The Cell-Non-Autonomous Nature
of Electron Transport Chain-Mediated

Longevity

Jenni Durieux,! Suzanne Wolff,2 and Andrew Dillin!-*

The Howard Hughes Medical Institute, The Glenn Center for Aging Research, The Salk Institute for Biological Studies,

10010 North Torrey Pines Road, La Jolla, CA 92037, USA

2The Scripps Research Institute, Department of Molecular and Experimental Medicine, 10550 North Torrey Pines Road, La Jolla,

CA 92037, USA
*Correspondence: dillin@salk.edu
DOI 10.1016/j.cell.2010.12.016

SUMMARY

The life span of C. elegans can be increased via
reduced function of the mitochondria; however, the
extent to which mitochondrial alteration in a single,
distinct tissue may influence aging in the whole
organism remains unknown. We addressed this
question by asking whether manipulations to ETC
function can modulate aging in a cell-non-autono-
mous fashion. We report that the alteration of
mitochondrial function in key tissues is essential for
establishing and maintaining a prolongevity cue.
We find that regulators of mitochondrial stress
responses are essential and specific genetic require-
ments for the electron transport chain (ETC)
longevity pathway. Strikingly, we find that mitochon-
drial perturbation in one tissue is perceived and
acted upon by the mitochondrial stress response
pathway in a distal tissue. These results suggest
that mitochondria may establish and perpetuate the
rate of aging for the whole organism independent of
cell-autonomous functions.

INTRODUCTION

An aging organism exhibits correlated and recognizable
changes to its physiology over time. These changes occur
coordinately across multiple tissues and organs, in concordance
with theories that posit a strong role for the participation of the
endocrine system in the regulation of age-related phenotypes
(Russell and Kahn, 2007; Tatar et al., 2003). Within invertebrate
model organisms such as C. elegans and Drosophila, evidence
strongly suggests that tissue-specific manipulations of endo-
crine pathway components affect the aging process of the entire
organism. These include alteration of signals from the somatic
germline which control the aging of nonmitotic tissues
(Arantes-Oliveira et al., 2002; Hsin and Kenyon, 1999); restora-
tion or reduction of insulin/IGF-1 signaling (IIS) in neuronal or
fat tissues (Broughton et al., 2005; Hwangbo et al., 2004; Kapahi

et al., 2004; Libina et al., 2003; Wolkow et al., 2000); and genetic
manipulations to specific neurons which then alter the capacity
for the entire animal to respond to dietary restriction (Bishop
and Guarente, 2007). These systems have offered the simplicity
of studying tissue-specific expression in organisms in which
single-gene mutations can affect longevity, and have been
extended to mammalian model systems (Bluher et al., 2003;
Conboy et al.,, 2005; Taguchi et al., 2007). Such evidence
indicates that there are key tissues that transmit longevity signals
to modulate the aging process. Moreover, these adaptations
may have evolved to provide the animal with a mechanism by
which an environmental, extrinsic signal could be sensed and
then amplified across the entire animal to coordinate the appro-
priate onset of reproduction, senescence and/or aging.

Life span can be increased by reduced function of the mito-
chondria. Mutation or reduced function in nuclear genes encod-
ing electron transport chain (ETC) components in yeast,
C. elegans, Drosophila, and mice delay the aging process (Cope-
land et al., 2009; Dell’Agnello et al., 2007; Dillin et al., 2002b;
Feng et al., 2001; Hansen et al., 2008; Kirchman et al., 1999;
Lapointe et al., 2009; Lee et al., 2002; Liu et al., 2005).
In C. elegans, mitochondria undergo a period of dramatic prolif-
eration during the L3/L4 stage (Tsang and Lemire, 2002). After
this larval molt is completed, mitochondrial DNA proliferation in
post-mitotic tissues is minimal (Tsang and Lemire, 2002). Intrigu-
ingly, the L3/L4 larval developmental period has proven to be
a critical period in which the ETC modulates the aging process
(Dillin et al., 2002b). Thus, the sensing and monitoring of key
events during the L3/L4 transition by the ETC longevity pathway
initiates and maintains the rate of aging of the animal for the rest
of its life. Reduction of the ETC longevity pathway during adult-
hood can not result in increased longevity, even as ATP
synthesis becomes impaired (Dillin et al., 2002a; Rea et al.,
2007). How the mitochondrial signaling pathway modulates the
aging process and the identity of the pathway constituents that
transmit these longevity signals remain unknown.

