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The c-Jun NH,-terminal kinase (JNK) is activated when cells are exposed t o  
ultraviolet (UV) radiation. However, the functional consequence of JNK acti- 
vation i n  UV-irradiated cells has not  been established. It is shown here that JNK 
is required for UV-induced apoptosis in  primary murine embryonic fibroblasts. 
Fibroblasts with simultaneous targeted disruptions of al l  the functional I nk  
genes were protected against UV-stimulated apoptosis. The absence of INK 
caused a defect i n  the mitochondria1 death signaling pathway, including the 
failure t o  release cytochrome c. These data indicate that mitochondria are 
influenced by proapoptotic signal transduction through the INK pathway. 

The development and maintenance of healthy 
tissues involves apoptosis, a program of physi- 
ologically regulated cell death (I). Dysregu-
lated apoptosis contributes to many patholo- 
gies, including tumor promotion, autoimmune 
and immunodeficiency diseases, and neurode- 
generative disorders (2). Therefore, signaling 
pathways that trigger apoptosis are of intense 
interest. The c-Jun NH,-terminal kinase (JNK) 
signaling pathway is essential for neuronal ap- 
optosis in response to excitotoxic stress (3). 
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However, the role of JNK in the apoptotic 
responses of other cell types is unclear. The 
goal of this study was to define the requirement 
for .INK in apoptosis of primary murine embry- 
onic fibroblasts (MEF). 

MEF were prepared from wild-type (WT) 
embryos and mutant embryos in which the 
Jnk genes were disrupted (3, 4). WT MEF 
expressed large amounts of 46-kD JNKl and 
55-kD JNK2 isoforms and small amounts of 
55-kD JNKl and 46-kD JNK2 isoforms (Fig. 
1A). The neuronal JNK isoform (JNK3) was 
not detected (5). The compound mutant 
Jnkl -/-Jnk2-/- MEF did not express JNK 1 
or JNK2.. These data indicated that Jnkl- '-

Jnk2-"- MEF may lack a functional JNK 
signal transduction pathway. This conclusion 
was confirmed by analysis of JNK act~vity in 
MEF exposed to ultraviolet (UV) radiation 
(Fig. 1B) or treated with fetal bovine serum 
(Fig. 1C). Disruption of the Jnkl and Jnk2 
genes did not alter expression of related mi- 
togen-activated protein kinases (MAPK), 
ERK and p38, or the JNK activators MKK4 
and MKK7 (Fig. 1A). The MKK4 and MKK7 
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activity in Jnkl-/-Jnk2-/- MEF after UV 
treatment was 66% and 77%, respectively, of 
that detected in WT MEF (5). UV-activated 
p38 MAPK (Fig. 1B) and serum-activated 
ERK (Fig. 1C) were detected in JNK-deficient 
cells. ERK activation was comparable in WT 
and Jnkl-/-Jnk2-/- MEF, but a slight reduc-
tion of p38 MAPK activation was detected in 
Jnkl-/-Jnk2-/- MEF. These data establish 
that Jnkl-/-Jnk2-/- MEF possess no JNK and 
represent a usel l  model for studies of the JNK 
signaling pathway. 

Jnk2-/- MEF proliferated slightly more 
rapidly in culture than did WT MEF (Fig. ID). 
However, the saturation density of WT and 
Jnk2-/- MEF was similar. In contrast,Jnkl-/-
MEF and compound mutant Jnkl-/- Jnk2-/-
MEF proliferated more slowly than did WT 
cells and they reached a lower saturation den-
sity (Fig. ID). The lower saturation density of 
these mutant MEF was observed at both low 
and high serum concentrations (Fig. 1E). These 
data indicated that JNK was required for nor-
mal proliferation of MEF and that JNKl may 
be more important than JNK2 for proliferation. 
A greater role for JNKl is consistent with the 

observation that Jnkl gene disruption caused a 
larger decrease in JNK activity than that caused 
by disruption of the Jnk2 gene (Fig. 1 ,  B and 
C). The reduced proliferation potential of MEF 
without JNK.is similar to MEF without c-Jun 
(6) and MEF with a mutation in c-Jun that 
eliminated the JNK phosphorylation sites (7). 
This phenotypic similarity indicates that defects 
in c-Jun phosphorylation may contribute to the 
reduced proliferative potential of Jnkl-/-
Jnk2-I- MEF. 

