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Abstract
The tumor suppressor p53 plays a pivotal role in suppressing
tumorigenesis by inducing genomic stability, cell cycle arrest
or apoptosis. AIF is a mitochondrial protein, which, upon
translocation to the nucleus, can participate in apoptosis,
primarily in a caspase-independent contexts. We now report
that AIF gene expression is subject to positive transcriptional
regulation by p53. Interestingly, unlike most known p53 target
genes, the AIF gene is regulated by basal levels of p53, and
activation of p53 by genotoxic stress does not result in a
substantial further increase in AIF expression. The AIF gene
harbors a p53 responsive element, which is bound by p53
within cells. p53 drives efficient induction of large-scale DNA
fragmentation, a hallmark of AIF activity. Importantly,
caspase-independent death is compromised in cells lacking
functional p53, in line with the known role of AIF in this
process. Thus, in addition to its documented effects on
caspase-dependent apoptosis, p53 may also sensitize cells to
caspase-independent death through positive regulation of AIF
expression. Moreover, in the absence of overt apoptotic
signals, the constitutive induction of AIF by p53 may underpin
a cytoprotective maintenance role, based on the role of AIF in
ensuring proper mitochondrial function.
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Introduction

The tumor suppressor p53 plays a pivotal role in suppressing
tumorigenesis by inducing genomic stability, cell cycle arrest
or apoptosis. Wild-type p53 can modulate the transcription of
a vast number of target genes that participate in diverse
processes, including cell cycle control, apoptosis, senes-
cence, differentiation and DNA repair.1–3 p53 was shown to

induce apoptosis by the transcriptional induction of a variety of
proapoptotic genes, including PUMA, NOXA, BAX4,5 and
many others. At the cellular level, numerous studies have
underscored the crucial role of the mitochondrial pathway
(cytochrome c release, reactive oxygen species (ROS)
production and mitochondrial membrane potential drop6)
and caspase activation in p53-induced apoptosis. Thus, it
has been shown that p53 can induce cell death via a caspase-
mediated process activated by cytochrome c release and
involving apoptosis-activating factor-1 (Apaf1).7 However, in
the presence of caspase inhibitors, p53 can also act via a
delayed onset caspase-independent mechanism, at least in
some cell models.8,9

Sequence-specific binding of wild-type p53 to p53 response
elements (p53REs) within the DNA is essential for its role as a
tumor suppressor. The transactivation of different target
genes differs:10 some genes require high p53 levels, which
are induced only upon exposure to p53-activating stress,
whereas others are already upregulated by endogenous p53
levels. Most proapoptotic signaling pathways, including those
induced by DNA damage, growth factor depletion and
cytosolic calcium overload, converge on the mitochondria.
Permeabilization of the outer mitochondrial membrane leads
to the release of proteins from the intermembrane space.
Some of these proteins, including cytochrome c, Smac/
DIABLO, Omi/Htra2, AIF and endonuclease G, possess
apoptogenic activities that can contribute to both caspase-
dependent and -independent cell death processes.

AIF is a mitochondrial flavoprotein, which normally resides
in the inner mitochondrial membrane and possesses an
NADH oxidase activity.11 AIF has been proposed to act as a
scavenger of ROS, particularly peroxides.12,13 However,
more recent work has shown that AIF is required for efficient
oxidative phosphorylation, most probably through its role in
ensuring proper assembly and functionality of mitochondrial
respiratory complex I.14 Furthermore, because of this
capacity, AIF can exert a cytoprotective role in the mitochon-
dria, enabling cells to cope more effectively with oxidative
stress.15 Reduced mitochondrial ATP production, as well as
specific defects in complex I, is likely to compromise cell
viability and render cells more sensitive to the deleterious
effects of peroxides and other stress agents.14,16,17 In support
of a cytoprotective role of AIF in vivo, mice that express
reduced AIF levels (harlequin mice) display excessive
neurodegeneration, accompanied by signs of chronic oxida-
tive stress.18 In fact, cells derived from such mice are highly
prone to peroxide-mediated apoptosis, whereas reconstitu-
tion of AIF expression protects them from such apoptosis.

Contrasting its cytoprotective role in the mitochondria,
translocation of AIF from the mitochondria to the nucleus
exerts an opposite effect on cell survival, and serves as a
potent proapoptotic trigger.19,20 AIF is believed to induce cell
death at least in part by binding to DNA, stimulating DNAse
activity and triggering chromatin condensation21 and DNA
loss associated with large-scale (50 kb) fragmentation.22

Importantly, the various proapoptotic effects of AIF were not
inhibited by pharmacological caspase inhibitors such as zVAD
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or BAF, indicating that AIF can trigger nuclear apoptosis in a
caspase-independent manner.23 Perhaps not surprisingly,
the conserved FAD-binding domain of AIF, required for its
NADH oxidase activity and for its cytoprotective effects,15 is
dispensable for its proapoptotic function.13,24

