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ABSTRACT: Oxidative stress induced by reactive oxygen species (ROS) increases during lifespan and is
involved in aging processes. The p66Shc adaptor protein is a master regulator of oxidative stress response
in mammals. Ablation of p66Shc enhances oxidative stress resistance both in vitro and in vivo. Most
importantly, it has been demonstrated that its deletion retards aging in mice. Recently, new insights in the
molecular mechanisms involving p66Shc and the p53 tumor suppressor genes were given: a specific
p66Shc/p53 transcriptional regulation pathway was uncovered as determinant in oxidative stress response
and, likely, in aging. p53, in a p66Shc-dependent manner, negatively downregulates the expression of 200
genes which are involved in the G2/M transition of mitotic cell cycle and are downregulated during
physiological aging. p66Shc modulates the response of p53 by activating a p53 isoform (p44/p53, also named
Delta40p53). Based on these latest results, several developments are expected in the future, as the generation
of animal models to study aging and the evaluation of the use of the p53/p66Shc target genes as biomarkers
in aging related diseases. The aim of this review is to investigate the conservation of the p66Shc and p53
role in oxidative stress between fish and mammals. We propose to approach this study trough a new model
organism, the annual fish Nothobranchius furzeri, that has been demonstrated to develop typical signs of

aging, like in mammals, including senescence, neurodegeneration, metabolic disorders and cancer.
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Aging results in over-time increasing susceptibility to
aging-related diseases and death. The free radical theory
of aging proposes that aging is strictly correlated to the
rate of oxidative damage (oxidative stress). Indeed, aging-
related diseases such as diabetes, neurodegenerative and
cardiovascular diseases are often associated with
increased oxidative stress, whereas resistance to oxidative
challenges is associated with retarded aging and longevity
in different models [1, 2, 3], including the p66Shc-/-
mouse [4, 5, 6, 7]. At molecular levels oxidative stress is

caused by the accumulation of reactive oxygen species
(ROS, e.g. hydrogen peroxide, superoxide anions and
hydroxyl radicals) generated by aerobic metabolism [8].
Cells that accumulate excessive damage to DNA, proteins
or lipids, arrest proliferation (transiently or definitively,
entering the so called senescence state) or eventually
undergo apoptosis. All these processes reduce tissue
functionality and are crucial in physiological aging in
mammals [9, 10]. On this basis, key regulators of
intracellular ROS levels and oxidative stress response
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play a role in aging and are potential targets of anti-aging

strategies.
p66Shc is the longest isoform encoded by the ShcA
locus. The other two Shc isoforms discovered,

p52/p46Shc, are involved in the transduction of signal
from tyrosine kinases to Ras [11,12]. The third isoform,
p66Shc, is encoded by the human and mouse shc loci
through alternative splicing and contains the entire
p52/46She sequence plus an additional amino-terminal
region. Although p66Shc is phosphorylated, like
p52/46Shce, by active tyrosine kinase receptors, p66Shc is
not involved in Ras signalling [13, 14] but it is serine-
phosphorylated upon oxidative stress (H202 in vitro
treatment) or UV light and participates in the p53-
dependent apoptosis [4,15]. In fact, p66Shc deficient
mice are resistant to paraquat, a potent ROS inducer, and
show a delayed onset of aging phenotype [see for review:
16, 17] and controversial effects on longevity [18].
Biochemical studies on the role of p66Shc in oxidative
stress response revealed that it localizes within the
mitochondrial intermembrane space where it functions as
a redox enzyme, oxidizing reduced cytochrome c of the
mitochondrial electron transfer chain (ETC) to catalyze
the partial reduction of molecular oxygen to hydrogen
peroxide and finally triggering mitochondrial swelling
and apoptosis [19,20].

p53 (TRP53) is universally known for its role in
tumor suppression, but its role in aging is still unclear.
Analyzing the physiological functions of p53, it seems
that this protein is both the major defense against cancer
and the road that leads to aging. In this view, aging is
considered an unavoidable phenomenon, the results of a
complex mechanism that promotes health during early-
life at the cost of a progressive decay that occurs after
reproductive  phase  [21].  Interestingly,  mice
overexpressing a N-terminally truncated isoform of p53
(Deltap44) are resistant to cancer at the cost of an
accelerated aging and reduced lifespan [22]. Recently we
have established the existence of a p53/p66Shc
transcriptional regulation network that is activated by
oxidative stress and leads to cell cycle arrest at G2/M
transition point [23]. The link between p53 and p66Shc
indicates that p53 could participate in two different
signalling pathways to exert its double role in tumor
suppression and aging. In fact, two transcriptional
networks, that start upon oxidative stress and specific
DNA damage induced by mutagens, are both led by
p44/p53 but are fundamentally different in terms of genes
involved. In the mouse, oxidative stress regulates a
specific transcriptional network which is dependent on
p66Shc expression and involves the downregulation of
approximately 200 genes critical for cell-cycle
progression, suppression of senescence and, for few of
them, aging. However, to validate in vivo the role of such

