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Genetic and RNA interference (RNAi) screens for life span regulatory genes have revealed that the daf-2
insulin-like signaling pathway plays a major role in Caenorhabditis elegans longevity. This pathway
converges on the DAF-16 transcription factor and may regulate life span by controlling the expression of a
large number of genes, including free-radical detoxifying genes, stress resistance genes, and pathogen
resistance genes. We conducted a genome-wide RNAi screen to identify genes necessary for the extended life
span of daf-2 mutants and identified ~200 gene inactivations that shorten daf-2 life span. Some of these gene
inactivations dramatically shorten daf-2 mutant life span but less dramatically shorten daf-2; daf-16 mutant
or wild-type life span. Molecular and behavioral markers for normal aging and for extended life span in low
insulin/IGF1 (insulin-like growth factor 1) signaling were assayed to distinguish accelerated aging from general
sickness and to examine age-related phenotypes. Detailed demographic analysis, molecular markers of aging,
and insulin signaling mutant test strains were used to filter progeric gene inactivations for specific
acceleration of aging. Highly represented in the genes that mediate life span extension in the daf-2 mutant are
components of endocytotic trafficking of membrane proteins to lysosomes. These gene inactivations disrupt
the increased expression of the DAF-16 downstream gene superoxide dismutase sod-3 in a daf-2 mutant,
suggesting trafficking between the insulin-like receptor and DAF-16. The activities of these genes may

normally decline during aging.

[Keywords: Aging; endocytosis; insulin; daf-2; C. elegans; RNAIi]

Supplemental material is available at http://www.genesdev.org.

Received June 29, 2007; revised version accepted September 25, 2007.

The daf-2 signaling pathway is part of an endocrine sys-
tem that regulates longevity, metabolism, and develop-
ment in Caenorhabditis elegans and is homologous to
the mammalian insulin and insulin-like growth factor 1
(IGF1) signaling pathway (Finch and Ruvkun 2001). daf-2
encodes the worm homolog of the insulin/IGF-I receptor.
Signaling from DAF-2 is mediated through the AGE-1
phosphatidylinositol 3-kinase (PI3K), PDK-1, and AKT-1/2
kinases to antagonize DAF-16, orthologous to human
FOXO, a forkhead transcription factor. The function of
this pathway in mediating longevity and metabolism is
conserved in C. elegans, Drosophila, and mammals
(Finch and Ruvkun 2001; Garofalo 2002; Nakae et al.
2002; Bluher et al. 2003; Holzenberger et al. 2003).
Decreased DAF-2 signaling extends C. elegans’ life
span up to threefold and causes increased fat storage and
dauer arrest (Wadsworth and Riddle 1989; Kenyon et al.
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1993; Kimura et al. 1997). The daf-2 insulin/IGF1 path-
way also regulates the expression of free-radical detoxi-
fying enzymes, consistent with free-radical theories of
aging and the involvement of mitochondria and reactive
oxygen species (ROS) in aging (Larsen 1993; Vanfleteren
and De Vreese 1995; Honda and Honda 1999). These phe-
notypes are suppressed by daf-16 loss-of-function muta-
tions, suggesting that daf-16 is negatively regulated by
the daf-2 pathway and is the major downstream media-
tor of genes that extend life span (Lin et al. 1997; Ogg et
al. 1997). The DNA-binding site of DAF-16 is present in
many C. elegans genes (Furuyama et al. 2000), but only a
few have been shown to be daf-2 responsive and fewer
still have been shown to mediate the increase in longev-
ity induced by low daf-2 signaling (Lee et al. 2003). Gene
microarray analysis of daf-2 mutants have revealed thou-
sands of transcripts that change in low daf-2 signaling
but does not detect directly regulated genes (McElwee et
al. 2003; Murphy et al. 2003; Golden and Melov 2004).
daf-2 signaling from both the nervous system and intes-
tine regulates life span (Apfeld and Kenyon 1998;
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Wolkow et al. 2000; Libina et al. 2003). While DAF-16
and more indirect transcriptional cascades are likely to
mediate the process, the molecular mechanism of life
span regulation remains unknown. Using RNA inter-
ference (RNAI) to screen for defects in daf-2 pathway-
mediated longevity enhancement, we sought to identify
the comprehensive genetic network necessary for long
life span induction in a daf-2 insulin/IGF1 signaling-
deficient mutant.

Results

daf-2 mutant animals were screened for increased mor-
tality using an RNAI library containing 15,718 C. ele-
gans genes to inactivate each of these genes. Escherichia
coli strains expressing double-stranded RNAs (dsRNAs)
derived from each of these C. elegans genes were fed to
daf-2(e1370) mutant animals, allowing systematic inac-
tivation of C. elegans genes by feeding dsRNA. Popula-
tions of daf-2 mutant animals synchronized at the first
larval stage (L1) were placed on each E. coli strain ex-
pressing one particular dsRNA, and survival was mea-
sured prior to the normal time when daf-2 mutant popu-
lations start to die exponentially due to advancing age.
daf-2 animals treated with E. coli expressing control
dsRNA live up to 40 d at 25°C. daf-2 animals exposed to
daf-16 dsRNA die before the 23rd day of adulthood. Feed-
ing the dsRNA from the L1 stage allowed time for RNAi
to become effective by the adult stage, when daf-2 activ-
ity is essential to extend life span (Dillin et al. 2002). Of
the 15,718 gene inactivations tested, 1058 caused obvi-
ous developmental defects, confounding the study of
shorter-than-normal life span (e.g., larval lethality, rup-
tured, blistered, and excessively small animals), as mor-
tality may be due to sickness and not premature aging
(data not shown). These genes may function in life span
regulation but are more difficult to interpret and are not
further characterized here. Of the remaining 14,660 gene
inactivations without developmental pleiotropies, 500
decrease the life span of daf-2(¢1370) mutant animals
(3.4% of genes screened). The gene inactivations were
primarily classified based on the magnitude of the de-
crease in daf-2 life span: One-hundred-twenty-seven
gene inactivations produced >80% mortality at the time
of scoring, compared with almost no mortality in the
daf-2 control at that time.

The 500 positive RNAi clones from the primary screen
were re-examined in a more detailed longitudinal life
span analysis that recorded the survival curves of repli-
cate populations of animals. For each gene inactivation,
a cohort of age-synchronized daf-2 animals was divided
into subpopulations. At each time point, the survival
proportion within a different subpopulation of ~25 ani-
mals was recorded in two or more independent experi-
ments. Thus, the mortality measured in one subpopula-
tion at an early point in life does not influence mortality
in the second subpopulation scored at a later date. Addi-
tionally, scoring independent subpopulations normalizes
the relative number of animals examined at each point
in time and avoids the variability found late in the life of
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single populations as the number of surviving animals
approaches zero. Since the mortality observed in the sub-
populations occur independently, a more accurate mea-
sure of the mortality rate can be measured. Of the 500
positives, 159 gene inactivations caused a significantly
shorter life span than control daf-2 animals, and this
decrease in longevity was reproducible in multiple inde-
pendent populations. The other 341 clones failed to sig-
nificantly shorten the life span of daf-2 mutant animals
in the longitudinal analysis or displayed developmental
defects. Importantly, of those clones that failed to retest,
only 10 were considered as “strong” positives in the pri-
mary screen, strengthening the confidence of life span
observations made in the primary screen (Supplementary
Table S1).

A key classification of the longevity genes was
whether the gene inactivations shortened life span spe-
cifically in long-lived daf-2 mutant animals or affected
life span in other genetic backgrounds as well. To test
whether a particular gene inactivation is specific to the
daf-2 pathway, we classified gene inactivations based on
whether they shortened the life span of daf-2;daf-16
double-mutant animals, which decouple the insulin/IGF1
pathway. We also examined the impact of each gene in-
activation on wild-type life span (Fig. 1A; summarized in
Tables 1-3; Supplementary Table S2). Forty-one gene in-
activations functioned specifically within the daf-2
pathway to shorten life span, not decreasing the life span
of daf-2;daf-16 animals (Fig. 1D, black circles; Table 1;
Supplementary Fig. S1; Supplementary Table S2). Six
gene inactivations shortened life span in both daf-2 and
daf-2; daf-16 strains; these genes regulate life span inde-
pendently of insulin/IGF1 signaling (Fig. 1D, gray circles;
Table 2; Supplementary Fig. S1; Supplementary Table
S2). Fifty-seven gene inactivations (corresponding to 55
RNAI clones) more dramatically shortened the life span
of daf-2 animals compared with daf-2;daf-16, but still
shortened the life span of daf-2;daf-16 animals, suggest-
ing that they function in a parallel/converging pathway
to insulin/IGF1 signaling (Fig. 1D, white circles; Table 3;
Supplementary Fig. S1; Supplementary Table S2). To il-
lustrate this, RNAi against either C14A4.9, mep-1
(M04B2.1), or F43D2..1 in daf-2(e1370) each shortens life
span ~35%-40% (median life span of 22.4, 23.2, and 24.2
d; Fig. 1B, white squares, triangles, and diamonds, re-
spectively), but these dsRNAs differentially shorten the
life span of daf-2;daf-16 mutant animals (Fig. 1C,D, red
circles).

