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Although the molecular mechanisms of TNF signaling have been largely elucidated, the principle that
regulates the balance of life and death is still unknown. We report here that the death domain kinase RIP, a
key component of the TNF signaling complex, was cleaved by Caspase-8 in TNF-induced apoptosis. The
cleavage site was mapped to the aspartic acid at position 324 of RIP. We demonstrated that the cleavage of
RIP resulted in the blockage of TNF-induced NF-kB activation. RIPc, one of the cleavage products, enhanced
interaction between TRADD and FADD/MORT1 and increased cells’ sensitivity to TNF. Most importantly,
the Caspase-8 resistant RIP mutants protected cells against TNF-induced apopotosis. These results suggest
that cleavage of RIP is an important process in TNF-induced apoptosis. Further more, RIP cleavage was also
detected in other death receptor-mediated apoptosis. Therefore, our study provides a potential mechanism to
convert cells from life to death in death receptor-mediated apoptosis.
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The proinflammatory cytokine, tumor necrosis factor
(TNF), has an important role in diverse cellular events
such as septic shock, induction of other cytokines, cell
proliferation, differentiation, and apoptosis (Tracey and
Cerami 1993; Vandenabeele et al. 1995). TNF is a mem-
ber of the TNF family that includes FasL, lymphotoxin
(LT), CD27L, OX40, CD30L, and CD40L (Smith et al.
1994; Nagata and Golstein 1995). Although many of the
TNF-mediated processes can be regulated by either one
of its receptors, TNF-R1 and TNF-R2, apoptosis is
mainly induced through TNF-R1 (Tartaglia and Goeddel
1992). Both TNF-R1 and TNF-R2 belong to the TNF/
NGF receptor superfamily and are characterized by mul-
tiple cysteine-rich domains in their extracellular regions
(Tartaglia and Goeddel 1992; Nagata and Golstein 1995).
Along with several other members of this superfamily
such as Fas, DR3, DR4, and DR5, TNF-R1 is also known
as a death receptor (Itoh and Nagata 1993; Tartaglia et al.
1993). These death receptors share a conserved cytoplas-
mic domain known as the death domain, as this region is
critical for transduction of their ligand-induced death
signals (Nagata 1997; Ashkenazi and Dixit 1998).

Recently, the distinct signal transduction pathways
for TNF-R1-mediated responses have been uncovered,
largely due to identifying the proteins that are recruited
into the TNF receptor complex on TNF binding to TNF-

R1 (Hsu et al. 1995, 1996a,b). The binding of TNF to
TNF-R1 leads to the trimerization of TNF-R1 and the
recruitment of TNF-R1-associated death domain protein
(TRADD) into the receptor complex (Hsu et al. 1995).
Then TRADD serves as a platform to recruit other pro-
teins into the complex. Three of these adapter proteins,
FADD/MORT1 (FAS-associated death domain protein),
TRAF2 (TNFR-associated factor 2), and RIP (the death
domain kinase) have been shown to interact with
TRADD directly (Rothe et al. 1994, 1995; Boldin et al.
1995; Chinnaiyan et al. 1995; Hsu et al. 1995, 1996a,b;
Stanger et al. 1995). Disruption of FADD/MORT1 pro-
tein expression completely blocks TNF-induced apopto-
sis (Yeh et al. 1998; Zhang et al. 1998). The essential role
of FADD/MORT1 in TNF-induced apoptosis is thought
to be the recruitment of Caspase-8 and subsequent its
activation (Boldin et al. 1996; Varfolomeev et al. 1998).
The active Caspase-8 then initiates a caspase cascade,
which results in apoptosis (Faleiro et al. 1997; Cryns and
Yuan 1998). Recently BID(BH3-interacting domain death
agonist), a member of the Bcl2 family, has been identi-
fied as a target of Caspase-8 (Li et al. 1998; Luo et al.
1998). The cleavage of BID leads to cytochrome c release
and activation of Caspase-9 (Li et al. 1998; Luo et al.
1998). Although FADD/MORT1 is essential for TNF-
induced apoptosis, the recruitment of RIP and TRAF2 is
responsible for activation of NF-kB and AP-1 respectively
(Liu et al. 1996; Ting et al. 1996; Lee et al. 1997; Natoli
et al. 1997; Reinhard et al. 1997; Yeh et al. 1997; Kelliher
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et al. 1998). The indispensable role of RIP in TNF-in-
duced NF-kB activation was suggested by generating
RIP-deficient Jurkat cells and RIP−/− mice (Ting et al.
1996; Kelliher et al. 1998). Consistent with the previous
finding that NF-kB activation protects cells from TNF-
induced apoptosis, RIP−/− MEF cells are hypersensitive
to TNF treatment (Kelliher et al. 1998).

When cells are exposed to TNF treatment, two tran-
scription factors, NF-kB and AP-1 are activated (Brenner
et al. 1989; Osborn et al. 1989). Activation of these two
transcriptional factors leads to induction of many other
cytokines and immunoregulatory proteins and is pivotal
for many inflammatory responses (Siebenlist et al. 1994;
Karin et al. 1997; Baeuerle 1998). Whereas NF-kB is ac-
tivated through NIK and IKK (DiDonato et al. 1997; Ma-
linin et al. 1997; Mercurio et al. 1997; Regnier et al.
1997), AP-1 activity is regulated by MAP kinases such as
JNK and p38 (Karin et al. 1997). Inactive NF-kB is located
in the cytoplasm because its interaction with the inhibi-
tory proteins, IkBs, masks its nuclear translocation sig-
nal (Siebenlist et al. 1994; Baeuerle and Baltimore 1996).
On stimuli, IkBs are phosphorylated by IKK at their regu-
latory region and are rapidly degraded after polyubiqui-
tination. The degradation of IkBs leads to the release of
NF-kB and allows NF-kB to translocate into the nucleus,
where it activates its target genes (Baeuerle and Balti-
more 1996). In response to TNF treatment, NF-kB acti-
vation protects cells against TNF-induced apoptosis,
whereas AP-1 has little effect (Beg and Baltimore 1996;
Liu et al. 1996; Van Antwerp et al. 1996; Wang et al.
1996). It has been shown that several of NF-kB’s target
genes, including cIAP-1, cIAP-2, and IEX-1L have such
anti-apoptotic properties (Wang et al. 1998; Wu et al.
1998).

