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p66SHC: The apoptotic side of Shc proteins
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Initially identified as components of the signaling path-
ways triggered by receptor tyrosine kinases and leading
to Ras activation, Shc proteins have been more recently
implicated in the regulation of signals controlling not only
cell proliferation, but also cell survival and apoptosis.
Here we briefly review the current understanding of Shc
proteins as promoters of apoptosis. Specifically, we fo-
cus on the 66 kDa isoform of ShcA, whose paramount im-
portance in the regulation of oxidative stress responses
leading to cell apoptosis and ageing has been by now
firmly established.
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The Shc protein family

Shc proteins belong to a family which includes three mem-
bers, known as ShcA, ShcB and ShcC, of which the best
characterized to date is ShcA. All Shc proteins share a
unique highly conserved domain organization, character-
ized by an N-terminal PTB domain and a C-terminal SH2
domain, which represents a signature of this family.! As
opposed to ShcA, which is ubiquitously expressed, the ex-
pression of ShcB and ShcC appears restricted to neuronal
cells.>?

ShcA (which will be referred to from now on as Shc)
was identified in 1992 as an adaptor coupling the activated
EGF receptor to Ras and the MAP kinase cascade.*> The
existence of multiple Shc isoforms, as well as their appar-
ent functional redundancy with Grb2, has however posed
a puzzle which has only recently started to be unraveled.
Shc is expressed as three isoforms of 66, 52 and 46 kDa
respectively, all of which are encoded by the same genetic
locus and display a common domain organization (Fig-
ure 1). The central proline-rich collagen homology (CH1)
domain has three phosphorylatable tyrosine residues,
239/240 and 317 in human p52Shc, which in cheir
phosphorylated state mediate Grb2/Sos recruitment to a
membrane-proximal localization.*> In some mammalian
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cell types these two Grb2 binding sites have been proposed
to differentially couple cell surface receptors either to fos-
dependent cell proliferation (Y317) or to myc-dependent
survival (YY239/240).° Furthermore, the high proportion
of proline residues in the CH1 domain make it a target of
SH3 domain-dependent interactions,”® further underlin-
ing the capacity of Shc proteins to function as molecular
adaptors.

The longest isoform, p66Shc, has an additional
N-terminal CH domain, termed CH2, containing a phos-
phorylatable serine residue at position 36 (836). As op-
posed to the initial idea that p66Shc would also par-
ticipate in receptor tyrosine kinase-dependent Ras ac-
tivation, a dualism in the function of p52/p46Shc and
p66Shc has emerged. Indeed, p66Shc has been shown
to inhibit activation of the Ras/MAP kinase pathway
triggered by the EGF and IGF-I receptors, as well as
by the T-cell antigen receptor.”~? Furthermore, p66Shc-
deficient T-cells have been recently reported to prolifer-
ate faster than their normal counterparts in response to
limiting concentrations of ligand,'? supporting an antag-
onistic activity of p66Shc on mitogenic signaling. In-
hibition of Ras/MAP kinase activation by p66Shc re-
quires phosphorylation on S36, which is triggered in
response to receptor engagement in a MEK-dependent
manner.'? The negative effect of p66Shc on mitogenic
signaling involves competitive inhibition of p52Shc bind-
ing to its upstream molecular partners and sequestering
Grb2/Sos in a signaling-incompetent complex.'®!? The
mechanism whereby p66Shc-bound Grb2 becomes un-
coupled from Ras remains to be determined. The finding
that p66Shc participates in a complex which also includes
RasGAP during early morphogenetic events in Xenopous
gastrulation'® suggests a possible clue to the negative con-
trol of Ras/MAP kinase activation by this protein. What-
ever the mechanism, control of p66Shc expression pro-
vides the cell with an effective mechanism for fine-tuning
the Ras/MAP kinase pathway. More recently, studies us-
ing a mouse selectively lacking p66Shc have unveiled an
unexpected role of p66Shc in apoptotic responses to oxida-
tive stress and in ageing.'? This proapoptotic activity of
p66Shc, which is unique to this isoform, will be discussed
below.
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Figure 1. Schematic structure of ShcA proteins.
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Regulation of p66Shc expression

The p52 and p46 isoforms of Shc are ubiquitously co-
expressed by translation of a common transcript from
two alternative initiation codons.!”> Conversely, p66Shc
expression is more restricted. Specifically, p66Shc is ab-
sent or expressed at very low levels in hemopoietic cell
lines, normal peripheral blood lymphocytes and brain, as
well as in a subset of breast cancer cell lines."’™'® This
different pattern of expression of p66Shc compared to
p52/p46Shc results from usage of two alternative promot-
ers at the Shc locus, of which the proximal selectively con-
trols transcription of the exon encoding the N-terminal
CH2 domain. Silencing of p66Shc gene expression is con-
trolled at least in part by epigenetic modifications of its
promoter. Indeed, analysis of the p66Shc gene promoter
in cells expressing different levels of the protein has re-
vealed an inverse correlation between promoter methy-
lation and p66Shc expression.'” Accordingly, treatment
with demethylating agents or with histone deacetylase
inhibitors results in p66She expression in cells lacking
p6G6She.t?