Many of these potential progeric genes also shortened
wild-type life span. Twenty gene inactivations, such as
the ubiquitin-like protein F52C6.2, shortened daf-2 life
span to a much greater extent than either daf-2; daf-16 or
N2 life span, and 27 gene inactivations caused little de-
crease (0%-20% decreased life span) of the relative life
span of wild-type animals as well as daf-2; daf-16 double-
mutant animals. Ten gene inactivations shortened both
wild-type and daf-2; daf-16 life spans, but shortened the
relative life span of daf-2 mutants to a greater extent.
Like daf-16 RNAi, 19 clones shortened wild-type life
span (>20% decreased life span) without decreasing daf-
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Figure 1. Genetic specificity as a classifica- A B c
tion tool for RNAI clones shortening the life 0
span of daf-2 mutant animals. (A) Loss of daf- 08
16 shortens N2 life span. Using wild type asa ¢
reference strain to define daf-2 pathway speci- < 0.6
ficity would classify daf-16 as outside the daf-2 £
pathway. Thus, wild-type animals cannot be §0.4 |
used to categorize whether a particular gene %
. . . . . 0.2
inactivation functions in the daf-2 pathway.
(+) N2 (wild type); control RNAi; (X) daf- 0.0 >
2(e1370);daf-16 RNAi; (@) daf-2(e1370);daf- =
0 5 15 20 0 10 20 30 40 0 5 10 15

16(mgDf47); control RNAi; (*) N2;daf-16
RNAI. (B) Three RNAI clones all shorten the
life span of daf-2(e1370) animals to a similar ex-
tent. (O) daf-2(e1370); control RNAi; (O) daf-
2(e1370);C14A4.9 RNAi; (A) daf-2(e1370);mep-1
RNA; (0) daf-2(e1370);F43D2.1 RNAI. (C) How- 108
ever, these same RNAIi clones cause distinct
changes in the life span of daf-2(e1370);daf-
16(mgDf47) animals. A typical daf-2 pathway-
specific gene inactivation shortens the life span
of daf-2(e1370) animals but not daf-2(e1370);daf-
16(mgDf47) double-mutant animals; e.g., daf-
2(e1370);daf-16(mgDf47);C14A4.9 RNAi (W). A
typical gene inactivation functioning in a paral-
lel/converging pathway to daf-2 significantly
shortens the life span of daf-2(e1370);daf-
16({mgDf47) animals, but to a lesser degree than
in daf-2(e1370) animals; e.g., daf-2(e1370);daf-
16(mgDf47);mep-1 RNAi (A). A gene inactiva-
tion functioning completely independently from
the daf-2 pathway shortens daf-2(e1370) and daf-
2(e1370);daf-16(mgDf47) life span to the same
degree; e.g., daf-2(e1370);daf-16(mgDf47);F43D2..1
RNAI (®). (X) daf-2(e1370);daf-16 RNAj; (@) daf- ;
2(e1370);daf-16({mgDf47);,control RNAi. (D) Sum- 00
mary for each gene inactivation, comparing the

induced life span on daf-2(e1370) (X-axis)

e
©

Relative lifespan, daf-2(e1370); daf-16(mgDf47)
=] =}
EN o

o
i

Age (days adulthood)

0.4 0.6 0.8 1.0
Relative lifespan, daf2(e1370)

versus daf-2(e1370);daf-16(mgDf47) (Y-axis). For each RNAI clone, the life span is relative to control RNAI in each strain. Pathway
specificity: (@) Strictly daf-2; (O) parallel/converging on daf-2; (@) independent of daf-2. RNAI clones in B and C are marked in red.
Gray regions delineate the classes of pathway specificity. (Gray arrow) daf-16 RNAi; (black arrow) empty vector control RNAI.

2; daf-16 life span (0%—-20%). Overall, gene inactivations
tended to shorten the relative life span of daf-2 mutant
animals more than wild type, even though many gene
inactivations shorten both wild-type and daf-2 life span
(summarized in Supplementary Table S2; Supplemen-
tary Figs. S2, S3).

Gene inactivations decreasing daf-2 life span more
than wild-type or daf-2;daf-16 life span are likely to be
genes regulated by insulin/IGF1 signaling to in turn pro-
tect organisms from the ravages of aging. Those gene
inactivations that decrease the life span of both daf-2 and
wild-type animals could still constitute the components
of life span regulation that are active in both normal and
extended longevity life spans. It is probably significant
that no gene inactivation affected wild-type or daf-2;daf-
16 life spans more than daf-2 life span, showing that
insulin/IGF1 regulation of life span cannot supersede
other axes of longevity.

A persistent issue for any genetic change that leads to
premature aging, or progeria, is whether it is not simply
a general sickness that in turn causes early demise. Any

2978 GENES & DEVELOPMENT

screen to study aging by shortening life span must have
a means to distinguish aging from sickness. We therefore
assessed these progeric gene inactivations for whether
they show molecular and demographic evidence of faster
aging.

Degenerative changes occur in C. elegans that are cor-
relative with eventual mortality. Specifically, as C. ele-
gans age a transition from fast body movement to re-
duced motor activity occurs followed by a second
transition where pharyngeal pumping ceases (Huang et
al. 2004). Thus, a decrease in movement rate is one mea-
sure of aging. Adding water to a well and measuring
thrashing rate, both daf-2(e1370) and wild-type synchro-
nized subpopulations were simultaneously measured for
life span and for a transition from activity to lethargy
(defined here as less than one full movement back and
forth per second). For instance, at the 26th day of adult-
hood, on average ~90% of daf-2(e1370) animals are alive
(Fig. 2A, black circles) but ~40% actively thrash in water
(Fig. 2A, white circles). Animals undergo an exponential
decrease in movement as a function of age that can be
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Table 1. Forty-one RNAi clones functioning within the daf-2 pathway to shorten life span

Sequence name Life Activity Age

or locus span?® Relative life span®  ratio®  xIMR¢ xG*® pigment! Sod-38 Description

Vector control 354-41.1 1.00 1.00 1.00 0.69 1.0 1.00 Negative No effect n/a

R13H8.1, daf-16 12.7-14.2 0.32 0.99 0.55 0.69 0.0-3.3 2.83-7.91 Strong Strong Forkhead
transcription factor

Y76A2A.2, cua-1 11.9 029 097 0.88 0.68 31.1 1.97 Moderate Mod/weak ATP7A/MNK in late
endosomes
~ATP7B (Wilson
disease)

F28D1.9 11.8 0.32 095 0.52 0.52 0.7 3.75 Strong Mod/weak Fatty acid transporter,
FAT4, insulin
resistance

Y61A9LA.5 13.6 035 094 0.61 0.64 17.5 1.89 Weak Weak Pseudogene?

BE10.2 15.9 0.40 099 0.69 0.58 n/a n/a Strong Weak/n.e. Sterol C5 desaturase

T07D3.7, alg-2 19.8 0.50 1.01 0.76 0.71 1.3 1.92 Moderate No effect PAZ and PIWI
domain
post-transcriptional
gene silencing

F39H11.2, tlf-1 20.1 0.51 1.00 0.77 0.85 11.5 1.30 Negative Weak/n.e. TATA-binding
protein (TBP)-like
transcription factor

F52C6.2 21.8 0.54 1.07 0.81 n.d. 18.6 0.94 Strong No effect  Ubiquitin and
ubiquitin-like
proteins

F41E6.4, smk-1 22.5 0.56 096 0.79 0.60 5.8 1.31 Weak Moderate  daf-16 transcriptional
specificity

F40F12.7 21.2 0.57 1.0l nd. n.d. 45.4 1.25 Moderate Weak Similarity to
CBP/P300

MO1ES5.5, top-1 23.5 0.58 1.08 0.81 0.58 4.7 1.29 Weak No effect DNA topoisomerase I

C25H3.6 n/a 0.58 1.11 n.d. n.d. n.d. n.d. Negative Weak Unknown

C14A4.9 23.0 0.59 097 0.86 0.64 3.8 1.37 Weak No effect  Unknown

F30A10.6 22.3 0.60 096 0.75 0.62 0.2 2.10 Weak No effect  Inositol
polyphosphate-5-
phosphatases, Saclp

M57.2 23.3 0.60 093 0.80 0.68 5.3 1.28 Strong Weak Vesicular transport;
geranylgeranyl
transferase

F20B6.8, hpk-1 23.1 0.60 094 0.63 0.65 3.2 1.42 Strong Weak/n.e. Protein kinase, stress
response, cellular
senescence

C05D11.2, vps-16 24.2 0.62 094 0.79 0.69 4.2 1.27 Strong No effect  HOPS complex;
vesicular docking
and fusion

ZXK270.1, ptr-23 24.0 0.63 1.00 0.87 0.71 7.9 1.13 Strong No effect  Patched protein,
~NPCI,
intracellular
cholesterol
transport

TO01C8.1, aak-2 27.7 0.63 097 0.46 0.75 1.6 1.32 Weak No effect ~ AMP-activated
protein kinases,
known aging gene

C29F9.2 25.3 0.64 1.05 0.88 0.72 2.0 1.37 Negative Strong Unknown

RO9B3.5, mag-1 25.3 0.65 095 0.85 0.76 0.7 1.59 Negative Moderate  Magoh component,
nuclear
export/nonsense
mRNA decay

C29F9.1 25.3 0.65 1.06 1.05 0.74 3.4 1.25 Negative Strong Unknown

Y17G7B.5, mcm-2 26.5 0.67 1.03 0.86 0.50 14.6 0.87 Moderate No effect  Initiation of DNA
replication

R144.4, wip-1 26.0 0.67 125 094 0.82 0.3 1.69 Negative weak Wiskott-Aldrich

syndrome (WASP),
activates Arp2/3
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Table 1. (continued)

Sequence name Life Activity Age

or locus span®  Relative life span® ratio® xIMRY  xG¢  pigment! Sod-3% Description

Y42G9A 4 260 067 103 0.86 0.74 9.2 1.00 Moderate No effect  Mevalonate kinase,
isoprenoid/
cholesterol
biosynthesis

C29E6.1, let-653 26.1 0.68 095 0.87 0.67 3.4 131 Strong No effect  Secreted glycosylated
mucin, protects cell
surfaces

B0303.9 275 0.70 098 0.85 0.52 0.0 2.06 Strong No effect  HOPS complex;
vesicular docking
and fusion

F41H10.7, elo-5 278 071 095 091 0.62 2.3 120 Negative No effect  Polyunsaturated fatty
acid (PUFA)
elongase

FA5E1.6, his-71 27.7 071 1.02 0.81 0.68 2.9 1.16 Moderate No effect  H3 histone

D2085.5 283 072 105 097 0.43 2.0 120 Weak Weak/n.e. Aminotransferase,
class V

C31H2.1 259 0.72 1.00 1.00 0.60 0.0 2.49 Negative No effect  Probable Rab-GAPs

B0464.7 25,5 072 099 nd n.d. 2758 0.83 Negative No effect  Binds DNA
nonspecifically,
chromosome
segregation

D1069.3 292  0.73 1.03 095 0.72 0.6 148 Negative No effect B-catenin-Tcf/Lef
signaling pathway

F44B9.3, cit-1.2 27.8 0.73 1.01 1.07 0.73 25.2  0.70 Strong No effect  cdk-9, regulates
heat-shock protein
expression

WOGE11.4 284 076 097 nd. n.d. 1.7 126 Negative No effect = RNA metabolism,
Shwachman-Bodian-
Diamond syndrome

R12B2.6 30.3 0.76 1.08 0.78 0.67 9.2 0.77 n.d. No effect Unknown

K11D12.9 280 0.78 1.01 n.d n.d. n/a n/a  Negative  Weak Zinc-finger

Y119C1B.S, tag-332 28,6 080 1.04 n.d. n.d. 7.6 1.07 Strong n.d. Transcription
initiation factor
TFIID

Y54G2A.31 28.6 0.81 099 n.d. n.d. 34.4 093 Negative Weak ubc-13,
Ubiquitin-protein
ligase

C38C3.5 28.0 0.81 1.07 nd. n.d. 344 095 Negative Weak/n.e. Actin depolymerizing
factor/cofilin

F20H11.3, mdh-1 32.8 0.84 099 0.90 0.75 2.0 1.13 Negative No effect  Mitochondrial malate
dehydrogenase,
TCA cycle

RNAI clones that shorten the relative life span of daf-2(e1370), but not daf-2(e1370);daf-16(mgDf47). (n/a) Not applicable; (n.d.) not
determined; (n.e.) no effect; (mod) moderate.