Despite the rapid progress in elucidation of the mo-
lecular mechanisms of TNF signaling, the principle that
regulates the balance of life and death in response to
TNF is still unclear. In this study we found that receptor-
interacting protein (RIP) is cleaved by Caspase-8 when
cells undergo TNF-induced apoptosis. The cleavage of
RIP abolished its NF-kB inducing ability. In addition, one
of the cleavage products, RIPc, enhanced TRADD and
FADD interaction, whereas wild-type RIP interfered
with this association. Overexpression of RIPc increased
TNF-induced apoptosis. Moreover, the cleavage-resis-
tant RIP mutants protected cells against TNF-induced
apoptosis. We also observed RIP cleavage in Fas and
TRAIL-mediated apoptosis. These results demonstrated
that RIP cleavage has an important role in shifting cells
from life to death in response to TNF treatment and
provided a potential mechanism for the regulation of
death receptor-mediated apoptosis.

Results

Cleavage of RIP is specific for TNF-induced apoptosis

To investigate the possible changes in TNF signaling ef-
fectors during TNF-induced apoptosis, cell extracts from
HeLa cells after different treatments were subjected to

Western blot analysis with anti-TRADD, anti-TRAF2,
anti-RIP, and anti-FADD antibodies. Normally, HeLa
cells are not susceptible to TNF-induced death; however,
addition of cycloheximide (CHX) renders HeLa cells
TNF sensitive. Whereas no obvious changes of TRADD,
TRAF2, and FADD protein levels were detected, the RIP
protein is decreased when cells undergo apoptosis (Fig.
1A; data not shown). Surprisingly, a 42-kD band was also
observed with the same anti-RIP antibody (Fig. 1A). This
new 42-kD fragment appeared to be the death domain-
containing (carboxy-terminal) portion of RIP as the anti-
RIP antibody only recognizes the death domain of RIP
when different segments of RIP were tested (data not
shown). The new RIP fragment was solely generated in
apoptotic cells as it was neither detected in control cells
nor cells treated with TNF or CHX (Fig. 1A). Because
CHX blocks de novo protein synthesis, this result sug-
gested that the 42-kD fragment is the product of RIP
cleavage (RIPc; see Fig. 2). A similar observation was also
made in HEK293 cells and Jurkat cells treated with TNF
in the presence of CHX (data not shown). In the case of
human breast carcinoma MCF7 cells that are TNF sen-
sitive, RIP cleavage occurred following TNF treatment
in the absence of CHX (Fig. 1B). These results indicated
that RIP was selectively cleaved during TNF-induced
apoptosis. Importantly, RIP cleavage was detected as
early as 1 hr after treatment, and the amount of RIP
cleavage correlated with the percentage of apoptotic cells
(Fig. 1C).

To test whether this cleavage of RIP is specific for
TNF-induced death, we treated HeLa cells with other
apoptosis-inducing agents such as staurosporine, which
is a protein kinase C inhibitor, and UV, which is a geno-
toxic agent. As shown in Figure 1D (lanes 3,4) staurospo-
rine and UV did not induce RIP cleavage, although all of
the treated cells underwent apoptosis and poly (ADP ri-
bose) polymerase (PARP), a substrate of Caspase-3, was
cleaved completely (Lazebnik et al. 1994). To further ex-
amine the specificity of RIP cleavage, Western blotting
was performed with cell extracts from murine T-cell hy-
bridoma 2B4 cells with or without dexamethasome
(DEX) treatment. Again, no RIP cleavage was detected,
despite the fact that most cells were killed (Fig. 1E).
Taken together, these results suggest that RIP cleavage is
unique to TNF-induced apoptosis.

RIP is cleaved at D324 by Caspase-8

Because caspases have key roles in the initiation and
execution of cellular death machinery (Cohen 1997; Na-
gata 1997; Cryns and Yuan 1998), we examined whether
RIP cleavage is caspase-dependent by using specific
caspase inhibitors. Before treating HeLa cells with TNF
plus CHX, either the caspase inhibitor Z–VAD–FMK or
DEVD–CHO, both of which have an inhibitory effect on
TNF-induced apoptosis (Cohen 1997), was added into
culture medium. Z–VAD–FMK specifically represses
Caspase-1, Caspase-8, and other caspases, whereas
DEVD–CHO inhibits Caspase-3 and related caspases
(Cohen 1997; Li et al. 1998; Luo et al. 1998). As shown in
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Figure 2A, RIP cleavage was blocked completely by ad-
dition of Z–VAD–FMK and partially inhibited by DEVD–
CHO. Interestingly, DEVD–CHO also failed to entirely
block TNF-induced death (Fig. 2A). As a control, Z–FA–
FMK, a cathepsin B inhibitor, showed no effect at all on
RIP cleavage (data not shown). To confirm that RIP is a
direct target of caspases, we performed in vitro cleavage
assays with 35S-labeled RIP as the substrate. In this as-
say, RIP was cleaved in apoptotic cell extract only (Fig.
2B). To verify that the two fragments of cleaved RIP rep-
resent the two portions of RIP, we performed Western
blot experiments following in vitro cleavage assay. Be-
cause the 35S-labeled RIP is amino-terminal Myc-tagged
(Hsu et al. 1996b), anti-Myc antibody was used to detect
the amino-terminal portion of RIP. To assure that the
detected carboxy-terminal portion of RIP by anti-RIP an-
tibody is from in vitro-cleaved RIP, we depleted the en-
dogenous RIP and the carboxy-terminal portion of RIP
from the apoptotic extract (Fig. 2C, middle, lane 3). As
shown in Figure 2C, the anti-RIP antibody recognized
the upper fragment (Fig. 2C, left, lane 6; middle, lane 2,6)
whereas the anti-Myc antibody detected the smaller frag-
ment (Fig. 2C, left, lane 6; right, lane 6). Therefore, the
two cleavage products represented the carboxy- and
amino-terminal portions of RIP, which were referred as

RIPc and RIPn, respectively (Fig. 2C). Furthermore, the
addition of Z–VAD–FMK in apoptotic cell extracts abol-
ished RIP cleavage, whereas Z–FA–FMK did not (Fig.
2D). DEVD–CHO had a better inhibitory effect than it
did in cell culture (Fig. 2A). These results indicated that
RIP is cleaved directly by a Z–VAD–FMK sensitive
caspase.

