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SHC-1/p52Shc targets the insulin/IGF-1
and JNK signaling pathways to modulate
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Correlative evidence links stress, accumulation of oxidative cellular damage, and aging in several species.
Genetic studies in species ranging from yeast to mammals revealed several pathways regulating stress
response and life span, including caloric intake, mitochondrial respiration, insulin/IGF-1 (IIS), and JNK (c-Jun
N-terminal Kkinase) signaling. How IIS and JNK signaling cross-talk to defend against diverse stressors
contributing to aging is of critical importance but, so far, only poorly understood. In this study, we
demonstrate that the adaptor protein SHC-1, the Caenorhabditis elegans homolog of human p52Shc,
coordinates mechanisms of stress response and aging. Using genetic and biochemical approaches, we discover
that SHC-1 not only opposes IIS but also activates JNK signaling. Loss of shc-1 function results in accelerated
aging and enhanced sensitivity to heat, oxidative stress, and heavy metals, whereas expression of human
p52Shc rescues the shc-1 mutant phenotype. SHC-1 acts upstream of the insulin/IGF receptor DAF-2 and the
PI3 kinase AGE-1 and directly interacts with DAF-2. Moreover, SHC-1 activates JNK signaling by binding to

MEK-1 kinase. Both aspects converge on controlling the nuclear translocation and activation of the FOXO
transcription factor DAF-16. Our findings establish C. elegans SHC-1 as a critical scaffold that directly
cross-connects the two parallel JNK and IIS pathways and help to explain how these signaling cascades
cooperate to ascertain normal stress response and life span in C. elegans.
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There is considerable evidence that aging is regulated by
distinct evolutionarily conserved mechanisms and path-
ways, including insulin/IGF-1 signaling (IIS) (Kenyon et
al. 1993; Gottlieb and Ruvkun 1994; Clancy et al. 2001;
Tatar et al. 2001; Bluher et al. 2003), JNK (c-Jun N-ter-
minal kinase) signaling (Wang et al. 2003; Oh et al. 2005),
caloric intake (Lin et al. 2000; Houthoofd et al. 2002),
mitochondrial respiration (Lakowski and Hekimi 1998;
Lee et al. 2003), and signaling from the germline (Hsin
and Kenyon 1999; Arantes-Oliveira et al. 2002).
Shc-like proteins have been identified from nematodes
to humans, which suggests that their role might also be
conserved in evolution (Luzi et al. 2000). The mamma-
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lian Shc gene encodes three proteins of 46, 52, and 66
kDa. All Shc proteins share domain arrangements con-
sisting of an N-terminal phosphotyrosine-binding (PTB)
domain and a C-terminal Src-homology 2 (SH2) domain.
Both domains have the ability to bind tyrosine-phos-
phorylated proteins, but they differ in their phosphopep-
tide-binding specificities (Zhou et al. 1995). Only p66Shc
is characterized by an additional N-terminal CH2-like
domain (Migliaccio et al. 1999; Gertz et al. 2008).

She proteins were initially identified as molecular
adaptors that function as signal transducers in receptor
tyrosine kinase signaling. Distinct Shc variants probably
have different functions and are also localized in distinct
subcellular compartments. p66 is predominantly mito-
chondrial, p52 is cytoplasmic, and p46 was observed in
nuclear fractions (Yukimasa et al. 2005). p52/46Shc con-
tributes to Ras-dependent mitogen-activated protein ki-
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nase (MAPK) activation (Pelicci et al. 1992). However,
MAPK activation and the involvement of p52/46Shc in
mitogenic processes are not the sole functions of Shc.
Upon phosphorylation, p52/46Shc can serve as a scaffold
for downstream signaling effectors in response to a vari-
ety of growth factors (including EGF, PDGF, and IGF), but
it is currently unknown whether p52/46Shc contributes to
the regulation of stress response and life span. So far, this
has been considered to be a unique property of p66Shc.

The mouse p66shc gene has been the first gerontogene
described in a mammalian organism. p66Shc™/~ mice ex-
perience a 30% extension in life span and increased re-
sistance to oxidative stress (Migliaccio et al. 1999). As a
consequence, Shc protein function has been proposed to
link oxidative stress, apoptosis, and aging in mammals
(Giorgio et al. 2005; Pinton et al. 2007).

From Caenorhabditis elegans to higher vertebrates,
signaling through the insulin/IGF-1 receptor DAF-2 is
one of the most important pathways to regulate stress
response and to affect life span. Upon ligand binding,
phosphorylation of the insulin receptor activates the PI3-
kinase AGE-1 (Morris et al. 1996). The major effector of
AGE-1 is PDK-1, which, in turn, activates a multimeric
complex formed by AKT-1/AKT-2/SGK-1 (Paradis and
Ruvkun 1998; Paradis et al. 1999; Hertweck et al. 2004).
In both, worms and vertebrates, IIS antagonizes FOXO
transcription factors. In C. elegans, inactivation of the
FOXO transcription factor DAF-16 involves AKT/SGK-
mediated phosphorylation and subsequent cytoplasmic
retention of DAF-16 (Lin et al. 1997; Lee et al. 2001).
Reduction of daf-2 gene activity or that of other genes in
the IIS pathway that are positively regulated by daf-2
substantially prolongs life span and enhances oxidative
stress resistance. daf-16 is essential for this phenotype of
IIS mutants, indicating that DAF-16 is the major down-
stream effector of the IIS pathway (Ogg et al. 1997).

Additional input into FOXO/DAF-16 regulation is
conferred by JNK-1, a member of the MAPK superfamily.
The JNK pathway is highly conserved in evolution and
has been implicated in a variety of biological functions,
including development, apoptosis, and response to envi-
ronmental stress (for review, see Davis 2000). Generally,
extracellular signals activate MAPKs through dual-spe-
cific MAPK kinases (MAPKK). In mammalian cells, evi-
dence suggests that the MAPKK MKK?7 specifically acti-
vates JNK. In C. elegans, the JNK pathway consists of
the Jnk homolog JNK-1 and two MKK7-type MAPKKs,
JKK-1 and MEK-1 (Kawasaki et al. 1999; Koga et al. 2000;
Villanueva et al. 2001). Genetic studies demonstrate that
jkk-1 and jnk-1 regulate life span and stress response.
JKK-1 specifically stimulates the kinase activity of
JNK-1 (Kawasaki et al. 1999). Activation of JNK-1 results
in increased life span and tolerance for oxidative and
thermal stress (Oh et al. 2005). JNK-1 extends life span
by promoting phosphorylation-dependent nuclear trans-
location of DAF-16, indicating that the IIS and JNK path-
ways act in parallel to converge on DAF-16. Disruption
of the MAPKK gene mek-1 results in hypersensitivity to
heavy metals and enhanced susceptibility to pathogenic
bacteria and starvation, suggesting that MEK-1 also plays
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a central, yet distinct role in stress response (Koga et al.
2000; Kim et al. 2004).

We report here that the adaptor protein SHC-1 medi-
ates a novel cross-talk between IIS and JNK signaling
pathways in C. elegans, and we show that shc-1 is the
functional homolog of human p52Shc. SHC-1 coordi-
nates mechanisms of stress response and aging, func-
tions that previously have been exclusively attributed to
p66Shc in mammals. Loss of shc-1 function results in
accelerated aging and enhanced sensitivity to heat, oxi-
dative, and heavy metal stress. Our data reveal that
SHC-1 not only represses IIS through direct interaction
with the DAF-2/insulin receptor, but also activates JNK
signaling by binding to MEK-1. Our findings establish
SHC-1/p52Shc as a linker of the two parallel IIS and JNK
pathways and help to explain how these signaling cas-
cades cooperate to modulate the activity of the FOXO
transcription factor DAF-16. The two observations that
the major components of both mechanisms are encoded
in the genomes of most multicellular animals and that
defective C. elegans shc-1 can be rescued by transgenic
expression of human p52Shc suggest an evolutionary
conservation of shc-1/p52She function.

Results

Identification of SHC proteins in C. elegans

In a search for Shc-like proteins in C. elegans, we iden-
tified one protein with high sequence similarity to hu-
man p52Shc (Luzi et al. 2000) and named the correspond-
ing gene shc-1 (corresponding to F54A5.3). C. elegans
SHC-1 displays the N- to C-terminal PTB-SH2 domain
structure conserved in all Shc proteins but does not con-
tain the additional N-terminal CH2 region present in
p66Shc (Fig. 1A,B) that functions as a redox module for
apoptosis initiation (Gertz et al. 2008).