2The day (of adulthood) at which 50% of daf-2(¢1370) animals at 25°C are dead, from Gompertz fit to survival data.

PRelative life span (gene inactivation to control) in daf-2(e1370), daf-2(e1370);daf-16(mgDf47), or wild-type (N2) animals, respectively.
¢Active span/life span, daf-2(e1370) animals: proportion of life active irrespective of absolute life span. Ratios <50% are classified as
sick (italics).

dRelative IMR, daf-2(e1370) animals (IMR after gene inactivation/IMR of vector control), from Gompertz fit to survival data.
“Relative rate of aging, daf-2(e1370) animals (G of gene inactivation/G of vector control), from Gompertz fit. Bold indicates large
increase (>50%).

fPremature accumulation of age pigment in daf-2(e1370) animals; from most severe to least: strong, moderate, weak, and negative.
sSuppression of sod-3::GFP in daf-2(e1370) animals. RNAi clones between categories (strong, moderate, weak, and no effect) are
indicated as both.

observed by comparing movement data with life span lated: The aging coefficients (rate of aging determined
plotted as the log(proportion dead or inactive) over time from demographic analysis, discussed below) for daf-
(Fig. 2B, cf. white and black circles and cf. white and 2(e1370) animals on control and daf-16 RNAi (0.18 = 0.02
black squares, respectively). This analysis revealed that and 0.56 = 0.05, respectively) differ by a factor of 3, yet
the rates of mortality and movement decline are corre- the ratios of these coefficients (movement/mortality) are
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Table 2. Six RNAIi clones functioning independent of the daf-2 pathway to shorten life span and others

Sequence name Life Relative Activity Age

or locus span? life span® ratio°  xIMRY xG° pigment! Sod-3% Description

Vector control 354-41.1 1.00 1.00 1.00 0.69 1.0 1.00 Negative No effect n/a

Y6DI11A.2, arx-4 13.5 0.39 049 n.d n.d. 834.1 1.46 Negative Strong Actin-related protein
Arp2/3 complex,
subunit ARPC2

MO5B5.2 20.7 0.54 0.56 0.55 0.75 1145 0.57 Weak Weak Unknown

F43D2.1 24.7 0.64 0.65 0.80 0.63 0.9 1.58 Moderate No effect Cyclin K, binds cdk-9:
protects genome from
mutations

Y39G10AL.3 29.5 0.82 0.81 n.d. n.d. 11.3  0.99 Negative No effect cdk-7, cyclin-dependent
kinase, component of
TFIIH

F25D7.3, blmp-1 34.0 0.83 0.80 n.d. n.d. 04 133 Negative No effect  Transcription factor

C35C5.1, sdc-2 33.0 0.83 0.78 n.d. n.d. 0.1 1.63 Moderate Mod/weak Dosage compensation

Other

Y59A8B.2 13.8 041 nd nd n.d. 658.0 1.48 Moderate Str/mod Ubiquitin C-terminal
hydrolase

T14G10.1 25.7 0.75 nd. nd. n.d. 9088.2 0.42 Negative No effect  ATP sulfurylase/

adenosine 5’-P-sulfate
kinase

RNAI clones that shorten the relative life span of daf-2(e1370) and daf-2(e1370);daf-16(mgDf47) to a similar extent. (n/a) Not appli-
cable; (n.d.) not determined; (n.e.) no effect; (str) strong; (mod) moderate.

2The day (of adulthood) at which 50% of daf-2(¢1370) animals at 25°C are dead, from Gompertz fit to survival data.

PRelative life span (gene inactivation to control) in daf-2(e1370), daf-2(e1370);daf-16(mgDf47), or wild-type (N2) animals, respectively.
°Active span/life span, daf-2(e1370) animals: proportion of life active irrespective of absolute life span. Ratios <50% are classified as
sick (italics).

dRelative IMR, daf-2(e1370) animals (IMR after gene inactivation/IMR of vector control), from Gompertz fit to survival data.
“Relative rate of aging, daf-2(e1370) animals (G of gene inactivation/G of vector control), from Gompertz fit. Bold indicates large
increase (>50%).

fPremature accumulation of age pigment in daf-2(e1370) animals; from most severe to least: strong, moderate, weak, and negative.
gSuppression of sod-3::GFP in daf-2(e1370) animals. RNAi clones between categories (strong, moderate, weak, and no effect) are

indicated as both.

similar (1.47 + 0.19 and 1.66 =+ 0.16, respectively). Thus,
decline in motor activity positively correlates with ag-
ing, and implies that testing whether changes in activity
occur in short-lived animals is a means to distinguish
accelerated aging from sickness.

The transition from active to lethargic movement was
measured longitudinally and compared with mortality
to examine whether a particular gene inactivation al-
tered the active span and activity fraction, the absolute
number of days animals are active, and the fraction of
life span in which animals were active, respectively (Fig.
2C; summarized in Tables 1-3; Supplementary Fig. S4;
summarized in Supplementary Table S3). Control daf-
2(e1370) animals have a median active span of 24.3 = 0.9
(SD) days and median life span of 35.4 + 0.6 (SD) days, or
an activity fraction of 63.5%-74.5% (95% confidence in-
terval or CI); daf-2(e1370) animals on daf-16 RNAi have
a nearly identical activity fraction (63.0%-74.5%, 95%
CI) despite a dramatically different active span (7.4 + 0.3
SD) and life span (10.7 = 0.2 SD). Based on these results,
we classified any gene inactivations reducing the active
portion of life span to less than ~50% of control as sick,
with the caveat that these gene inactivations may accel-
erate an early aspect of aging without drastically affect-
ing late life mortality. Nine clones met this criteria and,

of these, all but two had an initial mortality rate (IMR)
increase by 14- to 389-fold relative to vector, and five had
strong increases in the rate of aging (discussed below).
Given that gene inactivations had already been filtered
based on progeny production (see below), developmental
pleiotropies, and, to some extent, age pigment produc-
tion, it was not surprising that only a few gene inactiva-
tions shortened the activity ratio without an increased
IMR. This suggests that gene inactivations that shorten
life span can have varying impact on the mortality rate
doubling time (MRDT), IMR, and the activity fraction.
Furthermore, gene inactivations that shorten life span
and cause lethargy throughout life promote sickness and
rarely increase the rate of aging.

Many organisms, including C. elegans, have an expo-
nential increase in the force of mortality with chrono-
logical age that can be approximated by the Gompertz
model (for review, see Pletcher et al. 2000). Character-
ization of the mortality phenotype for each gene inacti-
vation distinguishes whether life span is shortened due
to an increased IMR or a decrease in the MRDT. Changes
in the IMR indicate an increased risk of death through-
out life or, more simply, a reduction in the period of time
prior to the onset of aging. In the case of MRDT, a de-
crease implies an increase in the rate of aging. We cal-
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Table 3. Fifty-five RNAi clones functioning parallel to and converging with the daf-2 pathway to shorten life span

Sequence name Life Activity Age

or locus span? Relative life span®  ratio® xIMRY xG°® pigment! Sod-38 Description

Vector control 354-41.1 1.00 1.00 1.00 0.69 1.0 1.00 Negative No effect n/a

T23F2.1, tag-249 7.5 0.19 0.55 0.42 n.d. 322.2 1.55 Strong Moderate  Glycosyltransferase

F33H2.8 8.9 0.23 0.82 0.64 0.50 69.9 2.25 Strong Moderate  Unknown

Y80D3A.5, cyp-42A1 8.7 0.23 0.63 041 n.d. 284.5 1.30 Strong Strong Cytochrome P450

C03D6.3, cel-1 8.7 0.24 0.85 041 0.74 5.6 4.03 Strong Strong mRNA capping enzyme

Y53C10A.12, hsf-1 10.2 0.26 0.55 n.d. n.d. 0.3 5.27 Strong Strong Heat-shock transcription
factor

H04MO03.4, glf-1 9.5 026 0.67 0.51 0.13 32.8 2.12 Strong Moderate ~ UDP-galactopyranose
mutase

T19B10.2 10.4 0.28 0.70 0.66 0.22 389.3 0.75 Strong Moderate  Unknown

W04G3.2 10.6 0.28 0.71 0.84 n.d. 45.5 2.05 Strong Strong Unknown

CO06A5.1 11.3 0.29 0.76 0.61 0.80 1.8 3.51 Strong Strong Unknown

YG65B4A.3 12.8 029 0.65 nd. n.d. 0.0 7.08 Negative Strong ESCRT-3 subunit,
endosomal vesicular
trafficking

C26B9.3 11.7 0.32 0.83 0.88 0.30 148.1 1.17 Moderate Moderate Putative lipid transfer
protein

C33H5.18 12.1 0.33 0.86 0.46 0.85 322.1 0.68 Moderate Weak/n.e. CDP-diglyceride
synthetase, P-I lipid
signaling

F19B6.2, ufd-1 12.6 0.33 0.58 0.36 0.57 4.3 2.69 Strong Strong Ubiquitin fusion
degradation protein

Y39C12A.2 12.6 035 0.56 nd. n.d. 2534.5 1.32 Strong Strong Pseudogene?

Y66H1B.4, spl-1 14.6 0.37 0.83 0.78 0.41 3.0 2.42 Strong Strong Sphingosine phosphate
lyase

F28B12.3, vrk-1 17.2 046 0.88 0.64 0.80 15.5 1.48 Moderate Weak/n.e. Protein kinase,
sphingolipid-mediated
signaling: endocytosis

F30A10.10 18.8 047 082 nd. n.d. 2.2 1.98 Strong No effect  Ubiquitin C-terminal
hydrolase

WO03C9.3, rab-7 20.1 0.52 0.82 0.68 0.58 0.0 2.78 Negative Moderate Rab GTPases, vesicular
trafficking

CD4.4 20.8 0.53 0.77 0.66 0.59 0.3 2.86 Negative Strong ESCRT-I subunit,
endosomal vesicular
trafficking

C40H5.6 20.1 0.54 0.85 0.7 0.71 10.3 1.33 Strong Mod/weak Pseudogene?

