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We have identified a novel pro-apoptotic p53 target gene

named CDIP (Cell Death Involved p53-target). Inhibition of

CDIP abrogates p53-mediated apoptotic responses, demon-

strating that CDIP is an important p53 apoptotic effector.

CDIP itself potently induces apoptosis that is associated

with caspase-8 cleavage, implicating the extrinsic cell

death pathway in apoptosis mediated by CDIP. siRNA-

directed knockdown of caspase-8 results in a severe im-

pairment of CDIP-dependent cell death. In investigating

the potential involvement of extrinsic cell death pathway

in CDIP-mediated apoptosis, we found that TNF-a expres-

sion tightly correlates with CDIP expression, and that

inhibition of TNF-a signaling attenuates CDIP-dependent

apoptosis. We also demonstrate that TNF-a is upregulated

in response to p53 and p53 inducing genotoxic stress, in a

CDIP-dependent manner. Consistently, knockdown of

TNF-a impairs p53-mediated stress-induced apoptosis.

Together, these findings support a novel p53-CDIP-

TNF-a apoptotic pathway that directs apoptosis after ex-

posure of cells to genotoxic stress. Thus, CDIP provides

a new link between p53-mediated intrinsic and death

receptor-mediated extrinsic apoptotic signaling, providing

a novel target for cancer therapeutics aimed at maximizing

the p53 apoptotic response of cancer cells to drug therapy.
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Introduction

Aberrant cellular proliferation and the evasion of apoptosis

are recognized as key events in the progression of normal

cells to a cancerous phenotype (Hanahan and Weinberg,

2000). The p53 tumor suppressor protein is activated in

response to inappropriate growth signals and various forms

of cellular stress (e.g., DNA damage), and functions as a

transcription factor to promote antiproliferative responses,

including cell cycle arrest and apoptosis (Oren, 2003). The

apoptotic function of p53 has been suggested to be foremost

with respect to its ability to function as a tumor suppressor

(Symonds et al, 1994).

Although the mechanism by which p53 activates G1 arrest

is well characterized and involves primarily the transcrip-

tional activation of the cyclin-dependent kinase inhibitor

p21Waf1 (el-Deiry et al, 1993; Brugarolas et al, 1995; Deng

et al, 1995), apoptosis induced by p53 is proving to be a much

more complex cellular process. Two general mechanisms of

apoptosis have been described for mammalian cells: the

intrinsic pathway, activated in response to cellular stresses

(e.g., exposure to DNA damaging agents), and the extrinsic

pathway initiated at the cell surface upon activation of death

receptors by binding of their cognate ligands (Peter and

Krammer, 2003; Lowe et al, 2004). p53-mediated apoptosis

has been shown to be dependent upon the Apaf1/caspase-9

intrinsic cell death pathway, which involves the release of

cytochrome c from the mitochondria into the cytosol and

caspse-9 activation (Soengas et al, 1999; Schuler et al, 2000).

To date, numerous p53-induced gene targets have been

identified, a subset of which have an apparent proapoptotic

role in the intrinsic cell death pathway; Bax, Noxa, PUMA

and p53AIP proteins localize to the mitochondria and

potentiate the release of cytochrome c (Benchimol, 2001).

The extrinsic death pathway is initiated by the TNF-a
family of cytokines (e.g., TNF-a, FasL and TRAIL), all of

which can act as extracellular activators of apoptosis upon

binding to their cognate receptors (Baud and Karin, 2001;

Chen and Goeddel, 2002). The resulting form of cell death

involves caspase-8 activation, which directly activates down-

stream effector caspases, and/or amplifies the death signal

through the mitochondria (Thorburn, 2004). Increasing evi-

dence suggests that p53 may signal to the extrinsic death

receptor pathway when triggering an apoptotic response. Two

members of the TNFR superfamily, Fas/CD95/APO-1

and KILLER/DR5, have been shown to be regulated in a

p53-dependent manner in response to genotoxic drugs

(Owen-Schaub et al, 1995; Wu et al, 1997; Muller et al,

1998), and Fas/CD95/APO-1 has been shown to be required

for an optimum apoptotic response upon exposure to DNA

damage (Friesen et al, 1996; Muller et al, 1997; Embree-Ku et al,

2002). The precise nature of the p53 transcriptional program

required for apoptosis has not yet been fully elucidated.

We identified CDIP as a novel p53 induced protein, and key

downstream effector of p53-dependent apoptosis. CDIP itself

is a potent inducer of apoptosis. CDIP-dependent apoptosis is

associated with caspase-8 activation, implicating the extrinsic

death receptor-signaling pathway as the mechanism by which

CDIP mediates cell death. This line of investigation revealed
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that TNF-a is induced in a CDIP-dependent manner down-

stream of p53 expression or DNA damage. Importantly,

apoptosis under similar conditions was compromised in

cells depleted of TNF-a or inhibited of FADD, another medi-

ator of the extrinsic cell death signal. Thus, CDIP is an

important component of the p53-mediated apoptotic re-

sponse, and represents a novel link between p53 and the

extrinsic death receptor-mediated pathway of apoptosis.

Results

CDIP is upregulated in a p53-dependent manner

We identified a novel gene termed CDIP as p53-upregulated

transcript by microarray analysis of cDNA expression follow-

ing p53 induction in EJ-p53 tet-off cells. The CDIP cDNA

encodes a 208-amino acid protein, with a predicted molecular

mass of B24 kDa (Supplementary Figure 1). p53-dependent

upregulation of the CDIP transcript was confirmed by

Northern blotting in several cell lines (Figure 1A and B).

Consistently, treatment of cells containing functional p53

with the DNA damaging agent etoposide (ETO) induced

CDIP mRNA and protein expression; this effect was not

observed in p53-null Saos2 cells (Figure 1B). Inhibition of

p53 activation in response to ETO by siRNA targeting abro-

gated CDIP induction, demonstrating that CDIP induction in

response to DNA damage is dependent upon p53 (Figure 1B,

lower panel).

We further investigated whether CDIP was involved in

p53-dependent stress responses to g-irradiation. Several cell

lines (i.e., U2OS, HCT116 and IMR90-E1A) were investigated

for CDIP induction after exposure to g-irradiation, however,

cells either did not upregulate CDIP or showed relatively

weak induction compared to what is observed for ETO and

camptothecin (Figures 1B and 6B; Supplementary Figure 2,

and unpublished observations). Moreover, g-irradiated cells

appeared large and flattened, expressed high levels of p21Waf1

and had very little cleaved PARP, pointing to an arrest rather

than apoptotic response (Supplementary Figure 2). Thus, it is

likely that p53 activation of CDIP is specific to apoptosis. p53

and CDIP did show a similar pattern of upregulation in the

mouse small intestine after exposure to g-irradiation, suggest-

ing that CDIP may play a role in in vivo responses to

g-irradiation where the cellular outcome is apoptosis

(Supplementary Figure 3).