The JNK signaling pathway has been impli-
cated in the apoptotic response of cells exposed 
to stress (8).JNK is required for stress-induced 
neuronal apoptosis (3, 7, 9).However, the role 
of JNK in apoptosis of other cell types is con-
troversial and the conclusions of several studies 
indicate that JNK may not mediate apoptotic 
signaling (10).Therefore we examined apopto-
sis of JNK-deficient MEF. WT and Jnk2-/-
MEF exposed to UV exhibited decreased via-
bility (Fig. 2A) and increased fragmentation of 
genomic DNA (Fig. 2B). Partial protection 
from UV-induced apoptosis was observed for 
Jnkl-'- MEF. Jnkl-/-Jnk2-/- MEF were 
nearly completely protected from the effects of 

A @+'
s' JNK 

B ,& 9 &&& P38 
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UV on survival (Fig. 2A), DNA fragmentation 
(Fig. 2B), and sub-G, DNA content (Fig. 2C). 
These data indicate that JNK is required for the 
normal apoptotic response of fibroblasts to UV. 
The partial protection observed for Jnkl-'-
MEF was consistent with the lower amount of 
JNK activity detected in these cells after expo-
sure to UV (Fig. 1B). The protection against 
UV-induced apoptosis caused by JNK deficien-
cy was observed a long time after UV exposure 
(Fig. 2, A and B) and also in response to high 
doses of UV radiation (Fig. 2D). To confirm 
that the protection was caused by JNK deficien-
cy, we examined the effect of Jnk gene dosage 
on UV-induced apoptosis. The amount of UV-
induced apoptosis of Jnkl-/- MEF correlated 
with the amount of JNK expression (Fig. 2E). 
Treatment of MEF with a general caspase in-
hibitor (zVAD) prevented cell death caused by 
UV (Fig. 2F). In contrast, inhibitors of protein 
synthesis (cycloheximide) and rnRNA synthe-
sis (actinomycin D) did not inhibit UV-induced 
apoptosis. These data indicated that caspase 
activation, but not new gene expression, was 
required for UV-induced apoptosis. The ab-
sence of a requirement for new gene expression 
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Fig. 1. Isolation of INK-deficient MEF. (A) Extracts ~nk l -k~nk3 - f---- + 
were preparedFromWT,Ink7-I-, Jnk2-I-, andJnkl -I- u 
Jnk2-'- MEF (25). Expressionof INK, p38, ERK, MKK4, 
and MKK7was examined by protein immunoblotanal- :z ,15 KO ~ = 9  

ysis (26). (B) Activation of the JNK and p38 MAPK in 2Sl0 Serum concentration(%) 
response to  UV radiation (UV-C, 60 J/mz) and incu- x .= 
bation for the indicated times were measured by in 5 5 
vitro kinase assays with c-Jun and ATFZ as the sub-
strates, respectively (27). Phosphorylated c-Jun and Oo 60 120180240 o 60 120180240 
ATFZ were detected after SDS-polyacrylamide gel Serum (min) Serum (min) 

electrophoresis (PAGE) by autoradiography (upper), 
quantitated by Phosphorlmager analysis (Molecular Dynamics), and are (Lower). (D) Proliferation of MEF was examined by crystal violet staining 
presentedin arbitrary units (lower). (C) Activationof the JNKand ERK MAPK [mean optical density (OD) at 590 nm (2SD); n = 31 after addition of 1 X 
in responseto treatment with fetal bovine serum (10%) and incubation for lo4 cells to  20-mm tissue culture dishes and culture in medium supple-
the indicatedtimes were measured by in vitro kinase assays with c-Junand mentedwith 10% fetal calf serum. (E) Saturation growth density of MEF in 
c-Myc as the substrates, respectively (27). Phosphorylatedc-Jun and c-Myc different concentrations of serum was examined by crystal violet staining 
were detected after SDS-PAGE by autoradiography (upper), quantitated by [mean OD at 590 nm (2SD); n = 31. Relative cell numberswere measured 
Phosphorlmager analysis (Molecular Dynamics), and presented as above at day 0 (D = 0) and after culture for 9 days (0= 9). 
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Fig. 2. Selective resistance of MEF to apoptotic stimuli. (A) Increased survival of 