F55B12.4 24.4 0.56 0.86 048 0.53 0.0 2.81 Strong Moderate  tRNA
nucleotidyltransferase/
poly(A) polymerase

C10G11.5, pnk-1 22.3 0.58 0.82 n.d. n.d. 0.0 2.92 Negative Weak Pantothenate kinase, fat
storage

T27F7.1 20.8 0.58 0.73 0.66 0.68 0.4 2.19 Negative Strong ESCRT-3 subunit,
endosomal vesicular
trafficking

ZC250.3 22.2 0.59 0.75 0.71 0.54 42.8 0.79 Weak No effect  Predicted UDP-galactose
transporter

CIl1HL1.3 23.2 0.59 0.86 0.90 0.66 7.2 1.20 Moderate No effect Predicted E3 ubiquitin
ligase

C41G7.1, smn-1 23.3 0.60 0.87 0.74 0.73 2.1 150 Weak No effect mRNA splicing protein,
mutation: spinal
muscular atrophy

Y77E11A.7 23.2 0.60 0.87 0.76 0.80 0.7 2.18 Negative No effect Unknown

Y56A3A.1, ntl-3 21.6 0.60 0.89 nd. n.d. 2.1 1.60 Negative No effect NOT3/NOTS5 protein
complex

DY3.2, Imn-1 24.1 0.61 0.88 0.88 0.65 8.4 1.12 Moderate Weak Nuclear lamin

F40G9.11, mxI-2 24.8 0.61 0.73 0.93 0.80 2.4 137 Strong No effect  txn lipo genes,
Williams-Beuren
syndrome/silent
diabetes

MO04B2.1, mep-1 23.7 0.61 0.86 0.92 0.67 1.8 1.74 Negative No effect Post-transcriptional gene

regulation
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Table 3. (continued)

Sequence name Life Activity Age
or locus span®  Relative life span® ratio°  xIMRY xG° pigment! Sod-3% Description
T01G9.4, nnp-2 239 0.62 0.78 0.89 0.71 5.1 1.24 Moderate Moderate  Nucleoporin
F20H11.2, nsh-1 243 0.62 0.78 0.73 0.73 1.4 152 Negative No effect  Notch signaling pathway
homolog
T27C4.4, egr-1 241 0.62 0.76 0.76 0.59 454 0.69 Strong Strong Nucleosome remodelling/
histone deacetylation
CO1F1.1 242 0.63 086 0.72 0.79 n/a n/a  Weak Str/mod RAP74 (transcription
initiation factor IIF)
C07A9.2 244 0.63 085 0.74 0.64 5.5 1.20 Strong No effect  GI10 protein/predicted
nuclear transcription
regulator
ZC518.3, ccr-4 242 0.63 086 0.77 0.59 0.1 272 Weak No effect ~ Alcohol dehydrogenase Txnal
effector CCR4
K12D12.2/3, 254 0.64 089 0.86 0.78 1.6 140 Negative No effect  Nucleoporin and collagen
npp-3/col-84
Y57G11C.13 23.7 0.65 091 nd. n.d. 57.3 1.08 Moderate No effect  GTP-binding
ADP-ribosylation
factor-like protein
F37C4.4 25,6  0.66 089 098 0.64 2.2 133 Moderate Weak/n.e. Unknown
Y57G11C.10, 22.3 0.66 093 n.d. n.d. n/a n/a Negative No effect  Rab GDP dissociation
gdi-1 inhibitor (GDI) family
Y57A10A.19 23.6 0.66 0.80 n.d. n.d. 626.8 0.80 Strong Weak Splicing coactivator
SRm160/300, subunit
SRm300
C27F2.5 26.1 0.67 091 0.57 0.73 0.9 1.48 Strong Moderate  SNFS8, Vps22p subunit of the
ESCRT-II complex
Y47G6A.18 26.8 0.72 0.88 093 0.70 0.4 2.06 Negative No effect  Golgi phosphoprotein 3,
vacuolar protein sorting
B0395.2 27.3 0.72 0.88 0.84 n.d. 127.3 0.32 Strong No effect  Sterol O-acyltransferase/
Diacylglycerol
O-acyltransferase
ZK593.7, Ism-7 289 0.73 091 0.76 0.79 n/a n/a Weak Weak Small nuclear ribonucleo-
protein splicing factor
F17C11.8, 28.2 0.73 091 0.73 0.62 0.5 1.46 Weak Mod/weak ESCRT-II subunit, endosomal
tag-318 vesicular trafficking
T22B11.2 30.6 0.74 095 090 0.76 0.9 1.50 Moderate No effect  Galactosyltransferases
H27M09.1 29.0 0.75 090 n.d. n.d. 2353.1 0.50 Negative No effect  DEAD-box protein
Y65B4BR 4, 288 0.76 095 091 0.65 0.0 1.94 Moderate No effect  Ubiquitin-protein ligase:
wwp-1 heat-shock
element/endocytosis
F32A5.7, Ism-4 29.6  0.76 0.88 0.78 0.62 0.5 1.75 Negative Mod/weak snRibonucleoprotein, histone
JE32A5.1, acetyltransferase
ada-2 SAGA/ADA2
MO3F4.7 30.7 0.77 0.85 n.d n.d. 0.1 1.82 Negative No effect  Calumenin
T10F2.3, ulp-1 296 0.78 0.88 0.68 0.64 0.6 1.35 Strong Weak/n.e.  Ubiquitin-like protease,
nucleoporins
Y55F3AM.3 28,5 0.79 091 nd n.d. 1.9 120 Negative No effect  Transcriptional coactivator
CAPER
C06G1.4, ain-1 30.6 080 090 n.d n.d. 1.2 1.22 Negative Weak Interacts with miRISCs, may

target ALG-1 to P bodies

RNAI clones that significantly shorten the relative life span of daf-2(e1370);daf-16(mgDf47), but to a lesser extent than daf-2(e1370).
(n/a) Not applicable; (n.d.) not determined; (n.e.) no effect; (str) strong; (mod) moderate.

2The day (adulthood) at which 50% of daf-2(e1370) animals at 25°C are dead, from Gompertz fit to survival data.

PRelative life span (gene inactivation to control) in daf-2(e1370), daf-2(e1370);daf-16(mgDf47), or wild-type (N2) animals, respectively.
¢Active span/life span, daf-2(e1370) animals: proportion of life active irrespective of absolute life span. Ratios <50% are classified as
sick (italics).

dRelative IMR, daf-2(e1370) animals (IMR after gene inactivation/IMR of vector control), from Gompertz fit to survival data.
“Relative rate of aging, daf-2(e1370) animals (G of gene inactivation/G of vector control), from Gompertz fit. Bold indicates large
increase (>50%).

fPremature accumulation of age pigment in daf-2(e1370) animals; from most severe to least: strong, moderate, weak, and negative.
sSuppression of sod-3::GFP in daf-2(e1370) animals. RNAi clones between categories (strong, moderate, weak, and no effect) are
indicated as both.
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Proportion Alive or Active

Figure 2. A shortened relative life span with-
out changing the proportion of an animal’s life
spent active distinguishes gene inactivations

that accelerate aging. (A) High proportions of o 5 10
inactivity (white symbols) precede high pro-
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portions of mortality (black symbols). Shown
are daf-2(e1370) animals treated with dsRNA to
an empty vector control (circles) or to daf-16
(squares). Error bars are population-weighted
standard deviations. Both Gompertz (solid
gray line) and logit (dotted gray line) fits are
shown. (B) Data and fits replotted with log-
(proportion) scale indicates that the rate of
transition from active to lethargic movement
and the mortality rate are positively corre-
lated. (C) Clones with proportion active sig-
nificantly <1. A vertical line indicates an arbi-
trary cutoff (lower 10% by clone rank) to iden-
tify sick clones (gray circles); e.g., those with
proportion active <0.52. All other clones
(black circles) are, by this definition, healthy.
While clones are widely distributed by relative
life span, they are clustered vertically near the
empty vector control clone (black arrow) and
daf-16 RNAi clone (gray arrow) in terms of
proportion of life spent active. Error bars indi-
cate mean = SD. Clones with unquantified un-
certainty in life span or activity ratio, derived

Relative Lifespan, daf-2(e1370)

| | |

/ c

as the quotient of mean active span to mean
life span, are also shown (squares).

culated IMR, MRDT, and median age of death from a
Gompertz model best fit to the survival data {Fig. 3A
[proportion alive], B [log(proportion dead)]} for each gene
inactivation that shortened the life span of daf-2(¢1370)
animals (summarized in Tables 1-3; Supplementary
Table S4). Consistent with previous findings in C. el-
egans and flies (Johnson 1990; Gems and Riddle 2000;
Tu et al. 2002), daf-2(e1370) controls (Fig. 3A,B, black
squares) have a longer MRDT (3.25 d at 25°C) than wild-
type animals (1.11 d at 25°C) (Fig. 3A,B, white circles)
and a slightly lower IMR, implying that the rate of aging
in daf-2(e1370) animals is lower than in wild-type C.
elegans. In contrast, wild-type animals have a smaller
MRDT (0.75 d at 25°C) when daf-16 is inactivated (Fig.
3A,B, gray circles), consistent with prior findings that
daf-16 mutant animals are slightly progeric (summarized
in Supplementary Table S5). Thus, an independent sam-
pling of population mortality for each data point allows
demographic analysis for each gene inactivation that
shortens life span to determine whether there is an in-
crease in the probability of dying (increased IMR) and/or
an increase in the rate of aging (decreased MRDT) that,
in conjunction with the other aforementioned assays,
distinguishes sickness from accelerated aging.
Seventy-seven gene inactivations that shorten daf-2
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mutant life span produced a significant increase in the
rate of daf-2 aging (Fig. 3C, black circles; summarized in
Tables 1-3; Supplementary Fig. S5; summarized in
Supplementary Table S4). Twelve had an IMR >30-fold
higher than control, implying a pleiotropic phenotype.
Including daf-16, 32 gene inactivations increased the
rate of aging by >50% relative to daf-2(e1370) animals.
Nine of these 32 gene inactivations function exclusively
in the daf-2 pathway, while 20 function in a parallel/
converging pathway. As the rate of aging increases, the
steepness of the slope (related to the Gompertz aging
coefficient, G) increases to a point where the frequency
at which animals are scored for viability becomes limit-
ing, which explains the variation in the rate of aging seen
with daf-16 RNAI (in four data sets: fold G of 2.8, 3.7, 4.1,
and 7.9) (Fig. 3C, gray arrows). Nevertheless, 11 gene inac-
tivations produced an increased rate of aging on a par with
the loss of daf-16: Y65B4A.3, hsf-1, cel-1, F28D1.9,
CO06A5.1, pnk-1, CD4.4, F55B12.4, rab-7, ccr-4, and ufd-1.

