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Abstract

Oxidative-stress-induced necrosis is considered to be one of the main pathological mediators in
various neurological disorders, such as brain ischaemia. However, little is known about the
mechanism by which cells modulate necrosis in response to oxidative stress. In the present study,
we showed that Drpl (dynamin-related protein 1), a primary mitochondrial fission protein,
stabilizes the well-known stress gene p53 and is required for p53 translocation to the mitochondria
under conditions of oxidative stress. We found that Drp1 binding to p53 induced mitochondria-
related necrosis. In contrast, inhibition of Drpl hyperactivation by Drpl siRNA reduced necrotic
cell death in cell cultures exposed to oxidative stress. Most significantly, we demonstrated that
inhibition of Drpl by the Drp1 peptide inhibitor P110, which was developed recently by our
group, abolished p53 association with the mitochondria and reduced brain infarction in rats
subjected to brain ischaemia/reperfusion injury. Taken together, these findings reveal a novel
mechanism of Drpl hyperactivation in the induction of mitochondrial damage and subsequent cell
death. We propose that a Drp1 inhibitor such as P110 is a possible therapeutic agent for diseases
in which hyperactivated Drp1 contributes to the pathology.
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INTRODUCTION

Mitochondria are critical subcellular organelles that govern energy generation, lipid
metabolism and Ca* buffering. A decline in mitochondrial activity has been implicated in a
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number of cellular processes, linking dysfunctional mitochondria to the pathogenesis of a
wide range of human diseases, including neurological, cardiovascular and metabolic
disorders [1-4].

Drpl (dynamin-related protein 1) is a large GTPase that controls the process of
mitochondrial division [3,5]. Drpl localizes mainly to the cytoplasm. Upon activation, Drpl
translocates to the mitochondria where it binds to its mitochondrial adaptors, such as Fisl,
Miff and MiD49/51, to process fission [6—-8]. Mice lacking Drpl exhibit embryo lethality [9].
Brain-specific conditional knockout of Drpl in mice results in synaptic formation defects
[10]. These lines of evidence suggest that Drp1 is required for normal brain development. In
contrast, Drpl-mediated excessive mitochondrial fission was reported to play a causal role
in apoptosis and autophagy-associated cell death [11-14]. More recently, Drpl
hyperactivation was demonstrated to participate in TNFa (tumour necrosis factor a)-induced
mitochondrial signalling, initiating an early step in necrosis execution [15]. Notably,
inhibition of Drp1 by either a dominant mutant Drp1X¥384 or RNAi reduces mitochondrial
damage and increases cell survival in cells exposed to a variety of stimuli [13-15].
Therefore hyperactivated Drp1-induced mitochondrial dysfunction may represent a
convergence of PCD (programmed cell death) pathways.

Tumour suppressor p53 is a transcriptional factor that mediates cell death through
transcription-dependent and -independent pathways [16—19]. Under physiological
conditions, p53 is maintained at a low level primarily by the oncoprotein MDM2 (mouse
double minute 2 homologue), a pS3 ubiquitin E3 ligase. MDM2 binds to p53, promoting p53
ubiquitination and degradation through the proteasome system [20]. However, upon cell
stress, a cytoplasmic pool of p53 mainly translocates to the mitochondria, an event that
precedes its transcriptional activity [16,19-21]. Mitochondrially targeted pS3 has been
shown to launch apoptosis by activating pro-apoptotic members of the Bcl-2 family at the
mitochondrial outer membrane [16]. It is also reported that p53 enters the mitochondrial
matrix where it binds to and inactivates MnSOD1 (manganese superoxide dismutase 1) to
induce oxidative stress [22]. Furthermore, p53 accumulation on the mitochondria results in
the opening of the mitochondrial permeability transition pore and subsequent necrosis by
interacting with the mitochondrial inner membrane protein CypD (cyclophilin D) [18].
Taken together, these findings emphasize that translocation of p53 to the mitochondria leads
to mitochondria-related cell death. However, the mechanism through which p53 is
translocated to the mitochondria remains unclear.

