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Altered Cytokine Export and Apoptosis in Mice 
Deficient in In terleu kin-1 B Converting Enzyme 

Keisu ke Kuida, Judith A. Lippke, George Ku, 
Matthew W. Harding, David J. Livingston, Michael S.-S. Su,* 

Richard A. Flavell* 

The interleukin-1 p (IL-1 p) converting enzyme (ICE) processes the inactive IL-1 p precursor 
to the proinflammatory cytokine. Adherent monocytes from mice harboring a disrupted 
ICE gene (ICE-I-) did not export IL-1 p or interleukin-la (IL-la) after stimulation with 
lipopolysaccharide. Export of tumor necrosis factor* and interleukin-6 (IL-6) from these 
cells was also diminished. Thymocytes from ICE-/- mice were sensitive to apoptosis 
induced by dexamethasone or ionizing radiation, but were resistant to apoptosis induced 
by Fas antibody. Despite this defect in apoptosis, ICE-/- mice proceed normally through 
development. 

T h e  cytokine IL-IS plays a pivotal role in 
acute and chronic inflammation, bone re- 
sorption, myelogenous leukemia, and other 
pathological processes ( 1 ). IL-1 p is synthe- 
sized as a 3 1-kD precursor devoid of a con- 
ventional signal sequence (2) and is pro- 
cessed to its proinflammatory 17-kD form by 
ICE, a cysteine protease with substrate 
cleavage specificity for Asp-X (3). ICE itself 
is synthesized principally in monocytes as an 
inactive proenzyme that autoprocesses to an 
active tetramer composed of two 10-kD and 
two 20-kD subunits (4,5). With the cloning 
of the C m W t i s  eleguns cell death gene 
ced-3 (6), ICE was recognized to be a mem- 
ber of a new subfamily of cysteine proteases. 
ICE and CED-3 show only 28% sequence 
conservation overall, but their active site 
residues are completely consewed (5, 6). 

Although the physiological functions of 
the mammalian ICE homologs are un- 
known, overexpression of ICE and ICE ho- 
mologs in transfected cell lines induces ap- 

optosis (7, 8). This effect is reduced when 
ICE is coexpressed with Bcl-2, a mammali- 
an oncogenic protein that is a general sup- 
pressor of apoptosis (9). Further, transfec- 
tion of chicken dorsal ganglion cells with 
CrmA, a serpin-like inhibitor of ICE (10) 
and potentially of ICE homologs, protects 
these cells from apoptosis induced by deple- 
tion of nerve growth factor (I I). 

To probe the physiological functions of 
ICE, we disrupted the murine ICE gene in 
D3 embryonic stem (ES) cells by replacing 
part of exons 6 and 7 (Fig. 1A) with a 
neomycin resistance gene cassette (1 2, 13). 
Chimeric mice were obtained by injection 
of mutant ES cells into C57BL/6 blastocysts, 
and the chimeric males were mated with 
C57BL/6 mice. Interbreeding of the het- 
erozygous mice generated the expected men- 
delian 1:2:1 ratio of wild-type (ICE+/+), 
heterozygous (ICE+/-), and homozygous 
(ICE-I-) mutant mice. Homozygous mice 
with two copies of the disrupted ICE gene 