Although promoter methylation is likely to be the
main mechanism responsible for the absence of p66Shc
in some cell types, post-transcriptional levels of con-
trol have been identified in cells which normally express
p66Shc. Treatment of fibrobroblasts with oxidants, such
as H,O; or UV radiation, results in increased expression of
p66Shc, which can be correlated to an increased half-life
of the protein.?’ Interestingly, human peripheral blood
lymphocytes, as well as mouse thymocytes and splenic
T-cells, acquire the capacity to express p66Shc in response
to apoptogenic stimulation.'? Whether demethylation of
the p66Shc gene promoter or additional mechanisms un-
derlie induction of p66Shc expression in T-cells remains
to be determined. It can nevertheless be hypothesized that
p66Shc expression is limited in some cell types only to
the time when the mechanisms responsible for cell cy-
cle arrest or apoptosis must be activated. This notion is
supported by the recent finding that, while p66Shc is
undetectable in healthy cardiomyocytes, pacing-induced
dilated cardiomyopathy, which is characterized by an in-
creased production of reactive oxygen species (ROS) and
apoptosis, is accompanied by a progressive accumulation
of p66Shc in failing myocytes.?!
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p66Shc in oxidative stress
and apoptosis

Oxidative stress results in the intracellular production
of ROS by mitochondria. The increased levels of ROS
interfere with many cellular processes, resulting in in-
hibition of cell proliferation and induction of apoptosis.
ROS are furthermore major players in cell ageing.?*%
Ablation of p66Shc gene expression in the mouse by ho-
mologous recombination has established a crucial role
for this protein in oxidative stress responses and apop-
tosis. Indeed p66Shc™/~ fibroblasts harbour increased
resistance to treatment with oxidative stress-inducing
agents, which can be correlated with a reduction in
the apoptotic responses to these stimuli. Conversely,
p66Shc overexpression results in enhanced stress-induced
apoptosis.'* A protective effect of p66She ablation
on thymocyte and peripheral T-lymphocyte apopto-
sis induced by dexamethasone has also been recently
reported.'? Furthermore, p66Shc overexpression in Jurkat
T-cells results in significantly inceased levels of both spon-
taneous and induced apoptosis.'? Hence, p66Shc appears
as a sensor of intracellular ROS concentrations which, by
promoting apoptosis, would regulate the cellular lifespan.

The proapoptotic activity of p66Shc is strictly de-
pendent on phosphorylation of S36 in the CH2 do-
main, as demonstrated by mutational analysis of this
residue.'?'% 836 phosphorylation is triggered by ox-
idative stress-inducing stimuli, such as H,O; and UV
radiation.'> ' Other apoptogenic stimuli, both pharma-
cological and receptor-mediated, have been reported to in-
duce S36 phosphorylation, including Fas ligation, T-cell
antigen receptor engagement in the absence of costimula-
tion, or treatment with a calcium ionophore in Jurkat T-
cell transfectants overexpressing p66Shc.'? Furthermore,
treatment with taxol, an antimitogenic drug which also
promotes apoptosis, has been shown to result in S36 phos-
phorylation in A549 human lung carcinoma cells and in
RAW 264.7 murine macrophages.?*?> Pharmacological
studies in living cells, as well iz vitro studies using purified
kinases, indicate that, depending on the cellular context
and on the identity of the stimulus, either the MAP ki-
nases Erk1/2 or the stress-activated kinases JNK and p38
are responsible for $36 phosphorylation (refs.'%?42¢ and
our unpublished results). Interestingly, mutational analy-
sis of p66Shc in Jurkat T-cell transfectants showed that the
apoptogenic activity of the protein requires not only S36,
but also YY239/240 and Y317, the tyrosine residues
which when phosphorylated interact with Grb2, suggest-
ing that p66Shc may need to assemble in a multimolecular
complex to promote apoptosis.

