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Programmed necrosis induced by DNA alkylating agents,
such as MNNG, is a caspase-independent mode of cell
death mediated by apoptosis-inducing factor (AIF). After
poly(ADP-ribose) polymerase 1, calpain, and Bax activa-
tion, AIF moves from the mitochondria to the nucleus
where it induces chromatinolysis and cell death. The
mechanisms underlying the nuclear action of AIF are,
however, largely unknown. We show here that, through
its C-terminal proline-rich binding domain (PBD, residues
543-559), AIF associates in the nucleus with histone
H2AX. This interaction regulates chromatinolysis and
programmed necrosis by generating an active DNA-de-
grading complex with cyclophilin A (CypA). Deletion or
directed mutagenesis in the AIF C-terminal PBD abolishes
AIF/H2AX interaction and AIF-mediated chromatinolysis.
H2AX genetic ablation or CypA downregulation confers
resistance to programmed necrosis. AIF fails to induce
chromatinolysis in H2AX or CypA-deficient nuclei. We
also establish that H2AX is phosphorylated at Ser139
after MNNG treatment and that this phosphorylation
is critical for caspase-independent programmed necrosis.
Overall, our data shed new light in the mechanisms
regulating programmed necrosis, elucidate a key nuclear
partner of AIF, and uncover an AIF apoptogenic motif.
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Introduction

Cell death was initially divided into two generic categories:
apoptosis, which involves the activation of caspases and
necrosis, which is considered as a fortuitous and uncon-
trolled event. Nevertheless, recent pharmacological and
genetic evidences show that, similar to apoptosis, necrosis
could be a tightly regulated form of caspase-independent cell
death (Golstein et al, 2003; Festjens et al, 2006). RIP1, RIP3,
poly(ADP-ribose) polymerase 1 (PARP-1), and apoptosis-in-
ducing factor (AIF) are involved in the execution of the most
studied necrotic pathways. RIP1 and RIP3 kinase activities
are required in necroptosis (Hitomi et al, 2008) and TNFa-
mediated necrosis (Cho et al, 2009; He et al, 2009). PARP-1
and AIF regulate parthanatos and programmed
necrosis (Moubarak et al, 2007; Wang et al, 2009a).

AIF is a FAD-dependent oxidoreductase that has a vital role
in oxidative phosphorylation (Vahsen et al, 2004). After a
caspase-independent cell death insult, AIF is cleaved by
calpains and/or cathepsins to yield truncated AIF (tAIF),
the pro-apoptotic AIF form (~57kDa) (Polster et al, 2005;
Yuste et al, 2005). tAIF relocates from the mitochondria to the
cytosol and nucleus, where it provokes chromatinolysis and
programmed cell death (PCD) (Susin et al, 1999). Thorough
studies on AIF have increased our knowledge of its structure/
function relationship (Mate et al, 2002; Ye et al, 2002;
Sevrioukova, 2009), the molecular mechanisms regulating
its mitochondrial release (Otera et al, 2005; Polster et al,
2005; Yuste et al, 2005), and the genetic characteristics of five
isoforms: AIF, AIF2 (AlFexB), AlFsh, AIFsh2, and AIFsh3
(Susin et al, 1999; Loeffler et al, 2001; Delettre et al, 20064, b;
Hangen et al, 2010). It is also known that AIF cytosolic/
nuclear transit is regulated by Heat Shock Protein-70 and
cyclophilin A (CypA) (Gurbuxani et al, 2003; Zhu et al, 2007).
A complementary study indicates that, through a yet unde-
fined mechanism, AIF associates in the nucleus with CypA to
induce chromatinolysis (Cande et al, 2004).

The understanding of the dual physiological role of AIF,
which deals with life in the mitochondria and death in the
nucleus, has been largely illustrated (Lorenzo and Susin,
2007; Joza et al, 2009). In this sense, the Harlequin mouse
strain, which exhibits an 80% reduction in AIF expression,
has been particularly useful (Klein et al, 2002). Concerning
the downstream effectors of AIF, the data obtained in
Caenorhabditis elegans, Saccharomyces cereviseae, and
Drosophila melanogaster are of particular interest. The
C. elegans AIF ortholog WAH-1 interacts with CSP-6 (the
mammalian endonuclease G ortholog) to mediate nuclear
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DNA degradation (Wang et al, 2002). AIF also associates with
SCRM-1 to regulate externalization of phosphatidylserine
(PS) on the surface of apoptotic cells (Wang et al, 2007). In
S. cereviseae, CypA is also essential to AIF-proapoptotic
activity (Wissing et al, 2004). Finally, in D. melanogaster,
downregulation of DmTrx-2 suppresses AIF-mediated PCD
(Joza et al, 2008). In mammals, given that the translocation
of AIF from the mitochondria to the nucleus occurs in nearly
all caspase-independent PCD paradigms, AIF is considered as
a main effector of this mode of PCD (Dawson and Dawson,
2004; Lorenzo and Susin, 2007; Joza et al, 2009). Strong
evidence for a role of AIF in caspase-independent PCD has
come from studies performed with exocitotoxins or alkylating
DNA damage agents, such as the nitrosourea MNNG (Yu et al,
2002; Wang et al, 2004, 2009a,b; Zong et al, 2004; Cheung
et al, 2005; Ishihara et al, 2005; Moubarak et al, 2007;
Hegedus et al, 2008).

In spite of the considerable amount of work performed on
AIF, key questions remain to be addressed. What happens
when AIF is in the nucleus? How does this protein induce
chromatinolysis? Are there unknown nuclear partners asso-
ciated with AIF chromatinolytic activity? By resorting to a
combination of biophysical, cellular, genetic, and molecular
biology methodologies, we identify here histone H2AX as a
key nuclear partner of AIF in MNNG-mediated programmed
necrosis.

H2AX is a member of the histone H2A family, which is part
of the histone nucleosome core. H2AX, which represents
about 2-25% of total H2A, is a sensitive marker for DNA
double-strand breaks (DSB) (Fernandez-Capetillo et al, 2004).
On exposure of cells to a DSB DNA damage inducer, H2AX is
phosphorylated at Ser139 in the nucleosomes surrounding
the break point (Thiriet and Hayes, 2005). Phosphorylated
H2AX (yH2AX) modifies here the structure of chromatin to
render damaged DNA sites accessible to repair factors (Paull
et al, 2000; Redon et al, 2002; Celeste et al, 2003; Pilch et al,
2003). The function of H2AX is therefore primarily associated
with DNA damage repair. YH2AX is also implicated in the
regulation of apoptosis occurring through the caspase-3/
caspase-activated DNase (CAD) pathway (Rogakou et al,
2000; Lu et al, 2006). However, little is known about the
implication of H2AX in caspase-independent PCD. We show
here that (i) H2AX phosphorylates on Ser139 after MNNG
treatment, (ii) YH2AX is essential for necrotic PCD, and (iii)
the genetic ablation of H2AX prevents the effect of AIF in the
nucleus, the AIF/CypA association, and caspase-independent
programmed necrosis.