Genomic ICE QACRG 
Barn HI 

Eco RI Eco RI Eco RI H~~~ ECO Rl Em RI Hind Ill Barn HI 

n n I 
U 

I 

Targeting vector 
tkpEs3q 

Barn HI j 
Targeted ICE allele I 

I 

Bam HI /CR pryers 
Probe- 

Expected fragment sizes 
Wild-type 15 kb - C 

Barn HI digest 
Mutant 4.4 kb - - 

Fig. 1. Disruption of the murine ICE gene by homologous recombination (13). (A) Restriction maps of the 
murine ICE locus, the targeting vector, and the mutant ICE locus. (B) RT-PCR analysis of mRNA from 
ICE+/+ and ICE-/- mice with oligonucleotide primers (13) specac for wild-type ICE cDNA (I), mutated 
CE cDNA (2), and p-actin cDNA (3). The lines on the left indicate the positions of 984-bp (upper) and 
738-bp (lower) markers. 
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were identified by Southern blots of genom- 1CE-I- monocytes did not release I L l a  af- ator of I L l a  release from monocytes. Export 
ic DNA, and the absence of ICE mRNA in ter treatment with LPS plus nigericin, al- of IL lP  and IL-la may involve a common 
ICE-1- mice was confirmed by reverse tran- though the intracellular concentration of molecular assembly (1 7). For example, ICE 
scription-polymerase chain reaction (RT- this cytokine was substantial (1 15 2 38 pgl may associate with the nigericin-stimulated 
PCR) analysis (Fig. 1B). The 1CE-I- mice ml). These results implicate ICE as a medi- K+,H+-ATPase for transport of IL-la and 
were healthy and fertile, and had no gross 
abnormalities in appearance, body weight, 
or organ size for at least the first 16 weeks of 
life. The apparently normal phenotype of 
1CE-l- mice suggests that ICE expression is 
dispensable for development. 

Several serine proteases can process the 
IL-lP precursor to bioactive forms (14), but 
ICE is the only mammalian protease iden- 
tified that generates the mature 17-kD cy- 
tokine with the naturally occurring AlaH8 
amino-terminus (3). A tetrapeptide inhibi- 
tor of ICE [Ac-Tyr-Val-Ala-Asp-CHO; in- 
hibition constant (K,) = 0.7 nM] blocks 
IL lP  processing and secretion from stimu- 
lated human monocytes or murine leuko- 
cytes [IC,, (the amount required to inhibit 
activity by 50%) - 1.5 FM] (4,- 15). This 
inhibitor, however, may not be completely 
selective for ICE and may also inhibit the 
proteolytic activities of ICE homologs. 

To investigate the role of ICE in cytokine 
release, we examined ICE+/+ and 1CE-I- 
monocytes induced by lipopolysaccharide 
(LB) and LPS plus nigericin. LPS is a bac- 
terial endotoxin that induces monocytes to 
produce several cytokines including ILlP, 
ILla ,  tumor necrosis factor* (TNF-a), 
and IL-6. Nigericin is a K+-H+ ionophore 
that alters K+ homeostasis and activates a 
plasma membrane adenosine triphosphatase 
(ATPase). Nigericin treatment after LPS 
stimulation enhances processing of the 
ILlP precursor and export of mature 17-kD 
ILlP  from murine and human monocytes 
(16). In ICE+/+ monocytes, LPS stimulated 
IL-lP export into the medium (39 2 28 
pglml) and LPS plus nigericin treatment sig- 
nificantly enhanced IL lP  export (140 2 72 
pglml, P < 0.02) (Table 1). In contrast, 
1CE-l- monocytes did not release any de- 
tectable I L l p  after stimulation with LPS or 
LPS plus nigericin, and no processed IL lP  
was detectable in cell lysates from these cul- 
tures (Table l). This observation establishes 
the critical role of ICE in processing and 
export of mature IL1 P. 

Treatment with LPS and LPS plus ni- 
gericin also enhanced IL-la release by 
ICE+'+ monocytes (318 + 186 pglml, P < 
0.02) (Table 1). I L l a  binds to the same 
cellular receptors as IL-lP (1) and is also 
synthesized as a precursor, but pre-IL-la is 
not a substrate for ICE (3). Surprisingly, 

K. Kuida and R. A. Flavell, Howard Hughes Medical Insti- 
tute and Section of Immunobiology, Yale Universii 
School of Medicine, New Haven, CT 06510, USA 
J. A. Lippke, G. Ku, M. W. Harding, D. J. Livingston, M. 
S.-S. Su, Vertex Pharmaceuticals Incorporated, Cam- 
bridge, MA 021 39, USA. 
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Table 1. Cytokine secretion by adherent monocytes from ICE+/+ and ICE-/- mice. Adherent monocytes 
were isolated from ICE+/+ and CE-I- mice and treated as in (29). Cytokines were quantitated in 
supernatants or cell lysates by an ELSA specific for murine IL-1 p, IL-la, TNF-a, and 11-6. The IL-la 
ELlSA recognizes both precursor and processed forms. The 11-1 p ELlSA is highly specific for mature 
11-1 p and shows <0.2% cross-reactii against the murine 11-1 p precursor. 