Using translational GFP fusions that rescue the shc-1
mutant phenotype (see below), we determined the ex-
pression pattern of shc-1. In agreement with p52She in
mammalian cells (Pelicci et al. 1992), we observed broad
expression of shc-1::gfp in many tissues. GFP staining
was observed in head and tail neurons, hypodermis,
pharynx, vulva muscles, and intestine throughout all
stages of post-embryonic development and adulthood
(Fig. 1D-H). In most cells, SHC-1:: GFP localized to both
the cytoplasm and the nucleus. A portion of the protein
seems to be associated with the cytoplasmic membrane.
Interestingly, in intestinal cells SHC-1:: GFP strongly lo-
calized to the nucleus (Fig. 1H), and in worms this is the
prominent tissue where the activity of the IIS effector
DAF-16 is required (for review, see Piper et al. 2008).

To analyze the function of shc-1, we characterized a
deletion allele of the shc-1 gene, kindly provided by the
C. elegans Gene Knockout Consortium. We determined
by DNA sequencing that shc-1(0k198) contains a dele-
tion of 1177 base pairs (bp) (including exon 4). RT-PCR
demonstrated that this deletion results in an erroneous
splicing from exon 3 to 5 with a frameshift in exon 5 and
an early translational stop at position 282 (data not
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Figure 1. Characterization of shc-1. (A) Alignments of C. elegans SHC-1, human p52Shc, mouse p52Shc, and Drosophila DShc.
Identical amino acid residues are highlighted, and similar residues are shaded. The conserved PTB and SH2 domains are underlined.
(B) Genomic organization of shc-1 and location of deletion in 0k198. Coding regions are indicated by boxes, and introns are represented
as lines. SHC-1 has the N- to C-terminal PTB-SH2 modularity of She-like proteins (predicted by SMART, Simple Modular Architecture
Research Tool, http://smart.embl-heidelberg.de). (C) Life-span analysis of shc-1(0k198) and rescue by transgenic expression of human
p52shc. All life-span data presented in this and subsequent figures are the result of at least three representative experiments. All
life-span data are listed as mean life span + standard error of the mean; (n) number of animals observed; (Ex) extrachromosomal array;
P-values refer to experimental strain and wild-type control animals. shc-1(0k198): 8.9 + 0.1 d (n = 152, P < 0.0001); wild type: 14.4 + 0.1
d(n = 204); shc-1(0k198);Ex[p52Shc]: 12.0 + 0.4 d (n = 93, P = 0.1161 vs. Ex[p52Shc]); Ex[p52shc]: 12.7 £ 0.3 d (n = 82, P < 0.0001). (D-H)
shc-1::gfp is broadly expressed in C. elegans. SHC-1:: GFP stains the pharynx, the majority of head neurons (E), the tail neurons (F),
the vulva muscles, and the gonads (G). (H) SHC-1:: GFP localizes to both the cytoplasm and nuclei of intestinal cells. A portion of
SHC-1 is localized at the cytoplasmic membrane. The image in D was taken with a 20x objective on a Zeiss Axioplan2 microscope
using an EGFP filter set (480/20-nm excitation, 510/20-nm emission). To estimate the autofluorescent background signal, we imaged
wild-type worms under the same conditions and detected only a faint yellow fluorescence signal in intestinal cells. Bar, 100 uM. (E-H)
Higher-magnification pictures were taken on a confocal laser microscope, always showing L4 larvae. Bars: E-G, 50 uM; H, 25 nM.

shown). This deletion removes part of the PTB and elimi- 1(0k198) likely represents a strong loss-of-function or
nates translation of the SH2 domain. Therefore, shc- null allele (Fig. 1B).
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In mammals, p66Shc has been implicated in life-span
regulation. This prompted us to examine whether shc-1
affects aging in C. elegans. shc-1(0k198) mutants have a
substantially reduced mean adult life span of 8.9 + 0.1 d
compared with 14.4 + 0.1 d in wild type (Fig. 1C). To
explore the functional relationship between shc-1 and
human p52She, we asked whether p52Shc can rescue the
loss of shc-1 in C. elegans. Therefore, we expressed hu-
man p52Shc in C. elegans under control of the shc-1
promoter used for the GFP expression studies described
above. Using two independent transgenic lines, we found
that human p52Shc efficiently rescued the short-life-
span phenotype of shc-1(0k198) mutants (Fig. 1C). This
clearly indicates a functional complementarity between
shc-1 and human p52Shc in life-span regulation and sug-
gests that shc-1 and p52Shce are orthologs.

Loss of she-1 function results in accelerated aging
and increased stress sensitivity

shc-1(0k198) mutants display a strongly reduced mean
adult life span (38% compared with wild type). To fur-
ther explore the role of SHC-1 in life-span regulation, we
tested whether loss of shc-1 function results in any ob-
vious morphological or developmental defect that might
account for the reduced life span. shc-1(0k198) animals
appeared morphologically normal, reproduced normally
(brood size 322 +8 [n=10] compared with 348 + 12
[n = 10] in wild type), and had a normal generation time
(2.8 £ 0.07 d [n = 50] compared with 2.8 + 0.04 d [ = 31]
in wild type). However, shc-1(ok198) animals displayed
an egg-laying (Egl) defect: 46% of the animals died pre-
maturely and showed a “bag of worms” phenotype, re-

Figure 2. Loss of shc-1 function results in
accelerated aging and increased stress sensi-
tivity. (A) Life-span analysis of shc-1(ok198)
and rescue by transgenic expression of shc-

25+

sulting from progeny hatching inside the uterus of the
mother. To rule out the possibility that life-span modu-
lation directed by shc-1 is merely the consequence of
developmental abnormalities and defective egg-laying,
we censored animals that became Egl during the life-
span analysis.

To alleviate problems due to premature death caused
by egg-laying defects, typically either the drug 2'-deoxy-
5-fluorouridine (FUDR) that prevents growth of progeny
is administered or life span is tested in the fer-15 mutant
background. fer-15(b26) mutants do not produce progeny
due to defective spermatogenesis, but life span remains
unaffected (Friedman and Johnson 1988). Since in several
of our previous experiments the antimetabolite FUDR
affected life span in an unpredictable way (W. Qi and R.
Baumeister, unpubl.), we crossed shc-1 with fer-15 mu-
tants to avoid egg-laying defects. Life span in the shc-
1;fer-15 double mutant was significantly shorter than in
fer-15 alone (Supplemental Table 1). We conclude that
the accelerated aging of shc-1(0k198) mutants is not sim-
ply the cause of defective egg-laying.

We next asked whether the life-span regulation by
shc-1 is gene dose-dependent. To overexpress shc-1, we
constructed transgenic worms containing the entire ge-
nomic region of shc-1 fused to the 3-kb upstream regu-
latory sequence. Transgenic expression of shc-1 from an
incompletely penetrant, extrachromosomal array res-
cued the short-life-span phenotype of the shc-1 mutant.
shc-1(0k198);Ex[shc-1::gfp] showed a 42% life-span ex-
tension compared with shc-1(0k198) and displayed a
mean lifetime of 12.6 + 0.4 d (Fig. 2A). However, wild-
type animals carrying the shc-1::gfp transgene did not
show extension of life span relative to wild type. This
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result demonstrates that the deletion in the shc-1 gene in
shc-1(0k198) indeed is responsible for the mutant phe-
notype, since it can be complemented by the shc-1 trans-
gene.

To further support the hypothesis that the short life
span of shc-1(ok198) mutants is due to accelerated aging
rather than due to a more general pathology, we moni-
tored the accumulation of intestinal autofluorescence in
adult animals. Intestinal autofluorescence, which is
caused by lysosomal deposits of lipofuscin, accumulates
over time in the aging animal and is an established
marker for aging (Garigan et al. 2002). Consistently with
its short life span, the shc-1 mutant accumulated intes-
tinal autofluorescence more rapidly than the wild type
(Fig. 2B). The average level of autofluorescence in shc-
1(ok198) increased with age in a statistically significant
manner (P < 0.0001). Accordingly, loss of shc-1 function
caused progressive decline in pharyngeal pumping rate
(Supplemental Fig. 1A) and body movement (Supplemen-
tal Fig. 1B) compared with wild type, two well-described
behavioral changes in aging worms (Huang et al. 2004).
Furthermore, shc-1 mutants showed many morphologi-
cal features of aging worms like flaccid appearance, tis-
sue deterioration, and necrotic cavities at earlier age
(Supplemental Figure 1C; Garigan et al. 2002; Chow et
al. 2006). Together, we conclude that mutations in shc-1
result in a premature aging phenotype.

