Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

ELSEVIER

medical hypotheses

Volume 77 Issus 8 Pagos S37-1150 Decamber 2011 ISSN 0306-9877

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Medical Hypotheses 77 (2011) 996-999

journal homepage: www.elsevier.com/locate/mehy

Contents lists available at SciVerse ScienceDirect

Medical Hypotheses

Neuronal Shc: A gene of longevity in the brain?

Nozomu Mori **, Mari Mori *!

2 Department of Anatomy and Neurobiology, Nagasaki University School of Medicine, 1-12-4 Sakamoto, Nagasaki 852-8523, Japan
b Department of Bioinformatics, Center for Biotechnology Education, Johns Hopkins University, USA

ARTICLE INFO

Article history:
Received 29 July 2011
Accepted 15 August 2011

ABSTRACT

Aging is inevitable to all multi-cellular organisms, and each organism has its own lifespan. The species-
specific lifespan seems determined genetically; however little is known about how the lifespan deter-
mined. During the last decades accumulative evidence indicates that there is certainly a set of genes that
are involved in the lifespan determination. Among those dozens of genes, the Shc gene encoding a phos-
photyrosine signal adaptor is of potential interests in mammalian aging and/or longevity determination.
Shc is merely one form of a gene family, and accumulative evidence demonstrates the presence of addi-
tional Shc homologues that are strongly expressed in the nervous system. We hypothesize that lifespan is
regulated primarily by the nervous system and/or brain, and neurally expressed Shc homologues play
pivotal roles in relation to the evolution of longevity with quality of life. We discuss herein the recent
progress of our understanding of the neuronally expressed Shc genes in comparision with p66-Shc as a

candidate for the evolution of long life with higher quality of life in mammals.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

It is well established that there are some genes that affect the
aging process. There is certainly a set of genes that control lifespan
and assure longevity [1,2]. The existence of genes that directly af-
fects lifespan became evident through the studies of genetic anal-
yses of Werner's syndrome [3], Hutchinson-Gilford syndrome
(known as progeria) [4], and centenarians [5], as well as from stud-
ies on genetic variants found in lower invertebrates, such as Dro-
sophila melanogaster (fruit fly), Caenorhabditis elegans (nematode),
and Saccharomyces cerevisiae (budding yeast) [1,2]. While a large
number of genetic variants affecting lifespan have been identified
in those lower organisms, only a limited set of longevity mutants
have been identified in mammals [6].

p66-Shc: a longevity-assurance gene in mammals

A remarkable finding of longevity mutants in mice was that for
p66-Shc [7]. The p66-Shc gene encodes a long isoform of the con-
ventional phosphotyrosine signal adaptor molecule (Fig. 1). The ge-
netic deletion of the gene surprisingly resulted in about 30%
extension of the mean and maximum lifespan of the mouse [3,4].
The mechanism of this extended life is now explained by enhanced
tolerance against mitochondrial oxidative stress [8]. Interestingly,
the p66-Shc deficient mice also showed reduced heart diseases
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[9], enhanced cognition [10], and increased resistance to various
environmental stresses [11]. The p66-Shc mutant mice thus appar-
ently revealed higher quality of life (QOL) that would directly be
related to the extended life of the animal [12]. The p66-Shc protein
itself is located in the inner mitochondrial membrane and serves as
an oxygen radical generator [8]. Importantly, a serine residue lo-
cated at the 36th residue from the N-terminus is phosphorylated
under oxidative stress, which could trigger the pro-apoptotic reac-
tion cascade signaling. The blockade of p66-Shc serine phosphory-
lation leads to reduced cell death upon oxidative stress [7].
Reduction of mitochondrial p66-Shc does decrease the oxidative
stress, thereby making the cells stress-resistant, which may attain
a prolonged lifespan for the organism. What is more remarkable is
that the p66-Shc deficient mouse not only has a longer lifespan,
but also enjoys higher QOL during its extended lifetime.

