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Death receptors of the Tumor Necrosis Factor (TNF)
amily form membrane-bound self-activating signal-
ng complexes that initiate apoptosis through cleav-
ge of proximal caspases including CASP8 and 10.
ere we show that overexpression of the cytoplasmic
omain (CD) of the DR4 TRAIL receptor (TNFRSF10A,
RAIL R1) in human breast, lung, and colon cancer
ell lines, using an adenovirus vector (Ad-DR4-CD),
eads to p53-independent apoptotic cell death involv-
ng cleavage of CASP8 and 10 proximally and CASP3,
, and 7 distally. DR4-CD overexpression also leads to
leavage of poly(ADP-ribose) polymerase (PARP) and
he DNA fragmentation factor (DFF45; ICAD). Im-
ortantly, normal lung fibroblasts are resistant to
R4-CD overexpression and show no evidence of
ARP-, CASP8- or CASP3-cleavage despite similar lev-
ls of adenovirus-delivered DR4-CD protein as the
ancer cells. These results suggest that DR4 may sig-
al death through known caspases and that further
tudies are required to evaluate Ad-DR4-CD as a novel
nti-cancer agent. Finally, we show that overex-
ression of the cyclin-dependent kinase inhibitor
21WAF1/CIP1 (CDKN1A), or its N-terminal 91 amino acids
ontaining cell cycle-inhibitory activity, inhibits DR4-
D-dependent proximal caspase cleavage. The block-
ge of initiator caspase activation provides a novel
nsight into how p21 may suppress apoptosis and en-
ance cell survival. © 2000 Academic Press

Key Words:apoptosis; death receptor; DR4; TRAIL;
aspase; p21WAF1/CIP1; gene therapy; cancer; PARP;
FF45.

Pro-apoptotic members of the Tumor Necrosis Factor
TNF) receptor family engage the apoptotic cascade

1 To whom correspondence should be addressed. Fax: (215) 573-
139. E-mail: weldeir@hhmi.upenn.edu.
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nducing signaling complex (DISC) that includes the
ytotoxic ligand, trimerized death receptor, adaptor
nd proximal caspase (see 1, 2 for review). A charac-
eristic cytoplasmic death domain sequence in death
eceptors serves to recruit adaptor molecules which
ecruit caspases using their death effector domain.
hrough autocatalytic cleavage a mature proximal
aspase is generated which in turn diffuses into the
ytoplasm and activates downstream “executioner”
aspases that mediate cell death. Proximal or initiator
aspases include CASP8 and 10 (3–9), whereas distal
r executioner caspases include CASP3, 6 and 7 (4, 9,
0). In addition, CASP2 and 9 are also believed to be
nvolved in death signaling after being released from
he mitochondria and activated by interacting with
ARD containing proteins (4, 11–15). DISC function is
ubject to direct regulation by activators such as
LASH in the case of the Fas receptor (16) or inhibitors
uch as the suppressor of death domains (SODD) in the
ase of TNFR1 (17) or Fas decoy in the case of Fas (18).
he TNF-related apoptosis-inducing ligand (TRAIL)
eceptor family includes two proapoptotic members
R4 (TNFRSF10A, TRAIL R1) and KILLER/DR5 (19–
5) and two decoy receptors TRID and TRUNDD
25–28).

The pro-apoptotic TRAIL receptors are potent induc-
rs of apoptosis through an as yet unclear mechanism.
or example, whereas there is some evidence for Fas-
ssociated death domain (FADD) adaptor-dependent
eath signaling by death receptors (22, 23), FADD may
ot be required for DR4-induced cell death signaling
19, 21, 28, 29). More recently, FADD knockout cells
ere found to undergo TRAIL-mediated apoptosis, fur-

her supporting the notion that TRAIL receptor-
ediated apoptosis can occur through a FADD-

ndependent pathway (30). However, little is known
bout the involvement of specific initiator or execu-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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FIG. 1. DR4-CD protein expression and PARP cleavage following infection of 293 and SKBr3 cells by Ad-DR4-CD. (A) A total of 5 3 105

ach of 293 or SKBr3 cells were infected or left uninfected for 24 and 48 h. Cell lysates were collected and 100 mg of proteins from each lysate
ere analyzed using 10% SDS–PAGE followed by immunoblotting with individual antibodies for PARP cleavage and myc-tagged DR4-CD
xpression. DR4-CD, Ad-DR4-CD; LacZ, Ad-LacZ. (B) A total of 5 3 103 of SKBr3 cells seeded overnight in 24-well plates were infected with
he indicated viral preparation at two different dilutions (1:300 and 1:100) for 16 h. X-gal stain was applied to Ad-LacZ-infected cells to
easure the infectivity (a). Immunocytochemistry was used to detect DR4-CD expression in Ad-LacZ-infected (d) or Ad-DR4-CD-infected (b,

