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Apoptosis and Aging: Role of p66She Redox Protein
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ABSTRACT

p665Shc was the first mammalian gene whose mutation was demonstrated to increase resistance to oxidative
stress and to prolong life span. Many hypotheses have been formulated to explain the biochemical and molec-
ular basis of mammalian aging. Among them the free radical theory of aging, which was first proposed half a
century ago by Harman, has received much attention by biomedical scientists. This theory proposed that, be-
cause of their high reactivity, reactive oxygen species (ROS) would lead to unavoidable and potentially delete-
rious by-products, and such an increasingly damaging process could be responsible for degenerative diseases
and aging. Recent reports suggest an important role of p665hc protein in the regulation of cellular responses to
oxidative stress, apoptosis, and aging. In this review we discuss what has been discovered about p66Shc in the
past 10 years and we focus particularly on its role in ROS regulation, which appears to be extremely promis-
ing to define mammalian aging processes. Antioxid. Redox Signal. 8, 600-608.

STRUCTURE OF p66st« PROTEINS

THE ADAPTOR Shc protein was initially identified as an
SH2-containing protooncogene involved in growth fac-
tor signaling (6, 40). The Shc gene was identified in 1992
while searching for SH2 sequences. The Src homology 2
(SH2) domain is the prototype for protein—protein interaction
modules that mediate the formation of multiprotein com-
plexes during signaling (42, 55).

SH2 domains specifically function in protein tyrosine ki-
nase (PTK) pathways, due to the dependence of their binding
on tyrosine phosphorylation (42, 55). This ~100 amino acid
domain is evolutionarily conserved in many eukaryotes and
was found in a wide variety of proteins that participate in
many different cellular processes including Ras-like GTPase
regulation, phospholipid metabolism, transcription, and cy-
toskeletal reorganization.

The first shc transcript, isolated by screening cDNA li-
braries with a DNA probe representative of the c-Fes SH2 do-
main, displayed two in-frame ATGs that encode two polypep-
tides: the ubiquitously expressed p52She and p46She proteins.
These two isoforms share an amino-terminal SH2 domain,

followed by a proline-rich region (CH1) containing critical
tyrosine phosphorylation sites implicated in Ras activation
(40, 46), and a carboxy-terminal phosphotyrosine binding do-
main (PTB) (Fig. 1). p66ste is the third isoform encoded by
the human and mouse s/c loci, which originates from alterna-
tive promoter usage (31). It is composed of the entire pS2She/
p46She sequence and an additional amino-terminal proline-
rich region, named CH2, which contains a serine phosphory-
lation site implicated in oxidative stress signaling.

A new functional region has been recently characterized
within the p66She CH2-PTB domains. It is named CB and it is
essential for its function in ROS regulation (14) (Fig. 1).

SIGNALING VIA p66She

Role in signaling from receptor tyrosine kinases to
the ras-mapk of p66Sh-fos pathway
Historically, the first function assigned to p52She/p46She

protein was the involvement in Ras activation (6, 40). Upon
growth factor stimulation, p528he/p46She proteins are rapidly
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FIG. 1. Schematic representation of the modular structure
of She proteins. The known phosphorylation sites are shown
as open circle (Serine 36) or black circles (Tyrosines 239, 240,
and 317).
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and efficiently tyrosine-phosphorylated by all tyrosine ki-
nases tested in three major tyrosine residues present in the
CH1 domain, and recruit the Grb2-SOS complex on the
plasma membrane (15, 46).

In turn, SOS, through its guanine nucleotide exchange fac-
tor (GEF) activity, stimulates the conversion of the inactive
Ras GDP to an active Ras GTP that subsequently activates the
mitogen-activated protein kinase (MAPK) cascade (1). Re-
cruitment of the Grb2/SOS complex by p52She/p46She and
membrane relocalization of SOS is an event considered suffi-
cient to induce Ras activation.

The hypothesis that Shc proteins are involved in the regula-
tion of Ras is supported by the findings that overexpression
of p525he/p46She induces increased proliferative response and
enhances MAPK and fos activation upon stimulation with
EGF (31, 46), GM-CSF (26), and PDGF (57).