a large gene network on aging and lifespan, adopting the
reverse genetic approach in mammals will be highly
problematic. The aim of this review is to propose to
approach this study using the annual fish Nothobranchius
furzeri as a model organism. It has been demonstrated that
this fish show typical mammalian signs of aging,
including senescence, neurodegeneration, metabolic
disorders and cancer [24, 25] and it is now considered an
outstanding model to study the molecular mechanisms of

aging.

Nothobranchius furzeri as new model for aging
research

Caenorabditis [26], Drosophila [27] and laboratory mice
[28] have been traditionally utilized to model aging for
basic and applied research. Indeed, most of the research
on lifespan and aging is produced in the worm
Caenorhabditis elegans, since the established vertebrate
models are too long-living to fit common research
programs. Nowadays, a new model for aging research is
available: the annual fish Nothobranchius furzeri, known
as “turquoise-killifish”, native of middle-east Africa. The
advantage of N. furzeri resides in the lifespan: it is the
shortest-living vertebrate that can be kept in captivity
[25]. The median lifespan of this fish is strictly linked to
the ephemeral habitat (pools of water that become dry
during dry season) and consists of 3-to-6 months
depending on the strain [29]. Two laboratory strains with
different lifespan are now available: a wild-type strain
with a median lifespan of 6 months named MZM and an
extremely inbred strain with a median lifespan of 3
months. Fish of both strains reach sexual maturity at one
month old [30]. A substantial body of evidence shows that
N. furzeri shares a large variety of molecular,
histopathological and  behavioural aging-related
signatures with mammals. At a first sight, it is very easy
to distinguish the old fish from the young: old fishes
appear emaciated, with their spine curved and less
colored. At a behavioural level, N. furzeri shows cognitive
and locomotor age-dependent decay. Histological
markers of aging such as lipofuscin in the liver and
senescence-associated [-galactosidase in the skin
accumulate during aging in N. furzeri of both laboratory
strains, suggesting that the shorter-living strain undergoes
accelerated onset of aging phenotypes [31]. Moreover, the
brain of N. furzeri replicates two typical hallmarks of
mammalian  aging: gliosis and reduced adult
neurogenesis, demonstrating that an age-dependent
neurological decay is detectable in this model. Notably,
lifespan, aging-related histological markers and cognitive
decay in N. furzeri are improved by caloric restriction
[30]. Then, the effect on lifespan and aging of resveratrol,
known for its anti-cancer and anti-inflammatory in vitro
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action in mammalian cells, was evaluated for the first time
in a vertebrate model using N. furzeri: resveratrol
prolongs lifespan and healthspan in N. furzeri, preserving
fertility, learning capacity and locomotor activity,
delaying neurodegeneration and onset of aging-related
histological markers [32].