Thus, AIF has a dual mission in the cell: normally, it resides
in the mitochondrial membrane, helps maintain optimal
mitochondrial respiratory function and protects cells against
the undesirable and eventually deadly consequences of
oxidative damage. On the other hand, under conditions of
excessive stress leading to mitochondrial dysfunction and
culminating in apoptosis, AIF translocates from the mitochon-
dria to the cell nucleus, resulting in large-scale DNA
fragmentation. DNA damage in general and cisplatin (CIS)
in particular were shown to cause AIF translocation to the
nucleus and this translocation was shown to be p53-
mediated.25

We now report that the AIF gene is a transcriptional target of
p53. Its expression is positively controlled by basal levels of
p53, without much further induction by genotoxic stress. We
propose that this fulfills a dual role: in the absence of major
stress, the higher constitutive levels of AIF in p53-positive
cells equip them with better protection against harmful
oxidative damage; however, in response to severe stress,
this might predispose them to more efficient death.

Results

AIF mRNA expression is positively regulated by
wild-type p53

To determine whether AIF expression is regulated by p53, we
used several isogenic cell line pairs specifically differing in
their p53 status. One such pair consisted of HCT116 human
colorectal cancer cells, which possess endogenous wild-type
p53, and their p53�/� derivatives in which both p53 loci were
somatically partially knocked out, thereby abolishing the
production of full-length wild-type p53. As seen in Figure 1a,
right panel, real time RT-PCR analysis revealed that parental
HCT116 (p53þ /þ ) cells contained 2–3-fold higher levels of
AIF mRNA than the corresponding p53�/� cells. Interest-
ingly, this pronounced difference was seen already in cells
grown under standard tissue culture conditions, and exposure
to p53-activating stress (CIS) had only a marginal effect. In
contrast, and in agreement with existing knowledge, CIS
treatment led to a significant increase in the levels of p21
mRNA (Figure 1a, left panel). Very similar results were
obtained when AIF mRNA levels were compared in MCF7
breast cancer cells, which contain wild-type p53, and their
derivatives in which p53 expression has been stably knocked
down by RNA interference. Here too, the absence of
functional p53 resulted in a marked reduction in AIF mRNA,
but treatment with the DNA-damaging agent doxorubicin had
little effect (Figure 1b, right panel), whereas it clearly
increased p21 mRNA (Figure 1b, left panel). Hence, although
most of the typical p53 target genes are strongly upregulated
by the activated p53 induced by genotoxic stress, our results
show that p53 induces AIF independently of DNA-damaging
stress.

To rule out the contribution of clonal variation effects to the
differences seen in the HCT116 and MCF7-based cell line
pairs, we took advantage of an inducible p53 system. This
system is based on p53-null H1299 lung cancer cells,
expressing exogenous wild-type p53 under the control of the
metallothionein gene promoter. Addition of Zn2þ ions to the
medium resulted in an increase in p53 mRNA levels peaking
within 3 h (Figure 1c, left panel), which was followed by a
gradual increase in AIF mRNA (right panel). Reduced levels of
AIF mRNA following p53 inactivation were observed also in
two other cell types, WI-38 diploid lung embryonic fibroblasts
and LNCaP prostate cancer cells (data not shown). However,
in both cell types, the impact of p53 on the basal levels of AIF
transcripts was less pronounced than in the cells shown in
Figure 1, suggesting that the extent to which p53 controls AIF
expression is cell type specific.

Upregulation of AIF protein by wild-type p53

We next wished to confirm that the effect of p53 on AIF mRNA
is also reflected in a specific accumulation of the AIF protein.
As seen in Figure 2a and quantified in Figure 2b, the basal
levels of AIF protein in HCT116 cells were indeed 3–4 times
higher than in their p53�/� counterparts. Similar to what had
been observed for AIF mRNA, AIF protein levels increased
only slightly following stress conditions (middle row), in
contrast to the dramatic increase in p53 protein levels (upper
row). Similar results were obtained in the comparison of MCF7
cells with their p53 knocked down (p53 RNAi) derivatives
(Figure 2a, right panel). Moreover, in the H1299-based
inducible p53 system, the increase in AIF mRNA (Figure 1c)
was also accompanied by a p53 dose-dependent increase in
AIF protein (Figure 2c). Thus, basal AIF protein levels are also
regulated by wild-type p53, and this is not dependent on
further p53-activating stress.