, e, and f ) cells with antibodies either against the myc epitope (b, d, and e) or against the C-terminus of DR4 (c, f ).
180
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tioner caspases downstream of TRAIL death receptors.
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In the present studies we employed an adenovirus
ector to express high levels of the cytoplasmic domain
f DR4 in human cancer cell lines. The Ad-DR4-CD
ector delivered the DR4-CD protein and induced
poptosis of colon, breast and lung cancer cell lines as
videnced by morphologic features, rapid DAPI stain-
ng, and PARP cleavage. We further explored the

echanism by which the cytoplasmic domain of DR4
ngages the caspase cascade. We found evidence for
leavage of initiator and executioner caspases as well
s DFF-35/45 (ICADS/L), a subunit of the heterodimeric
NA fragmentation factor (DFF) which inhibits

aspase-activated DNase (DFF-40/CAD) (31–45). Ad-
R4-CD induced death of cancer cells regardless of p53

tatus, but normal lung and foreskin fibroblasts were
esistant to apoptosis despite similar levels of DR4
rotein expression as the cancer cells. These results
uggest that Ad-DR4-CD may have selectivity for kill-
ng of cancer cells versus normal cells.

The cyclin-dependent kinase inhibitor p21WAF1/CIP1

46) inhibits cell cycle progression in response to DNA
amage. p21 also appears to protect some cells against
poptosis induced by variety of cytotoxic agents. For
nstance, mimosine-induced p21 expression has been
hown to prevent apoptosis induced by UV-irradiation
r treatment with an RNA polymerase II inhibitor (47).
e recently reported that ectopic p21WAF1/CIP1 can pro-

ect cells against the cytotoxic effects of etoposide pos-
ibly through cell cycle arrest and prevention of DNA
amage (48). These observations indicate a p21-
ependent G1 checkpoint of apoptosis. However, other
ecent studies have suggested that p21WAF1/CIP1 may
ore directly influence apoptotic signaling events, per-
aps independently of its cell cycle inhibitory effect
49–51). We investigated the effect of p21 on DR4-
nduced apoptosis and found that p21 could inhibit the
R4 activated death signal at the level of proximal

aspase cleavage. This novel activity of p21 was
apped to its amino-terminus and suggests a model by
hich p21 may inhibit apoptosis through an early step
rior to initiation of the caspase cascade.

FIG. 2. Ad-DR4-CD-induced apoptosis in various human cancer c
human colon carcinoma; wt p53), H460 (human non-small cell lung ca
ed to massive apoptosis as assessed by detection of PARP cleavage, m
ells seeded overnight in 6-well plates were infected with adenovirus
or 24 h and harvested for Western analysis. A total of 100 mg of pr
mmunoblotting using various antibodies as indicated. b-Actin was u
d-LacZ. (B) Morphological change, chromatin condensation and fra

reated as in A were also observed by phase contrast microscopy
hrinkage, surface blebbing, rounding up and detaching from culture
he nuclei of cells sampled from a–c were stained with 496-diamidin
how condensed chromatin and fragmented nuclei in Ad-DR4-CD-
d-LacZ-infected cells (e).
182
Cell lines, tissue culture, and transfection conditions. Six cell
ines were used in this study. HCT116, obtained from Dr. B. Vo-
elstein (Johns Hopkins University, Baltimore, MD), is a human
olon carcinoma cell line with wild-type p53; H460, obtained from Dr.
. B. Baylin (Johns Hopkins University) is a human non-small cell

ung cancer cell line with wild-type p53; SKBr3 is a human breast
denocarcinoma cell line with mutant p53; WI38 is a normal human
ung diploid fibroblast cell line with wild-type p53; HS27 is a normal
uman foreskin fibroblast cell line; and 293 is a kidney cell line.
KBr3, WI38, HS27 and 293 cell lines were bought from ATCC and
aintained routinely in Dulbecco’s modified Eagle’s medium

DMEM), while HCT116 and H460 were maintained as described
reviously (52). All the media contain 10% fetal bovine serum, 100
nits/ml of penicillin and 100 mg/ml of streptomycin. Transfections
ere carried out as previously described (53).