The availability of two laboratory strains, which
significantly differ in their median lifespan, led to two
studies carried out to highlight molecular mechanisms and
genetic determinants involved in aging and lifespan
determination. The quantitative trait loci analysis
performed by Kirschner et al. [33] shows that genes
involved in metabolism likely play a role also in lifespan
determination. The second study of Baumgart et al. [34]
reveals the key role of microRNAs in aging, showing how
miRNAs with similar functions in cell cycle regulation are
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similarly regulated during aging: a set of well-known and
conserved tumor suppressor and cell cycle inhibitors
miRNAs, with positive interactions with p53, is
upregulated during aging not only in N. furzeri, but also
in zebrafish and mouse; accordingly, a set of well-known
and conserved proto-oncomiRNA, with negative
interactions with p53 and a role in promoting cell
proliferation, is downregulated during aging in N. furzeri,
zebrafish and mouse. Recently, the complete and
annotated transcript catalogue of N. furzeri has been
published. 85 genes show significantly changes in
transcription levels over N. furzeri lifetime: genes
upregulated in aging are involved in apoptosis whereas
genes downregulated in aging are involved in cell cycle
control, cell division and proliferation [35].
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Figure 1. Multiple sequence alignment of p53 of different species. Predicted p53 orthologs
were searched using online resources (UCSC Genome Browser, Ensembl Genome Browser and
Nothobranchius  furzeri  transcriptome  browser found at  https://gen100.imb-
jena.de/EST2UNI/nfintb/) and aligned using the online Praline program. Post-translational
modified amino acid residues conserved in 7 or more out of 9 species are boxed in black and
highlighted with a black spot: note that S15, the phosphorylation site of ATM, is conserved in
all the species with the exception of N. furzeri; post-translational modified amino acid residues
conserved in 6 or 5 out of 9 species are boxed in red; post-translational modified amino acid
residues conserved in 3 or 4 out of 9 are boxed in orange or blue; post-translational modified
amino acid residues conserved in 2 out of 9 species are boxed in yellow; post-translational
modified amino acid residues present only in human sequence are not indicated. Starting site of
Transactivating Domain (TAD), Proline rich Domain (PRD), DNA Binding Domain (DBD),
Tetramerization Domain (TD) and C-terminal Regulating Domain (CRD) are indicated. Hsa:
Homo sapiens, Mmu: Mus musculus, Xtr: Xenopus tropicalis, Ola: Oryzias latipes (medaka),
Tru: Takifugu rubripes (fugu), Dre: Danio rerio (zebrafish), Nfu: Nothobranchius furzeri, Dme:
Drosophila melanogaster, Cel: Caenorhabditis elegans.
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The body of evidence collected through this last
decade and the recent availability of transcriptomics
resources make N. furzeri the most promising vertebrate
model for research on aging. Nevertheless, since we
suggest to investigate the biological role of p53/p66Shc
dependent genes in cell cycle progression and senescence
before assessing their role in aging, we propose to couple
the use of N. furzeri with zebrafish. Zebrafish embryos,
with their fast development, transparency, easy handling
and the potential to easily perform highly powerful
statistical studies, are the ideal alternative to in vitro cell
proliferation and senescence assays [36,37]. Although
also zebrafish has been successfully used as a model in
aging studies [38,39], we suggest to concentrate efforts in
definitively establish N. furzeri as the new and widespread
model for aging research to make the most of its potential.

p53 conservation between fish and mammals

p53 is well known for its tumor suppression function and
less clearly for its role in aging. The expression of
dominant active p53 isoforms, that induce overall p53
stabilization and the consequent activation of p53
dependent senescence and apoptotic pathways, is
associated with impairment of tissue renewal and
premature aging [40,41]. However, the enhanced wild-
type p53 expression, as it was induced in “super-p53”
mice carrying one or two extra copies of wild-type p53
[42] improves cancer resistance but not accelerated aging
or premature aging. Further studies and experimental
models are indeed required to clear the role of p53 in
aging.

A common ancestor of p53 family genes, more
closely related to the two pS53-related proteins, p63 and
p73 than p53, is found in the nematode Caenorhabditis
elegans and the insect Drosophila. The first splitting in
p53 family appears with cartilaginous fishes: the elephant
shark has two paralogs: one is related to p53 and the other
is likely a p63/p73 hybrid. It is with bony fish (zebrafish,
fugu, tetraodon, medaka, etc.) that we can clearly find
three orthologs of p53, p63 and p73 (p53 evolution is
extensively reviewed in [43]). The functional
conservation of p53 role between zebrafish and mammals
is well established [44,45] , as well as its conserved role
in other fish models such as fugu [46] and medaka [47].

A p53 ortholog is present in the N. furzeri
transcriptome browser. We cloned the N. furzeri p53
cDNA from the skin of an adult individual, confirming the
p53 sequence already present in the database. We
compared p53 sequences of C. elegans, D. melanogaster,
Danio rerio (zebrafish), N. furzeri, Xenopus tropicalis,
Mus musculus and Homo sapiens through protein
alignment (Figure 1a and 1b) and analysis of conservation
of amino acid residues known to be involved in post-

translational modifications with a role in modulating p53
activity and stabilization (Figure 2).

Several post-translational modifications of p53
(reviewed in [48]) can be abolished without any
significant phenotype [49], suggesting that functional
redundancy evolved to ensure p53 regulation maintenance
and each specific combination of different modifications
trigger the exact p53 functions including specific
localization, degradation rate and transcriptional activity.
To unravel this complex scenario, it is useful to evaluate
the conservation of these amino acid residues and
reconstruct the evolution of the p53 locus.