Supernatant Cytokine concentration (pg/ml) 
Cytokine Stimulus (S) or cell 

bate (L) ICE+'+ ICE-/- 

11-1 p None 
LPS 

LPS + nigericin 

IL-la None 
LPS 

LPS + nigericin 

MF-a None 
LPS 

11-6 None 
LPS 

- - 
o i , , , , , . I  

0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28 
Time after dexamethasone treatment (hours) Time after radiation treatment (hours) 

D R N D R  

Anti-Fas antibody (nglml) 

Fig. 2 Apoptosis in thymocytes from ICE+/+ and ICE-/- mice. Thymocytes were treated with 1 pM 
dexamethasone (Sigma) (A); 500 cGy of ionizing radiation (6); or a hamster antibody to murine Fas 
(Pharmingen, San Diego) (C). Thymocytes were isolated from 5- to 6-week old mice and cultured at a cell 
density of 1 O6 cells per milliliter in 24-well plates. Cells were incubated at 37OC and sampled for viability 
measurement at the time points indicated. For anti-Fas treatment, cells were incubated for 24 hours with 
antibody at the concentrations indicated. Cell viability was determined by trypan blue exclusion. Values 
represent the average viabilii from three independent wells (2 SD) and are normalized to the percentage 
of viable cells remaining in the untreated cultures. Two independent experiments showed similar results. 
(D) Agarose gel electrophoresis of total DNA from thymocytes that received no treatment (N), or that were 
treated with 1 pM dexamethasone (D) or 500 cGy ionizing radiation (R). Genomic DNA was isolated from 
1 O6 thymocytes after 10 hours and subjected to electrophoresis. 
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IL-1P through the plasma membrane. Alter- 
natively, ICE may interact with or activate 
other proteins, such as calpain (18), that 
may be involved in IL-la processing and 
secretion. In contrast to IL-la, TNF-a and 
IL-6 are secreted by ICEpip monocytes, al- 
beit a t  reduced levels (Table l ) .  

Overexpression of ICE or its homologs 
can induce apoptosis in cultured cells (7,  
8). T o  determine if normal intracellular 
concentrations of ICE mediate apoptosis, 
we investigated the response of ICEp/- thy- 
mocytes to  three apoptotic stimuli: glu- 
cocorticoid (1 9), ionizing radiation, and an- 
ti-Fas antibody (20). T h e  Fas antigen is a 
cell surface protein in the TNF-a receptor 
superfamily that mediates apoptosis in acti- 
vated T cells (21, 22). Fas is encoded by the 
gene responsible for a lymphoproliferative 
disorder (lpr) in  mice. Mice that carry mu- 
tations in Fas develop lymphadenopathy 
and suffer from a systemic autoimmune dis- 
ease (23). Thymocytes isolated from 
ICEpip and ICE+/+ mice were sensitive to 
dexamethasone- or radiation-induced apop- 
tosis, as evaluated by cell viability and 
DNA fragmentation (Fig. 2). A monoclo- 
nal antibody to Fas triggered apoptosis in  
ICEti+ thymocytes in  a dose-dependent 
manner, but did not induce apoptosis in 
I C E p 1  thymocytes (Fig. 2). Analysis of 
ICE+/+ and I C E p /  thymocytes by fluores- 
cence-activated cell sorting (FACS) re- 
vealed n o  differences in expression of cell 
surface Fas antigen (Fig. 3). W e  also ob- 
served that a potent ICE inhibitor, Cbz-Val- 
Ala-Asp-(0Ethyl)-[(2,6-dichl~robenzo~l) 

Fluorescence intensity 

Fig. 3. Expression of Fas on ICEt/+ and ICE-/- 
thymocytes. Cells (1 06) were stained first with 1 
kg of the hamster antibody against murine Fas 
and then with a fluorescein isothiocyanate-conju- 
gated goat antibody to hamster immunoglobulin 
G (E-Y Laboratories, San Mateo, California). Fas 
expression on the cell surface was analyzed by 
FACS. Shaded areas represent staining by the 
second antibody. 

oxy]methyl-ketone, prevented Fas-triggered 
apoptosis of ICEfi+ thymocytes in a dose- 
dependent manner (24). 