Cloning of the cytoplasmic domain of human DR4. The cytoplas-
ic domain of human DR4 were isolated by reverse transcription-
CR from mRNA extracted from H460 cells, using a combination of
A cloning and subcloning into the expression vector pcDNA
.1A. Primers used for initial amplification were: forward primer,
9-CCGGAATTCCCACCATGGGAGGGGACCCCAAGTGC; and re-
erse primer, 59-CCCAAGCTTCTCCAAGGACACGGCAGA. RT-PCR
as carried out as described previously (54). The PCR conditions
ere: amplification for 35 cycles of denaturation at 94°C for 45 s,
nnealing at 60°C for 45 s, and extension at 72°C for 4 min. The
mplified fragment containing EcoRI and HindIII sites was purified
ollowing QIAquick Gel Extraction Kit Protocol (QIAGEN) and then
loned into pCRII vector using the One Step TA cloning kit (Invitro-
en), to generate the pCRII-TOPO-DR4-CD vector. The DNA se-
uence of the cytoplasmic domain of human DR4 was verified. The
R4-CD insert was released as a EcoRI/HindIII fragment and sub-

loned into EcoRI-HindIII sites of the pcDNA 3.1A vector (Invitro-
en). The orientation and sequence of the cloned DR4-CD insert were
erified. The DR4-CD insert was PCR amplified in frame with the
yc tag using the following primers: the forward primer 59-CGC-
GATCCGAATTCCCACCATGGGAGGGGACC, and the reverse
rimer 59-CGCGGATCCTCAGTCGACGGCGCTATTCAGATC. The
mplified BamHI-fragment was purified following the same protocol
s for the EcoRI-HindIII fragment and then subcloned into the
amHI site of the expression vector pMV60-Bam (55). This proce-
ure generated two constructs expressing DR4-CD-Myc, designated
MV60-DR4-CD-Myc, clone 15 and 17. The DNA sequence and ex-
ression (in vitro translation and Western blotting after transfection
f human cells) of this DR4-CD-Myc was confirmed (data not shown).

Adenovirus infections. Ad-p21, Ad-p21N, Ad-cMyc and Ad-LacZ
ere previously described (54–57). The pMV60-DR4-CD-Myc clone
5 was cotransfected with the pJM17 adenovirus backbone vector
nto 293 cells following a procedure described previously (54–57),

lines is independent of p53 status. Ad-DR4-CD infection of HCT116
er; wt p53), and SKBr3 (human breast adenocarcinoma; mutant p53)
phological change, and nuclear fragmentation. (A) A total of 5 3 105

expressing either human DR4-CD or LacZ or left uninfected (Mock)
in from each lysate was separated by 10% SDS–PAGE followed by
to confirm equivalent protein loading. DR4-CD, Ad-DR4-CD; LacZ,

entation in nuclei of Ad-DR4-CD-infected SKBr3 cells. SKBr3 cells
d DAPI staining. The Ad-DR4-CD-infected cells (c) displayed cell
face, compared with the uninfected (a) or Ad-LacZ-infected cells (b).
-phenylindole (DAPI) and observed under a UV microscope. Arrows
ected SKBr3 cells (f ) that are not found in the uninfected (d) or
ell
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esulting in the recombinant virus Ad-DR4-CD. Adenovirus purifi-
ation and infection was performed as previously described (54–57).
he concentration of the recombinant adenovirus was measured
ased on the absorbance at 260 nm following purification on a cesium
hloride gradient. Immunocytochemical methods were used to deter-
ine Ad-DR4-CD infectivity of normal and cancer cell lines (see Fig.

B and 4B). Adenoviruses were used at a concentration that resulted
n .90% infectivity of cell lines.

Western blot, immunocytochemistry, and X-gal stain. All Western
lots were carried out as described previously (54–57). Floating dead
ells were combined with scraped adherent cells for Western analysis.
he primary antibodies used were: mouse anti-human monoclonal an-
ibodies against Myc tag (c-Myc 9E10, Santa Cruz, 1:500 dilution), p21
Oncogene Research, 1:500 dilution), caspase-3 (E8, Santa Cruz, 1:500),
aspase-6 and -7 (Pharmingen, 1:500); rabbit anti-human polyclonal