From the comparison of p53 sequences from C.
elegans to H. sapiens the following conclusions can be
drawn: (i) the division in functional domains of p53
(amino-terminal domain with transactivation activity,
DNA-binding domain, tetramerization domain and
carboxy-terminal regulatory domain) is conserved among
vertebrates; (ii) the amino-terminal domain is the less
conserved not only between vertebrates and invertebrates
but also among vertebrates: most of the transactivation
domain (TAD) amino acid residues with a proven role in
regulating p53 activity are progressively lost from H.
sapiens to C. elegans, as well as the proline rich domain
(PRD) results progressively depleted of proline residues;
(iii) the DNA binding domain is the most conserved, as
expected, among all species; (iv) the C-terminal
regulatory domain is substantially conserved among
vertebrates, from fish to mammals, but not conserved
between vertebrate and invertebrates.

The analysis of conserved amino acids (Figure 2)

reveals that one of the most relevant post-translational
modified residues, S15, which is phosphorylated by ATM
(Ataxia-Telangiectasia Mutated) kinase upon DNA
damage, increasing p53 stability and reducing its affinity
for its best known negative regulator (Double Minute 2
proteins, MDM2 in the mouse; [50]) is conserved in
invertebrates. Therefore, the link of p53 with DNA
damage sensors appeared early in the evolution of p53.
Interestingly, the short-living vertebrate N. furzeri misses
the S15 residue as well as S20, which is functionally
redundant with S15 [51].
The K120 residue, which is acetylated by TIP60 (Tat-
interactive Protein of 60kDa) and MOF (Males absent On
the First) proteins and essential for the p53-dependent
transcription of genes involved in apoptosis but not cell
cycle arrest [52], is present in all the considered species,
including N. furzeri.

Other conserved residues are: (i) K164, which is
acetylated by CBP (CREB Binding Protein)/p300; like
K120, K164 is important for p53 activation and
transcription of downstream targets [53] and it is
conserved among all the considered vertebrates; (ii)
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Figure 2. Modular organization of p53 orthologs of different vertebrate and invertebrate species. TAD, violet: Transactivation
Domain; PRD, green: Proline Rich Domain; DBD, yellow: DNA Binding Domain, TD, dark blue: Tetramerization domain; CRD, fuchsia:
C-terminal Regulatory Domain. Post-translational modified amino acid residues are indicated: serines with a pink spot, threonines with a
blue spot, and lysines with a green spot and cysteines with an orange spot. For Homo sapiens, it is also indicated the position in the sequence
and the type of post-translational modification (P=phosphorylation, A=acetylation, R=changing of the redox status, G=glycosylation,
N=neddylation, S=sumoylation, M=methylation and U=ubiquitination). Amino acids of the human sequence are also numbered from 1 to
43: in other sequences than human, conserved amino acid residues are indicated only with the corresponding number and not with the
position in their sequence. Amino acids are considered conserved even if they are substituted with a functionally similar one: for example,
T18 is not found in N. furzeri, but this amino acid is here substituted with a serine, thus the number (4) is the same, but the color of the spot
changes from blue to pink. S15 is indicated with a pink spot surrounded by a black circle: we want to focus the attention on this residue
because it is the best known target site of ATM (Ataxia-Telangiectasia Mutated) kinase and it is one of the few amino acids conserved

among all the considered species, with the interesting exception of N. furzeri.

C176 is the most conserved among Zn-coordinating
residues, which show a general high conservation, in the
DNA binding domain: redox state of cysteines and their
capacity of bind zinc ions are important for p53 to exert
its role of transcription factor by modulating its ability to
bind DNA [54]; (iii) S215 is one of the most conserved
serine residue: Aurora B, a mitotic checkpoint kinase,
phosphorylates p53 at S215 to accelerate the degradation
of p53, functionally suppressing the expression of p53
target genes involved in cell cycle inhibition and
apoptosis [55]; phosphorylation of S215 by Aurora A
kinase is also a major mechanism of p53 inactivation [56].

Another high conserved residue is S392, which is present
in all the considered species with the exception of medaka
and D. melanogaster: this residue is phosphorylated in
response to UV light induced DNA damage and it is
involved in the stabilization of p53 tetramers, but it has a
controversial role in cancer development [57].

Two others high conserved residues, not well
characterized yet, are K305, that could be acetylated by
p300 [58], and S313. The six lysine residues (K370,
K372, K373, K381, K382 and K386) at the CRD,
acetylated by CBP/p300 or ubiquitinated by HDM?2,
promoting p53 stabilization and activation or triggering

Aging and Disease * Volume 6, Number 2, April 2015

100



C. Priami et al

Exploiting the p53-p66Shc signaling pathway

its degradation [59], are not present (with the exception of
K372 and K373 in Drosophila) in invertebrates.

