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Tumor necrosis factor alpha (TNF-�) activates both apoptosis and NF-�B-dependent survival pathways, the
former of which requires inhibition of gene expression to be manifested. c-FLIP is a TNF-�-induced gene that
inhibits caspase-8 activation during TNF-� signaling. Adenovirus infection and E1A expression sensitize cells
to TNF-� by allowing apoptosis in the absence of inhibitors of gene expression, suggesting that it may be
disabling a survival signaling pathway. E1A promoted TNF-�-mediated activation of caspase-8, suggesting that
sensitivity was occurring at the level of the death-inducing signaling complex. Furthermore, E1A expression
downregulated c-FLIPS expression and prevented its induction by TNF-�. c-FLIPS and viral FLIP expression
rescued E1A-mediated sensitization to TNF-� by restoring the resistance of caspase-8 to activation, thereby
preventing cell death. E1A inhibited TNF-�-dependent induction of c-FLIPS mRNA and stimulated ubiquiti-
nation- and proteasome-dependent degradation of c-FLIPS protein. Since elevated c-FLIP levels confer resis-
tance to apoptosis and promote tumorigenicity, interference with its induction by NF-�B and stimulation of its
destruction in the proteasome may provide novel therapeutic approaches for facilitating the elimination of
apoptosis-refractory tumor cells.

Viral infection elicits a variety of host responses that enable
the infected cell to induce programmed cell death or apoptosis,
which can limit or alter the course of a productive infection
(37). It is an intrinsic apoptotic cellular response coupled with
activation of the immune surveillance mechanisms that facili-
tates elimination of virally infected cells. Expression of the
adenovirus E1A gene triggers these proapoptotic host cell re-
sponses during adenovirus infection as a consequence of its cell
cycle deregulation functions, which are required for replication
of viral DNA (52).

E1A is alternatively spliced into several transcripts, but the
12S transcript alone is sufficient for both induction of prolif-
eration and apoptosis in the host cell (52). The amino terminus
of the 12S transcript contains two highly conserved regions that
are binding sites for the transcriptional coactivator p300 and
the retinoblastoma tumor suppressor protein (Rb), which ac-
tivate both the proliferative and apoptotic functions of E1A
through intrinsic pathways (52). Thus, the intrinsic apoptotic
pathway may be a consequence of cell cycle deregulation by
E1A.

In addition to the activation of an intrinsic apoptotic path-
way, the host activates an extrinsic apoptotic pathway by
mounting an immune response, which triggers the release of
the proinflammatory cytokine tumor necrosis factor alpha
(TNF-�) (55). TNF-� binds to its cognate receptors TNF re-
ceptors 1 and 2 (TNFR-1 and TNFR-2) and activates both
apoptosis and an NF-�B-mediated survival pathway. TNFR-1
signals apoptosis through the recruitment of the adaptor mol-
ecules TRADD and FADD and procaspase-8 to the death-

inducing signaling complex (DISC), which facilitates autocat-
alytic activation of procaspase-8 (48). Active caspase-8
facilitates Bid cleavage into tBID (25), which in turn promotes
a conformational change in the mitochondrial proapoptotic
proteins Bax and Bak (33, 44, 51). Activation of either Bax or
Bak triggers cytochrome c release, which promotes the pro-
cessing of downstream effector caspases that aid in the disman-
tling of the cell (7, 50).

TNF-� signals both an NF-�B-dependent survival and an
apoptotic pathway. The outcome of survival over cell death is
dependent upon NF-�B-mediated transcriptional induction of
antiapoptosis genes (1, 31). Activation of the NF-�B-mediated
survival pathway is initiated through ubiquitin-dependent deg-
radation of phosphorylated I�B, which promotes the release
and translocation of NF-�B into the nucleus. Consequently,
NF-�B transcriptionally activates antiapoptotic genes that
function at the DISC as well as at the mitochondria. IAP-1,
IAP-2, c-FLIP, TRAF1, and TRAF2 coordinate their inhibi-
tory effects to hinder receptor-mediated death at the DISC.
IAP-1 and IAP-2 can interact with caspases to block their
activation directly and may facilitate their degradation (8, 15,
36, 39, 56). Moreover, TRAF2, a putative substrate for IAP-
1-dependent degradation, has been reported to augment
NF-�B activation (19, 26).

In addition, cellular FLICE-inhibitory protein (c-FLIP,
Casper, FLAME-1, I-FLICE, CASH, CLARP, MRIT, and
Usurpin), the cellular homologue of viral FLIPs, has been
shown to block TNF-�-mediated apoptosis by preventing au-
tocatalytic activation of procaspase-8 at the DISC (23, 28, 40,
46). NF-�B also transactivates the antiapoptotic genes Bfl-1/A1
and Bcl-xL which act at the mitochondria to prevent cyto-
chrome c release (4, 58). Thus, NF-�B induces multiple inde-
pendent and likely redundant mechanisms for disabling apo-
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ptotic signaling. As a consequence of NF-�B activity, most cell
types require inhibition of gene expression, such as the protein
synthesis inhibitor cycloheximide, in conjunction with TNF-�
to induce receptor-mediated apoptosis.

Induction of the apoptotic pathway by TNF-� alone, how-
ever, occurs in cells derived from tumors or cells infected by
adenovirus. This sensitization of cells to TNF-� is a function of
E1A in adenovirus-infected cells, and E1A expression alone in
cell lines is sufficient for this activity (10, 38, 42). The molecular
mechanism for this sensitization has not been elucidated, but
E1A expression is sufficient to sensitize cells to apoptosis me-
diated not only by TNF-� but also by TNF-related apoptosis-
inducing ligand (TRAIL) (5, 10, 38, 42). Moreover, p300 and
Rb binding to E1A is required to confer this sensitization
phenotype on adenovirus-infected cells (42).

Here we report that E1A expression confers susceptibility to
TNF-�-mediated apoptosis by preventing c-FLIPS mRNA in-
duction and promoting ubiquitination and proteasome-medi-
ated degradation of c-FLIPS protein. This multilevel regula-
tory mechanism for inhibiting c-FLIPS expression facilitates
E1A-mediated, TNF-�-dependent caspase-8 activation in the
DISC. Thus, the ability of E1A to modulate c-FLIPS levels, and
thereby function, suggests a novel target for regulating the
sensitivity of tumor cells to apoptotic stimuli.

MATERIALS AND METHODS

Antibodies. The following antibodies were used: anti-caspase-8 polyclonal
antibody (Pharmingen, San Diego, Calif.); anti-adenovirus 2 E1A (clone M73)
and antiactin (Ab-1) monoclonal antibodies (Calbiochem-Novabiochem Corp.,
San Diego, Calif.); anti-c-FLIPL polyclonal antibody (CT) generated against
amino acids 447 to 464 and anti-c-FLIP monoclonal antibody (clone Dave-2)
generated against full-length c-FLIP (Alexis Corp., San Diego, Calif.); anti-c-
FLIP mouse monoclonal antibody NF6 generated against amino acids 1 to 194
(Peter H. Krammer, German Cancer Research Center, Heidelberg, Germany);
anti-I�B� and anti-TRAF2 polyclonal antibodies (Santa Cruz Biotechnology,
Inc., Santa Cruz, Calif.); anti-HA.11 polyclonal antibody (BabCo, Richmond,
Calif.); anti-FADD and anti-RIP monoclonal antibodies (Transduction Labora-
tories, San Diego, Calif.); and anti-IAP-1 and anti-IAP-2 polyclonal antibodies
(Trevigen Inc., Gaithersburg, Md.).