A p53 responsive element resides within an AIF
gene intron

Almost all genes transactivated by p53 contain one or more
p53 responsive elements (p53REs), the sequence of which
generally conforms to the consensus defined by el-Deiry
et al.26Binding of p53 to p53REs is required for transcriptional
activation. To identify potential p53REs, we searched the
genomic sequence of the AIF gene and 10 kb upstream
sequences using the ‘find-pattern’ program. This search
yielded several potential p53REs, of which the most promising
three, designated p53RE1–p53RE3 (Figure 3a), were chosen
for further validation. To test whether any of these putative
p53REs could bind p53 in vivo, we performed chromatin
immunoprecipitation (ChIP) analysis with MCF7 and HCT116
cells, both of which contain wild-type p53. The precipitated
DNA was subjected to PCR amplification using primers
specific to each of the three potential p53REs. As seen in
Figure 3b, only p53RE3 was found to be associated with p53,
implicating it as a functional p53RE. Reduced binding was
seen in extracts from MCF7 cells in which p53 had been
knocked down (p53 RNAi, p53 Ab; Figure 3b), confirming the
specificity of the ChIP process. Interestingly, in line with the
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fact that AIF expression is not further induced significantly by
DNA damage, the binding of p53 to p53RE3 did not increase
following exposure to CIS. The p53RE3 site is located within
the fourth intron of the AIF gene, about 18 kb downstream of
the transcription initiation site. Although in most known p53
target genes the confirmed p53REs reside at a relatively short
distance from the transcription initiation site, the presence of a
p53RE at a more distant position is not unprecedented. In fact,
recent ChIP analysis of p53 binding along chromosomes
21,22 showed an unexpectedly large number of binding sites,
many of which are not in proximity to any known promoters.27

Moreover, a functional p53RE located as far as 40 kb from the
transcription initiation site has been shown to regulate the
Bnip3L gene.28

To determine whether p53 can transactivate gene expres-
sion via p53RE3, a 50 bp DNA fragment containing this

responsive element (spanning positions 18855–18905) was
cloned upstream to an SV40 minimal promoter driving a
luciferase reporter gene. Upon transfection into p53-null
H1299 cells, the activity of this reporter was markedly
increased in a dose-dependent manner by wild-type p53,
but not by the transactivation-incompetent p53 (p53-22,23)
mutant or p53(R175 H) DNA-binding domain mutant
(Figure 3c, right panel). Moreover, the activity of this reporter
was 40 times higher in wild-type p53-containing MCF7 cells
than in their isogenic derivatives, in which p53 expression had
been knocked down (MCF7 p53i). Furthermore, this activity
was increased only slightly following DNA damage, consistent
with the conclusion that regulation of AIF mRNA levels by p53
is exerted primarily on basal expression levels, at least under
standard tissue culture conditions. These experiments
confirm that p53RE3 is indeed a functional p53RE.

Figure 1 AIF mRNA expression is upregulated by wild-type p53. (a) HCT116 cells, expressing wild-type p53, and HCT116 p53�/� cells were either treated with 5mg/
ml CIS for 6 h or left untreated. Cells were harvested, RNA was extracted and real-time RT-PCR was performed with primers specific for AIF (left panel), p21 (right panel)
or GAPDH as a loading control. Relative levels of AIF and p21 mRNA were normalized to GAPDH expression. (b) MCF7 cells, expressing wild-type p53, and their
derivatives in which p53 expression had been knocked down by RNA interference (p53 RNAi), were either treated with doxorubicin (Dox, 0.4 mM) for 6 h or left untreated.
Cells were harvested, RNA was extracted and real-time RT-PCR was performed with primers specific for AIF (left panel), p21 (right panel) or GAPDH as a loading
control. Relative levels of AIF and p21 mRNA were normalized to GAPDH expression. (c) p53-null H1299 cells expressing exogenous wild-type p53 under the control of
a metallothionein promoter were incubated with 50 mM ZnCl2 to induce p53 expression. RNA was prepared at different time points after addition of ZnCl2, and levels of
p53 (right panel) and AIF (left panel) transcripts were determined by real time RT-PCR. Values were normalized for GAPDH mRNA levels in the same samples, and are
shown as fold increase relative to untreated (NT) cells. p53 and AIF mRNA levels are shown before and at the indicated time points after the induction of wild-type p53
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p53 promotes AIF activity and
caspase-independent cell death

As discussed above, AIF has been implicated primarily in
caspase-independent apoptosis. The ability of p53 to increase
AIF levels therefore predicted that p53-mediated apoptosis
might possess a significant caspase-independent compo-
nent, which may be accounted for at least in part by AIF. We
therefore assessed the effect of zVAD-fmk, a broad-spectrum
caspase inhibitor, on the death of cells differing in p53 status.
As seen in Figure 4a, induction of p53 expression in H1299
cells by addition of Zn2þ (H1299i þZn), even without any
further DNA-damaging treatment (NT), led to a marked
increase in cell death. The extent of cell death was further

increased when the cells were exposed to CIS, where a
substantial p53-independent component also became appar-
ent. Of note, although zVAD-fmk reduced overall p53-
dependent cell death in both non-treated and CIS-treated
cells, many cells nevertheless continued to die even in the
presence of the caspase inhibitor. This strongly supports the
notion that, at least in this cellular system, p53-mediated cell
death occurs through a combination of caspase-dependent
and caspase-independent mechanisms. One distinctive hall-
mark of AIF nuclear translocation is the induction of large-
scale (50 kb) DNA fragmentation. We therefore wished to
determine whether the increased levels of AIF protein in p53-
positive cells are associated with higher AIF activity when
such cells are induced to undergo apoptosis. To that end, p53

