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Abstract

Control of intracellular redox balance has emerged as a primary function of the p53 network, with crucial
implications for tumor suppression, aging, and cell metabolism. Mitochondria are central to redox homeostasis,
produce energy, and trigger apoptosis and senescence: not surprisingly, many “old” and “new” functions of p53
appear to be based in mitochondria. Genetic and biomolecular evidence indicates that generation of reactive
oxygen species (ROS) in mitochondria can be a deliberate and finely regulated cell response on which signaling
by environmental stressors, oncogenes, and nutrients converge. p53 orchestrates mitochondrial redox signaling
by the coordinated control of at least two key effectors: the superoxide scavenger MnSOD, and the ROS
generator p66shc. This review presents recent evidence and emerging questions regarding the p53-MnSOD-
p66shc connection, and discusses how dissection of a circuitry comprising a tumor suppressor, an antioxidant,
and a molecule regulating cell survival and mammalian lifespan can provide a framework to address important
aspects related to the intricate connection between metabolism, aging, and cancer. Antioxid. Redox Signal. 15,

1715-1727.

Introduction

OVER THE LAST FEW YEARS, the list of cellular processes
and pathophysiological mechanisms that are directly or
indirectly controlled by p53 (tumor protein of 53kD, TP53)
has unceasingly grown, expanding from the largely estab-
lished function of “guardian of genome,” towards emerging
fields of current biomedicine like cell metabolism func-
tion/dysfunction, stem cell biology, and aging. In parallel,
massive new information has become available on the bio-
chemical mechanisms lying upstream and downstream of
p53, in the regulation and execution, respectively, of its
numerous and complex biological actions (85).

While even a succinct description of these amazing ad-
vances is not in the scope of this review, it is interesting to note
that a similar burst of knowledge has been experienced, in the
same timeframe, by redox biology, with the novel concept
that oxidant (oxygen and nitrogen-derived) species, univer-
sally known as genotoxic agents and mediators of cell dam-
age, may also act as molecular messengers whereby signals
that regulate cell proliferation and survival, migration, dif-
ferentiation, and death are transduced inside the cell (40). In
the midst of this ferment, it was almost unavoidable that p53
and “redox” cross each other’s way.

The redox world is a strange kingdom that obeys the rule of
contradiction: everything in this realm can appear black or

white, good and bad in the same time, never straightforward.
One may philosophically speculate that contradiction is in-
herent to redox systems, whereby for each molecule that is
oxidized, one must be reduced. Anyway, p53 could not es-
cape this “Yin and Yang” fate. p53 and ROS have surely
emerged as a “versatile partnership”(53), but also as a very
complex interplay, such that, for instance, p53 is activated, but
also inhibited by ROS; and induces ROS, but also the anti-
oxidant molecules that destroy them.

Nor is it of any help to focus, rather than on the entire issue
of redox and p53, just on few actors of this plot and just one
spot of the cellular stage. As in Russian nesting dolls, where
one figure separates to reveal another figure of the same sort
inside, in the same way complexity and bidirectionality re-
cur, even if just considering, within the general theme of p53
and ROS, the relationship of p53 with one single antioxidant
enzyme (MnSOD or SOD2) and one single prooxidant
molecule (p66shc) in one single organelle, the mitochon-
drion. The present review focuses on this intriguing rela-
tionship, and on its potential implication in cancer and

aging.

An Overview on p53 and Redox

In general terms, the relationship between p53 and the
cellular redox system is biunivocal, in the sense that p53
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activity is regulated by redox-dependent signals, and in turn
modulates the intracellular redox balance.

p53 response to oxidative stress is in part mediated by ROS
damage to DNA that triggers a p53-dependent arrest-and-
repair response. p53 phosphorylation by sensors of genotoxic
damage such as ATM and DNA-PK contributes to p53 sta-
bilization and increased transcriptional activity (85).

Phosphorylation/activation of p53 can however occur in-
dependent of DNA damage. PKCé and p38MAPK are both
redox-sensitive kinases that phosphorylate p53 in response to
exogenous oxidative stress; in these cases, kinases are directly
triggered by changes in the intracellular redox environment,
transduced by, respectively, inactivation of tyrosine phos-
phatases and the dissociation of the p38 upstream kinase
ASK1 (Apoptosis Stimulating Kinase 1) from its inhibitor
thioredoxin (40) (Fig. 1). Additionally, AMP-activated protein
kinase, a sensor of metabolic distress that activates p53, is
itself sensitive to ROS and can contribute to ROS-dependent
phosphorylation of p53 (42). Furthermore, hydrogen peroxide
promotes p53 acetylation and p53-dependent cell death, in a
fashion that can be attenuated by the deacetylase and lon-
gevity protein Sirt1 (49, 83). Interestingly, it has been reported
that in cancer cells harboring wild-type p53, a significant
fraction of the genes regulated by exposure to sublethal doses
of oxidants are also p53 targets (23).

p53 is also subjected to direct redox regulation via oxida-
tion of cysteine residues, organized in two clusters in the DNA
binding domain; some of these residues are involved in cop-
per coordination, and their oxidation, or copper sequestration
by chelators, inhibits p53 transcriptional activity (32). Other
cysteines out of this cluster (Cys 124, 141, and 182), have been
found to be glutathionylated (i.e., they form mixed dis-
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ulphides with glutathione) under oxidative or genotoxic
stress, again resulting in p53 inhibition (84). Accordingly, both
the nuclear factor APE/Refl and thioredoxin, that maintain
these residues in a reduced state in the nucleus, strongly ac-
tivate p53-dependent transcription (33, 77). Of note, a similar
dependence on reduced cysteines, which underlies the need
of thiols in in vitro p53-DNA binding assays, has been previ-
ously described for “typical” redox sensitive transcription
factors such as NF-xB and AP-1 (53). The meaning of this
mechanism of regulation is not clear, but it may represent a
feed-back signal to switch p53 off when intracellular ROS
reach a critical threshold (see below); alternatively, oxidation
of p53 may modulate protein shuttling between the nucleus
and the cytoplasm; more attractively, oxidation of selective
cysteine residues and the ensuing conformational change may
shift p53 preference for different promoter regions, thereby
contributing to channel p53 response towards either cell cycle
arrest and DNA repair or apoptosis (14).