Plasmids. pcDNA3-HA-tagged MC159 was generated by digesting hemagglu-
tinin (HA)-tagged MC159 from pCi-HA-tagged MC159, generously provided by
Michael Lenardo (National Institutes of Health, Bethesda, Md.) at the EcoRI
and XbaI restriction sites. The gene was subsequently ligated into the pcDNA3
expression vector (Invitrogen, San Diego, Calif.). The cytomegalovirus-driven
pBlueScriptSK� HA-tagged ubiquitin expression plasmid was generously pro-
vided by Peter Howley (Harvard Medical School, Boston, Mass.). The cytomeg-
alovirus-driven pc-DNA3-c-FLIPS expression plasmid was described previously
(21) and generously provided by Peter Krammer (German Cancer Research
Center, Heidelberg, Germany).

Cell lines and adenovirus infection. HeLa cells were electroporated with 1 �g
of linearized pcDNA3 vector control or pcDNA3-HA-tagged MC159. At 48 h
posttransfection, neomycin-resistant cells were selected and maintained in Dul-
becco’s modified Eagle’s medium containing 1.25 mg of G418 (Gibco-BRL,
Carlsbad, Calif.) per ml. Ad5dl309 has a deletion in the E3 gene and was used as
the wild-type virus (18). Ad5dl337 was derived from Ad5dl309 and has a deletion
in the E1B 19K gene (35). Ad5dl309 and Ad5dl337 were obtained from T. Shenk
(Princeton University, Princeton, N.J.). 12S E1B� viruses contain a missense
mutation in the 12S E1A gene and a deletion in the E3 and E1B genes and were
previously described (6). Ad5PAC3 was derived from Ad5dl309 and has the E1A
and E1B genes deleted (6). HeLa cells were infected as previously described (6).

TNF-� apoptosis assay and Western blotting. Subsequent to infection, HeLa
cells were treated with 1,000 U of TNF-� (Boehringer Mannheim, Indianapolis,
Ind.) and/or 30 �g of cycloheximide (Sigma, St. Louis, Mo.) per ml, as indicated.
Cell viability was assessed by trypan blue dye exclusion (53). In conjunction,
whole-cell extracts were generated and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and semidry blotted onto poly-
vinylidene fluoride or nitrocellulose (c-FLIPS analysis) membranes (Schleicher

& Schuell, Keene, N.H.) as previously described (32). Extracts were immuno-
blotted with antiactin antibody to confirm equal protein loading. In Fig. 3C and
D, HeLa cells were transiently transfected with 10 �g of pcDNA3 or pcDNA3-
c-FLIPS for 24 h and subsequently infected and treated with TNF-� as indicated
in the legend.

Taqman real-time quantitative RT-PCR. Taqman reverse transcription (RT)-
PCR was performed on the ABI Prism 7700 sequence detector (PE Applied
Biosystems, Foster City, Calif.). Primers and probes were designed for c-FLIPL,
c-FLIPS, IAP-2, and I�-B� through the use of Primer Express version 1.5 (Ap-
plied Biosystems). c-FLIPL, c-FLIPS, IAP-2, and I�B� probes were labeled with
the 5� fluorescent reporter dye 6-carboxy-fluorescein (FAM) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) with JOE (2,7-dimethoxy-4,5-dichloro-6-
carboxy-fluorescein). All reporter dyes were quenched with the 3� quencher
6-carboxy-tetramethylrhodamine (TAMRA).

The following primer and probe sequences were used. For c-FLIPL, the prim-
ers were 5�-TTGGCCAATTTGCCTGTATG-3� and 5�-TCGGCTCACCAGGA
CACA-3� and the probe was 6FAM-CGAGCACCGAGACTACGACAGCTTT
GT-TAMRA. For c-FLIPS, the primers were 5�-GCAGGGACAAGTTACAG
GAATGT-3� and 5�-GGACAATGGGCATAGGGTGT-3� or 5�-CAGTCTGTT
CAAGGAGCAGGG-3� and 5�-TTTCAGATCAGGACAATGGGC-3� and the
probe was 6FAM-CTCCAAGCAGCAATCCAAAAGAGTCTCAAG-TAMRA.
For IAP-2, the primers were 5�-GGACTCAGGTGTTGGGAATCTG-3� and
5�-CAAGTACTCACACCTTGGAAACCA-3� and the probe was 6FAM-AGA
TGATCCATGGGTTCAACATGCCAA-TAMRA. For I�B�, the primers were
5�-AATGGCCGGACTGCCC-3� and 5�-CAGGAGTGACACCAGGTCAG
G-3� and the probe was 6FAM-TCACCTCGCAGTGGACCTGCAAAA-
TAMRA.

GAPDH control primers and probe were obtained from Applied Biosystems.
RNA was obtained from mock- or adenovirus-infected HeLa cells treated with
2,000 U of TNF-� per ml for 4 h. Total RNA was isolated with an RNeasy mini
kit (Qiagen, Valencia, Calif.), and contaminating DNA was digested with the
RNase-free DNase kit (Qiagen, Valencia, Calif.).

A total of 100 ng of RNA sample was reverse-transcribed, and real-time PCR
was performed according to the directions provided by the Taqman EZ-RT PCR
kit (PE Applied Biosystems, Foster City, Calif.). RT-PCR of c-FLIPS was per-
formed with 5 mM manganese acetate. All reactions were done in triplicate. The
threshold cycle represents the cycle at which an increase in fluorescence was
statistically significant. The difference in one cycle value represents a twofold
difference in message levels. The induction or repression of mRNA levels in each
sample was determined from the change in fluorescence relative to that of the
untreated mock-infected samples. Subsequently, the untreated mock-infected
samples were normalized to zero, and the change in mRNA levels was graphed.

Proteasome inhibition and ubiquitination assay. In Fig. 5A, HeLa cells were
infected as indicated, and at 8 h postinfection, the cells were incubated in 200 nM
or 500 nM epoxomicin (Alexis Corp., San Diego, Calif.) solubilized in dimethyl
sulfoxide or dimethyl sulfoxide alone for 12 h and subsequently treated with
TNF-� for 10 h. Whole-cell extracts were prepared, analyzed on SDS-PAGE,
and subjected to Western blot analysis. In Fig. 5B, HeLa cells were infected as
indicated, and at 8 h postinfection, cells were incubated in 200 nM epoxomicin
for 12 h, and whole-cell extracts prepared. In Fig. 5D, HeLa cells were infected
as indicated for 42 h, and whole-cell extracts were prepared, analyzed on SDS-
PAGE, and subjected to Western blot analysis with anti-c-FLIP and antiactin
antibodies.