Figure 2 AIF protein is upregulated by wild-type p53. (a) Left: Parental HCT116 cells (þ /þ ) and their p53�/� derivatives (�/�) were either treated with 0.4 mM
doxorubicin (Dox) or 5 mg/ml CIS for 12 h or left untreated (NT). Right: MCF7 cells were compared to MCF7p53 RNAi cells either treated with 0.4 mM doxorubicin for 12 h
or left untreated. Cells were harvested, lysed in RIPA buffer and protein levels for each extract were determined by the Bio-Rad protein assay. Equal amounts of total
protein from each sample were subjected to SDS-PAGE, followed by Western blot analysis with antibodies directed against p53, AIF or alpha tubulin as a loading control.
(b) Quantification of the AIF signals in (a). The bands representing AIF protein were quantified using the ‘Image Gauge V3’ software. Values are presented as relative AIF
protein levels after background subtraction and normalization to the level of AIF in the untreated sample of each group. (c) H1299 cells expressing exogenous wild-type
p53 under the control of a metallothionein promoter were incubated with ZnCl2 to induce p53 expression. At the indicated time points, cultures were harvested and equal
amounts of total protein from each sample were subjected to SDS-PAGE, followed by Western blot analysis with antibodies against p53, Mdm2, AIF or alpha tubulin as a
loading control
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was induced in H1299 cells by Zn2þ and the cells were either
treated with zVAD-fmk or left untreated. To increase the rate
of apoptosis, some of the cultures were exposed to CIS for 8 h
before being harvested. Large-scale DNA fragmentation was
visualized by field inverted gel electrophoresis (FIGE).29 The
results are shown in Figure 4b and quantified in Figure 4c. As
shown, distinctive high-molecular-weight DNA fragments,
migrating near or slightly ahead of the 50 kb marker, were
clearly observed in cells induced to express wild-type p53
(Figure 4b, lane 4), but such fragments were significantly less
abundant when p53 was not present (lane 1). Similarly,
although addition of CIS increased overall large-scale DNA

fragmentation, the extent of such fragmentation remained
higher in p53-expressing cells (lane 5) as compared to p53-
null cells (lane 2). Treatment with zVAD-fmk caused some
further increase in the amount of 50 kb DNA fragments,
probably owing to inhibition of further DNA cleavage by
caspase-activated nucleases; nevertheless, the difference
between p53-positive and p53-negative cells was maintained.
These results are consistent with the conclusion that under
conditions where wild-type p53 can promote apoptosis, it
induces the production of active AIF that can orchestrate
large-scale DNA fragmentation and facilitate caspase-inde-
pendent cell death.

Figure 3 A p53RE resides within the fourth intron of the AIF gene. (a) Schematic representation of the AIF gene. Potential p53RE are indicated. Numbers in
parentheses indicate nucleotide positions relative to the transcription start site. (b) HCT116 cells, either untreated or treated with CIS, as well as MCF7 cells and their
derivatives whose p53 levels had been knocked down by RNA interference (p53 RNAi) were subjected to chromatin immunoprecipitation with antibodies directed against
either p53 or the HA tag (negative control). The precipitated DNA was subjected to PCR amplification using sets of primers specific to the three potential p53 binding sites
indicated in (a). The 50 p53RE of the p21Waf1 gene served as a positive control for p53 binding (top panel). Thirty-two cycles of PCR amplification were performed for each
reaction. The input lane contained 0.5% of the total input chromatin before immunoprecipitation. (c) A 50 bp DNA fragment containing p53RE3 (spanning nucleotides
18 855–18 905, see panel a) was cloned into the promoterless luciferase reporter vector pGL3-basic. Left panel: The reporter plasmid was transiently cotransfected into
H1299 cells with increasing amounts of a wild-type p53 expression plasmid (p53) or plasmids encoding either an artificial p53 mutant with a defective transactivation
domain, p53,22,23 or the tumor-derived p53R175H mutant, carrying a nonfunctional DNA-binding domain. Total DNA was kept constant by addition of vector control
(pcDNA3). Luciferase activity was determined 48 h after transfection. V, vector control. Right panel: The above reporter plasmid was transiently transfected into either
MCF7 cells or their derivatives knocked down for p53 (p53i). When indicated, 0.4 mM doxorubicin (Dox) was added to the culture for 12 h before harvesting. Values
shown represent fold induction relative to the first sample shown on the left side of each panel
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AIF contributes to p53-mediated apoptosis

