
Siva is an apoptosis-selective p53 target gene
important for neuronal cell death
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p53 plays a central role in neuronal cell death resulting from acute injury or disease. To define the pathway by which p53 triggers
apoptosis, we used microarray analysis to identify p53 target genes specifically upregulated during apoptosis but not cell cycle
arrest. This analysis identified a small subset of targets highly selective for the p53 apoptotic response, including Siva, a
proapoptotic protein whose function is not well understood. Siva’s expression pattern suggests that it plays an instructive role in
apoptosis, and accordingly, we demonstrate that Siva is essential for p53-dependent apoptosis in cerebellar granule neurons. In
addition, we determine that endogenous Siva is associated with the plasma membrane and that Caspase-8 and Bid are important
for neuronal apoptosis. Our studies highlight the participation of membrane signaling events in p53’s apoptotic program in
primary neurons and have significant implications for understanding the mechanisms underlying pathogenesis after neuronal
injury and in neurodegenerative diseases.
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Engagement of an apoptotic program by the p53 tumor
suppressor is a beneficial organismal response toward
combating neoplasia.1 In contrast, activation of p53-dependent
cell death has deleterious consequences following neuronal
damage.2 Specifically, p53-dependent apoptosis is implicated
in the pathogenesis ensuing from acute neuronal injury, such
as following ischemic stroke, traumatic brain injury, and
seizures, as well as in diseases of progressive neurodegenera-
tion, including Alzheimer’s, Parkinson’s, and Huntington’s.2–4

Increased levels of p53 protein, associated with apoptosis, are
detected in brains of patients with these neurological disorders,
consistent with findings that expression of p53 is sufficient to
induce apoptosis in cultured neurons.4 Compelling evidence for
the importance of p53 in pathological neuronal cell death in vivo
comes from the analysis of mouse models of ischemic stroke
or of Alzheimer’s, Parkinson’s, and Huntington’s diseases,
where p53-deficiency prevents neuronal apoptosis and res-
cues disease phenotypes.3,5–7 Given the crucial role of p53-
dependent cell death in neuronal disease and tumor suppres-
sion, it is important to unravel the mechanisms by which p53
triggers an apoptotic response.
p53 function as a transcriptional activator is important for its

ability to induce apoptosis in response to certain cellular
stresses, such as DNA damage.8,9 As a result, significant
effort has been devoted to identifying p53 target genes that
mediate its apoptotic responses, and several targets, includ-

ing Perp (p53 effector of apoptosis related to Pmp22), Puma,
Noxa, and Bax, have been shown to be important for p53-
dependent apoptosis in vivo.10–14 However, despite the
known requirement for these gene products in p53-mediated
apoptosis, the mechanism by which p53 directs an apoptotic
response as opposed to other fates it can induce, such as cell
cycle arrest, is unclear. For example, although genes such as
Bax and Noxa are required for a maximal apoptotic response,
they are induced to similar levels during p53-mediated G1
arrest and apoptosis,13,15 indicating that they are not res-
ponsible for determining whether cells undergo apoptosis. To
better define the pathway through which p53 specifies a cell
death program, we performed genomic analysis to identify
genes selectively activated by p53 during apoptosis, which
may dictate apoptotic cell fate. By comparing the expression
profiles of apoptotic, arresting, and p53-deficient mouse
embryonic fibroblasts (MEFs), we identified the proapoptotic
gene Siva as an apoptosis-selective p53 target gene.
Furthermore, we established that Siva encodes a membrane
protein which, along with other extrinsic apoptotic pathway
components, serves as a key mediator of p53-dependent
apoptosis in primary neurons. These findings underscore the
importance of membrane signaling for p53-dependent apop-
tosis in neurons and have great implications for understanding
the p53-mediated cell death underlying neuronal injury and
neurodegenerative diseases.
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Results

A limited number of p53-dependent genes are
selectively induced during apoptosis. To identify genes
that may play an instructive role in the p53 apoptotic
program, we undertook a genomic-level microarray analysis
to identify p53 target genes selectively induced during
apoptosis, utilizing a MEF system that affords the unique
possibility to compare the p53 apoptotic and G1 arrest
responses in parallel contexts. Whereas wild-type MEFs
respond to DNA damage by activating a p53-dependent G1
checkpoint, MEFs expressing certain oncoproteins, such as
adenovirus E1A, respond to DNA damage by undergoing
p53-dependent apoptosis.16,17 We compared the expression
profiles of apoptotic E1A-p53þ /þ MEFs to G1-arrested
p53þ /þ MEFs and to E1A-p53�/� deficient MEFs to
identify p53-dependent genes that are preferentially
expressed during apoptosis (Figure 1a). We first examined
global gene expression profiles by hierarchical clustering
using average linkage analysis, which generated six clusters
(Figure 1b). p53-activated genes, identified as genes with
augmented expression in E1A-p53þ /þ MEFs compared
to E1A-p53�/� MEFs, are present in clusters iii and iv.
Strikingly, only 78 of the 554 p53-dependent genes are in the
cluster of genes whose expression is selectively upregulated
during apoptosis (cluster iv, Figure 1b and c), whereas 476
genes are expressed during both arrest and apoptosis
(cluster iii, Figure 1b, Supplementary Figure 1). Importantly,
the p53 target gene we previously identified as being highly
expressed specifically during apoptosis, Perp, is present in
cluster iv.15 In contrast, many known transcriptional targets
of p53, including Bax, Noxa, p21, Mdm2 and Cyclin G1, are
present in cluster iii, consistent with previous work showing
that these genes are expressed during both p53-mediated
arrest and apoptosis.13,15 These findings confirm the efficacy
of our screen and reveal novel genes induced selectively
during p53-dependent apoptosis.
In addition to hierarchical clustering, we utilized DNA-Chip

analyzer (dChip) to identify genes induced in the apoptotic
population compared to both the G1-arrested and E1A-p53-
deficient populations. Consistent with our clustering data,
dChip analysis yields a dramatically small group of p53-
dependent, apoptosis-selective induced genes, with only
27 being identified out of the B12 000 genes and ESTs
represented on the array (Table 1). Interestingly, we found
very few genes whose expression selectively decreases
during p53-dependent apoptosis (Figure 1b, Supplementary
Figure 2, Table 2), suggesting that repression of gene
expression is not a major mechanism specifying p53-
mediated apoptosis in DNA damage-treated MEFs.
The finding that 14 of 27 genes identified by dChip are also