One possible suggestion for the observation of increased
longevity under conditions of reduced mitochondrial function
originates from the “rate of living” theory of aging, in existence
for over a hundred years, which suggests that the metabolic
expenditures of an organism ultimately determine its life span
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(Pearl, 1928; Rubner, 1908). A modification to this theory has
suggested alternatively that, because reactive oxygen species
(ROS) are generated as a byproduct of the metabolic activity of
the mitochondrial ETC during the production of ATP (Harman,
1956), a decrease in ROS production is the major contributing
factor to the long-lived phenotypes of ETC mutants (Feng
et al., 2001; Rea and Johnson, 2003). Recent evidence (Cope-
land et al., 2009; Gems and Doonan, 2008; Van Raamsdonk
and Hekimi, 2009; Yang et al., 2007) does not support a linear
relationship between ROS production and life span. With the
increased skepticism toward the oxidative stress theory of aging
comes the question: if not by manipulation of ROS in a cell-
autonomous manner, then by what mechanism does reduction
of mitochondrial function affect aging?

We attempted to address this question by asking whether
manipulations to ETC function could modulate aging in a cell-
non-autonomous fashion in the nematode C. elegans. We asked
whether key tissues could govern increases in longevity when
components of the mitochondrial ETC are inactivated. We also
reasoned that if we could identify the crucial tissues from
which the ETC longevity pathway functions, we could identify
the origin of the longevity signal and perhaps potential mediators
of this signal.

RESULTS

cco-1 Functions in Specific Tissues

to Affect the Aging Process

To ascertain whether tissue-specific ETC knockdown could
alter the life span of an organism, we created transgenic
worms carrying an inverted repeat hairpin (HP) directed toward
the nuclear-encoded cytochrome c oxidase-1 subunit Vb/
COX4 (cco-1). cco-1 was chosen because knockdown of this
gene results in intermediate phenotypes compared to knock-
down of the other ETC genes by RNAI, allowing both positive
and negative modulation of longevity to be identified (Dillin
et al., 2002b; Lee et al., 2002; Rea et al., 2007). Furthermore,
cco-1 RNAi does not result in the detrimental phenotypes
observed when bacterial feeding RNAi against other compo-
nents of the ETC is administered undiluted, such as severe
developmental delay and lethality (Copeland et al.,, 2009;
Gems and Doonan, 2008; Van Raamsdonk and Hekimi, 2009;
Yang et al., 2007).

In worms and plants, RNAi can have a systemic effect due to
spreading of the dsRNA molecules. For example, exposure of
the intestine to bacterially expressed dsRNA results in the
dsRNA entering through the intestinal lumen but eliciting knock-
down in other cells, such as the muscle and hypodermis
(Jose et al., 2009). To remove the systemic nature of RNAI
from our experimental design, we used systemic RNA/ deficient
(sid-1(gt9)) mutant worms (Figure 1A). sid-1 encodes a trans-
membrane protein predicted to serve as a channel for dsRNA
entry. While defective for systemic RNAI, the sid-1(gt9) mutants
are fully functional for cell-autonomous RNAi (Winston et al.,
2002). Lines were generated in the sid- 1(qt9) mutant background
using an inverted repeat of the cco-7 cDNA under the control of
well-characterized promoters expressed in neurons (unc-119
and rab-3) (Maduro and Pilgrim, 1995; Nonet et al., 1997), intes-
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tine (ges-1) (Aamodt et al., 1991), and body-wall muscle cells
(myo-3) (Miller et al., 1986; Okkema et al., 1993).