To further investigate the possibility that AIF contributes, at
least to some extent, to p53-mediated apoptosis, we
generated several short hairpin RNA (shRNA) expression

plasmids designed to give rise to small interfering RNA
(siRNA) directed against AIF. Of the four plasmids tested, two
(siRNA1 and siRNA4; Figure 5a) effectively knocked down
endogenous AIF protein levels in two independent pools,
whereas siRNA2 had no effect at all. Next, H1299 cells
harboring zinc-inducible wild-type p53 expression were stably
transfected with either a combination of plasmids siRNA1 and
siRNA4, which markedly reduced basal as well as p53-
induced AIF levels (Figure 5b), or plasmid siRNA2 as a
negative control. The different cell types were then subjected
to a variety of treatments, and cell fate was monitored by two
types of assays: quantification of apoptosis by counting
Annexin V-positive cells under a microscope (Figure 5c,
upper panel), or analysis of cell culture survival by crystal
violet staining (lower panel). In the absence of Zn2þ , where
p53 is not expressed, knock-down of AIF did not affect the cell
death in response to CIS or etoposide treatment (Figure 5c,
left-hand panels); hence, under these experimental condi-
tions, AIF did not contribute to p53-independent apoptosis.
Induction of p53 expression by addition of Zn2þ caused a
modest increase in total apoptosis, owing to the engagement
of p53-dependent death pathways. Notably, AIF knock-down
now slightly reduced the rate of apoptosis, suggesting that the
p53-dependent component of apoptosis in that system was
somewhat facilitated by optimal AIF expression. Similar
results were obtained when culture survival was assayed
with the WST-1 reagent (Supplementary Figure 1). Treatment
of parental p53-null H1299 cells with Zn2þ did not elicit any
viability loss (Supplementary Figure 2), ruling out a contribu-
tion of Zn2þ–mediated toxicity to the death of the cells
expressing inducible p53. A more significant contribution of
endogenous AIF to p53-dependent apoptosis became evident
upon inclusion of zVAD-fmk (Figure 5c, right-hand panels),
which neutralizes caspase-dependent death pathways. As
expected, zVAD-fmk decreased the overall rates of apoptosis.
Notably, the AIF knock-down cells displayed a significant
defect in caspase-independent, p53-dependent apoptosis
(Figure 5c, right-hand panels; compare third and fourth bars in
each cluster). Together, these findings argue that p53-
mediated apoptosis, at least its caspase-independent arm,
depends in part on the presence of optimal AIF levels. Thus,
although AIF is not essential for p53-mediated apoptosis in
this system, it obviously contributes significantly to this
process.

Discussion

We report here that AIF gene expression is positively
regulated by p53. Consequently, cells lacking functional p53
tend to produce lower amounts of AIF mRNA and protein. The
extent to which AIF expression is modulated by p53 varies in a
cell type-dependent manner; whereas it is substantial in some
cell types such as MCF7 and HCT116, as well as H1299 cells
made to re-express p53, some other cell types exhibit only a
modest decrease in AIF expression in the absence of
functional p53 (data not shown).

We propose that the induction of AIF expression by p53
plays a dual role. On the one hand, AIF is a well-documented
mediator of cell death following its translocation from the

Figure 4 Induction of caspase-independent cell death and large-scale DNA
fragmentation by p53. (a) H1299 cells expressing exogenous wild-type p53 under
the control of a metallothionein promoter were either incubated with 50 mM ZnCl2
for 40 h to induce p53 (þ Zn2þ ) or left untreated. When indicated, 50 mM zVAD-
fmk was added to the culture before p53 induction to block caspase activation.
Cultures were either treated with 5 mg/ml CIS for the last 34 h of the experiment or
left untreated (NT). Dead cells were counted by a FACS-based PI exclusion
assay. (b) H1299 cells expressing exogenous wild-type p53 under the control of a
metallothionein promoter were either incubated with 50 mM ZnCl2 for 16 h to
induce p53 or left untreated. When indicated, 50 mM zVAD-fmk was added to the
culture for 24 h. Cultures were either treated with 5 mg/ml CIS for the last 10 h of
the experiment or left untreated. Pellets containing 1� 106 cells were embedded
in agarose plugs, digested twice with proteinase K for 24 h and the DNA
contained within the plugs was subjected to field inverted gel electrophoresis
(FIGE) on a vertical agarose gel. DNA was visualized by staining with EtBr.
Large-scale DNA fragmentation, characteristic of AIF activity, is visible as DNA
fragments migrating near or slightly below the 50 kb marker. (c) Quantification of
the data in (b). The regions corresponding to the large (B50 kb) DNA fragments
in each lane were scanned and quantified using the ‘Image Gauge V3’ software.
The result is presented as the relative band intensity after background
subtraction, normalized to the signal obtained from lane 1 of (b)
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mitochondria to the nucleus. Cells harboring functional p53
will constitutively contain higher levels of mitochondrial AIF.
Upon exposure to apoptogenic stress, such cells would be
able to mobilize larger amounts of AIF to the nucleus, thereby
giving rise to more efficient nuclear demise and cell death. In
this manner, p53-positive cells will become more susceptible
to apoptotic stimuli that engage the mitochondrial death
pathway and trigger AIF release. The contribution of AIF to

p53-mediated apoptosis is expected to be more pronounced
under conditions where apoptosis proceeds in the absence of
caspase activation, and we provide evidence suggesting that
this is indeed the case. On the other hand, through enabling
proper assembly and function of mitochondrial respiratory
complex I, AIF also possesses an important cytoprotective
function, defending the cell against oxidative damage and
other types of stress.15 When AIF is deficient, oxidative