D jnkl-/-jnkZ-/- MEF after exposure to UV-C radiation. MEF were treatedEJZ-k 
Jnk2k 

without or with UV-C (60 J/mZ)and incubated in medium with serum for the 
indicated times. Percentage of surviving cells was measured by crystal violet 
staining [mean OD at 590 nm (2SD); n = 31. (B) Defective apoptotic response of 
jnkl-/-jnkZ-/- MEF to UV-C radiation. MEF were treated without or with UV-C 
(60J/mZ)and incubated in medium with serum for the indicated times. Apoptosis 
was measured (OD)by examinationof DNA fragmentation (27) (mean 2 SD;n = 

z.%-ILJnk2-/ 3). (C) Apoptotic response of MEF to treatment with UV-C (60 J/mZ) was 
measured after incubation in medium with serum for 20 hours by flow cytomet-

o) ric analysis of propidium iodide staining (27).The sub-C, population of cells was 
identified and is expressed as a percentage of the total number of cells (mean 2 
SD; n = 3). (D) Resistance of jnkl-/-jnkZ-/- MEF to  both low and high levels 

UV dose (Jlm2) of UV-C radiation. MEF were treated without or with the indicated dose of UV-C 
radiation and incubated in medium with serum for 16 hours. Apoptosis was 

measured (OD) by examinationof DNA fragmentation (mean + SD;n = 3). (E) Apoptotic defect of jnk7-/-jnk2-'- cells is reduced by INK expression. 
The effect of increasing amounts of JNK2 expression on apoptosis caused by UV-C (60J/mZ)was examined after incubation in medium with serum 
for 16 hours by measurement of DNA fragmentation (mean 2 SD; n = 3). (F) Requirement of caspases,but not new gene expression,for UV-C-induced 
apoptosis. MEF were untreated (Control)or were treated with UV-C (60 J/mZ;UV) or with anti-Fas (102 antibody at 1 pg/ml plus cycloheximideat 
0.3 pg/ml; Fas). The effect of pretreatment (2 hours) with zVAD (40 pM), zlETD (40 pM), cycloheximide (CHX; 0.3 pg/ml), or actinomycin D (ActD; 
0.1 pglml) was examined. Cells were incubated in medium with serum for 16 hours and the amount of apoptosis was measured by analysis of DNA 
fragmentation (mean OD; n = 3). (C)jnkl-/-jnk2-/- MEF are selectively resistant to proapoptotic stimuli. MEF were treated (16 hours) without and 
with UV-C (60J/mz;UV), anisomycin (5 pg/ml; ANISO), MMS (0.5 pM; MMS), or anti-Fas (Jo2antibody at  1 CLglml plus cycloheximideat 0.3 pgtml; 
FAS). Apoptosis was measured (mean OD; n = 3) by examining DNA fragmentation. Amount of apoptosis measured for WT MEF exposed to each 
stimulus was normalized to a relative OD value of 100 (mean t SD; n = 3). 

distinguishes the JNK-dependent W-induced 
apoptosis of MEF (Fig. 2F) from JNK-depen-
dent excitotoxic stress-induced apoptosis of 
neurons, which requires c-Jun phosphorylation 
and new gene expression (3, 7, 9). We conclude 
that the JNK signaling pathway is required for 
the apoptotic response of fibroblasts to W 
radiation. 

The Jnkl-/-Jnk2-/- MEF were also de-
fective in the apoptotic response to the geno-
toxin methyl methanesulfonate (MMS) (Fig. 
2G). Treatment with MMS caused apoptosis 
of WT cells. In contrast, Jnkl-/-Jnk2-/-
cells continued to proliferate after a period of 
growth arrest when exposed to MMS (5). The 
Jnkl-/-Jnk2-/- MEF were also resistant to 
apoptosis caused by the drug anisomycin. In 
contrast, normal apoptosis of both WT and 
Jnkl-/-Jnk2-/- MEF was observed in re-
sponse to activation of the Fas death signal-
ing pathway (Fig. 2G). These data indicate 
that JNK deficiency caused a selective defect 
in the apoptotic response of MEF. 

The apoptotic defect in response to UV 
may be the consequence of increased survival 
signaling in Jnkl-/-Jnk2-/- MEF. There-
fore we examined activation of the transcrip-
tion factor NF-KBand the protein kinase Akt 
(PKB), two important components of signal-
ing pathways that promote cell survival (11). 
W caused a similar increase in NF-KBDNA 

binding activity in WT and Jnkl-/-Jnk2-/-
MEF (5). In contrast, UV did not increase 
Akt activation [monitored with an antibody 
that recognizes phosphoserine-473 in Akt (12)] 
in WT or Jnkl-/-Jnk2-/- MEF (5). These 
data indicate that increased survival signaling 
may not account for the resistance of Jnkl-/-
Jnk2-/- MEF to W-induced apoptosis. 