In the present study, we have demonstrated that Drp1 stabilized p53 and was required for
p53 translocation to the mitochondria under oxidative stress. We have shown that Drpl
binding to p53 induced mitochondria-associated necrosis in cultured cells exposed to
oxidative stress. We also provided evidence that pharmacological inhibition of Drpl
hyperactivation is sufficient to reduce necrosis induced by brain ischaemic injury in rats.
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EXPERIMENTAL

Antibodies and reagents

Cycloheximide, 3-NP (3-nitropropionic acid), etoposide and protease inhibitor cocktail were
purchased from Sigma—Aldrich. MG132 was from Tocris Bioscience. Antibodies against c-
Myc, FLAG, GFP, HA (haemagglutinin), p53, ubiquitin and HSP60 (heat-shock protein 60)
were from Santa Cruz Biotechnology, and anti-Drp1 (DLP1) was from BD Biosciences.
Anti-PARP [poly(ADP-ribose) polymerase] antibody was purchased from Cell Signaling
Technology. Anti-VDAC (voltage-dependent anion channel) and anti-(cytochrome C)
antibodies were from MitoScience, and anti-pan-actin antibody was from Sigma—Aldrich.
Anti-Bax and anti-HMGB1 (high-mobility group box B1) antibodies were from Proteintech.
Anti-(mouse IgG) and horseradish-peroxidase-linked species-specific antibodies were from
Thermo Scientific and Abcam (only recognizing the light chain).

Constructs and transfection

Cell culture

Full-length Drp1, FLAG-p53, GFP-p53, HA—ubiquitin (wild-type), HA-Ub KO (ubiquitin
lacking lysine residues), HA—ubiquitin (Lys*®-linked) and ubiquitin (Lys®3-linked) plasmids
were obtained from Addgene. Truncating mutations of Drpl were created by inserting PCR-
amplified fragments into the pPCMV-Myc vector. Myc—p53 truncated mutants were gifts
from Dr Lingqiang Zhang (Beijing Institute of Radiation Medicine, Beijing, China).

Drp1WT (wild-type Drp1) and Drp1X© (Drp1-knockout) MEFs (mouse embryonic
fibroblasts) were gifts from Dr Hiromi Sesaki (Johns Hopkins University). Human breast
cancer MCF7 cells and Drpl MEFs were maintained in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v)
penicillin/streptomycin. Human non-small-cell lung cancer p53-null H1299 cells were
maintained in RPMI 1640 medium with 10% (v/v) FBS and 1% (v/v) penicillin/
streptomycin. All of the above-mentioned cells were maintained at 37°C in 5% CO»/95%
air.

Isolation of mitochondria-enriched fraction and lysate preparation

Cells were washed with ice-cold PBS and incubated on ice in lysis buffer (250 mM sucrose,
20 mM Hepes/NaOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl,, | mM EDTA, 1:300 dilution
protease inhibitor cocktail and 1:300 dilution phosphatase inhibitor cocktail) for 30 min.
Cells were then scraped and disrupted by repeated aspiration through a 25-gauge needle.
Brain tissue was minced and ground using a pestle in lysis buffer. The homogenates were
spun at 800 g for 10 min at 4°C, and the resulting supernatants were spun at 10000 g for 20
min at 4°C. The pellets were washed with lysis buffer and spun at 10000 g again for 20 min
at 4°C. The final pellets were suspended in lysis buffer containing 1% (v/v) Triton X-100
and were mitochondria-enriched fractions. Mitochondrial membrane protein VDAC or
HSP60 was used as a loading control.
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Immunoprecipitation

Cells were lysed in total cell lysate buffer [SO mM Tris/HCI, pH 7.5, containing 150 mM
NaCl, 1% (v/v) Triton X-100 and protease inhibitor]. Soluble protein was incubated with
indicated antibody overnight at 4°C and Protein A/G-beads for 1 h. Immunoprecipitates
were washed four times with cell lysate buffer, analysed by SDS/PAGE and immunoblotted
with the indicated antibodies.

Measurement of MMP (mitochondrial membrane potential) and mitochondrial superoxide
production

Cells cultured on coverslips were washed with ice-cold PBS and then incubated with 5 uM
MitoSOX™ Red (Invitrogen), a mitochondrial superoxide indicator, for 10 min at 37°C. To
measure the MMP in cultures, the cells were incubated with 10 yM TMRM
(tetramethylrhodamine) (Invitrogen) for 20 min at 37°C. The cells were then washed with
PBS and mounted. The images were visualized by microscope, and quantification of images
was then carried out using NIH ImagelJ software. At least 100 cells per group were counted

in the analysis.

