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tated tumor suppressors in human cancers and as such has been intensively
studied for a long time. p53 is a major orchestrator of the cellular response to a broad array of stress types by
regulating apoptosis, cell cycle arrest, senescence, DNA repair and genetic stability. For a long time it was
thought that these functions of p53 solely rely on its function as a transcription factor, and numerous p53
target genes have been identified [1]. In the last 8 years however, a novel transcription-independent
proapoptotic function mediated by the cytoplasmic pool of p53 has been revealed. p53 participates directly
in the intrinsic apoptosis pathway by interacting with the multidomain members of the Bcl-2 family to
induce mitochondrial outer membrane permeabilization. Our review will discuss these studies, focusing on
recent advances in the field.

© 2008 Elsevier B.V. All rights reserved.
1. Wild-type p53 rapidly translocates to mitochondria in response
to apoptosis-inducing stress signals

The first hint of a transcription-independent apoptotic activity of
p53 dates back to 1994–1995, when it was shown that p53-dependent
apoptosis occurred in the presence of transcriptional or translational
inhibitors, and that p53 truncation mutants lacking transcriptional
activity can still trigger apoptotic function [2,3]. Later studies
suggested that direct p53 signaling is participating in regulating
caspase activity [4,5]. However, these studies did not provide any
mechanistic explanation and until the beginning of the new century
the novel, transcription-independent proapoptotic function of p53
remained enigmatic. Today, the subject is intensely studied. It is
clearly established that in response to a stress signal, cytoplasmic p53
rapidly translocates to mitochondria, where it interacts with multi-
domain members of the anti- and proapoptotic Bcl-2 family members
to either inhibit or activate them. This direct action of p53 results in
robust mitochondrial outer membrane permeabilization (MOMP),
unleashing the enzymatic apoptotic machinery of caspases and of
chromatin degradation.

MOMP is governed by pro- and antiapoptotic Bcl-2 family
members. Characteristic of these proteins is the presence of Bcl-2
homology domains (BH). The antiapoptotic members such as Bcl-2,
Bcl-xL and Mcl-1 contain BH1, BH2, BH3 and BH4 domains. The
proapoptotic members fall into two subclasses: (i) the ultimate
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MOMP effectors Bax and Bak contain BH1, BH2 and BH3 domains,
while the BH3-only class carries a single BH3 domain. Upon activation,
Bax and Bak insert into the outer mitochondrial membrane and
oligomerize to presumably form dynamic lipid pores that release
lethal proteins from the mitochondrial intermembranous space.
Functionally, BH3-only proteins (more than one dozen exist) fall
into two subgroups— ‘activators’ and ‘derepressors’, according to how
they trigger apoptosis. Activators (tBid and Bim) trigger MOMP by
direct stimulation of Bax and Bak oligomerization, while derepressors
such as Puma, Noxa and Bad inhibit the antiapoptotic Bcl-2 family
members to release pro-apoptotic members from their inhibition (e.g.
Bax or tBid from Bcl-xL and Bak from Mcl1) (reviewed in Ref. [6]).

The breakthrough study that first showed a direct role of p53 in
mitochondrial apoptosis came from Marchenko et al, demonstrating
that during p53-dependent apoptosis, a fraction of stress-stabilized
wild-type p53 rapidly translocates to the mitochondrial outer
membrane. p53 translocation precedes changes of mitochondrial
membrane potential, cytochrome c release and caspase activation [7].
As definitive proof, a mitochondrially targeted p53 fusion protein that
bypasses the nucleus and has no residual transactivation functionwas
able to induce apoptosis and long-term growth suppression as
efficiently as conventional p53 when expressed in several p53-null
cancer cell lines [7,8]. Subsequent studies from our lab established that
mitochondrial translocation of endogenous wtp53 occurs during the
full spectrum of p53-activating cellular stress categories (various
types of DNA damage, hypoxia, oncogene deregulation, oxidative
damage) in different cell types (human andmouse; primary, immortal
and malignant; epithelial, mesenchymal and lymphoid/myeloid)
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[9–11]. This translocation occurs during p53-dependent apoptosis but
not during p53-induced cell cycle arrest or p53-independent
apoptosis [7,9–11].