Figure 5 AIF knock-down partially protects cells from p53-mediated apoptosis. (a) H1299 cells expressing exogenous wild-type p53 under the control of a
metallothionein promoter were transfected with four different pSilencer-based plasmids expressing AIF-shRNA (siRNA1–4) or empty vector control. Following 10 days of
selection in the presence of 0.5 mg/ml puromycin, drug-resistant cells were harvested for Western blot analysis with an AIF-specific polyclonal antibody. (b) H1299 cells
with inducible p53 expression were transfected and selected as in (a), using either 5 mg of the siRNA2 plasmid per 10 cm dish or a combination of 2.5 mg siRNA1 and
2.5mg of siRNA4 plasmids. Where indicated, p53 was induced by incubation with 50 mM ZnCl2 for 16 h before cell harvesting. Cell extracts were subjected to SDS-PAGE
and Western blot analysis with antibodies directed against p53 or AIF. (c) Upper panels: H1299 cells with inducible p53 expression were transfected and selected as in
(a), using either 5mg of the siRNA2 plasmid per 10 cm dish (siControl) or a combination of 2.5 mg siRNA1 and 2.5 mg of siRNA4 plasmids (siAIF). Transfected selected
cultures were either left untreated (NT) or incubated with 50 mM ZnCl2 (þ Zn2þ ) for 20 h to induce p53 expression. When indicated, CIS was added for 20 h before cell
harvesting. In the right panel, 50 mM zVAD-fmk was added to the cultures 2 h before p53 induction. Apoptosis levels were determined by staining cells for Annexin V and
counting positive cells under the microscope. The graph shows a mean with standard deviation of three separate experiments. The difference between cells expressing
AIF shRNA and those expressing control shRNA was found to be significant (Po0.05; indicated by *). Lower panels: Cells were transfected and selected as above, 4000
cells per well were seeded in 96-well dishes and were either left untreated (NT) or incubated with 50 mM ZnCl2 (Zn2þ ) for 32 h to induce p53 expression. When indicated,
either etoposide (etop) or CIS was added for 24 h before cell harvesting. In the right panel, 50 mM zVAD-fmk was added to the cultures 2 h before p53 induction. Cells
were stained with crystal violet and optical density was measured at 595 nm. Means plus standard deviations, based on triplicate samples, are shown
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phosphorylation is severely compromised, and this can lead to
loss of viability of cells that are highly dependent on
mitochondrial ATP production.14 Defects in respiratory com-
plex I may compromise its contribution to peroxide detoxifica-
tion,16,17 providing an additional mechanism whereby AIF can
enhance the cellular defense against oxidative damage.
Hence, when not exposed to acute apoptogenic stress, cells
containing functional wild-type p53 should benefit from the
cytoprotective effect of AIF in the mitochondria. Both roles of
AIF may contribute to its tumor suppressor function, the first
by facilitating the apoptotic execution of cells harboring major
cancer-promoting lesions, and the second by protecting cells
from accumulating such lesions through establishment of a
more effective buffer against oxidative damage.

Unlike many other p53 target genes, the expression of
which is mainly induced by p53 in response to oncogenic
stress, AIF is regulated by p53 mainly at the level of basal
gene expression. In fact, activation of p53 by genotoxic stress
has rather little impact on AIF levels. It should be kept in mind,
however, that standard tissue culture conditions are not
devoid of stress. It remains to be determined to what extent
the apparent effect of p53 on ‘basal’ AIF levels is due to such
‘culture shock’,30 particularly the chronic mild oxidative stress
that is often associated with these conditions.31

If p53 indeed controls basal AIF levels also in more
physiological in vivo contexts, this may serve to accelerate
p53-dependent apoptosis when appropriate apoptogenic
signals are encountered. It is conceivable that a multi-step
sequence of events including p53 accumulation, induction of
AIF transcription and translation, localization of AIF to the
mitochondria and finally its translocation to and accumulation
in the nucleus may impose severe delays on the efficient
execution of the apoptotic response. In contrast, continuous
presence of abundant AIF in the mitochondria, well before the
cells encounter severe stress, will ensure a much faster
response. In this regard, the direct action of p53 on the
mitochondrial outer membrane32,33 might exert a synergistic
effect by enabling the rapid release of AIF from the
mitochondria.