In conclusion, the comparison of p53 sequences
indicates that p53 is conserved between fish and
mammals. The N-terminal domain (TAD and PRD) is the
most variable region between fish and mammals and the
highly conserved serine residue which is phosphorylated
by ATM upon DNA damage (S15 in human) is not present
only in N. furzeri, even if in this species an ATM ortholog
is present (see Nothobranchius transcriptome browser
assembly 2013/06), suggesting that an atypical p53-
dependent DNA damage response may contribute to the
high incidence of tumors and early onset of aging typical
of N. furzeri.

p66Shc is a vertebrate protein conserved in fish

p66Shc is one of the three isoform encoded by the
mammalian shcA locus. The other three isoforms, p52Shc
and p46Shc, were identified [11] as two different protein
products of the first found shc transcript, which has two
in-frame start codons. These two isoforms share an
amino-terminal phosphotyrosine binding domain (PTB)
followed by a collagen homology 1 domain (CH1) and a
carboxy-terminal Src homology 2 domain (SH2) (Figure
3).

p52/p46Shc were found to be involved in Ras
signaling pathway: they are phosphorylated on at least
three tyrosine residues (discussed later) by Tyrosine
Kinases (TKs) and, upon phosphorylation, they function
as adaptors between TK receptors and GRB2 (Growth
factor Receptor-Bound protein 2), an adaptor protein that,
in turn, localize the SOS (Son Of Sevenless) guanine
nucleotide exchange factor to the membrane, triggering
Ras activation [12]. Therefore, p53/p46Shc are involved
in positively regulating cell proliferation [60].

p66Shc was identified as the protein product of a
second alternative spliced shc transcript. p66Shc contains
the entire p52/46Shc sequence plus an additional amino-
terminal region: the proline-rich collagen homology 2
domain (CH2) (Figure 3). Even it can be phosphorylated
by active tyrosine kinase receptors, like p52/46Shc,
p66Shc is not involved in growth factor-dependent Ras
signaling [13]. p66Shc was shown instead to have a role
in  environmental stress response. p66Shc s
phosphorylated following several stresses, including
oxidative stress, on a specific serine residue within the
CH2 domain, triggering p53-dependent apoptosis, which
results abrogated in p66Shc null mice and cells [4, 15].
Research attention was focused on p66Shc because of the
evidences that p66Shc null mice not only live the 30%
longer [4] but they are resistant to a wide spectrum of age
related pathologies including obesity [61,62], diabetes

[63,64], atherosclerosis [65,66], and ischemic injury
[67,68]. Even if the molecular mechanisms underlying
p66Shce role in aging are, to date, only partially unrevealed
[18], we demonstrated that p66Shc cooperates with p53 to
negatively regulate the expression of a set of genes
involved in cell cycle progression and physiologically
downregulated in aging [23]

Shc are the only class of proteins with a N-terminal
PTB domain and a C-terminal SH2 domain and these
proteins have likely a common ancestor (11): among Shc
proteins we find at least eight proteins: p66/p52/p46Shc
(ShcA), the brain-specific ShcB and ShcC, with two
isoforms each [69,70], and ShcD, expressed, among adult
tissues, only in melanomas [71].

Shc proteins are poorly studied in amphibians and
fishes: we know that a 58kDa Shc-related protein is
present in Xenopus eggs and may act upstream of the
calcium-dependent pathway of egg activation [72];
interestingly, this protein is phosphorylated upon H202
treatment of Xenopus eggs [73]. Always in Xenopus, a
60kDa Shc protein, which is likely the ortholog of
mammalian p52She, was identified and found involved in
Ras dependent oocyte maturation induced by insulin/IGF-
1 [74]. Among fishes, we know that a neuronal Shc,
named N-She, is present in fugu and that it is likely the
ortholog of mammalian ShcC [75] ; p52/p46Shc orthologs
have been identified in zebrafish, where they are essential
for embryonic angiogenesis, as in mammals [76].