2. Wild-type p53 physically and functionally interacts with
multidomain anti- and proapoptotic Bcl-2 members
at mitochondria

Mechanistic insights into the mitochondrial function of wtp53
came when it was realized that mitochondrially translocated p53
interacts directly with members of the Bcl-2 family, which are central
in governing the induction of mitochondrial outer membrane
permeabilization. In response to stress, wtp53 interacts with and
neutralizes the anti-apoptotic members Bcl-xL and Bcl-2. This
interaction stimulates MOMP and subsequent apoptosis [8] and is
associated with disruption of inhibitory complexes between Bcl-xL or
Bcl-2 withMOMP inducingmembers (i.e. BH3-only and Bax/Bak) that
pre-exist in unstressed cells [8,12]. Indeed, purified p53 is able to
displace tBid and Bax from inhibitory complexes formed with Bcl-xL
in vitro [13]. Several structural studies by NMR spectroscopy and
other biophysical methods subsequently confirmed the Bcl-xL and
Bcl-2 interactions with p53 that had been predicted from protein
modeling and mutagenesis structure/function analyses [8,12,14,15].
Only the p53 core domain but not its amino- and carboxyterminal
regions interacts [15]. The interaction is electrostatic in nature. It is
mediated by the positively charged basic DNA-binding surface of p53
centered around residues 239–248 of loop 3 and extending on both
sides, which interacts with the negatively charged acidic ‘underside’ of
Bcl-xL/2, which comprises the BH4 domain and the loops between
alpha 4/5 and 5/6 of Bcl-xL. (Note: this side is distinct from the
hydrophobic BH123 binding pocket located at a different surface
[12,14,15]. Significantly, despite high levels of stabilized mutant p53
protein constitutively present at mitochondria, missense mutant p53
proteins are defective in forming complexes with Bcl-xL/2 [8,12].

The core domain of mitochondrial p53 also directly interacts with
pro-apoptotic Bak, which constitutively resides in the outer mito-
chondrial membrane [8,16]. This interaction liberates Bak from pre-
existing inhibitory complexes with the anti-apoptotic Mcl-1 protein
[16]. Similarly to Bcl-xL/2 interactions, conserved residues of the p53
core domain participate in Bak interaction [17]. Interestingly, p53 has a
10-fold higher affinity for Bcl-xL/2 than for Bak (with Kd ranging
between 160 nM to 16 µM, depending on the methods (solid support
or solution) to determine it [12,15,18]. This is likely due to the fact that
(Bax and) Bak do not have a very acidic protein surface, nor do they
have a BH4 domain, the interacting domain of Bcl-xL/2. This
difference in affinity is consistent with sequential binding of p53
first to Bcl-xL and then to Bak [15]. Although the interactionwith both
proteins is electrostatic in character and involves the p53 core domain,
the exact binding surface between p53 and Bak is currently unclear.
Fersht and colleagues found no overlap with Bcl-xL binding and
suggested a novel Bak-interacting p53 surface consisting of residues
located on the surface between p53 monomers that is also formed
when two core domains bind DNA [15]. In contrast, Murphy and
colleagues find that the conserved H2 helix and the L1 and L3 loops of
p53 make contact with Bak [17]. On the other hand, a stable p53–Bax
complex does not appear to exist, likely due to structural reasons [15].

In cell free systems with recombinant p53 proteins and isolated
healthy unstressed mitochondria, wild-type p53 – but not tumor-
derived missense mutants – induces oligomerization of Bak and Bax,
the biochemical hallmarks of Bax/Bak lipid pore formation andMOMP
activity [8,12,16,19].