In Fig. 5E, HeLa cells were electroporated with 20 �g of pcDNA3, 10 �g of
pBlueScriptSK� HA-tagged ubiquitin and/or 10 �g of pcDNA3-c-FLIPS expres-
sion plasmid, as indicated in the legend. The total amount of DNA was kept
constant at 20 �g by the addition of pcDNA3 vector. At 24 h posttransfection,
cells were infected as indicated for 16 h and treated with 200 nM epoxomicin for
8 h. Whole-cell extracts were prepared for Western blot analysis. In Fig. 6A and
B, HeLa cells were incubated with 200 nM epoxomicin for 12 h and subsequently
treated with TNF/cycloheximide or cycloheximide alone for 10 h. Whole-cell
extracts were prepared for Western blot analysis, and cell viability was assessed
by trypan blue exclusion.

RESULTS

E1A expression during adenovirus infection promotes
caspase-8 activation by TNF-�. It has been well established
that E1A expression induces cells to become susceptible to
apoptosis induced by TNF-� (5, 10, 42). Although many stud-
ies with wild-type adenovirus and various adenovirus mutants
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have demonstrated that E1A sensitizes cells to TNF-�-medi-
ated apoptosis (33, 42, 54), the precise mechanism has not
been elucidated. Since many of the components of death re-
ceptor signaling pathways have been identified, we investigated
whether alterations in the levels of DISC components occurred
in response to adenovirus infection and E1A expression.

The wild-type adenovirus Ad5dl309, which has a deletion
within the E3 gene but expresses the antiapoptotic adenovirus
Bcl-2 homologue E1B 19K, blocks TNF-� death signaling
downstream of the DISC at Bax and Bak in mitochondria (33,
43, 44). The Ad5dl337 mutant virus was derived from
Ad5dl309 and has the E1B 19K gene deleted (35). Infection
with Ad5dl337 induces cells to undergo apoptosis upon E1A
expression and allows all TNF-�-mediated events upstream
and downstream of mitochondria to proceed normally.

To identify the TNF-�-mediated signaling events that were
altered by E1A expression, HeLa cells were infected with
Ad5dl309 or Ad5dl337 or mock infected and either left un-
treated or treated with TNF-� for 4 and 12 h. No procaspase-8
processing was observed in mock- or virus-infected cells in the
absence of TNF-� (Fig. 1A). Whereas mock-infected cells
treated with TNF-� were unaffected, procaspase-8 levels were
reduced at 4 h and disappeared at 12 h post-TNF-� treatment
in cells infected with adenovirus (Fig. 1A). Concurrent with the
reduction in procaspase-8, a cleaved intermediate p43 formed,
and the p24 prodomain of caspase-8 appeared 4 and 12 h
post-TNF-� treatment in adenovirus-infected cells (Fig. 1A).
These results are TNF-� dependent, since adenovirus infection
alone does not induce caspase-8 activation.

In conjunction with procaspase-8 processing, we observed
cleavage of a direct substrate of caspase-8, Bid, during TNF-�
treatment and adenovirus infection (33). These results dem-
onstrate that adenovirus infection sensitizes cells to TNF-� by
promoting the processing and activation of procaspase-8 by
TNF-�, despite the absence of a protein synthesis inhibitor.
Furthermore, the facilitation of caspase-8 activation by E1A
and TNF-� indicates that E1A is acting at the DISC to sensi-
tize cells to TNF-�, and other possible mechanisms of sensiti-
zation that would function downstream of the DISC, at the
mitochondria, for example, can be excluded.

TNF-�-mediated caspase-8 activation cosegregates with Rb
and p300 binding to E1A. E1A binding to both Rb and p300
has been linked to sensitization to TNF-�-mediated apoptosis
(42). Therefore, we wanted to examine whether point muta-
tions within the Rb and p300 binding sites of E1A would
disrupt the ability of E1A to promote TNF-�-mediated acti-
vation of caspase-8. HeLa cells were infected with viruses that
expressed either wild-type E1A or specific E1A missense mu-
tations that disrupt Rb and/or p300 binding in the background
of an E3 and E1B gene deletion (6) and were either left
untreated or treated with TNF-� for 10 h.

In contrast to mock-infected cells, Ad5dl309 or Ad5dl337
infection enabled caspase-8 activation by TNF-� (Fig. 1B).
However, cells infected with Ad5dl337 alone were slightly ap-
optotic because this virus lacks the viral Bcl-2 homologue, the
E1B 19K survival gene. This facilitation of TNF-�-dependent
caspase-8 activation was a function of E1A, in that a mutant
virus with E1A and E1B deleted, Ad5PAC3, showed little
procaspase-8 processing by TNF-� (Fig. 1B). As expected,
infection with the 12S E1B� virus, which expresses the 12S

E1A gene product and has E1B deleted (6), promoted
caspase-8 activation in response to TNF-� (Fig. 1B). Cells
infected with 12S E1B�-expressing viruses that contain mis-
sense mutations in either the Rb (12S 928 E1B�) or the p300
(12S RG2 E1B�) binding site showed a decrease in caspase-8
activation compared to 12S E1B�-infected cells (Fig. 1B). A
substantial decrease in procaspase-8 processing, similar to that
seen in mock-infected cells, was observed in cells infected with
an Rb and p300 binding site double mutant virus (12S 928/

FIG. 1. E1A promotes caspase-8 activation by TNF-�, and its func-
tion is dependent upon Rb and p300 binding. (A) HeLa cells were
mock, Ad5dl309, or Ad5dl337 infected for 24 h and treated with
TNF-� for 0, 4, or 12 h. Whole-cell extracts were analyzed by immu-
noblotting with an anti-caspase-8 antibody. The positions of pro-
caspase-8 and the processed p43 and p24 forms are indicated,
(B) HeLa cells infected with adenoviruses containing Rb (928) and/or
p300 (RG2) binding point mutations within E1A and treated with
TNF-� for 10 h were analyzed by immunoblotting with anti-caspase-8,
anti-E1A, and antiactin antibodies. (C) HeLa cells were infected and
treated with TNF-� as in the experiments shown in panel B. Viability
was assessed by the trypan blue dye exclusion assay.
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RG2 E1B�) (Fig. 1B). E1A levels were very high in cells
infected with all the viruses, as expected for a typical produc-
tive infection (Fig. 1B). E1A is observed as multiple bands
because it is alternatively spliced and posttranslationally mod-
ified. These observations indicate that disruption of either the
Rb or p300 binding site on E1A caused a significant reduction
in caspase-8 processing and that both interactions are required
for abolition of TNF-�-mediated caspase-8 activation.

Since disruption of Rb and p300 binding to E1A altered
caspase-8 activation, we determined if abolition of binding was
sufficient to block the susceptibility of cells to TNF-�-mediated
apoptosis. HeLa cells were infected and treated as stated
above, and viability was assessed by trypan blue exclusion.
During TNF-� signaling, approximately 50% of Ad5dl337-in-
fected cells underwent apoptosis, compared to only approxi-
mately 10% of mock- and Ad5dl309-infected cells (Fig. 1C).
No loss in viability was detected in the virus with E1A and E1B
deleted (Ad5PAC3) treated with TNF-�, whereas 12S E1B�-
infected cells underwent TNF-�-mediated apoptosis (Fig. 1C).
The Rb (12S 928 E1B�) and p300 (12S RG2 E1B�) E1A
binding mutants displayed a decrease in apoptosis, and com-
plete abolition of apoptosis was detected in the Rb and p300
binding double E1A mutant (12S 928/RG2 E1B�) during
TNF-� signaling (Fig. 1C). Thus, binding of both p300 and Rb
to E1A contributes to the enablement of caspase-8 activation
by TNF-� and to the sensitization of cells to TNF-�-mediated
apoptosis. However, we cannot rule out the possibility that
other E1A binding proteins may contribute to the sensitization
of cells to TNF-�.