FIG. 3. Ad-DR4-CD-induced apoptosis involves activation of C
d-DR4-CD-induced caspase-8 activation correlates with PARP cle
ninfected for the different time points (A, 48 h; B, 24 and 48 h; and C
as analyzed by 15% SDS–PAGE (A, B and lower C) or 10% SDS–
ither caspase-8 (A, B, and lower C) or PARP (upper C). The concent
o 50 PFUs/Cell in A and from 50 to 250 PFUs/Cell in C, respectivel
ell viability. SKBr3 cells were infected with Ad-DR4-CD or Ad-LacZ
f each treatment was separated by 10% SDS–PAGE (for caspas
mmunoblotting using antibodies against the indicated molecules. %
f CASP 3, 6, 7 and DFF induced by DR4-CD. Western blotting was c
here 120 mg of protein was analyzed. O, Mock; D or DR4-CD, Ad-D

f the indicated caspases.
183
ntibodies against C-terminal eitope of DR4 (a-DR4-CT, Pharmagen,
:1000 dilution), PARP (Boehringer Mannheim, 1:2000 dilution),
-terminus of DFF (IMGENEX, #IMG-114, 1:500) and Caspase-2

Santa Cruz, 1:200); goat anti-human polyclonal antibodies against
aspase-8, 10 and b-actin (Santa Cruz, 1:200 dilution for caspases and
:500 dilution for b-actin). Immunoblot analysis was performed with
he horse-radish peroxidase (HRP)-conjugated goat anti-mouse or goat
nti-rabbit or mouse anti-goat IgG (PIERCE, 1:5000 dilution) based on
heir respective primary antibodies using enhanced chemiluminescence
ECL) Western blotting detection reagents (Amersham Life Science).
mmunocytochemistry by HRP was performed in 24 well plates. After
iral infection (5,000 cells/well for 16 h in Fig. 1B or 1 3 105 cells/well
or 48 h in Fig. 4B), cells were subjected to immunocytochemical assay
ollowed by photomicrography as described previously (54). X-gal stain
as performed as described (56).

P2, 8, 10 proximally and 3, 6, 7 distally as well as DFF. (A–C)
ge. SKBr3 cells were infected with Ad-DR4-CD or Ad-LacZ or left
4 h). A total of 60 mg of protein from the cell lysate of each treatment

E (upper C) followed by immunoblotting using antibodies against
on gradient triangle represents increasing adenovirus used from 25
D) Ad-DR4-CD-induced cleavage of caspase-2 and 10 and decreased
eft uninfected for 48 h. A total of 60 mg of protein from the cell lysate
0 blot) or 15% SDS–PAGE (for the remaining blots) followed by
bility was determined by trypan blue exclusion assay. (E) Cleavage
ed out as in D using 15% SDS–PAGE with the exception for CASP6,
-CD; L or LacZ, Ad-LacZ; *, cleaved product; a and b, two isoforms
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Induction of cancer cell apoptosis by the cytoplasmic
omain of DR4 is independent of p53 status. To in-
estigate the cytoplasmic events in apoptotic signaling
y DR4 we cloned the cytoplasmic domain of human
R4 in frame with a C-terminal myc tag into a repli-

ation deficient Ad5 adenovirus vector. Following in-
ection of SkBr3 breast cancer or 293 kidney cells,
xpression of the myc-tagged DR4-CD protein was de-
ected at 24 and 48 h post-infection (Fig. 1A). Cleavage
f poly-ADP ribose polymerase (PARP) was observed in
oth cell lines by 48 h post-infection. Using immuno-
ytochemical methods the expression of DR4 protein
as confirmed in Ad-DR4-CD-infected SkBr3 cells us-

ng either anti-c-myc or anti-DR4 antibodies (Fig. 1B).
ARP cleavage was observed following Ad-DR4-CD in-

ection of mutant (SkBr3) or wild-type (HCT116, H460)
53-expressing cancer cells by 24 h (Fig. 2A). In addi-
ion to PARP cleavage, DR4-CD induced morphological
hanges consistent with apoptosis as observed under
hase microscopy or UV-microscopy of DAPI-stained
KBr3 cells (Fig. 2B). Phase-contrast microscopic anal-
sis showed that the Ad-DR4-CD infected cells had a
ecreased ability to spread on the tissue culture sub-
trate. Many cells were rounded, detached from the
ulture surface and floated in the culture medium,
isplaying cell shrinkage and surface blebbing (c). In
ontrast, the Ad-LacZ infected cells (b) remained at-
ached and grew as well as uninfected cells (a). To
xamine the effect of Ad-DR4-CD infection on chro-
atin integrity, cells were sampled from a–c and

heir nuclei were stained with 49,6-diamidino-2-
henylindole (DAPI) and observed under a UV-
icroscope. Condensed chromatin and fragmented nu-

lei were observed in Ad-DR4-CD infected SKBr3 cells
f ) but not in uninfected (d) or Ad-LacZ infected cells
e). These studies demonstrate that the cytoplasmic
omain of DR4 is sufficient to induce apoptosis of hu-
an cancer cells regardless of p53 status. Because only

he cytoplasmic domain of DR4 was used, the observed
poptotic death is believed to be TRAIL ligand-
ndependent.