CDIP is a direct target of p53-dependent transcriptional

regulation

CDIP contains four potential p53 binding sites (p53-BS;

el-Deiry et al, 1992) within a B2 kb genomic region, 50 of the

CDIP transcriptional start site (Figure 1C). We evaluated this

putative CDIP promoter region for p53-dependent transcrip-

tional activity using a heterologous reporter assay. Several

deletion mutants of this promoter sequence were generated

and linked to the luciferase reporter gene of the pGL3-basic

vector (Figure 1C). Co-expression of a wt-CDIP-promoter

luciferase construct (T1) together with a wt-p53 expression

plasmid in p53-null Saos2 cells increased luciferase activity

significantly over basal levels, while co-expression of either

mutant p53 (V143A) or pcDNA3.1 empty vector failed to do

so (Figure 1C). Deletion of a 562-bp fragment encompassing

the most 50 potential p53-BS (T2) reduced CDIP promoter

activity three-fold in response to wt-p53 (Figure 1C). In

addition, the reporter construct containing a point mutation

of this site (at the �1618 position, M1) showed a similar

decrease of wt-p53-dependent transcriptional activity.

Consistently, transfection of these CDIP-promoter con-

structs into p53-intact U2OS cells, followed by treatment

with ETO, showed a similar requirement of the �1618 to

�1639 p53-BS for DNA damage-induced CDIP promoter

activation (Figure 1C). To verify whether p53 could bind to

this candidate p53-BS in vivo, we used chromatin immuno-

precipitation (ChIP) assay to analyze cell lysates extracted

from Ad-p53-infected Saos2 and U2OS cells (Figure 1D).

A 229-bp genomic fragment spanning the candidate �1618 and

�1639 p53-BS was specifically immunoprecipitated as a p53

protein–chromatin complex, with an anti-p53 antibody in

cells infected with Ad-p53 (Figure 1D, middle panel). This

amplification product was not detected in lysates precipitated

with an anti-HA antibody or in control Ad-GFP-infected cells

(Figure 1D, middle panel). To examine whether endogenous

p53 could bind to the CDIP promoter after DNA damage, ChIP

assays were performed in ETO-treated U2OS cells. The same

229-bp CDIP genomic fragment spanning the �1618 to �1639

p53-BS was amplified from complexes immunoprecipitated

with anti-p53 specific antibody, but not with IgG, specifically

under ETO-treated conditions (Figure 1D, lower panel). In

both ChIP experiments, p53 binding to the consensus p53-BS

of the p21Waf1 promoter was detected under conditions of p53

expression/activation, which served as a positive control.

These results suggest that the CDIP promoter is likely a direct

target for p53 transcriptional activation, and that the con-

sensus p53 binding site located at position �1618 to �1639 of

the CDIP promoter is responsible for p53-dependent CDIP

transcriptional expression.

Inhibition of CDIP impairs p53-mediated apoptotic

responses

To investigate the role of CDIP in mediating p53-dependent

apoptosis, we used the pBabe-U6-shRNA retroviral vector

system to create CDIP knockdown (shCDIP) and control

(scrambled) constructs, and evaluated the effect of inhibiting

endogenous CDIP expression on apoptosis induced by p53

and genotoxic stress. shCDIP-transfected U2OS cells did

not upregulate CDIP mRNA in response to ETO treatment,

validating our shCDIP construct (Figure 2A). Conversely,

ETO-induced CDIP mRNA expression in control (scrambled-

shCDIP)-transfected U2OS cells was similar to that of non-

transfected U2OS cells also treated with ETO (Figure 2A).

shCDIP-transfected U2OS cells showed a significant reduc-

tion in the percentage of TUNEL-positive cells compared

to cells either transfected with scrambled-shCDIP, or left

untransfected, 24 and 40h after exposure to ETO (Figure 2A,

middle panels). Moreover, ETO-treated U2OS cells and

IMR90-E1A cells transfected with shCDIP contained fewer

fragmented nuclei, in comparison to control scrambled-

shCDIP transfectants (Figure 2A, lower left panel). Last,

inhibition of CDIP expression by shCDIP resulted in a marked

decrease in the sub-G1 population of ETO-treated U2OS cells,

in comparison to control treated cells (Figure 2A, lower right

panel). Although cell cycle profiles indicate that approxi-

mately 50% of cells are viable 2 days post-ETO (i.e., in G1,

S and G2/M phases), we have found that the sub-G1 popula-

tion is an underrepresentation of apoptosis, since not

all TUNEL-positive cells have sub-G1 DNA content

CDIP regulation of TNFa-mediated apoptosis
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(Supplementary Figure 4). This is in agreement with

previous reports indicating that TUNEL-positive apoptotic

cells can be found in all phases of the cell cycle (Lin and

Benchimol, 1995). Thus, by three independent apoptotic

assays, depletion of CDIP expression by shCDIP was

effective in inhibiting apoptosis induced by DNA damage

after exposure to ETO in cell lines containing endogenous

wild-type p53.

Figure 1 Identification of CDIP as a direct target of p53 transcriptional activation. (A) p53-dependent induction of CDIP. The left panels show
induction of CDIP mRNA after infection with recombinant adenovirus expressing p53 (Ad-p53) in Saos2 and EJ cells. Northern blots were
performed sequentially using a 32P-labeled probe against CDIP, p53, p21Waf1 and 36B4 (loading control). (B) p53-dependent induction of CDIP
in response to DNA damage. Upper panel shows MCF7, IMR90-E1A, U2OS and Saos2 (p53 null) cells that were either left untreated (�) or
treated with the DNA damaging agent ETO (25 mM) for 1 day (þ 1) or 2 days (þ 2). Western blot analysis with a custom CDIP antibody also
shows p53-associated CDIP upregulation in U2OS cells treated with ETO (upper right panel). The lower panel shows MCF7 cells transfected
with either siRNA oligos targeting wild-type p53, or control siRNA oligos (GFP), followed by exposure to ETO for 24 h. Northern blots were
performed sequentially using a 32P-labeled probe against p53, CDIP and 36B4 (loading control); Western blotting with an anti-p53 antibody
confirmed that siRNA targeting of p53 resulted in the knockdown of p53 protein (lower panels). (C) A putative p53 recognition site located in
the promoter region of the CDIP gene (p53-BS, set in bold, from �1618 to �1639) is shown; four such sites were identified within the CDIP
promoter region. Three constructs containing these putative p53-BSs or a mutated copy of the 50 p53-BS, as indicated, were cloned into a
luciferase reporter vector (pGL3-promoter vector). Saos2 cells were cotransfected with either of the four CDIP promoter constructs (T1, T2, T3
or M1, plus pGL3 basic), and either wild-type p53, or mutant p53 (V143A) expression constructs, as well as a control pcDNA3.1 empty vector.
Luciferase assay results for each construct are shown. Additionally, U2OS cells were transfected with the various CDIP promoter constructs
described, treated with ETO to induce endogenous p53, and the relative luciferase activity was similarly determined. (D) ChIP assay of p53
DNA binding activity at the CDIP promoter in U2OS and Saos2 cells. U2OS and Saos2 cells were infected with Ad-p53 or Ad-GFP for 24 h (upper
panel). ChIP assays were performed using an anti-p53 antibody or an anti-HA antibody as a negative control. U2OS cells were also treated with
ETO for 24 h ChIP assays were performed with an anti-p53 antibody or a control anti-IgG antibody. A sequence map of the CDIP promoter
region containing the ChIP primers (shown as arrows) used to amplify the p53-responsive element at �1618 to �1639 is shown (bold); the
amplification product was 229 bp. Primers amplifying a 417-bp product of the p21Waf1 promoter were used as positive control.