There is, instead, no indication that p66She activates the Ras
signaling pathway. Indeed, the demonstration that exists one
different regulation between p66She and p528he/p46She is given
from studies which have demonstrated that, although p66She
is a target of receptor tyrosine kinases (EGFR, INSR,
PDGFR) (9, 23, 31, 37) and it is able to bind the Grb2/SOS
complex, p66She overexpression has a negative effect on the
RAS-MAPK-fos pathway in response to EGF (31, 37) or to
cytokines in lymphocytes (39).

Recently, p66She has been shown to exert an inhibitory ef-
fect on the Erk pathway, which is necessary for coordinated
actin cytoskeleton polymerization and normal IGF-1 respon-
siveness of the MEK/ERK pathway in skeletal muscle my-
oblasts (34).

How p66she exerts this negative effect is not clear. It was
proposed that it acts by competing with p52She for Grb2 bind-
ing, sequestering the Grb2/SOS complex therefore terminat-
ing Ras signaling (37).

Our results, however, suggest that p66she acts through a
Ras-independent mechanism. The major finding of this sen-
tence is the demonstration that the p66She inhibitory effect on
the fos promoter is independent from the CH1 domain that
contains crucial tyrosine residues for the p52she function on
Ras signaling (31).

On the other hand, our opinion is that, although several re-
ports have shown that p66ste is a substrate for many different
tyrosine kinases, our experience differently demonstrates that
p66She tyrosine phosphorylation depends on the cellular con-
text and may simply represent an experimental artifact conse-
quent to the high doses of ligand used for stimulation. There-
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fore, studies concerning p66she functions that made use of
very high concentrations of growth factors may need to be
revisited.

po65he and stress signaling

The characterization of a p66She knockout mouse model
revealed that p66She protein might serve different functions
that are, apparently, independent of the Ras pathway. p66She
null mouse fibroblasts have an enhanced resistance to apop-
tosis induced by a variety of signals, including hydrogen per-
oxide, ultraviolet radiation, staurosporine, growth factor de-
privation, calcium ionophore, CD3-CD4 cross-linking, and
taxol (32, 38, 39). Recently, we demonstrated that, in cultured
cells and in tissues, a fraction of p66she is localized within
mitochondria where it exerts its proapoptotic function (38).

The scenario that is developing from recent studies is that a
series of posttranslation modification occurs in p66She that
can affect its function in cellular stress response. These find-
ings are in agreement with the observation that p66She is
rapidly and persistently phosphorylated on serine 36 in the N-
terminal CH2 domain (Fig. 1) in response to UV or H,0, (32)
and replacement of serine 36 residue with alanine prevent
p66She pro-apoptotic functions. However, the mitochondrial
pool of p66She is not phosphorylated (unpublished data) and
the relative contribution of serine-phosphorylation on p66She
mitochondrial function remains to be clarified.

Our hypothesis is that serine phosphorylation may influ-
ence other nonmitochondrial activities of p66She that are also
necessary for its proapoptotic function. It has been shown
that p66She can also be phosphorylated at serine residues in
response to epidermal growth factor (EGF), insulin, TPA,
FGF-2, taxol, and endothelin-1 (9, 10, 37, 54). EGF-induced
serine phosphorylation of p66She has been implicated in nega-
tive regulation of the MAPK pathway (37). Consistent with
this observation, it was shown that p66she serine phosphoryla-
tion precedes p66She tyrosine phosphorylation and that only
the nonphosphorylated fraction of p66She was associated with
EGF receptor (37).

In contrast, TPA-induced serine phosphorylation of p66She
is thought to be involved in ERK activation because it leads to
an increase in p525he/Grb2 association. It has been recently
reported that TPA specifically induces phosphorylation at Ser
36 and also at Ser 138 of p66she (10). Only two functional
consequences of p66She serine phosphorylation have been re-
ported: binding of the CH2 region to sequestering protein 14-
3-3 upon endothelin-induced p66she Ser 36 phosphorylation
(12) and increased binding of the PTB domain to tyrosine-
phosphatase PTP-PEST upon TPA-induced Ser 138 phospho-
rylation (10).