The p53 tumor suppressor is negatively reg-
ulated by c-Jun (6) and JNK (13). Changes in 
p53 could contribute to the W resistance and 
reduced proliferation ofJnkl-/- Jnk2-/- MEF 
because p53 is implicated in the cellular re-
sponse to genotoxic stress (14). Therefore we 
examined the effect of W on p53 in WT and 
Jnkl-/-Jnk2-/- MEF. Exposure of WT and 
Jnkl-/-Jnk2-/- MEF to W caused reduced 
entry into S phase (Fig. 3A). Because radiation-
induced growth arrest involves p53 (14), this 
observation indicates that p53 may function in 
Jnkl-/-Jnk2-/- MEF. W increased the 
amount of p53 (but not p73) in WT and 
Jnkl-/-Jnk2-/- MEF (Fig. 3B). Immunofluo-
rescence analysis demonstrated nuclear accu-
mulation of p53 in WT and Jnkl-/-Jnk2-/-
MEF exposed to W (5). The Jnkl-/-Jnk2-/-
MEF expressed slightlymore p53 than did WT 
MEF and correlated with increased expression 
of pl9- and the cell cycle inhibitor p21 (Fig. 
3B). Because ~ 1 9 ~ "stabilizes p53 by inacti-
vating Mdm2 (15), the increased expression of 

~ 1 9 ~ ~ ~may explain the increased amount of 
p53 and p53 target gene expression (p21) de-
tected in Jnkl-/-Jnk2-/- MEF. However, in-
creased expression of Bax, another p53 target 
gene, was not observed (Fig. 3B). Thus, the 
reduced proliferation potential of Jnkl-/-
Jnk2-/- MEF may be related, in part, to chang-
es in plgARF,p53, and p21. 

The caspase group of proteases is required 
for apoptosis (16). Therefore we examined 
whether JNK was required for caspase activa-
tion in response to W.Gene knockout studies 
demonstrate that the initiator caspase required 
for Fas-induced death (caspase 8) is not re-
quired for W-induced apoptosis (17). Thus, 
the caspase 8 inhibitor zIETD prevented Pas-
induced, but not W-induced, apoptosis (Fig. 
2F). W-induced cell death requires Apaf-1, the 
initiator caspase 9, and the effector caspase 3 
(18-20). This pathway is initiated by the re-
lease of cytochrome c from the mitochondria 
(21). Therefore we examined the cytochrome 
cIApaf-llcaspase 91caspase 3 pathway in WT 
and JNK-deficient MEF. Caspase 3 activity 
was increased after exposure of WT MEF, but 
not Jnkl-/-Jnk2-/- MEF, to W (Fig. 4A). 
Protein immunoblot analysis confirmed that 
caspase 3 was processed from the proenzyme 
(32 kD) to the active form (18 kD) when WT 
MEF, but not Jnkl-/-Jnk2-/- MEF, were ex-
posed to W (Fig. 4B). We also examined the 
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Fig. 3. Similar p53 response induced by UV 
radiation in WT and JNK-deficient MEF. (A) 
UV-C radiation causes growth arrest of WT and 
]nkl-/-JnkZ-/- MEF. MEF were treated with- 
out and with UV-C radiation (60 J/m2) and 
incubated in medium with serum for 19 hours. 
Cells were pulse-labeled (1 hour) with BrdU, 
harvested, and examined by flow cytometry 
(27). The S-phase population of cells (labeled 
with BrdU) is presented as the percentage of 
total cells (mean + SD; n = 3). (B) WT and 
jnkl-/-Jnk2-/- MEF were either untreated (0 
hours) or exposed to  UV radiation (60 J/m2) 
and incubated in culture medium for 12 or 20 
hours. Expression of p73, p53, ARF, p21, Bcl2, 
Bax, and actin was examined by protein immu- 
noblot analysis (26). 