These results establish a role for ICE in 
Fas-mediated apoptosis of normal thymo- 
cytes. Glucocorticoid- and radiation-in- 
duced apoptosis of thymocytes presumably 
occur through different pathways that may 
involve intracellular serine proteases (25). 
The existence of multiple apoptotic path- 
ways in thymocytes has been inferred previ- 
ously from studies of mice deficient in Bcl-2. 
Mature T cells from bcl-Zp' mice showed 
increased sensitivity to apoptosis induced by 
glucocorticoids and ionizing radiation, but 
reduced sensitivity to apoptosis stimulated 
by a n  antibody to CD3 (26). Targeted ex- 
pression of Bcl-2 in  murine cortical 
(CD4+CD8+) thymocytes inhibited apop- 
tosis induced by glucocorticoid, ionizing ra- 
diation, and anti-CD3, but did not inhibit 
negative selection of T cells (27). Similarly, 
the tumor suppressor protein p53 mediates 
apoptosis induced by ionizing radiation and 
etoposide, but not apoptosis induced by glu- 
cocorticoid and other stimuli (28). 

Unlike the lprllpr mutation at the mu- 
rine Fas locus (23), disruption of the ICE 
gene does not lead to autoimmune pathol- 
ogies in mice within the first 16 weeks of 
life. This suggests that 1CE-I- mice under- 
go normal clonal deletion of T cells recog- 
nizing endogenous superantigens. Given 
that interaction of Fas and its ligand is 
involved in programmed cell death after T 
cell activation (22), clonal deletion might 
be dependent on  ICE homologs and their 
function in apoptotic pathways. 

REFERENCES AND NOTES 

1. C. A. Dinarello, FASEB J. 8, 131 4 (19941 
2. P. E. Auron et a/., Proc. Natl.  cad. Sci.' U.S.A. 81, 

7907 11 9841. 
3. R. A,  lack,'^. R. Kronheim, P. R. Sleath, FEBSLett. 

247, 386 (1989); P. R. Sleath, R. C. Hendrickson, S. 
R. Kronheim, C. J. March, R. A. Black, J. Biol. Chem. 
265, 14526 (1 990); A. D. Howard etal., J. lmmunol. 
147, 2964 (1991). 

4. N. A. Thornberry et a/., Nature 356, 768 (1992). 
5. K. A. Wilson et a/., ibid. 370, 270 (1994); N. P. C. 

Walker et a/., Cell 78, 343 (1994). 
6. J. Yuan, S. Shaharn, S. Ledoux, H. M. Ellis, H. R. 

Horvitz, Cell 75, 641 (1 993). 
7. L. Wang, M. Miura, L. Bergeron, H. Zhu, J. Yuan, 

ibid. 78, 739 (1994); S. Kumar, M. Kinoshita, M. 
Noda, N. G. Copeland, N. A. Jenkins, Genes Dev. 8, 
161 3 (1 994); T. Fernandes-Alnernri, G. Litwack, E. S. 
Alnemri, J. Biol. Chem. 269, 30761 (1994); C. Fau- 
cheu etal.. un~ublished data. 

8. M Mlura, H . Z ~ U ,  R Rotello, E. A. Hartwleg, J Yuan, 
Cell 75, 653 (1 993). 

9. D. L. Vaux, I. L. Weissman, S. K. Kim, Science 258, 
1955 (1 992). 

10. C. A. Ray et a/., Cell 69, 597 (1 992). 
11. V. Gagliardini et a/., Science 263, 826 (1 994). 
12. K. R. Thomas and M. R. Capecchi, Cell 51, 503 

(1 987). 
13. A 2.5-kb Eco RI-Hind Ill fragment containing ICE ex- 

ons 4 to 6 and a 1.3-kb Eco RI-Sma I fragment 
containing exons 8 to 10 (30) were subcloned with 
the neornycin resistance (neo) gene cassette (25) into 
a thymidine kinase (tk) gene-expressing plasrnid to 
generate the targeting vector. The vector was linear- 

ized and introduced into D3 ES cells by electropora- 
tion. Sixty-three clones resistant to G418 (300 yglml) 
and gancyclovlr (2 pM) were screened by PCR using 
an exon 10 primer (5'-GTACATAAGAATGAACT- 
GGA-3') and a neo cassette-specific primer (5'-TG- 
CTAAAGCGCATGCTCCAGACTG-3'). One correctly 
targeted clone was confirmed by Southern blot anal- 
ysis. Chimeric mice were generated from the mutant 
ES cell, and heterozygous rnlce (ICEt1-) were inter- 
bred to obtain homozygous ICE-I- mice. Expression 
of ICE mRNA in ICE+/+ and ICE- /  mice was ana- 
lyzed by RT-PCR analysis using the following pairs of 
PCR primers: (I) ICE complementary DNA (cDNA)- 
specific primers to exon 3 (5'-GATTCTAAAGGAG- 
GACATCC-3') and exon 10 (5'-GTACATAAGAAT- 
GAACTGGA-3') to generate an expected PCR prod- 
uct of 930 base pairs (bp); (ii) mutated ICE cDNA- 
specific primers of exon 3 and a 3' region of the neo 
cassette (5'-GGGCCAGCTCATTCCTCCACT-3') to 
generate an expected PCR product of 700 bp; and 
(iii) P-actin-specific primers (5'-CACCCTGTGCT- 
GCTCACCGAGGCC-3') and (5'-CCACACAGAT- 
GACTTGCGCTCAGG-3') to generate an expected 
product of 700 bp. RT-PCR products were identified 
with DNA ladder markers of 123 bp (Gibco, Gaithers- 
burg, MD). 