Aging C. elegans show intestinal autofluorescence
partially as a result of lysosomal deposits of the pigment
lipofuscin. Aging tissues accumulate this pigment in
secondary lysosomes due to the oxidative degradation
and autophagocytosis of cellular components (Klass
1977; Russell and Seppa 1987; Brunk and Terman 2002).
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Figure 3. Decreased insulin signaling ex-
tends life span and decreases the rate of aging.
In contrast, loss of daf-16 and many of the
progeric gene inactivations described here
shortens life span and increases the rate of ag-
ing. (A) Pooled mortality proportions for wild

type (N2); empty vector control RNAi (O), N2;
daf-16 RNAI (@), and daf-2(e1370);vector con-

25 30 35 40

trol RNAi (M). Error bars are population-
weighted standard deviations. Both Gompertz
(dark-gray line) and logit (light-gray line) fits
are shown. (B) Data and fits replotted with log-
(proportion) scale. (C) Eighty-one gene inacti-
vations had MRDT ratios significantly >1
(black circles), implying faster aging than
empty vector control (black arrow). An addi-
tional 14 gene inactivations cause slower rates
of aging (gray circles), implying that they were
short-lived due to a higher probability of dying
throughout life unrelated to aging (increased
IMR). For four gene inactivations the rate of
aging showed no significant difference (white
circles) relative to empty vector control. Error
bars indicate mean + SD. Histograms show
relative count of clones within each bin.
Three data sets of daf-16 RNAI (gray arrows)
were significant; these clones showed signifi-
cant variation in MRDT ratio. The increasing
variation reflects an increasing steepness in
slope (i.e., a very high rate of aging) that is
difficult to accurately measure, given that life

1 A Wl B
0.8
° o
2 g -
< 06 “ g1
=3 oo
9 1 | <]
b= =
=]
£ { £
o
* 402
0.2
|8
0 0-@
107
0 5 10 15 20 25 30 35 40 0 5 10 15 20
Age (days adulthood) Age (days adulthood)
T T T T T T T
Cc
1.0f 16—
0.8
g
1)
=
L
Q
8 0.6
e
[
Q
@
2
3
o
=
B 0.4f
©
o
0.2
O_O uhe .- Il Il = 1
0 1 2 7

3 4 5 6
Relative Rate of Aging, daF2(e1370)

daf-2 mutant animals show delayed onset of lipofuscin
accumulation (Garigan et al. 2002), and loss of daf-16
causes earlier accumulation of lipofuscin in daf-2 ani-
mals (Gerstbrein et al. 2005). We tested whether gene
inactivations that shortened life span also led to a pre-
mature accumulation of age pigment. Out of 39 strictly
daf-2 pathway-specific clones, 17 gene inactivations
caused strong or moderate acceleration in age pigment
accumulation (Table 1). Similarly, of 66 gene inactiva-
tions that shorten both daf-2 and daf-2;daf-16 life span,
32 gene inactivations produced a strong/moderate pre-
mature accumulation of age pigment (Table 2). These
data suggest that both classes of genes are truly progeric.
To test whether premature accumulation of age pigment
occurs in developmentally sick animals, we tested 11
gene inactivations that were scored as “pleotropic” due
to developmental defects, yet were healthy enough to
produce adult animals that could be assayed for age pig-
ment accumulation. Out of the 11 pleiotropic gene in-
activations, only one scored as strong or moderate pre-
mature accumulation of age pigment; gene inactivations
that shorten life span via sickness do not score as pro-
geric by this test. To test whether our genes that shorten
life span were enriched for premature age pigment accu-
mulation over what is expected by random, we compared

span is being scored every other day in daf-
2(e1370).

these results to a pilot RNAI screen covering chromo-
some 4 for accelerated accumulation of age pigment in
daf-2(1370), which revealed 79 positives out of 1392 gene
inactivations tested (data not shown). Thus, gene inacti-
vations functioning exclusively in the daf-2 pathway or
in a parallel pathway converging with the daf-2 pathway
were significantly enriched for an increase in the rate at
which age pigment accumulates (P = 5E-23 and 2E-49,
respectively).

Premature age pigment accumulation correlates with
short life span, lethargy, and increased rate of aging. A
large reduction of daf-2 median life span (<19 d) occurred
with 25 gene inactivations, of which 22 also accelerated
the accumulation of age pigment (88%). In contrast, of
79 gene inactivations causing a more modest decrease in
median life span (>19 d), only 39% also caused a prema-
ture accumulation of age pigment. Additionally, of the
nine gene inactivations that make animals “sick” by re-
ducing the activity ratio (to <50%), eight had accelerated
accumulation of age pigment. Of note, life span and ac-
tivity ratio are not significantly correlated (P = 0.128) for
large life span reductions (<50%). Thus lethargy also cor-
relates with accumulation of age pigment, irrespective of
the absolute reduction in life span, and implies that as-
sessing premature age pigment accumulation alone is
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insufficient to distinguish sickness from accelerated ag-
ing. However, of 22 gene inactivations producing a two-
fold or greater increase in the rate of aging, 12 also pre-
maturely accumulate age pigment. Interestingly, seven
of those without premature age pigment accumulation
are implicated in vesicular trafficking or protein sorting,
which could directly inhibit the accumulation of age pig-
ment and consequently be functionally equivalent to age
pigment accumulation (discussed in more detail below).
Thus, 80% (12 out of 15) of the gene inactivations with
the greatest increase in the rate of aging also prematurely
accumulate age pigment, and 86% of gene inactivations
with greater than a twofold increase in the rate of aging
(xG) also have a premature breakdown in vesicular traf-
ficking to lysosomes or protein sorting (defined either by
the accumulation of age pigment or by gene annotation).
Collectively, these results demonstrate a correlation be-
tween age pigment accumulation and a shortened life
span, lethargy, and an increased rate of aging. Whether
age pigment accumulation causes aging or is just a symp-
tom is a question that remains unresolved. However, our
results suggest a common mechanism by which age pig-
ment accumulation may cause aging. Our results show
that disrupting endosomal protein sorting or blocking
vesicular trafficking to the lysosome through RNAi in-
creases the rate of aging. One consequence of blocking
lysosomal trafficking is the improper recycling of mem-
brane proteins (e.g., Papini et al. 1997; Vitelli et al. 1997).
As age pigment accumulates in lysosomes, lysosomal
function decreases (for reviews, see Terman and Brunk
2006; Terman et al. 2006). Collectively, this suggests
that in normal aging the accumulation of age pigment
ultimately leads to the breakdown of vesicular traffick-
ing and autophagy, which in turn would result in im-
proper recycling of membrane components—both of
which cause accelerated aging.

The potential progeric gene inactivations were also
screened for pleiotropies such as decreased fertility.
Those gene inactivations that strongly affect brood size
could either be generally unhealthy or, as in the case of
daf-2 mutant animals, longevity may be coregulated
with reproduction. In contrast, while daf-16(0) animals
are progeric, with a shortened life span, increased stress
sensitivity, and accelerated accumulation of age pig-
ment, these animals have normal brood sizes. Thus, one
way to separate gene inactivations that shorten life
span is on the basis of whether they do so without dras-
tically impairing production of progeny. Out of 185 posi-
tives, 55 dramatically decreased fecundity (<50% of a
normal brood) ([summarized in Supplementary Table S1).
Filtering out small brood size producers eliminated ftt-2
(F52D10.3), a 14-3-3 protein previously shown to be in-
volved in aging (Berdichevsky et al. 2006; Wang et al.
2006; Li et al. 2007). Additionally, accessing levels of age
pigment in 47 of the clones producing decreased fecun-
dity revealed 23% with premature age pigment accumu-
lation, a significant enrichment (P = 8E-07) (data not
shown). Thus, while filtering genes with reduced prog-
eny eliminates some genes that may regulate aging, the
remaining gene inactivations are less likely to have en-
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ergetic issues or a subtle developmental defect and thus
are more likely to regulate life span rather than just
cause general unhealthiness.

To address whether the progeric gene inactivations
regulate aging via daf-16, we looked for changes in the
levels of a bona fide transcriptional target of DAF-16,
sod-3 (Honda and Honda 1999). Decreased daf-2 signal-
ing causes dephosphorylation and subsequent nuclear lo-
calization of DAF-16 (Lee et al. 2001). sod-3 contains two
DAF-16 DNA-binding sites, and decreased insulin/IGF1
signaling results in the daf-16-dependent up-regulation
of sod-3, which is easily visible in a sod-3:: GFP reporter.
sod-3 is a manganese superoxide dismutase that func-
tions to protect cells from oxidative stress and whose
function may promote normal life span, albeit loss of
sod-3 has not been shown to shorten daf-2 longevity.
Each gene inactivation was tested in daf-2 mutant ani-
mals coexpressing a sod-3::GFP reporter by following
animals from early adulthood. Gene inactivations were
classified on the basis of both the magnitude and time of
sod-3:: GFP expression (early vs. late life span) to identify
genes required for decreased insulin/IGF1 signaling to
maintain the induction of sod-3 (summarized in Tables
1-3). Thirty-four gene inactivations suppressed the daf-
2-dependent induction of sod-3 expression in nonneuro-
nal cells. Gene inactivations that suppressed sod-3:: GFP
expression included expected genes, such as hsf-1. Sur-
prisingly, only six strictly daf-2 pathway-specific gene
inactivations also suppressed sod-3 expression: C29F9.1,
C29F9.2, smk-1, mag-1, F28D1.9, and cua-1. Only loss of
sdc-2 or arx-4 suppresses sod-3 expression and geneti-
cally functions independently of the daf-2 pathway to
shorten life span. The remaining 26 gene inactivations
suppress sod-3 expression and function genetically in
parallel to the daf-2 pathway to affect longevity, suggest-
ing that their impact on daf-2 life span converges up-
stream of daf-16. SMK-1 is known to regulate DAF-16
transcriptional specificity and functions downstream
from daf-16 nuclear localization (Wolff et al. 2006). Mul-
tiple genes involved in vesicular trafficking to lysosomes
were required for sod-3 induction (discussed below).
MAG-1 is the homolog of the mago nashi protein, which
mediates mRNA splicing, nuclear export, and nonsense-
mediated mRNA decay (Li et al. 2000), suggesting a link
between mRNA fidelity and aging. Consistent with this
possibility, even though the function of C29F9.1 and
C29F0.2 in C. elegans is unknown, the former shares
similarity with a Saccharomyces cerevisiae myosin-like
nuclear envelope protein that functions in the nuclear
retention of unspliced mRNAs and the latter shares
similarity with a cytoplasmic nucleoporin required for
polyadenylated RNA export. cel-1, an mRNA capping
enzyme, and the nucleoporin npp-2 also suppress sod-3
expression when inactivated, further implying a possible
link between aging and mRNA fidelity or somatic main-
tenance.