In addition (and contributing) to its mitochondrial action, a
parallel transcription-independent p53 death pathway was proposed
that takes place in the cytosol. Interestingly, it couples nuclear and
extranuclear actions of p53. The model holds that in unstressed cells
cytosolic p53 is sequestered into an inactive complex by soluble
cytosolic Bcl-xL. In response to stress, nuclear p53 first transactivates
its target gene Puma. In a second step, induced Puma then liberates
p53 from its cytosolic Bcl-xL inhibition by forming a Puma/Bcl-xL
complex instead. p53 is then free to activate monomeric Bax in the
cytosol [18]. Thus, in this pathway the action of cytosolic p53 requires
Puma and Bax. Using isogenic cell systems with defined genetic
deficiencies (the HCT116 human colon carcinoma series), we there-
fore recently characterized to what extent p53's mitochondrial action
depends on other key Bcl members for its MOMP release activity. We
find that death stimulus-induced translocation of p53 tomitochondria
is independent of Puma and Bax. Moreover, mitochondrial p53 is
highly efficient and superior to tBid in inducing the release of soluble
and insoluble apoptogenic factors by severely disrupting outer and
inner membrane integrity. This again does not require Puma or Bax.
This MOMP action is associated with wtp53-induced oligomerization
not only of Bax and Bak, but also of VDAC, and the formation of a
stress-induced endogenous complex between wtp53 and cyclophilin
D, normally located at the inner membrane. In contrast, missense
mutant p53 proteins have lost the ability to alter the multimeric state
of VDAC. Thus, the Puma and Bax independence distinguishes the
mitochondrial from the cytosolic p53 death pathway. The data also
hints that p53 does not merely act as a BH3-only type protein but
induces MOMP differently from tBid [19].

Although a stable p53–Bax interaction was not observed, p53 is
able to directly activate Bax in the absence of other proteins [13].
Recombinant p53 and Bax proteins together (but neither of them
alone) trigger the permeabilization of model liposomes whose lipid
composition mimics that of mitochondrial inner/outer membrane
contact sites. This is accompanied by Bax liposome insertion and
oligomerization, and it would be due to a “hit and run” mechanism,
involving a conformational change of Bax but not a stable interaction
between Bax and p53 [13] (Fig. 1).

In sum, the DNA-binding domain (DBD) of p53 has a dual function:
it mediates its nuclear function for driving p53's transcriptional
programs as well as its extranuclear functions for interacting with
MOMP-inducing/inhibiting proteins. Therefore, mutations in the DBD
of p53 in human tumors constitute ‘double hits’ that impair both the
mitochondrial and transcriptional apoptotic activities of p53 [8,12].

Recently, the role of p53 oligomerization in the regulation of its
pro-apoptotic mitochondrial function was examined, but so far no
firm conclusion could be reached. Clearly, the p53 C-terminus
containing the oligomerization domain does not contact Bcl-xL or
Bak [15]. Also, a C-terminally truncated version of a mitochondrially
targeted p53 is as efficient as wtp53 to induce apoptosis in p53 null
cancer cells [7]. Consistent with this, in dominant-negative hetero-
zygosity simulations by Roemer et al, tumor-derived missense mutant
p53 or ΔEx2/3p73 isoforms interfere with stress-induced expression
of wtp53-responsive genes as expected, but leave apoptosis by
mitochondrial p53 largely unaffected [20]. Of note, in contrast to
tetrameric nuclear p53, mitochondrial p53, be it wild-type or mutant,
is mostly monomeric in their cross-linking studies. This might explain
its resistance against dominant negative interference by mutant p53.
In this respect, the extra-nuclear p53-dependent apoptosis may
constitute a fail-safe mechanism against dominant inhibition [20].
On the other hand,Murphy et al find that deletion ormutation of p53's
oligomerization domain markedly impairs its ability to oligomerize
Bak and their cross-linking studies indicate that the majority of p53
localized to mitochondria is in dimeric or higher-order oligomeric
form [17].