Adenovirus infection downregulates c-FLIPS protein expres-
sion. Since adenovirus infection promotes caspase-8 activation
during TNF-� signaling, we investigated whether inhibitory
proteins that block caspase-8 activation at the DISC are dif-
ferentially regulated in response to E1A expression. FLIPs
were discovered in viruses, and viral FLIPS (v-FLIPs) contain
two death effector domains. Death effector domains normally
mediate an interaction with Fas-associated death domain and
procaspase-8 that is required for multimerization and activa-
tion of caspase-8. By virtue of containing death effector do-
mains, v-FLIPs interfere with normal procaspase-8 recruit-
ment to the DISC, thereby preventing autocatalytic processing
of procaspase-8, which inhibits death receptor-mediated cell
death (2, 14, 45).

A cellular homologue of v-FLIPs, c-FLIP is an NF-�B-reg-
ulated gene with multiple mRNA splice variants, from which
two distinct isoforms, long and short (c-FLIPL and c-FLIPS),
are expressed in cells (23, 28, 46). c-FLIPL resembles pro-
caspase-8, with two death effector domains at its amino termi-
nus and an inactive carboxy-terminal catalytic caspase domain.
c-FLIPS is composed of only the death effector domains,
thereby structurally resembling v-FLIP (46). Both c-FLIPL and
c-FLIPS are recruited to the DISC upon death receptor acti-
vation and inhibit caspase-8 activation (24, 40) and prevent cell
death in cultured cells (23, 28, 40) and in vivo (9, 27). However,
for the regulation of lymphocyte homeostasis, it is the specific
upregulation of c-FLIPS that confers resistance to CD95-me-
diated apoptosis in activated T cells (21).

Since c-FLIP is an inhibitor of caspase-8 activation and c-
FLIP-deficient cells are highly sensitive to TNF-� alone (57),
we tested whether c-FLIP protein levels were affected by E1A

expression during adenovirus infection. HeLa cells were either
mock infected or infected with Ad5dl309 or Ad5dl337 and
treated with TNF-�. No changes in c-FLIPL protein levels were
detected in TNF-�-treated and/or infected cells immunoblot-
ted with both an anti-c-FLIPL polyclonal (Fig. 2A) and the
anti-c-FLIP monoclonal (Dave-2) antibodies (data not shown).
However, c-FLIPS was induced by TNF-�. Also, adenovirus
infection alone promoted the downregulation of c-FLIPS pro-
tein levels and prevented the induction of c-FLIPS by TNF-�
(Fig. 2A). The band above c-FLIPS in adenovirus-infected cells
(asterisk) may represent a cross-reaction with a viral protein or
a modified form of c-FLIPS. Thus, TNF-� induced the specific
upregulation of c-FLIPS without affecting the levels of
c-FLIPL. Furthermore, adenovirus infection alone both specif-
ically promoted the downregulation of constitutive c-FLIPS

expression and also blocked TNF-�-dependent accumulation
of c-FLIPS.

Since overexpression of c-FLIPL allows partial cleavage of
procaspase-8 into the p43 subunit while high levels of c-FLIPS

completely abolish this cleavage event (24), our results are
consistent with the preferential downregulation of c-FLIPS by
E1A’s promoting caspase-8 activation (Fig. 1A). Thus, c-FLIPS

and not c-FLIPL may be the significant regulator of pro-
caspase-8 processing for TNF-�-mediated sensitization.

FIG. 2. Adenovirus infection prevents c-FLIPS accumulation dur-
ing TNF-� signaling. (A) HeLa cells were mock, Ad5dl309, or
Ad5dl337 infected for 24 h and treated with TNF-� for 0, 4, or 12 h.
Whole-cell extracts were immunoblotted with anti-c-FLIPL polyclonal
(CT) (c-FLIPL), anti-c-FLIP monoclonal (Dave-2) (c-FLIPS), anti-
I�B�, and antiactin antibodies. The band below I�B� represents a
nonspecific cross-reactive band (asterisk). (B) HeLa cells were mock,
Ad5dl309, or Ad5dl337 infected for 24 h and treated with TNF/cyclo-
heximide for 0, 4, or 12 h. Whole-cell extracts were immunoblotted
with an anti-c-FLIP (Dave-2) monoclonal antibody.
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Stable E1A expression in cell lines has been reported to
inhibit I�B� phosphorylation, which normally targets degrada-
tion of I�B�, thereby inducing NF-�B activation (41). This
possible mechanism by which E1A could potentially inhibit
survival signaling by NF-�B does not occur in virus-infected
cells, as adenovirus infection alone activates NF-�B DNA-
binding activity (P. Sabbatini and E. White, unpublished ob-
servations). Consistent with this observation, adenovirus infec-
tion alone also promoted the downregulation of I�B� protein
levels, which was further accentuated by TNF-� (Fig. 2A).
Thus, adenovirus infection, like many cellular stresses, pro-
motes the degradation of I�B�, which leads to NF-�B trans-
location to the nucleus and NF-�B DNA-binding activity.
Hence, if E1A is interfering with survival signaling by NF-�B,
it must be exerting its function downstream of NF-�B activa-
tion.

Others have reported that c-FLIPL is cleaved into a p43
product during TNF/cycloheximide treatment or anti-Fas sig-
naling. Since we did not observe c-FLIPL cleavage in adeno-
virus-infected cells treated with TNF-� alone, we examined
TNF/cycloheximide-treated cells for c-FLIPL cleavage. HeLa
cells were mock, Ad5dl309, or Ad5dl337 infected and treated
with TNF/cycloheximide. Full-length c-FLIPL levels were dra-
matically reduced, and the appearance of the p43 cleaved
product was observed at 4 and 12 h post-TNF/cycloheximide
treatment in mock-infected cells (Fig. 2B). No cleavage was
detected in Ad5dl309-infected cells, whereas cleavage was ob-
served at 12 h post-TNF/cycloheximide treatment in Ad5dl337-
infected cells (Fig. 2B). These results suggest that addition of
cycloheximide and apoptotic events downstream of the mito-
chondria may be required for c-FLIPL cleavage in adenovirus-
infected cells.

Expression of v-FLIP or c-FLIPS rescues E1A-mediated sen-
sitization to TNF-�. The downregulation of constitutive and
NF-�B-inducible c-FLIPS protein expression by E1A may pro-
vide a mechanism for the potentiation of caspase-8 activation
during TNF-�-mediated signaling. Since v-FLIP is structurally
homologous to c-FLIPS and is a known inhibitor of TNF-�-
dependent caspase-8 activation, we investigated if v-FLIP
would substitute for the absence of c-FLIPS and reverse the
ability of E1A to promote caspase-8 activation and abolish
sensitization by TNF-�. We generated stable HeLa cell lines
that express HA-tagged MC159 v-FLIP in parallel with
pcDNA3 vector controls. Vector control and MC159-express-
ing cell lines were mock, Ad5dl309, or Ad5dl337 infected and
either left untreated or treated with TNF-� for 10 h.

