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Activation of SAPK/JNK by 
TNF Receptor 1 Through a Noncytotoxic 

TRAF2-Dependent Pathway 
Gioacchino Natoli," Antonio Costanzo, Angelo lanni, 

Dennis J. Templeton, James R. Woodgett, Clara Balsano, 
Massimo Levrero 

Interaction of the p55 tumor necrosis factor receptor 1 (TNF-R1)-associated signal 
transducer TRADD with FADD signals apoptosis, whereas the TNF receptor-associated 
factor 2 protein (TRAF2) is required for activation of the nuclear transcription factor 
nuclear factor kappa B. TNF-induced activation of the stress-activated protein kinase 
(SAPK) was shown to occur through a noncytotoxic TRAF2-dependent pathway. TRAF2 
was both sufficient and necessary for activation of SAPK by TNFlRI; conversely, ex- 
pression of a dominant-negative FADD mutant, which blocks apoptosis, did not interfere 
with SAPK activation. Therefore, SAPK activation occurs through a pathway that is not 
required for TNF-R1-induced apoptosis. 

T u m o r  necrosis factor is a pleiotropic cyto- 
k ~ n e  that has grorrth modulatory, cytotoxic, 
and inflammatory activ~ties (1).  The effects 
of TNF are lned~ated by two distinct cell 
surface receptors of about 55 kD (TNF-R1) 
and i 5  kD (TNF-RZ), which are expressed 
on almost all nucleated cells (2 ) .  Proteins 
that are recruited to TNF-Rs after activation 
have been molecularly cloned, and their 
funct~on has been part~ally characterized (3) .  
The TNF-R1-associated death domain 
(TRADD) protein interacts nrith TNF-R1 
upon TNF-induced trimerlzatlon, and its 
overexpression is sufficient to cause both 
act~vation of KFKB and apoptosis (4,  5) .  
Other proteins associated w ~ t h  TNF-R1 by 
way of TRADD include the death d o ~ n a ~ l l  
protein FADD (5,  6)  (nrhich also particl- 
pates In the transduction of Fas-~nduced 
apoptotic signals) and TRAF2 (5 ,  7). 
TRAF2 belongs to a fam~ly of signal trans- 
ducers for both the TNF-R superfam~ly and 
interleukin-1 receptor I (8). The TRAF 
fam~ly is character~zed by a conserved 
COOH-terminal TRAF domain and, with 
the exception of TRAF1, an NH2-terminal 
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RING finger, nrhich is relevant for signal 
transduction (8, 9).  A n  add~tional molecule 
required for TNF-R1 s~gnal transduction IS 

RIP, a death domain-containing prote~n 
kinase that participates in both activation 
of NFKB and prornotion of apoptosis (1C). 
Whereas FADD is requ~red for TNF-R1- 
induced apoptosis, the i~l teract io~l  of 
TRADD nrith TRAF2 is required for actl- 
vation of NFKB and is dispensable for cyto- 
toxic~ty (5 ,  9).  

In addition to inducing apoptosis and 
activat~on of NFKB, cross-link~ng of TNF-R1 
activates SAPK, also known as c-Jun NHI- 
terminal k~nase (JNK). SAPK b~llds to and 
phosphorylates the transcriptloll factor c-Jun 
nrithin ~ t s  NHz-terminal doma~n In cells ex- 
posed to enrironinental stresses [including 
TNF, ultraviolet (UV) l~ght ,  protein synthe- 
sis inhibitors, and therinal stress] (1 1).  The 
physiolog~cal consequences of SAPK actlva- 
tion have not been thoroughly defined. 
However, ~t has been s h o ~ r n  that SAPK 
activ~ty IS required for apoptosis in nerve 
g r o n ~ h  factor-deprived sympathetic neurons 
(12), as well as for stress-induced apoptosls 
in both leukernla cells and fibroblasts (13). 