CDIP regulation of TNFa-mediated apoptosis
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CDIP was also studied in the context of other p53 pro-

apoptotic targets. Puma and Noxa were depleted by siRNA

targeting in U2OS and U2OS cells with stable expression of

shCDIP. Cells depleted of Puma and Noxa are compromised

in there apoptotic response to ETO (Figure 2B). This likely

represents a CDIP-independent contribution of p53 to the

overall drug-induced apoptotic response. Importantly, stable

knockdown of CDIP in U2OS-shCDIP cells results in an even

more pronounced impairment of ETO-induced apoptosis

(Figure 2, compare panel B with A), which is minimally

reduced further when combined with either Puma or Noxa

knockdown (Figure 2B).

To test the effect of CDIP depletion on a purely p53-

dependent apoptotic response, p53-null Saos2 cells were

transfected with shCDIP, and the ability of exogenous p53

expression (by Ad-p53 infection) to induce apoptosis was

assessed. shCDIP was effective in blocking Ad-p53-induced

CDIP expression in Saos2 cells (Figure 2C, upper panel). This

block of CDIP induction by Ad-p53 in shCDIP-transfected

Saos2 cells corresponded to a decreased propensity for

Ad-p53 infected Saos2 cells to undergo apoptosis (Figure 2C,

lower panel). Together, these results demonstrate a require-

ment for CDIP in p53-mediated apoptosis, and suggest that it

is an important component of the p53 death signal.
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Figure 2 Effect of CDIP inhibition on genotoxic stress- and p53-mediated apoptosis. (A) CDIP repression compromises p53-mediated apoptosis
in response to genotoxic stress. U2OS cells were transfected with an shRNA vector targeting CDIP or a control vector of identical scrambled
sequence (scrambled CDIP-shRNA), and treated with ETO (30 mM, 12 and 24 h). Northern blotting was performed to determine the levels of
CDIP and 36B4 (upper panel). U2OS or IMR90-E1A cells were transfected with either CDIP-shRNA, scrambled CDIP-shRNA or a control shRNA
(luciferase) for 24 h, and treated with ETO (30mM) for the indicated time points. Cells were then assessed for apoptosis by TUNEL, DNA
fragmentation assay or PI staining to detect the sub-G1 cell population. Both TUNEL-positive and sub-G1 PI-stained cells were enumerated by
flow cytometry. The middle left panel shows a representative experiment; apoptotic cells containing 30-hydroxyl DNA strand breaks are
detected in the FITC fluorescence range (FL1-H: 515–565 nm). In the right panel, the percentage of TUNEL-positive cells is shown as the
mean7s.e.m. (n¼ 3). U2OS cells and IMR90-E1A used for the DNA fragmentation (lower left panels) are represented as the amount of
extranuclear or extracellular DNA fragments relative to untreated controls. Error bars indicate 7s.d. of three independent experiments with
each sample in triplicate. (B) Combined effects of Puma and CDIP depletion, and Noxa and CDIP depletion on genotoxic stress-induced
apoptosis. U2OS and U2OS/shCDIP cells were transfected with siRNAs directed against Puma or Noxa, and apoptosis was assessed by TUNEL
assay 40 h after treatment with 30mM ETO (right panel, mean percent of TUNEL-positive cells, 7s.e.m. n¼ 3). Western blot analysis of Puma
and Noxa was performed for cells similarly treated to establish effective knockdown of protein expression by siRNA (right panel). (C) Effect of
CDIP depletion on p53-dependent apoptosis. Saos2 cells were transfected with CDIP-shRNA or control GFP-shRNA, followed by infection with
adenovirus expressing GFP (Ad-GFP) or p53 (Ad-p53) at an MOI of 20. The apoptotic response of Ad-infected Saos2 was similarly assessed by
DNA fragmentation assay and PI staining, as described (lower panels).
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CDIP is a potent inducer of apoptosis

Next, we examined whether ectopic expression of CDIP had

any effect on the viability of cultured U2OS and MCF7 cells.

A tetracycline-regulated CDIP cell line (U2OS/CDIP-tet-on) was

generated from U2OS cells, and the effect of CDIP expression

on apoptosis was assessed. Cells cultured under conditions of

tetracycline promoter-driven CDIP activation (þ doxycyclin)

upregulated HA-tagged CDIP in a time-dependent manner

(Figure 3A). Crystal violet staining of U2OS/CDIP-tet-on

cells revealed that cell growth was severely restricted 40 h

after the introduction of doxycyclin (dox) to the culture

media, and control U2OS/GFP-tet-on were not affected by

the addition of dox (Figure 3B). This attenuation of cell

growth corresponded with the ability of CDIP to induce

significant apoptosis under tet-induced (þ dox) conditions.

For example, 48 h after the administration of dox the percen-

tage of CDIP expressing cells containing double-stranded

DNA breaks characteristic of apoptotic cells (as determined

by TUNEL assay followed by enumeration of dUTP-FITC-

positive cells by flow cytometry) averaged 78% (Figure 3A,

lower left panel). Additional independent markers consistent

with apoptosis were also apparent in U2OS/CDIP-tet-on cells,

specifically under conditions of CDIP expression, including

the appearance of cells with nucleosomal DNA fragments and

sub-G1 DNA content (Figure 3A, right panel). By similar

assays, the ectopic expression of CDIP in MCF7 cells, intro-

duced by infection with adenovirus expressing CDIP

(Ad-CDIP), resulted in significant apoptosis in comparison

to control Ad-GFP-infected cells (Figure 3C). Thus, CDIP is a

potent pro-apoptotic protein.