A hallmark of caspases is that these proteases selec-
tively recognize an aspartic acid (D) as the P1 residue at
the cleavage site (Cohen 1997; Cryns and Yuan 1998). To
determine the cleavage site of RIP, we generated a series
of RIP mutants in which certain aspartic acids were sub-
stituted with other amino acids. Given the sizes of the
two cleavage fragments, we assumed that the cleavage
site is located in the central portion of RIP. Therefore, we
introduced point mutations to eliminate the aspartic ac-
ids at positions 248, 250, 251, 300, and 324 and three RIP
mutants—RIP(D248A, D250A, D251P), RIP(D300V) and
RIP(D324K)—were generated (Fig. 3A). These RIP mu-
tants were then in vitro-translated in the presence of
[35S]methionine and subjected to a cleavage assay in
apoptotic cell extract as described in Figure 2. Similar to
the wild-type RIP, RIP(D248A, D250A, D251P), and
RIP(D300V) were cleaved into two fragments of 42 and
40 kD (Fig. 3B, lanes 7–12). There was no cleavage,

Figure 1. Cleavage of RIP in TNF-induced apoptosis. (A)
HeLa cells were treated with TNF (15 ng/ml) (lane 2);
CHX (10 µg/ml) (lane 3); or TNF (15 ng/ml) + CHX (10
µg/ml) (lane 4) for 10 hr. Cell extracts were resolved on
SDS-PAGE and then Western blotted for RIP (top) and
FADD (bottom). Untreated cell extract was loaded as a
control (lane 1). (B) MCF7 cells were treated with TNF (15
ng/ml) for 18 hr. RIP and FADD were detected by West-
ern blot. (C) Time course of RIP cleavage in TNF induced
apoptosis in HeLa cells. Cells were treated with TNF (15
ng/ml) + CHX (10 µg/ml) and incubated for the indicated
time periods. RIP and FADD were detected by Western
blot analysis. (D) HeLa cells were treated with TNF (15
ng/ml) + CHX (10 µg/ml) for 6 hr (lane 2); UVC (20 J/m2,
followed by overnight culture) (lane 3); and staurosporine
(1 µM) overnight (lane 4). Cell extracts were resolved on
SDS-PAGE and Western blotted for RIP (top), PARP
(middle), and FADD (bottom). Untreated cell extract was
loaded as a control (lane 1). (E) 2B4 cells were treated with DEX (1 µM) for 10 hr, and RIP and PARP were detected by Western blot
analysis. Cell death was determined by trypan blue exclusion staining. The percentages of dead cells are at the bottom of the panels.
Data are normalized to the rate of spontaneous cell death occurring in untreated cells (<5%). The positions of the molecular mass
markers are indicated in kD at left of panels.
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however, detected in the RIP(D324K) mutant under the
same conditions (Fig. 3B, lanes 4–6). No cleavage of
RIP(D324K) was also confirmed by Western blotting as
described in Figure 2C (data not shown). This mutant
was also resistant to cleavage in vivo when it was intro-
duced into HeLa cells (Fig. 3C). In this experiment we
used RIP (1-558) and RIP (1-558, D324K) expression vec-
tors. The death domain of RIP was deleted in these two
constructs, as ectopic expression of full-length RIP pro-

tein usually causes cell death and results in low level of
RIP expression. These results suggested that the aspartic
acid at position 324 is the cleavage site of RIP. Interest-
ingly, the proceeding sequence of this site, 321LQLD324,
matches perfectly with LXXD, the preferred cleavage site
of Caspase-8 (Cohen 1997; Li et al. 1998; Luo et al. 1998).

Next we investigated whether Caspase-8 is respon-
sible for RIP cleavage. Because both Caspase-8 and
Caspase-3 have critical roles in TNF-induced apoptosis

Figure 2. RIP is cleaved by a caspase. (A) HeLa cells were pre-treated with
10 µM of DEVD–CHO (lane 4) or Z–VAD–FMK (lane 3) for 1 hr, or left
untreated (lanes 1,2). This was followed by treatment with TNF (15 ng/
ml) + CHX (10 µg/ml) (lanes 2–4) for 6 hr. Cell extracts were resolved on
SDS-PAGE and Western blotted for RIP (top), PARP (middle), and FADD
(bottom). Untreated cells extract was loaded as a control (lane 1). The per-
centages of dead cells are at the bottom of the panel. (B) 35S-Labeled RIP
protein was incubated with apoptotic (lane 3) or normal (lane 2) HeLa cell
extracts at 30°C for 3 hr, resolved on SDS-PAGE, and visualized by auto-
radiography. Nontreated RIP protein was loaded as a control (lane 1). The
resultant cleavage products are indicated with arrows. (C) 35S-Labeled Myc-
tagged RIP protein was incubated with RIP-depleted apoptotic (lane 6) or
normal (lane 5) HeLa cell extracts at 30°C for 3 hr, transferred onto a
nitrocellular filter, visualized by autoradiograph, and probed with anti-RIP
and anti-Myc to detect the carboxy- and amino-terminal portion of RIP,
respectively. Nontreated RIP protein was loaded as a control (lane 4). The
resultant cleavage products are indicated with arrows. The normal and