Knockdown of cco-1 in the intestine using the ges-1 intestine-
specific promoter driving a cco-1 hairpin construct significantly
increased life span (Figure 1B, representative line of 13, Table
S1, available online), whereas the myo-3 muscle-specific
promoter driving a cco-1 hairpin in the body-wall muscle either
had no effect or even decreased life span (Figure 1C, represen-
tative line of 6, Table S1). The rab-3 neuron-specific promoter
driving a cco-1 hairpin also increased life span (Figure 1D, repre-
sentative line of 2, Table S1). Because the life-span extension in
the neuronal promoter line was not as great as that observed in
intestinal hairpin lines, we tested another neuronal promoter, the
pan-neural unc-119 promoter. Consistent with the rab-3
promoter, we observed a moderate increase in life span across
multiple unc-119 promoter transgenic lines (Figure 1E, represen-
tative line of 8, Table S1). The results of these experiments
suggest a primary requirement for ETC knockdown in intestinal
and neuronal tissues for increased longevity, albeit the neuronal
derived ETC knockdown was consistently less robust compared
to the intestinal knockdown.

We tested an alternative method for tissue-specific RNAi to
verify our hairpin apporach. Tissue-specific RNAi can also be
achieved by feeding dsRNA to rde-7 mutant animals in which
the wild-type rde-1 gene has been rescued using tissue-specific
promoters (Figure 2A) (Qadota et al., 2007). rde-1 encodes an
essential component of the RNAi machinery encoding a member
of the PIWI/STING/Argonaute family of proteins.

Life-span analyses were performed with rde-1(ne219) mutant
animals in which rde-1 was restored by tissue-specific expres-
sion of wild-type rde-7 cDNA (Qadota et al., 2007). rde-1 was
rescued in transgenic lines under the control of the lin-26
hypodermal promoter, the hlh-7 body wall muscle promoter,
and the nhx-1 intestine expressing promoter (Qadota et al.,
2007). These lines were then tested for their effects on life
span when animals were fed cco-7 dsRNA producing bacteria.

As expected, feeding rde-1(ne219) mutant animals cco-1
dsRNA producing bacteria did not extend life span, since these
animals fail to perform RNAi due to the lack of rde-1 (Figure 2B
and Table S1). Consistent with the cco-1 hairpin approach,
knockdown of cco-1 in the intestine, by restoring rde-1 using
the intestine-specific nhx-1 promoter and feeding cco-7 dsRNA
bacteria significantly increased life span. In fact, intestinal cco-1
dsRNA fed to rde-1(ne219);nhx-1p::rde-1 worms was able to
completely recapitulate the life-span extension generated by
feeding cco-1 dsRNA to wild-type animals (Figure 2C and Table
S1). Furthermore, cco-1 knockdown in the body wall muscle
decreased life span (Figure 2D and Table S1), similar to results
obtained from the muscle-specific cco-7 RNAI hairpin experi-
ments. Hypodermal knockdown of cco-71 had no significant
effect on life span (Figure 2E and Table S1). Consistent with
cco-1 feeding RNAI increasing longevity in an insulin/IGF-1
pathway independent manner, we found the life-span extension
of intestinal cco-7 RNAIi animals to be daf-16 independent
(Figure 2F and Table S1).

Because cco-1 knockdown in two distinct tissues increased
longevity, we tested whether combination of the intestinal and
nervous system cco-1 knockdown could result in an even further
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(A) Wild-type worms allow import of dsRNA from surrounding tissues, but sid-7(qt9) mutant worm can not import dsRNA and RNAi knockdown is no longer
systemic but is maintained locally within the tissue in which the dsRNA is produced (Winston et al., 2002).
(B) Intestine-specific knockdown of cco-1 results in life-span extension. sid-1(qt9)/rol-6 control (black line, mean 18.8 + 0.7 days), ges-1p::cco-1hairpin (green

line, 23.9 + 0.8 days, p < .0001).

(C) Body-wall muscle knockdown of cco-1 does not significantly affect life span. sid-1(qt9)/rol-6 control (black line, mean 18.6 + 0.5 days), myo-3p::cco-1 hairpin

(blue line, mean 16.6 + 0.5 days, p = 0.0574).