Involvement of CASP8 and 10 proximally, CASP3, 6,
nd 7 distally, and DFF in DR4-induced death signal-
ng. Of the three cancer cell lines examined, Ad-
R4-CD induced apoptosis most efficiently in the

FIG. 4. Normal human WI38 lung fibroblasts are resistant to Ad
nd WI38 were seeded in 24-well plates overnight, and then infected
otal of 20 mg of protein from the lysate of each treatment was sub
leavage and DR4-CD expression, and 15% SDS–PAGE for CASP3,
ARP, CASP8, 3 in the SKBr3 cells but not in the WI38 cells. O, mo
r normal (WI38 and HS27) cells seeded overnight in 24-well plates w
y immunocytochemistry to detect DR4-CD expression in uninfecte
gainst the C-terminus of DR4.
185
or subsequent studies focussing on the identification
f caspase activation downstream of the DR4 death
ignal. Although there is some data implicating phys-
cal association between DR4 and caspases 8 and 10
21, 26), there has been no report of caspase cleavage
nd no information on the involvement of any down-
tream caspases. The results shown in Fig. 3 reveal
hat following infection of SkBr3 cells by Ad-DR4-CD
here is cleavage of CASP8 and 10 proximally and
ASP3, 6, and 7 distally in the apoptotic cascade. In
ddition, Cleavage of CASP2, a mitochondrial caspase
15) for which no downstream substrate has been iden-
ified, was induced by DR4-CD (Fig. 3D). In some cases,
aspase cleavage was inferred from the depletion of
rocaspase protein from DR4-overexpressing but not
ontrol cells. For example, more than ninety percent of
ro-CASP-2, 3, and 6a and about two-thirds of Pro-
ASP10 and 6b proteins were depleted from the DR4-
verexpressing SKBr3 cells compared to the control
ells. In other cases, caspase cleavage was directly
bserved by the detection of cleaved fragments, for
xample CASP7 and 8 (Fig. 3A–C, E). The activation of
he caspase cascade by DR4-CD was well correlated
ith three other apoptotic markers: cleavage of PARP

Fig. 3C) and DFF (Fig. 3E) as well as a substantial
ecrease in cell viability as measured by trypan blue
xclusion (Fig. 3D; % viability shown below lowermost
anel).

Normal lung fibroblasts are resistant to Ad-DR4-CD-
nduced apoptosis. Because replication-deficient ade-
ovirus can be utilized as a gene delivery vector, we

nvestigated the effects of Ad-DR4-CD on normal hu-
an cells to explore a potential application of this

ecombinant adenovirus in cancer gene therapy. Fig-
re 4A shows that WI38 normal diploid lung fibro-
lasts are resistant to DR4-CD induced apoptosis. A
imilar level of DR4-CD expression induced cleavage of
ARP, CASP8 and CASP3 in SKBr3 breast cancer cells
ut not in the WI38 cells (Fig. 4A, lanes 2, 5, 8 vs lanes
1, 14, 17). Figure 4B shows that, at 48 h post-
nfection, many DR4-CD overexpressing SKBr3 cells
ere rounded, and detached from the culture surface

b) as compared to the uninfected cells (a). In contrast,
d-DR4-CD infected WI38 cells appeared healthy, at-

ached (d) and grew as well as uninfected cells (c).