Accumulating evidence strongly suggests that p53 is a
major regulator of cellular redox state. Initially, two inde-
pendent groups reported that upon robust (adenovirus-
mediated) overexpression of p53 in cancer cells, apoptosis
was preceded by a significant increase of intracellular ROS
(41, 72). Importantly, ROS scavengers were found to selec-
tively inhibit p53-dependent apoptosis, with no effect on cell
cycle arrest. Further biochemical analysis identified mito-
chondria as the likely target of p53-dependent oxidative
stress, a finding also corroborated by gene profiling data
indicating the upregulation by p53 of several redox-active
enzyme, at least one of which, proline oxidase (PIG6) had a
clear mitochondrial localization (72). Along similar lines, an-
other mitochondrial oxidase, ferredoxin reductase (FDXR),
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was later reported to mediate the p53-dependent toxicity of
5-fluorouracyl on colon cancer cells (38). These findings, to-
gether with parallel evidence of ROS induction by PUMA and
Bax, two other mitochondrial p53 targets, and with the fact
that apoptosis per se generates mitochondrial ROS secondary
to loss of cytochrome c (15), indicate in mitochondria a major
source for oxidant species elicited during p53-dependent
apoptosis.

While supraphysiological levels of p53 appear to tilt the
intracellular redox balance towards a prooxidant and proa-
poptotic state, Sablina ef al. surprisingly reported that in un-
stressed cancer cell lines or normal tissues, expressing low to
normal level of p53, the p53 is essential to maintain the
baseline expression of several antioxidant enzymes, including
glutathione peroxidase 1 (GPX1), aldehyde dehydrogenase
(ALDH4), and sestrins 1 and 2. Sestrins had been previously
discovered by the same research group as a family of proteins
modulated by p53 and required for the regeneration of
overoxidized peroxiredoxins (Prxs) (75). Notably cellular
levels of prooxidant p53 targets, like PUMA or Bax, were not
increased by expression of low amounts of p53. In keeping
with these findings, knock-down of endogenous p53 in these
experimental systems was accompanied by an increase, rather
than by a reduction, of intracellular ROS. These findings
highlight a previously unsuspected antioxidant function of
physiological levels of p53, which may contribute to tumor
suppression by preventing oxidant-dependent DNA damage
(75).

These observations have been confirmed and extended by
Alice Carrier and colleagues, who identified the TP53 Induced
Nuclear Protein 1 (TP53INP1, Inp) as one of the principal
players in the antioxidant function of p53 (16). In fact,
although no direct enzymatic activity has yet been demon-
strated for this molecule, expression of TP53INP1 in p53-
deficient cells lowers basal ROS to the level found in
p53-proficient cells, while Inp -/- cells display elevated ROS
and an antioxidant (N-acetyl-cysteine)-sensitive increase in
cell proliferation. In addition, TP53INP1 deficiency increases
oxidative stress-related lymphoma incidence and decreases
survival of p53(+/-) mice, demonstrating that TP53INP1 an-
tioxidant activity is relevant to tumor suppression by p53.

A further element of complexity in the interplay between
p53 and the intracellular redox environment has emerged
from recent breakthroughs on the physiological role of p53 in
regulating cellular metabolism (86). p53 appears to promote
mitochondrial respiration at the expense of glycolysis. This
action, which is perfectly coherent with the Warburg effect
[i.e., with the fact that malignant cells (in which p53 is often
lost or inactive) tend to use glycolysis instead of respiration
even in the presence of oxygen] is in part due to the fact that
p53 is needed for the optimal assembly of the mitochondrial
respiratory chain. In particular, synthesis of cytochrome oxi-
dase 2 (SCO2), encoding a molecule necessary for the import
of the subunit II in the cytochrome oxidase complex, was
identified by Hwang and colleagues as a target gene of p53;
this molecule’s concentration is critically decreased in the
muscle of p53-/- mice, leading to reduced oxygen consump-
tion and resistance to endurance in these animals (54). In
addition, TIGAR (TP53-induced glycolysis and apoptosis
regulator), another p53 target, inhibits glycolysis by reducing
the cytosolic levels of fructose 2—-6 bisphosphate, a potent al-
losteric activator of phosphofructokinase. Interestingly, these
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two effects, while cooperating in shifting the energy metab-
olism from glycolysis to respiration, are anticipated to modify
the redox balance in opposite directions; in fact, while in-
creased respiration leads in general to increased generation of
oxygen species (4), ROS are actually downregulated by
overexpression of TIGAR (8), due to glucose shunting toward
the pentose phosphate pathway (PPP) and the increased
generation of NADPH, a source of reducing equivalents that
feeds major antioxidant buffers glutathione (GSH) and the
thioredoxin/thioredoxin reductase system (40). Of note,
metabolic actions of p53 appear, like the antioxidant ones, to
be constitutive rather than stress-related.