apoptotic (with or without RIP depletion) HeLa cell extracts were loaded as controls (lanes 1–3). (D) Apoptotic cell extracts were
preincubated with 10 µM of DEVD–CHO (lane 4), Z–VAD–FMK (lane 3), or Z–FA–FMK (lane 5) for 15 min, mixed with 35S-labeled RIP
protein, and incubated at 30°C for 3 hr. The result was visualized by autoradiograph. The resultant cleavage products are indicated with
arrows. The positions of the molecular mass markers are indicated in kD at left of panels.
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(Cohen 1997; Nagata 1997), recombinant Caspase-3 and
Caspase-8 were tested in an in vitro cleavage experi-
ment. As shown in Figure 3D, Caspase-8 cleaved wild-
type RIP into two fragments, which were identical to
those generated by the apoptotic cell extract. Although
Caspase-3 also cleaved at the same site as Caspase-8 did,
it produced a much different and more sophisticated
cleavage of RIP. Importantly, Caspase-8 was unable to
cleave RIP (D324K) (Fig. 3D). In contrast, the cleavage
pattern of RIP(D324K) by Caspase-3 largely remained the
same and only the Caspase-8-like cleavage disappeared
(Fig. 3D). Considering that Caspase-3 is deficient in
MCF7 cells (Srinivasan et al. 1998), yet RIP was cleaved
as efficiently as in other cell lines (Fig. 1B), it is unlikely
that Caspase-3 is involved in RIP cleavage in vivo. In
addition, the inhibitor Z–VAD–FMK totally abrogated
RIP cleavage by Caspase-8 (data not shown). We also per-

formed immune-depletion experiments with anti-
Caspase-8 or anti-Caspase-3 antibody. As shown in Fig-
ure 3E, the depletion of Caspase-8 from the apoptotic
extract completely abolished its ability to cleave RIP
whereas the removal of caspase-3 had no effect. This
result further supported that Caspase-8 is the protease
that cleaves RIP in TNF-induced apoptosis.

Cleavage of RIP results in the blockage
of NF-kB activation and the enhancement
of TRADD and FADD interaction

One of the essential functions of RIP is to mediate TNF-
induced NF-kB activation, and overexpression of RIP ac-
tivates NF-kB (Hsu et al. 1996b; Kelliher et al. 1998). To
see whether cleavage of RIP affects its ability to mediate
NF-kB activation, we constructed expression vectors of

Figure 3. Mapping of the caspase cleavage site in RIP. (A) Schematic illustration of substitution mutants of RIP constructs. The
kinase and death domains of RIP are shown as shaded and solid bars, respectively. The amino acid substitutions of each mutant are
indicated. (B) 35S-Labeled RIP proteins were incubated with apoptotic HeLa cell extract (lanes 3,6,9,12) or normal HeLa cell extract
(lanes 2,5,8,11) at 30°C for 3 hr, resolved on SDS-PAGE and visualized by autoradiograph. Nontreated RIP proteins were loaded as
controls (lanes 1,4,7,10). (Lanes 1–3) Wild-type RIP; (lanes 4–6) RIP(D324K); (lanes 7–9) RIP (D248A, D250A, D252P); (lanes 10–12)
RIP(D300V). The resultant cleaving products are indicated with arrows. (C) HeLa cells were transfected with Myc-tagged RIP(1–558)
(lanes 1,2) or RIP(1–558, D324K) (lanes 3,4). Cells were treated with TNF + CHX (lanes 2,4) or remained untreated (lanes 1,3).
Myc-tagged RIP proteins were detected by Western blot analysis with anti-Myc antibody. The position of Myc-tagged RIP (1–558)/ RIP
(1–558, D324K) is indicated. RIPn indicates the resultant Myc-tagged amino-terminal portion of RIP (1–324 amino acids). (D) 35S-
Labeled RIP proteins were incubated with Caspase-3 (lanes 2,6), Caspase-8 (lanes 3,7), or apoptotic HeLa cell extract at 37°C for 2 hr,
resolved on SDS-PAGE and visualized by autoradiograph. Nontreated RIP proteins were loaded as controls (lanes 1,5). The resultant
cleavage products are indicated with arrowheads. (E) Fifty microliters of apoptotic cell extract was incubated with the indicated
antibodies bound on protein A resin at 4°C for 12 hr. The resin was removed by centrifugation and the supernatants were applied in
cleavage assays as described in B. The positions of the molecular mass markers are indicated in kD at left of panels.
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RIPn(1–324) and RIPc(325–671) and performed luciferase
assays after they and a NF-kB reporter plasmid were in-
troduced into HEK293 cells. To verify that a D324K mu-
tation does not alter RIP’s ability to activate NF-kB, ex-
pression vectors of RIP, RIP(D324K), RIP(1–558), and
RIP(1–558, D324K) were also transfected into HEK293
cells, respectively, to measure their functions in terms of
NF-kB activation. In the case of RIP, RIP(D324K) and
RIPc, as overexpression of these proteins kills the major-

ity of transfected cells (data not shown; see Fig. 5A, be-
low), the expression vector of poxvirus protein CrmA
was also included in cotransfection experiments (Ray et
al. 1992). As shown in Figure 4A, substituting Asp-324
with a Lys in RIP did not show any consequence on
NF-kB activation, as both RIP(D324K) and RIP(1–558,
D324K) induced similar folds of NF-kB activation as
their wild-type counterparts did. The cleavage of RIP,
however, eradicated its ability to robustly activate NF-