We therefore investigated the molecular 
~nechanisins and the s~gn~f~callce of TNF- 
illduced activation of SAPK. Human embry- 
onic k~dney 293 cells contain very small 
amounts of endogenous TNF-R2, vidlereas 
TNF-R1 is const~tut~vely expressed. There- 
fore, 111 these cells soluble TNF induces only 
TNF-R1 signaling (5, 9).  Treatment of 293 
cells w ~ t h  hiu~nan recoinbina~lt TNF-o( 
(1lrTNF-a) induces a rapid and transient 111- 
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Fig. 1. TNF activation of SAPK in 293 cells. Cells 
plated on gelatin-coated 60-mm culture plates 
were transfected by calcium phosphate copre- 
cipitation, with 4 pg of HA-p46SAPKy-pCDNA3 
(14). Forty-eight hours after transfection, cells that 
had first been treated or not with Nac (50 mM, 4 
hours) were stimulated with hrTNF-a (2500 IU/ml) 
for 15 min. HA-SAPKy was precipitated by deter- 
gent lysates with monoclonal antibody to HA 
(1 2CA5), and its activity was determined (16) with 
GST-c-Jun(1-141) as substrate. The fold induc- 
tion over the basal activity was quantitated with a 
Phosphorlmager. The results (mean 2 SD) of two 
experiments are shown. Control experiments 
were performed with mock-transfected cells. 

crease in SAPK activity that peaks at 15 min 
and reaches a maximal value of about three- 
to fivefold over the basal activity (Fig. 1) (14). 

Reactive oxygen species (ROS) such as 
superoxide, hydrogen peroxide, and hydroxyl 
radical function as second messengers in 
TNF-induced signal transduction. In cells 
treated with TNF-a, ROS are produced r a p  
idly and mediate both cytotoxicity (15) and 
NFKB activation (16). ROS are also implicat- 
ed in SAPK activation by some stimuli, such 
as W - C  rays (17). Treatment of 293 cells 
with N-acetylcysteine (Nac), a thiol anti-ox- 
idant and glutathione precursor, had no ap- 
parent effect on the basal SAPK activity. 
However, initial treatment with Nac is suffi- 
cient to block TNF-a-induced activation of 
SAPK (Fig. I),  suggesting that this activity of 
TNF is also dependent on ROS. 

T o  examine a possible role for TRAFs in 
activation of SAPK, we cotransfected 293 
cells with TRAF expression vectors together 
with a HA-p46SAPKy-pCDNA3 plasmid 
(14). Forty-eight hours after transfection, 
HA-SAPKy was recovered by immunopre- 
cipitation with a monoclonal antibody to the 
HA epitope (clone 12CA5), and its activity 
was measured in an immune complex kinase 
assay with glutathione-S-transferase (GST)- 
c-Jun as a substrate (14). Expression of 
TRAFl had no effect on SAPK activity; in 
contrast, expression of TRAFZ increased 

Fig. 2. Effects of TRAFs on SAPK act'@ in 293 cells. (A) TRAF2 activates SAPK. 293 cells were 
transfected with 4 pg of HA-p46SAPKy-pCDNA3 (14) together with 4 pg of pRK-TRAF1 or pRK-TRAF2 
(9). DNA concentration was always held constant by the addition of empty vector. Forty-eight hours after 
transfection detergent lysates were prepared, and the activity of exogenous transfected p46SAPKy was 
determined (14). Expression of TRAFl and TRAF2 in lysates from transfected cells is shown. Values 
shown are averages (mean 2 SD) of four independent experiments. A Ser 63t73+Ala GST-Jun mutant 
was not phosphorylated by immunoprecipitated HA-SAPKy (19). (6) Dose dependency of TRAF2- 
induced SAPK activation. The extent to which TRAF2 activated p46SAPKy was dose dependent but d ~ d  
not further increase when amounts of pRK-TRAF2 greater than 4 pg per plate were used. (C) SAPK 
activation by TRAFP is reduced by the anti-oxidant N-acetylcysteine. 293 cells were transiently cotrans- 
fected with 4 pg of HA-p46SAPKy-pCDNA3 together with 4 pg of either pRK-TRAF2 (9) or pCMV- 
AMEKK (18). Forty-eight hours after transfection cells were treated with Nac (50 mM, 4 hours), and 
SAPK activity was determined (14). Nac had no effects on SAPK activation induced by either heat shock 
or osmotic stress (19), indicating that its inhibitory effect is selective for a subset of SAPK activators. 