C. elegans mutants that display life-span phenotypes
typically also show altered responses to stress, including
oxidative and heat stress (Finkel and Holbrook 2000;
Lithgow and Walker 2002). These findings are consistent
with the theory that aging may be caused by cumulative
cellular and systemic damage involving ROS. To test
this correlation, we examined the survival of shc-
1(0k198) mutants exposed to oxidative and heat stress.
In accordance with its life-span phenotype, we found
that shc-1(ok198) exhibited a significant, up to 32% (af-
ter 67 h at 32°C) stronger sensitivity to heat stress than
wild type (Fig. 2C). We also analyzed sensitivity to oxi-
dative stress. We exposed animals to paraquat, a genera-
tor of superoxide anions, and found that shc-1 mutants
were substantially more sensitive (up to 44% after 63 h)
than wild type (Fig. 2D).

she-1 modulates IIS upstream of daf-16

In C. elegans, the IIS pathway is a prominent regulator of
both life span and stress response. The FOXO transcrip-
tion factor DAF-16 is essential for the increased life span
and stress resistance of daf-2 and other IIS mutants (Ogg
et al. 1997). First, we asked if life span of shc-1 mutants
depends on daf-16. If daf-16 was the predominant effec-
tor of shc-1 life-span modulation, then daf-16 overex-
pression should suppress shc-1, and loss of daf-16 func-
tion should not have an additional effect on the aging
phenotype of shc-1 mutants. To test this, we analyzed
the effect of daf-16(RNAi) on shc-1(ok198) life span.
Animals treated with daf-16(RNAi) indeed lived as long
as shc-1 mutants, and daf-16(RNAi) did not further re-
duce shc-1-shortened life span (Fig. 3A). Furthermore, we

SHC-1 in insulin and JNK signaling

tested the effect of two daf-16-null alleles on shc-1 life
span: Neither daf-16(mgDf50) nor daf-16(mu86) in-
creased the short life span of shc-1 mutants (Fig. 3B;
Supplemental Table 1). These experiments were per-
formed in an fer-15 mutant background to prevent prog-
eny. Interestingly, the hypomorphic daf-16(m26) allele
partially suppressed the life-span reduction of shc-
1(0k198) (Supplemental Table 1). Overexpression of daf-
16 extended the life span of shc-1 mutant animals. How-
ever, the animals carrying integrated daf-16::gfp did not
live as long as wild-type animals (Fig. 3C), suggesting
that either daf-16::gfp on its own results in a phenotype
(this has been suggested before: Henderson and Johnson
2001) or SHC-1 may have additional effects on other life-
span-promoting factors that have to be identified (see
below). From these findings, we hypothesized that shc-1
and daf-16 may affect life span by a shared mechanism.

As daf-16 is essential for oxidative stress response, we
also tested whether daf-16 contributes to the increased
stress sensitivity of shc-1 mutants. We found that mu-
tating daf-16 did not further enhance the sensitivity of
shc-1 to oxidative stress. The daf-16 shc-1 double mu-
tant exhibited sensitivity to paraquat similar to shc-1
and daf-16 single mutants (Fig. 3F). Together, our data
suggest that daf-16 is required for the shc-1(0k198)-me-
diated aging and stress phenotype and indicate that shc-1
acts upstream of daf-16.

she-1 acts upstream of age-1 and daf-2

IIS is primarily mediated through the PI3-kinase AGE-1.
As mammalian Shc acts as an adaptor molecule in re-
ceptor tyrosine kinase signaling, we wondered whether
SHC-1 might function through AGE-1 in C. elegans. We
reasoned that, if SHC-1 exerts its effects upstream of
AGE-1, then loss of age-1 function should suppress the
shc-1 aging phenotype. To test this hypothesis, we cre-
ated shc-1;age-1 double mutants and determined their
life span. Remarkably, age-1(hx546) completely sup-
pressed the shortened life span of shc-1(0k198) (Fig. 3D)
as the double mutants had a mean life span similar to
that of the long-lived age-1 mutants. This indicates that
age-1 is epistatic to shc-1 and positions age-1 down-
stream from shc-1. The placement of shc-1 upstream of
age-1 in the IS pathway was also corroborated by oxida-
tive stress experiments. age-1 mutants, similar to mu-
tants in a variety of components of the IIS pathway, con-
fer increased resistance to oxidative stress (Yanase et al.
2002). We found that the high sensitivity of shc-1(0k198)
to the oxidative stressor paraquat was fully suppressed
by age-1(hx546) (Fig. 3F). In conclusion, these genetic
results demonstrate that shc-1 may be positioned up-
stream of age-1 in the IIS pathway for the control of life
span and stress response.

Activation of the insulin receptor in human cells re-
sults in the interaction of Grb2-SOS with IRS-1, PI3K,
and Shc (Skolnik et al. 1993). Since the C terminus of
DAF-2 contains an extension that may function analo-
gously to mammalian IRS-1, we wondered whether shc-1
exerts its effects through the insulin-like receptor DAF-
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Figure 3. shc-1 acts in the IIS pathway for
the control of life span and stress response.
(A) daf-16(RNAi) does not reduce shc-1
mutant life span. Wild type on pL4440:
154+04 d (n=99); shc-1(0k198) on
pL4440: 10.8 +0.3 d (n =90, P <0.0001);
daf-16(RNAi):  10.1:02 d (n=100,
P <0.0001); shc-1(0k198); daf-16(RNAi):
101+03 d [n=82, P=0.6713 vs. daf-
16(RNAi)|. (B) Life-span analysis of daf-
16(mgDf50) and shc-1(ok198). The assays
were performed in a fer-15(b26) back-
ground at 25°C to prevent progeny. shc-
1(0k198); fer-15(b26): 10.5 + 0.2.d (n = 160,
P <0.0001); fer-15(b26): 14.0 0.2 d (n = 160};
daf-16(mgDf50); fer-15(b26): 10.1 £ 0.2 d
(n =107, P < 0.0001); daf-16(mgDf50) shc-
1(0k198); fer-15(b26):10.2 + 0.3 d (n = 104,
P <0.0001). (C) Overexpression of daf-16
partially suppresses the shc-1 mutant life
span. shc-1(0k198): 8.8 +0.3 d (n=70);
wild type: 14.4 +0.1 d (n=204); Is/daf-
16::gfp]: 15.8 + 0.5 d (n = 139, P = 0.0437);
shc-1(0k198); Is[daf-16::gfp]: 11.1 £ 0.4 d
(n =90, P <0.0001). (D) age-1(hx546) sup-
presses the shc-1(0k198) aging phenotype.
Wild type: 14.2+0.4 d (n=204);, shc-1
(0k198): 8.4+ 0.3 d (n =152, P <0.0001);
shc-1(0k198); age-1(hx546). 17.5+0.5 d
(n=178, P<0.0001); age-1(hx546): 17.6 +0.5
d (0 = 245, P < 0.0001). (E) daf-2(e1368) ex-
tends the short life span of shc-1(0k198).
Wild type: 14.3 +0.35 d (n=104); shc-1
(0k198): 10.6 + 0.3 d (n = 103, P < 0.0001);
daf-2(e1368):  253:06 d (n=110,
P <0.0001); shc-1(ok198); daf-2(e1368):
20.2 + 0.6 d (n = 109, P < 0.0001). (F) Effect
of daf-2(e1370), daf-16(m26), and age-
1(hx546) on the oxidative stress sensitiv-
ity of shc-1(0k198). Animals were exposed
to 200 mM and 100 mM paraquat, respec-
tively. All data are listed as mean
survival + standard error of the mean,
n =100 per each strain. Data were com-
bined from at least two independent ex-
periments. (G) daf-2(e1370) increases the
life span of shc-1(0k198). The assay was
performed in a fer-15(b26) background at
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25°C to prevent progeny. fer-15(b26): 13.0 £ 0.2 d (n = 217); shc-1(0k198); fer-15(b26): 10.7 £ 0.2 d (n =216, P <0.0001 vs. fer-15);
fer-15(b26); daf-2(e1370): 31.8 £ 0.9 d (n =160, P <0.0001 vs. fer-15); shc-1(ok198); fer-15(b26); daf-2(e1370): 27.2 + 0.6 d (n = 210,
P <0.0001 vs. fer-15). (H) The accelerated rate of lipofuscin accumulation in shc-1(0k198) is suppressed by daf-2(e1370). Quantification
of the gut autofluorescence of fer-15(b26), shc-1(0k198); fer-15(b26), fer-15(b26); daf-2(e1370), and shc-1(ok198); fer-15(b26); daf-
2(e1370) at day 10. Error bars represent the standard error of the mean. (***) P < 0.0001 comparing shc-1 with the she-1; daf-2 mutant.
(I) SHC-1 interacts with DAF-2 in HEK 293T cells. Membrane-bound sIg7-tagged DAF-2 (sIg.7.DAF-2) or control proteins (sIg7-tag and
sIg7.control protein) were coexpressed with Flag-tagged SHC-1 (F.SHC-1) in HEK 293T cells and precipitated with Protein G Sepharose.
(Top) Western blot analysis was performed with anti-Flag antibody. (Bottom) Expression levels of all proteins in the lysates and

precipitates are shown.