Strong support for a pivotal role of p66Shc in oxida-
tive stress responses comes from studies on mice deficient
for p66Shc expression. p66Shc™/~ mice show a longer
survival after treatment with paraquat, a drug which



increases the production of superoxide anion, underlining
in vivo the inverse correlation between p66Shc expression
and resistance to oxidative stress.'* A correlation between
p66Shc expression and oxidative stress has also been estab-
lished in animals subjected to a chronic high-fat dietary
regime. Administration of a high-fat diet results in in-
creased levels of serum cholesterol and in a concomitant
systemic increase in the levels of ROS. Oxidized low den-
sity lipoproteins (LDL) and other redox-sensitive path-
ways are critically implicated in the development of vas-
cular dysfunction and atherogenesis. p66She ™/~ mice fed
with a high-fat diet develop hypercholesterolemia simi-
lar to wild-type mice. However, the absence of p66Shc is
associated with an increased resistance to high-fat diet-
induced atherogenesis, decreased levels of oxidized LDL
in the arterial walls and reduced vascular apoptosis. Fur-
thermore, p66Shc ™/~ mice show a constistent reduction
in systemic oxidative stress and LDL oxidability,?’ sup-
porting a causal role of p66Shc in oxidative stress-induced
damage.

Remarkably, p66Shc™/~ mice have a ~30% longer
lifespan compared to their normal counterparts.'® Accu-
mulation of oxidative damage to mitochondrial DNA,
which represents a critical event during the ageing pro-
cess, is significantly decreased in p66Shc™/~ tissues.?” In
view of the role of ROS as key inducers of ageing, the in-
creased capacity of p66Shc™/~ mice to oppose oxidative
stress is likely to underlie their increased longevity.

How does p66Shc work?

While the causal role of p66Shc in apoptotic responses
to oxidative stress is at this stage firmly established,
the mechanisms underlying this activity are only begin-
ning to be elucidated. Two recent reports, both based
on the analysis of embyonic fibroblasts from p66She™/~
mice (MEF), have contributed a significant advance to
our understanding of this issue. The tumor suppressor
p>3 is critically involved in oxidative stress-dependent
apoptosis.'*?* One of the principal effects of p53 activa-
tion is release from mitochondria of cytochrome ¢, which
interacts with caspase-3, thereby promoting apoptosome
assembly.?®° Trinei ez 2/.?° have shown that p66Shc is
a downstream effector of p53 in stress-induced apoptosis.
First, activated p53 induces and is required for upregu-
lation of p66She expression. This effect is the result of
increased p66Shc protein stability. Second, p66Shc is es-
sential for pS3-dependent apoptosis, but not for other
activities of p53, such as its capacity to induce cell cycle
arrest. Indeed, release of cytochrome ¢ and caspase-3 ac-
tivation fail to occur in p66Shc™/~ MEFs treated with
oxidative stress-inducing stimuli, a defect which can be
fully reverted by reconstitution of p66Shc expression in
these cells.?’ The capacity of p66Shc to mediate p53-
dependent apoptotic responses requires phosphorylation
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of S36 which, as indicated above, is triggered by oxidative
stress.””

The release of cytochrome ¢ from mitochondria in ox-
idative stress is the endpoint of the p53-dependent tran-
scriptional activation of redox-related genes. The result-
ing sustained rise of intracellular ROS levels affects the
mitochondrial membrane potential, leading to membrane
permeability transition and cytochrome c release.?®=3°.
Cyclosporin A, an inhibitor of the mitochondrial per-
meability transition pore which blocks oxidative stress-
induced apoptosis of wild-type MEFs, is able to prevent
the ability of re-expressed p66Shc to restore apoptotic re-
sponses to oxidants in p66Shc ™/~ MEFs, suggesting that
p66Shc may regulate mitochondrial pemeability transi-
tion, and hence cytochrome c release, by modulating the
production of ROS.?! This notion as been substantiated
by two independent reports, which demonstrate that the
increase in intracellular ROS levels triggered by oxida-
tive stress is drastically reduced in p66Shc ™/~ cells. Con-
versely, p66Shc overexpression results in enhanced ROS
production.’!-3? Remarkably, p66Shc appears to also reg-
ulate steady-state levels of intracellular ROS,*! which
is likely to underlie the accumulation of mitochondrial
DNA damage in wild-type mice compared to p66Shc™/~
mice.?’