Figure 4. Effects of RIP cleavage on NF-kB activation and TRADD/FADD interaction. (A) Cells were co-transfected with p2xNF-
kB–Luc, pRSV–lacZ and different RIP constructs as indicated or an empty vector. In the experiments described in the right panel, the
expression vector of CrmA was also included. Twenty-four hours post-transfection, the cells were collected. Luciferase assay was
conducted and normalized as described (Liu et al. 1996). The results were the average of three duplicated experiments. (B) Cells were
cotransfected with p2xNF-kB–Luc, CrmA and different RIP constructs. Twenty-four hours post-transfection, half of the cells were
treated with TNF (15 ng/ml) for 10 hr (solid bars). (Open bars) Nontreated cells. Luciferase activities were detected and normalized.
The results shown were the average of three duplicated experiments. (C) HEK293 cells were cotransfected with FLAG–TRADD (2.5
µg), FADD (2.5 µg), CrmA (1 µg), along with increasing amounts of Xpress-tagged RIP (1.5, 3, 4.5 µg in lanes 2, 3, and 4, respectively)
or RIPc (1.5, 3, 4.5 µg in lanes 6, 7, and 8, respectively). The total amount of DNA in each transfection was adjusted to 10 µg with the
empty vector. Cells were collected at 24 hr after transfection. Expressions of Flag–TRADD and FADD were determined by Western
blot (bottom). Immunoprecipitation experiments were performed with anti-Flag (M2) antibody, and coprecipitated FADD and Xpress-
tagged RIP proteins were detected by Western blotting with anti-FADD and anti-Xpress, respectively (top). (D). HeLa cells (2 × 107)
were treated with TNF (15 ng/ml) + CHX (10 µg/ml) for the indicated time periods, immunoprecipitation experiments were performed
with anti-TRADD antibody, and coprecipitated RIP, FADD, and TRADD proteins were detected by Western blot. (Lane 1) One percent
of the cell extract from the 480-min sample as an input control. The blot of FADD was exposed for a longer time to visualize the
precipitated FADD protein. Cell death was determined by trypan blue exclusion staining. The percentages of dead cells are shown at
the bottom of the panel. The positions of the molecular mass markers are indicated in kD on the left of C and D. (*IgG heavy chain).
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kB because RIPn exerted no activity and RIPc only
showed marginal activity (Fig. 4A). Previously it has
been shown that the death domain portion (559–671) of
RIP functions as a dominant-negative mutant and its
overexpression blocks TNF-induced NF-kB activation
(Hsu et al. 1996b). To examine whether RIPc has the
same effect, we performed similar experiments as de-
scribed above with the expression vectors of RIPc, RIPn,
and RIP(559–671). After transfection (24 hr), half trans-
fection samples were treated with TNF. As shown in
Figure 4B, whereas RIPn had no effect, RIPc inhibited
TNF-induced NF-kB activation almost as sufficiently as
the dominant-negative mutant RIP(559–671) did. Taken
together, these results suggested that cleavage of RIP
eliminates its competence to transduce TNF signaling
and one of the cleavage products, RIPc, represses TNF-
induced NF-kB activation.

To initiate TNF-induced apoptosis, it is thought that
FADD needs to be recruited into the TNF-R1 complex
through the death domain of TRADD (Hsu et al. 1996a).
Because the interaction between RIP and TRADD is also
mediated by their death domains (Hsu et al. 1996b), it is
possible that RIP may compete with FADD for binding
to TRADD. To test this possibility, expression vectors of
FADD and Flag–TRADD were cotransfected with in-
creasing amounts of either wild-type RIP or RIPc. Then
co-immune-precipitation experiments were performed
with anti-Flag antibody. As shown in Figure 4C (top),
whereas the presence of increasing amounts of wild-type
RIP weakened TRADD and FADD interaction, RIPc ap-
peared to strengthen this interaction. In each sample,
comparable expression level of TRADD or FADD was
detected as shown in the bottom panel of Figure 4C.
These data implied that the cleavage of RIP might also
accelerate apoptosis by enhancing TRADD–FADD inter-
action. To further test this notion, we investigated the
endogenous TRADD and FADD interaction when RIP is
cleaved. As seen in Figure 4D, whereas the intact RIP
was recruited transiently into the TRADD complex,
RIPc showed prolonged interaction with TRADD (top
panel). This sustained RIPc and TRADD interaction cor-
related with increasing cell death in response to TNF
treatment. Most importantly, increasing recruitment of
FADD into the TRADD complex was detected when the
intact RIP was released from the complex (Fig. 4D,
middle).

Ectopic expression of D324K mutants of RIP protects
cells against TNF-induced apoptosis

Because overexpression of RIP induced cell death and
RIP was cleaved in transfected cells (data not shown), it
is possible that cleavage-resistant RIP(D324K) may cause
cell death to a lesser extent. To address this question,
HeLa cells were cotransfected with different RIP expres-
sion vectors and a LacZ reporter plasmid. In the presence
of CrmA, which blocks cell death induced by overexpres-
sion of RIP (Liu et al. 1996), expression of RIP,
RIP(D324K), or RIPc displayed similar transfection effi-
ciency (Fig. 5A). Without CrmA, however, whereas ex-

pression of RIP or RIPc killed >90% transfected cells
(94.8% and 92.4%, respectively), ∼30% of RIP(D324K)-
transfected cells were still viable (Fig. 5A). The differenc
between wild-type RIP and RIP(D324K) is statistically

Figure 5. Effects of RIP cleavage on apoptosis. (A) HeLa cells
were cotransfected with pRSV–LacZ and different RIP con-
structs with (open bars) or without CrmA (solid bars) as indi-
cated. Twenty-four hours post-transfection, the cells were fixed
and stained with X-gal. Viable blue cells, determined by their
sizes and shapes, were counted from 20 randomly selected
fields. Data shown represent three independent experiments.
The difference of viable cells of wild-type RIP vs. RIP (D324K)
transfection is statistically significant (P < 0.005). (B) Dupli-
cates of MCF7 cells were cotransfected with pRSV–LacZ and
different RIP constructs. Twenty-four hours post-transfection,
half of the cells were treated with 15 ng/ml TNF for 18 hr and
then fixed and stained with X-gal. Alive blue cells were counted
from 20 randomly selected fields for each sample. Percentage of
viable cells for each plasmid was calculated by dividing the
number of viable transfected cells after treatment with the
number of viable transfected cells before treatment. Data shown
represent three independent experiments. The differences of vi-
able cells of wild-type versus RIP (D324K) and RIPc versus vec-
tor transfections are statistically significant (both P < 0.05). (C)
MCF7 cells were cotransfected with pRSV–LacZ and different
RIP constructs as indicated. Cells were treated and counted as
described in B. The difference of viable cells of wild-type vs. RIP
(D324K) transfection is statistically significant (P < 0.005).
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significant (x2 test, P < 0.005). This result suggested that
substituting Asp-324 with a Lys in RIP impaired its ca-
pacity to induce cell death. This may be attributable to
uncleavable RIP(D324K) constitutively activating NF-kB.