Immunocytochemistry

Cells cultured on coverslips were washed with ice-cold PBS, fixed in 4% (w/v)
formaldehyde and permeabilized with 0.1% Triton X-100. After incubation with 2% (v/v)
normal goat serum (to block non-specific staining), fixed cells were incubated overnight at 4
°C with antibodies against p53 (1:2000 dilution, Cell Signaling Biotechnology) and Tom20
(translocase of the outer membrane 20) (1:500 dilution, Santa Cruz Biotechnology). Cells
were washed with PBS and incubated with Alexa Fluor® 488-conjugated anti-rabbit and
Alexa Fluor® 568-conjugated anti-mouse secondary antibodies (1:500 dilution, Invitrogen)
for 60 min. Coverslips were mounted on glass slides and imaged by confocal fluorescence
microscopy using an inverted Olympus IX-81 coupled Fluoview 1000 (FV 1000) confocal
microscope.

Determination of total ATP levels

Cellular ATP concentration was measured using an ATP Colorimetric/Fluorometric Assay
Kit (BioVision). The cells were lysed in 50 ul of ATP assay buffer, and total ATP levels
were determined at 570 nm using a microplate reader, according to the manufacturer’s
instructions.

HMGB1 release assay

Medium from cultured cells was harvested. Proteins in medium were purified using Amicon
Ultra 0.5 ml centrifugal filters (Millipore) and analysed by Western blotting with anti-
HMGBI antibody.

MCAO (middle cerebral artery occlusion) stroke model

Transient cerebral ischaemia was induced in male Sprague—Dawley rats (250-280 g) using
an occluding intraluminal suture, as described previously [23,24]. Briefly, an uncoated 30-
mm-long segment of 3-0 nylon monofilament suture with the tip rounded by a flame was
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inserted into the stump of the external carotid artery and advanced into the internal carotid
artery ~19-20 mm from the bifurcation to occlude the ostium of the middle cerebral artery.
At the end of the ischaemic period (2 h), the suture was removed and the animal was
allowed to recover. Animals were maintained under isoflurane anaesthesia during all
surgical procedures. Physiological parameters including body temperature (35-38°C) and
respiration rate were monitored and maintained using a heat blanket and anaesthetic
adjustment. Control peptide carrier Tat (transactivator of transcription) or Drp1 peptide
inhibitor P110 was delivered as an i.p. (intraperitoneal) dose (0.5 mg/kg of body weight).
Brain infarction size was measured by staining coronal brain slices (2 mm/slice) with 2%
(w/v) TTC (triphenyltetrazolium chloride), and the neurological status of the rats was
evaluated by an observer blinded to the treatment groups, using the methods described
previously [23,25]. The procedures involving animals in the present study were performed
in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and with protocols approved by the Institutional Animal Care and Use
Committee of Case Western Reserve University. These protocols include efforts to
minimize animal suffering and the number of rats used.

Western blot analysis

Protein concentrations were determined using the Bradford assay. Proteins were
resuspended in Laemmli buffer, loaded on SDS/PAGE and transferred on to nitrocellulose
membranes. Membranes were probed with the indicated antibody and then visualized by
ECL.

Statistical methods

RESULTS

Data are expressed as means +S.D. An unpaired Student’s t test assessed differences
between two groups; a one-factor ANOVA with Fisher’s test was used to assess differences
between more than two groups; and Fisher’s test for categorical data was used to assess
significance (P < 0.05). All experiments were performed at least three times independently.

Drpl stabilizes p53

Recent studies have found that p53 participated in Drp1-mediated cell death in
cardiomyocytes exposed to hydrogen peroxide (H>O5,) [26] and in neuronal cells in response
to DNA damage [27]. To determine the interdependence between Drpl and p53, we first
examined the protein level of p53 in Drp1WT and Drp1X© MEFs. In Drp1X0 MEFs, we
found a dramatic decrease in the p53 protein level, when compared with that in Drp1W'T
MEFs (Figure 1A). This decrease in the p53 protein level was not due to a down-regulation
in the p53 mRNA level (Figure 1B), determined by RT (reverse transcription)-PCR using
the primers listed in Supplementary Table S1 at http://www.biochemj.org/bj/461/
bj4610137add.htm. In contrast, the addition of MG132, a proteasome inhibitor, recovered
the protein level of p53 in Drp1XO MEFs (Figure 1A). These findings suggest that protein
degradation causes a decrease in the p53 protein level. Complementation assays showed that
overexpression of Myc—Drpl led to an increase in the protein level of FLAG—p53 in both
p53-null human lung cancer H1299 cells (Figure 1C) and human breast adenocarcinoma
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MCF7 cells (Figure 1D, lower panel). Furthermore, a prolonged half-life of p53 was
observed in Drp1WT MEFs and MCF7 cells expressing Myc-Drp1, when compared with
that in Drp1XO MEFs and in MCF7 cells expressing a control vector respectively (Figure
1D). Collectively, the above data indicate that Drp1 stabilizes p53.