3. Monoubiquitination of cytoplasmic p53 promotes
mitochondrial translocation — a rapid action binary switch
from degradation to activation

An important question is how translocation of p53 tomitochondria
is regulated. In light of two pertinent negatives, i.e. the absence of a



Fig. 1. The direct mitochondrial p53 program of apoptosis. Stress-induced mitochondrial translocation of p53 results in interactions with multidomain members (anti- and
proapoptotic) of the Bcl-2 family to induce mitochondrial outer membrane permeabilization. p53 interacts with Bcl-xL and Bcl2 and neutralizes their inhibitory effects on
proapoptotic Bax and Bak, which are the onlymembers of the Bcl2 family able to oligomerize and form lipid pores on the mitochondrial outer membrane. p53 interactionwith Bcl-xL
also liberates proapoptotic tBid from its inhibitory complex with Bcl-xL. Moreover, p53 interacts directly with Bak, liberating it from an inhibitory complex with anti-apoptotic Mcl-1.
Thus, p53 acts like a ‘super’ BH3-only protein, combining both enabling and activating BH3-only functions. p53 also interacts with Bax in a ‘hit and run’manner, which stimulates Bax
oligomerization and pore formation. In an additional cytosolic p53 pathway, p53 first transactivates Puma, which then liberates p53 from a pre-existing cytosolic Bcl-xL complex to
activate monomeric Bax in the cytosol.
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mitochondrial translocation motif within the p53 polypeptide
sequence and the fact that N- and C-terminal phosphorylation/acety-
lation modifications play no major role in mitochondrial targeting of
p53 [21], our group went on to show that (multi)mono-ubiquitination
of p53 promotes its targeting to mitochondria. (Multi)-monoubiqui-
tination has been implicated in processes other than proteosomal
destruction of important proteins such as Foxo4 and PTEN, in
particular as a signal for intracellular trafficking between compart-
ments [22,23]. (Multi)-monoubiquitinated proteins are stable, since
efficient proteasomal degradationminimally requires amultiubiquitin
chain that is at least 4 subunits long per individual lysine residue [24].
Importantly, the source of mitochondrially translocated p53 is a
separate and distinct stress-stabilized pool in the cytoplasm. Cyto-
plasmicMdm2 acts as an E3 ligase but not as a physical shuttler of p53.
Upon arrival at mitochondria, p53 undergoes rapid deubiquitination
by mitochondrial HAUSP via a stress-induced mitochondrial p53-
HAUSP complex, which generates the apoptotically active non-
ubiquitinated p53. Taken together, a distinct cytoplasmic pool of
monoubiquitinated p53, generated as intermediary in resting cells by
basal levels of Mdm2 and similar E3 ligases, is subject to a rapid action
binary switch from a fate of inactivation via polyubiquitination and
degradation in unstressed cells, to a fate of activation via mitochon-
drial trafficking ([25] and reviewed in [26] (Fig. 2).

4. The mitochondrial p53 pathway in pathophysiology

The relevance of the direct mitochondrial p53 program to the
overall p53-mediated stress response in vivo is underlined by some
recent studies in animals and supports a role in the pathophysiologic
response to genotoxic, hypoxic and specific toxic insults.