Given these results, we can hypothesize that, if some human
had a genetic mutation resulting in the reduced expression of
p66-Shc and/or reduced serine-36 phosphorylation, the phenotype
of that human might resemble that of the p66-Shc gene deficient
mouse with an extended life and higher QOL. This would be an
emergence of a physiological “super man”. With this interest in
mind, researchers tested potential single nucleotide polymor-
phisms (SNPs) of the Shc loci. So far no strong evidence has been
found for such mutations that would result in an extended life
[13]. In fact, some SNPs in the p66-Shc gene were discovered, but
none of them have been found to be associated with a change in
p66-Shc protein function or eventual extended lifespan [13,14].
Even so, based on the murine experiments, we can speculate that
a p66-Shc inhibitor, if available, could become a potential
“anti-aging supplement”. Research projects hunting for a p66-Shc
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Fig. 1. Schematic drawing of the molecular forms of the Shc family members. Shc is a phosphotyrosine signal adaptor, and all the Shc members retain two independent
domains for phosphotyrosine - containing peptide-binding: PTB and SH2, which are relatively conserved to compare with the signal output domain (CH1) located in between
PTB and SH2. In the CH1 domain, there are several tyrosine residues that are phosphorylated upon binding to receptor tyrosine kinase (RTK) or cytoplasmic kinases such as
Src. While all the Shc members, i.e., Shc/ShcA, Sck/ShcB, and N-Shc/ShcC, constituted either a long form and/or short form(s), p66-Shc retains a crucial serine residue (Ser-36)
which is a target of the longevity-related signaling. Although both ShcB and ShcC have such long isoforms, signaling mechanisms of these neuron-specific (or enriched)
members are less unclear. In the nervous system ShcA is expressed in neuronal progenitors or early in neural development, but ShcA is almost undetectable in neurons in the
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adult nervous system. Instead, ShcB and ShcC expressions dominate in the adult nervous system. See text for details.

suppressor would be of potential interests in developed countries
with aging population.

Neurons regulating animal lifespan

Now a question arises about where these lifespan genes are ex-
pressed to exert their functions. The C. elegans nematode, a model
organism for longevity research, provides some important clues to
this question. In discussing p66-Shc as a longevity gene not only in
mice but also in other species, we should note that the gene mod-
ulates the cascade initiated by the insulin-like growth factor (IGF)-
1 signaling, a prominent evolutionally conserved pathway [15-17].
Interestingly, the lifespan phenotype of IGF-1 signaling pathways
in C. elegans functions only in two types of neurons [18]. They
are chemosensory neurons that ensure food sensing, which of
course relates to calorie intake in the worm. In mammals, a neuro-
endocrine network in the hypothalamus should be of primary
importance for this kind of nutrient sensing function. Although
we still await conclusive evidence, we predict that a certain set
of neurons or neural networks through the hypothalamus would
play a pivotal role in the longevity of mice and humans.

It should be noted that there is a puzzling phenomenon regard-
ing p66-Shc: the expression of this gene in the central nervous sys-
tem is hardly detectable. Shc is expressed in developing neurons;
however, the level diminishes as neurons differentiate [19]. In
other words, neuronal progenitors do express Shc and/or p66-Shc,
but mature neurons do not [20]. Instead, Shc homologues are ex-
pressed in mature neurons. We previously isolated a neuron-spe-
cific Shc in the mid 90’s and named it N-Shc (see Fig. 1) [21]. The
same gene was described and named Rai by Pier Giuseppe Pelicci
and his colleagues in Italy at around the same time [22]. The gene
later was given a yet another name ShcC by Tony Pawson and his
colleagues [23]. Interestingly, neurons in the central nervous sys-
tem including the brain express high levels of N-Shc/ShcC, but in
contrast, neurons in the peripheral nervous system tend to express
another neuronal isoform Sck/ShcB [24] (see Fig. 1). While we
know that the N-Shc/Rai/ShcC gene gives rise to a gene product
with size of 69 kDa, termed p69-N-Shc/ShcC, a p66-Shc equivalent
with a longer size, it is still unclear whether p69-N-Shc/ShcC re-

tains a role in neurons equivalent to that of p66-Shc in non-neural
cells. It seems possible that p69-N-Shc/ShcC exerts similar but dis-
tinct roles in neuronal stress responses in adult and/or aging
brains.

