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Requirement for the CD95 Receptor-Ligand 
Pathway in c-Myc-Induced Apoptosis 

Anne-Odile Hueber,* Martin Zornig, Debbie Lyon, Takashi Suda, 
Shigekazu Nagata, Gerard I. Evan* 

Induction of apoptosis by oncogenes like c-myc may be important in restraining the 
emergence of neoplasia. However, the mechanism by which c-myc induces apoptosis 
is unknown. CD95 (also termed Fas or APO-1) is a cell surface transmembrane receptor 
of the tumor necrosis factor receptor family that activates an intrinsic apoptotic suicide 
program in cells upon binding either its ligand CD95L or antibody. c-myc-induced 
apoptosis was shown to require interaction on the cell surface between CD95 and its 
ligand. c-Myc acts downstream of the CD95 receptor by sensitizing cells to the CD95 
death signal. Moreover, IGF-I signaling and Bcl-2 suppress c-myc-induced apoptosis by 
also acting downstream of CD95. These findings link two apoptotic pathways previously 
thought to be independent and establish the dependency of Myc on CD95 signaling for 
its killing activity. 

M o s t  human tumors have genetic alter- 
ations in myc proto-oncogene family mem- 
bers that result in deregulation of myc ex- 
pression ( I ) .  However, growth-promoting 
oncogenes like c-myc are also effective in- 
ducers of apoptosis, and this lethal attribute 
may both restrain inappropriate cell growth 
and maintain normal tissue homeostasis (2).  
Nevertheless, the molecular mechanism by 

which the c-myc gene product, the transcrip- 
tion factor c-Myc, triggers the cell death 
Droeram remains unknown. In contrast, the - 
mechanism of induction of apoptosis by the 
transmembrane receptor CD95, which be- 
longs to the tumor necrosis factor (TNF) 
receptor family, is relatively well character- 
ized (3). Upon ligation by its ligand CD95L, 
a member of the TNF family, CD95 initiates 
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a series of intracellular events, such as acti- 
vation of a cascade of cysteine proteases 
called caspases ( 4 ) ,  that lead to suicide of the 
affected cell (5,6). This killing activity plays 
a major role in the deletion of autoreactive 
lymphocytes and maintenance of peripheral 
tolerance and immunologically privileged 
sites (3, 5 ,  6). Given the ability of deregu- 
lated c-Myc to induce apoptosis, we investi- 
gated the possibility that cell killing by c- 
Myc and CD95 might share some common 
mechanisms; specifically, whether induction 
of apoptosis by one of these molecules might 
be dependent on activation of the other. 

Mouse primary embryo fibroblasts (MEFs) 
and immortalized Swiss 3T3 (S3T3) fibro- 
blasts expressed surface CD95 receptor (Fig. 
1A) whose ligation by an agonistic antibody 
induced apoptotic cell death in a dose-depen- 
dent manner (Fig. 1B). Thus, an intact CD95 
apoptotic signaling pathway is present in 
these mesenchymal cells. Both MEF and 
S3T3 cells also expressed low but detectable 
amounts of CD95 ligand (CD95L) (Fig. 1C). 
To examine any involvement of CD95 signal- 
ing in apoptosis induced by c-Myc, we used 
S3T3 cells that expressed a conditional 4- 
hydroxytamoxifen (0HT)-dependent c-Myc 
protein (S3T3 c-MycER) (7) and that die by 
apoptosis upon c-Myc activation in low serum 
concentration (8). When S3T3 c-MycER 
cells were incubated either with a monoclonal 
antibody to CD95L (CD95L mAb) that neu- 
tralizes CD95L (Fig. 2A) or with a CD95-Fc 
chimeric molecule that binds to CD95L and 
prevents its interaction with endogenous cell 
surface CD95 (9), c-Myc-induced apoptosis 
was reduced and delayed in a concentration- 
dependent manner (Fig. 2B). Thus, efficient 
induction of apoptosis by c-Myc required sur- 
face expression of CD95L. 

To determine whether CD95 has a di- 
rect role in c-Myc-induced cell death, we 
blocked CD95 effector functions by ex- 
pressing a dominant-negative mutant of the 
intracellular Fadd (also called MORT1) 
death-domain adapter protein (DN Fadd) 
in S3T3 c-MycER fibroblasts (1 0-1 2). This 
DN Fadd mutant can interact with CD95 
but not the apoptosis effector caspase 8; DN 
Fadd thereby prevents activation of the ap- 
optotic caspase cascade (1 3, 14). Expression 
of DN Fadd in S3T3 c-MycER cells 
blocked, with similar efficacy, apoptosis in- 
duced either by CD95 ligation or by c-Myc 
(Fig. 2C). Thus, CD95 action was required 
in effective cell killing by c-Myc. We con- 
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clude that efficient c-Myc-induced apopto- 
sis requires cell-surface interaction between 
CD95 receptor and its ligand CD95L. 