Opposite effects of p53 on the intracellular redox state are
not surprising since other examples exists of p53 exerting di-
verse responses depending on the intensity and persistence of
the cellular stress p53 is triggered by (6, 75). The activation of
an antioxidant program by low levels of p53 perfectly outlines
a typical homeostatic circuitry, whereby oxidative stress, as
detected by cellular redox sensors (in this case one of the
many redox sensitive cascades leading to p53 stabilization/
activation) activates a transcriptional regulator to increase
antioxidant defenses and prevent further damage to DNA or
other cellular components (Fig. 1). The p53-dependent anti-
oxidant effect would therefore be part of a pro-survival, repair
response to a nonlethal damage (6) [i.e., a typical “caretaker”
response (46)]. Instead, following robust and persistent gen-
otoxic stress, prooxidant effects would dominate, due, in part,
to the induction of prooxidant enzymes (some of which, like
proline oxidase, are located in mitochondria), in part as a
general consequence of mitochondrial permeability transition
and loss of cytochrome ¢ from the electron transport chain
(ETC) (15).

It should be emphasized, however, that oxygen radicals not
only mediate cellular damage, but also transduce intracellular
signaling by growth factors, cytokines, hormones, and extra-
cellular matrix (ECM) proteins (73). In particular, a reduction
of cytosolic ROS occurs in cells subdued to antiproliferative
conditions such as contact-inhibition (67) or cell detachment
from the substrate (19), and antioxidants slow down the cell
cycle in most cell models (35). It is thus tempting to imagine
that p53-initiated antioxidant response may also contribute
to cell cycle arrest, a crucial p53-dependent response, by
downregulating ROS-mediated growth factor signaling (Fig.
2). Although in part speculative, this possibility is supported
by the finding that p53 inhibits mTOR, a major effector of
growth factor signaling, through sestrins, although a redox
mechanism for this action has not been demonstrated (12).
Most intriguingly, increased proliferation has been reported
in fibroblasts lacking TP53INP1, the principal effector of
p53 antioxidant function (16). In this perspective, p53 anti-
oxidant action would participate in tumor suppression not
only through a “caretaker” mechanism, by limiting DNA
damage, but also as part of p53 “gatekeeping” activity (i.e., by
directly impinging on cell proliferative capacity), where
growth arrest can be instrumental to genetic repair, or aimed
at counteracting deregulated mitogenic signaling by activated
oncogenes.

MnSOD: A Mitochondrial Antioxidant (?)

MnSOD (manganese-dependent superoxide dismutase, or
SOD2) is a homotetrameric enzyme located in the mitochondrial
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matrix where it catalyzes the dismutation of superoxide anion
generated by one-electron reduction of molecular oxygen
during respiration (28). Since MnSOD converts one oxygen
radical, superoxide, into another reactive species, H,O,, its
classification as an antioxidant enzyme is problematic, the net
effect on cellular redox balance being strictly dependent on
the coordinated action of peroxide scavengers located in the
organelle (such as peroxiredoxin V and GPX) and in the cy-
tosol (other peroxiredoxins, catalase).

Several aspects make MnSOD a rather unique piece of the
intracellular redox puzzle.

First, MnSOD, unlike other mammalian antioxidant en-
zymes including superoxide dismutases 1 and 3, is a strongly
inducible and finely regulated molecule. Interestingly, intra-
cellular levels of MnSOD are responsive, even more than to
oxidative stress per se, to cytokines and proinflammatory
molecules (89), growth factors (5), and nutrients (48). Major
transcriptional regulators downstream of these signals in-
clude NF-«xB (90), SP-1, cAMP responsive element binding
protein (CREB) (44), the forkhead family of transcription
factors (48), PGC-1 alpha (79), HIF 2 alpha (76), and others
including, of course, p53 (see below). Induction of MnSOD
usually exerts a protective effect under the most diverse
stressful conditions, most likely by interrupting the mito-
chondrial vicious circle whereby initial damage to the or-
ganelle promotes release of cytochrome c, which in turn
determines electron leak from the ETC, formation of super-
oxide, and further mitochondrial damage (15). Accordingly,
MnSOD upregulation promotes cell survival in response to
TNF (88), anticancer drugs, neurotrophins (5), hyperglycemia
(62), and mitochondrial poisons (45), to enumerate only a few
of the reported examples. Additionally, MnSOD, which is
downregulated in actively proliferating cells by the growth
factor- and oncogene-mediated inhibition of the FoxO factors

(48, 55), is induced by the same factors in quiescent cells,
thereby providing protection from oxidative stress when PI3
kinase/Akt-dependent survival signals, normally activated
by mitogens, are off-duty (13). The crucial importance of
MnSOD is most relevantly underscored by the severe phe-
notype of mice homozygous for a MnSOD null allele, that die
early after birth by dilated cardiomyopathy and systemic
acidosis due to generalized mitochondrial failure (52), and by
the milder but significant mitochondrial defects observed in
adult heterozygous MnSOD +/— animals (87).

Another exceptionally interesting aspect of MnSOD bi-
ology is its altered expression in cancer cells. Early observa-
tions on the reduced expression of this enzyme in highly
proliferating cells (63), together with the evidence of this en-
zyme being very low in some liver experimental tumors (10)
and in human melanomas (20), have initially led to consider
MnSOD as a potential tumor suppressor gene (11), and a loss
of its expression, by genetic or epigenetic mechanisms (36),
instrumental to carcinogenesis. This idea was also supported
by mechanistic studies showing reduced experimental skin
carcinogenesis in transgenic mice overexpressing MnSOD
(93), as well as reduced proliferation of cultured cell lines
genetically manipulated to express high amounts of the en-
zyme. Interestingly, in a few cases where the latter effect was
further investigated, accumulation of hydrogen peroxide,
presumably generated in excess with respect to cell scaveng-
ing capacity, emerged as the mechanism underlying MnSOD
growth suppressive activity (51).

In keeping with this evidence, the finding that a MnSOD
polymorphic variant affecting the mitochondrial signal pep-
tide (Val-9Ala) was associated with breast carcinoma risk
[and also with risk for prostate cancer (2, 43)] in combination
with a diet poor in antioxidants, was also interpreted as evi-
dence of a tumor suppressive activity of the enzyme, although
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the real impact of this variant on enzyme import into mito-
chondria has not been unequivocally determined.