present in cluster iv supports the idea that they are bona fide
differentially expressed genes. To definitively assess their
apoptosis-selectivity, we performed Northern blot analysis on
G1-arrested, apoptotic, and E1A-p53-deficient MEFs, focus-
ing on a subset of genes identified by both Cluster and dChip
(Figure 1d). All of the genes examined are indeed expressed
to a greater extent during apoptosis than during G1 arrest,
illustrating the power of our array analysis for identifying
differentially expressed genes with potential roles in p53-

dependent apoptosis. In fact, we identified genes previously
established as direct transcriptional targets of p53, several of
which have known associations with apoptosis, including
Perp, Apaf-1 (apoptotic protease activating factor-1), and
Siva.10,18,19 Interestingly, the proteins encoded by these
genes do not clearly participate in one common biological
function. For example, these proteins include Nm23-M4
(expressed in non-metastatic cells 4), a member of a family
of mitochondrial nucleoside diphosphate kinases associated
with cancer,20 Daf-1 (decay accelerating factor-1), an inhibitor
of complement activation also linked to metastasis,21

and several metabolic genes, such as phosphomannomutase
and diacylglycerol kinase-alpha. Thus, in our genome-wide
analysis, we identified apoptosis-selective gene products
with a variety of activities, suggesting the potential importance
of diverse pathways for p53-dependent apoptosis. Under-
standing the functions of these proteins will illuminate
mechanisms of apoptosis that may be cued in different
cellular contexts.

Siva is an apoptosis-selective gene induced in various
contexts of p53-mediated apoptosis. Among the p53
target genes identified by our array analysis as being highly
expressed specifically during apoptosis, Siva, given its known
apoptotic activity,19,22 stood out as a strong candidate effector
of p53-dependent apoptosis. Siva’s apoptosis-selective
expression profile is distinct from that of other p53
proapoptotic target genes, such as Noxa, which is induced
during both G1 arrest and apoptosis, in a pattern
indistinguishable from the G1 arrest mediator p21 (Figure 2a).
Further, the fact that Siva is not related to classical apoptosis
regulators, such as proapoptotic Bcl-2 family members,
suggested that analysis of Siva might provide new insight into
mechanisms of p53-mediated apoptosis.
To define the role of Siva in the p53 apoptotic pathway, we

first sought to determine if Siva induction occurs generally
during p53-activated apoptosis by examining Siva levels in
several additional apoptotic contexts. When wild-type and
p53�/� MEFs were exposed to 20 J/m2 UVC, we found Siva
levels were augmented in wild-type cells, concomitant with the
induction of p53-dependent apoptosis (Figure 2b). At later
times following UVC, when MEFs begin to undergo p53-
independent apoptosis, Siva levels failed to increase in
p53�/� MEFs, confirming that Siva induction is linked to
p53-dependent apoptosis. The specificity of Siva upregulation
to p53-dependent apoptosis was further established using E1A/
Ras-expressing, p53�/� MEFs, which undergo p53-indepen-
dent apoptosis upon tumor necrosis factor-a (TNF-a) treat-
ment,15 but do not showSiva induction (Figure 2c). To establish
ifSiva is induced by p53 during apoptosis in other cell types, we
utilized LTR6 cells, mouse myeloid leukemia cells expressing
temperature-sensitive p53.23 Siva levels are greatly enhanced
upon activation of p53 and induction of apoptosis in LTR6 cells
(Figure 2d). Finally, we examined cerebellar granule neurons
(CGN), where p53-dependent apoptosis occurs in response to
DNA-damaging agents such as camptothecin (see Figure 4a
and Enokido et al.24). Siva expression in CGN is induced by
camptothecin in a p53-dependent manner (Figure 2e).
Together, these data indicate that Siva is induced in
diverse contexts of p53-dependent, but not p53-independent,
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apoptosis. In addition, consistent with a previous report showing
that overexpressed p53 binds and activates transcription
through a p53 consensus site in the first intron of Siva,22 we

found that endogenous p53 from apoptotic MEFs binds this
element (Supplementary Figure 3), further supporting the idea
that Siva is a direct transcriptional target of p53.
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Table 1 Genes selectively induced during p53-dependent apoptosis using dChip analysis

Accession Gene name Symbol Apoptotic/E1A-p53�/� Apoptotic/arresting

AI854029 p53 Apoptosis Effector Related to Pmp22 Perp 5.20 2.77
D63679 Decay Accelerating Factor-1 Daf-1 4.66 1.69
AF007267 Phosphomannomutase 1 Pmm1 3.62 1.47
L41365 Decay Accelerating Factor-2 Daf-2 2.82 1.41
AF110520 H2-K Region Expressed gene — 3.01 1.94
AJ222580 G2/S Phase Expressed Protein 1 Gtse/B99 2.55 1.99
AW123567 AW123567 — 2.34 1.46
AI836205 Expressed in Non-Metastatic Cells 4 Nm23-M4 2.43 2.35
D50264 Phosphatidylinositol Glycan, class F Pig-F 2.57 1.66
AF085219 Diacylglycerol Kinase, alpha alpha-DGK 2.44 1.99
AI834976 Expressed sequence AI834976 — 2.02 1.98
M60348 ATP-binding Cassette, subfamily B Mdr 2.36 1.53
AF06471 Apoptotic Protease Activating Factor 1 Apaf-1 2.30 1.38
AF033115 CD27 Binding Protein Siva 2.04 1.48
AW012491 AW012491 — 1.81 1.96
AW061272 RIKEN cDNA 2410008J01 — 1.85 1.93
AI153421 AI153421 — 2.09 2.15
AA985795 RIKEN cDNA 2810407K09 — 1.74 1.67
AJ007909 Erythroid Differentiation Regulator 1 Edr 2.24 2.16
X51905 Lactate Dehydrogenase 2, B chain Ldh-2 1.63 1.47
AI049206 EST AI447490 (AW214473) — 1.56 1.50
AA869401 Adenine Phosphoribosyl Transferase Aprt 1.70 1.52
U87240 Mannosidase 2, alpha B1 Man2b1 1.59 1.58
AI839817 RIKEN cDNA 2810418105 — 1.56 1.37
L48514 Paraoxonase 2 Pon2 1.54 1.75
AW227620 Proline Synthetase co-transcribed — 1.42 1.32
AA120675 RIKEN cDNA 2610101M19 — 1.40 1.59