Ipr and gkd mice harbor inactivating mu- 
tations in the genes encoding CD95 and 
CD95L, respectively (1 5 ,  16). Fibroblasts 
from such animals mieht be ex~ected to " 
exhibit greater resistance to c-Myc-induced 
apoptosis because of their impaired CD95 
signaling system. Accordingly, cells tran- 
sientlv infected with a retroviral c-mvcER 
expression vector were exposed to low se- 
rum concentrations, and c-Myc was activat- 
ed by addition of OHT. Activation of c- 
Myc increased the rate of apoptosis in wild- 
type (WT) MEFs; in contrast, 1pr and gld 
MEFs showed no increased apoptosis after 
c-Myc activation (Fig. 2D). This result con- 
firmed that surface expression of both 
CD95 and CD95L were necessarv for effi- 
cient induction of apoptosis by deregulated 
c-Mvc. These data are also consistent with. 
and explain, the previous observation that 
the Ipr mice exhibit accelerated tumorigen- 
esis in response to transgenic lymphocyte 
expression of the oncogene L-myc, a close 
relative of c-myc (1 7). 

To investigate how c-Myc recruits the 
CD95-CD95L killing pathway, we made use 
of the Rat-1 fibroblast cell line, which har- 
bors the c-mycER construct. These fibro- 
blasts expressed CD95 (18) but were refrac- 
tory to CD95-induced apoptosis. Nonethe- 

less, they became sensitive to killing by a 
soluble CD95 ligand molecule upon expres- 
sion of activated c-Myc (Fig. 3A). Thus, at 
least in part, c-Myc acts downstream of 
CD95 by sensitizing cells to the death path- 
way resulting from interaction between 
CD95 and its ligand. 

Induction of apoptosis by c-Myc in fi- 
broblasts is suppressed by the survival factor 
insulin growth factor-IGF-I (8). Although 
some details of the anti-apoptotic signaling 
pathway activated by IGF-I are emerging 
(19), it remains unclear at what point the 
survival signals interfere with the apoptotic 
program. Having shown that CD95-CD95L 
participates in c-Myc-induced apoptosis, 
we examined the stage at which IGF-I- 
mediated inhibition of apoptosis acts rela- 
tive to the CD95-CD95L interaction. We 
therefore used an agonistic antibody to 
CD95 to activate CD95 on serum-deprived 
S3T3 fibroblasts, either in the presence or 
absence of IGF-I. IGF-I decreased the rate 
and extent of apoptosis induced by CD95 
ligation (Fig. 3B); fetal calf serum (FCS) 
was even more efficient than pure IGF-I 
(18), consistent with the fact that serum 
contains multiple mesenchymal survival 
factors in addition to IGF-I (8). As the 
anti-apoptotic action of Bcl-2 functionally 
maps very close to that of the IGF-I signal 
in the kinetics of apoptosis (20) and be- 
cause of the death-suppressing effect of 
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killing was trtggered by addition of the anti-CD95 (Jo2) at various concentrations. S3T3 cells with added 
hamster anti-CD3 [control mAb) served as a control. Cells were observed by time-lapse videomicroscopy, 
and cumulative cell deaths are shown plotted against time (2, 8,33). (Ci CD95L mRNA expression analysis by 
reverse-transcriotase (RT)-PCR performed on total RNA isolated from thymocytes (lanes 1 and 2), S3T3 
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Bcl-2 on c-Myc-induced apoptosis (2 1 ), we 
examined the effect of Bcl-2 in CD95-in- 
duced apoptosis. As reported previously 
(22, 23), expression of Bcl-2 protein in 
S3T3 c-MycER cells blocked apoptosis in- 
duced by antibody to CD95 (Fig. 3C). 
Thus, the main anti-apoptotic signaling 
pathway triggered by IGF-I or by the anti- 
apoptotic Bcl-2 protein interferes wi th c- 
Myc-induced apoptosis downstream of the 
CD95-CD95L interaction, a conclusion 
consistent wi th our finding that c-Myc also 
acts downstream of CD95-CD95L by sensi- 
tizing the cell to apoptotic CD95 signaling. 