2. To test this, we constructed shc-1;daf-2 double mu-
tants and analyzed their life span. Mutations that com-
promise the activity of daf-2 extend life span, and this
longevity is dependent on functional daf-16. The short
life span of shc-1(0k198) was greatly increased by daf-
2(e1368) (Fig. 3E). To further explore the possibility that
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shc-1 might function through daf-2, we tested the inter-
action with a different, stronger daf-2 allele. At 25°C,
daf-2(e1370) significantly extended the shortened life
span of shc-1(0ok198) (Fig. 3G). This genetic interaction
between shc-1 and daf-2 was further corroborated by oxi-
dative stress experiments. Here we found that the high
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sensitivity of shc-1(0k198) to paraquat was completely
suppressed by daf-2(e1370), which confers increased tol-
erance to oxidative stress (Fig. 3F). From these observa-
tions, we suppose that shc-1 modulates life span and
stress response through the DAF-2 insulin-like receptor
of the IIS pathway. In the absence of viable daf-2 defi-
ciency mutants, a precise relationship between shc-1 and
daf-2 is difficult to determine, but the complete suppres-
sion of shc-1 stress sensitivity by daf-2 mutation
strongly supports that shc-1 acts genetically upstream of
daf-2. Although epistasis analyses using nonnull mu-
tants need to be interpreted with great caution, the lack
of full suppression of shc-1 life span by daf-2 could indi-
cate the presence of an additional pathway downstream
from shc-1, but in parallel to DAF-2 (see also below).

Next we asked whether the long-lived daf-2 mutation
could also suppress the premature accumulation of the
aging marker lipofuscin in shc-1(0k198). The rate of gut
autofluorescence was dramatically decreased in shc-
1(0k198) when combined with the daf-2(e1370) muta-
tion, which correlates well with the ability of daf-
2(e1370) to suppress the short life span of shc-1 mutant
animals (Fig. 3H; Supplemental Fig. S2). The rate of au-
tofluorescence in the shc-1;daf-2 double mutant was
similar to that observed in the daf-2 mutant, corroborat-
ing our model of shc-1 being upstream of daf-2.

To determine whether SHC-1 physically contacts the
DAF-2 receptor, we tested the biochemical interaction in
human embryonic kidney (HEK) 293T cells. These cells
were transiently cotransfected with plasmids coding for
Flag-tagged C. elegans SHC-1 and a membrane-bound
fusion (sIg7) of the cytoplasmic domain of DAF-2. We
immunoprecipitated sIg7-tagged DAF-2 from cell ex-
tracts and, as demonstrated in Figure 31, coprecipitated
SHC-1 specifically with DAF-2, but not with the con-
trols (sIg7 or an unrelated protein). We conclude that
SHC-1 can directly interact with DAF-2 in vitro. SHC-1
is an adaptor protein that contains an N-terminal PTB
domain followed by a C-terminal SH2 domain. To map
the DAF-2 protein interaction sites, we generated trun-
cations of SHC-1. Both the PTB domain and the SH2
domain coprecipitated with DAF-2 from HEK 293T cell
lysates (Supplemental Fig. 3), indicating that both do-
mains have the capability to bind DAF-2, but the inter-
action with the PTB domain seems to be stronger. To-
gether, our data suggest that SHC-1 genetically and
physically interacts with the DAF-2 receptor and support
a model in which SHC-1 may act upstream of DAF-2 to
modulate IIS-dependent stress response and aging in C.
elegans.

she-1 function promotes nuclear translocation
of DAF-16

The FOXO transcription factor DAF-16 is the major
downstream target of C. elegans IIS. Reduction of IIS
activity, as well as response to stress, promotes DAF-16
nuclear localization, where it functions as a transcrip-
tional regulator (Lin et al. 2001).

We showed above that the premature aging and the

SHC-1 in insulin and JNK signaling

high stress sensitivity observed in shc-1(0k198) depends
on active DAF-16. Therefore, we wondered whether mu-
tant shc-1 might affect the nuclear accumulation of
DAF-16. To test this, we examined DAF-16 intracellular
localization in shc-1 mutant and wild-type animals after
heat-shocking a transgenic DAF-16:: GFP strain, and dis-
tinguished three phenotypic categories: cytosolic,
nuclear, or intermediate localization of the DAF-
16::GFP fusion protein. In wild-type animals, DAF-
16::GFP is predominantly localized to intestinal nuclei
after heat shock (98% nuclear localization in Is/daf-
16::gfp]; n = 93) (Fig. 4). In the shc-1(0k198) mutant, the
number of animals with nuclear localization of GFP sig-
nal was decreased to 42% (n = 99) (Fig. 4), whereas the
cytosolic localization increased accordingly. This find-
ing suggests that wild-type shc-1 facilitates nuclear
translocation of the FOXO transcription factor DAF-16
upon induction of heat stress.

shc-1 is involved in the [NK signaling pathway

Based on genetic studies, a role for She in Ras-dependent
MAPK activation has been established in mammals. The
JNK family, a subgroup of the MAPK superfamily, is part
of a signal transduction cascade that is activated upon
exposure to environmental stress. In C. elegans, the JNK
pathway comprises the JNK ortholog JNK-1 and two
MKZK4/7 orthologs, MEK-1 and JKK-1. Disruption of JNK
signaling components in C. elegans resulted in acceler-
ated aging and hypersensitivity to oxidative and thermal
stress (Oh et al. 2005). Interestingly, the life-span reduc-
tion of jnk-1 mutants fully depends on the transcription
factor DAF-16. Therefore, the most likely explanation is
that the insulin and JNK pathways act in parallel to con-
verge on DAF-16 (Oh et al. 2005).

To investigate a possible link between SHC-1 and the
JNK pathway, we assayed the life span and stress re-
sponse of animals deficient for SHC-1 and JNK-1. The
jnk-1(gk7) mutant animals showed a shorter life span
compared with wild type, and knockdown of jnk-1 did
not further decrease the life span of short-lived shc-1
animals. The shc-1;jnk-1 double mutant displayed a
mean life span similar to jnk-1(gk7) (Fig. 5A). Further-
more, expression of an additional, genomically inserted
copy of jnk-1 in the shc-1(0k198) mutant significantly
increased life span (Fig. 5B). We hypothesized that shc-1
depends on jnk-1 function, and their effects on aging
might be mediated by a shared mechanism. The genetic
interaction between shc-1 and jnk-1 was further sup-
ported by oxidative stress experiments. We found that
the high sensitivity of shc-1(0k198) to oxidative stress
was not enhanced by jnk-1(gk7) (Fig. 6A). In summary,
these results suggest that shc-1 has a dual role and affects
life span and stress response by interfering with both the
JNK and the IIS pathways.

she-1 acts upstream of mek-1 in the [NK pathway

Activation of JNK-1 by its upstream kinases is critical
for its function. Two JNK-kinases, MEK-1 and JKK-1,
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control

Figure 4. Inhibiting shc-1 function reduces DAF-16
nuclear localization in the intestinal cells. (A) Quanti-
fication of DAF-16 intestinal nuclear and cytosolic lo-
calization after 90-min heat shock in Is[daf-16::gfp] control
(control animals, n=93) and shc-1(ok198);Is[daf-
16::gfp] animals (n = 99). The graph represents multiple
experiments. shc-1(0k198) reduces the number of ani-
mals with intestinal DAF-16 nuclear localization,
P <0.0001. (B) Images of intestinal cells from control
animals Is[daf-16::gfp] and shc-1(0k198); Is[daf-
16::gfp] animals displaying DAF-16 nuclear localiza-
tion. Images were taken at 200x and 630x magnifica-
tion.

have been described in C. elegans. First, we tested
whether shc-1 regulates the JNK pathway by modulating
JKK-1. The jkk-1(km2)-null mutants have a short life
span compared with wild type, and jkk-1 further reduced
the already short life span of shc-1(0k198). The shc-
1;jkk-1 double mutant displayed a shorter life span than
each single mutant (Fig. 5C). Furthermore, transgenic ex-
pression of jkk-1 modestly extended the short life span of
the shc-1 mutant (Fig. 5D). These data suggest an addi-
tive effect of shc-1 and jkk-1 on life-span regulation.
However, we found that jkk-1(km2) exhibited normal
sensitivity to paraquat, and the shc-1;jkk-1 double mu-
tant behaved similarly as shc-1(0k198) (Fig. 6A). From
these data, a precise relationship between shc-1 and
jkk-1 could not be determined, but their additive effect
on life span suggests that shc-1 might act independently
of jkk-1.