On the other hand, the widely documented activity of
MnSOD as a survival protein suggests that this molecule may,
under some circumstances, help cancer cells cope with their
hostile environment and resist therapy, although maybe at the
expense of a limited proliferative capacity. In keeping with
this concept was the finding that the MnSOD content, while
often reduced in many neoplasms, was instead strongly up-
regulated and had a negative prognostic value in some ma-
lignancies, like cervical carcinomas (59), gliomas (50), and
colon carcinomas (39). Intriguingly, all these malignancies are
known to harbor at high frequencies of alterations of the p53
tumor suppressor pathway.

p53 and MnSOD: “Ups and Downs”
in Tumor Suppression

The functional correlation between MnSOD and p53 is
probably the best exemplification of how complex and mul-
tifaceted the interplay between ROS and the p53 tumor sup-
pressor pathway can be. Prompted by the frequent association
between p53 accumulation (an immunohistochemical hall-
mark usually related to p53 mutation/inactivation) and ele-
vated expression of MnSOD in human tumor samples (59, 74),
our research group was the first to address the possible
mechanistic link between these two events (65). Initial ex-
periments on fibroblastoid cell lines from p53 wild-type or
p53-/- mice, transformed in vitro by retroviral transduction of
V12Ras and the adenoviral oncogene E1A, revealed in ma-
lignant fibroblasts lacking p53 a significantly higher expres-
sion of MnSOD and in parallel, a remarkable resistance to
oxidant-dependent death triggered by serum deprivation,
paraquat, or the anticancer drug Adriamycin. Moreover,
overexpression of p53 in HeLa cells led to a reduction of
MnSOD content as mRNA, protein, and activity, while
overexpression of MnSOD significantly rescued HeLa cells
from p53-induced replicative death. Importantly, elevated
levels of MnSOD were also found in the liver of p53 -/- mice,
indicating that negative control of MnSOD expression by p53
also occurs in normal tissues and thus in the presence of
physiological amounts of this tumor suppressor (65).

These findings were largely confirmed by Drane and col-
leagues (27), who reported transcriptional downregulation of
MnSOD by p53 in MCF-7 breast carcinoma cells, and pro-
tection from p53-induced cell death by overexpression of
MnSOD in the same cell line. Additionally, these authors
provided evidence for a reciprocal control between p53 and
MnSOD, since forced expression of MnSOD led to a reduction
of p53 mRNA. Collectively, results from these two studies
clearly indicated that MnSOD downregulation is instrumen-
tal to induction of mitochondrial oxidative stress and apo-
ptosis by p53, and by extension that elevation of MnSOD
may counteract p53 activity and thus directly contribute to
carcinogenesis.

A possible molecular basis for the negative control of
MnSOD expression by p53 was proposed by Dhar and St Clair
(24), who found that in human hepatoma HepG2 cells p53 is
complexed with the SP-1 transcription factor at the MnSOD
promoter, and that such interaction inhibited SP-1 dependent
basal transcription of MnSOD. Again, knock-down of p53
increased MnSOD levels, indicating that “normal” levels of
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p53 are effective in MnSOD inhibition. Importantly, this
model does not require the presence of a p53 binding site on
the MnSOD promoter, a consensus sequence present in the
human but not in rodent MnSOD genes (24).

Observations reported by Chathoo and colleagues on pri-
mary neurons (17) have extended the biological significance
of MnSOD control by p53 from cancer to neurodegeneration,
confirming that the presence of p53 on MnSOD promoter is
associated with reduced expression of the enzyme, likely by
recruitment of transcriptional repressors HDAC1 and N-CoR.
In this cell model, inhibitory action of p53 on MnSOD (and
other antioxidant genes) is restrained by the polycomb group
protein and oncogene BMI1; accordingly, MnSOD levels are
reduced, in a p53-dependent manner, in BMI1 -/- neuronal
cells. Intriguingly, the same group has reported that CD133+
glioblastoma multiforme (GM) stem cells display elevated
levels of BMI1(1); MnSOD levels are often elevated in GM
(50), and, although not proven yet, such upregulation may
involve BMI1 and contribute to BMI1-dependent increase in
tumor “stemness” and malignancy.

In apparent contradiction with the above studies reporting
MnSOD transcriptional repression by p53, Hussain and
Harris identified, in an unbiased microarray screen, MnSOD
as a pb3-induced gene in human lymphoblasts, and con-
firmed their observation on normal and Li-Fraumeni syn-
drome (i.e., p53-defective) human fibroblasts (37). They also
found that MnSOD was co-induced with glutathione peroxi-
dase (GPX1) but not with catalase, and concluded that hy-
drogen peroxide generated by MnSOD, insufficiently
balanced by GPX, may contribute to p53-dependent apopto-
sis. Curiously, then, MnSOD upregulation was interpreted in
this case as part of a pro-, rather than antioxidant response to
P53 (37).

More recent work by Daret St Clair’s group seems to
have partially cleared this apparent contradiction (25). These
authors found that re-expression of p53 into the mouse
P53 -/- epithelial cell line PC3 modulated MnSOD gene in two
opposite directions: low levels of p53 (i.e., in the context of the
“repair response”) induced the enzyme, while high levels re-
pressed its expression, presumably as part of a pro-oxidant
and pro-apoptotic response. Accordingly, irradiation of
another p53-proficient tumor cell line led to either MnSOD
upregulation or downregulation according to the UVB dose.
This model fits the scheme proposed by Sablina and
colleagues (75), but at a higher level of complexity, since, in
this case, p53 operates in opposite directions on the same gene
(SOD2), through distinct molecular interactions. In particular,
low levels of p53 appear to promote NF-xB (p65) binding to
an intronic enhancer element of MnSOD, thus favoring its
expression; but then at higher levels of p53, inhibitory inter-
action of the protein with the basal transcription factor SP-1
dominates, leading to reduced MnSOD transcription. Inter-
estingly, increased expression of the NF-xB subunit p65 can
overcome the suppressive effect of p53 on MnSOD expres-
sion, even when p53 is present at high levels (25).