Our data argue for the requirement of an 
autocrine CD95-dependent signaling mech- 
anism in the induction of apoptosis by the 
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oncogene c-myc and suggest that the proto- 
oncogene c-myc serves to promote the effi- 
cacy wi th which the cell death signal arising 
from this autocrine CD95-CD95L interac- 
t ion engages the cell's apoptotic machinery. 
The autocrine interaction between CD95 
and CD95L must occur on  the cell surface 
because it is disrupted by cell-impermeable 
blocking agents added to intact cells. Given 
the low level of CD95L present on  the sur- 
face of the investigated cell lines the auto- 
crine CD95 death signal is likely to be weak 
compared wi th that induced upon ligation 
by exogenous CD95L, as happens during T 
cell kil l ing or upon experimental activation 
of CD95. This finding probably explains why 
both IGF-I signaling and Bcl-2 afford good 

protection from c-Myc-induced apoptosis 
yet are equivocal suppressors of classical 
CD95-induced apoptosis. 

Precedent exists for a functional relation 
between c-Myc and CD95 signaling. Acti- 
vation-induced T cell death, which is me- 
diated through the CD95 signaling pathway 
(24), exhibits a requirement for c-Myc 
function (25, 26). However, the exact 
mechanism by which c-Myc triggers death 
via CD95-CD95L remains obscure. c-Myc 
is a basic helix-loop-helix-Zip transcription 
factor, and site-directed mutagenesis studies 
indicate that c-Myc promotes apoptosis by 
transcriptional modulation of target genes 
(2, 27). Although a component of c-Myc- 
induced apoptosis probably acts through 

Fig. 2. Myc killing requires the CD95 pathway. (A) c-Myc-induced apo- 
ptosis is blocked by a anti-CD95 ligand. S3T3 MycER fibroblasts were 
serum-deprived for 48 hours, and c-Myc was then activated by addition of 
4-hydroxy-tamoxifen (4-OHT, 100 nM; Research Biochemicals Interna- 
tional). Cells were simultaneously treated either with or without various 
concentrations of a hamster mAb specific for mouse CD95 ligand (CD95L 
mAb) (35) and analyzed by time-lapse videomicroscopy (33). Cells treated 
with an isotypically matched hamster anti-mouse CD3 (control mAb) and 
cells incubated with no antibody sewed as controls. (B) c-Myc-induced 
apoptosis is blocked by a chimeric CD95-Fc molecule. S3T3 MycER 
fibroblasts were treated and analyzed as in (A) after incubation with various 
concentrations of a chimeric mouse CD95-human Fc molecule (CD95-Fc) 
(9). One control consisted of cells treated with human Fc alone (Fc; Jack- 
son lmmunoresearch Labs) to determine any effect exerted by the human 
Fc part of the CD95-Fc molecule. The other control consisted of untreated 
cells. (C) Expression of dominant-negative Fadd protects S3T3 MycER 
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cells from Myc- and CD95-induced apoptotic cell death. S3T3 MycER cells 
expressing the pBabe Hygro vector alone (Hygro) or DN Fadd (Hygro DN 
Fadd) were analyzed by time-lapse videomicroscopy for sensitivity to 
CD95- and c-Myc-induced death (36). Expression of DN Fadd protein in 
transfected cells was confirmed by protein immunoblot analysis whereas 
expression of the human DN Fadd was determined by immunoprobing 
with a mouse anti-human Fadd (Transduction Laboratories). CD95 killing 
was initiated by addition of anti-mouse CD95 (Jo2) at 100 ng/ml in the 
presence of 10% FCS. c-Myc-induced apoptosis was induced as de- 
scribed in (A). (D) Ipr and gld MEFs are resistant to c-Myc-induced apo- 
ptosis. MEFs from wild-type, Ipr, and gld mice transiently expressing c- 
MycER (37) were cultured in medium containing 0.5% FCS in the absence 
(- 4-OHT) or presence (+ 4-OHT) of hydroxytamoxifen. Cultures were 
inspected microscopically 72 hours after infection, and representative 
photographs were taken. For each cell type, a time-lapse videomicroscopy 
analysis of cell death was performed (right column). 
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sensitization of cells to CD95 signals, c-Myc 
may also act upstream of CD95L and CD95 
by inducing expression of their cognate 
genes. However, changes in CD95 expres- 
sion after c-Myc activation were not detect- 
ed in the cell lines used (18). Thus, al- 
though we cannot exclude the possibility 
that Myc may also operate through en- 
hancement of CD95L exnression. our data 
favor the idea that Myc acts by sensitizing 
the cell to CD95-induced aoowtosis. as it 

L .  

does to apoptosis induced by DNA and 
physical damage, inhibitors of macromolec- 
ular synthesis, and T N F  (28, 29). 