Drp1lis required for p53 accumulation on the mitochondria under oxidative stress

Drpl translocation to the mitochondria initiates mitochondrial fission and, upon severe
stress, induces mitochondrial dysfunction and cell death [3,28]. A directly detrimental effect
of p53 at the mitochondria was also documented in various cell types exposed to genotoxic,
hypoxic and oxidative stress [16,19-21]. Given that Drp1 stabilizes p53 (Figure 1), we next
asked whether Drp1 affects p53 association with the mitochondria. In Drp1W'T MEFs
exposed to H,O, (an oxidative stress inducer) or 3-NP {a mitochondrial complex II inhibitor
and an inducer of mitoROS (mitochondrial reactive oxygen species) [14]}, Western blot
analysis of mitochondrial fractions showed a greater accumulation of p53 on the
mitochondria, which was completely abolished in Drp1XO MEFs (Figure 2A, left-hand and
middle panels). Confocal microscopy analysis consistently revealed greater localization of
p53 on the mitochondria in Drpl T MEFs exposed to either HyO, or 3-NP than that in
Drp1XO MEFs (Figure 2B and 2C). In parallel, down-regulation of Drp1 by Drpl siRNA in
MCEF-7 cells abrogated the accumulation of p53 on the mitochondria induced by H,O,
(Figure 2D). Furthermore, blocking Drp1 association with the mitochondria by the Drpl
peptide inhibitor P110, which was recently developed by our group [11,12,29], also
abolished p53 levels on the mitochondria under the same conditions (Figure 2E).
Interestingly, this event might be stress-specific because depletion of Drpl did not block p53
translocation to the mitochondria when induced by etoposide, a DNA-damage inducer
(Figure 2A, right-hand panel). Finally, complementation assay showed that expression of
Myc-Drpl induced FLAG—p53 accumulation on the mitochondria in MCF7 cells (Figure
2F). Taken together, these findings demonstrate that Drp1 is required for translocation of
p53 to the mitochondria, especially under conditions of oxidative stress.

Drplinteracts with p53

To examine whether Drpl and p53 interact, we performed co-immunoprecipitation analysis.
As shown in Figure 3(A) (upper panel), GFP—p53 was specifically immunoprecipitated with
Myc-Drp1 by the anti-Myc antibody. An endogenous interaction between Drpl and p53 was
observed in Drp1WT MEFs and MCF-7 cells using anti-Drp1 and anti-p53 antibodies
(Figure 3A, lower panels). Here, we noticed a slight shift up on the band of Drp1 after
immunoprecipitation, when compared with that in input. A number of previous studies,
including ours, have shown that Drpl can be post-translationally modified, such as by
phosphorylation, ubiquitination and SUMOylation [11,30,31]. Thus it is possible that such a
shift up is due to p53 binding to a post-translationally modified Drpl. However, the exact
mechanism remains to be determined.

Using a series of truncated mutants, we mapped the p53 interaction site to the GTPase
domain of Drpl (amino acids 1-335) (Figure 3B). The Drpl-interaction site in p53 was
mapped to the DBD (DNA-binding domain) of p53, amino acids 113-290 (Figure 3C).
Next, we co-expressed the p53 deletion mutants with Myc—Drpl in p53-null H1299 cells.
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We found that Drpl-induced p53 association with the mitochondria was abolished in cells
expressing the Myc—p53-M-D1 mutant, which lacks a DBD, when compared with that in
cells expressing either the Myc—p53-N-D2 or -C-D1 deletion mutant (Figure 3D). However,
expression of Drpl did not affect the total protein level of Myc—p53-M-D1 (Supplementary
Figure S1 at http://www.biochemj.org/bj/461/bj4610137add.htm). Collectively, these data
demonstrate that Drpl and p53 interact physically and that the DBD of p53 is required for
Drpl-induced p53 accumulation on the mitochondria.