These data agree with the finding that protein phosphory-
lation may result in conformational changes, and create bind-
ing modules involved in protein—protein interactions. How-
ever, even if the proline-rich CH2 region is able to bind many
proteins in vitro (unpublished results), no correlation between
the supposed binding proteins and p66She proapoptotic func-
tion has been found yet. Furthermore, the identification that
p66Ste is target of a large number of serine/threonine kinases
has greatly increased the complexity of interpreting the func-
tion of p66She serine phosphorylation.
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The CH2 region of p66ste is rich in S/TP and S/P motifs
that are known to form recognition sites for phosphorylation
by proline-directed MAP/kinase (24), and has been shown as
a good in vitro substrate for ERK, JNK, and p38 MAPK (27).
It has become clear that p66She can, in fact, functionally inter-
act with the mitogen-activated protein kinase (MAPK) path-
ways, including ERK, JNK and p38 MAPK, also in vivo (27).

The complexity of this scenario may be linked to the func-
tion of p66she in regulating the levels of reactive oxygen
species (ROS), as discussed later. In fact, we cannot exclude
that p66Shc ROS regulation may also influence p66She post-
translational modifications, including serine and tyrosine
phosphorylation, and further characterization of the interplay
between intracellular redox status, p66Shc induction, and
function is likely to be an informative field of investigation in
the future.

p66S AND ROS SIGNALING

po665te regulates intracellular ROS

p66She modulates intracellular redox balance by increasing
reactive oxygen species (ROS) concentration (14, 51). Many
studies have clearly shown the involvement of ROS in the de-
velopment of diverse pathologies such as radiation injury,
carcinogenesis, aging, ischemia, and atherosclerosis. Low
levels of ROS regulate cellular signaling and play an impor-
tant role in normal cell proliferation. An excessive ROS pro-
duction, instead, results in cell death and the balance between
ROS production and antioxidant defences determines the de-
gree of oxidative stress. Consequences of oxidative stress in-
clude modifications of cellular proteins, lipids, and DNA.

The following observations support the role of ROS in in-
ducing apoptosis: (a) mitochondria are the principal source of
production of ROS due to the leakage of the electron trans-
port chain ETC, and elevated production of ROS leads to mi-
tochondrial-mediated apoptosis (41); (b) antioxidants, such
as N-acetylcysteine, can attenuate apoptosis (19). It has been
shown that intracellular ROS concentration, as detected by an
oxidation sensitive dye, is higher in WT than in p66She —/—
MEFs (51) and overexpression of p66She in p66She —/— or
WT MEFs or in other cell lines (e.g., endothelia, p53—/—
cells) increased ROS levels (35, 51).

Mitochondrial overproduction of ROS increases also upon
activation of the tumor suppressor protein p53, which plays a
pivotal role in regulating cell cycle arrest, differentiation, and
apoptosis. However, recent data show that the activity of
p66She on ROS metabolism is linked to p53 that exerts its pro-
apoptotic effect and aging properties by inducing oxidative
damage through p66she, a mechanism that does not interfere
with other p53 functions (51).

CONSEQUENCES OF p66st< ROS
REGULATION

p665te induces intracellular oxidative damage

There is strong evidence that increased levels of ROS dur-
ing aging result in an increase of protein and DNA damage,

MIGLIACCIO ET AL.

and that mutations and deletions of both nuclear and mito-
chondrial DNA are much more frequent in older individuals
of most species (47). Coherent with the finding that p66She in-
creases intracellular ROS concentration, oxidation of the C8
of guanine (8-0x0-dG), which is the most abundant type of
oxidation-damaged nuclear DNA (18), and mutations of mi-
tochondrial DNA, are decreased in cells derived from p66She
—/— mice (51). Furthermore, levels of oxidative damage cor-
relate with the expression level of p66She, which is higher in
the lung, spleen, liver, and skin, whereas no significant oxida-
tive damage is found in brain that does not expresses p66She

(51).