Procaspase-8 processing was dramatically induced in vector
control cells infected with adenovirus and treated with TNF-�
compared to mock-infected cells (Fig. 3A). In contrast, expres-
sion of MC159 reversed the ability of E1A to promote
caspase-8 activation during TNF-� treatment, as indicated by
the absence of the cleaved caspase-8 p24 product (Fig. 3A).
Interestingly, v-FLIP protein levels were downregulated upon
adenovirus infection, although not as dramatically as endoge-
nous c-FLIPS. Nonetheless, the levels were still apparently
sufficient to block procaspase-8 processing. Thus, MC159 v-
FLIP expression rescued caspase-8 activation by E1A and
TNF-�.

To test if the abolition of procaspase-8 processing by MC159
blocked the ability of adenovirus to sensitize cells and induce

apoptosis via the TNF-� signaling pathway, pcDNA3 or HA-
MC159 expressing HeLa cells were mock or Ad5dl337 infected
and either left untreated or treated with TNF-� for 10 h.
Trypan blue exclusion demonstrated that approximately 38%
of the infected vector control cells underwent apoptosis in the
presence of TNF-�, compared to 7% of mock-infected cells
(Fig. 3B). However, only 18% of the infected MC159 cells
underwent apoptosis during TNF-� treatment, which was sim-
ilar to what was observed in untreated infected cells (Fig. 3B).
Cells infected with Ad5dl337 alone were slightly apoptotic,
since infection induces death in the absence of E1B 19K ex-
pression. Thus, expression of the v-FLIP MC159 conferred
resistance to apoptosis in cells infected with adenovirus and
treated with TNF-�. These data demonstrate that expression
of v-FLIP reverses the ability of E1A to sensitize cells to
TNF-� by blocking TNF-�-mediated caspase-8 activation and
apoptosis.

To demonstrate if expression of c-FLIPS in addition to v-
FLIP rescued E1A sensitization to TNF-�, HeLa cells were
transiently transfected with pcDNA3 control or c-FLIPS. Vec-
tor control- and c-FLIPS-expressing cells were mock,
Ad5dl309, or Ad5dl337 infected and either left untreated or
treated with TNF-� for 10 h. c-FLIPS reversed the ability of
E1A to promote caspase-8 processing during TNF-� signaling
compared to vector control-expressing cells (Fig. 3C). Further-
more, the trypan blue exclusion assay demonstrated one-third
fewer dead cells among the c-FLIPS-transfected and Ad5dl337-
infected cells compared to vector control cells (Fig. 3D), which
corresponds to a transfection efficiency of 30%. These data
demonstrate that c-FLIPS reversed the ability of E1A to pro-
mote caspase-8 activation and to induce apoptosis via the
TNF-� signaling pathway.

Adenovirus infection prevents NF-�B-mediated induction of
c-FLIPS mRNA levels. In HeLa cells, TNF-�-mediated activa-
tion of NF-�B induces transcriptional activation and a three-
fold induction of c-FLIP mRNA levels (23). Adenovirus infec-
tion alone reduces I�B� levels (Fig. 2) and induces NF-�B
DNA binding (data not shown), suggesting that if E1A is
interfering with survival signaling by NF-�B, it is doing so
downstream of NF-�B activation. Indeed, E1A may interfere
with NF-�B-mediated transcriptional activation, since E1A in-
teracts with p300, a putative cofactor for NF-�B-dependent
transactivation (12). As inhibition of NF-�B activation is
known to sensitize cells to TNF-� (47, 49) inhibition of target
gene transcription by E1A expression would be expected to do
the same. Therefore, we determined if adenovirus infection
prevented the induction of c-FLIP mRNA levels, as well as
other NF-�B target genes, in response to TNF-� treatment.

We employed the Taqman real-time quantitative RT-PCR
assay to assess mRNA expression levels of c-FLIPL, c-FLIPS,
IAP-2, and I�B� during adenovirus infection and/or TNF-�
treatment. HeLa cells were mock or Ad5dl309 infected and
subsequently left untreated or treated with TNF-�. Four hours
post-TNF-� treatment, cells were harvested for RNA isolation,
and real-time quantitative RT-PCR was performed. Real-time
RT-PCR was not performed on Ad5dl337-infected cells be-
cause the cells begin to undergo apoptosis by 24 h. The change
in mRNA expression for the genes examined was expressed
relative to that of the untreated mock-infected sample (see
Materials and Methods). As a control, GAPDH mRNA levels
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were assessed, and the basal expression level of GAPDH was
not affected by adenovirus infection and/or TNF-� treatment
(Fig. 4A).

As expected, c-FLIPL mRNA levels were induced twofold
upon TNF-� treatment compared to mock-infected cells. In
contrast, Ad5dl309 infection repressed c-FLIPL mRNA levels
by fourfold, and the levels could not be restored by TNF-�
(Fig. 4A). Despite this dramatic repression of c-FLIPL mRNA
expression, c-FLIPL protein levels remained unchanged (Fig.
2A), suggesting that the protein may have a long half-life.
c-FLIPS mRNA levels were induced sixfold by TNF-�, and
consistent with that of c-FLIPL, c-FLIPS was dramatically re-
pressed by Ad5dl309 infection in the absence and presence of
TNF-� (Fig. 4A). As a control, other known NF-�B target
genes, IAP-2 and I�B�, were assessed, and as expected, nine-
and fivefold increases in mRNA levels, respectively, were ob-
served in response to TNF-� (Fig. 4A). IAP-2 and I�B�
mRNA levels were constitutively repressed and TNF-�-medi-
ated induction was inhibited by adenovirus infection (Fig. 4A).
Thus, wild-type Ad5dl309 infection alone repressed constitu-

tive expression of c-FLIPL and c-FLIPS mRNAs, as well as that
of other NF-�B-regulated genes. In addition, adenovirus in-
fection prevented the induction of c-FLIPL and c-FLIPS

mRNAs and that of IAP-2 and I�B� by TNF-�.
Since infection with 12S E1B� virus, which expresses only

the 12S E1A product, also sensitized cells to TNF-� by pro-
moting caspase-8 activation, we determined if 12S E1B� ex-
erted similar effects on the message levels of NF-�B-regulated
genes as did Ad5dl309. Real-time RT-PCR was performed on
HeLa cells infected with 12S E1B� virus that were then treated
with TNF-� for 4 h. No significant changes in mRNA levels
were observed in the GAPDH control (Fig. 4B). Induction of
c-FLIPL, c-FLIPS, IAP-2, and I�-B� mRNAs was observed in
mock-infected cells in response to TNF-� signaling (Fig. 4B).
In contrast to the constitutive repression of mRNA levels for
all of these genes by Ad5dl309, no difference in the basal
expression level of c-FLIPL, c-FLIPS, IAP-2, and I�B� was
detected with 12S E1B� infection alone (Fig. 4B). However,
12S E1B� infection abolished the induction of c-FLIPL, c-
FLIPS, IAP-2, and I�B� mRNA levels upon TNF-� signaling

FIG. 3. v-FLIP and c-FLIPS rescue TNF-�-mediated E1A-dependent caspase-8 activation and apoptosis. (A) Stable HeLa cell lines expressing
either vector control or HA-tagged MC159 were mock, Ad5dl309, or Ad5dl337 infected for 24 h and treated with TNF-� for 10 h. Extracts were
analyzed by immunoblotting with anti-caspase-8 and anti-HA antibodies. (B) Viability was assessed by the trypan blue exclusion assay in stable cell
lines that were mock or Ad5dl337 infected for 24 h and treated with TNF-� for 10 h. The band above HA-MC159 represents a nonspecific
cross-reactive band (asterisk). (C) Vector control- and c-FLIPS-overexpressing HeLa cells were mock, Ad5dl309, or Ad5dl337 infected for 24 h and
treated with TNF-� for 10 h. Extracts were analyzed by immunoblotting with anti-caspase-8 and anti-c-FLIP monoclonal (Dave-2) antibodies.
(D) Viability was assessed by the trypan blue exclusion assay in HeLa cells that were mock or Ad5dl337 infected and treated with TNF-� for 10 h.
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(Fig. 4B). In conclusion, adenovirus infection blocked TNF-�-
dependent mRNA induction of multiple prosurvival genes.