Results

AIF interacts with histone H2AX in caspase-independent
programmed necrosis

Treatment with DNA alkylating agents, such as MNNG,
provokes breaks in the DNA. When the DNA damage is
extensive, the cell undertakes a caspase-independent type
of PCD called programmed necrosis. This type of PCD is
regulated by the sequential activation of PARP-1, calpains,
Bax, and AIF. The apoptogenic form of AIF redistributes from
the mitochondria to the nucleus where it provokes, by an
unknown mechanism, chromatinolysis and PCD (Figure 1A;
Supplementary Figure 1) (Moubarak et al, 2007).
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AIF redistributes from the mitochondria to the nucleus
6/9h post-MNNG treatment (Moubarak et al, 2007). Thus,
we used this timeframe to identify nuclear components
downstream of AIF in programmed necrosis. Lysates ob-
tained from mouse embryo fibroblasts (MEFs) that were
transfected with AIF tagged with a Flag epitope, and treated
or not with MNNG, were immunoprecipitated with an anti-
Flag antibody. As shown in Figure 1B, SDS-PAGE and colloi-
dal Coomassie blue stain of the immunoprecipitates showed a
protein of ~14kDa, which was only detected in samples
obtained from MNNG-treated cells. To identify this protein,
the band was in-gel digested and analysed by MALDI-TOF
(Supplementary Figure 2). We visualized a single 944.5 m/z
ion, in which we performed a complementary post-source
decay analysis. This approach yielded an amino acidic se-
quence matching with histones H2A, H2AX, or H2AZ
(AGLQFPVGR). We clarified the identity of this histone
through a complementary immunoblot approach. Indeed,
though H2A or H2AZ-specific antibodies failed to recognize
the ~14kDa band immunoprecipitated from MNNG-treated
MEFs, an H2AX-specific antibody reacted against this band
(Figure 1B). It therefore appears that H2AX associates with
AIF in programmed necrosis.

To confirm this assumption and to assess whether this
interaction could be observed with endogenous proteins, we
performed a reverse immunoprecipitation. As depicted in
Figure 1C, AIF and H2AX did not co-immunoprecipitate in
control MEFs. However, treatment with MNNG led to an AIF/
H2AX association. Similar co-precipitations performed with
H2A and H2AZ antibodies yielded negative results (not
shown). The AIF/H2AX interaction was corroborated by
confocal microscopy. In control cells, AIF was confined to
the mitochondria, whereas H2AX was localized in the nu-
cleus. On induction of programmed necrosis, H2AX and AIF
co-localized in defined nuclear areas (Figure 1D). Altogether,
these data show that, after MNNG treatment, AIF interacts
with H2AX in the nucleus.

Characterization of the physical interaction between AIF
and H2AX by surface plasmon resonance and molecular
modelling

We resorted to surface plasmon resonance (SPR) assays to
obtain further confirmation of the direct interaction between
AIF and H2AX, and to determine its characteristics. His-
tagged recombinant tAIF, the nuclear apoptogenic form of
AIF, was generated and captured on an NTA sensor chip.
Recombinant H2AX was brought into contact with tAIF by a
continuous flow. A specific SPR resonance signal was
detected in the flowcell, indicating that H2AX was bound to
tAIF. This signal was reproducibly proportional to the con-
centration of H2AX that was injected (Figure 2A). The
dissociation of the tAIF/H2AX complex showed two phases,
one fast (kof()=0.065 s™1) and the other slow (Kott2)
=1.29 x107*s™"). The concentration-dependence of the stea-
dy-state SPR signals indicated a tAIF/H2AX dissociation
constant (Kp) of 8.7+2.2 x107’M (Figure 2A). These results
show that the tAIF/H2AX interaction is direct and does not
require additional proteins.

As the C-terminal domain of AIF is the pro-apoptotic
region of the molecule (Cheung et al, 2006; Delettre et al,
2006a; Zhang et al, 2009), we tested whether this domain was
implicated in the association with H2AX. We set up an
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Figure 1 AIF interacts with histone H2AX in MNNG-induced programmed necrosis. (A) Model for alkylating DNA damage-mediated death.
MNNG induces death through PARP-1, calpains, and Bax activation. These proteins facilitate the cleavage and release of tAIF (the pro-apoptotic
AIF form) from the mitochondrion to the cytosol and nucleus where tAIF generates 3’-OH DNA breaks and chromatin condensation through a
yet unknown mechanism. (B) Representative SDS-PAGE and Coomassie blue staining of Flag-immunoprecipitates (IP anti-Flag) obtained from
MEFs transfected with Flag-AIF and either untreated (Co.) or treated with MNNG (9 h). MW, molecular weight marker. After MNNG treatment,
a 14 kDa protein (in the square) was co-purified with AIF. Flag-immunoprecipitates (IP anti-Flag) obtained from MEFs transfected with Flag-AIF
and either untreated (Co.) or treated with MNNG (9 h) were analysed by western blotting (WB) using anti-H2A, anti-H2AX, anti-H2AZ, and
anti-Flag antibodies. WB on lysates after IP is also shown (flow through). (C) H2AX immunoprecipitation on MEFs incubated or not with
MNNG (9h). AIF and H2AX were detected by immunoblot. WB on lysates after IP is also shown (flow through). (D) MEFs left untreated
(control) or treated with MNNG as above were subjected to confocal immunofluorescent detection of AIF (red) and H2AX (green). Nuclei were
stained with Hoechst 33342 (blue). This experiment was repeated five times, yielding similar results. Bar: 10 pm.

SPR-based competition assay in which, before being injected
into the tAIF-captured chip, H2AX was mixed with different
AIF forms (Figure 2B), including two motifs enclosed in this
C-terminal domain: a predicted PEST sequence (amino acids
529-539) and a proline-rich binding domain (PBD; amino
acids 543-559) (Mate et al, 2002). The PEST and PBD
sequences are usually involved in protein-protein interac-
tions. As shown in Figure 2B, the amount of H2AX available
for binding tAIF was significantly lower when H2AX was pre-
incubated with AIF forms containing the C-terminal domain
of the protein (AIFsh and the entire C-terminus). This
indicated that, unlike the tAIF Pyr-Redox N-terminal region,
the C-terminal domain of AIF interacts with H2AX.

©2010 European Molecular Biology Organization

Remarkably, in contrast to what was observed in the PEST
sequence, the tAIF/H2AX binding signal was reduced when
pre-incubating H2AX with the PBD sequence (AIF PBD)
(Figure 2B). This indicated that H2AX specifically associates
with this PBD. We confirmed this finding by directed muta-
genesis: substitution of the five prolines of the PBD motif by
alanines (AIF PBD mut) eliminated the interaction of this
domain with H2AX.