4.1. Acute radiation response

In normalmice exposed towhole bodyγ-irradiation (5or 10Gy) or a
single injection of a clinical dose of etoposide, we found that
mitochondrial p53 accumulation occurs in radiosensitive organs like
thymus, spleen and testis, but not in radioresistant organs like liver and
kidney. In radiosensitive organsmitochondrial p53 translocation is rapid
(detectable at 30 min in thymus and spleen) and triggers a p53-
dependent first wave of caspase 3 activation within the first hour,
followed by an early wave of apoptosis (detectable at 2 h in thymus).
Importantly, in this system the rapidmitochondrial p53 action precedes
p53 target gene activation. The earliest apoptotic p53 target gene
product in irradiated thymus is Puma, whose mRNA starts to be
minimally induced after 2 h but only peaks at 3 h. (Contributions by
otherpro-apoptotic p53 targets suchasNoxa, Bax andDR5appearminor
or have late kinetics, while Bid, Killer/DR5 and p53DinP1 remain
uninduced). Puma induction then coincides with a second increase in
Casp 3 activation. Similar biphasic kineticswas seen inwtp53-harboring
human cancer cells. Conversely, a lack of mitochondrial p53 accumula-
tion after γIR in vivo correlates with cell cycle arrest and a complete
absence of apoptosis in radioresistant kidney and liver. Thus, these
results suggest that in radiosensitive organs mitochondrial p53
accumulation in vivo triggers a rapid first wave of apoptosis that is
transcription-independent, followed by a slower wave that is transcrip-
tion-dependent and largely mediated by its target gene Puma [27].



Fig. 2. Regulation of mitochondrial p53 translocation. The source of mitochondrially translocated p53 is a stress-stabilized pool in the cytoplasm. A two-step regulation of p53 creates
a rapid-action binary switch. The product of the first step –monoubiquitinated p53, generated by basal levels of Mdm2-type E3 ligases – can undergo two opposite fates: degradation
and inactivation by subsequent polyubiquitination via Mdm2 or E4-type ligases under normal conditions. Alternatively, if stress occurs, this monoubiquitinated p53 intermediate is
rapidly stabilized by stress-induced disruption of the p53–Mdm2 complex and diverted to mitochondria. Upon arrival, p53 undergoes rapid deubiquitination by mitochondrial
HAUSP via a stress-induced p53–HAUSP complex, which generates the apoptotically active non-ubiquitinated p53. Another major fraction of p53 translocates to the nucleus or is
stabilized within to initiate its transcriptional program of target gene activation and repression.
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The in vivo relevance of mitochondrial p53 is also highlighted by
the recent identification of the small molecule inhibitor Pifithrin-µ
(PFTµ) in the Gudkov lab [28]. PFTµ selectively inhibits p53
mitochondrial translocation and reduces its affinity to Bcl-xL and
Bcl-2, without interfering with p53's transcription function. Remar-
kably, PFTµ rescues lethally irradiated mice from bone marrow failure
after 8–9 Gy of γIR and strongly reduces γIR-induced thymocyte death
[28].

Thus, based on our in vivo radiosensitivity data and the PFTµ
protection data from the Gudkov lab, the mitochondrial p53 program
might be responsible in great measures for the collateral damage of
chemo- and radiotherapy in sensitive normal tissues during cancer
treatment and in acute radiation accidents. Thus, it appears promising
that inhibition of this program might dampen this damage.

4.2. Ischemic cerebral injury

Evidence for an important role of the mitochondrial p53 death
pathway specifically in ischemic cerebral injury is also starting to
accumulate: Mitochondrial – rather than nuclear – accumulation of
p53 in hypoxia-sensitive hippocampal CA1 neurons strongly correlates
with CA1 cytochrome c release andneuronal deathwithin thefirst 24h
in a transient global cerebral ischemiamodel in rat. Occasional nuclear
p53 staining was seen only later, at 72 h. Conversely, pan-p53 small
molecule inhibitor PFTα given i.v. suppressed p53 mitochondrial
translocation and blocked apoptosis by 70% in vivo. On the other hand,
mitochondrial p53 accumulation was not seen in hypoxia-resistant
CA3 neurons [29,30]. Moreover, in C6 glioma cells and primary rat
astrocyte cultures exposed to oxidative H2O2 stress for 1 h followed by
6–24 h recovery, p53 levels continue to rise. Of note, its localization
becomes overwhelmingly mitochondrial, coinciding with caspase 3
activation and apoptosis [31]. Conversely, a neuron-protective effect
from ischemic pre-conditioning correlates with suppressedmitochon-
drial p53 translocation during subsequent ischemia-reperfusion
challenge [32].