Expression profiles of apoptotic E1A-p53+/+MEFs, arresting p53+/+MEFs, and E1A-p53�/�MEFs were generated forB12 000 murine genes and ESTs using the
Affymetrix U74A Genechip. The experiment was performed at three different times using independently derived lines of MEFs, controlling for both experimental and
biological variation. Data were analyzed using the DNA-Chip Analyzer (dChip) to identify genes upregulated selectively during apoptosis and in a p53-dependent
manner. Value listed is fold-change. Genes were filtered according to several criteria, as described in the Materials and Methods. Those genes where the 90%
confidence interval (CI) of the fold-increase is greater than 1.2 in both comparisons andwhosemean expression difference was statistically significant by the unpaired
t-test (Po0.05) are shown, sorted by the lower boundary of the CI

Table 2 Genes selectively repressed during p53-dependent apoptosis using dChip analysis

Accession Gene name Symbol Apoptotic/E1A-p53�/� Apoptotic/arresting

V00756 Interferon-Related Developmental Regulator 1 Ifrd1 �2.18 �1.76
AF017994 Mesoderm Specific Transcript Peg1/Mest �2.18 �2.91
AW060951 RIKEN cDNA 1110001124 gene — �1.83 �1.70
Y08135 Acid Sphingomyelinase-like phosphodiesterase 3a Asml3a �1.94 �1.55
X14309 Solute Carrier Family 3 Slc3A2 �1.33 �1.33

Expression profiles of apoptotic E1A-p53+/+MEFs, arresting p53+/+MEFs, and E1A-p53�/�MEFs were generated forB12 000 murine genes and ESTs using the
Affymetrix U74A Genechip. The experiment was performed at three different times using independently derived lines of MEFs, controlling for both experimental and
biological variation. Data were analyzed using the DNA-Chip Analyzer (dChip) to identify genes downregulated specifically during apoptosis and in a p53-dependent
manner. Value listed is fold-change. Genes were filtered according to several criteria, as described in the Materials and Methods. Those genes where the 90%
confidence interval (CI) of the fold-decrease is greater than 1.2 in both comparisons and whose mean expression difference was statistically significant by the
unpaired t-test (Po0.05) are shown, sorted by the lower boundary of the CI

Figure 1 Microarray analysis to identify apoptosis-selective, p53-dependent genes. (a) Strategy for identifying apoptosis-specific p53 targets using MEFs. DNA damage
(0.2mg/ml doxorubicin) treatment induces p53-mediated apoptosis in E1A-p53þ /þ MEFs, G1 arrest in p53þ /þ MEFs, or no p53 response in E1A-p53�/� MEFs. By
comparing the expression profile of apoptotic E1A-MEFs to those of G1-arrested MEFs and of E1A-p53-deficient MEFs, p53-dependent genes selectively induced during
apoptosis can be identified. (b) Expression profiles of 2248 genes and ESTs from apoptotic, G1-arrested, and E1A-p53-deficient MEFs were analyzed by hierarchical
clustering, as described in the Materials and Methods. The complete experiment was performed three independent times, and the three columns for each genotype represent
these individual replicates. For each gene, the degree of expression compared to the mean expression level for all samples is indicated by the scale below: yellow bars
represent increased expression relative to the mean, whereas blue bars reflect decreased expression relative to the mean. Six distinct clusters (i–vi, as indicated) were
identified based on expression pattern. (c) Detailed view of p53 apoptotic cluster (cluster iv), with gene names indicated. Genes labeled in red were also identified by dChip
analysis (Table 1). (d) Northern blot analysis of targets identified by microarray analysis using RNA from G1-arrested (p53þ /þ ), apoptotic (E1A-p53þ /þ ), and E1A-p53-
deficient MEFs, following 0, 8, or 16 h doxorubicin treatment. Perp (p53 apoptosis effector related to Pmp22), Siva (CD27 binding protein), Nm23-M4 (expressed in non-
metatstatic cells 4), Gtse (G two S phase expressed protein 1), Daf-1 (decay accelerating factor-1) and Apaf-1 (apoptotic protease activating factor-1) were examined. Gapdh
serves as a loading control
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Siva is sufficient to reconstitute the p53 cell death
response. The robust expression of Siva during p53-
dependent apoptosis, coupled with its reported capacity to
induce cell death upon overexpression,19 suggested a role as
a crucial mediator in the p53 apoptotic pathway. To define
the contribution of Siva to the p53 cell death pathway, we
tested the ability of Siva to substitute for p53 in apoptosis in
E1A-p53�/� MEFs. We found that Siva induces apoptosis
in E1A-p53�/� MEFs to levels commensurate with p53,
B3-fold above background cell death observed with b-
galactosidase expression (Figure 3). This finding
demonstrates that expression of Siva is sufficient to
recapitulate the p53 response, consistent with the idea that
it participates in the p53 apoptotic program.