Molecular modelling, based in our above-described SPR-
based competition assay (e.g. relevance of AIF’s C-terminal
domain), illustrated the AIF/H2AX interaction (Figure 2C
and D). As reported earlier, AIF comprises three structural
domains: FAD binding, NADH binding, and C-terminal
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Figure 2 AIF interacts with H2AX through its C-terminal PBD. (A) SPR sensorgrams resulting from the injection of the indicated concentrations of
soluble H2AX onto immobilized tAIF. k., dissociation rate constants. Right: H2AX concentration dependence of the steady-state response. Kp,
equilibrium dissociation constant. (B) Mouse AIF, tAIF, tAIF Pyr-Redox, AlFsh, AIF C-term, AIF PEST, and AIF PBD protein organization (Left). Numbers
designate aminoacids. Pyr-Redox and C-terminal AIF domains are indicated. Right: SPR sensorgrams showing the association of H2AX with immobilized
tAIF, in the absence or presence of tAIF Pyr-Redox, AlFsh, AIF C-term, AIF PEST, AIF PBD, or AIF PBD mut. (C) Model of the tAIF/H2AX complex
obtained by homology with the known crystal structures of the individual partners. Left: ribbon structure of tAIF (yellow) and H2AX (red). AIF interacts
with H2AX through its C-terminal residues 543-559 (in blue). FAD (the AIF cofactor) is drawn in magenta. H2AX folding consists of four o helices (o-1 to
a-4) linked by three short loops (L1-L3). (D) tAIF/H2AX molecular docking. Upper: surface of the tAIF binding interface (green). Residues of H2AX
interacting with tAIF surface are drawn in red. Lower: tAIF C-terminal proline-rich residues interact with H2AX through a hydrophobic cluster (brown).
Acidic and basic residues are, respectively, depicted in red and blue. AIF C-terminal Pro543, 544, 547, 550, and 553 are drawn in magenta.

27-residue helix (a-2), a second loop (L2), an 8-residue helix
(¢-3), a third loop (L3), and a final C-terminal o-4 helix
(6 residues). This core is followed by a C-terminal tail,

domain (Mate et al, 2002). Regarding H2AX, our model
includes a short N-terminal pre-helix (4 residues), an 11-
residue helix (o-1), followed by a short loop (L1), a long
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which is not involved in the interaction with AIF (residues
85-142). The AIF/H2AX complex is formed by an H2AX
hydrophobic region (residues 51-64), an additional leucine
cluster located in a-4 helix (Leu93, Leu96, and Leu97), and
the PBD enclosed in the C-terminal domain of AIF, which
includes the critical binding prolines 543, 544, 547, 550, and
553. According to this model, the interface surface area is
871.18 A2 (Figure 2D).

H2AX is phosphorylated on Ser139 during programmed
necrosis

Phosphorylation of H2AX on Ser139 is a key event in caspase-
dependent PCD (Rogakou et al, 2000; Lu et al, 2006; Solier
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et al, 2009). Thus, to investigate the biological role of H2AX
(and the above-described AIF/H2AX association) in pro-
grammed necrosis, we first assessed whether H2AX was
here phosphorylated. Flow cytometry detection successfully
revealed a rapid and time-dependent H2AX phosphorylation
on Ser139 in MNNG-treated cells (Figure 3A). This result was
confirmed by immunofluorescence, which detected forma-
tion of YH2AX nuclear foci and immunoblotting (Figure 3B
and C). Detection of yH2AX nuclear foci, which usually
characterizes DSB generation (Banath and Olive, 2003), led
us to assess the DNA damage provoked by MNNG. Two
independent tests were applied: neutral comet assay and
field inversed gel electrophoresis (FIGE). Both methods cor-
roborated that high doses of MNNG generate DSB in DNA
(Figure 3D).

vH2AX regulates MINNG-mediated PCD

Through the analysis of YH2AX and DSB caused by UVA
exposure or etoposide treatment, a recent work has reported
that H2AX—/— MEFs were less sensitive to these two PCD
inducers than control cells (Lu et al, 2006). This shows that
H2AX controls UVA and etoposide-mediated death. YH2AX
and DSB are also hallmarks of programmed necrosis. Thus, to
assess the relevance of H2AX in this type of PCD, we tested
the responsiveness of H2AX—/— cells to MNNG treatment. As
depicted in Figure 4A and B, MNNG-mediated PCD was
delayed in H2AX—/— MEFs. In these cells, the percentage
of PS exposure and loss of viability reached ~8% 9h after
MNNG treatment. At the same time, MNNG induced death in
about 70% of H2AX-wt (WT) cells. As an internal control, we
verified that WT and H2AX—/— MEFs treated with the
apoptosis inducer staurosporine (STS) showed similar PCD
levels (Figure 4A), confirming that H2ZAX—/— MEFs remained
sensitive to STS-mediated death (Mukherjee et al, 2006).
Strikingly, MNNG-treated H2AX—/— cells did not present
TUNEL positivity or chromatin condensation: the hallmarks
characterizing AIF-mediated chromatinolysis (Figure 4C
and D). Thus, it seems that the presence of H2AX in the
nucleus is required for both AIF-mediated chromatinolysis
and programmed necrosis. To confirm that the blockade of
these PCD hallmarks was due to the specific lack of H2AX, we
reintroduced the H2AX gene into the H2ZAX—/— cells. As was

Figure 3 MNNG induces H2AX phosphorylation and DNA double-
strand breaks. (A) Kinetics of the H2AX phosphorylation induced
by MNNG in MEFs. Cells were left untreated (control) or treated
with MNNG, and H2AX Ser139 phosphorylation was assessed by
flow cytometry. Representative cytofluorometric plots are shown.
Percentages refer to YH2AX-positive staining. This experiment was
repeated five times with a lower experimental variability (<5%).
(B) Immunofluorescent staining of YH2AX detected in MEFs left
untreated (control) or treated with MNNG and stained with Hoechst
33342 (to visualize nuclei) or a specific yH2AX antibody.
Representative cells are shown. This experiment was repeated
eight times with similar results. Bar: 10 um. (C) yYH2AX immuno-
blotting detection in total extracts obtained at different times from
MEFs untreated or treated with MNNG. The membrane was re-
blotted for total H2AX to control protein loading. (D) Analysis of
DNA DSB by a neutral comet assay performed in MEFs untreated or
treated with MNNG (1 h). Representative comet images and percen-
tage of cells with a tail (comet + ) are shown. Data are means + s.d.
(n=06). Alternatively, MEFs were analysed by field inversion gel
electrophoresis (FIGE). The smear observed in MNNG-treated cells
indicated accumulation of DSB (Saintigny et al, 2001). A full-colour
version of this figure is available at The EMBO Journal Online.
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analysed by flow cytometry. Data are the means of six independent experiments + s.d. Right: representative microphotographs from each
treatment are shown. Bar: 10 pm. (E) H2AX—/— MEFs were transfected with the indicated expression plasmids and selected as described in
‘Materials and methods’ section. Then, cells were untreated (Co) or treated with MNNG (9 h). Cell death was analysed by AnnexinV-FITC/PI
and TUNEL staining. Data are means +s.d. (n=8). The expression level of H2AX was assessed by immunoblotting. Equal loading was
confirmed by histone H2A assessment. Representative microphotographs of each treatment are shown. Bar: 40 um. A full-colour version of this
figure is available at The EMBO Journal Online.