One possible interpretation of these finding is that MnSOD
is involved, unique among the other enzymes, in both pro-
and antioxidant actions of p53, according to stress intensity
and cell fate. However, mitochondrial compartmentalization
of MnSOD and its capacity to generate hydrogen peroxide
raise some unanswered questions. In the experience by others
and ourselves, cellular ROS, as measured by the popular
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fluorescent dye DCF-DA, are influenced by MnSOD in a
nearly unpredictable way. This dye is in fact mostly sensitive
to peroxides, and several reports indicate actually an increase
of DCF-DA fluorescence in tumor cell line overexpressing
MnSOD (51). Conversely, we have reported that elevated
levels of MnSOD do not lead to major changes in overall
cellular ROS in E1A /Ras transformed fibroblasts lacking p53
(65), while Dhar and St. Clair presented evidence that MnSOD
knockdown elevates intracellular ROS in p53-deficient PC3
cells (25). However, these oxidants are unlikely to be super-
oxide, which is poorly detected by DCF-DA. Although it has
been suggested that superoxide dismutation by MnSOD
produces half the H,O, compared to spontaneous, nonenzy-
matic dismutation, thus leading to an overall decrease of in-
tracellular peroxide (80). This point needs to be further
investigated and clarified.

Another issue, raised by the study of Dhar and St. Clair,
deals with the lack of information on whether the “low” and
“high” levels of p53 experimentally established by the authors
actually correspond to a decrease and increase of intracellular
ROS, respectively, as in the model proposed by Sablina ef al.
(75). This information is necessary to fit MnSOD in the two-
state model (low p53 =antioxidant; high p53 = pro-oxidant)
of p53 and ROS. Moreover, in at least three studies (17, 24, 65),
absence of p53 in nonstressed cells/tissues leads, unlike for
other antioxidants, to upregulation of MnSOD, a finding in
conflict with the above “bidirectional” scheme. Thus, espe-
cially in light of the results by Hussain ef al. showing overall
cellular oxidation at the levels of p53 that induce MnSOD(37),
the real role of MnSOD in the pro/antioxidant activity of p53
remains far from settled.

Notwithstanding these limitations, some unique aspects of
the interplay between p53 and the mitochondrial MnSOD
appear to be of high biological relevance.

One important implication of this interplay, is, of course,
the fact that upregulation of MnSOD, a general antiapoptotic
factor, may strongly contribute to resistance to senescence and
apoptosis (and by extension to cancer chemo- and radiother-
apy) displayed by p53 -/- cells; this has endless ramifications
connecting to both tissue aging and oncogenic transformation
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(78), as well as to cancer therapy (68). For instance, as dis-
cussed below, ethanol intoxication, a condition characterized
by abundant generation of mitochondrial ROS and thus
reminiscent of an accelerated aging process, fails to induce
hepatocyte apoptosis in the liver of p53 -/- mice likely due to
increased levels of liver MnSOD, but leads in these mice to the
early appearance of liver dysplasia (69).

Another interesting aspect of the p53/MnSOD relationship
deals with the largely established evidence that MnSOD
protects from p53-dependent apoptosis (25, 27, 65). Since a
compartmentalization appears to exist in the redox activity of
p53, whereby antioxidant function appears to be mainly cy-
tosolic and nuclear, and the prooxidant one mostly centered in
mitochondria (66), it is not too stretched to think that MnSOD
may play a crucial role in cell decision-making towards
repair/survival or death following p53 activation. In other
words, the level of MnSOD may, rather than regulate the
overall redox environment of the cell, set the threshold at
which p53 activity turns from protective to proapoptotic. This
idea is also in keeping with the finding that mitochondrial
translocation of p53, an event heralding apoptosis, inhibits
MnSOD (92) in a post-translational fashion (see below).

Inflammation promotes cancer in several clinical and ex-
perimental settings (22). Based on the finding of Dhar ef al.,
whereby NF-xB activation effectively counteracts MnSOD
downregulation by p53 (25), an intriguing tumor-promoting
circuitry can be envisaged whereby initiated cells bearing
activated oncogenes, and thus bound to p53-dependent death
or senescence (78), rather survive and further progress to
malignancy due to NF-«xB-dependent upregulation of MnSOD
operated by factors and cytokines present in the inflammatory
milieu (Fig. 3). Although speculative, this model could be tes-
ted in humans, for instance, by analyzing SOD2 polymor-
phisms in the context of chronic inflammatory diseases and
inflammation-related cancer.

p66: The Lesser The Better

p66shc was initially discovered as a long splice variant of
the Src homology and collagen (Shc) adapters (molecules
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oncogenic)

‘ low stress |

FIG. 3. Transcriptional regulation
of MnSOD by p53 as a function of ox-
idative stress intensity and the inflam-
matory microenvironment. Elevated
expression of MnSOD in the absence of

+ NF-kB activation
(inflammation, hypoxia etc.)

P53 promotes cell survival; low levels of
P53, as observed in normal, unstressed

tissues, may further increase MnSOD
levels, in the context of a general antiox-
idant response. However, during carci-
nogenesis, DNA damage and oncogenic
signaling downregulate MnSOD  thor-
ough a robust activation of p53, thus

MnSOD level

promoting senescence or apoptosis.
Environmental stimuli such as inflam-
matory cytokines and hypoxia can
counteract MnSOD inhibition by upre-
gulating NF-«B, thus allowing survival
and expansion of cells harboring acti-
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vated oncogenes. The dotted line indicates
MnSOD baseline expression in the ab-
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connecting activated tyrosine kinase receptors to the Ras
pathway) and received little attention until the late 1990’s,
when it was almost serendipitously observed that mice ge-
netically deficient of this specific isoform (these mice were
originally generated for cancer studies), lived significantly
longer (30%) than their wild-type controls (56). This was in-
deed the first mutation leading to long lived and healthy (i.e.,
not dwarf nor sterile) individuals ever described in mice and
mammals in general.