We compared the predicted p66Shc sequences of Danio
rerio (zebrafish), Takifugu rubripes (fugu), Oryzias
latipes (medaka), Nothobranchius furzeri, Xenopus
tropicalis, Mus musculus and Homo sapiens through
protein alignment (Figure 3) and analysis of the
conservation of post-translational modified amino acid
residues involved in p66Shc activity (Figure 4). We also
considered Drosophila melanogaster Shc ortholog and the
two predicted Shc-like proteins identified in
Caenorhabditis elegans, F54A5.3a and T27F7.2 [14]. In
all the considered species, a predicted p66Shc ortholog is
present and distinguished from p52Shc by virtue ofa~110
amino acids CH2 domain. At a genomic level, the CH2
domain should be entirely encoded by an alternative
spliced intron found in all the species. As far for N.
furzeri, this is the only species among the considered ones
for which a sequenced genomic DNA is not available yet.
We cloned the genomic sequence corresponding to the
CH2 domain and we confirmed that, even in this fish, the
CH2 domain of the predicted p66Shc ortholog should be
encoded by a single alternative spliced intron. On the
contrary, we did not find a CH2-like domain in the
predicted invertebrate Shc orthologs with the exception of
long T27F7.2 Shc-like protein of C. elegans, indicating
that the radiation of Shc isoforms occurred in vertebrates.
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Figure 3. Multiple sequence alignment of p66Shc CH2 domain of different species. Predicted p66Shc orthologs were searched using
online resources (UCSC Genome Browser, Ensembl Genome Browser and Nothobranchius furzeri transcriptome browser found at
https://gen100.imb-jena.de/EST2UNI/nfintb/) and aligned using the online Praline program. High homology regions within the CH2
domains are boxed in blue. Post-translational modified amino acid residues conserved in 8 or more out of 10 sequences are boxed in black
and highlighted with a black spot: S54 is conserved among vertebrates and C. elegans T27F7.2; S139 is conserved among vertebrates and
Drosophila. Post-translational modified amino acid residues conserved in 7 out of 10 sequences are boxed in red and highlighted with a red
spot: S36 is conserved in vertebrates (with the exception of D. rerio) and C. elegans T27F7.2; amino acids constituting the Cytochrome ¢
binding domain (E125, E132, E133, W134 and W148) of p66Shc are conserved in vertebrates. Starting methionine of the predicted p66Shc
is boxed in orange. Starting methionine of the predicted p52Shc is boxed in black: it is strictly conserved among vertebrates. Starting
methionine of the predicted p46Shc is boxed in blue: it is conserved in mammals, X. tropicalis, D. melanogaster and C. elegans T27F7.2.
Starting site of Phosphotyrosine Binding Domain (PTB) is indicated. Hsa: Homo sapiens, Mmu: Mus musculus, Xtr: Xenopus tropicalis,
Ola: Oryzias latipes (medaka), Tru: Takifugu rubripes (fugu), Dre: Danio rerio (zebrafish), Nfu: Nothobranchius furzeri, Dme: Drosophila
melanogaster, Cel: Caenorhabditis elegans T27F7.2 and F54A5.3a.
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Danio  Nothobranchius Xenopus

Drosophila
melanogaster

Caenorhabditis
elegans (T27)

Caenorhabditis
elegans (F54)

Figuer 4. Modular organization of p66Shc orthologs of different vertebrate species. CH2, light green: Collagen Homology 2 domain;
PTB, red: Phosphotyrosine Binding Domain; CH1, light blue: Collagen Homology 1 domain; SH2, yellow: Src homology 2 domain. Note
that a CH2 region is present in all the vertebrate species, whereas it is absent or not recognizable in invertebrates. Post-translational modified
amino acid residues are indicated: serines with a pink spot, threonines with a blue spot and tyrosines with a light green spot. For Homo
sapiens, it is also indicated the position in the sequence and the type of post-translational modification (P=phosphorylation). Amino acids
of the human sequence are also numbered from 1 to 7: in other sequences than human, conserved amino acid residues are indicated only
with the corresponding number and not with the position in their sequence. Amino acids are considered conserved even if they are
substituted with a functionally similar one: T386 is not found in X. tropicalis, but this amino acid is here substituted with a serine, thus the
number (6) is the same, but the color of the spot changes from blue to pink. The Cytochrome ¢ Binding (CB) domain is indicated with a
yellow pentagon with the amino acids of the core: EEW in H. sapiens and M. musculus, DEW in X. tropicalis, N. furzeri and D. rerio.
Starting site of the p52Shc isoform is also indicated with an arrow.
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The PTB and SH2 domains are highly conserved
among all the considered species, whereas the CHI1
domain is conserved only among vertebrates, but it is still
recognizable in Drospophila;, moreover, the short
F54A5.3a She-like protein of C. elegans does not show a
CH1-like sequence, suggesting that the ancestor of Shc
proteins probably consisted of only a N-terminal PTB
domain and a C-terminal SH2 domain. As expected, the
CH2 domain is the less conserved among vertebrates;
nevertheless, we found three regions of high conservation.