to be expected, H2AX transfection resensitized H2AX—/— H2AXS139A into H2AX—/— cells. Strikingly, contrary to
cells to MNNG-induced death (Figure 4E). Finally, to inves- H2AX, H2AXS139A did not restore the MNNG ability to
tigate the importance of YH2AX in programmed necrosis, we induce programmed necrosis in H2ZAX—/— cells (Figure 4E).
mutated Ser139 to Ala (S139A). Then, we transfected The generation of yH2AX is thus critical in this type of PCD.
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extracts from WT and H2AX—/— MEFs untreated or treated with MNNG at different times. The membrane was stained with naphtol blue (NB)
to assess protein loading. (B) WT and H2AX—/— MEFs were untreated (control) or treated with MNNG (15min), immunostained for PAR
detection, and visualized by fluorescent microscopy. Representative micrographs of each cell type are shown. Data are means +s.d. (n=>5).
Bar: 10 um. (C) Fluorescent assessment of calpain activity measured in WT and H2AX—/— MEFs untreated (control) or treated with MNNG
(1 h). Representative micrographs of each treatment are shown. This experiment was repeated four times, yielding similar results. Bar: 10 pm.
(D) WT and H2AX—/— MEFs were treated with MNNG and Bax activation was measured by flow cytometry. Representative cytofluorometric
plots of untreated (control) and MNNG-treated (9 h) cells are shown. Data are the means * s.d. (n=6). A full-colour version of this figure is

available at The EMBO Journal Online.

PARP-1, calpains, Bax, and AIF are activated

in MNNG-treated H2AX—/— MEFs

Genetic deletion of H2AX prevents programmed necrosis.
Therefore, it could be anticipated that the absence of H2AX
in the nucleus would inactivate a key programmed necrotic
effector (e.g. PARP-1, calpains, Bax, or AIF). We thus verified
whether these proteins were activated or not in H2AX—/—
MEFs after MNNG treatment. PARP-1 activation is assessed
by the inverse relationship existing between poly(ADP-ti-
bose) (PAR) and NAD™ and ATP cellular levels. As shown
by the formation of PAR polymers, PARP-1 was equally
activated in WT and H2AX—/— MEFs (Figure 5A and B).
This showed that, even in the absence of H2AX, PARP-1 is an
active enzyme. In line with that, MNNG caused a rapid and
similar decrease in NAD ™ and ATP cellular levels in both WT
and H2AX—/— MEFs (Supplementary Figure 3). The specifi-
city of the PARP-dependent NAD ™" loss associated with
MNNG treatment was confirmed using a pharmacological
PARP inhibitor, PJ34. We next focused on calpains and Bax.
Calpain activity was first measured with the help of a cell-
permeable calpain substrate, which reports calpain activity in
live cells. This approach showed that MNNG induced rapid
calpain activation in WT and H2AX—/— MEFs (Figure 5C).
These results were corroborated by a fluorogenic substrate-
based assay (Supplementary Figure 4A). Finally, we showed
a time-dependent increase in activated Bax in WT and
H2AX—/— MNNG-treated cells (Figure 5D). This was con-
firmed using an immunofluorescence approach (Supple-
mentary Figure 4B).

©2010 European Molecular Biology Organization

The activation of PARP-1, calpains, and Bax measured in
WT and H2AX—/— MEFs would be expected to provoke AIF
processing, mitochondrial damage, and tAIF translocation
from the mitochondria to the nucleus. This is indeed the
case. MNNG-treated WT and H2AX—/— MEFs underwent
mitochondrial transmembrane potential (AY,,) dissipation
(Figure 6A). This alteration is associated with the mitochon-
drial release of tAIF and its translocation to the cytosol and
nucleus (Figure 6B and C). As supported by confocal analysis
(Figure 6D), in untreated cells AIF was excluded from the
nucleus and showed the typical mitochondrial pattern.
However, after MNNG treatment, a portion of AIF was
found within the nucleus. Overall, these results show that
H2AX—/— MNNG-treated MEFs activate PARP-1, calpains,
Bax, and AIF in exactly the same way as WT cells.

These data raised a complementary question: how did
MNNG-treated H2AX—/— MEFs survive with activated
PARP-1, calpains, Bax, and AIF, consumed NAD " and ATP
pools, and dissipated A¥,,? To answer this question, we
performed a long MNNG treatment in H2AX—/— MEFs. As
depicted in Supplementary Figure 5A, in H2AX—/— MEFs we
only detected a significant positive PS exposure/loss of
viability labelling 24h post-MNNG incubation. Note that
WT MEFs reached a similar per cent of PCD 9h after
MNNG treatment (Figure 4B). Interestingly, MNNG-treated
H2AX—/— cells never presented the hallmarks characterizing
AlF-mediated chromatinolysis: TUNEL positivity or periph-
eral chromatin condensation. Indeed, after 24h of MNNG
treatment, H2AX—/— MEFs exploded, as in uncontrolled or
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Figure 6 MNNG-induced AW, loss and tAIF relocalization from the mitochondria to the cytosol and nucleus in H2ZAX—/— MEFs. (A) After the
indicated time post-MNNG treatment, WT and H2ZAX—/— MEFs were labelled with TMRE, and the frequency of cells with AW, loss was
recorded and illustrated as a plot. Data presented in the bar chart are from the means of five independent experiments +s.d. In cytometry
panels, percentages refer to cells with AW, loss. (B) Mitochondrial AIF (Mit.; 62 kDa) is cleaved into a lower molecular weight tAIF (57 kDa) in
the mitochondrial intermembrane space (IMS) upon atractyloside treatment (Yuste et al, 2005) (left panel). Cytosolic fractions recovered from
WT and H2AX—/— MEFs after MNNG treatment at different times were blotted for tAIF detection. Compared to the mitochondria isolated from
WT MEFs and tAIF recombinant protein (tAIFr), MNNG treatment induces both AIF cleavage into tAIF and time-dependent tAIF release to
cytosol. Lamin A and actin were used to control fractionation quality and protein loading. (C) tAIF was also detected in nuclear extracts
obtained from WT and H2AX—/— MEFs treated as in (B). Actin and lamin A were used to control fractionation quality and protein loading. (D)
WT and H2AX—/— MEFs were untreated or treated with MNNG (6 and 9 h), immunostained for AIF detection (red), and examined by confocal
microscopy. Hoechst 33342 (blue) was used to visualize nuclei. Representative microphotographs are shown. Bar: 10 um. Cells presenting AIF
in the nucleus are quantified and plotted as a percentage of total cells. This experiment was repeated four times, yielding similar results.
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secondary necrosis (Supplementary Figure 5B and C). These
results strongly suggest a key role for the above-described
AIF/H2AX link in the management of the MNNG necrotic
programme. Indeed, without this link, it seems that the cell is
unable to entirely accomplish a ‘PCD’ event.