However, it is plausible that the main purpose of AIF
regulation by p53 is not to facilitate apoptosis but rather to
provide a cytoprotective function, through its contribution to
respiratory complex I assembly. This conjecture is supported
by the finding that p53 controls basal expression levels of AIF.
Remarkably, a similar picture is seen with several other p53
target genes of which products exert cytoprotective effects,
including MnSOD34 and glutathione peroxidase.35 Thus, p53
may perform an important maintenance role in non-stressed
cells. Such role may comprise several functional arms,
affecting on the one hand DNA repair, through induction of
repair genes as well as via a direct role of p53 in some DNA
repair processes,36 and on the other hand prevention of
severe oxidative damage through induction of genes such as
MnSOD, GPx and members of the sestrin family of cysteine
sulfinyl reductases.37,38 We also report the identification of a
functional p53RE residing within the fourth intron of the AIF
gene. The features of this p53RE may account for the distinct
mode of regulation of AIF gene expression. On the one hand,
the AIF p53RE is almost a perfect match to the consensus
site as defined by el-Deiry et al.,26 which is likely to mediate

high-affinity binding and efficient recruitment of p53 even in
cells harboring low endogenous p53 levels. On the other
hand, its large distance from the transcription initiation
site may explain why this gene is upregulated only mildly
(2–4-fold) by p53. In sum, AIF represents a unique type of p53
target gene, the products of which play a cytoprotective role
under conditions of mild stress, while contributing to cell death
under conditions of severe stress. Such genes enable p53 to
perform quality control at multiple levels. It remains to be
established how many other p53 target genes follow a similar
paradigm.

Materials and Methods

Cell lines

The H1299 human non-small cell lung cancer cell line was maintained in
RPMI 1640 medium supplemented with 10% fetal calf serum and
antibiotics. The human breast cancer cell line MCF7 stably expressing
shRNA targeting p53, as well as its vector control line, was a gift from Dr R
Agami (Netherlands Cancer Institute). MCF7 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine and antibiotics. The HCT116 colon carcinoma
cell line and its p53 knockout derivative were a gift from Dr B Vogelstein
(The Johns Hopkins University, Baltimore, MD, USA), and were
maintained in McCoy’s medium supplemented with 10% fetal calf serum
and antibiotics. All cell lines were grown at 371C in a humidified
atmosphere of 5% CO2 in air.

Plasmids

Expression plasmids for wild-type human p53 and mutants L22Q/W23S
andR175H, were gifts from Dr C Harris. The reporter construct containing
the AIF p53RE3 was constructed by inserting a corresponding synthetic
50 bp oligonucleotide into the PGL-3 basic (Promega, Madison, WI, USA)
vector. Plasmids encoding shRNA were constructed in the pSuper-Retro-
Puro vector as described.39 The following 19-bp AIF sequences were
targeted: RNAi-1, AGACACTGCGATTCAAACA; RNAi-2, GAAGTCTGTC
TGCCATTGA; RNAi-3, GGTAGAAACTGACCACATA; and RNAi-4, GAC
AACCCCAAATCTGCCA.

Real-time reverse transcription-polymerase chain
reaction analysis

Total RNA was extracted using the Trireagent kit (Macherey Nagel,
Germany). Two micrograms of each RNA sample was reverse transcribed
using Moloney murine leukemia virus reverse transcriptase (Promega,
Madison, WI, USA) and random hexamer primers. Real-time PCR was
performed on an ABI 7000 machine (Applied Biosystems) using Sybr
Green PCR mastermix (Applied Biosystems), AIF-specific primers (sense,
GATTGCAACAGGAGGTACTCCAAGA; antisense, GATTTGACTTCCC
GTGAAATCTTCTC) and p53-specific primers (sense, CCCAAGCAATG
GATGATTTGA; antisense, GGCATTCTGGGAGCTCATCT). cDNA levels
were normalized to GAPDH amplified with appropriate primers (sense,
ACCACAGTCGCCATCAC; antisense, TCCACCACCCTGTTGCTGTA.

Western blot analysis

For Western blotting of p53 and AIF proteins, 50 mg of total cell lysate was
separated on 10% SDS-PAGE and transferred to a nitrocellulose
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membrane. Membranes were blocked overnight in 5% dry skimmed milk in
PBS/Tween, and p53 was detected using a polyclonal antibody produced
in our laboratory. For detection of AIF, a polyclonal antibody (Anti-AIFct,
ProSci Inc.) was used. The protein–antibody complexes were detected
using a horseradish peroxidase-conjugated secondary antibody (Roche
Applied Science) using the enhanced chemiluminescence ECL system
(Amersham Biosciences). Equal loading was verified in each experiment
by Ponceau red staining.