That both the promotion of apoptosis by 
c-Myc and its suppression by IGF-I and 
Bcl-2 sicmaline act downstream of CD95 " - 
ligation may reflect the fact that the "so- 
whisticated" anti-neowlastic reauirements of 
vertebrate cells evolved around a preexist- 
ing and evolutionarily early CD95-type 
death signaling pathway. It also shows that 
substantial tiers of regulation and modula- 
tion of cell death andiurvival exist distal to 
the CD95 receptor, whose ligation can in 
no way be viewed as an inevitable death 
sentence. 

Our observations are also relevant to 
tumorigenesis, given the ubiquitous activa- 
tion and overexpression of c-Myc in human 
cancers. The  potent apoptotic activity of 
deregulated c-Myc presumably means that 

Fig. 3. Myc, IGF-I, and Bcl-2 regu- 
late the CD95 pathway. (A) Rat-I 
cells become sensitive to CD95- 
induced apoptosis only after act~va- 
tion of c-Myc. Rat-I c-MycER fibro- 
blasts were grown in 2% FCS for 
36 hours. CD95 killing was in- 
duced by addition of a soluble 
CD95 ligand molecule (CD95Ls; 
Alexis Corporation) at 25 or 100 
ng/ml, c-Myc was activated by ad- 
dition of 4-OHT. (B) IGF-I protects 
S3T3 cells against CD95-mediat- 
ed killing. S3T3 MycER fibroblasts 
were deprived of serum for 48 
hours, and anti-mouse CD95 
(Jo2; 4 ng/ml) was then added to 
the culture in the presence (100 
ng/ml) or absence of IGF-I; the cells 
were then analyzed for cell death by 
time-lapse videomicroscopy. (C) 
Bcl-2 protects S3T3 cells against 
CD95-induced apoptosis. S3T3 
cells stably infected with vector 
alone (pB Hygro) or with pBabe Hy- 
gro Bcl-2 (pB Hygro Bcl-2) were se- 
rum-deprived for 48 hours. Anti- 
mouse CD95 (Jo2; 100 ng/ml) was 
then added, and the cultures were 
analyzed for cell death by time-lapse 
videomicroscopy. 

tumors can arise only after acquisition of 
compensatory anti-apoptotic mutations. 
This is the key to the mechanism of onco- 
genic synergy between c-Myc and Bcl-2. 
Bcl-2 suppresses c-Myc-induced apoptosis 
while leaving the proliferative action of 
c-Myc unaffected (21 ). Similarly, blockade 
of CD95 signaling by CD95L mAb or 
CD95-Fc in vitro blocks apoptosis but caus- 
es no detectable inhibition of cell prolifer- 
ation (18). Such cells do not appear mor- 
phologically transformed, but neither do lpr 
and gld primary fibroblasts expressing dereg- 
ulated c-Myc or fibroblasts that coexpress 
both c-Myc and Bcl-2 (21). It appears that 
cooperation between c-Myc and suppressors 
of apoptosis is distinct from the classical 
type of oncogene cooperation observed be- 
tween c-Myc and activated Ras. 

The possibility thus emerges that dys- 
functions in the CD95 signaling pathway 
can cooperate with c-Myc in carcinogene- 
sis. Indeed, oncogenic cooperation between 
the absence of CD95 and overexpression of 
myc has been reported in vivo (1 7) and is 
consistent with emerging evidence for a 
possible role of CD95 and CD95L as a 
tumor suppressor, not necessarily linked to 
the immune system (30, 31). Many tumor 
cells exhibit loss of sensitivity to CD95- 
mediated apoptosis. In addition to provid- 
ing a mechanism of escape from immune 
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surveillance (30, 31), our studies suggest 
that resistance to CD95 killing may also be 
a mechanism by which oncogene-induced 
apoptosis is suppressed. Dysfunctions in cell 
suicide pathways mediated by CD95, to- 
gether with its relatives, may therefore well 
prove widespread in neoplasia and could 
offer useful targets for molecular therapy. 
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A TEL-JAK2 Fusion Protein with Constitutive 
Kinase Activity in Human Leukemia 

Virginie Lacronique, Anthony Boureux, Veronique Della Valle, 
Helene Poirel, Christine Tran Quang, Martine Mauchauffe, 

Christian Berthou, Michel Lessard, Roland Berger, 
Jacques Ghysdael, Olivier A. Bernard* 

The Janus family of tyrosine kinases (JAK) plays an essential role in development and 
in coupling cytokine receptors to downstream intracellular signaling events. A 
t(9;12)(p24;p13) chromosomal translocation in a T cell childhood acute lymphoblastic 
leukemia patient was characterized and shown to fuse the 3' portion of JAK2 to the 5' 
region of TEL, a gene encoding a member of the ETS transcription factor family. The 
TEL-JAK2 fusion protein includes the catalytic domain of JAK2 and the TEL-specific 
oligomerization domain. TEL-induced oligomerization of TEL-JAK2 resulted in the con- 
stitutive activation of its tyrosine kinase activity and conferred cytokine-independent 
proliferation to the interleukin-3-dependent BaIF3 hematopoietic cell line. 