P66Shc-S36 in human and mouse, is strictly
conserved among vertebrates. S36 seems not to be
conserved only in zebrafish, whereas it is likely present in
the long T27F7.2 Shc-like protein of C. elegans. The
functional role of S36 has been well characterized: this
residue is rapidly and persistently phosphorylated, in
vitro, upon pro-apoptotic stresses and is necessary for the
p66Shc mitochondrial translocation [77] and apoptosis. In
fact, when this amino acid is substituted with an alanine
residue, p66Shc-mediated cell death is abrogated [4].
Moreover, it has been demonstrated that Endothelin-1
(ET-1), a vasoconstrictor peptide known to be a potent
mitogen for glomerular mesangial cells (GMC), can
trigger the phosphorylation of p66Shc on S36: p66Shc
serine phosphorylation results in its association with the
sequestering protein 14-3-3 [78]. Human and mouse S36
are found within the minimal S/TP (serine/threonine
followed by proline) target motif that is recognized by
MAPK (Mitogen Activated Protein Kinases), comprising
ERKs (Extracellular signal Regulated Kinases),
p38MAPK and JNKs (c-Jun N-terminal Kinases) [79, 80].
As expected, p66Shc-S36 is the target of ERKs [81],
p38MAPLK and JNKs [82]. Notably, S36 is followed by
a proline residue even in fish (but not in X. leavis and C.
elegans), leading to the hypothesis that p66Shc could be
the substrate of MAPK even in these species (Figure 3).

The other group of amino acids with a proven
function is located in the Cytochrome c-binding region
(CB) of p66Shc. In particular, this region includes the
three acidic (human E125, E132, and E133) and two
tryptophan residues (human W134 and W148) involved
respectively in the ionic and electron transfer interactions
with the cytochrome c¢. The same motif is found in the
cytochrome ¢ pocket region of COX IV (Cytochrome c
Oxidase subunit IV) and cytochrome c peroxidase of
yeast, which represent the two known redox enzymes that
use cytochrome c as a substrate [83,16]. Substitution of
the acidic and tryptophan residues within the CB region
of p66Shc impairs its ability in producing ROS [20, 84].
According to this, the cytochrome ¢ binding motif is
strictly conserved among vertebrates: E125, E133, W134
and W148 are present among all the considered vertebrate
species, with the only exception of the glutamic acid 132
substituted, in Xenopus and fishes, with an aspartic acid

residue, thus maintaining the negative charge essential for
cytochrome c binding. Another crucial residue conserved
in fishes is the human cysteine 59 (Figure 4) whose
oxidation-reduction cycle regulates structural
rearrangements in p66Shc CH2-CB, the oligomerization
state and the reaction rate of the mammalian p66Shc
within mitochondria [85].

Therefore, the redox activity of p66Shc on
cytochrome c appears to be conserved from fish to
mammals.

There are few other post-translational modified
residues that are proven to be functionally important. (i)
S139 is phosphorylated in vitro after TPA (12-O-
tetradecanoylphorbol-13-acetate, a potent tumor inducer
and an activator of Protein Kinase C — PKC) treatment and
the consequence of this modification is the binding of
p66Shc with protein-tyrosine phosphatase PTP-PEST,
which is responsible for the de-phosphorylation and
down-regulation of ShcA [86]. S139 is conserved among
vertebrates and it is also present in Drosophila Shc
ortholog. (ii) S54 and T386 are both targets of
phosphorylation and this modifications likely affect
p66Shc stability. These two residues are found within the
minimal target motif that is recognized by MAPK:
p38MAPK phosphorylates S54 and T386 after Racl
activation. The hypothetical mechanism is that
phosphorylation of p66Shc on S54 and T386 serves to
mask p66Shc PEST sequences: indeed, S54 and T386 are
found within PEST motifs that can be recognized by the
ubiquitin-26S proteasome degradation pathway [87].
T386 is present only in human p66Shc, whereas S54,
which lies within the CH2 domain, is conserved, together
with the following proline residue, among vertebrates.
(ii1) We show, finally, that also the three tyrosine residues
found in the CHI1 domain (Y349, Y350 and Y427) are
strictly conserved among vertebrates; two of them, Y349
and Y350, are conserved even in Drosophila. These
residues are not proven to be relevant for p66Shc though
they may be involved in the recruitment of the Grb2-SOS
complex on the plasma membrane and Ras activation [88,
89].