Many of the progeric genes identified in our screen are
annotated to mediate vesicle sorting. Inactivation of
these genes alters the morphology of GFP translational
fusions to vesicular markers expressed in the intestine:



RAB-5::GFP labels early endosomes, RAB-7::GFP labels
early and late endosomes, RAB-10:: GFP labels endosomes
and parts of the Golgi, and GES-1::GFP labels the per-
oxisome. Each strain on control RNAi had punctuated
GFP expression. In all cases, no change in the Golgi or
peroxisome was observed (summarized in Supplemen-
tary Table S6). Not surprisingly, rab-7 RNAi suppressed
the expression of RAB-7::GFP but did not change the
expression of other markers. In contrast, inactivation of
gdi-1 suppressed the expression of all three Rabs, and
inactivation of M57.2, the enzyme that anchors Rab pro-
teins to vesicles, caused diffuse GFP accumulation of all
three Rabs, suggesting in both cases that all vesicular
trafficking is disrupted. Both gene inactivations of the
HOPs complex (B0303.9 and vps-16) caused luminal ac-
cumulation of late endosomes (RAB-7::GFP) but not
other Rabs, confirming a disruption of late endosomes
(summarized in Supplementary Fig. S6). Two proteins
known to be sorted through the endosome also change
their localization. VIT-2::GFP labels yolk protein
(Supplementary Fig. S7), which is normally sorted into
oocytes (Grant and Hirsh 1999), and a signal sequence
GFP (ssGFP) (Supplementary Fig. S8), which is expressed
in body wall muscles, secreted into the pseudocoelom,
and finally endocytosed and degraded by coelomocyte
scavenger cells (Supplementary Fig. S8A,B; Fares and
Greenwald 2001). Five gene inactivations caused improper
sorting of vitellogenin: gdi-1, cua-1, M57.2, C31H2.1, and
F30A10.6 (Supplementary Fig. S7C-I; Supplementary
Table S6), and most endocytosis-annotated gene inactiva-
tions suppressed coelomocyte vesicular fluorescence
(Supplementary Table S6). Inactivation of vrk-1 was the
only instance where an endocytosis-annotated gene did
not alter any of the molecular markers for endocytosis.
VRK-1 has weak similarity to the S. cerevisiae PKH2
(E-12), a serine/threonine protein kinase involved in a
sphingolipid-mediated signaling pathway that controls
endocytosis, consistent with the possibility that vrk-1
affects aging independent of vesicular trafficking. Inacti-
vating daf-16 does not change VIT-2:: GFP or ssGFP lo-
calization or levels.

Discussion

Of the progeric gene inactivations identified in our
screen, most enriched are genes annotated to mediate
vesicle sorting. For example, compared with loss of daf-
16, inactivation of Y65B4A.3 caused the greatest accel-
eration of daf-2 aging. Y65B4A.3 is homologous to hu-
man charged multivesicular body protein 6 and the my-
ristolyated subunit of yeast ESCRT-III, the endosomal
sorting complex required for transport of transmembrane
proteins into the multivesicular body pathway to the
lysosomal/vacuolar lumen (Babst et al. 2002), implying
that inactivation of Y65B4A.3 inhibits normal vesicular
trafficking to vacuoles/lysosomes. Sixteen other endocy-
tosis/vesicular trafficking-related genes also shortened
daf-2 life span and increased the rate of aging when in-
activated, and nine of those strongly increased the rate of
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aging without increasing IMR: C31H2.1, T27F7.1, gdi-1,
B0303.9, zab-7, CD4.4, Y47GGA.18, F30A10.6, and wwp-1.

A significant fraction of the genes that shorten daf-2
life span are annotated to mediate endocytotic traffick-
ing to the lysosome (Fig. 4B-R, black circles). Ubiquiti-
nated membrane proteins such as activated growth fac-
tor receptors or misfolded proteins are sorted through
several vesicles, which involve multiple protein com-
plexes prior to their ultimate degradation in the lyso-
some. Prior to degradation, plasma membrane proteins
are ubiquitinylated by an E3 ubiquitin ligase. wwp-1 is
the ortholog to Su(dx)/Itch, Nedd4 E3 ubiquitin ligases,
which is required for LIN-12 degradation (Shaye and
Greenwald 2005) and whose inactivation increased the
rate of aging of daf-2 mutant animals. During vesicular
trafficking from the plasma membrane to the lysosome,
proteins are shuttled through early to late endosomes,
where three ESCRT protein complexes function step-
wise to sort ubiquinated membrane proteins into multi-
vesicular bodies (MVB) for degradation. Significantly,
five genes encoding subunits in the ESCRT complexes
are required for daf-2 extension of life span and increased
the rate of aging upon inactivation—CD4.4 (ESCRT-I),
C27F2.5 (ESCRT-II), tag-318 (ESCRT-II), T27F7.1 (ESCRT-
III), and Y65B4A.3 (ESCRT-III) (for review, see Slagsvold
et al. 2006)—suggesting the ESCRT complexes are a ma-
jor node whose disruption promotes accelerated aging.
B0303.9 and vps-16 encode subunits of the HOPS com-
plex, which mediates docking and fusing of MVBs with
lysosomes. At each step, membrane vesicles are trans-
ported to the next compartment through various small
GTPase Rab proteins. MVB trafficking from the late en-
dosome to the lysosome is specifically guided by RAB-7,
inactivation of which increases the rate of aging of daf-2
mutant animals. Two other proteins found in late endo-
somes, PTR-23 and CUA-1, also accelerate the aging of
daf-2 mutant animals when inactivated—albeit the lat-
ter is slightly pleiotropic, with an IMR increased ~30-
fold. ptr-23 encodes a patched protein with high similar-
ity to NPCI1 (Niemann-Pick disease), and cua-1 encodes
the ortholog of ATP7A/MNK with high similarity to
ATP7B (Wilson disease). Three genes known to play a
role in Rab function were necessary for daf-2 extended
life span: M57.2, C31H2.1, and gdi-1. M57.2 is a geranyl-
geranyl transferase whose enzymatic action anchors Rab
proteins. After vesicular transport from the donor to ac-
ceptor compartment, Rab proteins are recycled: First,
Rab is inactivated and readied for recycling by a GTPase-
activating protein (GAP), such as the probable Rab-GAP
C31H2.1. Subsequently, a guanine nucleotide dissocia-
tion inhibitor (GDI), gdi-1, transports the inactive Rab
from the acceptor membrane to the donor membrane.
Y47G6A.18 is orthologous to the Golgi phosphoprotein
3. The Golgi complex sorts and modifies proteins ex-
ported from the endoplasmic reticulum. This protein is a
peripheral membrane protein of the Golgi stack and may
have a regulatory role in Golgi trafficking. F30A10.6 is
orthologous to SACI, a lipid phosphoinositide phospha-
tase of the ER and Golgi that is involved in protein traf-
ficking and secretion (Whitters et al. 1993; Hughes et al.
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Figure 4. Vesicular trafficking to the lysosome
and protein sorting is required for decreased in-
sulin/IGF1 signaling to extend life span. daf-
2(e1370) (circles), pdk-1(sa680) (triangles), or daf-
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dsRNA to empty vector control (white sym-
bols, A-R) or to daf-16 (A), CD4.4 (B), C27F2.5
(C), F17C11.8 (D), Y65B4A.3 (E), T27F7.1 (F),
rab-7 (G), M57.2 (H), C31H2.1 (), gdi-1 (], vps-
16 (K), B0303.9 (L), wwp-1 (M), vrk-1 (N), ptr-23
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(0), cua-1 (P), Y47G6A.18 (Q), and F30A10.6
(R) (black symbols). (S) Relative life span (to
empty vector control) of daf-2(e1370) (X-axis)
versus pdk-1(sa680) (Y-axis) for each endocyto-
sis gene inactivation. Empty vector control is
indicated by a black arrow, daf-16 RNAI is in-
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dicated by a gray circle and gray arrow. (T)
Relative life span (to empty vector control) of
daf-2(e1370) (X-axis) versus daf-2(e1370);daf-
16(mgDf47) (Y-axis) for each endocytosis gene
inactivation. Empty vector control is indicated
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by a black arrow, daf-16 RNAI is indicated by 0 10 20
a gray circle and gray arrow.

2000; Schorr et al. 2001). Collectively, these results re-
veal a central role in vesicular trafficking to lysosomes
and protein turnover in aging.

Examining the daf-2 pathway specificity by comparing
the relative degree of life span shortening in daf-2 (Fig.
4A-R, black circles) to daf-2;daf-16 double-mutant ani-
mals (Fig. 4A-R, black squares) revealed that genes func-
tioning in vesicular trafficking to lysosomes were spe-
cific to the daf-2 pathway, while the rest function in
parallel to converge on the daf-2 pathway (Fig. 4T). The
strict daf-2 pathway-specific members were vps-16,
B0303.9, ptr-23, cua-1, F30A10.6, M57.2, and C32H2.1.
Importantly, all of the remaining genes involved in en-
docytotic trafficking still shorten daf-2 life span to a
greater degree than in daf-2; daf-16 and (with the excep-
tion of vrk-1) have no increase in IMR, implying function
in a parallel pathway. In summary, this evidence dem-
onstrates that aging-related genes involved in trafficking
to lysosomes can be strictly placed in the daf-2 path-
way when genes functioning closer to the lysosome are
inactivated.

The shortened life span of these gene inactivations
suggests that proper endocytosis is required for the ex-
tension of life span induced by decreased insulin/IGF1
signaling. One model for the role of endocytosis in aging
is recycling of damaged cellular components. But the age
pigment accumulation varies between these gene inac-
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tivations: Inactivation of some endocytosis genes causes
accelerated accumulation of age pigment, whereas other
inactivations caused less pigment accumulation. Thus,
the accumulation of aging pigments during aging is a
marker of the endocytotic decline, but some sorting de-
fects also lead to less pigment accumulation. These data
point to the endocytosis defects as key in aging, not age
pigment accumulation per se.