Apoptosis induced by CDIP is dependent upon

caspase-8 activation

As a first step in delineating the death pathway mediating

CDIP-induced apoptosis, we looked for cleavage of caspase-9

and caspase-8 from their pro- to active forms in CDIP

Figure 3 Induction of apoptosis by CDIP expression. (A) Apoptosis analysis of U2OS/CDIP-tet-on cells grown in the absence (�) or presence
(þ ) of the tetracycline analogue, doxycyclin (dox). Western blots were performed using an anti-HA antibody to detect CDIP; b-actin antibody
was used as a loading control (upper panel). U2OS/CDIP-tet-on cells were grown 7dox for the indicated time periods, and apoptosis was
assessed by three independent cell death assays: TUNEL, DNA fragmentation by cell death ELISA and PI staining to detect the sub-G1
population. (B) Viability of U2OS/CDIP- and U2OS/GFP-tet-on cells by crystal violet staining, 40 h after the administration of dox (2mg/ml).
(C) Western blotting and cell death analyses of MCF7 cells infected with a recombinant adenovirus expressing GFP (Ad-GFP) or CDIP
(Ad-CDIP) for 12 and 24 h, as indicated. The upper panel shows anti-HA detection of CDIP, and the lower panel shows b-actin levels as a
loading control. Apoptotic MCF-7 cells infected with Ad-CDIP or Ad-GFP were detected by DNA fragmentation assay (lower left panel) and flow
cytometric analysis of PI-stained cells (lower right panel). Error bars indicate 7s.d. of three independent experiments.

CDIP regulation of TNFa-mediated apoptosis
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expressing U2OS/CDIP-tet-on cells (i.e., implicating either the

intrinsic or extrinsic pathway, respectively). Surprisingly little

caspase-9 cleavage was detected in cells after the induction of

CDIP with dox, and by 30 h only a small amount of cytosolic

cytochrome c was detected (Figure 4A). On the other hand,

cleavage of caspase-8 from its pro- to active form was readily

detected in cells 18 h after the administration of dox, and

correlated with a 2.5-fold increase in caspase-8 activity, and

the appearance of cleaved PARP, a pro-apoptotic cellular

marker (Figure 4A).

We disabled the extrinsic death pathway by treating cells

with a caspase-8 inhibitor (z-IETD-fmk) as well as short

interfering RNAs (Casp-8 siRNA), designed to specifically

ablate caspase-8 expression, and tested the ability of CDIP

to induce apoptosis. Treatment of U2OS/CDIP-tet-on cells

with z-IETD-fmk substantially abrogated cell death in re-

sponse to CDIP activation (Figure 4A). Consistently, transfec-

tion of casp-8 siRNA before the induction of CDIP resulted in

a dramatic decrease in TUNEL-positive cells, and significantly

decreased trypan blue-positive non-viable cells, in comparison

Figure 4 Caspase-8 is required for CDIP-dependent apoptosis. (A) U2OS/CDIP-tet-on cells were grown in the absence (�) or presence (þ ) of
dox and harvested at the time intervals shown. Whole-cell lysates were either directly assessed for caspase-8, caspase-9, PARP and b-actin
expression by Western blot analysis (left panel), or fractionated. Active caspase-8 species detected are consistent with three N-terminal Asp
cleavage fragments. Fractionates were assessed for the presence of cytochrome c (cyt.-c), oxidative complex II (OxPhos II) and a-tubulin, by
Western blotting; the latter were used as mitochondria- and cytoplasm-specific markers, respectively (upper right panel). Caspase-8 enzyme
activity was measured by incubating cell lysates from similarly treated U2OS/CDIP-tet-on cells with the caspase-8 substrate, Ac-IETD-pNA.
DNA fragmentation was also determined by cell death ELISA in dox-treated U2OS/CDIP-tet-on cells in the absence (þDMSO) and presence of
the caspase-8 inhibitor II (lower right panel). (B) Inhibition of caspase-8 by siRNA directed against caspase-8 blocks CDIP-induced apoptosis.
Caspase-8 siRNA and control siRNAs were transfected into U2OS/CDIP-tet-on cells. After 24 h, cells were grown in the absence or presence of
dox and harvested at the time intervals shown. CDIP, caspase-8, PARP and b-actin (as a loading control) expression were assessed by Western
blot analysis. Apoptosis was assessed in U2OS/CDIP-tet-on cells similarly transfected by TUNEL assay (40 h post-dox treatment) and trypan
blue exclusion (24 and 48 h post-dox treatment). The percentages of TUNEL- and trypan blue-positive cells are shown as the mean7s.e.m.
(n¼ 3). (C) Inhibition of caspase-8 by siRNA attenuates apoptosis induced by genotoxic stress. ETO induces p53, caspase-8 and PARP cleavage
24 h post-ETO (30 mM) treatment (upper left panel). U2OS cells were transfected with siRNAs directed against caspase-8 and apoptosis was
assessed by TUNEL assay 40 h after ETO treatment (middle panel is a representative experiment; lower panel is the mean percent of TUNEL-
positive cells, 7s.e.m. n¼ 3). Western blot analysis of p53 and caspase-8 cells similarly treated, establishes effective knockdown of caspase-8
protein expression by siRNA (right panel).
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to control siRNA-transfected cells (Figure 4B). The

casp-8 siRNA was effective at abrogating CDIP-induced

caspase-8 cleavage, and cleaved PARP was also reduced in

casp-8 siRNA-transfected CDIP expressing cells (Figure 4B,

upper left panel). These results demonstrate that CDIP-

dependent apoptosis is dependent on caspase-8, and implicate

the extrinsic cell death pathway as the principle means by

which CDIP mediates cell death. A further prediction from

these results is that inhibition of caspase-8 should attenuate

apoptosis induced by genotoxic stress. Indeed, cells treated

with casp-8 siRNA show a marked reduction in apoptosis in

response to ETO (Figure 4C).

CDIP upregulates TNF-a expression downstream of p53

Having implicated the extrinsic cell death pathway down-

stream of CDIP, we then were interested in delineating how

this pathway may be activated by CDIP. The extrinsic cell

death pathway initiates at the cell surface when members of

the TNF-a family of cytokines bind to their cognate receptors.

We looked for changes in the expression of these proteins in

response to CDIP induction and found that CDIP expression

tightly correlated with the expression of TNF-a but not TRAIL

ligand or Fas receptor (Figure 5A; Supplementary Figure 5).

To determine if the increase in the TNF-a mRNA translated

to an increase in TNF-a protein, we measured the amount

of TNF-a in dox-treated U2OS/CDIP-tet-on cells using an

immuno-absorbent assay. A marked increase in TNF-a protein

(i.e., o5 pg/ml �dox to B110 pg/ml after 24 h þ dox), was

observed (Figure 5B).

Cellular fractionation and localization experiments re-

vealed that CDIP is found predominantly in the nucleus,

where it displays a punctate staining pattern, particularly

after DNA damage (Supplementary Figure 6). This suggested

that CDIP might function as a transcriptional regulator.