Neuronal Shc: A signal mediator for brain-derived neurotrophic
factor (BDNF) and N-methyl-p-aspartic acid (NMDA) modulates
synaptic transmission and affects cognition

After we initially cloned the human N-Shc gene [21], we then
isolated rat and mouse cDNAs for the neuronal Shc (N-Shc/ShcC)
[24]. In characterizing the genomic sequences [25] and its gene
products, we came to realize that the N-Shc/ShcC gene encoded a
smaller protein form p52 in addition to p69, similar to the fact that
Shc/ShcA encodes two isoforms. Biochemical characterization of
signal output sequences of N-Shc lead to the identification of novel
signal output sequences that are uniquely present in N-Shc but not
in the authentic Shc [26]. Another neurally expressed Shc homo-
logue Sck/ShcB turned out to have an interesting character: the
Sck/ShcB gene encoded only one protein with molecular weight
of 68 kDa. The p68-Sck/ShcB responded to calcium related signal-
ing, whereas N-Shc/ShcC preferentially responded to neurotrophin
signaling including nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) [24,25]. While Sck/ShcB and N-Shc/ShcC
gene expressions have an interesting contrast in that the former is
enriched in the peripheral nervous system (PNS) and the latter in
the central nervous system (CNS), it should be noted that both
are expressed in most neurons in the brain. Therefore, we assume
that these two neurally expressed Shc homologues exert distinct
signaling properties in a given neuron.

Once we cloned and sequenced all the intron-exon boundaries
and mapped the genomic loci on mouse chromosomes [25], we
realized the presence of one Shc-related locus on mouse chromo-
some 11. This locus is now considered to correspond to ShcD,
which is also expressed at certain levels in neurons in the brain
[27].

Having mapped both the Sck/ShcB and N-Shc¢/ShcC genomes, we
tried to generate knockout mice for both genes. We came to the
accomplishment rather too late; Sakai and Pawson in Canada had
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Fig. 2. Potential roles of N-Shc in the neural plasticity. N-Shc transmits signals from TrkB and NMDA receptors. Those receptors, one for BDNF and the other for glutamate, are
distinct, but N-Shc locates to merge and/or synergize the signaling activation of both receptors, leading to actin modification, which resulted in cognitive modulation in the

adult and/or aging animals.

successfully generated both knockouts and analyzed the pheno-
type of homozygote mice [23]. They found and described precisely
the subtle developmental defects of peripheral ganglia. Despite
these defects, the two homozygous mutant mice were fertile and
survived without drastic abnormality.

In collaboration with Sakai and Pawson, we backcrossed the
knockout mice in 129Sv/] with C57BL/6] over 13-15 generations.
Then, we carefully examined abnormalities in their behaviors by
conducting a series of behavior test paradigms. We found that
the N-Shc/ShcC gene deficient mice have higher cognition, which
was associated with the elevated hippocampal long-term potenti-
ation (LTP) [28]. This was rather a surprising finding. A mouse that
lacks N-Shc/ShcC was “wiser” or “cleverer” than the control (C57BL/
6]) mouse.

How did the mice acquire high cognitive skills? How does the
phosphotyrosine signal adaptor molecule N-Shc bring about the
high cognitive skills and/or intelligence? The most plausible expla-
nation is that N-Shc protein modulates TrkB and NMDA receptor
function, possibly in relation to cytoplasmic tyrosine kinases such
as Src or Fyn proteins. We hypothesize that N-Shc functions either
independently and/or in connection with the two major neuronal
activating receptors, the NMDA receptor and the BDNF-receptor
TrkB (see Fig. 2). We assume that N-Shc is activated upon tyrosine
phosphorylation of either NMDA-receptor or TrkB, leading to sub-
sequent signaling activation of the Ras-MAPK route, and somehow
resulting in modulating actin dynamics in post-synaptic spines.
We have some evidence that N-Shc can affect actin dynamics, lead-
ing to spine motility (Onga, Shiraishi-Yamaguchi, and Mori, unpub-
lished observations). Though rather a small adaptor molecule, the
neuron-specific N-Shc plays an important role in regulating synap-
tic plasticity in both physiological and morphological bases.

Neuronal Shc: a longevity-assurance gene in the brain?

As we discussed herein, p66-Shc is a longevity determining gene
found in mammals, and neuron-specific N-Shc is a longevity-re-

lated signal adaptor that affects synaptic plasticity and cognitive
function. In the aging brain, cognitive decline is a central issue
for the prevention of Alzheimer’s disease (AD). Although there is
no evidence that N-Shc expression changes in AD or other age-re-
lated neurodegenerative conditions, it is worth considering N-Shc
as a target for anti-aging research, particularly in relation to the
aging brain. Although there are many open questions on the asso-
ciation of N-Shc with the aging process and longevity, we would
propose that exploring the molecular mechanisms of N-Shc func-
tion in the adult and/or aging brain is crucial. We also propose a
search for pharmacological chemicals to suppress N-Shc and p66-
Shc functions as a potential candidate of an “anti-aging” supple-
ment for healthy brains with long life.
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