po665he induces apoptosis

Apoptosis is a mechanism of controlled cell death that
regulates many biological processes, including development,
inflammation, immune system, and aging (41). Two main in-
tegration pathways exist and converge to a common execution
phase: the death receptor pathway and the mitochondrial
pathway (7). The Death Receptor Pathway is typically en-
gaged in the immune system and is the method used to elimi-
nate activated T-cells at the end of an immune response. The
Mitochondrial Pathway is usually activated in response to
other lethal stimuli such as DNA damage, oxidative stress,
and hypoxia. Mitochondria-mediated apoptosis involves sig-
naling pathways that induce various protein responses (e.g.,
post-translational modifications, conformational changes,
and interorganelle translocation of specific proteins), alter-
ation of mitochondrial membrane permeability, and release of
apoptogenic factors (e.g., cytochrome c¢ and apoptosis-
inducing factor) and activation of cysteine protease caspases
that induce biochemical and a morphological change in both
cytoplasm and nucleus before cell death (21).

The Bcl-2 family members control the release of apopto-
genic factors in the cytoplasm. The family consists of pro-
and anti-apoptotic members, which regulate mitochondrial
‘pores’ by a yet uncharacterized mechanism. Upon apoptotic
stimuli, cytochrome c is released in the cytosol, and associ-
ates with both Apaf-1 and procaspase 9 to form active cas-
pase 9, the active enzyme complex is called the apoptosome.
Apoptosome formation leads to activation of downstream
caspases (such as caspase-3) that are responsible for the exe-
cution phase of apoptosis (specific degradation of proteins
and DNA) (7).

We have shown that p66Shc—/— cells are resistant to apop-
tosis induced by a variety of different signals, including hy-
drogen peroxide, ultraviolet radiation, staurosporine, growth
factor deprivation, calcium ionophore, and CD3-CD4 cross-
linking (32, 38, 39). Recent results demonstrated that p66She
regulates the mitochondrial pathway of apoptosis and acts up-
stream of the mitochondrial pore (PT) (31, 38). The relevance
of the p66she role in the mitochondria pathway is supported
by several lines of evidence (38, 51): (a) p66She protein is
partly localized in the mitochondria; (b) cyclosporine A, an
inhibitor of mitochondrial pore (PT), prevents the ability of
p66She to induce H,O,-induced apoptosis; (c) p66St is re-
quired for the collapse of the mitochondrial transmembrane
potential induced by oxidative stress; (d) cytochrome ¢ re-
lease and caspase activation are impaired in the absence of
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p66She. The strong implication of these results is that the con-
sequences of ROS accumulation (apoptosis and oxidative
damage) during aging are genetically determined and con-
trolled by a stress-induced signal transduction pathway,
which involves p53 and p66She.

THE INVOLVEMENT OF p66She
IN CANCER DEVELOPMENT

The Shc gene is related to cell proliferation and carcino-
genesis (16, 48). In fact the p525he and p46She isoforms of She
were found to be overexpressed (5, 8, 56, 58) or hyperphos-
phorylated (28, 49) in many tumor types. Clearly the two
shortest isoforms of Shc play a role in the proproliferating
functions of many cellular and viral oncogenes (4, 43, 44).
On the contrary the involvement of p66She in tumorigenesis is
still controversial. Indeed different levels of p66She were
found in some tumors but the results seem contradictory. For
example, in breast cancer cells and primary tumors, p66She
was described to be both overexpressed (16, 22, 29) and
downregulated (49, 59). Indeed the ablation of p66She does
not increase spontaneous or induced tumor incidence in mice
(32, 51). Furthermore the transformation rate and phenotype
of primary embryonic fibroblast derived from p66—/— or
from the WT mice are comparable (51; unpublished data).
Thereby although p66She is a key component of the apoptotic
execution machinery, it seems that its proapoptotic role is dis-
pensable for any relevant tumor suppressive function.

MECHANISM OF p66St¢ ROS REGULATION

We can therefore assert that the key functions of p66Ste are
in the intracellular pathway(s) that regulate(s) ROS metabolism
and apoptosis. In aerobic organisms, ROS are generated in dif-
ferent compartments within the cell: in mitochondria and per-
oxisomes, as result of normal intracellular metabolism (36).