In addition to JKK-1, the C. elegans genome encodes
another JNK kinase called MEK-1. If shc-1 exerts its ef-
fects on JNK signaling by regulating mek-1, then the
mek-1(ks54) mutant phenotype should overwrite any ef-
fect of shc-1(0k198). To test this hypothesis, we first
analyzed the life span of mek-1(ks54) and also created
shc-1;mek-1 double mutants. Surprisingly, we here ob-
served that mek-1(ks54) mutants have a short life span,
whereas it was reported previously that this mutant has
normal life span (Oh et al. 2005). We had extensively
backcrossed the mutation prior to testing, suggesting
that the differences between these two studies may have
been caused by distinct genetic backgrounds. The double
mutant had a short life span that was indistinguishable
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from that of each single mutant (Fig. 5E). Independent
confirmation of a downstream function of mek-1 in the
shared pathway came from overexpression of mek-1 that
completely suppressed the reduced life span of the shc-1
mutant (Fig. 5F). Furthermore, we also found that the
shc-1;mek-1 double mutant displayed a strong sensitiv-
ity to oxidative stress similar to that of the mek-1 mu-
tant (Fig. 6A), indicating that oxidative stress sensitivity
in shc-1 mutants depends on mek-1 function. These ob-
servations support a model in which shc-1 modulates life
span and stress response through the mek-1-mediated
branch of the JNK pathway, positioning shc-1 upstream
of mek-1.

MEK-1 has also been implicated in the response to
heavy metal stress. Heavy metals play an important role
in the generation of ROS, and exposure to heavy metals
can induce stress-related physiology associated with ag-
ing. To determine whether SHC-1 is involved in the re-
sponse to heavy metal stress, we examined the effect of
shc-1 mutation on copper sensitivity in the mek-1(ks54)
background. Similar to the mek-1(ks54) mutation, we
found that the shc-1 mutation caused a strong sensitivity
to CuSO,. Wild-type animals grew well and reached
adulthood within 4 d on plates containing 40 uM CuSO,,
while shc-1(0k198) and mek-1(ks54) animals grew only
poorly. Only 38% of the shc-1 worms reached adulthood
within the same period of 4 d. The shc-1;mek-1 double
mutant exhibited a similar enhanced sensitivity to
CuSO, than the mek-1 single mutant (Fig. 6B), indicat-
ing that shc-1 controls heavy metal stress response to-
gether with mek-1.
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Figure 5. shc-1 acts in the JNK signaling
pathway for the control of life span. (A) jnk-
1(gk) suppresses the shc-1(ok198) aging phe-
notype. Wild type: 14.2 + 0.4 d (n = 204); shc-
1(0k198): 8.4 +0.3 d (n=152, P<0.0001);
jnk-1(gk7): 11.6 £ 0.2 d (n = 320, P < 0.0001);
shc-1(0k198);jnk-1(gk7): 10.9 = 0.1 d (n = 232,
P <0.0001). (B) Transgenic overexpression of
jnk-1 suppresses shc-1(0k198). shc-1(0k198):
84+0.3 d (n=152, P<0.0001); shc-1;IpIni:
125:03 d (n=116, P<0.0001);, IpIni:
14.5+0.3d(n=123, P=0.708). (C) shc-1 and
jkk-1 act independently to control life span.
Wild type: 12.0+0.2 d (n=277); shc-
1(0k198): 9.5+02 d (n=207, P <0.0001);
jkk-1(kmg): 9.5+ 0.2 d (n =197, P <0.0001);
shc-1(0k198);jkk-1(km2): 8.1 + 0.2 d (n = 132,
P <0.0001). (D) Life-span analysis of shc-
1(0k198) and transgenic strains expressing
jkk-1. Wild type: 12.7 £ 0.2 d (n = 308); shc-
1(0k198): 8.6 = 0.2 d (n = 175, P < 0.0001); Ex-
[ikk-1::gfp]: 12.5 + 0.3 d (n =163, P = 0.595);
shc-1(0k198);Ex[jkk-1::gfp]: 104+0.3 d
(n =152, P <0.0001). (E) Life-span analysis of
shc-1(0k198) and mek-1(ks54). Wild type:
12.7 + 0.2.d (n = 308); she-1(0k198): 8.6 = 0.2.d
(n =175, P <0.0001); mek-1(ks54): 8.4 +0.2d
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(n=148, P <0.0001); shc-1(ok198);mek-
1(ks54): 8.7+ 0.2 d (n =139, P <0.0001). (F)
Transgenic overexpression of mek-1 sup-
presses shc-1 mutants. Wild type: 14.5 £ 0.3 d
(n =109); shc-1(0k198): 9.9 +0.3 d (n =100,
P <0.0001);, Ex[mek-1::gfp: 14903 d
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As an adaptor protein, a potential role of SHC-1 might
be to bind proteins in the JNK-1 pathway. For this pur-
pose, we tested whether SHC-1 and the JNK kinase
MEK-1 directly interact with each other. We observed
that Flag-tagged SHC-1 coprecipitated with MEK-1, but
not with a control protein, from transfected HEK 293T
cells (Fig. 6C). To validate this result under in vivo con-
ditions, we performed coimmunoprecipitation experi-
ments from whole-worm lysates, using C. elegans
strains expressing transgenic MEK-1::GFP and Flag-
tagged SHC-1 (Fig. 6D). Indeed, we found that SHC-1
coprecipitates with MEK-1::GFP, confirming that this
interaction occurs in vivo. Therefore, SHC-1 mediates
its role in the JNK-1 pathway by direct interaction with
MEK-1, a kinase that acts upstream of JNK-1.

To investigate which domain of SHC-1 mediates the
association with MEK-1, we generated SHC-1 trunca-
tions and coexpressed these constructs together with
MEK-1 in HEK 293T cells. We found that MEK-1 specifi-
cally coprecipitates with the SH2 domain of SHC-1
(Supplemental Fig. 4) but not with the PTB domain. This

days

20 2 (n=118, P=0.467); shc-1(ok198);Ex/mek-

1::gfp]: 149 + 0.4 d (n =104, P = 0.454).

observation suggests that SHC-1 might function as a
scaffold protein and form protein complexes with DAF-2
and MEK-1. Our results also indicate that different pro-
tein domains of SHC-1 interact with DAF-2 and MEK-1,
respectively.

JNK signaling and IIS act in parallel to converge on
DAF-16. We conclude that, in contrast to its inhibitory
effects on IIS, shc-1 positively regulates JNK signaling.
To further support this hypothesis, we analyzed DAF-
16::GFP localization at conditions of reduced IIS.
Knockdown of daf-2 function by RNAIi causes DAF-16
translocation to the nucleus. However, in the shc-1 mu-
tant, DAF-16 is less efficiently delivered to the nucleus
after daf-2(RNAi) (Supplemental Fig. 5). This finding
suggests that SHC-1, via JNK-1, is also required for the
nuclear localization of DAF-16 in the absence of IIS.