4-CD-induced apoptosis. (A) A total of 1 3 105 cells each of SKBr3
ith Ad-LacZ or Ad-DR4-CD or left uninfected for 48, 72 and 96 h. A
ed to Western blot following 10% SDS–PAGE to analyze for PARP
leavage. A similar level of DR4-CD expression induced cleavage of
D, Ad-DR4-CD; L, Ad-LacZ. (B) A total of 1 3 105 of cancer (SKBr3)
infected with Ad-DR4-CD or left uninfected (mock) for 48 h followed
, c, and e) or Ad-DR4-CD-infected (b, d, and f ) cells with antibody
-DR
w

ject
8 c

ck;
ere
d (a
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186
ata not shown). We extended this observation to an-
ther normal cell line, human foreskin fibroblasts
S27. Although HS27 cells required a higher viral
osage to reach a similar level of infectivity, we found
hat this normal cell line is also resistant to DR4-CD
nduced apoptosis (Fig. 4B-e, f and data not shown).
ur studies provide evidence that Ad-DR4-CD prefer-
ntially kills cancer cells versus normal cells and thus
urther studies may be warranted to explore its use in
ene therapy of cancer.

p21WAF1/CIP1 inhibits Ad-DR4-CD-induced apoptosis
nd proximal caspase cleavage. In the present stud-
es we sought to further clarify the mechanism by
hich p21 may affect death signaling by DR4-CD. We

ound that overexpression of p21WAF1 can inhibit DR4-
D-induced CASP8 cleavage (Fig. 5). The blocking ef-

ect depended on the ratio between DR4-CD and p21
Fig. 5A, lanes 8–11). When cells were allowed to over-
xpress p21WAF1 protein before the Ad-DR4-CD infec-
ion, overexpression of p21WAF1 completely blocked the
R4-CD induced cleavage of CASP8 (Fig. 5B). Further-
ore, when compared with a control adenovirus ex-

ressing c-Myc (Fig. 5C, lanes 8, 11, 14), Adenovirus
elivered p21 N-terminal 91 amino acids containing
ell cycle-inhibitory activity blocked DR4-CD-depen-
ent proximal CASP8 cleavage (Fig. 5C, lanes 10, 13,
6) as efficiently as a full length of p21 protein (Fig. 5C,
anes 9, 12, 15), mapping this novel activity of p21 to its
mino-terminus. These data suggest that p21WAF1 pro-
ects cells from apoptosis possibly through an early
tep prior to initiation of the caspase cascade and this
ovel activity resides within its N-terminus.

ISCUSSION

The cytoplasmic domain of the DR4 TRAIL receptor
TNFRSF10A, TRAIL R1) was demonstrated to induce
poptosis, independent of p53 status, in human lung,

rst for 12 h, then Ad-DR4-CD at two indicated ratios (lanes 6, 7) for
6 h. Initially, uninfected cells were also infected at 12 h with
d-DR4-CD (lanes 2, 3) or Ad-LacZ (lanes 4, 5) or left uninfected

mock). A total of 60 mg of protein lysate from each treatment was
xamined for CASP8 fragments and DR4-CD expression as in A. (C)
he antiapoptotic activity of p21 was mapped to its N-terminus. The

nfection procedure described in B was used except for using c-Myc
elivering adenovirus as a control, including adenovirus delivering
he N-terminal 91 amino acids of p21 containing cell cycle-inhibitory
ctivity. The same blot was stripped and reprobed for Pro-CASP3 as
protein loading control. The concentration gradient triangle repre-

ents increasing adenovirus used from 50 to 100 PFUs/Cell. At a
atio of 1:1 each adenovirus was used at approximately 100 PFUs/
ell. DR4-CD, Ad-DR4-CD; p21, Ad-p21; p21N, adenovirus deliver-

ng the N-terminal 91 amino acids of p21; Myc, Ad-c-Myc; LacZ,
d-LacZ.
FIG. 5. Overexpression of p21WAF1 blocked Ad-DR4-CD-induced
ASP8 cleavage. (A) A total of 5 3 105 of SKBr3 cells were seeded in
-well plates overnight and then infected with adenoviruses express-
ng DR4-CD, LacZ or p21WAF1 or with different combinations of
R4-CD and p21WAF1 (as indicated), or left uninfected (mock). At 48 h
fter infection, cell lysates were collected and 60 mg of protein from
ach treatment was analyzed for DR4-CD and p21WAF1 expression as
ell as CASP8 cleavage (see Materials and Methods). (B) SKBr3

ells were allowed to express the p21WAF1 protein by Ad-p21 infection
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ot in normal human lung or foreskin fibroblasts (Fig.
). The cytoplasmic domain of human DR4 was se-
ected because we assumed that any part of this do-

ain may contribute to signaling death, although the
eath domain region shared by the TRAIL receptor
amily is believed to possess the critical pro-apoptotic
ignal. It is generally believed that the death receptors
ecome activated upon binding of their cognate ligands
n a process that involves trimerization in the mem-
rane, recruitment of adaptors and initiator caspases,
nd formation of a complex called death-inducing sig-
aling complex (DISC) in vivo (see the introduction).
ecause only the cytoplasmic domain of DR4 was used

