps initiated by regulatory 
proteins binding (or dissociating) from the CT motif, 
could reverse this inhibition (37).

Binding and Regulation of Group-I GCKs by TRAFs

Ectopic expression of TRAF2, -5, and -6 results in 
robust activation of the SAPKs and p38s 
(1,2,12,40,43,54,76). Gene disruption studies indicate 
that TRAF2 is required for TNF activation of the 
SAPKs (74); TRAF5 and -6 could couple the SAPKs 
to other receptors of the TNFR family. GCK1, 
GCKR, and GLK are all activated in vivo by TNF, 
and there is substantial evidence that GCK1 and 
GCKR are effectors for TRAFs. Thus, expression of 
TRAF2 activates GCKR; and expression of GCKR 
antisense mRNA blocks TNF and TRAF2 activation 
of SAPK in 293 cells (52). Furthermore, both GCK1 
and GCKR can physically associate in vivo with 
TRAF2. GCK1 can also bind TRAF6 (37,52,76).

The binding of TRAF2 to both GCK1 and GCKR 
requires the CT motifs of both kinases. This motif is 
55% identical, 81% conserved at the amino acid 
level. The CT motifs interact with the TRAF domains 
of TRAF2, whereas the TRAF domains bind GCK1 
and GCKR. However, it is likely that the RING do-

223



224 KYRIAKIS

carboxyl terminal regulatory domain (CTD)

GCK1

HPK1

NIK

278 343 359 428 434 671 819

371 433 442 

276 393 399 452468 474 688 828

316 351

306

574 579 759 790
----

611 616 948 1087 1233

MEKK1

MLK3

719

43 103 115 384 400 487495 511 632 847

1493

m m  kinase □ PH (MEKK1)
M  SH3 binding F T acid-rich (MEKK1)
EZE3 PEST (GCKs) m m SH3 (MLK3)
r~~H Leu-rich (GCKs) 1 = 3 Leu zipper (MLK3)
m m  CT (GCKs) CRIB (MLK3)

ABOVE AND FACING PAGE
FIG. 2. Structure of GCK family kinases. (A) Schematic diagram of three representative group-I GCKs: GCK1, HPK1 and NIK [reviewed 
in (37)]. Structures of MEKK1 and MLK3, MAP3Ks known to bind these GCKs, are also indicated. (B) Sequence alignment of the Leu- 
rich and CT motifs of the five known mammalian group-I GCKs. Blue shading illustrates residues shared by all five enzymes. Green shading 
illustrates residues shared by four of the five enzymes. Gray shading indicates residues shared by the three group-I enzymes known to be 
activated by TNF: GCK1, GCKR and GLK. Red printing delineates the known TRAF2 binding regions (the CT motifs) of GCK and GCKR. 
A consensus sequence is shown. Green printing indicates the conserved amino-terminal extension of the Leu-rich domain present in GCK1, 
GCKR, GLK, and HPK1 and absent in NIK. See text for details. Alignment was achieved using the PILEUP and CLUSTAL-W programs 
and further optimized by eye.

mains mediate any regulation of GCK1 and GCKR 
inasmuch as a truncated TRAF2 construct wherein 
the RING domain is deleted binds GCK1 and GCKR, 
but cannot activate in vivo coexpressed GCKR 
(37,52,76).

The mechanism of GCK 1/GCKR activation by 
TRAFs remains to be determined. The relative SAPK 
activating activity and MEKK1 binding affinity of 
wild-type and truncated or kinase-dead GCK1 sug
gest that upstream components may activate GCKl’s 
kinase activity, an event that then gates both the bind
ing and efficient subsequent activation of MEKK1 
(Fig. 3). Thus, full-length GCK1, kinase-dead GCK1 
(Lys44 —> Met), and the free GCK1 CTD can all acti
vate coexpressed SAPK to varying degrees. Wild- 
type GCK1 is the strongest SAPK activator, whereas 
activation by K44M GCK1 and the GCK1 CTD is 
comparatively modest. This result is consistent with 
the idea that the GCK1 CTD either titers out GCK1 
inhibitors or serves as a domain for homo oligomer