Therefore, we evaluated whether CDIP could activate TNF-a
gene transcription using an B2 kb genomic fragment of TNF-a
promoter region, in a heterologous luciferase reporter gene

assay. Co-expression of CDIP (by exogenous pcDNA3.1-CDIP

expression or by induction with dox) in U2OS cells together

with the TNF-a promoter-luciferase fusion construct resulted

in TNF-a promoter activation (Figure 5C). LPS, a known

activator of TNF-a transcription, did not induce CDIP expres-

sion in macrophages or U2OS cells, supporting that the

CDIP-TNF-a signal is distinct from that of TNF-a induction

by LPS (Supplementary Figure 7). ChIP analysis shows that

CDIP binds to a 200-bp region (�421 to –221) of the TNF-a
promoter, and when this region is deleted, TNF-a promoter

activation in response to CDIP expression and ETO is severely

attenuated (Figure 5C).

Thus far we have shown that CDIP is a transcriptional

target of p53, and that CDIP induction by p53 is associated

with an increase in TNF-a expression. This raises the possi-

bility that TNF-a is also a component of the p53-signaling

pathway. To address this possibility, we asked if induction of

p53 expression correlated with an increase in TNF-a expres-

sion, and further tested whether knockdown of CDIP under

these conditions inhibited TNF-a induction. U2OS and Saos2

cells were transfected with CDIP shRNA (shCDIP) or control

scrambled CDIP shRNA, and TNF-a mRNA levels were

assessed by Northern blotting after treatment with ETO or

the expression of exogenous p53, respectively. As shown in

Figure 5D, ETO treatment (of U2OS cells containing wt-p53)

and exogenous p53 expression (in p53-null Saos2 cells)

resulted in the upregulation of both TNF-a and CDIP.

Notably, in cells similarly treated, knockdown of CDIP with

shRNA completely inhibited TNF-a mRNA induction

(Figure 5D). p53 was effective in upregulating an unrelated

p53 target gene (i.e., p21Waf1) under these conditions, indicat-

ing that the absence of TNF-a induction upon p53 activation/

expression was in fact due to the inhibition of CDIP

(Figure 5D).

Since increased mRNA levels can be a result of an increase

in gene transcription and/or an increase in mRNA half-life,

we examined the effect of the RNA synthesis inhibitor,

actinomycin D, on CDIP-induced TNF-a mRNA expression.

Northern blot analysis revealed that the level of the TNF-a
transcript was sustained in U2OS/CDIP-tet-on cells after the

administration of actinomycin D (Figure 5E). This effect was

quantified by real-time PCR, and the half-life of the TNF-a
transcript in CDIP expressing cells was found to be four-fold

increased over that of non-expressing cells (Figure 5F). In

contrast, transcript levels of tristetraproline (TTP), a known

regulator of TNF-a mRNA stability (Carballo et al, 1998),

rapidly decreased upon treatment with actinomycin D, irre-

spective of CDIP expression (Figure 5E, left panel). To further

verify that CDIP acts downstream of p53 in the regulation of

TNF-a mRNA, and confirm that this regulation can occur at

the post-transcriptional level, we investigated whether CDIP,

induced by Ad-p53, resulted in an increase in TNF-a mRNA

stability. Consistently, the expression of Ad-p53 led to an

increase in TNF-a mRNA expression, together with CDIP and

p21Waf1, and TNF-a mRNA levels were stable for over 4 h in

actinomycin D-treated cells; shCDIP-transfected cells showed

no such effect (Figure 5E, right panel). Taken together, these

results suggest that CDIP upregulates TNF-a downstream of

p53, and that CDIP-mediated TNF-a upregulation occurs

through transcriptional and post-transcriptional mechanisms.

Inhibition of TNF-a expression attenuates

DNA damage-induced apoptosis

Our findings that CDIP is a transcriptional target of p53,

capable of upregulating TNF-a downstream of p53, indicate

a putative role for TNF-a in p53-mediated apoptotic signaling.

To investigate this possibility, we used TNF-a shRNA to

inhibit endogenous TNF-a expression and assessed the effect

of this on DNA damage-induced apoptosis in U2OS and

IMR90-E1A cells, which contain intact wild-type p53. U2OS

cells were transfected with two TNF-a shRNAs (shTNF-a A

and shTNF-a B), treated with ETO, and cell viability and

apoptosis were assessed by trypan blue exclusion and TUNEL

assay, respectively. Importantly, ETO treatment did not in-

duce TNF-a mRNA in cells transfected with shTNF-a
(Figure 6A, upper left panel). TNF-a shRNA-transfected

cells showed a marked reduction in apoptosis in response

to ETO treatment compared with control shRNA-transfected

cells (Figure 6A, lower panel). This was consistent with a

decrease in the percentage of non-viable shTNF-a-transfected

cells (i.e., an increase in the viable cell population), after

similar treatment with ETO (Figure 6A, right panel). IMR90-

E1A cells upregulate CDIP in response to camptothecin (CPT;

Figure 6B, upper left panel). Again, shTNF-a was effective at

blocking TNF-a induction in response to CPT (Figure 6B,

upper middle panel). In comparison to control-transfected

cells, both shCDIP- and shTNF-a-transfected cells were
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comparably decreased in their apoptotic response to CPT

(Figure 6B, lower panels), and displayed an increase in

long-term viability, despite the presence of CPT in the culture

media (Figure 6B, upper right panel). Thus, TNF-a is im-

portant for p53-induced apoptosis in response to ETO and

CPT, and taken together with our findings that TNF-a is

upregulated by p53 in a CDIP-dependent manner, suggests

that a p53-CDIP-TNF-a death signal directs apoptosis after

exposure of cells to genotoxic stress.