14. R. A. Black etal., J. Biol. Chem. 263,9437 (1 988); D. 
J. Hazuda, J. Strickler, F. Kueppers, P. L. Simon, P. 
R. Young, ibid. 265, 6318 (1 990). 

15. S. M. Molineaux etal., Proc. Natl. Acad. Sci. U.S.A. 
90, 1809 (1 993). 

16. D. Perregaux et a/., J. Immunol. 149, 1294 (1 992); D. 
Perregaux and C. A. Gabel, J. Biol. Chem. 269, 
151 95 (1 9941. 

17. W. M. side&, J. C. Klimovitz, S. B. Mizel, J. 5/01, 
Chem. 268, 221 70 (1 993). 

18. Y. Kobayashi etal., Proc. Natl. Acad. Sci. U.S.A. 87, 
5548 (1 990); L. M. Carruth, S. Dernczuk, S. B. Mizel, 
J. Biol. Chem. 266, 121 62 (1 991). 

19. J. J. Cohen and R. C. Duke, J. Immunol. 132, 38 
(1 984). 

20. J. Ogasawara et a/., Nature 364, 806 (1 993). 
21. N. ltoh etal., Cell66, 233 (1991). 
22. S:T. Ju, H. Cui, D. J. Panka, R. Ettinger, A. Marshak- 

Rothstein, Proc. Natl. Acad. Sci. U.S.A. 91, 4185 
(1994); J. Dhein, H. Walczak, C. Baumler, K.-M. De- 
batin, P. H. Krammer, Nature 373, 438 (1995); T. 
Brunneretal.,ibid., p. 441 ; S.-T. Juetal., ibid., p. 444. 

23. R. Watanabe-Fukunaga, C. I. Brannan, N. G. Cope- 
land, N. A. Jenkins, S. Nagata, Nature 356, 314 
(1 992). 

24. The ICEt/+ thymocytes were incubated with 1 pg/ 
ml anti-Fas antibody ~n the presence of 0.1, 1 .O, or 
10.0 pM of Cbz-Val-Ala-Asp-(0Ethyl)-j(2,6-dichloro- 
benzoyl)oxy]rnethyl-ketone. Thymocyte viability was 
assessed 24 hours after treatment as in Fig. 2. Inhi- 
bition of apoptosis (IC,? - 1 pM) was determined in 
two independent experiments. 

25. V. M. Weaver, B. Lach, P. R. Walker, M. Sikorska, 
Biochem. Cell. Biol. 71, 488 (1 993); C. Voelkel-John- 
son, A. J. Entingh, W. S. M. Wold, L. R. Gooding, S. 
M. Laster, J. Immunol. 154, 1707 (1 995). 

26. K.-i. Nakayama etal., Science 261, 1584 (1 993); D. 
J. Vels, C. M. Sorenson, J. R. Shutter, S. J. Kors- 
meyer, Cell 75, 229 (1 993). 

27. C. L. Sentman, J. R. Shutter, D. Hockenbery, 0 .  
Kanagawa, S. J. Korsmeyer, Cell 67, 879 (1991). 

28. L. W. Lowe, E. M. Schmitt, S. W. Smith, B. A. Os- 
borne, T. Jacks, Nature 362, 847 (1993); A. R. 
Clarke etal., ibid. p. 849. 