Many of the genes involved in vesicular trafficking to
lysosomes that are necessary for decreased insulin/IGF1
signaling to extend C. elegans life span were also re-
quired for induction of sod-3. Specifically, all five sub-
units in the ESCRT complexes—CD4.4 (I), C27F2.5 (II),
F17C11.8 (IT), Y65B4A.3 (III), and T27F7.1 (IlI}—were re-
quired for elevation of sod-3 levels (Fig. 5C-G). Interest-
ingly, the Rab effectors required for a daf-2 mutation to
extend life span failed to affect sod-3 (Fig. 5I-K,R), as did
other putative endocytosis genes (Fig. 5L-P,R). However,
inactivation of M57.2, C31H2.1, or gdi-1 is not equiva-
lent to inactivation of rab-7. Disruption of the former
results in a loss of specificity in “all” vesicular traffick-
ing, while inactivating the latter specifically disrupts ve-
sicular trafficking to lysosomes. In this regard, loss of
rab-7 is functionally most equivalent to disruption of the
normal function of the ESCRT complex: In either case,
membrane proteins targeted for lysosomal degradation
would fail to be degraded. There are two general models
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Figure 5. Disruption of normal vesicular traf-
ficking to the lysosome blocks sod-3 induction
in daf-2 mutant animals. A representative daf-
2(e1370);s0d-3:: GFP day 7 (adulthood) animal on
RNAI to vector (A), daf-16 (B), CD4.4 (C), C27F2.5
(D), F17C11.8 (E), Y65B4A.3 (F), T27F7.1 (G),
rab-7 (H), M57.2 (I), C31H2.1 (), gdi-1 (K), vps-16
(L), B0303.9 (M), wwp-1 (NJ, vtk-1 (O), ptr-23 (P),
and cua-1(Q). (R) Quantification of average GFP
body fluorescence between the nerve ring and
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for why defective endocytosis may shorten the life span
of a daf-2 mutant. First, during aberrant vesicle sorting,
signaling in the insulin/IGF1 pathway may no longer
depend on engagement of the insulin/IGF1 receptor it-
self; for example, the PDK-1 or AKT-1/2 kinases may be
released from their normal dependence on PIP3 signals.
sod-3:: GFP expression is suppressed in many instances,
suggesting that signaling downstream from the insulin/
IGF1 receptor is activated in these animals. However,
nearly all of the progeric endocytosis gene inactivations
accelerate aging in pdk-1 mutant strains (Fig. 4B-R,
black triangles; summarized in Fig. 4S), suggesting that it
is not the missorting of PDK-1 signaling complexes that
causes the progeria in a daf-2 mutant. These data favor a
model of increased fidelity of essential endocytotic path-
ways extending longevity under conditions of low insu-
lin/IGF1 signaling.

Alternatively, vesicle sorting may be required for the
downstream processes triggered by low insulin/IGF1 sig-
naling; for example, autophagy of cellular components
under low nutrient conditions. The autophagy genes

gdi-1

Vps-16

vulva. (Light gray) Pooled animals scored be-
tween day 2 and 5 of adulthood; (dark gray)
pooled animals scored between days 5 and 11.

B0303.9
wwp-1
vrk-1

bec-1, atg-7, and atg-12 are required for the extension of
life span by daf-2(e1370) (Melendez et al. 2003; Hars et
al. 2007). However, bec-1 scored as developmentally
pleiotropic in our primary screen, and neither M7.5
(atg-7) nor B0336.8 (atg-12) were identified in our screen.
Of the other genes implicated in autophagy, T22H9.2,
Y60A3A.1 (unc-51), C32D5.9 (Igg-1), ZK593.6 (Igg-2), and
R07G3.3 were tested and only F41E6.13 (atgr-18) slightly
shortened daf-2 life span.

Several of the progeric genes identified in our screen
have been identified in previous screens. hsf-1 is a major
progeria gene found in our screen that converges with
the daf-2 pathway. Inactivation of hsf-1 accelerates aging
(Hsu et al. 2003; Morley and Morimoto 2004) to a similar
extent as loss of daf-16. Loss of heat-shock factor (hsf-1),
the primary transcription factor regulating stress-induc-
ible gene expression and protein folding homeostasis, in-
creased the rate of daf-2 aging more than fivefold, with a
severe shortening of daf-2 life span (mean life span, 10.2
d). In addition to hsf-1 and pnk-1, we found two known
aging genes that increased the rate of aging and were
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daf-2 pathway specific when inactivated: smk-1 (F41E6.3)
and aak-2. SMK-1 is a component of insulin/IGF1 sig-
naling that acts downstream from DAF-16 to regulate
transcriptional specificity (Wolff et al. 2006). aak-2 en-
codes the AMPK « subunit and functions as a “fuel sensor”
in the control of energy metabolism (Curtis et al. 2006).

While very few human progeriod syndromes have been
assigned molecular causes, a mutation that disrupts a
normal splice in human lamin A/C to induce inappro-
priate farnesylation causes Hutchison Gilford Syndrome,
a devastating progeriod disease (Eriksson et al. 2003).
Our screen also implicates nuclear lamin in aging. A
C. elegans homolog of nuclear lamin, Imn-1 (DY3.2),
emerged as a progeric gene inactivation that affects the
life span of a daf-2 mutant more than wild type or a
daf-2; daf-16 double mutant (Table 1). Imn-1 is approxi-
mately equally distant from human lamin B or human
lamin A/C (probability of about E-51) and one of three
C. elegans lamin genes that are equivalently homolo-
gous to a human lamin A/C query. None of the other
paralogs of Imn-1 scored highly in our progeria screen.
LMN-1 forms a nuclear ring in C. elegans that decays as
animals age and decays more slowly in daf-2 mutant
animals, and inactivation of Imn-1 in wild type shortens
life span, all consistent with our observations (Haith-
cock et al. 2005).

Fat synthesis pathways also emerged as a daf-2 path-
way-specific longevity axis. F28D1.9 is a very-long-chain
acyl-CoA synthetase/fatty acid transporter and the only
gene exclusively functioning within the daf-2 pathway
with a mean life span and rate of aging similar to loss of
daf-16. This suggests that metabolism of very-long-chain
fatty acids is essential for the long life span of daf-2.
Those metabolites could constitute hormonal signals to
nuclear hormone receptors such as daf-12 ligands (Fisher
and Lithgow 2006; Broue et al. 2007; Gerisch et al. 2007),
or germline aging signals (Berman and Kenyon 2006), or
a switch in metabolic pathway usage that in turn confers
longevity. Consistent with a role for fatty acid metabo-
lism in control of life span, RNAi of pnk-1 dramatically
shortened daf-2 mutant adult life span (mean life span,
22.3 d) and increased the rate of aging almost threefold
(2.88). pnk-1 (C10G11.5) is one of two C. elegans panto-
thenate kinases, the rate-limiting enzymes in coenzyme
A synthesis, and is up-regulated in daf-2(m) animals to
regulate fat storage (Lee et al. 2003). pnk-1 previously has
been reported to mediate daf-2 mutant increased life
span and is likely to be a direct DAF-16 target gene (Lee
et al. 2003).

Several genes annotated to act in transcription or
translation also increased the rate of daf-2 aging
when inactivated. The C. elegans homolog of RAP74 is
CO1F1.1, the largest subunit of the transcription factor
IIF (TFIIF), which is essential for accurate initiation of
transcription and stimulates elongation by RNA poly-
merase II (Gaiser et al. 2000). Similarly, inactivation of
either Y119C1B.8/tag-332 (subunit BDF1 of the TFIID
complex) or Y56A3A.1/ntl-3 (ortholog of NOT3/5, a glo-
bal transcriptional regulator with roles in transcription
initiation and elongation and in mRNA degradation) ac-
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celerated aging. Additionally, inactivation of F55B12.4, a
tRNA nucleotidyltransferase/poly(A) polymerase, also
reduced the MRDT of daf-2(e1370) animals. Surpris-
ingly, the relative IMR was similar to control animals, so
that the median life span of animals after inactivating
any of these genes was between 22 and 30 d—signifi-
cantly shorter than the daf-2 life span of 36.9 d, suggest-
ing that disrupting these processes accelerates aging
rather than making animals sick.

Given that many microRNAs (miRNAs)| are regulated
late in adult life span, it may be significant that genes
annotated to act in miRNA and small interfering RNA
(siRNA) pathways are essential for long life span in both
daf-2 and wild-type animals (Boehm and Slack 2005;
Ibanez-Ventoso et al. 2006). This suggests that these
small RNAs are important in the aging process. Compar-
ing the 104 genes identified in this screen against three
other RNAIi screens—enhancement of the mg279 weak
allele of Iet-7 to identify factors required for miRNA ac-
tivity, and two independent screens to identify genes re-
quired for siRNA—showed a significant overlap with our
screen (D. Parry, S. Kennedy, R. Kamath, H. Gabel, and
J. Kim, pers. comm.). These annotations appeared at two
to three times the frequency expected by chance.

Previous studies have focused on identifying gene in-
activations that extend life span. Our screen used de-
tailed demography, molecular markers, and a set of in-
sulin/IGF1 signaling tester strains to filter progeric gene
inactivations for specific acceleration of aging. Many of
the genes identified in this study are necessary for the
long life span of C. elegans insulin/IGF1 signaling-defi-
cient mutants, and because they are conserved may act
in homologous pathways in other animals. Sixty-three
percent of the genes have orthologs in other organisms
(BIOMART) (data not shown). The activities of these
genes may also be regulated—for example, by insulin/
IGF1 signaling—either transcriptionally by DAF-16 (and
in other animals by the orthologous FOXO factors) or via
phosphorylation of these protein; for example, by the
PDK and AKT kinases, which are also highly conserved.
Of the 104 genes identified, 4% have DAF-16-binding
sites conserved to Caenorhabditis briggsae, suggesting
that they constitute direct DAF-16 targets. These genes
need not act proximally to DAF-16; our functional ge-
nomic screen identified indirect targets of insulin/IGF1
signaling as well as other aging pathways. For those
genes that mediate long life span in parallel to the insu-
lin/IGF1 signaling pathway, many (71%) are also con-
served and may be regulated by converging or other path-
ways. The activities of both the insulin/IGF1 pathway
genes and the parallel pathway genes may decline during
aging so that the gene inactivations induced in this study
could cause progeria by accelerating a normally time-
regulated program.