Siva is required for DNA damage-induced neuronal cell
death. To examine the requirement for endogenous Siva in
the p53 apoptotic program, we turned to the nervous system,
a context in which Siva is induced (Figures 2e, 4e, and 6a
and Fortin et al.22) and where p53-dependent apoptosis has

great physiological relevance in vivo. Various neuronal
populations, including those in the cerebellum, cerebral
cortex, and hippocampus, undergo p53-mediated apoptosis
in response to diverse stress stimuli such as seizure-
associated excitotoxicity, ischemia, and DNA damage.2 As
Siva overexpression can induce apoptosis in CGN,22 we
utilized these neurons to assess the requirement of Siva for
p53-dependent cell death. Upon treatment with the DNA-
damaging agent camptothecin, wild-type CGN undergo p53-
dependent apoptosis, a response that correlates with
induction of both p53 and Siva (Figures 2e and 4a, b, e).
To establish the contribution of Siva to CGN apoptosis, we

used RNA interference to knockdown Siva expression before
induction of apoptosis. Among several short hairpin RNAs
(shRNAs) generated, we identified one, Siva-B, which
effectively reduces Siva expression (Figure 4c), and we
utilized this in subsequent experiments. An shRNA directed
against LacZ was used as a negative control (Supplementary
Figure 4). We found that Siva protein levels are highly induced
following camptothecin treatment in LacZ shRNA-expressing

Figure 2 Siva is broadly induced during p53-dependent apoptosis. (a) Time course analysis of p53 target gene expression following doxorubicin treatment of MEFs
correlates the upregulation of Siva, but not Noxa or p21, specifically with the induction of apoptosis in E1A-p53þ /þ MEFs. For all Northern blot analyses, Gapdh serves as a
loading control. Where indicated below, the percentages of cell death were determined by trypan blue exclusion. (b) Siva expression is induced during UVC-activated, p53-
dependent apoptosis. Northern blot analysis shows RNA isolated from wild-type and p53�/� MEFs collected at different times following exposure to 20 J/m2 UVC. (c) Siva
expression is not induced during p53-independent apoptosis. Northern blot analysis shows RNA collected from E1A/Ras-expressing, p53�/� MEFs treated with TNFa for
different periods of time. (d) Siva expression is induced in LTR6 myeloid leukemia cells undergoing p53-dependent apoptosis. LTR6 cells express a temperature-sensitive
mutant of p53 (A135V) and undergo apoptosis upon activation of p53 at 321C. Northern blot analysis shows a time course of Siva induction following p53 activation in LTR6
cells. (e) Siva is induced in a p53-dependent manner in DNA damage-treated CGN. Northern blot analysis shows wild-type and p53�/� CGN treated with 10mm
camptothecin for 24 h
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CGN but not in Siva shRNA-expressing CGN, demonstrating
the efficacy of knockdown (Figure 4e). Control neurons
expressing the LacZ shRNA and treated with camptothecin
display levels of apoptosis B5.6-fold higher than DMSO-
treated counterparts (Figure 4f and g). In contrast, neurons
expressing the Siva shRNA manifest an attenuated apoptotic
response upon camptothecin treatment, with apoptosis levels
only 2.4-fold higher than DMSO-treated neurons. These data
demonstrate that reduced Siva expression confers resistance
to DNA damage-induced neuronal cell death, in turn revealing
that Siva is a pivotal component of the p53 neuronal apoptotic
program.

Siva activates an apoptotic cascade paralleling that
induced by DNA damage. To characterize the mechanism
of Siva-mediated apoptosis, we examined features of
apoptosis induced by Siva expression in comparison to
cells undergoing p53-dependent apoptosis in response to
DNA damage. In non-apoptotic cells, Bax resides in the
cytosol, but following an apoptotic stimulus, translocates to the
mitochondria where it oligomerizes, triggering mitochondrial
membrane permeabilization.25 This relocalization is visualized
by the appearance of puncta corresponding to mitochondria.
Disruption of the mitochondrial membrane results in
cytochrome c release,25 manifested as diffuse cytosolic
staining and loss of mitochondrial staining. Finally, a more

terminal step in the apoptotic process is the cleavage and
activation of Caspase-3.25 To identify the point at which Siva
acts to stimulate apoptosis, we introduced Siva-HA into both
E1A-p53�/� MEFs and CGN and co-stained cells for Siva
and Bax, cytochrome c, or cleaved Caspase-3. Mirroring the
endogenous p53-apoptotic cascade in DNA damage-treated
E1A-p53þ /þ MEFs and CGN (Figure 5a, Supplementary
Figure 5a), Siva-expressing apoptotic cells exhibit Bax
translocation to the mitochondria, cytochrome c release, and
Caspase-3 activation (Figure 5b, Supplementary Figure 5b). To
establish genetically that Siva acts upstream of mitochondrial
permeabilization, we examined the ability of Siva to induce
apoptosis in E1A-expressing Bax�/�;Bak�/� MEFs. As with
p53, Siva is incapable of inducing apoptosis in Bax-, Bak-
double-mutant cells (Figure 5c), providing genetic evidence that
mitochondrial membrane disruption through Bax and Bak is
required for both Siva- and p53-mediated apoptosis. Our data
indicate that the pathway of Siva-induced apoptosis mimics the
endogenous p53-apoptotic response and demonstrate that
Siva is poised upstream of events at the mitochondria.

Signaling from the plasma membrane is important for
neuronal apoptosis. Previous experiments examining
overexpressed, epitope tagged-Siva have produced
conflicting data regarding its localization, showing either
diffuse cytoplasmic localization with some mitochondrial
targeting, or, alternatively, nuclear localization.26,27 These
data are in contrast to the initial characterization of Siva as a
TNF receptor-interacting protein, which suggested
plasma membrane localization.19 To clarify Siva’s mode of
action, we sought to determine where endogenous Siva
is localized during apoptosis. Because of Siva’s functional
importance for apoptosis in neurons, we performed
subcellular fractionation on irradiated brain, where p53-
dependent apoptosis occurs in vivo following treatment with
ionizing radiation,28 and where we observed robust Siva
protein induction upon g-irradiation (Figure 6a). Using
differential centrifugation, Siva fractionated in a pattern
closely resembling that of the plasma membrane, indicated
by epidermal growth factor receptor (EGFR) (Figure 6b). We
obtained further support for Siva’s membrane localization
by fractionating proteins by flotation density in an iodixanol
gradient (Figure 6c). Siva showed a distribution profile
indistinguishable from the NaþKþ ATPase plasma
membrane marker and distinct from the Hsp60
mitochondrial marker. Together, these data provide the first
clear evidence that endogenous Siva is associated with the
plasma membrane during apoptosis.
The two major apoptotic pathways are the intrinsic

mitochondrial pathway and the extrinsic death-receptor path-
way. The plasma membrane localization of Siva, coupled with
the initial identification of Siva as a TNF receptor-interacting
protein, suggested that Siva could act via the extrinsic
pathway. The requirement for Siva in the p53 apoptotic
response of CGN to DNA damage suggested further the
importance of membrane signaling events in p53-dependent
apoptosis, which is generally considered to occur through the
intrinsic pathway. Engagement of the extrinsic pathway relies
initially on death receptor-induced Caspase-8 cleavage and
activation. Caspase-8, in turn, promotes apoptosis either