A complex enzymatic and nonenzymatic antioxidant de-
fense system including catalase (CAT), superoxide dismu-
tase (SOD), and glutathione peroxidase (Gpx) neutralizes
and controls overall ROS levels to maintain physiological
homeostasis (50).

The effect of p66She expression on ROS scavenging was
studied with the aim of understanding the mechanisms under-
lying the regulatory effect of p66She on mitochondrial ROS
generation. Two alternative mechanisms have been proposed:
Nemoto and Finkel, using an immortal clone of p66she —/—
fibroblasts have shown that p66She is required for Akt-medi-
ated phosphorylation and inactivation of the transcription
factor Foxo3a/FKHRLI1 in response to serum starvation or
oxidative stress (35). These authors also showed that one of
the genes activated by Foxo3 is a catalase, whose function is
to remove ROS. Based on these data, they propose that in
p66she null cells, Foxo3 is constitutively active, induces
higher levels of catalase that, in turn, is responsible for the re-
duced ROS concentrations.

In contrast with these findings, we recently showed that the
reduced ROS levels in p66she —/— cells and tissues are not
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the consequences of increased scavenging activity (14).
Thanks to sophisticated and complex experiments, the molec-
ular mechanism through which p66she regulates ROS has re-
cently been characterized and reveals that p66Shc has the
amazing property to directly stimulate mitochondrial ROS
generation by an enzymatic activity.

The major source of mitochondrial ROS is oxidative phos-
phorylation. In the respiratory chain, the mitochondrial elec-
tron transport system receives electrons from NADH or from
flavoprotein-linked dehydrogenases and ultimately reduces
oxygen to water by an electron transfer from cytochrome c to
cytochrome ¢ oxidase. An estimated 2—4% of the total oxygen
consumed during electron transport is not reduced to water by
cytochrome ¢ oxidase but rather to superoxide anion (O, ~),
by reduced semiquinone and by reducing equivalents that de-
rive from complex III or II (2, 3). Superoxide dismutase
(SOD) converts superoxide enzymatically into hydrogen per-
oxide, which, in turn, may be converted into water by the en-
zymes catalase or glutathione peroxidase.

In studies of signaling mechanism by ROS, it is often diffi-
cult or impossible to determine the specific forms of reactive
oxygen that produces specific ROS (O,"~ or H,0,). Rou-
tinely, experiments with purified mitoplasts and H,DCFDA, a
fluorescent probe that is oxidized by H,O, (30) can be used to
measure ROS production. Experiments with recombinant
p66she on purified mitoplasts indicated that the effect of
p665he on mitochondrial ROS production is to directly stimu-
late mitochondrial H,0, generation (14). The specificity in
this experimental system was confirmed by the findings that
basal and p66Stc-induced H,DCFDA oxidation by mitoplasts
was inhibited by catalase (an H,O, scavenger), but not by su-
peroxide dismutase (SOD) (which generates H,O, from O,"-).

Next, elaborate experiments with cyclic voltammetry es-
tablished that p66she is capable itself of successfully execut-
ing an electron transfer reaction (14).

It has been largely demonstrated in different experimental
systems that a fraction of p66ste is localized within mitochon-
dria, and almost 35% of mitochondrial p66she localizes within
the mitochondrial intermembrane space (14). Another protein
that localizes in the mitochondrial intermembrane space and
that is involved in electron transfer reactions and apoptosis is
cytochrome ¢ (21). Interestingly, p66She interacts with and ox-
idizes cytochrome c¢ generating hydrogen peroxide (14)
(Fig. 2).