Proteasome inhibitors restore c-FLIPS levels and inhibit
E1A-dependent TNF-�-mediated caspase-8 activation. E1A
expression downregulated c-FLIPS protein levels and abol-
ished its induction but had no effect on c-FLIPL protein levels
despite abolition of NF-�B-mediated induction of both

mRNAs. This raised the possibility that in addition to affecting
NF-�B-mediated induction of c-FLIPS and c-FLIPL mRNAs,
adenovirus infection also differentially regulated c-FLIPs at
the posttranscriptional level. Although others have reported
that p53 overexpression enhanced ubiquitin-mediated protea-
some-dependent degradation of c-FLIPL in colorectal cells
(11), we did not observe changes in c-FLIPL protein turnover
in HeLa cells infected with adenovirus. Therefore, we tested
whether c-FLIPS was also regulated by proteasome-dependent
turnover and whether adenovirus infection enhanced this ac-
tivity.

Mock- or Ad5dl309-infected HeLa cells were treated with
the proteasome inhibitor epoxomicin or lactacystin and subse-
quently left untreated or treated with TNF-� for 10 h. TNF-
�-dependent procaspase-8 processing occurred only in
Ad5dl309-infected cells, whereas procaspase-8 was unaffected
in mock-infected cells (Fig. 5A). In contrast, epoxomicin (Fig.
5A) or lactacystin (data not shown) treatment resulted in com-
plete abolition of procaspase-8 processing by TNF-�. Western
analysis with both anti-c-FLIPL (CT) polyclonal (Fig. 5A) and
anti-c-FLIP monoclonal (Dave-2) (data not shown) antibodies
revealed that c-FLIPL protein levels remained unchanged with
epoxomicin. However, c-FLIPS levels were significantly ele-
vated in both mock- and Ad5dl309-infected cells treated with
epoxomicin (Fig. 5A) or lactacystin (data not shown). These
data illustrate that in HeLa cells, c-FLIPS but not c-FLIPL

levels are constitutively regulated by proteasome-dependent
degradation and that this turnover is relieved by TNF-� treat-
ment and enhanced by E1A expression. The restoration of
c-FLIPS expression by proteasome inhibitors correlated with
the abolition of caspase-8 activation, which would terminate
the death signal in the TNF-� pathway.

c-FLIPS is only one of a number of proteins recruited to the
DISC upon TNF-� signaling. Therefore, we determined if
other DISC components were constitutively susceptible to deg-
radation in proteasomes and/or in response to adenovirus in-
fection. We did not observe a decrease in RIP or IAP-1 levels
during Ad5dl309 infection compared to mock-infected cells,
although in infected cells, RIP and IAP-1 levels decreased
upon TNF-� treatment, and this decrease was prevented by
epoxomicin (Fig. 5A). Since epoxomicin blocks caspase-8 ac-
tivation by TNF-� in infected cells, the reduction in IAP-1 and
RIP levels may merely be a consequence of caspase-8 activity.
No changes in IAP-2 protein levels were observed with ep-
oxomicin treatment in mock-infected cells (Fig. 5A). However,
we detected reduced IAP-2 levels in response to adenovirus
infection alone, and this reduction was prevented by epoxomi-
cin (Fig. 5A). These results illustrate that, in contrast to c-
FLIPS, IAP-2 was not constitutively degraded in the protea-
some and that adenovirus infection promoted its degradation
at the proteasome. In contrast, TRAF2 and FADD protein
levels remained unaltered in the presence or absence of ep-
oxomicin and with or without TNF-� treatment or adenovirus
infection (Fig. 5A).

In addition, v-FLIP MC159 protein levels were downregu-
lated with Ad5dl309 infection (Fig. 3A) and levels were re-
stored with epoxomicin (data not shown). These results suggest
that E1A expression may not only repress mRNA expression
but may also enhance proteasome-dependent degradation of
c-FLIPS, IAP-2, and v-FLIP. IAP-2 expression, however, does

FIG. 4. Adenovirus infection prevents NF-�B-mediated induction
of c-FLIP and IAP-2 mRNA levels. Real-time RT-PCR was performed
on HeLa cells that were mock or Ad5dl309 infected for 24 h and
treated with TNF-� for 4 h. (A) The change in mRNA levels of
GAPDH, c-FLIPL, c-FLIPS, IAP-2, and I�B� was determined as a
change in fluorescence relative to that of the untreated mock-infected
sample (see Materials and Methods). Fold change is defined as the
change in mRNA levels for each sample relative to the untreated
mock-infected sample. (B) HeLa cells were mock or 12S E1B� in-
fected for 34 h and treated with TNF-� for 4 h. The change in mRNA
levels was assessed for GAPDH, c-FLIPL, c-FLIPS, IAP-2, and I�B� as
stated above.
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not confer resistance to E1A sensitization (data not shown).
Since IAP-2 is an E3 ubiquitin ligase (15), it may facilitate the
degradation of c-FLIPS, which is the functional target of E1A,
in addition to itself.

To address whether proteasome inhibitors could rescue the
loss of basal c-FLIPS expression in E1A-expressing cells, mock-
and Ad5dl309-infected cells were either left untreated or were
treated with epoxomicin. Lysates probed with an anti-FLIP
monoclonal antibody demonstrated that adenovirus infection
significantly downregulated c-FLIPS levels compared to mock-

infected cells and that epoxomicin efficiently rescued c-FLIPS

levels to that observed in mock-infected cells treated with
epoxomicin (Fig. 5B). These results suggest that the loss of
c-FLIPS induced by E1A is also due to proteasome-mediated
degradation and not solely to transcriptional repression. Al-
though our data demonstrate that c-FLIPS but not c-FLIPL is
constitutively regulated by proteasome-dependent degrada-
tion, others have reported both c-FLIPL and c-FLIPS have
equivalent short half-lives.