To investigate the effect of RIP cleavage on TNF-in-
duced apoptosis further, similar experiments were per-
formed in MCF7 cells without CrmA. MCF7 cells were
chosen because they are TNF-sensitive without CHX.
This will allow us to avoid using CHX, as CHX inhibits
the expression of transfected proteins as well as the ex-
pression of their downstream genes. Although ectopic
expression of death domain containing RIP proteins kills
the majority of transfected cells, there are still a certain
amount of transfected cells viable (Fig. 5A,B). In these
experiments with MCF7 cells, the remaining transfected
cells were challenged with TNF. As shown in Figure 5B,
18 hr after TNF treatment, ∼40% of RIP-transfected cells
were viable whereas 65% of RIP(D324K)-transfected
cells were still alive. Also, whereas the control vector
showed 20% viable cells, only 8% of RIPc-transfected
cells were alive in response to TNF treatment (Fig. 5B).
Therefore, in remaining transfected cells, although ex-
pression of RIP provided a certain level of protection,
RIP(D324K) had a much greater anti-apoptotic effect.
More importantly, the presence of RIPc rendered cells
more susceptible to TNF-induced apoptosis. To further
confirm this observation and to rule out that those re-
maining transfected cells may have defects in their apop-

totic machinery—although this is unlikely because the
remaining RIPc transfected cells had greater response to
TNF—we performed the same experiments but with
RIP(1–558) and RIP(1–558, D324K) constructs. As shown
in Figure 5C, compared with the 20% of transfected cells
that survived in the vector control, expression of RIP(1-
558) and RIP(1-558, D324K) rescued 43% and 65% trans-
fected cells from TNF treatment, respectively. Expres-
sion of RIPn did not exhibit any effect on TNF-induced
apoptosis at all. Although expression of RIP or RIP(1–
558) activated NF-kB and provided some level of protec-
tion against TNF-induced apoptosis, cleavage of these
two proteins disabled them to continue activating NF-kB
and reduced their protective effect. In contrast,
RIP(D324K) and RIP(1–558, D324K) were kept intact and
had greater protection effect.

RIP is also cleaved in Fas
and TRAIL induced apoptosis

To examine whether RIP is also cleaved during apoptosis
mediated by other death receptors, we performed West-
ern blotting with cell extracts from anti-Fas or TRAIL-
treated cells. As shown in Figure 6A, RIP cleavage was
observed in anti-Fas-treated Jurkat cells. When HeLa
cells were induced to undergo apoptosis with TRAIL,
which binds to DR4 and DR5 (Chaudhary et al. 1997;

Figure 6. Cleavage of RIP in Fas and TRAIL in-
duced apoptosis. (A) Jurkat cells were treated with
anti-Fas (IgM, 250 ng/ml) for 6 hr (lane 2) and RIP
protein was detected by Western blot analysis.
(Lane 1) Untreated cell extract. The percentages of
dead cells were shown at the bottom of the panel.
(B) HeLa cells were treated with TRAIL (0.5 µg/ml)
for 2 hr (lane 2) and RIP protein was detected by
Western blot analysis. (Lane 1) Untreated cell ex-
tract. The percentages of dead cells are shown at
the bottom of the panel. The positions of the mo-
lecular weight markers are indicated in kD at left.
(C) Wild-type or RIP-deficient Jurkat cells were
treated with TNF (15 ng/ml) + CHX (10 µg/ml),
TRAIL (0.5 µg/ml), anti-Fas (250 ng/ml), or UVC
(20J/m2), and followed by 6 hr culture. Cell death
was determined by trypan blue exclusion staining.
The percentages of dead cells shown are the aver-
age of three independent experiments. The prob-
abilities in these experiments between wild-type
RIP (open bars) and RIP− (solid bars) cells are non-
treated, >0.9; TNF/CHX, <0.025; TRAIL, <0.025;
Fas, <0.005; and UV, >0.1.
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Pan et al. 1997; Walczak et al. 1997), similar cleavage of
RIP was also detected (Fig. 6B). In both cases, there was
no detectable change of FADD and TRAF2 (data not
shown). These results implied that cleavage of RIP might
be a common process during death receptor-mediated
apoptosis. To further evaluate this notion, we investi-
gated whether there is any difference of sensitivity be-
tween wild-type Jurkat and RIP-deficient Jurkat cells
(Ting et al. 1996) in response to anti-Fas and TRAIL
treatment. As shown in Figure 6C, similar to TNF/CHX-
induced death, the extent of cell death triggered by anti-
Fas or TRAIL in RIP-deficient Jurkat cells was notably
higher than that in wild-type Jurkat cells. As a control,
UV-induced death was also measured in these two lines
and no difference was noticed (Fig. 6C). This is consis-
tent with the early observation that UV did not induce
RIP cleavage (Fig. 2A). Accordingly, RIP cleavage may
represent a unique regulatory step in all death receptor-
mediated apoptosis.

Discussion

Cleavage of RIP is essential for transition
from life to death in TNF-induced apoptosis

Despite the fact that TNF can induce apoptosis by re-
cruiting FADD into TNF-R1 complex, TNF is not cyto-
toxic to most types of cells (Smith et al. 1994). Because
activation of NF-kB protects cells against apoptosis (Beg
and Baltimore 1996; Liu et al. 1996; Van Antwerp et al.
1996; Wang et al. 1996), it has been proposed that the
balance between life and death is regulated by NF-kB
(Van Antwerp et al. 1998). Inhibition of NF-kB activation
enhances apoptosis in response to TNF and many other
apoptosis inducing agents (Beg and Baltimore 1996; Liu
et al. 1996; Van Antwerp et al. 1996; Wang et al. 1996). In
spite of much progress in understanding of TNF signal-
ing, for a given cell, the mechanism that controls the
outcome of TNF treatment is still largely unknown. Our
work described in this paper provides a potential mecha-
nism through which the transition from life to death is
achieved when cells are induced to undergo apoptosis by
TNF. As show in Figure 7, the death domain kinase RIP,
the key effector that transduces TNF signal to NF-kB
activation, is specifically cleaved by Caspase-8. The
cleavage of RIP disables it to deliver TNF signal and sub-
sequently, abolish the induction of anti-apoptosis fac-
tors. In addition, RIPc, one of the cleavage products, pro-
motes apoptosis directly by enhancing TRADD and
FADD interaction. Therefore, besides BID and down-
stream caspases (Cohen 1997; Li et al. 1998; Luo et al.
1998), RIP is another critical substrate of Caspase-8.
Whereas cleavage of BID and downstream caspases am-
plifies apoptotic signal, cleavage of RIP shuts off the pro-
tective pathway and enhances killing.