release of mitochondrial cytochrome c. Expo- 
sure of WT MEF to W caused a large increase 
in cytoplasmic cytochrome c (Fig. 4B) and 
decreased mitochondrial membrane potential 
(Fig. 4C). In contrast, W did not cause cyto- 
chrome c release or mitochondrial depolariza- 
tion in Jnkl-/-Jnk2-/- MEF (Fig. 4, B and C). 
These defects in Jnkl-/-Jnk2-/- MEF were 
selective for exposure to W because Fas-in- 
duced cytochrome c release and caspase 3 pro- 
cessing were normal in JNK-deficient cells 
(Fig. 4B). Microinjection studies demonstrated 
that cytoplasmic cytochrome c caused apopto- 
sis of both WT and JNK-deficient MEF (Fig. 
4D). Selective resistance of Jnkl-/-Jnk2-/- 
MEF to W therefore reflects the failure of 
cytochrome c release fiom the mitochondria 
and caspase activation. 

There are many possible targets of the JNK 
signaling pathway that may affect the mito- 
chondria, including members of the Bc12 group 
of apoptotic regulatory proteins (22). Indeed, 
the antiapoptotic protein Bc12 has been reported 
to be phosphorylated and inactivated by JNK 
(23). However, an electrophoretic mobility 
shift, characteristic of phosphorylated Bcl2, 
was not detected in WT MEF exposed to W 
radiation (Fig. 3B), which suggests that Bc12 
phosphorylation may not mediate the proapop- 
totic effects of W-activated JNK. A second 
potential target of JNK signaling is Bid, a pro- 
apoptotic BH3-only member of the Bc12 group, 
which is proteolytically activated to generate a 
fragment that translocates to the mitochondria 
and induces cytochrome c release (24). Fas 
caused Bid cleavage in both WT and Jnkl-I- 
Jnk2-I- MEF, but W caused Bid cleavage 
only in WT MEF (Fig. 4B). The caspase inhib- 

Fig. 4. Requirement of INK A 
for UV-C radiation-stimu- 
lated cytochrome c release 
and caspase activation. (A) 
Caspase 3 activity is in- 
creased after exposure of 
WT MEF, but not jnkl-/- 
Jnk2-/- MEF, to UV-C ra- 
diation. WT (red) and .+ 
Jnkl -/-Jnk2-/- (green) 
MEF were exposed to  UV 
radiation (60 J/m2) and i 
incubated in medium 9 
with serum for 15 hours. log fluorescence 
Caspase 3 activity was ~ h i ~ h i ~ u x - ~ , ~ ,  
measured by incubating 
cells (1 hour) with the flu- 
orogenic substrate PhiPhi- C D 
Lux-G,D2 and analyzing - WT - Jnkl-/-Jnk2-/- Jnkl-/-Jp,@F by flow cytometry (27). 
(B) Mitochondrial death 
pathway is activated by 

p 1 UV-C radiation in WT n 5 
MEF but not in Jnkl-I - 6 i- 0.4 
jnk2-/- MEF. Cells were $ c 
expose$ to UV-C radiation 8 
(60 J/m2) and incubated in o 
medium with serum for 0, Z 

12, and 20 hours. Effect of - 0 0 0 0 0 0  
N * W r n Z  

UV-C was compared with log fluorescence 
DiOC6 Apoptosis (%) 

treatment (16 hours) with 
anti-Fas (102 antibody at 1 
p,glml plus cycloheximide at 0.3 p,glml; Fas). Expression of cytoplasmic cytochrome c (Cyt0.C) and Bid 
was examined by protein immunoblot analysis. Caspase 3 was detected by protein immunoblot analysis 
of total cell extracts with a caspase 3 antibody that binds both procaspase 3 (p32) and activated caspase 
3 (p18) (upper) and an antibody that specifically binds activated caspase 3 (p18) (lower). (C) UV-C 
radiation causes mitochondrial depolarization in WT MEF but not in Jnkl-/-JnkZ-/- MEF. WT (red) and 
Jnkl-/-Jnk2-/- (green) MEF were exposed to UV-C radiation (60 J/m2) and incubated in medium with 
serum for 20 hours. Mitochondrial membrane potential was examined with the potentiometric dye 
3,3'-dihexyloxacarbocyanine iodide [DiOC,(3)] and analysis by flow cytometry (27). (D) Cytochrome c 
induces apoptosis in both WT MEF and Jnkl- -Jnk2-/- MEF. Cells were microinjected with fluorescein- 
conjugated dextran (3 mglml) and the indicated concentrations of cytochrome c (28). Apoptosis was 
scored 2 hours after iniection. Averages of at least 150 cells from three independent determinations are 
shown. Error bars repiesent SD. control experiments demonstrated that treatment of cells with the 
caspase inhibitor zVAD (40 p,M) for 2 hours before microinjection reduced the cytochrome c-induced 
apoptosis. 