Drpl induces MDM2-mediated p53 mono-ubiquitination

Mono-ubiquitination of p53 provides a trafficking signal that redirects it from a fate of
degradation in unstressed cells to mitochondrial translocation and activation at an early stage
of the stress response [20,32]. Next, we determined whether Drpl regulates p53 mono-
ubiquitination in cells. In order to determine mono-ubiquitination of p53, we co-expressed
Myc-tagged p53 deletion mutants with a mutant ubiquitin (HA-Ub KO) in which all lysine
residues in the ubiquitin were mutated to arginine [33]. Following the methods described in
previous papers [20,34], we immunoprecipitated the cell lysates with anti-Myc antibodies
followed by Western blot analysis with anti-Myc antibodies, in the presence or absence of
Drpl plasmid. As shown in Figure 4(A), expression of Drpl induced p53 mono-
ubiquitination in cells expressing p53-N-D2 and p53-C-D1 mutants, but not in cells with
p53-M-D1 mutant (Figure 4A). Given that the DBD of p53 bound to Drpl and was required
for p53 accumulation on the mitochondria (Figure 3), the above data indicate that the DBD
is critical for p53 ubiquitination in the presence of Drpl. Thus Drpl-mediated p53 mono-
ubiquitination might be a driving force for p53 translocation to the mitochondria.

It is commonly accepted that Lys*3-linked polyubiquitin chains constitute a signal for
protein degradation by the 26S proteasome [35]. Moreover, Lys®3-linked polyubiquitination
functions in a variety of cellular processes, including stress responses [36] and signal
transduction [37,38]. In the present study, we found that expression of Drpl induced neither
Lys*8-linked nor Lys®3-linked polyubiquitination of p53 (Supplementary Figure S2 at http:/
www.biochemj.org/bj/461/bj4610137add.htm). These results support further the above
finding that Drpl stabilizes pS3 by specifically mediating its mono-ubiquitination.

MDM?2 mediates p53 mono-ubiquitination and promotes pS3 mitochondrial translocation via
its enzymatic E3 ligase activity [17,20,32]. We next asked whether MDM?2 is a potential E3
ligase involved in Drpl-induced p53 mono-ubiquitination. As shown in Figures 4(B) and
4(C), expression of Drpl dramatically increased FLAG-p53 mono-ubiquitination in the
presence of wild-type MDM2 (MDM?2-WT) in p53-null H1299 cells. However, this Drp1-
induced ubiquitination of p53 was abolished in cells expressing a MDM?2 C464 A mutant
(MDM2-CA), which lacks E3 ligase activity (Figure 4B). These lines of evidence suggest
that MDM?2 might serve as an E3 ligase of p53 to mediate Drpl-induced p53 mono-
ubiquitination.

Drpl and p53 interdependently induce mitochondrial damage and trigger necrosis

Both Drpl and p53 have been reported to direct mitochondrial death programmes, such as
oxidative stress, apoptosis, necrosis and autophagy-associated cell death [3,16,39]. Next, we
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determined whether p53 is implicated in Drp1 hyperactivation-induced mitochondrial
damage. In p53-null H1299 cells, expression of p53 resulted in decreased MMP, increased
mitoROS and reduced ATP levels (Figures 5A, 5C and 5D). These results agree with
previous findings that p53 triggers mitochondrial dysfunction [16,17,19]. Importantly, co-
expression of p53 and Drp1 led to more pronounced mitochondrial damage, as demonstrated
by lower MMP and ATP as well as higher mitoROS than in cells expressing p53 alone
(Figures SA, 5C and 5D). An increase in cytochrome C release from mitochondria in cells
expressing both Drpl and p53 confirmed further a decrease in mitochondrial integrity
(Figure 5B). Thus p53-induced mitochondrial damage was substantially enhanced by the
presence of Drpl. We found that co-expression of Drpl and p53 induced the release of
HMGBI1 and LDH (lactate dehydrogenase), both of which are classical biochemical
hallmarks specific for necrotic cell death [40—42] (Figures SE and S5F). However, expression
of either Drp1 or p53 alone has no major effects on these events. These lines of evidence
demonstrate that Drpl and p53 interdependently enhance mitochondria-related necrosis. In
parallel, in MCF-7 cells exposed to HyO,, down-regulation of Drpl by Drpl siRNA, which
abolished p53 accumulation on the mitochondria (Figure 1), reduced the loss of MMP and
the release of HMGB1 (Figures 5G and 5H). These findings underscore further the
importance of Drp1 in oxidative stress-induced mitochondria-related necrosis.

Stress-induced accumulation of p53 on the mitochondria can trigger apoptotic cell death
[17,43]. In the present study, we found that co-expression of Drpl and p53 did not affect
apoptotic markers, such as Bax translocation to the mitochondria [44] (Figure 5B) or
cleavage of PARP [45] (Figure SE). Moreover, pS3 alone is not sufficient to induce the
activity of apoptotic molecules (Figure SE). Thus it is very likely that additional factors,
upon activation, are required for p53-induced mitochondria-related apoptosis.