n this study, the observed apoptotic death is believed
o be TRAIL ligand-independent. Clearly the require-
ent for the extracellular ligand binding domain and

he transmembrane domain is not an absolute one,
ecause a cytoplasmic domain can cause cell death.
oreover, the specificity of ligand binding and compe-

ition by decoy receptors can be circumvented or by-
assed through the expression of the cytoplasmic do-
ain of a pro-apoptotic death receptor. This is not

urprising because the death domain is believed to be
ritical for the formation of the DISC and the activa-
ion of downstream events (1, 2, 6, 7, 58). Additional
tudies are required to demonstrate any potential ther-
peutic value of this reagent using additional cancer
nd normal cell lines in cell culture and animal models.
t was somewhat surprising that normal cells are re-
istant to ectopic expression of the DR4-CD given the
urrently held belief that decoy receptors confer TRAIL
esistance.

The cell death pathway activated by the DR4-CD
eems to involve both CASP8 and 10 (Figs. 3A–3D).
owever, how these initiator caspases become acti-

ated is yet to be defined. A large molecule called
LASH that is homologous to CED-4 has recently been
hown to be capable of interacting with and activating
ASP8 (16). Most recently, c-E10, a DR4 interacting
rotein homologous to v-E10, has been identified but
hown to possess little apoptotic activity (59). Whether
he FLASH or c-E10 take part in the DR4-CD’s DISC-
ike complex remains to be clarified.

It was revealed in this study that all three known
xecutioner caspases, CASP3, 6 and 7, become acti-
ated in the apoptotic signaling pathway of DR4 in
KBr3 cells (Fig. 3E). This statement is supported by
everal lines of evidence: (a) CASP3 was cleaved fol-
owing overexpression of DR4-CD (Figs. 3E and 4A). (b)
oth isoforms of CASP6 were cleaved (Fig. 3E). (c)
ASP7a was partially cleaved into intermediate or
ubunit products (Fig. 3E) (9, 60). (d) MCF-7, a cell line
eficient in caspase-3 function (42, 61) has been shown
o undergo apoptosis after treatment with TRAIL or
ctopic expression of DR4 (19, 21), suggesting that
187
ed CASP3-like caspase may mediate the DR4 death
ignal. (e) Both CASP8 and 10 have been shown to
ctivate CASP 3, 6 and 7 (3, 4, 8–10). (f ) The activation
f the caspase cascade was correlated with cleavage of
ARP, DFF as well as substantial cell death (Fig. 1A,
A, 3C–E, and 4A). Both CASP3 and 7 have been
emonstrated to cleave DFF45/ICAD (62 and below).
e therefore conclude that CASP3, 6 and 7 may be

nvolved in DR4 apoptotic signaling at the executioner
evel, although it is possible that the ultimate activa-
ion of all downstream caspases may not be the result
f a direct linear pathway.
In the present study, both DFF35 (ICADS) and
FF45 (ICADL) were cleaved to release the DNase

ubunit DFF40 (CAD) (36, 37, 63). As a substrate,
FF35 (ICADS) and 45 (ICADL) can be cleaved by
ASP3 and 7 but not by CASP6 and 8 (62). Cleaved

CAD dissociates from DFF40 (CAD), allowing the lat-
er to oligomerize, forming a large functional complex
hat degrades DNA by introducing double strand
reaks (62). In this context, the chromatin-associated
rotein histone H1 and high mobility group proteins
irectly interact with DFF, confer DNA binding ability
o DFF, and markedly stimulate the intrinsic DNase
ctivity of DFF40 (CAD) (39, 62). Our result is consis-
ent with several recent reports that inhibitory DFF
ubunits are cleaved by treatment with diverse apop-
otic stimuli such as anti-Fas antibody (44), TNFa (42),
taurosporine (34, 36, 42), etoposide, UV- or g-radia-
ion (63).