Our observation that the cleavage of RIP is specific for
TNF and other death receptor-mediated apoptosis (Fig. 1,
2, and 6) suggests that the cleavage of RIP is an early
active, rather than a late passive, event during apoptosis.
Although all of the tested agents including Dexametha-

sone, staurosporine, and genotoxic agent (UV) induced
massive apoptosis and activation of caspases, the cleav-
age of RIP is barely detected (Fig. 2). These results, plus
the fact that Caspase-3 cleaved RIP at multiple sites in
vitro but is unable to do so in vivo (Fig. 3), strongly in-
dicate that Caspase-8 mediated cleavage of RIP is highly
selective in vivo and is spatially and timely regulated.
Therefore, the cleavage of RIP represents a key regula-
tory step in the triggering of cell death during TNF-in-
duced apoptosis. Further support for this notion is pro-
vided by evidence that the uncleavable RIP mutants
showed elevated cytoprotection against TNF (Fig. 5).
Constitutive activation of NF-kB by RIP(D324K) mutant
may have a large role in its efficiency against TNF-in-
duced cell death. It is also possible that the presence of
uncleaved full-length RIP(D324K) interfers the interac-
tion between TRADD and FADD and leads to dimin-
ished levels of TNF-induced apoptosis.

The cleavage of RIP by Caspase-8 also generates an-
other fragment, RIPn, which contains the entire kinase
domain of RIP. The role of RIP kinase activity in TNF
signaling is still unknown but it is clear that this activity
is dispensable for NF-kB activation (Hsu et al. 1996b;
Ting et al. 1996). Consistent with this finding, RIPn has
no role in TNF-induced NF-kB activation (Fig. 4). The

Figure 7. Regulation of TNF-R1signaling pathways during
apoptosis. When cells undergo TNF-induced apoptosis, RIP is
cleaved by Caspase-8. Although cleavage of BID and other
caspases activates death pathways, cleavage of RIP neutralizes
the protective effect of NF-kB. RIP mediates TNF-induced NF-
kB activation through IkB kinase (IKK) (Baeuerle and Baltimore
1996) and TRAF2 transduces TNF signaling by activating
MEKK/JNKK/JNK pathway (Liu et al. 1996).
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possible function of RIPn in apoptosis is under study. To
explore other possible functions of RIPc, we also studied
whether RAIDD (Duan and Dixit 1997), an adapter mol-
ecule for RIP, interacts with wild-type RIP and RIPc dif-
ferently. We found that wild-type RIP and RIPc bound to
RAIDD equally well (data not shown). Probably, cleav-
age of RIP has no effect on the interaction between RIP
and RAIDD.

Recently, it has been reported that TRAF2 was de-
graded on CD30 ligation and the down regulation of
TRAF2 sensitized cells to TNF cytotoxicity (Duckett
and Thompson 1997). More evidence is necessary, how-
ever, to prove that TRAF2 degradation happens under
physiological conditions, as this finding was made by
ectopic expression of CD28–CD30 chimera. We did not
detect TRAF2 degradation in TNF-induced apoptosis. It
is possible that TRAF2 degradation is specific to CD30
signaling. Because RIP has a more essential role in NF-kB
activation in response to TNF than TRAF2 does, TRAF2
may not be the key target needed to be eliminated for
cells undergoing TNF-induced apoptosis.

Is RIP cleavage a general mechanism
for death receptor-mediated apoptosis?

RIP was identified by its interaction with Fas; however,
Fas-mediated apoptosis does not require RIP (Stanger et
al. 1995; Kelliher et al. 1998). Subsequently, RIP was
found to be a key effector in the TNF-R1 and DR3 signal
complex (Ashkenazi and Dixit 1998). Whether RIP is a
component of the TRAIL receptor complex remains as
an open question. Regardless of the presence of RIP in
these death receptor complexes, RIP cleavage also oc-
curred in apoptosis induced by Fas and TRAIL (Fig. 6).
Moreover, RIP-deficient cells are more sensitive to cell
death mediated by these two death receptors (Fig. 6).
Consistent with our observation, it is reported recently
that activation of NF-kB protects cells from Fas-medi-
ated apoptosis (Zheng and Lenardo 1999). Because RIP is
not cleaved in UV-induced cell death and UV kills both
wild-type Jurkat and RIP-deficient Jurkat cells with
equal efficiency (Figs. 1D and 6C), it seems that the pro-
tective effect of RIP is specific to death receptor-medi-
ated apoptosis. Interestingly, RIP is cleaved more effi-
ciently by anti-Fas treatment than by TNF treatment
(data not shown). Because FasL is a more effective death
factor than TNF, it is intriguing to speculate that the
efficiency of RIP cleavage may be a critical factor in de-
termining the efficiency of apoptosis by different death
receptors. Further study on the mechanism of death re-
ceptor signaling will be the key to fully understand the
role of RIP cleavage in death receptor-mediated apopto-
sis.

Concluding remarks

Regulation of TNF signaling is complex and is achieved
through multiple steps. For instance, silencer of death
domain (SODD) prevents TNF-R1 self-aggregation by in-

teracting with the death domain of TNF-R1 (Jiang et al.
1999). This regulation ensures that TNF-R1 will not ag-
gregate in the absence of TNF. Then, on TNF binding to
its receptor, the recruitment of different effectors into
the TNF receptor complex in different cellular contexts
represents another level of control in TNF signaling
(Baker and Reddy 1998). In this study, we identified a
new mechanism through which the balance between life
and death in response to TNF is regulated. We showed
that RIP, is a critical substrate of Caspase-8, as is the case
with BID and downstream caspases (such as Caspase-3).
The cleavage of RIP results in the blockage of NF-kB
activation and the enhancement of TNF-induced apop-
tosis. Therefore, our study provided a new possible regu-
lation of TNF signaling and that this regulation may be
crucial in converting cells from life to death in response
to TNF.