Discussion

A substantial body of evidence has demonstrated the im-
portance of p52/46Shc in Ras/MAPK activation and
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Figure 6. SHC-1 acts upstream of MEK-1 to
control oxidative and heavy metal stress re-
sponse, and directly interacts with MEK-1. (A)
shc-1, mek-1, and jnk-1 act together in oxida-
tive stress response. jnk-1(gk7), shc-1(0k198),
and double mutants display similar sensitiv-
ity to paraquat. mek-1(ks54) contributes to
shc-1(0k198) oxidative stress sensitivity. A
representative experiment is shown in which
animals had been exposed to 100 mM B
paraquat. Please note the different time
points for survival analysis. All data are listed
as mean survival = standard error of the
mean, n=100 per each strain. (B) shc-
1(0k198) and mek-1(ks54) are sensitive to
CuSO,. The number of adults was counted
after 4 d of incubation at 20°C. All data are
listed as mean numbers of adults = standard
deviation of the mean, n = 400 per each strain.
The graphs presented are the result of at least
three representative trials. (C) SHC-1 inter-
acts with MEK-1 in HEK 293T cells. V5-
tagged MEK-1 (V5.MEK-1) or a control protein
(V5-NPHP1) was coexpressed with Flag-
tagged SHC-1 (F.SHC-1) in HEK 293T cells D
and precipitated with anti-V5 antibody. (Top)
Western blot analysis was performed with
anti-Flag antibody. (Bottom) Expression levels
of all proteins in the lysates are shown. (D)
MEK-1::GFP and Flag-tagged SHC-1 (F.SHC-
1) coimmunoprecipitate from whole-worm
lysates. Total lysates were prepared from
transgenic worms that express F.SHC-1 and
MEK-1::GFP or GFP as control and subjected
to immunoprecipitation with anti-GFP anti-
body. Precipitates were probed by immuno-
blotting with anti-Flag (top) and anti-GFP
(bottom). The expression level of F.SHC-1 in
worm lysates is shown.

survival after 72h (%)

% adult after 4d

regulation of developmental and growth processes. So
far, only p66Shc has been implicated in the regulation of
life span in mammals. In this study, we provide evidence
that the C. elegans homolog of p52Shc, SHC-1, acts as a
modulator of life span and stress response. Our data re-
veal that shc-1 plays a dual role as a negative regulator of
IIS signaling and as an activator of the JNK signaling
pathway. Remarkably, both aspects involved in the regu-
lation of stress response and longevity converge on con-
trolling the activation of the FOXO transcription factor
DAF-16.

We demonstrate here that shc-1(0k198) mutant ani-
mals show a substantially reduced life span that is ac-
companied by enhanced sensitivity to heat, oxidation,
and heavy metal stress. Although it is generally difficult
to interpret the cause of reduced life span, several find-
ings argue that shc-1 mutant animals, indeed, age pre-
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maturely and do not simply die from a general pathology.
First, shc-1 mutants accumulate intestinal autofluores-
cence more rapidly than wild type and develop typical
signs of aging worms at earlier age. Second, down-regu-
lation of genes encoding factors in the IIS pathway effec-
tively suppress the early death of shc-1 animals. Over-
expression of shc-1 alone is not sufficient to extend life
span beyond that level reached by wild type, which is
compatible with the notion that SHC-1, as an adaptor
protein, requires the presence of interacting factors to be
effective.

Several genetic pathways that regulate C. elegans life
span have been shown to also influence life span in
higher organisms (for review, see Kenyon 2005). Interest-
ingly, C. elegans shc-1 has opposite effects from the
mammalian p66Shc knockout. Mice lacking p66Shc are
long-lived and resistant to oxidative stress. The p66 iso-
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form has a unique function in mammals, and this effect
has entirely been attributed to the additional N-terminal
CH2 domain present in the p66 isoform, which func-
tions as a stress sensor (Migliaccio et al. 1999; Gertz et
al. 2008) and is absent in p52/46Shc. In contrast, knock-
out of p52/46Shc isoforms in mice results in embryonic
lethality at day 11.5 (Lai and Pawson 2000). The devel-
opmental lethality currently precludes the analysis of
p52/46Shce functions later in life. A p66Shc ortholog does
not exist in C. elegans. However, the fact that shc-1 mu-
tant animals were rescued by the expression of human
p52She, together with the high degree of sequence simi-
larity of both proteins, suggest that shc-1 resembles the
worm ortholog of p52Shc. Thus, it will be interesting to
see whether p52Shc in mammals might have a similar,
post-embryonic role in stress response and longevity.

In C. elegans as in higher vertebrates, IIS is one of the
most important pathways for the regulation of stress re-
sponse and life span. Our data strongly support that
SHC-1 contributes to the control of life span and stress
response by modulating IIS upstream of the PI3 kinase
AGE-1 and the insulin/IGF receptor DAF-2. Both, muta-
tions in age-1 and daf-2 effectively suppressed the short
life span and the oxidative stress sensitivity of shc-1
mutants, suggesting that shc-1 is genetically positioned
upstream of age-1 and daf-2 in the IIS. Moreover,
daf-2(e1370) suppressed the premature accumulation of
lipofuscin in shc-1 mutant animals.

Since our coimmunoprecipitation studies revealed
that SHC-1 physically interacts with DAF-2 in vitro and
both domains of SHC-1, the SH2 and preferably the PTB
were capable of binding DAF-2, the most likely explana-
tion is that SHC-1 functions as an adaptor/modulator of
DAF-2. Such a role is further supported by the localiza-
tion of a subpopulation of SHC-1:: GFP in close proxim-
ity to the cytoplasmic membrane.

How SHC-1 negatively regulates DAF-2 signaling
needs to be determined in future experiments. SHC-1
might function to control either the kinetics or extent of
DAF-2 activation. For example, SHC-1 could help to re-
cruit a kinase to the DAF-2 receptor that modulates
DAF-2 activity by phosphorylation. Our preliminary
data, in fact, suggest that, upon expression in cell cul-
ture, coexpression of SHC-1 results in a strong increase
of DAF-2 phosphorylation (our unpublished data). An-
other explanation might be that SHC-1 regulates DAF-2
receptor internalization; indeed, the association of
p52Shc with the endocytic machinery has been reported
in mammalian cells (Okabayashi et al. 1996). Alterna-
tively, the inhibitory effect of SHC-1 might be more in-
direct; for example, through removing the AGE-1 com-
plex from a source of PIP2, the precursor of PIP3 (Haugh
and Meyer 2002).

In addition to its inhibitory role in the IIS pathway,
shc-1 also contributes to JNK signaling. We placed shc-1
upstream of jnk-1, since jnk-1 overexpression could sup-
press the shc-1 mutant phenotype. Together with the
similarity of the shc-1 and jnk-1 mutant phenotypes,
this suggests that SHC-1 positively affects JNK-1 func-
tion. JNK-1 signaling in C. elegans is activated by two

SHC-1 in insulin and JNK signaling

JNK kinases that act in parallel, MEK-1 and JKK-1. Our
data support a role for she-1 in the regulation of mek-1,
but not of jkk-1. First, shc-1(0k198) further accelerates
jkk-1 aging, suggesting an additive effect. Second, like
jnk-1, overexpression of mek-1 rescued shc-1 short life
span. Third, SHC-1 and MEK-1 were shown to directly
interact with one another by coimmunoprecipitation
from HEK293T cells. Moreover, this interaction can oc-
cur in vivo as we demonstrated by immunoprecipitation
from whole-worm protein lysates. An interaction of both
proteins has previously been demonstrated by yeast two-
hybrid methods in the C. elegans Interactome Project (Li
et al. 2004). Our data are indicative of SHC-1 having dis-
tinct interaction surfaces for DAF-2 and MEK-1 binding.
mek-1 plays a pivotal role in stress response to heavy
metals (Koga et al. 2000; Mizuno et al. 2004). Interest-
ingly, we found that shc-1 is also involved in the heavy
metal stress response. shc-1 and mek-1, as well as shc-
1;mek-1 double mutants, are similarly hypersensitive to
copper ions, indicating that both shc-1 and mek-1 act in
the same pathway to control response to heavy metal
stress. However, according to our own as well as previ-
ously reported data, jnk-1 and jkk-1 are not involved in
heavy metal response (Mizuno et al. 2004; our unpub-
lished data). This might suggest that the pathway con-
trolling oxidative stress response/life span and heavy metal
response branch downstream from SHC-1 and MEK-1.

An important issue concerns the mechanism by which
SHC-1 binding to MEK-1 activates signaling through the
JNK cascade. We found that only the SH2 domain of SHC-1
binds efficiently to MEK-1. Activation of MEK-1 might
thus involve transient association with the SH2 domain;
the PTB domain might then mediate the translocation of
this complex to the plasma membrane, where MEK-1
could interact with MAPKK kinases or small GTPases
like Ras. Indeed, the localization of the PTB domain to
membranes has been observed in mammalian cells be-
fore (Lotti et al. 1996). Thus, Shc proteins might function
as a molecular scaffold to assemble MAPK signaling mod-
ules. Whether both interactions with DAF-2 and MEK-1
occur synchronously, establishing an efficient cross-talk
between IIS and JNK-1 signaling, is an interesting ques-
tion that needs to be targeted by future research.