CDIP induces apoptosis through the TNF-a death

receptor-signaling cascade

To further substantiate this p53-CDIP-TNF-a apoptotic

signal, U2OS/CDIP-tet-on cells were cultured in the presence

of a TNF-a neutralizing antibody, and CDIP-induced apopto-

sis was assessed. The TNF-a neutralizing antibody was

effective in abrogating apoptosis in dox-treated U2OS/

CDIP-tet-on cells, as measured by a decrease in TUNEL-positive

apoptotic cells, compared to control rabbit-IgG-treated cells

Figure 5 CDIP and p53 activate TNF-a, and p53 induction of TNF-a requires CDIP. (A) TNF-a mRNA increases upon induction of CDIP. U2OS/
CDIP-tet-on cells grown in the absence (�) or presence (þ ) of dox, and MCF7 cells infected with a recombinant adenovirus expressing GFP
(Ad-GFP) or CDIP (Ad-CDIP), were subjected to Northern blot analysis sequentially using 32P-labeled probes that detect CDIP, TNF-a and 36B4,
or 18S rRNA (loading controls). (B) CDIP induces TNF-a protein. U2OS/CDIP-tet-on cells were grown in the presence or absence of dox for the
indicated times, and TNF-a protein was quantified by ELISA. (C) CDIP binds and activates the TNF-a promoter. CDIP binding to the TNF-a
promoter at the indicated regions was assessed by ChIP in U2OS/CDIP-tet-on cells in the absence (�) and presence (þ ) of dox, 24 h post-
treatment. Bound chromatin was immunoprecipitated with anti-HA antibody to detect CDIP and anti-rabbit IgG as a negative control. Negative
(�) and positive (þ ) PCR controls consisted of H2O and a pGL3-TNF-a promoter plasmid using the same amplification mixture, respectively.
U2OS cells were transfected with a pcDNA3.1-CDIP expression vector (and empty vector control), together with either the pGL3-basic-
promoter-luciferase construct or pGL3-TNF-a promoter-driven luciferase constructs with a wild-type promoter (wt) or a –421 to –178 deletion
mutant (mut). Luciferase activity is shown relative to pGL3-luciferase basal activity. pGL3-basic-, -TNF-a (wt)- and -TNF-a (mut)-transfected
cells were additionally stimulated with ETO to activate endogenous CDIP (lower panel). (D) p53- and genotoxic stress-mediated TNF-a
induction is inhibited by shRNA-directed knockdown of CDIP. CDIP-shRNA vector and control shRNA vectors (scrambled CDIP-shRNA) were
transfected into U2OS cells, followed by ETO treatment for 24 h. p53-null Saos2 cells were transfected with CDIP-shRNA or control scrambled
CDIP-shRNA, and infected with adenovirus expressing wt-p53. The expression of CDIP, TNF-a, p21Waf1 and 36B4 (loading control)
was assessed by sequential Northern blotting with 32P-labeled probes specific for these transcripts. (E) CDIP stabilizes TNF-a mRNA.
U2OS/CDIP-tet-on cells grown 7dox were treated with actinomycin D (Act D, 8mg/ml), and harvested at the indicated time intervals. TNF-a,
TTP and 36B4 (loading control) mRNA expression was assessed by Northern blot analysis. Saos2 cells were also transfected with CDIP-shRNA
or control scrambled CDIP-shRNA, and infected with adenovirus expressing wt-p53 (Ad-p53) or Ad-GFP (�). After 24 h, the actinomycin
D chase and Northern blot experiments were performed as described above. (F) CDIP expression leads to an increase in TNF-a half-life. Cells
were cultured 7dox, and TNF-a transcript levels were assessed by quantitative real-time RT-PCR (qRT-PCR), after treatment with actinomycin
D. The amount of TNF-a transcript relative to that present after 24 h 7dox (i.e., t¼ 0 for actinomycin treatment), was quantitated, and the half-
life was determined by regression analysis.
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Figure 6 Inhibition of TNF-a attenuates apoptosis induced by DNA damage. (A) U2OS cells were transfected with shTNF-a constructs (A and
B, where indicated, otherwise an equal amount of A combined with B) and treated with ETO (30 mM, 36 h). Northern blots were performed
using 32P-labeled probes (p21Waf1, TNF-a and 36B4). Apoptosis was assessed by TUNEL assay. A representative experiment is shown in the
lower left panel; apoptotic cells are positive for dUTP-FITC (FL1-H: 515–565 nm). In the lower right panel, the percentage of TUNEL-positive
cells is shown as the mean7s.e.m. (n¼ 3). Cell viability was also determined by trypan blue exclusion (upper right panel); average
values7s.e.m. (n¼ 3). (B) IMR90-E1A cells were transfected with either control (Cont.-) or CDIP-shRNA and treated with CPT (1mM, 24 h).
Western blot analysis confirmed the activation of p53 (s15p) and upregulation of CDIP by CPT. In contrast, CDIP-shRNA-transfected cells did
not upregulate CDIP. TNF-a expression was assessed by qRT-PCR in cells similarly treated (upper middle panel). CPT-induced apoptosis was
assessed by TUNEL assay in control (Cont.-), CDIP- and TNF-a-shRNA-transfected cells; apoptotic cells are positive for dUTP-TMR red (lower
left, FL2-H: 570–620 nm). The percentage of TUNEL-positive cells is shown as the mean7s.e.m. (n¼ 3; lower right panel). Long-term cell
viability was determined by crystal violet staining of IMR90-E1A cells similarly transfected and treated with DMSO or CPT (1mM) for 48 h
(upper right panel).
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(Figure 7A, left panel). Additionally, U2OS/CDIP-tet-on cells

treated with TNF-a neutralizing antibody exhibited a signifi-

cant decrease in DNA fragmentation and histone release

induced by CDIP (Figure 7A, right panel). Further, CDIP

expressing TNF-a antibody-treated cultures remained viable

up to 48 h; whereas control-treated cells were B50% trypan

blue positive (i.e., non-viable) at this time point (Figure 7A,

right panel). These results demonstrate that CDIP-induced

cell death is largely dependent on TNF-a, which is consistent

with our findings that CDIP and TNF-a are components of the

p53-mediated apoptotic signal.

If CDIP-dependent apoptosis occurs primarily through the

extrinsic death receptor-signaling pathway, we expect that

other components known to be essential for this death-

signaling pathway (i.e., FADD and caspase-8) are requisites

of the CDIP-mediated death signal. Indeed, we have here

shown that intact caspase-8 is essential for apoptosis induced

by CDIP (Figure 4). To verify the importance of this pathway

in mediating apoptosis induced by CDIP, we investigated the

role of FADD, an intermediary effector of this pathway (acting

upstream of caspase-8 and downstream of TNF-a), in

CDIP-dependent apoptosis. The transfection of cells with a

dominant-negative form of FADD (DN-FADD) resulted in

reproducible decreases in apoptotic and non-viable cells

after the induction of CDIP expression compared to control

vector-transfected cells (Figure 7B). Taken together, these

results indicate that the TNF-a pro-apoptotic signaling path-

way is a downstream effector of CDIP-induced cell death.

Discussion

In this study, we identify CDIP as a novel pro-apoptotic p53

target gene. CDIP was identified as a p53-responsive gene

through a cDNA expression array that compared gene

expression under p53-induced and non-induced conditions.

We demonstrate that CDIP is upregulated in a p53-dependent

manner in several cell lines. p53-dependent CDIP upregula-

tion likely occurs by direct transcriptional activation; CDIP

contains four p53 consensus binding sites within its promoter

region, the most 50 of which is bound by p53 and required for

p53-dependent transcriptional activation. CDIP is highly ex-

pressed in cells undergoing apoptosis in response to p53

expression and p53 activation by genotoxic stress.