In perfect agreement with Harman'’s free radical theory of
aging that posits that chronic oxidative damage underlies
tissue aging and limits lifespan (34), p66shc-/- mice appeared
less prone than controls to systemic oxidative stress, and their
cells remarkably resistant to oxidant-induced cell death
in vitro, a phenotype somehow reminiscent of that conferred
by p53 deficiency (56).

Moving from this evidence, Trinei and colleagues demon-
strated that p66shc content is increased by p53 in oxidant-
stressed cells, and is necessary for p53-dependent generation
of ROS and cell death under the same experimental conditions
(81). Interestingly, p66shc induction by p53 is not transcrip-
tional, but rather due to increased stability of the p66 shc
protein, which may explain why p66shc had not been previ-
ously identified in any systematic search for p53 targets (72).

Further characterization of the molecular cascade leading
to generation of ROS by p66shc led to a number of surprising
observations. A small fraction of p66shc, in fact, appears to
translocate from the cytosol to mitochondria, where, as re-
vealed by sophisticated micropotenziometric measurements,
it directly transfers electrons from cytochrome c to molecular
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oxygen, thus generating hydrogen peroxide (29). Mitochon-
drial translocation of p66shc has been investigated in detail:
PKC f, a protein kinase activated by oxidative stress, phos-
phorylates p66shc on serine 36, allowing its interaction with
the, prolyl isomerase pin-1, which then physically translocates
pb6shc across the outer mitochondrial membrane (71). Thus,
oxidative stress triggers p66shc phosphorylation and locali-
zation to mitochondria, where the molecule then generates
hydrogen peroxide to initiate the apoptotic cascade. Several
reports indicating resistance of p66-/- mice to a number of
oxidative stress-related experimental pathologies (diabetic
nephropathy, atherosclerosis, hindlimb ischemia, and alco-
hol-related liver damage) are consistent with this elegant
model (21, 47). Even more interesting, lack of p66shc appears
to dissociate p53 prooxidant and proapoptotic response from
cell cycle arrest and other tumor suppressive functions. In
fact, p66shc -/- mice are not prone to spontaneous or experi-
mentally induced carcinogenesis, indicating that residual
antioncogenic functions of p53 (including probably the in-
duction of antioxidant enzymes), are effective in this mouse
model (81).

An alternative mechanism to link p66shc with oxidative
stress, cell death, and organismal aging has been proposed by
Nemoto and Finkel (61). These authors demonstrated that
p66shc promotes the redox-dependent inactivation of FOX-
O3a, a member of the Forkhead transcription factor family that
is regulated by insulin and operates as a positive genetic de-
terminant of longevity throughout the evolutionary scale (30).
Importantly, p66shc-dependent inactivation of FOXO3a re-
quires ROS and results in the reduced FOXO3a-dependent

FIG. 4. A p53-MnSOD-
p66shc network controls
the level of mitochondrial
ROS. In response to apop-
togenic stimuli, p53 inhibits
MnSOD through at least
two distinct mechanisms: a)
by preventing SP-1 binding
to the MnSOD promoter;
b) by translocation to mito-
chondria and interaction
with MnSOD. p53 also in- i
creases, through mecha-
nisms not yet clarified,
the expression of p66shc. B

pb6shc generates ROS (hy-
drogen peroxide) that can
cross the mitochondrial
membrane and inactivate
FoxOs by phosphorylation-
dependent nuclear exclu-
sion, thus further decreasing
MnSOD expression. Note
that p66shc phosphoryla-
tion and translocation to
mitochondria is in turn in-
creased by oxidative stress.
This self-amplifying cascade
is counteracted by Sirt1 that

NUCLEUS

j_[ i ]
B e Sirt-1 .

{ \

AcK \ +
|
D AcK

( __/391::\,_,-' Foxo3a

| I": S /

| Mrrocya’élon |
‘ I'III SE |

Mnéof) promoter

[ ex .|henh!|.ex |\ 1 . |

inhibits p53 and activates FoxO3a by deacetylating the two factors in the nucleus. Other p53-dependent sources of mito-
chondprial ROS distinct from p66shc are not indicated for simplicity. In the SOD2 promoter, enh indicates an intronic enhancer

that binds NF-xB.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3499&iName=master.img-003.jpg&w=363&h=272

1722

expression of ROS scavengers catalase and MnSOD (48, 61). In
other words, p66shc translates lethal oxidative stress into a
genetic program that leads to reduced antioxidant defenses
and further mitochondrial damage. Although somehow cir-
cular, this model has the merit of incorporating in one single
circuitry three previously unrelated determinant of longevity
(i.e., forkhead proteins, p66shc, and antioxidants/ROS; Fig. 4).
Moreover, since p53 induces p66shc, the p66-FOXO axis may
contribute to MnSOD downregulation by p53.

Along similar lines of investigation, Burgering and col-
leagues have shown that oxidative stress induces a FOXO3a-
dependent antioxidant response that includes MnSOD, and
requires that this factor is deacetylated by Sirtuin 1, another
genetic determinant of longevity in model organisms and in
mammals (30, 82). Interestingly, sirtuins control also the p53
pathway, since Sirtl-dependent deacetylation inhibits p53
and attenuates p53-dependent apoptosis (83).

Thus, diverse aging-related molecular players and signal-
ing pathways appear to regulate, at different levels, mito-
chondrial generation of ROS and the level of mitochondrial
antioxidant defenses. These multiple interactions are obvi-
ously relevant to cellular response to p53, and by extension to
the intricate connection between p53, aging, and cancer.