4.3. Ischemia-reperfusion injury of the kidney

Another pathophysiologic setting where the mitochondrial p53
program likely contributes to apoptosis is ischemia-reperfusion injury
of the kidney. This condition ends in ‘acute tubular necrosis’ (ATN)
manifested as acute renal failure, a very common and serious clinical
problem in shock syndromes, severe hypotension and thromboem-
bolic events [33]. This injury is modeled by transient bilateral renal
artery occlusion. It is characterized by death of tubular epithelial cells
mainly in the cortex and outer medulla that undergo p53-dependent
apoptosis of the proximal convoluted tubules and the thick ascending
tubules (as well as p53-independent necrosis of the proximal straight
tubules. Both components contribute to renal failure). Depletion of
intracellular ATP/GTP pools is an important and specific inducer of
tubular apoptosis (but not of necrosis), and p53 is its critical
downstream effector [33,34]. In human kidney samples, p53 stabiliza-
tion in tubular epithelial cells is a reliable marker for ischemic and
nephrotoxic ATN [35].

Current evidence from in vivo experiments in rats is based on p53
immunolocalization and protection by the pan-p53 inhibitor PFTα,
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which blocks p53 transcription and mitochondrial translocation [28].
In ischemia-reperfusion injured tubules of the outer medulla, p53
stabilization is to a large extent cytoplasmic rather than nuclear,
strongly co-localizes with mitochondria and correlates with apoptosis
of tubular cells [33]. Conversely, intraperitoneal PFTα prevents tubular
apoptosis in the outer medulla and protects renal function in mice. Of
note, this PFTα effect was found to be largely due to its ability to
preventmitochondrial p53 translocation. Similarly, mitochondrial p53
translocation and apoptosis occurred in cultured primary proximal
tubular epithelial cells from rat subjected to chemical anoxia with
antimycin A, again blocked by PFTα [33].

4.4. Liver injury

As discussed above, upon stress-induced p53 translocation,
mitochondrial p53 directly interacts with and activates pro-apoptotic
Bak in many cell types [16]. p53 competes with Mcl-1 for Bak
interaction and this disrupts the preexisting anti-apoptotic Mcl-1/Bak
complex, resulting in Bak oligomerization and MOMP. Conversely, the
inverse scenario is the molecular basis for the profound refractoriness
of the liver towards p53-induced apoptosis after genotoxic stress (e.g.
doxorubicin or cisplatin). In the liver, activated p53 transcriptionally
induces the IGFBP1 prosurvival factor, which in part translocates to
mitochondria and binds to Bak. This impairs the mitochondrial p53
activity by preventing its binding to Bak. IGFBP1−/− liver shows
spontaneous apoptosis associated with mitochondrial p53–Bak com-
plexes. Conversely, overexpression of IGFBP1 attenuates the apoptotic
response to cisplatin and doxorubicin even in non-hepatic cells. On
the other hand, treatment with PFTμ (which selectively inhibits p53
mitochondrial function without interfering with p53's transcription
function) significantly reduces cisplatin-induced liver cell apoptosis
[36].

In sharp contrast, the fulminant and often fatal liver ‘necrosis’
that occurs after α-amanitin poisoning by the deathcap mushroom
Amanitis phalloides and claims several hundred victims world-wide
every year is overwhelmingly due to the mitochondrial p53 program.
α-amanitin is a potent transcriptional inhibitor by blocking RNA
polymerase II (shutting down virtually all gene transcription including
that of p53), but kills cells by inducing mitochondrial p53 transloca-
tion and p53-dependent MOMP in liver and other cells [9,36].
Accordingly, p53−/− or Bak−/− mice are largely protected from
α-amanitin-induced liver damage, while wild-type mice undergo
organ destruction [36].