In conclusion, our analyses suggest that: (i) a Shc
isoform involved in oxidative stress regulation is
appeared in vertebrates evolution (ii) a p66Shc ortholog is
present in N. furzeri with, potentially, all the effects of
mammalian p66Shc on intracellular ROS production and
apoptosis.

The short isoform of p53 is present in fish and the p53-
p66 target genes are present in Nothobranchius
furzeri

In normal adult tissues, the basal level of p53 protein is
low. Cellular stresses induce post-translational
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modifications and p53 stabilization, leading to activation
of distinct transcriptional programmes through which p53
can orchestrate different cellular outcomes such as DNA
repair, apoptosis and senescence [90]. How p53 can react
specifically to the different stresses is unclear. Emerging
findings suggest that p53 activity on specific targets is
regulated by specific p53 isoforms, in the context of
specific activating-signals [91].

The structure of the human p53 gene is very
complex, alternative promoter usage and/or splicing of
p53 mRNA gives rise to at least nine mammalian p53
proteins with distinct N- and C-termini which are
differentially expressed in normal and cancer cells. The
three known N-terminal p53 variants contain either the
full-length (FL), or truncated (DN/D47) or no
transactivation domain (D113/D133) altogether. The
mouse p53 gene expresses six different p53 isoforms, the
zebrafish gene expresses three p53 isoforms, as well the
Drosphila p53 gene, whereas in C.elegans only one p53
isoform is encoded, corresponding to the full-length
human p53 protein [92]. Like the homo sapiens, all the
analyzed species express a full-length p53 protein and a
truncated DeltaN (DN) p53 or Delta40p53 isoforms,
which are similar to the human p47 and the mouse
p44/p53. The mammalian DNp53 forms homo-oligomers
and hetero-oligomers with p53 and induces G2/M cell-
cycle arrest in response to serum deprivation or
endoplasmic reticulum (ER) stress [93, 94, 95, 96].
Analysis of p53 sequences of N. furzeri shows that
downstream of ATG that encodes full length protein,
another in-frame ATG is present. However, in zebrafish
the Delta Np53 isoform is generated from an ATG located
within an intronic sequence retained by alternative
splicing [94].

In Mammals, the p66Shc redox activity regulates the
pro-aging function of p53 by modulating the expression
of the Deltad40p53 short isoform. Furthermore, protein
damage rather than DNA damage induced by chronic
oxidative stress regulates the expression of a set of
approximately 200 genes in a p53 and p66Shc dependent
manner (p53-p66Shc signalling pathway) [23]. These sets
of genes is conserved in N. furzeri and around 60% of
them were found down-regulated during the life of the fish
(unpublished results). In particular, all the genes of this
set, which are involved in mitosis entry and progression,
execution of mitotic processes and spindle checkpoint,
resulted to be regulated with aging as it was observed in
mice.

Conclusions and Future Perspectives
Intensive efforts have focused on understanding the role

of the tumour suppressor p53 in both cancer and aging,
the manner in which it is activated and the effect of its

isofoms on its function. Many studies have in turn led to
the development and identification of several novel
molecules that promote and restore pS53 activity for
implementation of therapy in cancer treatment. Recently,
we have found that p66Shc protein is one of the crucial
effectors of p53 function in aging. We demonstrated that
the p53 transcriptional-response to oxidative stress largely
depends on p66shc protein and involves a large number of
G2/M-mitosis genes, suggesting that p66Shc is critical for
the inhibitory effects of p53 on cell cycle after oxidative
stress (p53-p66 G2/M genes).

The aim of this review is to investigate the
conservation of the p66Shc and p53 role in oxidative
stress between fish and mammal in order to propose to
approach this study trough a new model organism, the
annual fish Nothobranchius furzeri, characterized by an
exceptionally short life span (3—9 months). It has been
demonstrated that this fish develops typical signs of aging,
like mammals, including senescence, neurodegeneration,
metabolic disorders and cancer.

However, despite important questions remain on the
role of stress dependent mitotic checkpoint regulation in
cancer and aging, the preliminary study of N. furzeri
transcriptomic resources confirms the importance of p53
and p66Shc genes for aging phenotypes and leaves open
the possibility to evaluate the impact of p53/p44-p66
dependent G2/M  pathways on age-dependent
degenerations and cancer incidence, in a wide array of
organs, that could lead to identify new genes affecting
aging or cancer in vertebrates.
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