itor zVAD inhibited Bid cleavage and cyto- 
chrome c release caused by Fas, but not W ,  
indicating that Bid cleavage and cytochrome c 
release in response to W may be caspase- 
independent (5). These data indicate that a 
BH3-only molecule (like Bid) is a possible 
mediator of proapoptotic signaling by JNK. 

In conclusion, our study indicates that 
W-induced apoptosis in fibroblasts requires 
.INK for cytochrome c release fiom the mito- 
chondria. Other proteins required for W- 
induced apoptosis include the cytochrome c 
effectors Apaf-1, caspase 9, and caspase 3 
(18-20). Together with. JNK, these proteins 
function as a signaling pathway that mediates 
W-induced death. 

References and Notes 
1. D. L. Vaux and 5.1. Korsrneyer, Cell 96, 245 (1999). 
2. G. Evan and T.  Littlewood, Science 281, 1317 (1998); J. 

Yuan and B. k Yankner, Nature Cell Biol. 1, E44 (1999). 
3. D. D. Yang et al., Nature 389,865 (1997). 
4. D. D. Yang et al., Immunity 9, 575 (1998); C. Dong et 

al., Science 282, 2092 (1998); C. Y. Kuan et al., 
Neuron 22, 667 (1999). 

5. C. Tournier, unpublished observation. 

6. R S. Johnson et al., Genes Dev. 7, 1309 (1993); M. 
Schreiber et al., Genes Dev. 13, 607 (1999). 

7. A. Behrens, M. Sibilia, E. F. Wagner, Nature Genet. 21, 
326 (1999). 

8. Y. T. Ip and R. J. Davis, Curr. Opin. Cell Biol. 10, 205 
(1 998). 

9. M. Dickens et al., Science 277, 693 (1997); Z. Xia et 
al., Science 270, 1326 (1995). 

10. C .  Natoli et al., Science 275,200 (1997); Z. G. Liu et 
al., Cell 87, 565 (1996); A. Roulston et al., 1. Biol. 
Chem. 273, 10232 (1998). 

11. A. Khwaja, Nature 401, 33 (1999). 
12. J. Downward, Curr. Opin. Cell Biol. 10, 262 (1998). 
13. S. Y. Fuchs et al., Genes Dev. 12, 2658 (1998). 
14. A. J. Ciaccia and M. B. Kastan, Genes Dev. 12, 2973 

(1998). 
15. J. D. Weber et al., Nature Cell Biol. 1, 20 (1999). 
16. B. B. Wolf and D. R. Green, J. Biol. Chem. 274, 20049 

(1999). 
17. P. Juo et al., CUR. Biol. 8, 1001 (1998); E. E. 

Varfolorneev et al., Immunity 9, 267 (1998). 
18. M. Woo et a[., Genes Dev. 12,806 (1998); K. Kuida et 

al., Nature 384, 368 (1996). 
19. R. Hakern et al., Cell 94, 339 (1998); K. Kuida et al., 

Cell 94, 325 (1998). 
20. F. Cecconi et al., Cell 94, 727 (1998); H. Yoshida et 

al., Cell 94, 739 (1998). 
21. H. Zou et al., Cell 90,405 (1997); P. Li et al., Cell 91, 

479 (1997). 
22. A. Cross, J. M. McDonnell, 5. J. Konrneyer, Genes Dey. 

13, 1899 (1999). 

www.sciencemag.org SCIENCE VOL 288 5 MAY 2000 



R E P O R T S  

23. K. Yamamoto, H. Ichijo, S. 1. Korsmeyer, Mol. Cell. 
Biol. 19, 8469 (1999); R. K. Srivastava et al., Proc. 
Natl. Acad. Sci. U.S.A. 96, 3775 (1999); K. Maundrell 
et al., 1. Biol. Chem. 272, 25238 (19971: S. Haldar, N. , , 
Jena, C .  M. Croce, Proc. Natl. Acad. Sci. U.S.A. 92, 
4507 119951. .. 	, ---, 

24. X. M. Yin et al., Nature 400,886 (1999); H. Li, H. Zhu, 
C. 1. Xu, 1. Yuan, Cell 94, 491 (1998); X. Luo et al., Cell 
94, 481 (1998). 