Inhibition of Drpl hyperactivation reduced brain infarction in rats subjected to brain
ischaemial/reperfusion

Next, we investigated the physiological importance of Drpl in necrosis execution. Brain
infarction, a classic example of necrosis, is characterized by mitochondrial dysfunction,
enhanced generation of ROS (reactive oxygen species) and ATP depletion [46]. Thus we
determined whether hyperactivated Drpl plays a crucial role in brain infarction in rats
subjected to brain ischaemia/reperfusion injury. Following a transient MCAO in rats, we
observed increased association of both Drpl and p53 with the mitochondria in the brain
(Figures 6A and 6B). We then treated these rats with a peptide inhibitor of Drpl
mitochondrial translocation, P110, which we developed recently [11,12,29]. We found that
both Drpl and p53 association with the mitochondria were inhibited in rats treated with
P110 (0.5 mg/kg of body weight, i.p. injection), when compared with those in vehicle-
treated rats (Figure 6A and 6B). These data are consistent with our findings in culture and
demonstrate that Drpl is required for p53 mitochondrial localization in vivo under brain

ischaemic conditions.

We found that 2 h of ischaemia followed by 24 h of reperfusion led to approximately 27%
ATP reduction and 44% infarction, whereas treatment with P110 increased the ATP level by
over 50% (Figure 6C) and reduced the infarction size from 44 to 13% (Figure 6E).
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Moreover, the reduction of brain infarction by P110 treatment was associated with a better
outcome of neurological status in rats (Figure 6D), a more clinically relevant endpoint of a
treatment’s effect. Taken together, the above data demonstrate that inhibition of Drpl
hyperactivation is sufficient to reduce brain infarction induced by brain ischaemia/
reperfusion injury.

DISCUSSION

In the present study, we have identified two new steps in Drpl-induced mitochondrial
damage and subsequent cell death: first, Drpl stabilizes p53 and is required for p53
recruitment to the mitochondria under oxidative stress, and, secondly, Drp1 and p53
interdependently induce mitochondria-associated necrosis. Thus our findings represent a
novel mechanism by which cells modulate necrosis in response to oxidative stress in vitro
and in vivo.

Drpl has been demonstrated to participate in PCD in response to different stimuli.
Staurosporine and CD47 induce apoptosis by recruiting Drpl to the mitochondria, leading to
MMP loss and disruption of mitochondrial structure [47,48]. TNFa, ROS and CaZt
ionophores induce Drp1 dephosphorylation at Ser®’ via activation of PGAMS
(phosphoglycerate mutase family member 5), which causes mitochondria-related necrosis
[15]. Nevertheless, the downstream signals of Drpl-induced mitochondria-related cell death
remain unknown. In the present study, we found that, under oxidative stress, Drpl was
required for p53 translocation to the mitochondria where Drpl and p53 interdependently
enhanced the mitochondrial membrane depolarization and the mitochondrial superoxide
production, and reduced ATP content. Moreover, this Drp1/p53-induced mitochondrial
damage was associated with an increase in necrotic cell death markers, such as HMGB1 and
LDH release, but had no effect on apoptotic markers. Furthermore, depletion of p53
abolished Drpl-induced mitochondrial damage and necrotic cell death. Thus these lines of
evidence indicate that Drpl-induced mitochondrial damage and cell death might be under
the control of p53.