- 
NaCl UV-C AN1 
(mM) (Jim:) (ng~rnl) 

Fig. 3. A TRAF2 deletion mutant lacking the NH,-terminal RING finger, TRAF2(87-501), acts as a 
dominant-negative inhibitor of TNF-induced SAPK activity. (A) The RING finger is required for SAPK 
activation by TRAF2. 293 cells transfected with various amounts of.pRK-TRAF2(87-501) (9), and 4 pg 
of HAp46SAPKy-pCDNA3 were analyzed for SAPK activity 48 hours after transfection as described 
(14). As a positive control, the effect of wild-type TRAF2 on SAPK activity is shown. 293 cell lysates from 
duplicate plates were subjected to protein immunoblot analysis with a rabbit polyclonal antibody raised 
against the COOH-terminus of TRAF2 (Santa CNZ). (6) TRAF2(87-501) blocks SAPK activation by TNF. 
HA-p46SAPKy-pCDNA3 was cotransfected into 293 cells with either 4 pg of pRK-TRAF2(87-501) or 
vector. Forty-eight hours after transfection cells were stimulated with hrTNF-a (2500 UVml) for 15 min; 
detergent lysates were prepared and the activity of HA-SAPKy was measured (14). Expression of 
TRAF2(87-501) in lysates from transfected cells is shown. (C) Effects of dominant-negative TRAF2 on 
SAPK induction by osmotic stress, W-C, or anisomycin. 293 cells transfected with pRK-TRAF2(87- 
501) or vector plasmid were stimulated as indicated. 

SAPK activity in a dose-dependent manner to amounts of endogenous TNFR1-TR4DD- 
a maximum of about 15-fold relative to the TRAF 2 complexes. 
control (Fig. 2, A and B). The amount of We next evaluated the effects of Nac on  
SAPK activation obtained with TRAF2 is TRAF2-mediated activation of SAPK. In- 
greater than that obtained with T N F a  (Fig. cubation with Nac (4 hours) reduced the 
2A), consistent with the presence of limiting extent to which SAPK was activated by 
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TRAF2 by about 40% (Fig. 2C). The in- 
duction of SAPK by MEK kinase 
(MEKK)-a protein kinase that phospho- 
rylates and activates SEK, which in turn 
phosphorylates and activates SAPK (18)- 
is unaffected by Nac. This suggests that 
ROS are downstream of both TNF-R1 and 
TRAFZ, but are upstream of MEKK. A 
longer incubation with Nac caused a greater 
inhibition of TRAF2-induced SAPK activ- 
ity, but also caused some toxicity (19). 

Activation of NFKB by TRAF2 requires 
the presence of the NH2-terminal RING 
finger (9). In a similar manner, a TRAF2 
mutant that lacks the first 86 amino acids, 
TRAF2(87-501) (9), had no effect on 
SAPK (Fig. 3A) even when expressed in 
large amounts. This TRAF2 mutant is still 
capable of both homotypic aggregation and 
interaction with TRADD; therefore, it acts 
as a dominant-negative inhibitor of both 
TNF-R1-, TNF-R2-, and TRADD-induced 
activation of NFKB (5,9). Overexpression of 
TRAFZ(87-501) resulted in a complete sup- 
pression of TNF-induced SAPK activation 
(Fig. 3B), which indicates that TRAFZ is 
required for SAPK activation by TNF-Rl. In 
contrast, osmotic stress-, W-G, and aniso- 

mycin-mediated activation of SAPK was not 
affected by TRAF2(87-501) (Fig. 3C). 

We evaluated the role of FADD, a 
death domain-containing protein that 
acts as a transducer of both Fas- and TNF- 
R1-initiated apoptotic signals (5, 6). 
FADD contains a COOH-terminal death 
domain, which mediates the association 
with the related death domains of Fas and 
TRADD (5, 6), and an NH2-terminal do- 
main that is required for death induction 
and mediates the interaction with a down- 
stream death effector known as MACH, 
FLICE, or Mch4 (20). A FADD mutant 
that lacks this NH2-terminal effector do- 
main, FADD(80-205), acts as a domi- 
nant-negative inhibitor of both TNF-R1-, 
TRADD-, and Fas-induced apoptosis (5, 
6). Overexpression of FADD(80-205) had 
no effect on basal SAPK activity. More 
importantly, it did not impair the ability 
of TNF to activate SAPK (Fig. 4), indi- 
cating that FADD is not a component of 
the TNF-R1-triggered signaling cascade 
resulting in SAPK activation. 