Genetics and Mitochondrial Pro/Antioxidants.
Alcohol as a Model

Studies on alcohol-dependent liver damage performed by
our research group have contributed to test the relevance of
the p53-MnSOD-p66shc axis in a human disease-related
context. Ethanol intoxication leads to a rise of mitochondrial
ROS, in part due to increased availability of reduced NADH
that is reoxidized by mitochondria, in part by largely un-
known molecular mechanisms leading to electron leak,
mainly at the level of the respiratory Complex I; (3) with this
respect, ethanol recapitulates, in an amplified fashion, the
mitochondrial oxidative derangement proposed by Harman
as the “clock” of aging (34). Our studies initially showed that
alcohol-induced hepatotoxicity involves p53, and that livers
of p53 -/- mice display reduced levels of apoptosis induced by
ethanol. In keeping with the notion that escape from apo-
ptosis promotes malignant transformation, however, we
found that ethanol consumption leads in p53 -/- mice to the
early appearance of dysplastic changes, heralding liver car-
cinogenesis (69). These changes correlated with elevated lev-
els of MnSOD in the liver of p53-/- mice.

p66-/- mice fed with ethanol in the drinking water were
also resistant to alcohol-induced liver pathologic changes
(mainly steatosis), compared to their p66shc-normal controls;
again, resistance correlated with a higher expression of
MnSOD in the liver tissue, and in isolated hepatocytes ex-
posed to ethanol in vitro. However, unlike in the p53-/- model,
p66shc-/- mice did not develop liver cancer following alcohol
treatment, confirming that tumor suppressive capacity of p53
is largely preserved in the absence of p66shc. An important
corollary of this finding is that MnSOD, that likely contributes
to ethanol-induced carcinogenesis in p53-/- mice by pre-
venting apoptosis of alcohol-initiated cells, is obviously not
sufficient to sustain hepatocyte transformation in the context
of p66shc absence.

In the same study, biochemical analysis of human hepa-
toma HepG2 cells engineered to overexpress p66shc (HepG2—

PANI AND GALEOTTI

po66) allowed us to confirm that p66shc negatively regulates
the expression of MnSOD at a transcriptional level, and that
this effect is mediated by phosphorylation/inhibition of
FOXO3a. Accordingly, in HepG2-p66 cells, mitochondrial
generation of ROS in response to ethanol was increased, and
paralleled by a more rapid and dramatic drop of the mito-
chondrial potential. These and other observations (31) thus
support the relevance of the p66shc-FOXO3a-MnSOD cas-
cade in pathophysiological conditions sustained by mito-
chondrial accumulation of ROS.

p53, p66shc, and MnSOD: How to Make ROS
in Mitochondria

The pro-oxidant effects of p53 in mitochondria involve much
more complicated molecular interactions than it was probably
thought at the beginning. We have recently proposed that p53,
p66shc, and MnSOD coordinately regulate mitochondrial oxi-
dative stress (70). In this model (Fig. 4), high proapoptotic levels
of p53 induce p66shc (81), thus favoring H,O, generation at the
ETC (29); peroxide may diffuse to cytosol where it triggers the
redox-dependent inhibition of FOXO3a (61), leading to reduced
expression of ROS scavengers including MnSOD (47, 48), and
to further oxidative stress. In parallel, p53 reduces MnSOD
gene transcription by inhibiting SP-1, but acts also on MnSOD
protein by binding to the enzyme in mitochondria (92). This
pro-oxidant network is counteracted by Sirt-1 that increases
MnSOD levels in two ways: by deacetylating and inhibiting
P53 (83), and by directly activating FOXO3a (82). Of note, this
action may contribute to the evolution-conserved capacity of
Sirtl to delay aging (4).

While consistent with much published evidence, this model
raises several questions. How does p53 act on p66shc? Do
these two proteins physically interact? Since one fraction of
p53 translocates to mitochondria as an early event in the ap-
optotic cascade (92), it is attractive to speculate that p53 may
increase p66 levels by binding to it in the organelle; interest-
ingly, both p53 and p66 are phosphorylated by PKC (71, 85)
and interact with the prolyl isomerase Pin1 (71, 91). Does Pin1
facilitate the p66-p53 rendez-vous in mitochondria? Since p53
does bind and inhibit MnSOD, a trimolecular interaction
would not be too surprising. A much simpler alternative is
that p53 activates p66shc by a redox mechanism (i.e., through
P53 capacity to elicit ROS); ROS facilitate p66shc translocation
to mitochondria (71), but may also stabilize the protein. This
possibility implies that p66shc does not account for the entire
prooxidant capacity of p53 (72).

The relative importance of p66shc in p53-dependent
generation of ROS is indeed another burning question. The
finding of Trinei and colleagues that p53-induced ROS are
nearly abolished in p66 - /- cells (81) is difficult to reconcile
with a role for other p53-induced prooxidant mitochon-
drial factors such as proline oxidase or ferredoxin reduc-
tase. One possibility is that p66shc operates also upstream
of p53 (i.e., contributes to its redox activation under oxi-
dative stress and indirectly favors the p53-dependent ex-
pression of other prooxidant enzymes). In this respect, it is
interesting that blockade of ROS after p53 translocation to
mitochondria decreases p53 migration to the nucleus (92),
suggesting that a “first wave” of mitochondrial ROS may
be instrumental to the triggering of a full-blown p53
prooxidant response. If so, p66shc and MnSOD inhibi-
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tion (through the FoxO pathway) may have a critical role in
this event.