Chromosomal translocations in human tu- 
mors frequently produce fusion genes whose 
chimeric protein products play an  essential 
role in oncoeenesis (1 ). TEL is located on " . , 

chromosome 12p13 and is frequently in- 
volved in chromosomal translocations seen 
in a variety of human leukemias (2-4). We  
observed a t(9; 12)(p24;p13) translocation 
in a 4-year-old male with T cell acute lym- 
ohoblastic leukemia (ALL) in relaose (Fie. . "  
i ~ ) .  The involven~ent of TEL was investi- 
gated by Southern (DNA) blot analysis 
with a genomic probe corresponding to in- 
tron 5 of TEL (5, 6). In addition to the 
expected germline bands, rearranged frag- 
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ments were detected in the Eco RI and Bam 
HI digests of the patient's DNA, suggesting 
that the chromosome 12 breakpoint local- 
ized to TEL intron 5 (Fig. 1B). T o  identify 
the fusion partner on chromosome 9, we 
used anchored oolvmerase chain reaction 

L ,  

(PCR) to characterize the fusion transcript 
in leukemic cells. Sequence analysis of the 
amplified cDNA clones identified a non- 
TEL seauence fused in frame uostream of 
TEL exon 6. This sequence showed exten- 
sive similarity to the genes encoding the 
JAK family of protein tyrosine kinases, with 
the greatest similarity to murine Jak2 (7). 

Using these putative JAK2 cDNA se- 
quences, we isolated lambda phage clones 
from a normal human genomic library and 
showed by fluorescent in situ hybridization 
(FISH) that they hybridized to chromosome 
9p24 (8), the chromosomal location of hu- 
man JAK2 (9). Partial sequence analysls of 
these genomic clones allowed us to design 
JAK2 oligonucleotides corresponding to se- 
quences on either side of the chromosome 9 
break~oint. These olieonucleotides were 
used ;ogether with TEL-specific primers to 

analyze RNA from leukemic or control cells 
by reverse transcriptase (RT)-PCR (10). 
Both TEL-JAK2 and JAK2-TEL cDNAs 
were specifically amplified from patient cells 
but not from control cells (Fig. 1C). The 
sequence of the amplified human JAK2 was 
90% identical to that of murine Jak2 at the 
nucleotide level and 96% identical at the 
protein level over a stretch of 114 amino 
acids (Fig. 2A). These results establish that 
human JAK2 is the gene fused to TEL as a 
result of the t(9;12) translocation. 

JAK2 is a widely expressed protein ty- 
rosine kinase that associates with the intra- 
cellular domains of a number of cytokine 
receptors and is essential to receptor func- 
tion (1 1 ,  12). JAK2 shares with other mem- 
bers of the JAK family (such as JAK1, 
JAK3, and TYK2) seven regions of homol- 
ogy, referred to as JH1 to JH7 (Fig. 2C) (1 1, 
13). JH1 is the catalytic domain, whereas 
JH2 to JH7 appear to be involved in pro- 
tein-protein interactions and in the speci- 
ficity of the different JAK family members 
(14, 15). In the TEL-JAK2 fusion, the 
NH,-terminal TEL sequences are fused to 
the kinase JH1 domain (Fig. 2C). TEL is a 
member of the ETS family of transcription 
factors. In addition to a COOH-terminal 
ETS domain that is conserved in all ETS 
proteins, TEL specifically contains a 60- 
amino acid homotypic oligomerization do- 
main at its NH,-terminus (1 6, 17). Fusion 
of TEL and JAK2 has been observed in two 
other leukemic patients, which also resulted 
in a TEL-JAK2 fusion transcript but not in 
the expression of the reciprocal JAK2-TEL 
fusion (Fig. 2B) (1 8). The conserved feature 
of the fusion proteins encoded by the TEL- 
JAK2 transcripts characterized in all three 
patients is the presence of both the TEL 
oligomerization domain and the JAK2 cat- 
alytic domain (Fig. 2C). 

T o  investigate the oligomerization prop- 
erties and protein kinase activity of TEL- 
JAK2, we compared the properties of intact 
TEL-JAK2, in which the 336 NH,-terminal 
residues of TEL are fused to 318 COOH- 
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