Luciferase assays

Cells were seeded in 24-well culture dishes. Each well was transfected
with a reporter plasmid expressing the firefly luciferase gene under the
transcriptional control of the AIF p53RE3, together with increasing
amounts of various expression plasmids and b-galactosidase (b-gal)
plasmid. Luciferase activity was assayed 48 h post-transfection. Each
plasmid combination was transfected into three identical wells. Luciferase
assays were performed using (D)-luciferin (Roche). Luminescence was
determined with the aid of a Rosys-Anthos Lucy 3 luminometer. Luciferase
values were normalized to b-gal activity.

Chromatin immunoprecipitation

Formaldehyde (Merck) was added directly to the cell culture medium at a
final concentration of 1%. Fixation proceeded at room temperature for
10 min and was stopped by the addition of glycine to a final concentration
of 0.125 M. Plates were rinsed with cold PBS, incubated with 10 ml of 20%
trypsin-EDTA (GIBCO) in PBS and then scraped. Cells were rinsed three
times in cold PBS, swelled in 5 mM Pipes (pH 8.0), 85 mM KCl and
protease inhibitors cocktail on ice for 20 min and then disrupted with a
Dounce homogenizer. Nuclei were collected by centrifugation at
4000 r.p.m., resuspended in nuclei lysis buffer and incubated on ice for
10 min. Samples were sonicated on ice to an average length of 1000 bp
and then microfuged at 14 000 r.p.m. The chromatin solution was
precleared with the addition of protein A beads for 2 h at 41C. Precleared
chromatin from 2.5� 107 cells was diluted 1 : 5 in dilution buffer (0.01%
SDS, 1% Triton X-100, 1.2 mM EDTA, 167 mM NaCl, protease inhibitors
cocktail) and incubated with 30 ml protein A beads crosslinked by DMP to
anti-p53 polyclonal Ab or to anti-HA antibody, and rotated at 41C for 12 h.
Immunoprecipitates were washed twice with dilution buffer, twice with
wash buffer and once with TE. After treatment with 10 mg RNase A per
sample for 30 min, followed by 30mg of proteinase K for 2 h at 501C,
crosslinks were reversed by incubation at 651C overnight. DNA samples
were extracted using mini-columns PCR clean-up preps (Promega). PCR
reactions contained 2 ml of immunoprecipitated or diluted total input, 50 ng
of each primer, AIF p53RE1 forward (50-GAATTCGGGTCTCTTCCCA
GT), AIF p53RE1 reverse (50-TTGCCCCCATGAAGTAACG), AIF p53RE2
forward (50- GGAGTAAGTTGGCTTTTCCATGTT), AIF p53RE2 reverse
(50- CTCCCAAACCTTTCTCCCCATA), AIF p53RE3 forward (50- GATT
ACAGGCGTGAGCCACTG), AIF p53RE2 reverse (50- TGCCTGCT
AGGCTGTCAAAGA), and Ready mix PCR mastermix (Promega) in a
total volume of 20 ml. After 30 cycles of amplification, PCR products were
run on a 2% agarose gel and analyzed by ethidium bromide staining.

DNA field inverted gel electrophoresis

DNA was prepared from agarose plugs (1� 106 cells) digested twice with
proteinase K (1 mg/ml; 501C; 12 h) in NDS buffer (0.5 M EDTA, 10 mg/ml
lauroyl sarcosine), washed in TBE� 0.5, followed by electrophoresis
using a vertical gel chamber, a power supply and a PC 750 pulse controller

(Hoefer Scientific Instruments, UK) as described.29 Molecular weight
standards were from Bio-Rad (Yeast chromosomes) and Appligene
(Raoul; Illkirch, France).

Apoptosis and viability assays

Apoptosis was quantified with the aid of an Annexin V staining kit.
Adherent H1299 cells were directly stained on Petri dishes with Annexin V-
FITC (1 : 100 dilution; from the Annexin V-FITC kit, Immunotech,
Beckman-Coulter) and propidium iodide (PI, 12.5 g/ml; Immunotech,
Beckman-Coulter) for 10 min on ice in the dark, in binding buffer containing
10 mM Hepes-NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2 and analyzed
within 1 h under a fluorescence microscope.

Alternatively, cell death was monitored by a FACS-based PI exclusion
assay, as described.40

To monitor culture survival, H1299 cells were seeded in a 96-well
culture dish at 5000 cells/well in 100 ml of serum-containing medium and
incubated at 371C. Changes in cell number and viability were quantified
using either the WST-1 kit (Roche) or a crystal violet colorimetric assay.
For crystal violet staining, a solution containing 0.5 g crystal violet, 0.85 g
NaCl, 5 ml 10% formal saline, 50 ml absolute ethanol and 45 ml of distilled
water was prepared; 100 ml of medium was gently aspirated from each
well and replaced by an equal volume of the colorimetric assay mixture
and incubated at room temperature for 10 min. This mixture allowed
simultaneous fixation of cells and penetration of crystal violet into the living
cells. After washing three times in PBS, optical density was read at 595 nm
using a spectrophotometric plate reader.

Statistical analysis

Statistical analyses were carried out by Student’s t-test. Statistical
significance was defined as Po0.05.
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