Finally, how relevant is direct generation of ROS wversus
inhibition of antioxidant scavenger in the pro-oxidant activity
of p66shc? While both mechanisms are probably true and
operate in a coordinated fashion, it should be noted that ge-
netic ablation of p66shc does not rescue early lethality of
MnSOD -/- mice (Pani G, unpublished); this finding, while
excluding a significant contribution of p66shc to the severe
consequences of complete MnSOD deficiency, may also sug-
gest that the “antioxidant” effect of p66shc deletion requires,
as a downstream event, the upregulation of MnSOD, and is
thus ineffective in the absence of this enzyme.

Clarification of these questions promises to complete our
picture of how p66 and MnSOD contribute to mitochondrial
oxidative and apoptotic responses to p53.

Conclusive Considerations—p53, Aging, and Cancer:
All About Energy?

Deliberate generation of ROS in mitochondria certainly
represents an effective strategy to trigger apoptosis (57). An
interesting point is whether this represents the main “func-
tion” (if any) of mitochondrial ROS; recently discovered
metabolic roles of p53 may in fact suggest a different inter-
pretation (7). We know that p53 promotes mitochondrial
respiration (54) and that this function can be stimulated by the
AMP kinase, a sensor of cellular de-energization (42). Another
metabolic sensor, Sirtl, regulates p53 function, and inhibits its
activity when intracellular NADH (i.e., the main mitochon-
drial fuel) is low, and NAD+ high (83). If stimulation of res-
piration in abundance of nutrients or under ATP shortage
represents a main “housekeeping” function p53 function, then
generation of mitochondrial ROS by p53 may have originally
been just the by-product of a “metabolic burst”, and induction
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of antioxidants likely a homeostatic strategy to circumvent
metabolic oxidative stress (75). This property of p53 may have
subsequently been incorporated into a proapoptotic response.
Following this line of thinking, we learn that p66shc also
appears to stimulates mitochondrial metabolism (60). Ad-
ditionally, p66-generated ROS regulate insulin signaling
(9). Is this also true for p53? Both p53 (58) and p66 (72a)
exacerbate insulin resistance in the context of obesity and
nutrient overload, indicating that mitochondrial ROS may
represent a general feed back signal to regulate nutrient
signaling.

The idea that p53 and p66 translate nutrient availability
into mitochondrial generation of oxygen species has again
important implication for cancer, aging mechanisms,
and stem cell biology. Oncogenic transformation strongly
activates p53 up to levels certainly compatible with its pro-
oxidant and proapoptotic functions (64, 78). Preference for
glycolysis may thus represent a cancer cell strategy to avoid
excess prooxidant activity by p53. Interestingly, glycolysis
is typical of both normal and cancer stem cells, together
with low intracellular ROS and elevated MnSOD content
(26). Thus, inactivation of p53 may promote cancer cell
stemness, in part, by lowering metabolic activity and ROS in
mitochondria.

Seen from a different angle, under the selective pressure of
a pro-oxidant environment as is typical of senescent tissues,
loss of “normal” stem cells may promote the expansion of
stem cells with reduced mitochondrial ROS and elevated
MnSOD (Fig. 5); these cells are likely to have defects in the p53
pathway, and may easily evolve to cancer, thus explaining
why age is the main risk factor for malignancies. Evidence
that excess nutrients accelerate proliferation and exhaustion
of hemopoietic stem cells via ROS (18), while instead calorie
restriction prolongs mammalian lifespan (4), obviously sup-
port these speculative views.

FIG. 5. p53-regulated mitochondrial
ROS link cell metabolism, tissue se-
nescence, and cancer. In a young epi-

Tissue oxidative stress
(fibroblasts, inflammatory cells)

thelial tissue with a low level of
oxidative stress, cell renewal is normally
maintained by “normal” stem cells,
with little selective advantage for p53-
mutated cells. In a senescent tissue, ex-
haustion of normal stem cells (white
rectangles) and an increased oxidative
pressure favor cells with low respiratory
rate and higher mitochondrial antioxi-
dants that are likely to have an inactive
p53 pathway (gray rectangles). Although
resistance to oxidative stress and to mi-
tochondrial damage is not per se suffi-
cient to cause cancer (as demonstrated
by normal tumor incidence in p66shc-/-
mice), positive selection of p53-deficient
cells in this context leads to increased
probability of malignancy. Calorie re-
striction may prevent both aging and
cancer by reducing the mitochondrial
oxidative burden.
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No article can cover all the possible implications of the
redox and metabolic properties of p53. Yet, just one part of the
story (like the one regarding the p53-p66-MnSOD “connec-
tion”) is probably sufficient to communicate the sense of both
an overwhelming complexity and a slow but exciting disclo-
sure. Time will tell whether interpreting the p53 network
from a redox standpoint will help to clear contradictions or
change current paradigms on this fascinating molecule; big
questions surely will not change aging, cancer, and how to
fight them.
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Abbreviations Used

ALDH4 = aldehyde dehydrogenase 4
AMPK = AMP activated protein kinase
APE-Refl = AP endonuclease 1/redox factor 1
ASK1 = apoptosis stimulating kinase 1
ATM = ataxia teleangectasia mutated
CREB = cAMP responsive element binding
DCEF-DA = dichlorofluorescein diacetate
DNA-PK =DNA dependent protein kinase
DSB = double strand breaks
ECM = extracellular matrix
ETC =electron transport chain
GPX1 = glutathione peroxidase 1
HIF =hypoxia induced factor
NEF-xB = nuclear factor kappa B
NQO1 =NAD:ubiquinone oxidoreductase 1
Nrf-2 = nuclear respiratory factor 2
PIG =p53 induced gene
PPP = pentose phosphate pathway
ROS = reactive oxygen species
SCO2 = synthesis of cytochrome oxidase 2
SHC = Src homology and collagen
SOD2 = superoxide dismutase 2
SP-1 = specificity protein 1

TIGAR =TP53 Induced Glycolysis and Apoptosis

Regulator;
TNF = tumor necrosis factor
TP53INP1 =TP53 induced nuclear protein 1
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