Figure 3 Siva expression is sufficient to induce apoptosis. (a, b) Siva-HA, p53,
and b-galactosidase expression constructs were transiently transfected into
E1A-p53�/� MEFs and apoptosis was examined 48 h later by assaying cells
immunostained for each antigen (visualized using FITC-conjugated secondary
antibodies) for the well-defined phenotypes of cell shrinkage and chromatin
condensation, as assessed by DAPI staining. (a) Siva-HA-expressing cells (arrow)
display apoptotic nuclear morphology by DAPI staining. (b) The percentages of
Siva-HA, p53, and b-galactosidase expressing cells with apoptotic morphology are
indicated. Data represent the average of five experiments, and at least 200 cells
were counted in each experiment. Error bars represent standard error of the mean
(S.E.M.). The bars marked with * are significantly different from the b-galactosidase
control, as determined by one-way ANOVA (Po0.001)
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through direct activation of effector caspases, such as
Caspase-3, or through cleavage of Bid to truncated Bid (tBid),
which transits to the mitochondria to stimulate the intrinsic
apoptotic pathway, via effects on Bax and Bak. To determine if
death-receptor signaling is indeed involved in p53-dependent
neuronal apoptosis, we first examined whether hallmarks of
extrinsic pathway activation, including cleaved Caspase-8
and tBid, were observed. Western blot analysis of camptothe-
cin-treated CGN revealed the presence of cleaved, active
Caspase-8 (p18) as well as tBid (Figure 6d), demonstrating
activation of death-receptor signaling during this p53-depen-
dent apoptotic program. To determine the role of the extrinsic
pathway in p53-induced apoptosis, we examined the require-
ment for Caspase-8 and Bid in camptothecin-stimulated cell

death in CGN. Campthothecin-treated CGN were concur-
rently treated with a Caspase-8 inhibitor (Z-IETD-fmk), or with
broad spectrum caspase inhibitors (Boc-D-fmk and Z-VAD-
fmk). We found that apoptosis is nearly completely blocked in
neurons treated with the Caspase-8 inhibitor, to an extent
similar to that achieved using the broad spectrum caspase
inhibitors (Figure 6e), suggesting that Caspase-8 is important
for p53-dependent neuronal apoptosis in response to DNA
damage. We assessed the importance of Bid in this pathway
by examining apoptosis in camptothecin-treated Bid-deficient
CGN. Cell death in Bid�/� CGNwas attenuated compared to
WT CGN (Figure 6f). Although Bid has been shown to be
important for apoptosis in the adult brain following ischemic
injury,29 these results reveal a novel role for Bid in DNA

Figure 4 Siva is required for the p53-dependent apoptotic response of CGN to DNA damage. (a) CGN treated with camptothecin undergo p53-dependent apoptosis. Wild-
type and p53�/� CGN cultured for 3 DIV were treated with either DMSO as a control or 10 mM camptothecin for 24 h. Immunofluorescent TUNEL staining was used to
quantify apoptosis (red) amongst all nuclei (DAPI, blue). Graphed data represent the average of three individual experiments. Error bars indicate S.E.M. The * indicates that
the percentage of apoptosis in the camptothecin-treated WT CGN is significantly different from all other samples, as determined by one-way ANOVA (Po0.001). (b) Western
blot analysis of CGN cultured for 3 DIV and then treated with DMSO for 24 h or 10 mM camptothecin for the indicated times demonstrates DNA damage-induced activation of
p53 for 24 h. a-Tubulin serves as a loading control. (c) The Siva-B shRNA effectively attenuates Siva expression. Western blot analysis of protein extracts from H1299 cells co-
transfected with plasmids expressing HA-Siva and the indicated Siva shRNAs. Siva was detected using an HA antibody. Gapdh serves as a loading control. (d) GFP
expression demonstrates the efficiency of infection of CGN by lentiviruses expressing LacZ and Siva-B shRNAs. The lentiviral vector used to express the shRNAs also
expresses CMV-driven GFP, thereby allowing assessment of infection efficiency. Based on GFP expression, we estimate that approximately 90% of the CGN were infected in
each experiment. (e) Western blot analysis of CGN following lentivirus-mediated expression of LacZ or Siva-B shRNAs demonstrates knockdown of endogenous Siva protein.
Wild-type CGN were transduced at 2 DIV with Siva or LacZ shRNA-expressing lentiviruses and treated at 6 DIV with DMSO or camptothecin for 24 h. a-Tubulin serves as a
loading control. (f) Representative images of TUNEL staining of DMSO- or camptothecin-treated CGN following infection with lentiviruses expressing LacZ or Siva-B shRNAs.
Apoptotic cells (red) are visible amongst non-apoptotic nuclei (DAPI, blue). (g) Quantification of neuronal apoptosis shown in (f). The percentage of TUNEL-positive neurons in
camptothecin-treated CGN is shown relative to the percentage of TUNEL-positive neurons in control DMSO-treated CGN for each lentiviral infection condition. The level of
death observed in the LacZ shRNA-expressing neurons is comparable to that seen in uninfected and empty-lentivirus infected neurons treated with camptothecin (data not
shown). At least 1000 cells were counted for each condition per experiment. Data represent the average 7S.E.M. of five independent experiments. The sample marked with *
is significantly different from all others, as determined by one-way ANOVA (Po0.001)
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damage-induced, p53-dependent neuronal cell death. Our
findings suggest that in neurons, the p53 apoptotic cascade
triggered by DNA damage involves membrane signaling

events, mediated via Siva and via the Caspase-8/Bid axis,
underscoring the importance of the extrinsic pathway in this
context of p53-dependent cell death.