Cooperation between AIF and H2AX is required

to induce chromatinolysis

After MNNG treatment, H2AX knockout cells did not present
the hallmarks characteristic of AIF-mediated chromatinolysis,
even if the active form of AIF was in the nucleus. Thus, it
seems that AIF/H2AX interaction is required to provoke
chromatinolysis and PCD. To verify this possibility, we used
mouse tAIF and AIFsh recombinant proteins (the two natural
AIF pro-apoptotic forms) in a cell-free in vitro system in
which they were added to highly purified WT and H2AX—/—
activated nuclei. After 90 min, nuclear chromatinolysis was
quantified by (i) cytofluorometry, to assess nuclei presenting
DNA breaks; (ii) Hoechst immunofluorescence, to analyse
nuclear morphology; (iii) cytofluorometry and immunofluor-
escence, to visualize TUNEL detectable DNA breaks. Using
these methodologies, we observed that recombinants tAIF
and AlFsh induced DNA loss (Figure 7A), peripheral chro-
matin condensation (Figure 7B), and TUNEL positivity
(Figure 7C and D) in WT nuclei. These nuclear modifications
were not evident after addition of tAIF or AlFsh to nuclei
purified from H2AX—/— MEFs (Figure 7A-D). The presence
of H2AX in the nucleus is thus essential to AIF-mediated
chromatin condensation and DNA degradation. Besides, we
found that AIFsh2 (a natural AIF isoform that lacks the C-
terminal AIF domain) (Delettre et al, 2006b) did not induce
chromatinolysis in WT nuclei (Figure 7E), confirming the
pro-apoptotic functional hierarchy of the C-terminal domain
of AIF. This result prompted us to further investigate the
relevance of the AIF/H2AX link in AIF-mediated chromatino-
lysis. As indicated in Figure 2, the region of AIF interacting
with H2AX is the C-terminal PBD motif. Thus, to verify the
significance of the AIF/H2AX link in AIF-mediated chromatin
condensation and DNA degradation, we deleted this PBD in
tAIF and AlFsh, and added these mutated proteins to WT
purified nuclei. As indicated in Figure 7E, tAIF Pro-rich A and
AlFsh Pro-rich A lost their chromatinolytic properties.
Therefore, in the absence of the C-terminal PBD (the AIF/
H2AX interacting region), the pro-apoptotic AIF forms are
inefficient in triggering chromatinolysis. Overall, these data
show that the presence of H2AX in the nucleus is critical for
AJF-mediated chromatin condensation and TUNEL positivity.
The interaction between the C-terminal PBD of AIF and H2AX
regulates this chromatinolytic action.

AIF/H2AX association promotes DNA degradation
through CypA

The interaction between AIF and H2AX is critical for the
chromatinolytic action that controls caspase-independent
programmed necrosis. However, AIF and H2AX have no
DNAase activity. Therefore, how does the association be-
tween AIF and H2AX promote DNA degradation? In apoptotic
caspase-dependent PCD, H2AX improves the DNA-degrading
ability of the CAD endonuclease (Lu et al, 2006). Hence, it
seems plausible to consider that, in caspase-independent
PCD, the AIF/H2AX link could improve DNA accessibility
to CypA or EndoG, two endonucleases that have been pre-
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viously related to the AIF apoptogenic action (Wang et al,
2002; Cande et al, 2004; Wissing et al, 2004; Zhu et al, 2007).
To verify this possibility, we first tested whether these en-
donucleases are implicated in programmed necrosis. As
depicted in Figure 8A, silencing of CypA abrogated MNNG
toxicity. Moreover, CypA downregulation significantly
eliminated the hallmarks of AIF-mediated chromatinolysis
(Figure 8B and C). No effect was detected in similar experi-
ments performed with two different siRNAs designed against
EndoG. This indicates that CypA, but not EndoG, participates
in MNNG-mediated PCD.

CypA partially locates in the nucleus, has a latent nuclease
activity, and generates the DNA loss characterizing the AIF
nuclear action (e.g. TUNEL positivity) (Montague et al,
1997). To investigate whether the association between AIF
and H2AX induces DNA degradation by promoting the acti-
vation of the latent nuclear CypA, we used a cell-free system
assay in which tAIF, AlIFsh, tAIF Pro-rich A, and AIFsh Pro-
rich A recombinant proteins were added to nuclei purified
from WT MEFs transfected with a control siRNA or an siRNA
against CypA. Using this assay, we observed that recombi-
nants tAIF and AlFsh induced DNA loss in WT control siRNA
nuclei (Figure 8D; Supplementary Figure 6). These nuclear
modifications were absent in nuclei purified from WT siRNA
CypA. As in CypA downregulated cells, these results prove
that the presence of CypA in the nucleus is crucial to AIF-
mediated chromatinolysis. In this way, reconstitution of WT
siRNA CypA nuclei with recombinant CypA resensitized the
tAIF/AlIFsh apoptogenic action (Figure 8D; Supplementary
Figure 6). Note that CypA alone (without tAIF or AlFsh) does
not sensitize WT siRNA CypA nuclei. Importantly, tAIF Pro-
rich A and AlFsh Pro-rich A, the two AIF forms deleted in the
AIF/H2AX interacting region are inefficient in triggering
chromatinolysis. And that is the case even in WT siRNA
CypA nuclei reconstituted with recombinant CypA (Figure
8D; Supplementary Figure 6). Thus, the AIF/H2AX link
promotes the CypA chromatinolytic action that is associated
to AIF and caspase-independent programmed necrosis. As a
control experiment, we corroborated that the addition of the
active recombinant proteins tAIF and CypA to nuclei purified
from H2AX—/— MEFs did not provoke DNA degradation
(Supplementary Figure 6). Together with the results included
in Figure 7, these data indicate that the synchronized pre-
sence of AIF, H2AX, and CypA in the nucleus is required to
provoke DNA degradation.