To address this discrepancy, we assessed the half-life of

FIG. 5. Adenovirus infection enhances c-FLIPS degradation through a ubiquitin-dependent proteolysis pathway. (A) HeLa cells were mock or
Ad5dl309 infected and treated with epoxomicin and subsequently TNF-� for 10 h. Whole-cell extracts were analyzed by immunoblotting with
anti-caspase-8, anti-c-FLIPL polyclonal (CT) (c-FLIPL), anti-FLIP monoclonal (Dave-2) (c-FLIPS), anti-RIP, anti-IAP-1, anti-IAP-2, anti-TRAF2,
anti-FADD, and antiactin antibodies. (B) HeLa cells were mock or Ad5dl309 infected and treated with epoxomicin. Whole-cell extracts were
analyzed by immunoblotting with anti-FLIP (Dave-2) and antiactin monoclonal antibodies. (C) HeLa cells were mock, Ad5dl309, or Ad5dl337
infected for 24 h and treated with cycloheximide for 0, 4, or 12 h. As a control, mock-infected HeLa cells were treated with TNF/cycloheximide
for 0 or 12 h. Whole-cell extracts were immunoblotted with anti-c-FLIP (Dave-2) and antiactin monoclonal antibodies. (D) Whole-cell extracts
from mock-, Ad5PAC3-, and 12SE1B�-infected HeLa cells were analyzed by immunoblotting with anti-c-FLIP monoclonal (Dave-2) and antiactin
antibodies. (E) HeLa cells were transfected with vector control, HA-tagged ubiquitin, c-FLIPS, or c-FLIPS and HA-tagged ubiquitin. Transfectants
were mock or Ad5dl309 infected for 16 h and treated with epoxomicin for 8 h as indicated. Whole-cell extracts were prepared and immunoblotted
with an anti-c-FLIP monoclonal (NF6) antibody. High-molecular-mass forms of c-FLIPS that correspond to ubiquitinated products are indicated.
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c-FLIPL and c-FLIPS in HeLa cells by addition of the meta-
bolic inhibitor cycloheximide. Mock-, Ad5dl309-, or Ad5dl337-
infected HeLa cells were left untreated or treated with cyclo-
heximide. c-FLIPS decreased to undetectable levels by 4 h
post-cycloheximide treatment, but c-FLIPL remained stable
even after 12 h in both mock- and adenovirus-infected cells
(Fig. 5C). Once again, c-FLIPS but not c-FLIPL levels were
downregulated with adenovirus infection alone (Fig. 5C). The
band above c-FLIPS in adenovirus-infected cells (asterisk) may
represent a cross-reaction with a viral protein or a modified
form of c-FLIPS. Thus, c-FLIPS has a strikingly shorter half-life
than c-FLIPL.

Since infection with the wild-type virus Ad5dl309 promoted
the transcriptional repression of c-FLIPS mRNA, we wanted to
assess whether infection with the 12S E1B�-expressing virus,
which does not affect c-FLIPS mRNA basal expression, en-
hanced c-FLIPS protein degradation. To assess the contribu-
tion of E1A-mediated repression of c-FLIPS expression versus
c-FLIPS turnover mediated by proteasomes, Western analysis
was performed on whole-cell lysates made from mock- and 12S
E1B�-infected HeLa cells. 12S E1B� infection alone pro-
moted c-FLIPS downregulation compared to mock- or
Ad5PAC3-infected samples (Fig. 5D). c-FLIPS levels appear
to be slightly increased with Ad5PAC3 infection, but this in-
duction has not been consistently observed and was not signif-
icant (Fig. 5D). Thus, c-FLIPS protein expression was down-
regulated in an E1A-dependent, transcription-independent
manner upon 12S E1B� infection alone. Furthermore, 12S
E1B� infection downregulated HA-MC159 protein levels in
stably transfected HeLa cells, and its levels were rescued by
epoxomicin (data not shown). Since HA-MC159 expression is
under the control of a cytomegalovirus promoter, regulation of
its expression is independent of NF-�B. These results illustrate
that, independent of transcriptional regulation, adenovirus in-
fection alone facilitates the degradation of c-FLIPS and v-FLIP
MC159 and thus initiates a second level of regulation by pro-
moting protein turnover.

Since proteasome inhibitors were able to rescue c-FLIPS

degradation in response to adenovirus infection, we deter-
mined whether this was caused by c-FLIPS ubiquitination.
Negative control and c-FLIPS expression vectors were trans-
fected into HeLa cells, and transfectants were mock or
Ad5dl309 infected and incubated with epoxomicin. Lysates
were probed with anti-FLIP NF6 (Fig. 5E) or anti-FLIP
Dave-2 (data not shown) monoclonal antibodies, which recog-
nized c-FLIPS and multiple high-molecular-mass forms of c-
FLIPS in epoxomicin-treated Ad5dl309-infected cells trans-
fected with c-FLIPS. Both antibodies also recognized a band
below c-FLIPS, which may be merely a degradation product of
overexpressed c-FLIPS. Furthermore, the upregulation of tran-
siently expressed c-FLIPS observed in adenovirus-infected cells
is very likely due to transactivation of the cytomegalovirus
promoter by E1A, which is commonly observed in transfection-
infection experiments.

The sizes of the multiple high-molecular-mass forms of c-
FLIPS are consistent with ubiquitinated forms of c-FLIPS (Fig.
5E). To confirm that these bands represented ubiquitinated
c-FLIPS, an HA-tagged ubiquitin expression plasmid was co-
transfected with the c-FLIPS expression vector. Again, slower-
migrating protein forms of c-FLIPS were observed in both

mock- and Ad5dl309-infected cells, which were greatly in-
creased by epoxomicin treatment (Fig. 5E). Furthermore, the
increase in the molecular mass of c-FLIPS was consistent with
the conjugation of c-FLIPS to HA epitope-tagged ubiquitin
compared to endogenous ubiquitin. These results demonstrate
that adenovirus infection enhanced ubiquitin-mediated target-
ing of c-FLIPS, which subsequently acts as a signal for protea-
some-dependent degradation.

Proteasome inhibitors increase c-FLIPS levels and confer
resistance to TNF/cycloheximide-mediated apoptosis. Since
proteasome inhibitors blocked E1A-mediated sensitization of
cells to TNF-�, we wanted to determine whether proteasome
inhibitors could also rescue TNF-�-treated cells whose survival
pathway had been abolished by the protein synthesis inhibitor
cycloheximide. HeLa cells were incubated with epoxomicin
prior to TNF/cycloheximide or cycloheximide treatment, and
viability was assessed by trypan blue. A total of 80% of the

FIG. 6. Epoxomicin blocks caspase-8 processing and TNF/cyclo-
heximide-mediated apoptosis by preventing c-FLIPS degradation.
(A) HeLa cells were incubated with epoxomicin for 12 h and then
treated with TNF/cycloheximide or cycloheximide alone for 10 h. Vi-
ability was assessed by trypan blue exclusion. (B) Whole-cell extracts
were prepared from HeLa cells treated as in panel A and analyzed by
immunoblotting with anti-caspase-8 and anti-c-FLIP monoclonal
(Dave-2) antibodies.
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TNF/cycloheximide-treated cells underwent apoptosis, com-
pared to only 10% of cycloheximide-treated cells (Fig. 6A).
Epoxomicin treatment dramatically rescued TNF/cyclohexi-
mide-treated cells from apoptosis (Fig. 6A). Therefore, pro-
teasome inhibitors can effectively abolish the TNF-� death
pathway despite the inhibition of newly synthesized antiapo-
ptotic proteins.