Figure 5 Siva activates an apoptotic cascade paralleling that induced by p53 in response to DNA damage. (a, b) Siva induces features of apoptosis mirroring DNA
damage-triggered apoptosis in E1A-p53þ /þ MEFs. E1A-p53þ /þ MEFs treated with 0.2mg/ml doxorubicin for 16 h to induce apoptosis (a) and E1A-p53�/� MEFs
transfected with Siva-HA for 48 h (b) were immunostained for Bax (i), cytochrome c (ii), and cleaved Caspase-3 (iii) to examine features of apoptosis. DAPI staining shows
chromatin condensation. Apoptotic and non-apoptotic cells are indicated. (c) Siva-induced apoptosis requires Bax and Bak. Siva-HA, p53, and b-galactosidase constructs
were transiently transfected into E1A-p53�/� (solid bars) and E1A-Bax�/�;Bak�/� (hatched bars) MEFs, and after 48 h cells staining positively for each antigen by
immunofluorescence were assayed for apoptosis by chromatin condensation, as assessed by DAPI staining. The percentages of Siva-HA-, p53-, and b-galactosidase-
expressing cells with apoptotic morphology are graphed. Data represent the average of at least four experiments, and at least 200 cells were counted in each experiment. Error
bars represent S.E.M. The values marked with * are significantly different from all other values, as determined by one-way ANOVA (Po0.001)
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Discussion

Despite the central role of p53-mediated apoptosis in both
tumor suppression and the response to neuronal injury, many
facets of p53-dependent cell death remain incompletely
understood. Here, to better understand the pathway leading
to apoptosis, we used gene expression profiling to identify
genes selectively activated by p53 during apoptosis com-
pared to G1 arrest. Strikingly, the number of p53 target genes
with enriched expression during apoptosis in MEFs is very
limited, representing only 14% of p53-dependent genes,
indicating that there are few genes that may be involved in
directing the apoptotic cell fate. These apoptosis-associated
genes are largely novel, encoding proteins with a variety of
cellular functions, and do not include canonical p53 targets
such as Bax. This portrait of global gene expression patterns
associated with p53-induced apoptosis lays the foundation for
further elaboration of the p53 apoptotic program in the future.

We focused on one particular apoptosis-specific gene
identified by our array analysis, Siva, which was notable
because it encodes a proapoptotic protein unrelated to known
apoptosis effectors, and which therefore could provide novel
insight into p530s mode of action. Consistent with a role as a
p53 effector, Siva expression is highly induced during p53-
dependent, but not p53-independent, apoptosis in various
contexts, and Siva triggers an apoptotic cascade similar to
p53. To assess the requirement of Siva for apoptosis, we
turned to a physiological system of DNA damage-induced
neuronal apoptosis, in which p53 apoptotic pathway compo-
nents at or downstream of mitochondria are relatively well-
established, but where those components more proximal to
p53 that initiate apoptosis are not well-defined.4 Using this
model, we provided the first evidence that Siva is required for
p53-dependent apoptosis and showed further that Siva acts
upstream of mitochondrial dysfunction. Although Siva is
important for neuronal cell death, apoptosis in the absence

Figure 6 p53-dependent neuronal cell death involves Siva localization to the plasma membrane, as well as Caspase-8 and Bid. (a) Siva protein expression in the brain is
induced during p53-dependent cell death in vivo. Western blot analysis demonstrates Siva induction in whole brain tissue 16 h following treatment with 10 Gy ionizing radiation.
a-Tubulin serves as a loading control. (b) Subcellular fractionation by differential centrifugation of brain tissue 16 h following 14 Gy ionizing radiation. Brain extracts were
separated into CNE, P3 (heavy membrane), P15 (light membrane), P100 (microsomal), and S100 (cytosolic) fractions. Western blot analysis for Siva, EGFR (plasma
membrane marker), and Hsp60 (mitochondrial marker) demonstrates plasma membrane localization of endogenous Siva. (c) Fractionation of irradiated brain tissue (10 Gy,
17 h post-treatment) by iodixanol (Optiprep) gradient shows that Siva co-distributes with plasma membrane, indicated by the Naþ Kþ ATPase plasma membrane marker,
rather than with mitochondria, indicated by Hsp60. (d) The extrinsic pathway is activated in camptothecin-treated CGN. Western blot analysis comparing wild-type CGN treated
for 48 h with camptothecin and undergoing apoptosis to non-apoptotic, DMSO-treated CGN. The generation of cleaved, active Caspase-8 and tBid is observed in
camptothecin-treated CGN. p53 induction by camptothecin is also shown. a-Tubulin serves as a loading control. (e) Caspase-8 is required for the apoptotic response of CGN
to DNA damage. CGN were treated for 24 h with 10 mm camptothecin in the absence or presence of 20 mm Caspase-8 (Z-IETD-fmk) or pan-caspase (Boc-D-fmk and Z-VAD-
fmk) inhibitors, and apoptosis was assayed by TUNEL staining. At least 1000 cells were counted per treatment per experiment. Data represent the average 7S.E.M. of three
independent experiments. The value marked with * is significantly different from all other values, as determined by one-way ANOVA (Po0.05). (f) Bid is an important
component of the DNA damage-induced, p53-dependent apoptotic response in neurons. Wild-type and Bid�/� CGN cultured for 3 DIV were treated with either DMSO as a
control or 10mM camptothecin for 24 h. Immunofluorescent TUNEL staining was used to quantify apoptosis among all nuclei. Data represent the average of three individual
experiments. Error bars indicate S.E.M. The percentage of cell death in the camptothecin-treated Bid�/� CGN, marked by the *, is significantly different from the percentage
of cell death in camptothecin-treated WT CGN, as determined by one-way ANOVA (Po0.01)
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of Siva is only partially compromised, indicating that it
collaborates with other effectors. These could be proapoptotic
p53 target genes already implicated in neuronal apoptosis,
including Apaf-1, Perp, Puma, and Bax,10,11,14,30,31 or
potentially novel target genes. Beyond its pivotal role in
apoptosis in DNA damage-treated neurons, the broad p53-
dependent activation of Siva during apoptosis in diverse cell
types indicates that Siva may serve as a mediator of p53-
induced cell death in multiple settings.
Although Siva has been established previously to induce