Discussion

Despite the substantial amount of work performed on AIF, 10
years after its discovery little is known about the means used
by this protein to promote chromatinolysis and caspase-
independent PCD. In this study, we provide a key insight
into the mechanisms of AIF’s pro-apoptotic action. We show
that alkylating DNA damage-mediated PCD requires the
nuclear interaction between AIF and H2AX. This association
is critical in the generation of a DNA-degrading complex that
also implicates CypA. Together with our previous results
(Moubarak et al, 2007), our new data establish a novel
sequence of molecular events for caspase-independent pro-
grammed necrosis: MNNG induces in turn the activation of
PARP-1, calpain, Bax, and AIF. Upon transfer from the
mitochondria to the nucleus in its pro-apoptotic form, AIF
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Figure 7 Cooperative effect of AIF and H2AX on chromatinolysis. (A) Purified WT and H2AX—/— MEFs nuclei were incubated in the absence
(control) or presence of mouse recombinant proteins tAIF and AlIFsh and stained with PI. The percentage of DNA loss was measured by flow
cytometry and illustrated as a plot. Data are shown as mean values +s.d. (n=4). In cytometry panels, numbers indicate the % of hypoploid
nuclei. (B) WT and H2ZAX—/— MEFs nuclei were treated with tAIF and AlFsh (4 pg/ml) and stained with Hoescht 33342 to visualize chromatin
condensation by fluorescent microscopy. Representative micrographs of each treatment are shown. This experiment was done three times,
yielding similar results. (C) Nuclei were treated with tAIF and AlFsh as in (B), stained for the detection of 3’-OH DNA breaks, and analysed by
flow cytometry. Representative cytofluorometric plots are shown. (D) In a similar experiment to (C), nuclei were stained with Hoechst 33342,
and blue and green (TUNEL positive) fluorescence was visualized. Representative microphotographs from untreated (control), tAIF, or AlFsh-
treated nuclei are shown. Bar: 20 um. (E) Table compiling the results obtained in WT and H2AX—/— MEFs nuclei incubated in the presence of
tAIF, tAIF Pro-rich A, AlFsh, AlIFsh Pro-rich A, and AIFsh2 (4 pg/ml). Data are represented as % of DNA loss measured as in (A) (X+£s.d.;
n=5), +: induction of chromatin condensation, or —: absence of chromatin condensation. A full-colour version of this figure is available at
The EMBO Journal Online.
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Figure 8 The AIF/H2AX link promotes DNA degradation by activating CypA. (A) WT MEFs were transfected with a scramble siRNA (control
siRNA) or two different siRNAs against mouse CypA (CypAsiRNAa and CypAsiRNAb) or mouse EndoG (EndoGsiRNAa and EndoGsiRNAD).
Total cell lysates from siRNA cells were prepared and the expression levels of CypA or EndoG were assessed by immunoblotting. Actin was
used as a loading control; 48 h after the indicated transfection, cells were untreated (control) or treated with MNNG (9h), labelled with
AnnexinV-FITC and PI, and analysed by flow cytometry. Representative cytofluorometric plots are shown. Percentages refer to double-positive
staining. Kinetic analysis of PS exposure and cell viability loss induced by MNNG. After the indicated times, cells were stained as above and the
frequency of double-positive labelling was recorded and expressed as a percentage. Data are the means of eight independent experiments + s.d.
(B) MEFs were untreated or treated with MNNG as in (A), stained for the detection of 3’-OH DNA breaks, and analysed by flow cytometry. Data
are the means of six independent experiments +s.d. (C) MEFs were untreated or treated with MNNG (9 h) and stained with Hoechst 33342 to
visualize nuclei. The number of cells presenting chromatin condensation were quantified and plotted as a percentage of total cells. Data are the
means ts.d. (n=6). The asterisks in (A-C) indicate a significant effect (P<0.01). (D) Nuclei purified from the MEFs described in (A) were
incubated in the absence (control) or presence of mouse recombinant proteins tAIF or tAIF Pro-rich A and stained with PI. The percentage of
DNA loss was measured by flow cytometry, numbers indicate the % of hypoploid nuclei. In selected experiments, nuclei purified from WT
CypAsiRNAa MEFs were reconstituted with recombinant CypA (10 nM). A full-colour version of this figure is available at The EMBO Journal Online.
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interacts with H2AX to promote chromatinolysis in coopera-
tion with CypA.

Given its similar features (e.g. YH2AX, PARP-1, or Bax
activation), our new results indicate that the apoptotic and
the programmed necrotic pathways could represent alternate
outcomes of a similar PCD programme (see also Moubarak
et al, 2007). Indeed, the main differences between these
two PCD modalities seem to be the different mode of activa-
tion of PARP-1 and the implication of either caspases or AIF.
Interestingly, the discovery of the AIF/H2AX link reveals
that DNA chromatinolysis is a major step in programmed
necrosis. Without the DNA degradation promoted by this
link, the MNNG necrotic program remains uncomplete and
the cells burst.

One of the first responses to the production of DSB in DNA
is the rapid generation of phosphorylated H2AX near the
DNA break point. This feature distinguishes H2AX from other
members of the H2A family (Redon et al, 2002; Thiriet and
Hayes, 2005). Traditionally, phosphorylated H2AX (yH2AX)
has been associated to chromatin restructuration and recruit-
ment of DNA repair factors (Celeste et al, 2003; Fernandez-
Capetillo et al, 2004). However, the introduction of DSB into
DNA triggers a large panel of cellular responses, which
include DNA repair, but also PCD (Bonner et al, 2008).
Thus, theoretically, YH2AX might serve as a signalling plat-
form to control the nuclear PCD features. This has been
demonstrated for caspase-dependent PCD (Rogakou et al,
2000; Lu et al, 2006). yH2AX is here critical for DNA
fragmentation triggered by the caspase-3 downstream target
CAD (Lu et al, 2006), by altering the chromatin conformation
to improve DNA accessibility to the CAD endonuclease (Sluss
and Davis, 2006). Our data indicate that H2AX is also
phosphorylated at Ser139 after MNNG treatment and that
this phosphorylation is crucial for caspase-independent pro-
grammed necrosis. Indeed, the particular redistribution of
vH2AX within the nuclear volume, which helps in organizing
specialized protein complexes (Bewersdorf et al, 2006), and
the DNA restructuration induced by yH2AX (Fernandez-
Capetillo et al, 2004; Sluss and Davis, 2006) appear essential
to the AIF/CypA action that promotes caspase-independent
DNA degradation. Thus, chromatinolysis mediated by yYH2AX
is a common feature in caspase-dependent and caspase-
independent PCD. The difference in the nature of the DNA
degradation representing these two types of death, oligonu-
cleosomal for caspase-dependent PCD and large scale for
caspase-independent PCD, seems related to the actors
implicated: CAD or AIF/CypA.