Significantly, shRNA-directed inhibition of CDIP abrogates

p53-mediated apoptosis, placing CDIP among other important

pro-apoptotic p53 targets that attenuate p53-dependent apop-

tosis when disrupted by RNA inhibition and gene depletion

strategies. However, it is not yet possible to attribute the full

Figure 7 Induction of apoptosis by CDIP involves the TNF-a death receptor signaling pathway. (A) TNF-a neutralizing antibodies block CDIP-
mediated apoptosis. U2OS/CDIP-tet-on cells (7dox) were incubated with either a neutralizing monoclonal antibody to human TNF-a (8 mg/ml)
or Rb IgG (8 mg/ml), and assessed for apoptosis using DNA fragmentation (cell death ELISA) and TUNEL assays; cell viability was additionally
measured by trypan blue exclusion. The percentage of TUNEL-positive cells is shown as the mean7s.e.m. (n¼ 3). (B) The effect of FADD
inhibition on CDIP-mediated cell death. U2OS/CDIP-tet-on cells were transfected either pcDNA3.1-DN-FADD or empty vector, and grown 7dox
for 24 h, and then analyzed for cell death using trypan blue exclusion and DNA fragmentation/cell death ELISA. Error bars indicate 7s.d. of
three independent experiments.
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apoptotic effects of p53 to any one of its pro-apoptotic gene

targets, and further studies are required to elucidate how

these genes interact (e.g., playing redundant or cooperative

roles in p53-mediated apoptosis), and whether they act in a

cell- and/or stimulus-specific manner. Indeed, we observed

some attenuation of ETO-induced apoptosis upon siRNA

targeting of Puma and Noxa that was likely a contribution

of p53 acting independently of CDIP.

Interestingly, the expression of CDIP alone is sufficient to

induce apoptosis. CDIP-dependent apoptosis is accompanied

by caspase-8 cleavage, implicating the extrinsic cell death

pathway as a mediator of the CDIP-induced death signal.

Consistent with this, we demonstrate that CDIP-dependent

apoptosis is almost entirely dependent on caspase-8 and also,

to a large extent, on TNF-a and FADD. Inhibiting TNF-a (by

shRNA and neutralizing antibody) and FADD (by the expres-

sion of a dominant-interfering mutant) produced a less

complete block of CDIP-induced in comparison to the effects

of caspase-8 inhibition; thus, we cannot rule out the possibi-

lity that CDIP utilizes other effectors of apoptosis (i.e., that

also require caspase-8) to transduce its death signal.

CDIP expression tightly correlates with TNF-a expression,

and we found that CDIP regulates TNF-a expression through

mechanisms involving both transcriptional upregulation

of the TNF-a promoter and increased TNF-a mRNA stability.

As CDIP is here shown to be an important effector of

p53-dependent apoptosis, these results suggest that TNF-a
also plays a role in apoptosis induced by p53. In fact, exposure

of cells to genotoxic stress, and the expression of exogenous

p53 in Saos2 cells, results in TNF-a upregulation that is

dependent upon CDIP. Moreover, depletion of TNF-a attenu-

ates both drug- and CDIP-induced apoptosis, which taken

together support a novel p53-CDIP-TNF-a death-signaling

pathway. This contrasts previous studies that show that

primary lymphocyte cell populations, harboring defects in

the extrinsic death-receptor pathway, display no impairment

of p53-mediated apoptosis (Newton and Strasser, 2000;

Salmena et al, 2003). It is plausible that in transformed

cells, with an inherently high proliferative rate, thus,

increased sensitivity to death stimuli, (Lowe et al, 2004),

the p53 apoptotic program is very different in comparison

to primary cells.

TNF-a orchestrates pleiotropic functions not only in the

host immune response but also in control of cell proliferation,

differentiation and apoptosis (Wajant et al, 2003; Muppidi

et al, 2004). Physiologically, the secretion of TNF-a is highly

localized and transient, and the regulatory mechanisms that

control TNF-a expression allowing for such diverse cellular

processes as proliferation and apoptosis have not been fully

elucidated. The TNF-a promoter contains binding sites for a

number of transcription factors (e.g., NF-kB , Ap-1, STAT1,

CREBP), and the recently identified factor, LITAF (LPS-

Induced TNF-a Factor) (Myokai et al, 1999; Tang et al,

2003), also known as PIG7 (Polyak et al, 1997). A search

for conserved protein domains within the predicted CDIP

amino-acid sequence identified a LITAF domain in the

C-terminal region (amino acids 124–183; Supplementary

Figure 1), originally described for the LITAF/PIG7 protein.

Like CDIP, LITAF/PIG7 is a known target of p53 that is

induced under conditions of cellular stress that cause

apoptosis (Polyak et al, 1997). LITAF/PIG7 has also been

shown to upregulate TNF-a expression in response to LPS

(Myokai et al, 1999; Tang et al, 2003), however, it is unlikely

that LPS can upregulate TNF-a through CDIP, since CDIP

is not induced by LPS. The pro-apoptotic potential of

LITAF/PIG7 has not been comprehensively tested, and it

will be interesting to determine whether it promotes cell

death through a mechanism similar to that of CDIP. It also

is possible that p53 acts through LITAF/PIG7 to transcrip-

tionally regulate TNF-a expression.

Although members of the TNF death receptor family signal

apoptosis independently of p53, interactions between

p53-dependent intrinsic apoptotic pathway and the death

receptor-mediated extrinsic apoptotic pathway are well docu-

mented. For example, p53-dependent upregulation is believed

to be responsible for the induction of Fas/CD95/APO-1 in

response to DNA damaging agents in several different cell

types (Muller et al, 1997, 1998; Miyake et al, 1998). Also,

the TRAIL receptor, KILLER/DR5, is upregulated in cells

undergoing apoptosis in response chemotherapeutic agents

and g-irradiation in a p53-dependent manner (Wu et al,

1997, 1999). Both Fas/CD95/APO1 and KIILER/DR5 contain

genomic p53 consensus binding sites that likely mediate

p53-dependent transcriptional activation of these death

receptor genes (Muller et al, 1998; Takimoto and El-Deiry,

2000). Our demonstration that inhibiting TNF-a signaling

attenuates apoptosis in response to genotoxic stress further

supports a role for the extrinsic pathway in p53-mediated

apoptosis.

Overall, our demonstration that CDIP is a p53 target

provides additional insights into the p53-mediated apoptotic

response, suggesting a novel network in which CDIP is

important for regulating TNF-a expression downstream of

p53. Thus, it is plausible that impaired CDIP induction in

response to p53 activation by genotoxic stress, and the

subsequent failure of consequent downstream signaling

events leading to cell death, confers a survival advantage to

tumor-prone cells, allowing them to escape apoptosis. In

support of this view, the basal level of CDIP expression is

higher in normal cell strains, such as non-diploid human

fibroblasts, compared to transformed cells (unpublished

observations), suggesting that loss of CDIP function may be

a genetic event that promotes tumor progression. In summary,

identifying the components of this unrecognized cell death

pathway, from p53-CDIP-TNF-a to death receptor-

mediated cell death, provides an opportunity for therapeutic

intervention, as it reveals a novel target for drug design that

could potentially maximize the p53 response and sensitize

tumor cells to cancer therapy.