The redox centre of p66Shc has been mapped to the CH2 do-
main, within a region that presents the highest degree of iden-
tity in sequence alignments of the known p66She vertebrate or-
thologues. This region (designated CB) contains three
glutamic (E125, E132, E133) and two tryptophan (W134 and
W148) conserved residues (Fig. 1). The same residues are
found within the cytochrome ¢ pocket region of COX IV and
yeast cytochrome c¢ peroxidase, which represent the two
known redox enzymes that utilize cytochrome c as a substrate.
In both cases, the negatively charged glutamic residues are
critical for the interaction with the positively charged cy-
tochrome ¢, and the aromatic tryptophan residues are essential
for the electron transfer reaction with reduced cytochrome ¢
(61). Mutations in the CB region prove that the redox centre of
p66She acts to stimulate H,O, generation in vitro and in vivo,
and to mediate cellular apoptosis after stress.
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FIG. 2. Schematic description of contributions of the Shc proteins in survival and death. p52She participates in receptor ty-
rosine kinase-dependent Ras activation. Proapoptotic signals induce on mitochondria release of p66she from a putative inhibitory
complex including mtHsp70. Active p66ste then oxidized reduced cytc (black circle) and generates H,O, that leads to mitochon-

drial swelling and apoptosis.

We believe that the discrepancy between our report and the
data presented by Nemoto et al. is at least partly explained by
the use of different model systems. Nemoto and Finkel, in
fact, performed their study using an immortalized clone of
p66She —/— mouse embryo fibroblast, which has a high prob-
ability of carrying multiple alterations that could have af-
fected the FKHRL1 pathway. In addition, we have established
a new and surprising redox property of p66She protein.

In conclusion, the p66Sh¢/cytochrome c electron transfer re-
action might give an alternative mechanism of generating
ROS in mitochondria, representing an intriguing example of
the link between ROS generation and biology of aging, as
proposed by free radical theory of aging (17).

MECHANISM OF p66St¢ REGULATION:
TRANSCRIPTIONAL AND POST-
TRANSCRIPTIONAL

The results mentioned above demonstrate that the main
function of p665he is to produce proapoptotic H,0, through
an electron transfer reaction with cytochrome c¢. Neverthe-
less, p66she is a stress response protein that does not influ-
ence the mitochondrial function under steady state condi-

tions, but is indispensable for mitochondria-mediated apop-
tosis following a proapoptotic signal (14, 38, 51). These
findings are compatible with the existence of an inactive
form of p66She under basal conditions, and an active form
after proapoptotic signals. A series of posttranslation modi-
fications occur in p66she, subsequent to treatment with pro-
apoptotic signals, which can affect its level, its stability, its
localization, its heterooligomerization, and its monomeriza-
tion, and that probably modulate its activity: (a) Upon stress
stimuli, p66She is serine phosphorylated and, as mentioned
before, this modification is required for its ability to mediate
apoptosis (32); (b) a small quantity of p66She translocates
from the cytosol to mitochondria upon apoptotic stimuli
(38); (c) p53 induces an increase in p66She protein levels by
increasing its stability (38); (d) in basal conditions, the mito-
chondrial p66She fraction is found within multimolecular
complexes including mtHsp70 and components of TIM-
TOM import complex, and becomes monomeric only follow-
ing proapoptotic stimuli (14, 38) (Fig. 2).

However, future studies will be required to elucidate the
precise role of p66She posttranslation modifications that
might work in a concerted manner to regulate ROS produc-
tion and apoptosis.

Many results suggest that, in addition to posttranslational
modifications, transcriptional regulation could also play a
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role in regulating p66She function. First of all, levels of p66She
expression correlate with lifespan in mice, since heterozy-
gote mice p66she +/— display an intermediate lifespan com-
pared with wt and p66She —/—. Further, p66Sh (mRNA and
protein) is upregulated in skeletal muscle, spinal cord, and
forebrain of aged rats and the extent of this behavior in-
creases with age (20). In accordance with p66she promoter
regulation by epigenetic modifications (52), p66She (mRNA
and protein) is expressed at different levels in specific tis-
sues, such as lung, spleen, liver, heart, and kidney, but is
absent in brain (51).

Nevertheless, transcriptional levels of control of p66She
have been identified in cells, such as peripheral blood lym-
phocytes, mouse thymocytes, and splenic T-cells that acquire
the capacity to express p66Sh¢ in response to apoptogenic
stimuli (39).