The capacity of p66Shc to modulate the levels of intra-
cellular ROS has furthermore been linked to the transcrip-
tional activity of the forkhead family transcription fac-
tor, FKHRLI, a mammalian homogue of DAF-16, which
controls lifespan in C. elegans.’*> FKHRLI is prevalently
localized in the nucleus of quiescent cells, where it posi-
tively controls the expression of genes encoding proteins,
such as catalase, implicated in ROS scavenging.’? Oxida-
tive stress promotes FKHRL1 phosphorylation and in its
relocalization to the cytoplasm, resulting in a reduction
of its trascriptional activity. Phosphorylation of FKHRL1
in response to H,O, fails to occur in p66Shc™/~ MEFs
and, accordingly, FKHRL1-dependent trascriptional ac-
tivity is augmented in these cells, supporting a piv-
otal role of p66Shc in the redox-dependent inactivation
of FKHRLI1 and thereby in the control of intracellular
ROS.32 Although the mechanisms whereby p66Shce regu-
lates FKHRL1 phosphorylation remain to be understood,
p66Shc has been shown to modulate gene expression
also in Jurkat T-cell transfectants overexpressing p66Shc,
where a decreased expression of the antiapoptotic gene
Bcl-xL, and an increased expression of the proapoptotic
genes bax, GADD45 and FasL, has been observed.!?

The capacity of p66Shc to control the release of cy-
tochrome ¢ from mitochondria and the subsequent activa-
tion of caspase-3, as well as the recent demonstration that
p66She induces mitochodrial membrane depolarization
following oxidative stress, strongly supports the notion
that the mitochondrion is a target of p66Shc. Intracellular
localization studies have revealed that a fraction of p66Shc
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Figure 2. p66Shc in oxidative stress-induced apoptosis. Top panel, Steady state condition. Middle panel, Oxidative stress-induced
apoptosis, step 1. Bottom panel, Oxidative stress-induced apoptosis, step 2. Phosphorylation of p66Shc on serine 36 is shown as a
small blue circle. Cytochrome c is shown as small red circles. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane;
AW m, mitochondrial membrane potential difference.
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is constitutively associated with mitochondria, and that
oxidative stress induces an increase in mitochondrial
p66Shce. Of note, mitochondrial p66She forms a consti-
tutive complex with mitochondrial Hsp70, a chaperonin
which has been implicated in protection from oxidative
stress-induced mitochondrial damage.’! This complex is
released upon stimulation with UV radiation,’ suggest-
ing that Hsp70 may inhibit the apoptogenic activity of
p66Shc. The present understanding of how p66Shc par-
ticipates in oxidative stress-dependent apoptosis is sum-
marized in Figure 2.

Conclusions

Since its first identification in 1999 as a cellular mediator
of oxidative stress, p66Shc has come to be considered as a
master regulator of cell survival and ageing. The proapop-
totic and progeric activity of p66Shc is closely related to
its capacity to control both steady-state and acute produc-
tion of intracellular ROS. Furthermore, its pivotal role
in the mitochondrial pathway of apoptosis controlled by
p53 has been convicingly established. How p66Shc con-
trols the production of ROS remains however to be fully
understood. The inverse correlation between expression of
p66Shc and transcriptional activation of genes implicated
in ROS scavenging, while providing a clear-cut mecha-
nism for the control of intracellular ROS production, does
not explain how p66Shc is coupled to gene trascription.
On the other hand, the finding that a pool of p66Shc is lo-
calized in mitochondria, where an increase in ROS levels
resulting from the age-related impairment in respiratory
enzyme function has been demonstrated®>?* suggests the
exciting possibility that p66Shc may be directly impli-
cated in the control of ROS production by mitochondria.

An important open question is the potential impact
of p66Shc expression on tumorigenesis. Although both
the proapoptotic activity of p66Shc and its capacity to
inhibit mitogenic signaling through Ras suggest that it
could function as a tumor suppressor, the available ev-
idence, which at present has been largely obtained on
tumor-derived cell lines, appears conflicting.!¢:18:33-3
On the other hand, studies on p66Shc™/~ MEFs show
that p66Shc selectively regulates p53-dependent apop-
tosis, while leaving unaffected p53-dependent cell cycle
arrest.?’ Together with the finding that p66Shc ™/~ mice,
notwithstanding their increased lifespan, are not more
susceptible to either sponeaneous or carcinogen-induced
tumorigenesis,' 2 these data would argue against a tu-
mor suppressor function of p66Shc. A related question,
which has been raised by the demonstration that p66Shc
is expressed in T-cells primed to undergo apotosis, is the
potential impact of p66Shc expression on negative selec-
tion of self-reactive lymphocytes -a process occurring by
apoptosis- and hence on the development of autoimmu-
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nity. More work is clearly required to fully clarify these
issues. At this stage, the enviable state of p66Shc™/~
mice make the loss of p66Shc appear as the achieve-
ment of Faust’s aspirations to eternal youth. Where is the
rub?
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