29. Cell suspensions were prepared from spleens ex- 
cised from ICE+/+ or ICE-/- mice. Adherent mono- 
cytes were stimulated for 16 to 18 hours with 1 
yg/ml phenol-extracted LPS (Escherichia coli strain 
01 11 :B4; Sigma), and supernatants were harvested 
for quantitation of IL-lp. Cells from some cultures 
were washed once, incubated with 10 FM nigericin 
for an additional 30 rnin, and the supernatants har- 
vested again. Viability of monocytes after nigericin 
stimulation was >98% as measured by trypan blue 
staining or lactate dehydrogenase activity in culture 
supernatants, indicating that minimal cytolysis had 
occurred during the experiment. IL-I p was quanti- 
tated in supernatants and cell lysates with an en- 
zyme-linked imrnunosorbent assay (ELISA) specific 
for mature rnurine IL-Ip (PerSeptive Diagnostics, 

SCIENCE VOL. 267 31 MARCH 1995 



Cambridge. MA). We determined the specificity by 
testing the reactivity of purified recombinant murine 
IL-I B precursor in the ELISA. At concentrations of 20 
pg/ml and 10 ng/ml, respectively, mature IL-1 B and 
precursor IL-1 p were,recognized equally, indicating 
a cross-reactivity of 0.2%. The IL-la antibody was 
from Genzyme (Cambridge, MA), and the TNF-a and 
IL-6 antibodies were from Biosource International 
(Camarilla, CA). 

30. F. J. Casano, A. M. Rolando, J. S. Mudgett, S. M. 
Moleneaux, Genomics 20. 474 (1994). 

31. We thank K. Hsiao, R. Adape, and J. Partaledis for 
help with gene cloning; J. Elsemore, C. Hughes, and 
D. Butkis for help with gene targeting; L. Lauffer and 
T. Faust for help with ELSA of cytokines; M. Fleming 
for oligonucleotide synthesis; D. Y. Loh for providing 
the neo and tk gene cassettes; and J. Boger and V. 
Sato for critical reading and discussion of the manu- 
script. R.A.F. and K.K. are supported by the Howard 
Hughes Medical Institute. 

25 January 1995; accepted 2 March 1995 

Requirement for Phosphatidylinositol-3 Kinase 
in the Prevention of Apoptosis by 

Nerve Growth Factor 
Ryoji Yao and Geoffrey M. Cooper* 

in response to NGF (5). Activation of MAP 
kinase was similarly inhibited by RasN17 
expression (Fig. 1A). In contrast, the ex- 
pression of RasN17 in these cells did not 
interfere with the ability of NGF, EGF, or 
insulin to prevent apoptosis (Fig. 1B). Sim- 
ilar results were obtained with two addi- 
tional subclones of PC-12 cells that ex- 
pressed RasN 17. I t  therefore appears that 
cell survival, but not cell differentiation, is 
mediated by a Ras-independent signaling 
pathway. Ras is similarly not required for 
NGF-mediated survival of sympathetic neu- 
rons (8). 

In addition to Ras, the signaling mole- 
cules activated bv   rote in tvrosine kinases 
include phospholipase C-y ' (PLC-y ) and 
PI-3 kinase (9).  PLC-r catalvzes the hvdro- 
lysis of ~1-4,5 '-bis~hoi~hate '(PIP,), i h i c h  

Nerve growth factor (NGF) induces both differentiation and survival of neurons by binding yields diacylglycerol and inositol triphos- 
to the Trk receptor protein tyrosine kinase. Although Ras is required for differentiation, it phate and results in the activation of pro- 
was not required for NGF-mediated survival of rat pheochromocytoma PC-12 cells in tein kinase C. Because direct activation of 
serum-free medium. However, the ability of NGF to prevent apoptosis (programmed cell protein kinase C by the phorbol ester 12- 
death) was inhibited by wortmannin or LY294002, two specific inhibitors of phosphati- 0-tetradecanoylphorbol-13-acetate (TPA) 
dylinositol (PI)-3 kinase. Moreover, platelet-derived growth factor (PDGF) prevented ap- failed to inhibit apoptosis (6) (Fig. l) ,  par- 
optosis of PC-1 2 cells expressing the wild-type PDGF receptor, but not of cells expressing ticipation of PLC-y in a signaling pathway 
a mutant receptor that failed to activate PI-3 kinase. Cell survival thus appears to be that promotes cell survival seems unlikely. 
mediated by a PI-3 kinase signaling pathway distinct from the pathway that mediates On the other hand, phosphorylation of PIP, 
differentiation. by PI-3 kinase yields PI-3,4,5-trisphosphate 