5. Implications for cancer therapy— exploiting the shortest circuit
of p53 death signaling

Strategies to treat cancer by restoring p53 function are a highly
promising field. In tumors with loss of p53 function, which is an
extremely common clinical situation, sustained inactivation of the p53
tumor suppressor pathway is required for tumor maintenance. This
concept was recently proven by several conditional mouse models,
where restoration of p53 function leads to tumor regression in vivo,
either via induction of apoptosis or senescence programs, depending
on the tumor type [37–39]. Thus, this paradigm represents a mirror
image of the concept that tumors are addicted to dominant oncogenes
and regress after their shut down.

In p53-based therapeutics research, up to now efforts focused on
restoring transcription-mediated p53 apoptosis. One venue tries to
identify small molecules such as CP-31398 (Pfizer) and PRIMA that
structurally rescue tumor-derived p53 mutant proteins. Alternatively,
in tumors retaining wild-type p53, compounds such as Nutlin
(Roche) or RITA try to activate wtp53 by liberating it from inhibitory
Hdm2 interaction. Another important venue focuses on supplying
‘conventional’ wtp53 via adenoviral type 5 delivered gene therapy
[40–44]. Currently this holds the biggest promise and in late 2003
was approved by the Chinese Food and Drug Administration for
treatment of head and neck squamous cell carcinoma in combination
with radiotherapy [41]. Ad5–wtp53 is currently also in clinical trials
in China and the West for other malignancies. Both the wtp53 and
small molecule approach have in common that they focus on p53's
transcriptional action and thus rely on a putatively preserved ability
of tumor cells to respond with transcriptional activation of p53
target genes. However, many human cancers have lost this
prerequisite due to global epigenetic deregulation of their genome,
leading to broadly aberrant gene silencing patterns [45,46]. Thus, in
such cancers wtp53-based therapies might inadvertently dilute p53's
tumor killing powers by diverting the majority of its action to a non-
productive route. Indeed, wtp53 gene therapy did fail in a large
multinational phase IV clinical trial of ovarian cancer [47]. Another
disadvantage is that wtp53-based therapy can lead to cytostatic
arrest rather than the desired apoptosis as outcome, in particular if
tumor cells express p21Waf1, which is typically the case, which
raises the threshold for an apoptotic outcome. This desensitizes cells
against conventional chemotherapy drugs that preferentially kill
proliferating cells.

To exploit the shortest circuit of p53 death signaling, we
therefore introduced the concept of delivering p53 into cancer
cells that is specifically targeted to mitochondria. We generated
surface-restricted and non-restricted (imported) versions of mito-
chondrially targeted human wild-type p53 fusion proteins in
different viral vectors: i) surface-restricted p53CTB and p53CTM,
by fusing the transmembrane domains of Bcl-xL (CTB) and Bcl-2
(CTM) to the C-terminus of wtp53 [8,48,49] and ii) non-restricted
Lp53wt, by fusing the import leader sequence of ornithine
transcarbamylase to the N-terminus of wtp53. Lp53wt strongly
interacts with surface Bcl-xL [8]. In addition, it is imported into the
mitochondrial matrix (presumably via the TOM/TIM complex),
where the leader is cleaved off by endopeptidases prior to p53
redistribution within the submitochondrial compartments [7]. All
p53 fusions target exclusively to mitochondria and are completely
devoid of transcriptional activity. Importantly, they are sufficient to
induce apoptosis and long-term colony suppression in a transcrip-
tion-independent fashion in all tested p53-null human cancer cell
lines [7,8].