Since epoxomicin treatment blocked apoptosis in the pres-
ence of a protein synthesis inhibitor, we wanted to determine
if the mechanism of inhibition was homologous to inhibition of
E1A-mediated sensitization to TNF-�. Therefore, we per-
formed Western analysis on TNF/cycloheximide- or cyclo-
heximide-treated HeLa cells preincubated with epoxomicin.
Procaspase-8 processing was clearly detected in TNF/cyclohex-
imide-treated cells compared to the cycloheximide-alone con-
trol (Fig. 6B). However, a dramatic absence of caspase-8 acti-
vation was observed when cells were incubated with
epoxomicin (Fig. 6B). This lack of procaspase-8 processing
correlated with the upregulation of c-FLIPS in response to
epoxomicin (Fig. 6B). Thus, inhibition of proteasomes elevates
c-FLIPS levels, which result in the abolition of TNF-�-medi-
ated caspase-8 activation and apoptosis.

DISCUSSION

We have established that adenovirus infection and E1A ex-
pression sensitize cells to death receptor signaling by facilitat-
ing the activation of caspase-8. This activity was a function of
both the Rb and p300 binding activities of E1A, suggesting that
interference with Rb and p300 function may be responsible for
the altered sensitivity of tumor cells to TNF-� and other death
receptor ligands. The mechanism by which E1A facilitated
TNF-�-dependent caspase-8 activation was attributed to the
abolition of NF-�B-mediated transcriptional induction of
c-FLIPS in conjunction with ubiquitination and proteasome-
dependent degradation of c-FLIPS. The rescue of both E1A-
dependent caspase-8 activation and sensitization to TNF-�-
mediated apoptosis by c-FLIPS and v-FLIP expression
demonstrates that c-FLIPS is the functional target for modu-
lation of death receptor signaling by E1A. Thus, infected cells
are sensitized to the host’s immune surveillance response via a
multitiered regulatory mechanism, whereby E1A facilitates c-
FLIPS mRNA downregulation and enhances c-FLIPS protein
turnover in the proteasome.

The sensitization of cells to death receptor-mediated cell
death is conferred by E1A’s ability to sequester p300 and Rb,
and the latter activity facilitates activation of E2F-1 (42). Con-
sistent with our observations, E2F-1 overexpression has been
shown to sensitize cells to TNF-�, and Rb deficiency in mouse
embryo fibroblasts results in increased susceptibility to TNF-
�-mediated apoptosis (34). Although tetracycline-inducible
E2F-1 expression promotes the degradation of TRAF2, which
may lead to inhibition of the NF-�B survival response (34),
TRAF2 levels were not decreased by E1A expression during
adenovirus infection (Fig. 5A). The possibility, however, that
another TRAF family member is also degraded in response to
E1A expression cannot be ruled out. Furthermore, although
E2F-1 overexpression did not alter mRNA expression of NF-
�B-regulated genes (34), E2F-1 may transcriptionally activate
genes that facilitate proteasome-dependent protein degrada-

tion of c-FLIPS and IAP-2. E1A may also interfere with c-FLIP
and IAP-2 mRNA induction by sequestering p300, a putative
cofactor for NF-�B-mediated transactivation (12). Thus, E1A
may alter the expression of NF-�B-regulated genes through
sequestration of coactivators.

c-FLIP is an NF-�B-inducible gene, but differential expres-
sion of c-FLIPL and c-FLIPS in response to TNF-� and T-cell
activation and in various cell types has suggested the existence
of additional posttranscriptional mechanisms for the regula-
tion of protein levels (21, 23, 28). Others have reported that
p53 overexpression enhances proteasome-dependent degrada-
tion of c-FLIPL (11). We have demonstrated that c-FLIPS is
subjected to ubiquitination and proteasome-dependent degra-
dation which is enhanced by E1A. E1A also facilitated protea-
some-dependent degradation of I�B� and IAP-2 (Fig. 2A and
5A) and has previously been reported to induce the ubiquitin-
mediated degradation of topoisomerase ��� (29, 30). Thus,
E1A may facilitate ubiquitination and degradation of a number
of cellular proteins as a means to alter cellular metabolism
during viral infection.

The ability of E1A to differentially regulate c-FLIPL and
c-FLIPS expression levels serves as a highly efficient mecha-
nism for sensitizing HeLa cells to TNF-�. c-FLIPL but not
c-FLIPS has been shown to be required for caspase-8 activation
(3). Thus, preferential downregulation of c-FLIPS by E1A pro-
motes the removal of a caspase-8 inhibitor while allowing a
positive regulator of caspase-8 activation, c-FLIPL, to remain
intact. Thus, modulation of c-FLIPS expression levels is suffi-
cient to determine the fate of a cell during TNF-� signaling in
HeLa cells.

IAP-2, a component of the TNF-� receptor complex, con-
tains a ring finger domain associated with E3 protein ligase
activities for the ubiquitination of substrates as well as itself (8,
15, 36). Moreover, ubiquitination and degradation of IAP fam-
ily members has been linked to apoptotic progression (26, 56).
Since IAP-2 as well as c-FLIPs has been reported to bind to the
other ring domain-containing proteins, TRAF1 and TRAF2
(20, 36), the regulation of c-FLIPS protein may occur at this
complex. Whether IAP-2 functions in response to adenovirus
infection by serving as an E3 ligase for the ubiquitin-dependent
degradation of c-FLIPS, thereby sensitizing cells to TNF-�,
remains to be determined.

Elevated c-FLIP levels have been implicated in tumorigen-
esis and resistance of various tumor cell lines to Fas ligand-,
TRAIL-, and TNF-�-mediated cell death (13, 16, 17). For
example, c-FLIP expression was detected in metastatic mela-
noma lesions but not in the surrounding melanocytes (17).
Furthermore, elevated c-FLIP levels in numerous melanoma
cell lines have been correlated with resistance to Fas ligand
and TRAIL-induced death (13, 17). Most importantly, ele-
vated c-FLIP levels have been shown to promote tumor estab-
lishment and progression (9, 27). One proposed mechanism for
the enhancement of tumor formation by c-FLIP is through its
ability to protect tumor cells from T-cell-mediated CD95-de-
pendent apoptosis in vivo (9, 27). Thus, escape from immune
surveillance by elevated c-FLIP levels appears to be a critical
factor in tumor progression.

Elucidating the mechanism by which E1A sensitizes cells to
proinflammatory cytokines has provided new insights into pos-
sible therapeutic means to alter the apoptotic propensity of
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tumor cells. In addition to treating tumors with chemothera-
peutic drugs, selectively infecting tumor cells with replication-
selective adenoviruses may provide a means for sensitizing
tumor cells to the patient’s own inflammatory response mech-
anism and thus providing synergistic efficacy for tumor destruc-
tion (22). Thus, in melanomas, where elevated c-FLIP levels
may provide a mechanism for immune evasion, adenovirus
could reverse these protective effects and facilitate receptor-
mediated cell death. Furthermore, resistance to TRAIL-in-
duced death in a melanoma cell line was reversed when in-
fected with adenovirus or when E1A was stably expressed (38).
Thus, tumors resistant to TRAIL-induced death may become
sensitized when used in combination with adenovirus-specific
virotherapy. Similarly, drugs that act as p300 or Rb antagonists
may mimic the ability of E1A to downregulate c-FLIP expres-
sion via transcriptional repression and ubiquitin-mediated pro-
teolysis and thus may provide a novel therapeutic treatment for
highly resistant tumorigenic cells.
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