Materials and methods

Cell lines and culture conditions
MCF7, IMR90-E1A, U2OS, Saos2 and EJ cells were cultured in
DMEM containing 10% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA), 100 U/ml penicillin and 100mg/ml streptomycin at
371C. U2OS/CDIP-tet-on cells were cultured in the presence or
absence of dox (2 mg/ml). Adenoviruses expressing p53, HA-CDIP,
GFP-CDIP and GFP were generated, amplified and titrated
as previously described (Ohtsuka et al, 2004). Cells were grown
to 50–70% confluency and infected with recombinant adenovirus
at a multiplicity of infection (MOI) of B20 for the indicated times.

ChIP
ChIP assays were performed according to the manufacturer’s
instruction, using the Chromatin Immuno-precipitation Assay kit
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(Upstate Biotechnology, NY). ChIP DNA (1ml) extracted from the
cell lysates was next used as a template for PCR. CDIP primers were
as follows: 50 ATGACCTACAAATCTCAACATGACTTGGAT 30 and
50 AGAGGAAGGGACGCCCTAACAGAGTTAC 30, designed to yield
a 229-bp product, including the putative p53-responsive element
(position –1618 to �1639) in the CDIP promoter. p21Waf1 primers 50-CTG
AAAGCTGACTGCCCCTA-30 and 50-TCTCCTACCATCCCCTTCCTC-30,
designed to yield a 417-bp product spanning the p53-respon-
sive element, were used as a positive control. TNF-a promoter
primers were as follows: 50-GCCCCTCCCAGTTCTAGTTC-30

and 50-AAAGTTGGGGACACACAAGC –30 at position –421 to –178;
50-GGGAGTGTGAGGGGTATCCT-30 and 50-CATTCAACCAGCGGAA
AACT-30 at position –221 to –58; and 50-CAGGACCTCCAGGTATG
GAA-30 and 50-TTTCATTCTGACCCGGAGAC-30 at position –804 to –646.
The PCR protocol was as follows: 35 cycles of a 30 s denaturation
step at 941C, a 1-min annealing step at 551C and a 1 min extension
step at 721C.

Propidium iodide staining and flow cytometry
Cells were harvested and washed with PBS. Ice-cold 80% ethanol
was then added dropwise over the pellets with periodic vortexing to
mix cells. After fixation, propidium iodide (PI) was added to 50 mg/
ml in phosphate-buffered saline (PBS) and samples were analyzed
by flow cytometry. Sub-G1 populations were analyzed using the
CellQuest program.

Apoptosis assays
Cell death, as determined by the fragmentation of DNA, was
measured by photometric enzyme immunoassay using the Cell
Death Detection ELISA kit (Roche, IN), following the manufac-
turer’s protocol. For cell death as determined by TUNEL assay, cells
were trypsinized, recovered by centrifugation at 300 g and fixed in
2% paraformaldehyde containing PBS for 16 h. Permeabilization
and enzymatic labeling with either fluorescein- or TMR red-
conjugated-dUTP were performed according to the manufacturer’s
protocol (Roche, IN). The percentage of cells that incorporated the
fluorescence-conjugated dUTP was determined by flow cytometry.
Trypan blue exclusion assay was also performed to analyze cell
death. For caspase-8 assay, 5�106 cells were seeded in a 156-cm2

dish and cultured in the absence and presence of dox (2mg/ml), for
the time periods indicated. Active caspase-8 was assessed by direct
incubation of lysates with the substrate Ac-IETD-pNA, according to
assay kit instructions (Sigma-Aldrich, MO).

Subcellular fractionation
Cells (1�107) were washed with PBS and harvested by centrifuga-
tion at 350 g for 5 min. Cells were resuspended in 0.5 ml of
hypotonic buffer (5 mM Tris (pH 7.4), 5 mM KCl, 1.5 mM MgCl2,
0.1 mM EGTA, 1 mM DTT) containing 1 mM PMSF, 10 mg/ml
aprotinin and 10 mg/ml leupeptin, and incubated for 30 min on
ice. Cells were homogenized by 30 strokes in a 20-gauge needle.
Homogenates were centrifuged at 500 g for 5 min at 41C to collect
the nuclear fraction. Supernatants were centrifuged at 10 000 g for

30 min at 41C to remove the heavier membrane fraction containing
the mitochondria. Pellets were washed again with hypotonic buffer
and recovered by centrifugation at 10 000� g for 30 min to increase
the purity of the subcellular fraction.

shRNA and siRNA experiments
Vectors expressing shRNAs against CDIP (50-CGAGAUUGGCUUG
AUGAAU-30), scrambled CDIP (50-GUUGAGGUGGUGAUCAUAA
GUU-30), GFP (5’-AAGACAAUCGGC UGCUCUGAU-3’) and luciferase
(50-GGUGUUGGGCGCGUUAUUU-30) were generated using shSTRIKETM

U6 Hairpin cloning systems (Promega, WI). Constructs expressing
shTNF-a in pSIREN-DNR vectors were purchased from BD Biosciences.
Caspase-8-, Noxa- and Puma-specific siRNAs were purchased
from Santa Cruz Biotechnology. All shRNA and siRNA constructs
were introduced into cells by transfection with Lipofectamine 2000
(Invitrogen, CA), according to the manufacturer’s protocol.

TNF-a assay
The amount of TNF-a present in the cell culture supernatants and
the total cell lysates was measured by a quantitative sandwich
enzyme immunoassay, using the Quantikine human TNF-a
immunoassay kit (R&D Systems, MN), according to the manufac-
turer’s protocol.

Antibodies and other reagents
Several commercially available antibodies and other reagents were
used in this study. They were the following: anti-HA (Santa Cruz,
CA, Covance, CA), anti-p53 (Cell Signaling Technologies, MA),
anti-p21Waf1 (Calbiochem, CA), anti-b-actin (Sigma-Aldrich, MO),
anti–a-tubulin (Sigma-Aldrich, MO), anti-caspase-8 and 9 (BD
Biosciences Pharmingen, CA), anti-b-calnexin (Sigma-Aldrich,
MO), anti-Histone (Upstate, NY) and anti-TNF-a (Axxora, CA),
anti-oxidative complex II (Molecular Probes, CA). Caspase-8
inhibitor II (Calbiochem, CA), ER tracker (Molecular Probes, CA),
cell death detection ELISA kit (Roche, IN) and Quantikine TNF-a
ELISA kit (R&D Systems, MN). A custom rabbit polyclonal antibody
to CDIP was raised against a GST-CDIP fusion recombinant protein
and affinity purified (Animal Pharm Services Inc.).
Accession number. We have submitted the CDIP sequence to
GenBank, and the EMBL/GenBank accession number is DQ167023.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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