We then did a series of pre-clinical proof of principle experiments
with promising outcomes. We first used retroviral gene transfer to
compare in vivo efficacy of mitochondrially targeted wild-type p53
with ‘conventional’ wtp53 or empty vector in the cMyc transgenic
Burkitt lymphoma model. Using intravenous tumor cell transfer into
syngeneic recipients and an in vivo competition protocol against
admixed parental tumor cells, we found thatmitochondrially-targeted
p53 effectively kills p53-null and ARF-null primary B-lymphomas in
vivo. Moreover, this proof-of-principle experiment showed that
exclusive reliance on the direct mitochondrial program exerts a
significant tumor suppressor activity in vivo that is equipotent to
‘conventional’ wild-type p53 [49]. Since human tumors typically
express highly elevated levels ofmissensemutant p53 protein,we next
could show that retroviral targeting of p53 to mitochondria does
indeed confer a significant growth disadvantage even in B-lymphomas
that express vastly stabilizedmutant p53 proteins. Interestingly, killing
efficacy of Lp53wt proofed superior to that of p53CTB and p53CTM
[48]. Finally, in solid tumor xenografts, we used intratumoral
adenoviral delivery of p53. In classic nude mouse assays with the
human colon carcinoma line HCT116 p53−/−, we generated replica-
tion-deficient Ad5–GFP constructs to compare tumor cell killing by
mitochondrially targeted wtp53 with that of wtp53. Reproducibly,
mitochondrial Ad5–Lp53wt was equipotent to conventional Ad5–
wtp53 which is currently clinically used in vivo and in vitro [50].

Thus, the advantage of mitochondrially targeted p53-based gene
therapy appears three-fold: it bypasses the need for transcriptional
reactivation, is focused to directly activate the mitochondrial death
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program and eliminates cell cycle arrest/senescence outcomes in the
tumor cell targets. Together, these data provide encouragement to
further explore the potential of mitochondrial p53-based cancer
therapeutics and exploit the shortest circuit of p53 death signaling.

6. Additional homeostatic functions of endogenous p53
in mitochondria?

Evidence for additional functions of endogenous p53 in mitochon-
dria is also emerging, although their significance remains to be fully
characterized. In addition to localizing to the outer membrane
(described above), a subfraction of p53 localizes inside mitochondria
and complexes with the major mitochondrial import proteins
mthsp70 and mthsp60, present in the matrix [7,51].

This p53 might have a role in normal mitochondrial homeostasis
and/or non-apoptotic outcomes after stress. Intramitochondrial p53
was found to interact with mitochondria-specific DNA polymerase
gamma (Pol γ) and enhance its processivity in vitro. Since the genetic
stability of mtDNA depends on the accuracy of Pol γ, this suggests a
role for p53 in maintaining the stability of the mitochondrial genome.
This notion is supported by the finding that loss of p53 results in
significant sensitivity of mtDNA to genotoxic stress [52,53]. Moreover,
a complex between mitochondrial transcription factor A (mtTFA) and
stress-induced mitochondrial p53 was demonstrated, suggesting that
p53 influences the repair capacity of mtTFA upon mtDNA damage and
supporting a role for p53 in maintaining the stability of the
mitochondrial genome. [54].

An open question is whether p53 serves as a transcription factor
for the mitochondrial genome. Major mitochondrial transcription
factors are mtTFA and TFBM1 and 2, which regulate the HSP and LSP
promoters [55]. In addition, transcription factors from the steroid
receptor family have been suggested to regulate transcription of
mitochondrial DNA [56,57]. p53-deficient mouse embryos show a
reduction in mitochondrial 16S rRNA transcript levels during
embryonal development [58]. Moreover, the use of a mitochondria-
targeted dominant-negative p53 miniprotein correlated with inhibi-
tion of 16S rRNA expression in NIH3T3 cells [59]. Andrews et al.
identified 7 sequences within mitochondrial DNA as putative p53-
recognition sequence candidates. Several of them are located within
the 12S and 16S rDNA region and the NADH dehydrogenase genes
[60]. A subsequent study found one of these sequences, located within
the 16S rDNA, to be p53-responsive in human cancer cells. However,
although Southwestern blotting suggested a direct interaction of p53
with this sequence, ChIP assays failed to confirm this. Thus, more
studies are necessary to determine whether p53 directly associates
with mitochondrial DNA or whether the effect of p53 on mitochon-
drial transcription is indirect [61].
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