ization-dependent activation (45,76). All three GCK1 
constructs can interact in vivo with MEKK1; how
ever, in apparent contrast to the relative ability of 
these GCK constructs to recruit the SAPKs, the free 
GCK1 CTD interacts most strongly with MEKK1, 
whereas the interaction between wild-type GCK1 and 
MEKK1 is weaker, and that between K44M GCK1 
and MEKK1 is barely detectable (76). Taken to
gether, these findings suggest that activation of 
GCKl’s kinase activity both permits MEKK1 bind
ing and efficient activation/tumover of activated 
MEKK1. TRAF2 might provide an initiating step in 
GCK1 activation, by triggering disinhibition of 
MEKK1 binding (Figs. 3 and 4). In this regard, it is 
noteworthy that the CT motif of the GCK1 CTD is 
required for both MEKK1 and TRAF2 binding (76). 
Actual activation of MEKK1, subsequent to GCK1 
binding, might involve direct phosphorylation. In
deed, GCK1 can phosphorylate MEKK1 in vitro (76). 
In addition, GCK1 binding may translocate MEKK1
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to regions of the cell that contain additional regula
tory components such as inositol phospholipids, 
which could bind to the PH domains on the MEKK1 
polypeptide, or Ras superfamily GTPases, which are 
known to bind to MEKK1 in a GTP-dependent man
ner. GCK1 binding could also promote oligomeriza
tion-dependent activation of MEKK1.

Binding and Regulation o f ASK 1 by TRAFs and 
Daxx

GCK1 and GCKR do not represent the only mech
anism by which TRAFs recruit the SAPKs. Most no
tably, TRAF2 expression activates both the SAPKs 
and p38s (40,43,76); by contrast, GCK1, GCKR, and 
MEKK1 are selective activators of the SAPKs 
(45,52,72). ASK1 is a MAP3K that can activate both 
the SAPKs and p38s (29). Moreover, the MAP3K ac

tivity of ASK1 itself is activated by TNFR1 and Fas 
engagement, and ASK1 is emerging as a parallel ef
fector for TNFR family signaling to the SAPKs and 
p38s (5,29,44).

Two recent studies indicate that ASK1 binds and 
is regulated by adapter proteins coupled to TNFR 
family receptors. Fas is a widely expressed cell death 
receptor that is crucial to immune cell regulation 
where it governs in part the ablation of autoreactive 
T lymphocytes [reviewed in (53,75)]. Engagement of 
Fas by FasL triggers apoptosis through at least two 
mechanisms. The first of these to be discovered in
volves the adapter protein Fas-associatecT death do
main protein (FADD), the death domain of which in
teracts with that of activated Fas to trigger the 
apoptotic caspase cascade [reviewed in (75)]. Daxx 
is a novel adapter protein that also interacts with Fas
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FIG. 3. Signaling from TRAF2 to GCK and MEKK1. GCK is activated as a consequence of binding TRAF2; although the mechanism has 
not been characterized completely, the kinase activity of GCK is likely ultimately enhanced by TRAF2. Activated GCK then binds MEKK1. 
Results (76) indicate that the kinase activity of GCK permits binding of MEKK1 and efficient turnover of activated MEKK1. The exact 
mechanism of MEKK1 activation is still largely unclear.

and couples Fas to both the SAPKs and a second, 
parallel proapoptotic pathway. Daxx does not possess 
a death domain; instead, the carboxyl-terminal end of 
Daxx (AAs 625-739) binds directly to the Fas death 
domain, but not to FADD (Figs. 1 and 4). AAs 500- 
625 of Daxx appear necessary for signaling apop
tosis, and the remainder of the Daxx polypeptide 
(AAs 626-739 and 1-500) is thought to perform an 
autoinhibitory function that is relieved upon the inter
action of Daxx with Fas. Ectopic expression of Daxx 
activates the SAPKs—a reaction also apparently me
diated by AAs 500-625 (Figs. 1 and 4). Expression 
of a construct consisting solely of the Fas binding 
region of Daxx (AAs 625-739) blocks both Fas-in- 
duced SAPK activation and apoptosis. The SAPKs 
are required for Daxx-induced cell death, but only in 
a subset of the cell lines tested (293 and L929 cells, 
but not HeLa cells) (73).

Coexpression of Daxx and ASK1 results in ASK1 
activation, and either endogenous or recombinant 
Daxx can associate directly in vivo with ASK1, a re
action that is Fas dependent and requires the amino- 
terminal 648 AAs of ASK1. Kinase-inactive ASK1 
effectively blocks both Daxx-induced apoptosis and

SAPK activation. From these results, it is clear that 
ASK1 is a downstream target of Daxx (5).

ASK1 can also interact with TRAF2, -5, and -6 in 
vivo (Table 1), and appears to be a parallel component 
by which TNF recruits the SAPKs. Thus, endogenous 
TRAF2 and ASK1 interact in vivo in a TNF-depen- 
dent manner; and this interaction can be replicated in 
vivo using recombinant proteins. The interaction be
tween ASK1 and TRAF2 requires the TRAF domains 
of TRAF2 and a carboxyl-terminal regulatory domain 
of the ASK1 polypeptide (AAs 940-1375, Fig. 4). 
Coexpression of ASK1 and TRAF2 also results in 
activation of ASK1, and kinase-inactive ASK1 can 
block TRAF2 activation of the SAPKs. Thus, it is 
plausible to conclude that ASK1 is a TRAF2 effector. 
Inasmuch as ASK1 is a potent activator of p38, the 
TRAF2-ASK1 interaction might also mediate the ac
tivation of p38 by TNF (44).