Under physiological conditions, the half-life of p53 ranges from 6 to 20 min, an observation
that has long been reported. However, upon stress, p53 is stabilized in the cytoplasm by
various factors and initiates the subsequent cell death programme. p53 does not contain an
MLS (mitochondrial localization signal), and its mitochondrial translocation does not result
from post-translation acetylation and phosphorylation [16]. Rather, it appears that MDM?2-
mediated mono-ubiquitination is the major driving force of p53 translocation to the
mitochondria [17,19,20]. In the present study, Drp1 is most likely to induce MDM2-
dependent monoubiquitination of p53 in the cytosol, which in turn leads to p53 translocation
to the mitochondria. Such a speculation is also supported by the finding that Drp1 induced
neither Lys*8- nor Lys®3-linked poly-ubiquitination of p53 (Supplementary Figure S2).
However, it remains to be determined whether Drp1 directly or indirectly affects MDM2,
which leads to p53 monoubiquitination. In addition to MDM?2, the E3 ubiquitin ligase MSL2
(male-specific lethal 2-like) has been shown to control cytoplasmic localization of p53 (but
not its stability) in an MDM2-independent fashion [20,32]. Thus the possibility that Drp1-
induced p53 mono-ubiquitination involves other E3 ligases remains to be determined.
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It is generally accepted that mitochondrial dysfunction is a critical part of the necrotic
process, with a collapse in MMP resulting in excessive ROS production and a lack of ATP
production [49]. One suggested mechanism for mitochondria-associated necrotic cell death
is CypD-dependent mitochondrial permeability transition pore opening under oxidative
stress, which leads to mitochondrial swelling, energy failure and increased ROS levels
[50,51]. Interestingly, a recent study found that, upon oxidative stress, translocation of p53
to the mitochondria triggered mitochondrial permeability transition pore opening by
engaging in a physical interaction with CypD, which induced necrotic cell death [18]. Thus
our finding that p53 requires Drpl to initiate the mitochondrial necrotic pathway deepens the
understanding of the p53 necrotic machinery. Previous studies reported that blocking p53
association with the mitochondria by cyclosporin [18] or pifithrin-p [52] greatly reduced
tissue necrosis in rodents subjected to ischaemic injury. In the present study, we found that
P110 treatment-induced inhibition of Drpl association with the mitochondria inhibited p53
accumulation on the mitochondria and reduced infarction size. In combination with the
results in cultured cells, our findings indicate that inhibition of Drp1 hyperactivation is
sufficient to reduce tissue damage caused by ischaemic reperfusion injury. Thus we propose
that a Drp1 peptide inhibitor, such as a P110-like compound, might be useful in the
treatment of ischaemic injury, such as stroke.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Drpl stabilizes p53
(A) Drp1WT or Drp1XO MEFs were treated with the proteasome inhibitor MG132 (10 uM

for 6 h). Total lysates were determined by Western blot analysis using anti-Drp1 or anti-p53
antibodies. Actin was used as a loading control. (B) Total RNA was extracted from Drp1WT
or Drp1XO MEFs. The p53 mRNA level was determined by RT (reverse transcription)—
PCR, and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was an internal control.
The primers are listed in Supplementary Table S1 (http://www.biochemj.org/bj/461/
bj4610137add.htm). (C) H1299 cells were transfected with a constant amount of FLAG—p53

MG132
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together with Myc—Drpl or control vector. Total protein levels of pS3 and Drpl were
determined by Western blot analysis, and actin was a loading control. *P< 0.05 compared
with control (Con). (D) Upper panel: cycloheximide (CHX)-chase experiments of pS3 in
Drp1WT or Drp1XO MEFs are shown. Lower panel: FLAG—p53 was co-transfected with
Myc—Drpl or control vector. The cells were treated with CHX at 50 pg/ml at the times
indicated. The half-life of p5S3 was determined by Western blotting. Actin was used as a
loading control. IB, immunoblot.
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Figure2. Drplisrequired for p53 transocation to the mitochondria under conditions of
oxidative stress

(A) Drp1WVT or Drp1XO MEFs were treated with HyO5 (600 uM, 4 h), 3-NP (10 mM, 4 h) or
etoposide (100 uM, 4 h). Western blot analysis of mitochondrial fractions was carried out
using anti-p53 antibodies. VDAC was used as a loading control. (B) DrpIWT or Drp1XO
MEFs were treated with MG132 (3 uM for 4 h). Confocal imaging analysis was carried out
using anti-p53 (1:2000 dilution, red) and anti-Tom20 (a marker of mitochondria, 1:500
dilution, green) antibodies. Lower panels provide enlargement of the boxed areas in the
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upper panels. Scale bar, 5 um. (C) p53/Tom20 co-localization in (B) was determined using a
confocal microscopy programme (Pearson’s co-efficient). Results are means + S.D. for three
independent experiments. At least 100 cells per group were counted. *P< 0.05 compared
with control cells. (D) MCF7 cells were transfected with control or Drpl siRNA for 36 h.
Cells were treated with HyO, (600 uM) for 4 h. (E) MCF7 cells were incubated with P110
or control peptide Tat (1 uM, each) for 12 h before the addition of H,O, (400 uM) for 4 h.
(F) MCF7 cells were transfected with the indicated plasmids. Western blot analysis of
mitochondrial fractions was carried out with anti-p53 antibodies. VDAC was used as a
loading control. Quantification results are means + S.D. for three independent

experiments. P< 0.05 compared with control cells; *P< 0.05 compared with Tat-treated
cells. Con, control; IB, immunoblot.
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Figure 3. Drpl bindsto p53
(A) Upper panel: GFP—p53 was co-expressed with Myc—Drp1 in H1299 cells.