The observation that CASP2 cleavage occurs in re-
ponse to DR4-CD is an indication that the barrier
unction of mitochondrial membranes is perturbed
arly during DR4-induced cell death signaling. CASP2
lays a central role in mediating both normal and
athophysiological apoptosis in female germ cell lin-
age (13). CASP2 zymogen is essentially localized in
itochondria, redistributed to the cytosol and pro-

essed to generate enzymatically active caspase due to
he disruption of the outer mitochondrial membrane
ccurring early during apoptosis (15). It is assumed
hat the DR4-induced release of mitochondrial cas-
ases may be mediated by pro-apoptotic Bcl2 family
embers such as Bid, through the action of caspase 8

64–66). However, it remains to be investigated
hether Bid is cleaved downstream of DR4.
It is believed that p21WAF1 can protect cells from

poptosis but the underlying mechanism is yet to be
efined (46). There are several well documented re-
orts of protection by p21 from apoptosis. p21 was
hown to inhibit apoptosis following prostaglandin
xposure or during muscle differentiation (67, 68).
e recently reported that ectopic p21 can protect

ells against the cytotoxic effects of etoposide (48).
imosine-induced p21 expression has been shown to
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ent with an RNA polymerase II inhibitor (47).
21WAF1/CIP1 2/2 cells have been found to be more sen-
itive to the cytotoxic effects of ultraviolet or ionizing
adiation and other DNA damaging agents such as
isplatin (69, 70). The mechanism of protection by
21WAF1/CIP1 is believed to involve cell cycle arrest that
ay prevent damage or which may permit repair of

xisting DNA damage (48, 71). Failure to arrest allows
eplication of a damaged DNA template with subse-
uent lethality. Agents such as etopside can cause le-
hal double strand breaks as a replication fork pro-
eeds through a topoisomerase II-etoposide inhibited
NA complex. However, it is possible that p21 may

nhibit apoptosis through more direct mechanisms
hat may be independent of its role as a cell cycle
nhibitor (47).

Our present studies indicate that overexpression of
21WAF1 can block DR4-CD-induced CASP8 cleavage
Fig. 5). This effect is more prominent if a time window
s given to produce the p21 protein before initiation of
he DR4-CD death signal. These data suggest that p21
ay protect cells from apoptosis possibly through an

arly step prior to amplification of the caspase cascade.
ne of the unanswered questions raised by this work

nvolves the mechanism of protection from apoptosis
hrough inhibition of CASP8 cleavage by p21. Our pre-
ious studies showed that p21 can protect cells from
toposide induced apoptosis at least in part through
revention of DNA damage due to cell cycle arrest (48).
n the case of etoposide, a “cell cycle-active” agent,
oxicity occurs following DNA damage during S-phase.
t is therefore expected that a p21-mediated G1 arrest
ay prevent apoptosis by virtue of the protective effect

f the cell cycle arrest on damage accumulation. To our
nowledge there has been no suggestion that death
eceptors or cytotoxic ligands are cell cycle-specific in
heir mode of killing. Similarly there is no data to
uggest that initiator caspases are more or less likely
o be activated or cleaved in G1 phase versus other
hases of the cell cycle, or in arrested versus prolifer-
ting cells. Thus in contrast to the case of cell-cycle
ctive agents, we suspect that p21 may have a protec-
ive effect against death receptor-induced cell death,
bove and beyond its CDK-inhibitory activity. In this
egard there is precedent for p21 inhibition of cytoplas-
ic kinases. Cytoplasmic p21WAF1 can form a complex
ith ASK1 resulting in inhibition of ASK1 and SAPK/
NK (49). Phosphorylation of caspase-9 by akt has also
een shown to confer resistance to apoptosis (72).
herefore, we speculate that p21 mediated effects on
inases other than CDKs may underlie its apoptosis-
nhibitory effect. However, the precise mechanism of
rotection against cell death by p21 remains to be
etermined. Our data shows that there is no difference
n the expression levels of the ectopically-expressed
188
Fig. 5 and data not shown). It is possible, through
irect or indirect effects, that p21 inhibits initiator
aspase cleavage leading to enhanced cell survival.
his is a critical point in cell signaling that precedes
mplification of the caspase cascade and could repre-
ent a potentially effective mechanism through which
21 may prevent apoptosis.
In conclusion, we generated an adenovirus express-

ng the cytoplasmic domain of human DR4 (Ad-DR4-
D). The DR4 signaling pathway has been demon-
trated to involve CASP8 and 10 proximally and CASP
, 6 and 7 distally, finally leading to cleavage of PARP
nd DFF. The Ad-DR4-CD reagent should be further
tudied for a possible use in cancer gene therapy be-
ause unlike cancer cells, normal lung or skin fibro-
lasts were resistant to its killing effects. Finally our
tudies provide evidence for a novel activity of p21 to
nhibit initiator caspase cleavage as an early event
hat may enhance cell survival when p21 levels are
levated.
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