Materials and methods
Strains

The following C. elegans strains were used in these studies: wild-
type N2 Bristol, daf-2(e1370), daf-2(e1370); daf-16(mgDf47), daf-



2(e1370); muls84 (sod-3::GEP), pdk-1(sa680), unc-119(ed3);pwls72
[vha6p::GFP::rab-5 + unc-119(+)], unc-119(ed3);pwls170 [vha6p::
GFP::rab-7 + Cb unc-119(+)], unc-119(ed3);pwlIs206 [vha6p::
GFP::rab-10 + Cb unc-119(+)], unc-119(ed3);pwlIs503 [vhabép::
mans:: GFP, Cb unc-119(+)|, mgls43 [ges-1p:: GFP), arls37 [pmyo-
3::88GFEP], and sqt-1(sc103);bIs1 [vit-2:: GFP + rol-6(su1006)).

RNAIi life span screen

The large-scale RNAi screen was carried out as described (Fraser
et al. 2000) with slight modifications. Each RNAi colony was
grown overnight in Luria broth with 50 ng mL~! ampicillin and
then seeded onto 24-well RNAi agar plates containing 5 mM
isopropylthiogalactoside to induce dsRNA expression overnight
at room temperature. About 25 synchronized daf-2(e1370) L1s
were added to each well and allowed to develop to L4 at 15°C,
then 5-fluorodeoxyuridine (FUDR) solution was added to the
RNAI plates and the plates were moved to 25°C (day = 0). Sur-
vival was measured ~22 and 25 d later, both by flooding the
wells with water and gentle prodding with a platinum wire;
animals that failed to move under either treatment were scored
as dead. All of the RNAI clones identified in our screen were
verified by DNA sequencing and subsequent BLAST analysis to
confirm their identity. In eight instances out of hundreds iden-
tified correctly, the sequence result failed to match the expected
gene identity and these RNAi clones were removed from further
analysis. All annotations of RNAi clones/gene inactivations
were according to WormBase.

Life span assay

Instead of following mortality in one population of animals over
time, enough multiple replica sets were created so that one set
could be scored, on average, every other day. Similar to the
primary screen, each RNAi colony was grown overnight in
Luria broth with 50 pg mL™' ampicillin and then seeded onto
24-well RNAI agar plates containing 5 mM isopropylthiogalac-
toside to induce dsRNA expression overnight at room tempera-
ture. About 25 synchronized L1s were added to each well and
allowed to develop to L4 at 15°C, then FUDR solution was
added to the RNAI plates and the plates were moved to 25°C
(day = 0). For each 24-well plate, one well contained bacteria
expressing dsRNA to an empty vector and another to daf-16. At
each time point, one replica in the set was measured by both
flooding the wells with water and gentle prodding with a plati-
num wire; animals that failed to move under either treatment
were scored as dead. At each subsequent time point, survival in
a different replica set was measured. The survival proportion at
each time point for every gene inactivation was obtained from
three to five independent experiments.

Reproductive fitness

Each RNAIi colony was grown overnight in Luria broth with 50
pg mL™! ampicillin, concentrated 10x, and then seeded onto
6-cm agar plates containing 5 mM isopropylthiogalactoside to
induce dsRNA expression overnight at room temperature.
About 50 synchronized daf-2(e1370) L1s were added to each
plate and allowed to develop at 15°C, and progeny were counted
daily (eggs, L1, L2, or greater) until progeny reached the L4 stage.

Gompertz and logit fitting

The Gompertz model for age-specific mortality M = MyeS?,
with initial mortality M,, aging coefficient G, and age a, can be
shown to give the proportion dead P = 1 - exp[(My/G)(1 - €<?)].

Aging genes of C. elegans daf-2 mutants

In the logit model for proportion dead, P = eb*<@/(1 + eP*<2), the
parameters b and ¢ are analogous to, but different than, log(M,)
and G in the Gompertz model. Reflecting this limited analogy,
we refer to b and c as initial mortality and the aging coefficient,
respectively.

When analyzing data for a particular clone, sample propor-
tions from different trials at the same age were pooled using
population weighting. We performed population-weighted non-
linear least-squares Gompertz model fits using a Trust-Region
Reflective Newton algorithm implemented by the Matlab fit()
function (The MathWorks, Inc.). We performed population-
weighted logit fits using the Matlab gImfit() function. We
estimated the LD50, or age at which P=0.5, given by
log[1 + log(2)(G/M,)]/G in the Gompertz model or -b/a in the
logit model. When neither Gompertz nor logit models could be
fit (most commonly due to lack of data in the transition region
due to rapid changes in proportion dead relative to scoring fre-
quency), median life span was determined from a linear fit to
proportions 0 < P <1.

MRDT analysis

We tested whether the MRDT = log(2)/G differed significantly
for each clone (C) from the vector control (V). We performed
t-tests using ¢ = (Ge - Gy)/[(sg,c*/DOF¢) + (sg v*/DOEF, )], where
s¢” is the estimated variance of G, and DOF is the remaining
degrees of freedom after fitting a Gompertz model (number of
proportions - 2). P-values were estimated using overall degrees
of freedom DOF = DOFc + DOFy, - 2, corrected using the Bon-
ferroni step-down method, and considered significant for
P < 0.05. We also computed the relative rate of aging (MRDTY,/
MRDT¢ = G/Gy), using Monte-Carlo techniques (N = 1000
random samples) to estimate its variability from the estimated
uncertainty of G and Gy,.

Activity analysis

The Gompertz model, but not the logit model, constrains the
sample proportion to be zero at time O (start of adulthood); this
boundary condition, while acceptable for mortality data (pro-
portion dead), may be inconsistent with movement data (pro-
portion inactive), such as in the case of sickness. We analyzed
paired movement and mortality data using the logit model. We
estimated the active proportion of adult life span in two ways:
first as the ratio of movement LD50 to mortality LD50, Ry, and
second as the ratio of integrals (movement/mortality) R;, a more
accurate approach for animals with a short active span. For each
proportion fit m(a), we used an adaptive Simpson quadrature
method [Matlab quad() function] to compute the integral
S=J[1 - w(a)]da over [0,A], with A an arbitrary value greater
than the maximum life span. Here, S represents the expected
life span for mortality data, or the expected active period for
movement data.

Monte-Carlo techniques were used to estimate the variability
of R based on the estimated uncertainties in the LD50 values for
R;, and in the S values for R;. In the latter case, for each set of
clone data, we generated 1000 (a) curves based on the esti-
mated uncertainties of parameters b and ¢, and calculated S for
each m(a), allowing the variability in R to be estimated from the
distributions of the S values.

Using a similar approach as the MRDT analysis, we per-
formed t-tests on paired movement and mortality LD50 and S
values. R ratios for a given clone were considered significantly
<1 if P-values, corrected using the Bonferroni method, were sig-
nificant (<0.05) for both LD50 and S t-statistics. This procedure
eliminated clones with large uncertainties in LD50 and S val-
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ues, a subset of which might conceivably have the physically
impossible R > 1 (active period longer than life span) due to
noisy data, small-N statistics, and incongruence between data
and the logit model. In cases of integral nonconvergence or large
activity ratio uncertainties failing the aforementioned test, we
estimated the activity ratio, with unquantified uncertainty, as
the quotient of median active span to median life span.

Pathway specificity analysis

We defined daf-16 pathway independence as equivalent relative
reduction in life span for a given gene inactivation in both daf-
2(e1370) and daf-2(e1370);daf-16(mgDf47) mutants. On a plot
with single- and double-mutant relative life spans as abscissa (X)
and ordinate (Y), Y =X represents independence, Y =1 repre-
sents daf-16 pathway specific, and RNAi vector controls lie at
the point (1,1). Gene inactivations were classified as specific for
angles, relative to the control point, within 10° of the Y = X line,
independent for angles within 10° of Y = 1, and parallel/conver-
gent for intermediate values.

Accumulation of age pigment

To access whether a gene inactivation accelerated the accumu-
lation of autofluorescent age pigment, each RNAi colony was
grown overnight in Luria broth with 50 ng mL~! ampicillin and
then seeded onto six-well RNAi agar plates containing 5 mM
isopropylthiogalactoside to induce dsRNA expression overnight
at room temperature. Between 50 and 75 synchronized daf-
2(e1370) L1s were added to each well and allowed to develop to
L4 at 15°C, then FUDR solution was added to the RNAi plates
and the plates were moved to 25°C (day = 0). Animals were fol-
lowed longitudinally to day 15 of adulthood or later while feed-
ing on bacteria corresponding to the RNAi clones that shorten
life span, and populations were scored blindly both for relative
increase in the intensity and spreading of age-associated auto-
fluorescence within individual animals and within the whole
population. Gene inactivations were classified as “strong” ac-
celerated accumulation of age pigment if 100% of animals con-
sistently scored positive from day 2 to 12 of adulthood. Simi-
larly, gene inactivations with “moderate” premature age pig-
ment accumulation had observable autofluorescence in >50%
of animals from day 5 to 15 of adulthood. Moderate classifica-
tion differed from strong based chiefly in the proportion of ani-
mals consistently scored as displaying accelerated age pigment
accumulation and, to a lesser extent, intensity of autofluores-
cence. Gene inactivations resulting either in only a modest in-
crease in autofluorescence over control, intense autofluores-
cence in <50% of the population, or accelerated age pigment
after day 15 of adulthood were classified as weak (summarized
in Tables 1-3). Age pigment was observed with a Stemi SV11
Zeiss fluorescent or a Discovery V12 Zeiss stereo microscope.
To compare age pigment accumulation in wild-type (N2) versus
daf-2 mutant animals (e1370 or m41) exposed to either daf-16
RNAIi or empty vector control (as above), ~50 animals under
each condition were scored blindly on day 6 of adulthood at
25°C on the basis of whether they displayed autofluorescence
under a dissecting GFP microscope.

Sod-3 expression

daf-2 mutant animals coexpressing a sod-3:: GFP reporter were
fed dsRNA-expressing bacteria for each gene necessary for daf-2
life span extension, and animals were followed longitudinally
(blind) from early adulthood to identify genes whose function
are required for decreased insulin signaling to induce sod-3. Im-

2992 GENES & DEVELOPMENT

ages of representative animals were taken at 37x magnification
on a Discovery V12 Zeiss stereo microscope. Quantification of
sod-3 expression levels was obtained using Axiovision release
version 4.5 software (Zeiss) of the GFP signal between the phar-
ynx and the vulva opening. Nonworm background fluorescence
was subtracted, and the average fluorescence for both early and
late adulthood was calculated (day 2-5 and 6-11, respectively).
All adult animals were maintained at 25°C.
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