Our results strongly favour the hypothesis that AIF/H2AX
interaction promotes chromatinolysis and PCD by generating
an active DNA-degrading complex involving CypA: (i) a
specific deletion in the AIF/H2AX interaction site (the
C-terminal PBD of AIF) abolishes both AIF and CypA activity;
(if) H2AX and CypA-deficient cells exhibit a major defect in
AlF-mediated DNA fragmentation and programmed necrosis.
Indeed, our study on H2AX and CypA-deficient cells shows
for the first time that the presence of the apoptogenic form of
AIF in the nucleus is required but not sufficient for caspase-
independent chromatinolysis. Together with our previous
work (Moubarak et al, 2007), we show that AIF, H2AX, and
CypA-deficient cells present lower responsiveness to MNNG-
mediated programmed necrosis than WT cells. This indicates
that H2AX, AIF, and CypA are involved in a single cell death
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pathway; (iii) our cell-free in vitro system corroborates the
cellular data: the individual lack of H2AX, AIF, or CypA
abolishes the nuclear DNA-degrading activity characterizing
caspase-independent PCD; and (iv) the H2AX interaction site
is located in residues 543-559 of AIF, and is different from the
AIF/CypA binding domain (amino acids 366-398) (Cande
et al, 2004) (Supplementary Figure 7). Thus, theoretically,
AIF could simultaneously associate with H2AX and CypA.
This is the case in MNNG-treated WT MEFs (Supplementary
Figure 8). Remarkably, AIF interacts with H2AX even in the
absence of CypA. In contrast, AIF needs H2AX in the nucleus
to associate with CypA (Supplementary Figure 8). These
results seem to indicate that the nuclear AIF/H2AX associa-
tion favours the interaction of AIF with CypA. Then,
providing a strategic bridge between H2AX and CypA (illu-
strated in Supplementary Figure 9), AIF generates the lethal
DNA-degrading activity characterizing programmed necrosis.
In this sense, an AlF-derived peptide containing both the
H2AX and CypA binding residues provokes DNA degradation.
In contrast, AIF-derived peptides containing either the PBD or
the CypA binding sites are unable to induce chromatinolysis
(Supplementary Figure 10). AIF needs therefore its H2AX and
CypA binding sites to promote chromatinolysis. This explains
the absence of chromatinolytic activity in some of the pre-
viously described AIF forms: AIFsh2 (Delettre et al, 2006b),
which lacks the H2AX and CypA binding domains; AIF A
263-399 (Cande et al, 2004), which lacks the CypA binding
domain; or tAIF Pro-rich A and AIFsh Pro-rich A (this study),
which lack the H2AX binding domain. On the contrary, tAIF
and AlFsh, which possess both the H2AX and CypA binding
sites, are active apoptogenic proteins. Overall, our data led us
to conclude that the specific characteristics of H2AX (phos-
phorylation, nuclear redistribution, and generation of DNA
accessibility), CypA (DNase), and AIF (specialized binding
domains) generate a nuclear chromatinolytic complex that
controls programmed necrosis.

Two signal transducers of DNA damage regulate
programmed necrosis: PARP-1 and H2AX. Indeed, PARP-1
and H2AX share common physiological features. They are
activated in response to DNA damage generated by exogen-
ous treatments, participate in DNA repair, and are implicated
in PCD (Haince et al, 2005; Bonner et al, 2008). However, in
apoptotic and necrotic PCD, these two proteins could share
different properties. In caspase-dependent apoptosis, PARP-1
and H2AX seem to regulate each other. Moreover, H2AX-
deficient cells are more sensitive to apoptotic PCD than WT
cells (Meador et al, 2008). In caspase-independent PCD, both
PARP-1 and H2AX-deficient MEFs are less sensitive than WT
cells (Moubarak et al, 2007). Additionally, in contrast to
apoptotic PCD, PARP-1 activity is independent from H2AX
(Figure 5A and B; Supplementary Figure 3).

We show here that nitrosoureas engage a highly regulated
necrotic pathway that can be modulated independently of
classical apoptotic pathways. This offers new possibilities for
the activation of PCD in tumour resistant cells (e.g. targeting
caspase-independent effectors). AIF is therefore a promising
drug target. First, AIF is implicated in most of the
caspase-independent PCD paradigms tested in tumour cells
(Galluzzi et al, 2006; Lorenzo and Susin, 2007; Constantinou
et al, 2009). Second, based on our current results, it seems
conceivable to activate the caspase-independent PCD path-
way by using AlF-derived peptides, such as the PBD/CypA
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peptide described here. In this sense, our new results might
pave the way for the development of novel pharmacological
tools in cancer research.

Materials and methods

Cell culture and cell death induction

MEFs were cultured in DMEM supplemented with 10% FCS, 2 mM
L-glutamine, and 100U/ml penicillin/streptomycin (Invitrogen),
and maintained at 37°C in a 5% CO, atmosphere. To induce death,
cells were treated either with MNNG (500 uM) or with STS (1 uM;
6h). In MNNG experiments, the treating medium was replaced after
20 min of incubation by fresh medium devoid of MNNG, and cells
(80% confluence) were cultured for the indicated times.

Immunoprecipitation and cell transfection

Cells were transfected in a Nucleofector® system (Amaxa) with
p3xFlag-AlF or p3xFlag empty vectors; 24 h after transfection, cells
were untreated or treated with MNNG (9h). Cells were then
collected in IP buffer (20 mM Tris/HCI, pH 7.4, 150 mM NacCl, 2 mM
EDTA, 10% Glycerol, 1% Triton X-100) supplemented with protease
inhibitors (Roche). One milligram of protein was taken and adjusted
with the IP buffer to achieve a final concentration of 1 pg/pl. In all,
40ul of anti-Flag M2-agarose-coupled antibody were added and
incubated overnight at 4°C. Beads were washed with IP buffer and
eluted for 30 min at 4°C with 50 pl of TBS containing 150 ng/ml of
3xFlag competitor peptide. Alternatively, 1 mg of supernatant from
control or MNNG-treated MEFs was subjected to immunoprecipita-
tion with 2 pg of anti-H2AX antibody (Novus, NB100-383). H2AX—/—
MEFs were transfected as above with pcDNA3.1-H2AX, pcDNA3.1-
H2AXS139A, or pcDNA3.1 empty vector. Then, they were treated
with Zeocin and cultured for 4 weeks before analysis of H2AX
expression by western blot and limited dilution selection of
individual clones. Clones with similar H2AX levels to H2AX-wt
were expanded and analysed.

SPR measurements

A BlAcore 2000 SPR biosensor was used to assay the interaction
of soluble H2AX (Abnova) with His-tagged recombinant tAIF.
400-500RU (1RU=1pg/mm?) of tAIF were immobilized on an
NTA sensor chip as described (Jomain et al, 2007). The interaction
between H2AX (39 nM-1.25 uM) and immobilized tAIF was assayed
at 25°C at 100 pl/min using the following buffer: 50 mM Tris pH 7.4,
1 mM EDTA, 450 mM NaCl, 0.01 % Tween 20, and 0.1 mg/ml of BSA.
For competition experiments, H2AX (1.25 uM) was mixed with tAIF
Pyr-Redox, AlFsh, AIF C-term, AIF 543-559, and AIF 543-559 mut
(1.25puM) and equilibrated for 30 min at RT before injecting on the
tAIF surface.

Protein modelling

A model of the AIF/H2AX complex was obtained with GRAMM-X
(Tovchigrechko and Vakser, 2005) using pdb 1GV4 and the histone
H2AX from nucleosome core particles (NCP, pdb 1P3A chain C) as
templates for AIF and H2AX, respectively. H2AX structure was
modelled from NCP with DALI (Holm and Sander, 1993). Refine-
ment was performed in SwissPDBViewer and the resulting model
was edited with Pymol (Guex et al, 1999).