(PIP3), the function of which has not been 
established (10). PI-3 kinase is activated by 
various receptor protein tyrosine kinases, 

Apoptosis plays a key role in the normal cated by characteristic intemucleosomal including Trk (1 1 ). Although Ras may con- 
development of the nervous system. Up to DNA fragmentation, starting at 3 hours and tribute to its activation, PI-3 kinase also 
50% of many types of developing neurons continuing for 24 hours after serum depri- appears to be activated by Ras-independent 
are eliminated by apoptosis (I). The surviv- vation. Apoptosis was prevented by NGF, pathways (1 2). We therefore investigated 
a1 of developing neurons is dependent on epidermal growth factor (EGF), or insulin, the possible role of PI-3 kinase in signaling 
specific neurotrophic factors secreted by all of which activate receptprs that are pro- pathways that promote cell survival. 
their target cells. NGF is the prototype of tein tyrosine kinases (Fig. 1). To determine Wortmannin inhibits PI-3 kinase both 
this family of neurotrophins, which also whether Ras was required for the inhibition in vitro and in vivo (13). Addition of wort- 
includes brain-derived neurotrophic factor, of apoptosis, we used a PC-12 cell line mannin to cells maintained in NGF in- 
neurotrophin-3, and neurotrophin-4 (2). (M-M17-26) that expresses the dominant duced a pattern of DNA fragmentation 
NGF induces both cell differentiation and inhibitory mutant RasN17, which interferes characteristic of apoptosis within 3 hours 
survival by binding to the Trk receptor with normal Ras function (7). RasN17 ex- (Fig. 2A); this time course is similar to that 
protein tyrosine kinase (3). In rat pheo- pression in this cell line effectively inhibits of apoptosis induced by serum deprivation 
chromocytoma PC-12 cells, neurite out- Raf activation and neuronal differentiation (6). The intensity of DNA fragmentation 
growth is induced by activation of a signal- 
ing pathway that includes the Ras guanine 
nucleotide&inding protein the protein Fig. 1. Inhibition of apoptosis by growth factors is independent of A PC-12 pC-12(rasN17) 
kinases, ~~f and mitogen-act,vated Ras function. (A) Inhibition of MAP kinase activation by RasN17 -- 

expression. Normal PC-1 2 cells or M-MI 7-26 cells expressing the NGF - + * + (4' NGF dominant inhibitory RasN17 mutant [PC-12 (rasN17)I (5) were . q@ ..- fl 
apoptosis of in serum-free me- incubated without (-) or with (+) NGF (100 ng/ml) for 5 min. Total 
dium (6)*  but the pathway that cell lysates (20 kg of protein) were separated by SDS-poiyacryl- B promotes has been identi- amide gel electrophoresis, and MAP kinase activity was deter- 
fied. Here, we report that prevention of mined by an in-gel assay using myelin basic protein as the sub- PC-1 2 PC-IZ(rasN17) 

apoptosis by NGF is independent of Ras but strate (27). (B) Inhibition of apoptosis by growth factors. Cells were .- C .- c 
E * ~ = L L  E * u = u  

requires the activity of PI-3 kinase. plated on 100-mm culture dishes (2 x 1 O6 cells per dish) in DMEM 2 3 2 g 3 2 9 
We first investigated whether preven- supplemented with fetal bovine serum (5%) and horse serum 

tion of apoptosis by NGF was dependent on (10%). After 3 days, cells were washed fwe times with serum-free 

R~~ signaling. PC-12 cells in serum-free DMEM and were cuitured in the presence of no additives (None), 

medium underwent apoptosis (6), as indi- TPA (200 nM), EGF (1 00 ng/ml), insulin (5 kM), or NGF (1 00 ng/ml). 
After 24 hours, the cells attached to the culture dish and those X 

suspended in the medium were collected by centrifugation. Solu- ., ,I! 

Division of Molecular Genetics, Dana-Farber Cancer In- ble cytoplasmic DNAs were extracted (28), separated by electro- 
stiiute.and Department of Pathology, Harvard Medical phoresis in 1.8% agarose gels, blotted onto Genescreen Plus 
School, Boston, MA 021 15, USA. membrane (NEN-DuPont, Boston, Massachusetts), and hybrid- 
'To whom correspondence should be addressed. ized with 32P-labeled, Eco Rl-digested rat genomic DNA as a probe. 

SCIENCE VOL. 267 31 MARCH 1995 