Both the effects of life-span reduction and stress sen-
sitivity caused by the shc-1(0k198) mutation converge
on daf-16. Our data strongly support this hypothesis
since neither two different daf-16 deficiency alleles nor
daf-16(RNAi) increased the life-span reduction of shc-
1(0k198). We obtained corresponding results from oxida-
tive stress experiments. Thus, we suggest that SHC-1
affects DAF-16 activity in dual ways. First, by inactivat-
ing the IIS kinases cascade, SHC-1 contributes to reduc-
ing DAF-16 phosphorylation, causing its nuclear trans-
location. Indeed, our results show that in a shc-1 mutant,
the amount of nuclearly localized DAF-16::GFP is
strongly reduced upon heat stress. Second, SHC-1 facili-
tates, via JNK-1, DAF-16 nuclear localization and prob-
ably also its activation. Therefore, we assume that, in
shc-1(0k198) animals, the remaining nuclear fraction
of DAF-16 might not be fully active due to the reduced
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JNK-1 signaling (Fig. 7). Reduced JNK-1 signaling dimin-
ishes DAF-16 nuclear phosphorylation and, therefore, its
activity as a transcription factor. This second aspect
probably cannot be compensated simply by elevating ex-
pression of transgenic DAF-16, since the latter only be-
comes activated through JNK-1-mediated phosphoryla-
tion that in turn requires active SHC-1. Consistent with
such a model, overexpression of daf-16 could only par-
tially rescue the shc-1 phenotype, and the hypomorphic
daf-16(m26) mutation (which expresses a mutant DAF-
16 protein) even slightly extended shc-1 life span. daf-
16(m26) carries a splice donor site mutation in intron 2
that specifically affects the daf-16a transcripts (Lee et al.
2001). One possible explanation could be that daf-16b
transcripts, in the absence of daf-164, retain some degree
of DAF-16 activity even in the background of defective
JNK-1 signaling, or that daf-16b expression in the so-
matic gonad and pharynx is not affected in a shc-
1(0k198) mutant. Alternative models are possible, and
could, for example, involve a negative feedback loop
through which daf-16 affects shc-1 activity (our unpub-
lished results). Additional studies will be required to
solve this issue.

DAF-16| 3===p>

Genes for stress resistance
and longevity

Figure 7. Model for the function of SHC-1 in IIS and JNK sig-
naling. Upon DAF-2 activation, AGE-1 and PIP3 activate PDK-1
and the downstream kinase complex AKT-1/AKT-2/SGK-1.
The transcription factor DAF-16 is directly inhibited and phos-
phorylated via activity of the IIS pathway, a function of which
is induction of stress response and longevity genes. In addition,
DAF-16 integrates positive signals via JNK signaling stimulat-
ing nuclear accumulation. Genetic and biochemical analyses
presented here suggest that SHC-1 opposes IIS upstream of
AGE-1 and DAF-2 and directly interacts with DAF-2. Further-
more, SHC-1 activates JNK signaling and interacts with MEK-1
to control life span and response against heat, oxidation, and
heavy metals.
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Interestingly, we observed that DAF-16 accumulation
in intestinal nuclei is reduced in shc-1 mutants after
daf-2(RNAi), whereas DAF-16 in wild-type animals
treated with daf-2(RNAi) is exclusively nuclear. This
finding suggests that the efficient translocation of DAF-
16 to the nucleus after blocking IIS requires SHC-1/
JNK-1 activity.

Collectively, our data suggest a model in which the
adaptor protein SHC-1/p52Shc is a modulator of life span
and stress response. SHC-1 depresses IIS by binding to
DAF-2, the C. elegans insulin/IGF receptor, and acti-
vates JNK signaling via MEK-1 interaction (Fig. 7). Both
pathways converge on the FOXO transcription factor
DAF-16, and shc-1-mediated effects on IIS and JNK sig-
naling eventually help to control both the nuclear trans-
location and activation of DAF-16. SHC-1 may, thus,
serve to coordinate cellular responses to changes in the
environment and help to prevent senescence. The iden-
tification of this endocrine function of shc-1 supports
and extends its proposed role in MAPK signaling by am-
plifying and coordinating stress responses.

Materials and methods
Strains

The strains used were as follows: wild-type N2 Bristol, NH3119
shc-1(0k198) (outcrossed four times), DR26 daf-16(m26),
BR3449 daf-16(m26) shc-1(ok198), DH26 fer-15(b26), BR3699
shc-1(0k198); fer-15(b26), BR4949 daf-16(mu86); fer-15(b26),
BR4948 daf-16(mu86) shc-1(0k198); fer-15(b26), BR4950 daf-
16(mgDf50); fer-15(b26), BR4951 daf-16(mgDf50) shc-1(ok198);
fer-15(b26), DR1572 daf-2(e1368), BR4633 shc-1(0k198); daf-
2(e1368), BR4631 fer-15(b26); daf-2(e1370), BR4693 shc-
1(0k198); fer-15(b26); daf-2(e1370), TJ1052 age-1(hx546),
BR3592 shc-1(0k198); age-1(hx546), TJ356 Is[daf-16::gfp],
BR3999 shc-1(0k198); Is[daf-16::gfp], DR2278 aap-1(m889),
BR3695 shc-1(ok198) aap-1(m889), VC8 jnk-1(gk7) (addition-
ally outcrossed four times to our N2), BR3740 shc-1(0k198);
jnk-1(gk7), KU2 jkk-1(km2), BR3761 shc-1(0k198); jkk-1(km2),
FK171 mek-1(ks54) (additionally outcrossed two times to our
N2), BR3929 shc-1(0k198); mek-1(ks54), IpIn1[jnk-1; pRF4] (Oh
et al. 2005), BR3530 shc-1(0k198); IpIn1, BR3876 Ex[jkk-1::gfp;
pRF4], BR3952 shc-1(0k198), Ex[jkk-1::gfp; pRF4], BR3421
Ex/[shc-1::gfp; pRF4], BR3423 Ex/[shc-1::gfp; pRF4], BR3446 shc-
1(0k198); Ex[shc-1::gfp; pRF4], BR3447 shc-1(ok198); Ex[shc-
1::gfp; pRF4], BR3925 Ex[humanp52shc::gfp; pRF4], BR3926
Ex[human p52shc::gfp; pRF4], BR3964 shc-1(0k198); Ex[hu-
man p52shc::gfp; pRF4], BR4221 shc-1(0k198); Ex[human
p52shc::gfp; pRF4], BR4248 Ex[mek-1::gfp], BR4318 shc-
1(0k198); Ex[mek-1::gfp], BR5090 Ex[mek-1::gfp; Pshc-
1::Flag::shc-1; Pmyo-2::dsRed], BR5091 Ex[mek-1::gfp; Pshc-
1::Flag::shc-1; Pmyo-2::dsRed], BR5094 Ex[Pmek-1::gfp;
Pshc-1::Flag::shc-1; Pmyo-2::dsRed].

Plasmids

We generated an shc-1::gfp translational fusion (pBY2361) by
inserting an Sphl/BamHI fragment containing the complete ge-
nomic shc-1 locus (predicted gene F54A5.3a) and 3-kb upstream
regulatory sequence of shc-1 into pPD95.75 (A. Fire, Carnegie
Institute of Washington, Baltimore, MD). To express human
p52She in C. elegans, 3-kb upstream regulatory sequences of
shc-1 were inserted at the Sphl/Nhel sites and fused to human
p52She ¢cDNA, which was inserted at the Nhel/Xbal sites of
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pPD95.75 (pBY2375). To generate mek-1::gfp (pBY2359), a 5.5-
kb fragment containing the complete genomic mek-1 locus and
4-kb upstream regulatory sequences were inserted at the Sphl/
Xmal sites of pPD95.75.

To express Flag-tagged shc-1 in C. elegans, shc-1 cDNA was
amplified and fused to the Flag epitope by PCR. The 3-kb promoter
region of shc-1 was inserted at the Sphl/Nhel sites and fused to
Flag-tagged shc-1, which was inserted at the Nhel/Xmal sites of
pPD95.75 (pBY2792). To create Pmek-1::gfp, the 4-kb promoter
region of mek-1 was cloned into GFP vector pPD95.75 (pBY2791).