24. E. Bossy-Wetzel, D. D. Newmeyer, D. R. Green, EMBO 
J. 17, 37 (1998). 

25. MEF were prepared from day 13.5 embryos and cul- 
tured in Dulbecco's modified Eagle's medium supple- 
mented with 10% fetal bovine serum (Life Technolo- 
gies). All experiments were done with cells between 
passage 2 and passage 5. Similar data were obtained in 
experiments with independently isolated MEF. 

26. Frozen cell pellets were lysed on ice (30 min) in RlPA 
buffer [50 mM tris-HCI (pH 7.5), 10 mM P-glycerophos- 
phate, 5 mM EDTA, 150 mM NaCI, 1% Nonidet P-40, 1 
mM phenylmethylsulfonyl fluoride, 1 mM sodium or- 
thovanadate, aprotinin at 0.4 unitlml, and leupeptin at 
0.4 unitlml]. Extracts (100 pg  of protein) were exam- 
ined by protein immunoblot analysis by probing with 
antibodies to PKBIAKT (New England Biolabs), p38 
MAPK (Santa Cruz), ERK (Santa Cruz), JNK (Pharmin- 

gen), MKK4 (Santa Cruz), MKK7 (Zymed), p53 (Calbio- 
chem), p73 (provided by W. C. Kaelin Jr.), ARF (Novus 
Biologicals), caspase 3 (Santa Cruz), active caspase 3 [A. 
Srinivasan et al., Cell Death Differ, 5, 1004 (1998)], p21 
(Santa Cruz), Bcl2 (Pharrningen), Bax (Pharmingen), and 
actin (Calbiochem). 5100 fractions were prepared [J. 
Yanget al., Science 275,1129 (1997)l and examined by 
immunoblot analysis by probing with antibodies to 
cytochrome c (Pharmingen) and Bid (provided by X. 
Wang). Immune complexes were detected by enhanced 
chemiluminescence (Kirkegaard & Perry). 

27. MAPK activity 	was measured by in vitro kinase 
assays [J. Raingeaud et al., j .  Biol. Chem. 270, 
7420 (1995)l. Apoptosis was examined by analysis 
of DNA fragmentation by the cell death detection 
ELLA method (Boehringer Mannheim). The per- 
centage of cells in sub-C, and S phase was exam- 
ined by flow cytometry analysis of bromodeoxyuri- 
dine (BrdU) incorporation and propidium iodide 
staining [F. Dolbeare et al., Methods Cell Biol. 33, 
207 (1990)]. The mitochondria1 membrane poten- 
tial was examined by loading the cells (30 min at 
37°C) with 40 nM 3,3'-dihexyloxacarbocyanine io-
dide (Molecular Probes) and analyzing by flow 
cytometry [R. M. Siegel et  al.. j .  Cell Biol. 141, 
1243 (1998)j. Caspase 3 activity was measured by 

Ubiquitin Protein Ligase Activity 
of lAPs and Their Degradation in 

Proteasomes in Res~onse to
I 

Apoptotic Stimuli 
Yili Yang, Shengyun Fang, Jane P. Jensen, Allan M. Weissman, 


JonathanD. Ashwell* 


To determine why proteasome inhibitors prevent thymocyte death, we exam- 
ined whether proteasomes degrade anti-apoptotic molecules in  cells induced 
t o  undergo apoptosis. The c-IAP1 and XIAP inhibitors of apoptosis were selec- 
tively lost in  glucocorticoid- or etoposide-treated thymocytes in  a proteasome- 
dependent manner before death. IAPs catalyzed their own ubiquitination in  
vitro, an activity requiring the RlNG domain. Overexpressed wild-type c-IAP1, 
but not a RlNG domain mutant, was spontaneously ubiquitinated and degraded, 
and stably expressed XIAP lacking the RlNG domain was relatively resistant t o  
apoptosis-induced degradation and, correspondingly, more effective at  pre- 
venting apoptosis than wild-type XIAP. Autoubiquitination and degradation of 
IAPs may be a key event in  the apoptotic program. 