We next studied the correlation between 
SAPK activation and TNF-induced apopto- 
sis in HeLa cells. HeLa cells express predom- 

Fig. 4. Dominant-negative FADD does not interfere with SAPK acti- - 
Y1 0 

vation by TNF. A FADD deletion mutant, FADD(80-205), that lacks the i: 
first 79 NH,-terminal amino acids (5, f3), which comprise the death m 

g a 
effector domain (5, Q, was expressed in 293 cells [4 pg of pRK- 2 
FADD(80-205)] together with HA-p46SAPKy. Forty-eight hours after 8 s t 9  
transfection cells were stimulated with TNF-a (2500 IU/ml, 15 min), , 5: - - -  
and HA-SAPKy activity was measured as above (14). Expression of 
Flag-tagged FADD(80-205) was analyzed by protein immunoblotting - GSTJU~ 

in lysates from transfected 293 cells with a rabbit polyclonal antibody 
to Flag (Santa Cruz). The upper band is nonspecific. 

\ i /  

Table 1. Cell death and activation of SAPK by TNF and TNF-Rl-associated proteins in Hela cells. For 
apoptosis assays, Hela cells were transiently transfected with a $-galactosidase expression vector 
(pCDNA HislacZ, 1 pg) in the presence or absence of 5 pg of the indicated expression constructs 
encoding TFWFI , TRAF2, TRAF2(87-501), or FADD(80-205), respectively (5,9). Forty-eight hours after 
transfection, the cells were treated with TNF in the presence or absence of ActD as indicated. After 12 
hours the cells were fixed and stained with X-Gal. The data are expressed as the mean percentage 
(TSEM) of blue cells exhibiting signs of apoptosis (that is, intensely staining, shrunken blue cells showing 
loss of adherence) as a fraction of the total number of cells counted (shown in parentheses) (25). SAPK 
activation assays were performed as described (14). The data are from three independent experiments. 

Expression Treatment Percent dead cells 
vector + SEM SAPK activity 

Vector - 15.3 T 1.2 (876) 1 
Vector TNF-a 14.6 2 1.7 (830) 4.2 2 0.5 
Vector ActD 24.5 T 1.2 (780) 0.9 T 0.2 
Vector TNF-a+ActD 96.2 2 0.4 (1 43) 4.5 2 0.8 
TRAF1 - 13.8 2 1.2 (910) 0.9 2 0.3 
TRAF2 - 12.7 2 1.1 (935) 7.3 T 1.2 
TRAF2(87-501) - 14.3 2 1.3 (883) 1.3 T 0.2 
TRAF2(87-501) TNF-a 41 .O 2 0.8 (462) 1.2 2 0.4 
TFWF2(87-501) TNF-a+ActD 95.1 2 0.3 (1 62) 1.1 2 0.4 
FADD(80-205) - 13.7 2 1.2 (897) 1.2 2 0.2 
FADD(80-205) TNF-a 14.2 2 1.1 (923) 4.5 2 0.4 
FADD(80 -205) TNF-a+ActD 18.3 2 0.9 (753) 4.3 2 0.5 

inantly TNF-R1 and are readily killed by 
TNF in the presence of protein- or RNA- 
synthesis inhibitors. In these cells, TNF ac- 
tivated SAPK about fourfold over basal ac- 
tivity; treatment with TNF plus actinomycin 
D (ActD) caused a similar activation of 
SAPK and induced cell death (Table 1). 
Activation of SAPK by either TNF or TNF 
plus ActD was completely blocked by 
TRAF2(87-501), the expression of which 
did not block apoptosis. In contrast, an in- 
crease in the number of apoptotic cells after 
treatment with TNF alone was observed in 
cells that express TRAF2(87-501); this ef- 
fect may be due to the blockade of TNF-R1- 
induced activation of NFKB, which recently 
has been reported to protect against TNF- 
induced death (21 ). Thus, TNF-a-induced 
SAPK activation can be blocked at a mem- 
brane-proximal level without detrimental 
effects on cell death signaling. In a recipro- 
cal manner, FADD(80-205) blocked apo- 
ptosis induced by TNF plus ActD but did 
not affect activation of SAPK (Table 1). 