Although the involvement of p66She in cellular senescence
may require further investigation, few recent reports show a
correlation between high levels of p66She expression (mMRNA
and protein) and senescence, increase of ROS, and oxidative
stress (11, 20, 25). Another interesting study showed that the
p66She promoter is sensitive to treatment with aurintricar-
boxylic acid (ATA), which protects cells against a variety of
death stimuli and in Drosophila induces an increase of life-
span (45). However, a treatment with ATA decreases level in
p665She protein in mouse lung (45).

CONSEQUENCES OF p665t< ROS
REGULATION IN VIVO: p66St< AND AGE-
RELATED DEGENERATIVE PATHOLOGY

Many reports since 1999 confirmed that p66She —/— mice
are a helpful mammalian model to study the molecular mech-
anism of aging. The mice lacking p66she live 30% longer than
control animals, and experiments using paraquat (a free radi-
cal generating compound) represented the first evidence that
ablation of p66She expression enhances resistance to oxidative
stress also in vivo (32).

The finding that p66she deletion delays aging, and its impli-
cation in age-associated pathology was supported by much
evidence: (a) a high-fat diet has no effect on p66Shc —/— mice,
whereas this diet in wt mice results in signs of early atheroge-
nesis (increased of aortic cumulative early lesion, apoptosis
in vascular cells, and tissue oxidative stress) (33); (b) p66She
—/— mice do not show significant age-dependent decrease of
ROS-mediated endothelial function, such as aortic relaxation
that is impaired in old wild-type mice, but not in p66Shc —/—
mice (13); (¢) p66she —/— mice show decrease of tissue dam-
age and apoptosis induced by acute ischemia (60); (d) p66She
deletion does not increase incidence of cancer.

Therefore, the p66She —/— mouse model might also be an
excellent model for vascular disease as well as longevity. The
relevance of this model is related to p66st and H,O, produc-
tion, which now represent a new key to revisiting the known
theory of aging.

In summary, insulin-like signaling, modulation of fork-
head activity, and p53 attenuation are a major mechanism for
increasing lifespan and now one interesting open question is
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how p66she-mediated H,O, production works with these
pathways.

CONCLUSIONS

She proteins were initially characterized as signal trans-
duction adapters involved in the cytoplasmic propagation of
mitogenic stimuli, through Ras.

Recent findings, however, indicate a more general role of
Shc proteins in regulating cellular and organism homeostasis.
Genetic and biological evidence indicate that the three iso-
forms are not functionally redundant and regulate growth
(p525he), apoptosis (p665he), and an unknown signaling trans-
duction pathway involving the mitochondria (p46She) (53)
(Fig. 2). The surprising new message is that p665She is an atyp-
ical signal transducer which can be regulated by oxidative
stress and that the p66She/cytochrome c electron transfer reac-
tion represents an integrative model for H,O, generation.

Further studies are required to elucidate the p66She role in
regulation of intracellular redox balance and its role in inte-
gration of cellular pathways, that are relevant to the process,
which regulate Ras (growth) and p53 (apoptosis). Remark-
ably, the p66She —/— mouse model provides direct support for
the involvement of ROS in aging (17), and the discovery of a
p53-p66she signaling pathway could initiate a complex but ex-
citing new area of research in apoptosis and aging.
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ABBREVIATIONS

CAT, catalase; CB, cytochrome ¢ binding; CH1, collagen-
homology domain 1; CH2, collagen-homology domain 2;
EGF, epidermal growth factor; EGFR, epidermal growth fac-
tor receptor; ETC, electron transport chain; FGF-2, fibroblast
growth factor-2; GEF, guanine nucleotide exchange factor;
GM-CSF granulocyte-macrophage colony-stimulating factor;
Gpx, glutathione peroxidase; H,DCFDA, dichlorodihydroflu-
orescein; H,O,, hydrogen peroxide; IGF-1, insulin-like
growth factor-I; INR, insulin receptor; MEF, mouse embryo
fibroblast; PDGE, platelet-derived growth factor; PDGFR,
platelet-derived growth factor receptor; PTB, phosphotyro-
sine-binding domain; PTK, protein tyrosine kinase; ROS, re-
active oxygen species; SH2, Src homology 2; SOD, superox-
ide dismutase; TPA, tissue plasminogen activator.
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