apoptosis when overexpressed,19,22,26 the mechanism by
which Siva engenders cell death has been controversial. Siva
was originally identified as an interacting protein for certain
TNF-receptors, including CD27 and GITR.19,32 However,
subsequent studies suggested that Siva functions at the
mitochondria via interaction with antiapoptotic Bcl-2 family
members.27,33 In contrast, a report examining Siva-induced
apoptosis in T-lymphocytes found exogenously introduced
GFP-tagged Siva localized to unidentified nuclear substruc-
tures.26 Given these disparate findings, clarification of
endogenous Siva localization during apoptosis was crucial
for understanding how Siva triggers cell death. Our demon-
stration that endogenous Siva associates with the plasma
membrane during DNA damage-induced, p53-initiated neu-
ronal cell death suggests that this p53 apoptotic program
involves expression of Siva, which, likely through association
with TNF-receptors, participates in extrinsic pathway signal-
ing. The extrinsic pathway is further implicated in p53
neuronal apoptosis by our findings that Caspase-8 and Bid
both contribute to this cell death response. Although p53-
mediated apoptosis has been considered to occur primarily
through activation of the intrinsic pathway, our work supports
growing evidence that p53 also engages the extrinsic path-
way. Specifically, p53 directly stimulates expression of
several components of the death-receptor pathway, including
the death-receptors Fas and Killer, the adaptor protein
TRAF4, and Bid, and genetic evidence supports the require-
ment for some of these in p53-dependent apoptosis.34–36

In the extrinsic pathway, engagement of death receptors
leads to apoptosis via direct activation of caspase-3, or
alternatively, through signaling between the plasma mem-
brane and mitochondria to engage the intrinsic pathway. Our
observation that Siva, a mediator of cell death acting at the
membrane, requires Bax/Bak to induce apoptosis suggests
the significance of communication between the membrane
and the mitochondria for p53-dependent apoptosis. More-
over, the observed requirement for Bid highlights the
importance of crosstalk between the extrinsic and intrinsic
pathways for neuronal cell death. However, we observe that
DNA damage-induced neuronal apoptosis is only partially
compromised in the backdrop of Bid-deficiency, reminiscent
of the partially impaired cell death observed in Bid null
thymocytes and MEFs exposed to FasL or TNFa, respec-
tively.37 These findings implicate collateral signals, either
emanating from the membrane or acting directly via the
intrinsic pathway, for the complete execution of an apoptotic
response. Siva’s specific role with respect to Caspase-8 and
Bid remains to be determined, but it may act in a parallel
pathway, sending an additional signal from the membrane to
the mitochondria to promote apoptosis. Alternatively, it may

act in a linear pathway, serving to promote Caspase-8 activity
and Bid action. Future experimentation will distinguish these
possibilities.
Although the precise genetic and environmental factors that

initiate p53 activation in different neurological disorders vary,
the outcome of neuronal death is a shared consequence and
results in many of the symptoms manifested in these
diseases, such as cognitive impairment and motor dysfunc-
tion.38 While studies in neuronal disease models have
indicated that the apoptotic cascade leads to compromised
mitochondrial function, the specific effectors upstream of
mitochondria have not been clearly established. Siva is an
upstream regulator of mitochondrial dysfunction whose
expression in the brain is induced not only by DNA damage
but also by focal ischemia in a stroke model,22 supporting the
notion that Siva may play an important role in mediating
p53-dependent brain damage following acute injury. Future
investigation will define the contexts in which Siva is involved
in the pathogenesis of neuronal injury and neurodegenerative
diseases. As a critical signaling component in neuronal
apoptosis, Siva represents a potential therapeutic target for
the treatment of neuronal cell death diseases.

Materials and Methods
Preparation of apoptotic and G1-arrested populations and
hybridization to oligonucleotide arrays. The generation of MEFs and
preparation of apoptotic, G1-arrested, and p53-deficient populations have been
described previously.15 In brief, to generate the apoptotic population, wild-type
MEFs were infected with retroviruses carrying the E1A oncogene (E1A-MEFs) and
then treated with 0.2mg/ml doxorubicin (Sigma) for 16 h to induce apoptosis. E1A-
expressing p53�/� MEFs, which fail to undergo apoptosis, were treated similarly to
control for E1A expression and to identify p53-dependent genes. To obtain the
G1-arrested population, wild-type MEFs were synchronized by serum starvation,
released, and treated with 0.2mg/ml doxorubicin for 12 h. RNA was isolated from
MEFs using RNeasy columns (Qiagen) and processed according to the Affymetrix,
protocol. Hybridization to the murine U74A and U74B GeneChip oligonucleotide
arrays, encompassing B24 000 genes and ESTs (Affymetrix), was performed by
the Stanford University PAN facility.

Cluster analysis. We combined the U74A and U74B data sets and performed
the analysis using the software program pcl-analysis. The data were converted into
log-ratio form by dividing each measurement by the mean for that gene across all
experiments and then taking the log2. The data were then centered to show
deviations from the mean by calculating the mean log ratio across the p53þ /þ ,
E1A-p53þ /þ , and E1A-p53�/� experiments and subtracting this mean from
each of the three expression values. This was performed independently for each of
the three replicate experiment sets. To identify and remove genes with high
background variability, we generated a noise score by calculating the ratio of the
variance between conditions to the mean variance across the replicates of each
condition (between/within variance).39 Genes with high between/within variance
scores are more likely to show true expression differences relative to noise. To
quantify this, we repeated the analysis with a data set that had been randomly
shuffled within each row to give a conservative estimate of the false-positive rate.
Based on this analysis, we found that selecting genes based on a between/within
variance cutoff of 3 gave 2248 genes with an estimated false-positive rate of 4.8%.
Thus, over 95% of these genes are predicted to have significantly greater
expression differences between the conditions tested than can be explained by
random noise.

dChip analysis. The CEL files generated by the Affymetrix Microarray Suite
version 4.0 were converted into DCP files using dChip. The DCP files were
normalized and gene expression data analyzed using dChip. Apoptotic samples
were designated ‘experimental’ (E) and independently compared to both the
G1-arrested samples and the E1A-p53�/� samples, designated as ‘baseline’ (B).
Genes whose expression was higher in apoptosis when compared to both the
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G1-arrested and E1A-p53�/� populations were identified using the following
filtering criteria: E/B41.2, using the lower boundary of the 90% confidence interval
of the fold-change; E�B4100; and P (E�B)p0.05.