For expression in cell culture, N-terminally Flag-tagged
SHC-1 (pBY2387) was constructed by amplifying shc-1 cDNA
and cloned into a modified pcDNAG6 vector (Benzing et al. 2001).
Flag-tagged truncations of SHC-1 containing the PTB domain
(corresponding to residues 1-167) or SH2 domain (residues 209—
316) were generated by subcloning the respective cDNA into
pcDNAG. To create N-terminally tagged MEK-1, C. elegans
MEK-1 ¢cDNA was cloned into pcDNA3.1/nV5-Dest (Invitro-
gen) using the GATEWAY cloning technology. A membrane-
bound fusion of the C-terminal cytoplasmic domain of DAF-2
(sIg.7.DAF-2) was generated using a derivate of pcDNAG6 con-
taining the leader sequence of CD5 followed by the CH2 and
CH3 domains of human IgG1 and the transmembrane region of
CD7 (Tsiokas et al. 1997). The cytoplasmic part of DAF-2 was
inserted directly C-terminal of the CD7 transmembrane region.
V5-tagged NPHP1 and Flag-tagged CD2AP controls were pro-
vided by G. Walz and slg7-tagged Celsr2 was provided by T.
Schifer (University Hospital, Freiburg, Germany).

Transgenic Strains

To generate animals expressing shc-1::gfp, plasmid pBY2361
was injected at 10 ng/pL into N2, along with rol-6 (pRF4, 90
ng/uL) as coinjection marker (Mello et al. 1991). Two indepen-
dent transgenic lines (BR3421, BR 3423) were analyzed for the
expression pattern of shc-1, crossed into NH3119 shc-1(0k198),
and used for life-span assays. For rescue experiments of shc-
1(0k198) with human p52Shc, plasmid pBY2375 was injected at
30 ng/uL together with 70 ng/uL pRF4 into N2. Two indepen-
dent transgenic lines (BR3925, BR3926) were then crossed into
NH3119 shc-1(0k198) and analyzed for life span. To generate a
jkk-1 overexpressing strain (BR3876), pMK104 (Kawasaki et al.
1999) was injected at 30 ng/pL together with 80 ng/pL pRF4. A
mek-1 overexpressing strain (BR4248) was generated by inject-
ing pBY2359 at 5 ng/uL together with 70 ng/uL pRF4. For co-
immunoprecipitation analysis from C. elegans, transgenic
strains expressing mek-1::gfp and Flag::shc-1 were created
(BR5090 and BR5091). Plasmid pBY2359 was injected at 5 ng/pL
together with pBY2792 (5 ng/uL) and myo-2::dsRed (20 ng/uL)
in N2. As control, a GFP-expressing and Flag::shc-1-expressing
strain (BR5094) was generated by injecting pBY2791 (5 ng/uL),
pBY2792 (5 ng/uL), and myo-2::dsRed (20 ng/pL).

Life-span analysis

Life-span assays were conducted in general as described in La-
kowski and Hekimi (1998). All assays were performed at 23°C,
unless otherwise noted. At this temperature, animals are not
subjected to the mild stress conditions observed at 25°C, but, in
addition, temperature-sensitive mutants already showed a
strong phenotype that would not be easily detectable at 20°C.
For RNAI life-span experiments, nematodes were placed on
NGM plates containing 1 mM isopropyl-g-D-thiogalacto-
pyranoside (IPTG) and seeded with HT115(DE3) bacteria trans-
formed with either the pL4440 vector or the test RNAi con-
struct. Synchronized worms were raised at 15°C to the L4 larval
stage, then transferred to fresh plates and shifted to 23°C.

SHC-1 in insulin and JNK signaling

The late L4 larval stage was counted as day 0. Fertile strains
were transferred every other day to fresh plates until progeny
production ceased. Animals were examined every day for touch-
provoked movement until death. Animals that crawled off the
plate, displayed extruded internal organs, or displayed an Egl
phenotype were censored. All life-span assays were repeated
at least three times. GraphPad Prism 4.0 software (GraphPad
Software Inc.) was used to calculate mean adult life span and to
perform statistical analysis. P-values were determined using a
log-rank test (Mantel-Cox).

Stress assays

Heat and oxidative stress assays were performed as described in
Hertweck et al. (2004). For heat stress assays (32°C), 40 young
adult worms per each time point and each strain were checked
for viability. Survival was scored by gently prodding each ani-
mal with a platinum wire. For oxidative stress assays, 100 mM
paraquat (N,N’-dimethyl-4-4’-bipyridinium dichloride) was
used. For each strain, 5 x 15 young adult worms were tested at
20°C and counted after 3 d for viability. For metal stress assays,
worms were grown on normal NGM plates before being tested
on CuSO,-enriched plates containing 40 pM CuSO, and seeded
with Escherichia coli OP50. Three worms were allowed to lay
eggs for 2 h, and the number of eggs was counted (a plate usually
contained ~20-30 eggs). Per each strain, five plates were ana-
lyzed. The number of adults was counted after 4 d of incubation
at 20°C. All stress assays were repeated at least three times.

Autofluorescence analysis

Adult worms were grown at 23°C on NGM plates. Endogenous
gut fluorescence was photographed using a Zeiss GFP filter set
(450-490 nm excitation, 500-550 nm emission). Images were
collected with a CCD camera using 12-bit digitalization and
identical exposure times and beam pass settings at the same
day. Autofluorescence was quantified using Axiovision 4.4 soft-
ware (Zeiss) (n =10 for each time point per strain). P-values
were calculated using the unpaired t-test. The autofluorescence
assay was repeated at least three times.

Analysis of aging phenotypes

Pharyngeal pumping assays were performed on NGM agar
plates with OP50. Pumping was assessed by observing the num-
ber of pharyngeal contractions during a 10-sec interval (n =10
animals at each time point).

To analyze body bends, adult hermaphrodites were trans-
ferred in M9 on a Petri dish and the number of body bends per
10 sec was counted (n =15 animals at each time point). All
assays were repeated three times.

DAF-16 nuclear localization assay

For DAF-16::GFP translocation studies, day 1 reproductive
adult worms were placed on NGM plates seeded with OP50 at
35°C. After 90-min heat shock, worms were immediately
mounted onto the slide with 5 mM sodium azide in M9 buffer.
We visualized the nuclear translocation of DAF-16:: GFP with a
Zeiss Axioplan2 microscope. We scored animals as having
nuclear-localized DAF-16::GFP if the majority of intestinal
cells displayed a distinct concentration of GFP in the nucleus.
Other cell types were not evaluated. The translocation assay
was repeated at least five times.

Cell culture, transfection, and immunoprecipitation

Coimmunoprecipitation experiments were performed as de-
scribed (Huber et al. 2003). Briefly, HEK 293T was cultured in
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DMEM supplemented with 10% fetal bovine serum and tran-
siently transfected by the calcium phosphate method. After in-
cubation for 24 h, cells were washed and lysed in a 1% Triton
X-100 lysis buffer. Following ultracentrifugation (100,000g, 30
min, 4°C), the supernatant was incubated for 2 h at 4°C with
appropriate antibody prebound to protein G-Sepharose beads
(Amersham Pharmacia Biotech). Bound proteins were resolved
by SDS-PAGE and analyzed by immunoblot. Antibodies were
obtained from Sigma (anti-Flag M2 mAb), Serotec (anti-V5
mADb), and GE healthcare (anti-human Ab).

Immunoprecipitation from whole-worm lysate

Transgenic worms expressing Flag::SHC-1, MEK-1::GFP, or
GFP as control were used for coimmunoprecipitation analysis.
Mixed-stage worms were resuspended in 100 mM Tris/HCI (pH
8.0), 200 mM NaCl, 1 mM EDTA, 8% glycerol, and protease
inhibitors, and homogenized in a stainless steel homogenizer.
After centrifugation to remove cellular debris, the supernatant
was subjected to an ultracentrifugation (100,000g) for 30 min,
followed by preclearing with protein A/G agarose beads. For
immunoprecipitation, extracts were incubated with polyclonal
anti-GFP antibody (Clontech) for 1 h followed by 1 h of incu-
bation with protein A/G agarose beads. Beads were washed with
IP buffer. Bound proteins were resolved by SDS-PAGE and ana-
lyzed by immunoblotting using anti-Flag antibody (Sigma) and
anti-GFP antibody (anti-GFP B-2 mAb; Santa Cruz Biotechnolo-
gies).
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