Thymocytes undergo apoptosis in response 
to many stimuli, including glucocorticoids, 
etoposide, y-radiation, and engagement of 
their receptors for antigen (1). Reagents 
that inhibit proteasomes, multicatalytic pro- 
tease complexes responsible for the degradation 
of ubiquitinated cellular proteins (2), block cell 
death induced by many of these stimuli (3). One 
possible explanation is that proteasome-mediat- 
ed degradation of anti-apoptotic proteins might 
be required for cell death to occur. Candidate 
anti-apoptotic molecules expressed in immature 
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thymocytes include the Bcl-2 family member 
Bcl-x, and members of the IAP (inhibitors of 
apoptosis) family (4). To explore this idea, we 
induced thymocytes to die by treating them 
with dexamethasone (Dex). Under these condi- 
tions, amounts of both c-IAP1 (inhibitor of 
apoptosis-1) and XIAP (X-linked inhibitor of 
apoptosis) were substantially decreased (Fig. 
1A) (5). No change occurred in amounts of 
Bcl-x, or p-actin. An increase in Dex-induced 
cell death was not observed until 8 hours of 
culture, and even at this time -90% of thymo- 
cytes were viable (Fig. 1B). Inhibition of pro- 
teasome activity greatly reduced apoptosis at 16 
hours (Fig. 1B) (3). Amounts of c-IAP1 and 
XIAP began to decrease 4 to 6 hours after 
culture with Dex, and by 8 hours were de- 
creased by 64 t 1.7% for cIAP-1 (n = 3) 

incubating the cells for 1 hour with the fluorogenic 
substrate PhiPhiLux-C,D, (Alexis Biochemicals) 
and analyzing by flow cytometry [D. M. Finucane et 
al., I .  Biol. Chem. 274, 2225 (1999)l. 

28. Cells were 	 plated onto gridded cover slips and 
maintained in Dulbecco's modified Eagle's medium 
containing 10% fetal calf serum for 2 days before 
injection. Fluorescein-conjugated dextran and cy- 
tochrome c (Sigma) were dissolved in phosphate- 
buffered saline and microinjected into the cyto- 
plasm. Injected cells were identified by fluores- 
cence microscopy and apoptosis was quantified by 
counting the number of injected cells immediately 
after injection and again 2 hours after injection. 
Apoptotic MEF aggregate and rapidly detach from 
the cover slip, which makes i t  impossible t o  score 
for individual apoptotic cells. 
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and 73 F 3.4% for XIAP (n = 5) (Fig. 1D) 
(6). Etoposide is a topoisomerase 11 inhibitor 
that, unlike glucocorticoids, induces apopto- 
sis through a p53-dependent pathway (7).  
Etoposide induced a decrease in IAP levels 
that was first observed after 2 to 4 hours of 
culture, and by 6 hours the amounts of c-IAP1 
and XIAP fell -87 ? 7.5% (n = 3) and 77 i 
8.5% (n = 5), respectively (Fig. 1E) (6).Cell 
death was first detected by trypan blue exclu- 
sion -8 hours after addition of etoposide and 
was largely prevented in cells treated with 
proteasome inhibitors (Fig. 1C). Therefore, 
induction of apoptosis by two different affer- 
ent pathways resulted in relatively early and 
specific loss of IAPs in thymocytes. 

The relatively rapid decrease in the 
amount of IAPs in thymocytes stimulated 
to undergo apoptosis raised the possibility 
that these proteins were being targeted for 
degradation. Given that the proteasome is a 
major effector of intracellular protein deg- 
radation and that proteasome inhibitors 
block glucocorticoid- and etoposide-in-
duced thymocyte apoptosis (3) (Fig. I ) ,  
thymocytes were cultured with Dex or eto- 
poside in the absence or presence of pro- 
teasome inhibitors (Fig. 2). Both a peptide 
aldehyde proteasome inhibitor and the 
highly specific proteasome inhibitor lacta- 
cystin effectively blocked the decrease in 
IAP expression induced by the apoptotic 
stimuli. 

Protein ubiquitination involves the se-
quential action of ubiquitin activating en-
zyme (El) ,  a ubiquitin-conjugating enzyme 
(E2), and a ubiquitin protein ligase (E3) 
(8 ) .  Ubiquitination by some known E3's 
and several proteins of previously unknown 
function is dependent on an intact RING 
finger (9, 10). IAPs contain a COOH-ter- 
minal RING domain, so we examined 
whether these molecules also have ubiq- 
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