Immunoprecipitates (IP) with anti-Myc were immunoblotted (IB) with anti-GFP antibody.
Lower panel: immunoprecipitates with anti-p53 in Drpl YT MEFs and MCF-7 cells were
immunoblotted with the anti-p53 and anti-Drp1 antibodies. (B) Mapping analysis on the
interaction between Drpl and p53. Left: H1299 cells were expressed with the indicated
Drpl truncated mutants. Immunoprecipitates with anti-Myc antibody were determined by
Western blot analysis using the indicated antibodies. Right: map of Drpl truncated mutants.
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The region that interacted with p53 is labelled * + . GED, GTPase-effector domain. (C)
Left: H1299 cells were expressed with a series of p53 deletion mutants, and
immunoprecipitates with anti-Myc antibodies were immunoblotted with the indicated
antibodies. Right: map of p53 truncated mutants. The region that interacted with Drpl is
labelled ° + . The data suggest that the GTPase domain of Drp1 interacts with the DBD of
p53. (D) H1299 cells were transfected with the indicated plasmids. Western blot analysis of
mitochondrial and cytosolic fractions was carried out with the indicated antibodies. HSP60
was used as a mitochondrial loading control, and actin was used as a cytosolic loading
control. IB, immunoblot; IP, immunoprecipitation.
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Figure4. Drpl induces p53 mono-ubiquitination
(A) H1299 cells were co-transfected with the indicated plasmids. Cells were treated with

MG132 (10 uM) for 12 h, followed by immunoprecipitation with anti-Myc antibody, and
then the ubiquitinated p53 was analysed. (B) H1299 cells were co-transfected with the
indicated plasmids (see the text for details). The ubiquitination of p53 was analysed by
Western blotting using an anti-FLAG antibody. Actin was used as a loading control. (C)
H1299 cells were co-transfected with the indicated plasmids. Cells were treated with
MG132 (10 uM) for 12 h. Ubiquitinated p53 was immunoprecipitated and detected with
anti-ubiquitin (Ub) antibody. Mono-ubiquitinated p53 forms are indicated on the right. Sizes
of molecular-mass markers are indicated on the left in kDa. IB, immunoblot; IP,
immunoprecipitation.
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Figure 5. Drpl and p53 inter dependently induce mitochondrial damage and trigger necrosis
(A, C, D and F) p53-null H1299 cells were co-expressed with GFP—p53 and/or Myc-Drpl.

MMP, mitoROS production, total ATP levels and LDH release were determined. *P< 0.05
compared with control group. (B) H1299 cells were expressed with FLAG—p53 and/or Myc—

Drpl. At 24 h after transfection, Bax and cytochrome Cc were examined in mitochondrial

(Mito) and cytosolic (Cyto) fractions by immunoblotting. VDAC was used as a loading

control for mitochondrial fractions. The protein levels of Bax and cytochrome c(Cyto C)

were quantified. *P< 0.05 compared with control group. (E) H1299 cells were expressed
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with FLAG-p53 and/or Myc—Drpl. At 24 h after transfection, PARP cleavage and HMGB1
release were determined by immunoblotting. Actin was used as a loading control. The level
of HMGB1 was quantified. *P< 0.05 compared with control group. MCF7 cells were
transfected with control or Drpl siRNA. After 36 h of transfection, cells were treated with
H,0, (600 uM) for 12 h. (G) Quantification of HMGBI1 release in medium. (H) MMP was
determined. *P< 0.05. Results in all histograms are means + S.D. for three independent
experiments. Con, control; IB, immunoblot.
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Figure 6. Inhibition of Drp1 hyperactivation suppresses p53 mitochondrial accumulation and
reduces brain infarction in rats subjected to brain ischaemia/r eperfusion

Rats were intraperitoneally injected with control peptide carrier Tat or Drpl peptide
inhibitor P110 (0.5 mg/kg of body weight) immediately before ischaemia. (A) Mitochondrial
fractions were isolated from the striatum of rats subjected to 2 h of ischaemia followed by 2
h of reperfusion. Both Drpl and p53 mitochondrial levels were determined by Western blot
analysis. VDAC was used as a loading control. A blot representative of three rats is shown.
(B) Quantification of Drpl and p53 mitochondrial levels. (C) Total brain lysates were
prepared after 2 h of ischaemia/24 h of reperfusion, and the ATP level was determined. (D)
The neurological status of the rats after 24 h of reperfusion was evaluated by an observer
blinded to the treatment groups. The score for each rat was recorded. (E) Infarction size
(circled in blue) was determined by NIH Image] software. Results in all histograms are
means * S.D. for n experiments as indicated. I/R, ischaemia/reperfusion.
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