Northern blot analysis. RNA was prepared using Trizol reagent (Invitrogen)
and Northern blotting performed using standard methods. cDNAs for murine Siva,
Perp, Nm23-M4, Gtse, Daf-1, Apaf-1, Noxa, p21 and Gapdh served as probes.

Cell death assay inMEFs. The Siva-HA expression vector was generated by
PCR amplifying the Siva ORF from a Siva-containing I.M.A.G.E. clone using primers
containing SalI sites and cloning into the KA mammalian expression vector.15 The
p53 and b-galactosidase expression vectors have been described.40 E1A-
expressing MEFs were plated and transfected as described previously.15 Siva-
HA, p53, and b-galactosidase-expressing cells were detected using antibodies
against HA (12CA5 or rabbit anti-HA, Zymed, 1 : 100), p53 (DO-1, Santa Cruz,
1 : 500), and b-galactosidase (50–30, 1 : 50), respectively, and the percentages of
apoptotic nuclei were determined by DAPI staining and examining for chromatin
condensation, which correlates with DNA fragmentation as assessed by TUNEL.40

Antibodies against Bax (Santa Cruz, 1 : 50), cytochrome c (Zymed, 1 : 50), and
cleaved Caspase-3 (Cell Signaling, 1 : 100) were also used to examine apoptosis.

Primary neuronal cultures, lentivirus infection, and RNA
interference. CGN were prepared from mice on post-natal days 5–7 (P5–
P7), as described.41 CGN were treated with 10mM camptothecin or DMSO control
at 3 days in vitro (DIV) and collected at various times following treatment. Protein
samples were collected in lysis buffer containing 1% SDS, 100 mM NaCl, and
10 mM Tris pH 7.6. For caspase inhibitor studies, 20 mM inhibitor or DMSO control
was added to the media at the same time as camptothecin treatment. Caspase
inhibitors (Calbiochem) used were Z-IETD-fmk (Caspase-8) and Boc-D-fmk and Z-
VAD-fmk (broad spectrum). Apoptosis was detected by the TUNEL assay.40

For RNA interference experiments, oligonucleotides encoding shRNAs directed
against Siva and LacZ were cloned into the LL3.7 lentiviral vector as described.42

The Siva-B hairpin sequence is 50-GATTGTTCCGTGAACCACC-30. The LacZ
shRNA sequence is 50-TCGCTGATTTGTGTAGTCG-30. To generate lentiviruses,
293T cells were transfected with Siva-B-LL3.7 or LacZ-LL3.7 along with viral
packaging vectors, using the calcium phosphate method. Wild-type CGN were
infected with viral supernatant at 2 DIV for 8 h and then returned to conditioned
media. Four days after introduction of the shRNAs (6 DIV), to allow adequate time
for the shRNAs to be produced and knockdown to occur, CGN were treated with
DMSO or 10mm camptothecin for 24 h. Neurons were collected for Western blotting
in lysis buffer containing 20 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.5% NP-40, and 9 M urea or fixed for TUNEL staining.

Westernblot analysis. Whole brain extracts were prepared from P6–P7 mice
either left untreated or treated with ionizing radiation. Brain tissue was extracted in
lysis buffer containing 9 M urea, and protein concentrations were determined using
the BCA Protein Assay Kit (Pierce). Western blotting was performed using standard
techniques, with antibodies against p53 (CM5, Novacastra, 1 : 2000), Bid (courtesy
of D Huang, 1 : 250), Caspase-8 (courtesy of M Bogyo, 1 : 1000), GAPDH (RDI,
1 : 5000), and a-tubulin (Sigma, 1 : 10 000). The antibody directed against murine
Siva was raised in rabbits against a peptide with the sequence
ELSHGVFAERYSREVFER (Zymed) and affinity purified using the SulfoLink Kit
(Pierce).

Subcellular fractionation. For differential centrifugation, whole brains were
dissected from P6 mice 16 h following treatment with 14 Gy ionizing radiation.
Brains were homogenized using a dounce homogenizer in a buffer containing
10 mM HEPES pH 7.4, 2 mM EDTA, 0.32 M sucrose, and protease inhibitor cocktail
(Roche). Cell homogenates were centrifuged sequentially at 600� g for 10 min to
remove nuclei and unbroken cells, 3000� g for 10 min to pellet plasma membrane
sheets and heavy mitochondria (P3), 15 000� g for 15 min to yield the light
mitochondria-enriched fraction (P15), and 100 000� g for 1 h to yield the
microsomal (P100, pellet) and cytosolic (S100, supernatant) fractions. At each
speed, the supernatants were centrifuged twice and the pellets washed by
resuspension in homogenization buffer and recentrifugation. P3, P15, and P100
pellets were lysed in a buffer containing 1% NP-40, 1% Triton X-100, 0.5% SDS,
0.5% sodium deoxycholate, 5 mM EDTA, 5 mM EGTA, and protease inhibitors.
Crude nuclear extracts (CNE) were extracted from the 600� g pellet in a high-salt
nuclear extraction buffer consisting of 20 mM HEPES pH 7.9, 2 mM MgCl2, 10 mM

KCl, 420 mM NaCl, 0.1% NP-40, 0.1 mM EDTA, 0.1 mM EGTA, 20% glycerol, and
protease inhibitor cocktail. For gradient experiments, brains from 3-week-old
irradiated mice (10 Gy, 17 h) were fractionated using a self-forming linear 10–20–
30% iodixanol gradient, as described.43 Equal volumes of each fraction were
analyzed by Western blotting. We used antibodies directed against Siva, EGFR
(courtesy of S Pfeffer, 1 : 1000), NAþKþ ATPase (courtesy of WJ Nelson,
1 : 1000), and Hsp60 (StressGen, 1 : 4000).
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