Our results confirm that induction of apo- 
ptosis by TNF-R1 requires FADD; however, 
FADD is not required for activation of SAPK 
by TNF-a, demonstrating that the TNF-a- 
induced apoptotic pathway is separate from 
the pathway that leads to SAPK activation. 
Conversely, TRAF2 is both necessary and 
sufficient for SAPK stimulation, and yet 
TRAF2 expression does not result in (and is 
not required for) cytotoxicity (Table 1). 

The correlation of SAPK activation by 
TNF-a and TRAF2 with activation of 
NFKB suggests that SAPK may cause NFKB 
activation. Indeed, activation of SAPK by 
MEKK results in NFKB activation, and ki- 
nase-inactive MEKK blocks TNF-induced 
NFKB activation in some cellular models 
(22). However, in our system dominant- 
negative SEK did not block TRAF2-medi- 
ated SAPK activation (19), suggesting a 
possible divergence of the pathways leading 
to the activation of SAPK and NFKB down- 
stream of TRAFZ. TRAF2 is also a compo- 
nent of the signaling apparatus of CD40 
(9), a TNF-R-related transmembrane re- 
ceptor whose cross-linking triggers activa- 
tion of both NFKB and SAPK (9, 23). 
Because TRAF2 is required for CD40-in- 
duced NFKB activation (9), it may also 
mediate SAPK activation by this receptor. 

Note added in proof: Liu et al. reported 
that recruitment of TRAFZ to the TNF-R1 
complex mediates activation of SAPKnNK 
(24). 
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Regulation of Cell Cycle Synchronization 
by decapentaplegic During Drosophila 

Eye Development 
Andrea Penton, Scott B. Selleck, F. Michael Hoffmann* 

In the developing Drosophila eye, differentiation is coordinated with synchronized pro
gression through the cell cycle. Signaling mediated by the transforming growth factor-
(B-related gene decapentaplegic (dpp) was required for the synchronization of the cell 
cycle but not for cell fate specification. DPP may affect cell cycle synchronization by 
promoting cell cycle progression through the G2-M phases. This synchronization is 
critical for the precise assembly of the eye. 

The Drosophila eye has served as a model 
system for examining the molecular mech
anisms that govern the patterning and as
sembly of a complex tissue. The adult eye 
develops from an epithelial monolayer 
known as the eye imaginal disc. Differenti
ation begins in the posterior end of the disc 
and progresses anteriorly, marked by an in
dentation in the disc epithelium called the 
morphogenetic furrow (MF). Within the 
MF, unpatterned cells are induced to differ
entiate into the highly ordered array of 
retinal cells and nonneural accessory cells 
that produce the 750 ommatidia of the 
adult eye (I, 2). Differentiated cells poste
rior to the MF express the signaling mole
cule hedgehog (HH), which directs the an
terior advancement of the furrow (3,4) and 
induces the expression of DPP within the 
furrow. DPP mediates cell fate determina
tion in the developing wing and leg in 
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response to HH (5, 6). 
During the initial stages of sensory unit 

assembly in the MF, precursor cells exhibit 
synchronization of the cell division cycle (2, 
7). Anterior to the MF, cells divide random
ly, but just ahead and within the MF, cell 
divisions occur more coordinately. The first 
evidence of cell cycle synchronization is in
creased amounts of cyclin B (8), a mitotic 
cyclin required for entry into mitosis (9). As 
cells enter late G2, cyclin B levels peak and 
cyclin B then degrades at the metaphase-
anaphase transition in mitosis. Loss of cyclin 
B and the appearance of mitotic figures mark 
coordination in the M phase (Fig. .1, A 
through C). After completion of mitosis, 
cells arrest in G1 in the MF and transcription 
of dpp is activated (Fig. 1C).. 

Cells respond to DPP through two type I 
receptors, thick veins (tkv) or saxophone (sax), 
and a type II receptor, punt (put) (10). Re
sponses to DPP are also attenuated by muta
tions in the putative transcription factor 
schnurri (shn) (11). We examined whether 
DPP was necessary for cell fate specification 
or cell cycle synchronization by determining 
whether cells defective for tkv, sax, or shn 
showed abnormalities in cell division or dif-
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