How do Daxx and TRAF2 activate ASK1? Coim- 
munoprecipitation experiments indicate that GCK1 
and ASK1 do not reliably interact in vivo. Moreover, 
GCK1 is a selective SAPK activator. Thus, it appears 
unlikely that TRAF2 (or Daxx) activation of ASK1 
proceeds through GCK1. Yeast two-hybrid screening
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FIG. 4. Recruitment of elements upstream of the SAPKs and p38s by the TNFR complex. See Fig. 1 and text for details on formation of 
the TNFR complex. The various domains involved in the molecular interactions shown are illustrated in the key.

has revealed that the redox sensing enzyme thiore- 
doxin (Trx) is an endogenous inhibitor of ASK1. This 
inhibition requires that Trx be in a reduced state. 
Thus, treatment of cells with oxidant stresses (H20 2) 
triggers the dissociation of Trx from ASK1 and acti
vation of ASK1 in vivo (Fig. 4) (49). Furthermore, 
TNF treatment is known to generate a pulse of reac
tive oxygen intermediates (ROIs) with slow kinetics 
(20 min-1 h) that parallel TNF/Fas activation of 
ASK1 (15,16,49,55). Indeed, TNF fosters the dissoci
ation of ASK1 from Trx by a process that can be 
blocked with free radical scavengers (49). Thus, 
TNF-induced and, possibly, Fas-induced ROI forma
tion could trigger release of Trx from ASK1 and 
ASK1 activation. Although TRAF2 is clearly neces
sary for TNF activation of ASK1, whether or not Trx 
dissociation from ASK1 precedes or is followed by 
TRAF2/Daxx binding remains to be determined.

A consequence of Trx dissociation from ASK1 is 
likely to be dimerization-dependent activation of 
ASK1. Upon overexpression, ASK1 spontaneously 
dimerizes in vivo, and TNF promotes the dimeriza

tion of endogenous ASK1 by a mechanism that re
quires ROIs and can be reversed with free radical 
scavengers. Moreover, expressed fusion proteins of 
ASK1 and DNA gyrase can be forced to dimerize in 
vivo upon administration of the binary DNA gyrase- 
binding drug coumermycin. This coumermycin-in- 
duced dimerization results in substantial activation of 
coexpressed SAPK (16). TRAF2 is known to homo- 
dimerize in vivo (61); and subsequent to Trx dissoci
ation from ASK1, one function of TRAF2 homodi
merization could be to foster the dimerization/ 
activation of associated ASK1.

Activation o f SAPK and p38 by RIP

RIP, like TRAF2 and ASK1, is a potent activator 
of both SAPK and p38 (40,76). The RIP intermediate 
domain is both necessary and sufficient for this func
tion. A dominant inhibitory construct of RIP wherein 
the intermediate domain is deleted (RIP-AID) effec
tively blocks TNF activation of both SAPK and p38. 
By contrast, although RIP-AID blocks TRAF2 activa
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tion of p38, activation of SAPK is unaffected (76). 
RIP and TRAF2 can interact directly in vivo; how
ever, gene disruption studies indicate that deletion of 
rip does not affect TNF activation of SAPK, but in
stead abrogates activation of NF-kB (32,61). Taken 
together, these results support the contention that 
multiple, parallel mechanisms couple TRAF2 to the 
SAPKs. Although a similar situation may exist for 
p38, RIP appears necessary for TRAF2 activation of 
p38 (76). Immunoprecipitates of the RIP intermediate 
domain contain significant amounts of an endogenous 
MAP3K activity that can activate MKK6 (and p38) 
in a coupled assay in vitro (76). Given the known 
TNF-dependent association of TRAF2 and ASK1, as 
well as TRAF2 and RIP (44,61), it will be important 
to determine if this RIP-associated MAP3K is, in 
fact, a complex of TRAF2 and ASK1.

CONCLUDING REMARKS

This review has focused on recent studies of the 
mechanisms by which TNFR1, and related receptors 
that signal through TRAFs, recruit the SAPKs and 
p38s. The more comprehensive studies of SAPK acti
vation that have been published to date indicate that 
there are several signaling components that emanate 
from TRAFs to recruit the SAPKs: GCK1/GCKR- 
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