Materials and methods

Reagents

Anti-RIP antibody, anti-PARP antibody, anti-Myc antibody, ac-
tive recombinant Caspase-3 and Caspase-8 were purchased from
Pharmingen. Anti-Fas (IgM) and anti- FADD were from Medical
& Biological Laboratories and Transduction Laboratories, re-
spectively. Anti-TRADD, anti-Caspase 3, anti-HA and anti-
Xpress antibodies were from Santa Cruz. Rabbit anti-Caspase 8
was kindly provided by Dr. G.M. Cohen (Sun et al. 1999). The
caspase inhibitors Z–VAD–FMK and DEVD–CHO, Cathepsin B
inhibitor I (Z–FA–FMK) and staurosporine were purchased from
Calbiochem. Recombinant TRAIL was purchased from BIO-
MOL.

Cell culture and transfection

HeLa and HEK293 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM). MCF7 and Jurkat cells were cultured in
RPMI 1640 medium. The media were supplemented with 10%
fetal calf serum, 2 mM glutamine, 100 U/ml penicillin and 100
µg/ml streptomycin. Cells were transfected with Lipofectamine
(GIBCO) as described previously (Liu et al. 1996).

Induction of apoptosis and determination of cell viability

For induction of apoptosis, cells were treated with TNF (15
ng/ml) plus CHX (10 µg/ml), anti-Fas, TRAIL, staurosporine or
UV as indicated in the figure legends. Cell viability was deter-
mined by trypan blue exclusion assay.

Plasmids

The mammalian expression plasmids RIP, TRADD, and FADD
have been described previously (Hsu et al. 1996b; Liu et al.
1996). Substitution RIP mutants were constructed by site-di-
rected mutagenesis using the QuikChange site directed muta-
genesis kit (Stratagene). In RIP (D248A, D250A, D251P), the
aspartic acids at positions 248, 250, and 251 were substituted by
alaline, alaline, and proline, respectively. In RIP (D300V), the
aspartic acid at position 300 was replaced by a valine. In
RIP(D324K), the aspartic acid at positions 324 was replaced by a
lysine. The RIP-N and RIP-C expression plasmids were con-
structed in pcDNA vector by PCR. All constructs were con-
firmed by DNA sequencing.
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Western blot analysis and coimmunoprecipitation

After treatment with different reagents as described in the leg-
ends to Figures 1, 2, 4, and 6, cells were collected and lysed in
M2 buffer (20 mM Tris at pH 7, 0.5% NP-40, 250 mM NaCl, 3
mM EDTA, 3 mM EGTA, 2 mM DTT, 0.5 mM PMSF, 20 mM

b-glycerol phosphate, 1 mM sodium vanadate, 1 µg/ml leupep-
tin). Fifty micrograms of the cell lysates was fractionated by
SDS-polyacrylamide gels and Western blotted. The proteins
were visualized by enhanced chemiluminescence (ECL), accord-
ing to the manufacturer’s (Amersham) instructions.

For immunoprecipitation assays, 293 cells transfected tran-
siently with each of the plasmids were lysed in lysis buffer (20
mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM

EDTA, 30 mM NaF, 2 mM sodium pyrophosphate, 10 µg/ml
aprotinin, 10 µg/ml leupeptin) and the amounts of expressed
proteins were determined by Western blotting. The lysates were
mixed and precipitated with anti-FLAG antibody (M2) and pro-
tein A–Sepharose beads by incubation at 4°C overnight. The
beads were washed three times with lysis buffer and the bound
proteins were resolved in 10% SDS-PAGE. Detection was ac-
complished by Western blot analysis. For immunoprecipitation
assays of endogenous proteins, 5 × 107 of HeLa cells were
treated with TNF (15 ng/ml) plus cycloheximide (10 µg/ml) as
indicated in the legend of Figure 4, lysed in lysis buffer and
precipitated with 2 µg of anti-TRADD antibody.

In vitro cleavage of RIP protein

HeLa cells (5 × 107) were treated with 15 ng/ml human TNF and
10 µM cycloheximide for 4 hr at 37°C, then washed twice with
cold DMEM and resuspended in 400 µl extract buffer (10 mM

HEPES at pH 7.0, 40 mM glycerol phosphate, 50 mM NaCl, 2 mM

MgCl, 1 mM DTT, 5 mM EDTA, 1 mM PMSF and 1µg/ml leu-
peptin). After freezing and thawing four times, the sample was
centrifuged at 12,000g for 15 min at 4°C. The supernatant was
again centrifuged at 100,000g for 60 min. The aliquots of cell
extract (supernatants) were stored at −80°C. The RIP depleted
extract was prepared by incubating 50 µl of apoptotic cell ex-
tract with 2 µg of anti-RIP bound on protein A resin at 4°C for
2 hr. The resin was removed by centrifugation and the super-
natants were applied in protein cleavage assay.

35S-Labeled, wild-type, and mutant RIP proteins were pre-
pared by coupled transcription and translation using the TNT-
coupled reticulocyte lysate system (Promega). One microliter of
35S-labeled protein was mixed with 5 µl (∼50 µg of total proteins)
of apoptotic cell extract and incubated at 37°C for 2 hr. The
reaction was terminated by the addition of SDS-PAGE loading
buffer. The resultant proteins were resolved in 4%–20% SDS-
PAGE and visualized by autoradiography. For the caspase inhi-
bition assay, 10 µM of each inhibitor was incubated with cell
extract at 37°C for 15 min before the addition of 35S-labeled RIP
proteins. In the experiments with recombinant caspases, the
reaction was carried out in 25 µl of extract buffer with 50 ng of
each recombinant caspase and 1 µl of 35S-labeled RIP proteins.
For capspase depletion assay, 10 µl of anti-Caspase-3, anti-
Caspase 8, or anti-HA sera was bound to 20 µl of protein A resin.
Fifty microliters of apoptotic cell extract was incubated with
the antibodies at 4°C for 12 hr. The resin was moved by cen-
trifugation and the supernatants were applied in protein cleav-
age assay.

Apoptosis assay

HeLa or MCF-7 cells were co-transfected with pRSV–LacZ plus
different RIP constructs as indicated in the figure legends.

Twenty-four hours post-transfection, the cells were treated
with 15 ng/ml of human TNF for 18 hr. Cells were fixed and
stained as described (Liu et al. 1996).

Luciferase assay

Cells were cotransfected with p2xNF-kB Luc and different RIP
constructs as indicated in the figure legends. Cells were col-
lected and luciferase assay was conducted as described (Liu et al.
1996).
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