Flow cytometry

We used Annexin V (0.1 pg/ml) for the assessment of PS exposure,
propidium iodide (PI, 0.5ug/ml) for cell viability, and TMRE
(20nM) for AW, quantification. Cell death was recorded in an
FACSCanto II (BD Biosciences) in total population (10000 cells/
nuclei).

Immunofluorescence

For AIF redistribution and AIF/H2AX colocalization analysis, MEFs
seeded on coverslips were washed in PBS and fixed in PFA (4%).
Cells were quenched 10 min in 50 mM glycin, saturated in 1 mg/ml
BSA, and permeabilized in 0.05% saponin, 1 mg/ml BSA (incuba-
tion buffer, IB). Cells were incubated with anti-AIF and anti-H2AX
(M-20; Sta Cruz) diluted in IB, washed three times, and incubated
with anti-rabbit and anti-goat IgG conjugated with Alexa®™ Fluor
594 and 488 (Invitrogen). Cells were mounted in DABCO medium,
and fluorescence observed in a Leica DM-RXA23D microscope,
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equipped with a piezo z-drive (Physik Instrument). We used a
% 100 1.4NA-PL-APO objective. Multicolour image stacks (0.2 pm)
were acquired using Metamorph software (MDS) through a cooled
CDD-camera (Photometrics Coolsnap HQ). Alternatively, cells were
stained with Hoechst 33342 before assessment of AIF localization.
The quantification of AIF nuclear redistribution by fluorescence
microscopy was performed on 100 cells for each data point. For PAR
immunofluorescence, cells were fixed in methanol, incubated with
an anti-PAR antibody (clone 10H, Alexis), and detected by anti-
rabbit IgG conjugated with Alexa®™ Fluor 488. Fluorescence was
observed in a Nikon Eclipse TE2000-U microscope, and analysed
using Nikon ACT-1 software. To visualize chromatin condensation,
cells were stained with Hoechst 33342. Quantification in Figures
3D, 5B, 6D, 7E, and 8C was performed on 150 cells/nuclei for each
data point. For YH2AX and Bax detection, MEFs were fixed in 1%
PFA, permeabilized with 0.1% saponin, incubated with an anti-
YH2AX (Cell Signaling) or an anti-Bax (clone 6A7, BD Biosciences),
and detected by an anti-mouse IgG conjugated with Alexa®™ Fluor
488. Cells were analysed by immunofluorescence or cytofluorome-
try as indicated above. In selected assays, cells were co-stained with
Hoechst 33342.

Protein extraction, cell fractionation, and western blotting
For whole protein extracts, 1 x10° cells were lysed in a buffer
containing 20 mM Tris-HCI, pH 7.6, 150 mM NacCl, and 1% Triton X-
100. For cytosolic purification, cells were resuspended in 220 mM
mannitol, 70 mM sucrose, 50 mM Hepes-KOH (pH 7.2), 10 mM KCl,
SmM EGTA, 2 mM MgCl2, and 0.025% digitonine, and kept on ice
for 5min. Lysed cells were centrifuged and the supernatant was
retained as a cytosolic fraction. Nuclear fractions were obtained as
reported (Artus et al, 2006). Mitochondrial fractions were obtained
using a kit from Pierce. In vitro assays of AIF mitochondrial release
on atractyloside treatment were performed as described (Yuste et al,
2005). Histones were extracted with 0.1 M HCI (Lu et al, 2006). For
poly(ADP ribose) detection, 1 x10° cells were lysed as described
(Xu et al, 2006); 20 pg of protein was loaded on a SDS-PAGE gel and
transferred into a nitrocellulose membrane (Millipore). Membranes
were probed with antibodies against PAR (clone LP98-10, Alexis),
Lamin A (Cell Signaling), H2AX (Novus), H2A, H2AZ, yH2AX,
CypA (Upstate, Millipore), AIF, EndoG, FlagM2, actin.

siRNA

MEFs were transfected as above with siRNA double-stranded
oligonucleotides designed against mouse CypA (CypA siRNAa, 5’
CUGAAUGGCUGGAUGGCAA-3" and CypA siRNAb, 5-UCUGAGCAC
UGGAGAGAAA-3') or mouse EndoG (EndoG siRNAa, 5-GGACCGA
GGCUGAUGGGAA-3’ and EndoG siRNAb, 5-CUGGAAACCUCAAGG
CUAU-3"). As a control, we used an irrelevant siRNA (Control
siRNA, 5-GCGAUAAGUCGUGUCUUAC-3).

COMET assay

Neutral comet assay was performed as described (Olive and Banath,
2006). Single cell images were captured and analysed using a Nikon
Eclipse TE2000-U microscope as indicated above.

Field inversed gel electrophoresis
DNA was prepared from agarose plugs (2 x 10° cells), followed by
electrophoresis in a Bio-Rad Laboratories Fige Mapper cell. Running
conditions were 180V (forward pulse), 120V (reverse pulse), and
1.5 and 3.5s for the initial and final switch times (forward and
reverse pulses, linear ramp) for 20 h.

Recombinant proteins and peptides

Mouse tAIF (AIFA1-102), AlIFsh (AIFA1-351), tAIF Pyr-Redox
(AIFA1-102; A480-612), AIF C-term (AIFA1-479), AlFsh2
(AIFA352-612), tAIF Pro-rich A (AIFA1-102; A543-559), and AlFsh
Pro-rich A (AIFA1-351; A543-559) recombinant proteins were
produced as described (Yuste et al, 2005). CypA was from Abnova.
NeoMPS synthesized AIF PEST (AIF529-539), AIF PBD (AIF543-
559), AIF PBD mut (AASAAAVAQVAVEGEDY), AIF CypA (AIF366-
398), and AIF PBD/CypA (AIF366-559).

TUNEL assay and cell-free system
Detection of 3’-OH DNA breaks was performed as described earlier
(Moubarak et al, 2007). Alternatively, cells were examined in a
Nikon Eclipse TE2000-U microscope.
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Cell-free system was performed as reported (Susin et al, 1999).
Briefly, nuclei purified from different types of MEFs treated 20 min
with MNNG were incubated in the presence of the indicated
recombinant protein or peptide for 90 min at 37°C. Nuclei were used
for TUNEL and Hoechst 33342 labelling, and examined by
fluorescence microscopy and flow cytometry as above. Alterna-
tively, nuclei were stained with PI (0.5 pg/ml) and analysed by flow
cytometry.

Calpain activity

Calpain activity in live cells was detected using the cell-permeable
calpain substrate Boc-Leu-Met-CMAC (Invitrogen). Cells spread on
coverslides were incubated for 30min with 50uM of calpain
substrate in DMEM culture medium. Cells were then treated or
not with MNNG and observed in a Nikon Eclipse TE2000-U
microscope.

Statistical analysis
The significance of data included in Figure 8 was determined using
the Student’s t-test for unpaired observations.
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