(D) Neuronal knockdown of cco-1 extends life span. sid-1(qt9)/rol-6 control (black line, 18.2 + 0.2 days), rab-3p::cco-1 hairpin (purple line, 21.7 + 0.5 days,

p < .0001).

(E) Neuronal knockdown of cco-1 driven by the unc-119 promoter also extends life span. sid-1(qt9)/rol-6 control (black line, mean 19.8 + 0.7 days), unc-
119p::cco-1 hairpin (red line, mean 23.8 + 0.8 days, p = .0001). Please see Table S1 for all statistical analyses and also Figure S1 and Movie S1 for additional

experiments.

increase in longevity compared to knockdown in each individual
tissue. We crossed our long lived rab-3::cco-1HP (neuronal) lines
to the ges-1::cco-THP (intestinal) lines and tested the life span of
the double transgenic animal. Animals with cco-7 knocked down
in the nervous system and the intestine did not live longer
than knockdown in either the nervous system or the intestine
(Figure 2G and Table S1). To test this via a second method, we

used worms in which a gly-19p::sid-1 transgene could specifi-
cally restore the capacity for feeding RNAIi within the intestine
of sid-1 mutant animals. We again found that feeding worms
bacteria expressing cco-1 dsRNA did not further extend the
life span of our rab-3::cco-1 HP animals (Figure S1A). Therefore,
there does not appear to be synergy among the tissues in which
cco-1 knockdown is required to extend longevity. This finding

Cell 144, 79-91, January 7, 2011 ©2011 Elsevier Inc. 81



A
B 10
rde-1 rescued 0.9 rde-1(ne219)
tissue 0.8
feeding dsRNA 0.7
o T 20,6
RNAI knockdown Zne
50.5
rde-1 mutant ® 047
tissue 037
027 = vector only
017  mm cco-1 RNAI
No RNAi initiation 0.0 T T T T T
0 5 10 15 20 25
Days
D Yy
1.0 1.0
09 Intestine rescued rde-1 0.9+ Body wall muscle
0.8 0.8 rescued rde-1
0.7 7 0.7
_go.a - 206
$0.5 20
g | %0.5
n0.4 0.4
0.3 0.3
0.2 .
o - vect?rRoS’I&/_ 027 o vector only
. mmm CCO- I 0.1 i
cco-1 RNAI
0.0 T T 0.0 _' T T T T T L---I-q
0 5 10 15 20 25 30 35 0 5 10 15 20
Days Days
E 10 F 1.0 7 —
0.9 Hypodermis resuced rde-1 0.9 i Intestine
0.8 0.8 | rescued rde-1
0.7 0.7 =
2067 206 B
> =
2057 $05- i
?0.4 3 0.4 I-=
037 037 wmm vector only I-I
027 wmmvector only 0.2 daf-16/EV RNAi (50/50) I
017w cco-1 RNAI 0.1 daf-16/cco-1 RNAI (50/50) ™™g
00T+ 77— 00—
0 5 10 15 20 25 0 5 10 15 20 25 30
Days Days
G 10
0.9+
0.8+
0.7
£0.67
£ 0.5+
> 0.4
@ 0.3 == rab-3HP
: _| === ges-1HPxrab-3HP
0.2 0 ges-1HP
0-17 e sid-1
L L e —
0 10 20 30 40

Figure 2. Life-Span Analysis of Tissue-Specific Complementation of rde-1 with cco-1 Feeding RNAi

(A) Tissues exposed to dsRNA from feeding RNAI initiate knockdown if rde-1 has been rescued in the corresponding tissue. Neighboring tissues are unable to
initiate RNA if rde-1 is absent.

(B) rde-1(ne219) mutants do not respond to cco-1 feeding RNAi. Animals fed bacteria harboring an empty vector (black line, mean 18.0 + 0.3 days), cco-1 RNAi
(red line, mean 18.16 + 0.4 days, p < 0.4043).

(C) rde-1 rescued in the intestine (VP303) extends life span when fed cco-7 dsRNA producing bacteria. Animals fed vector only bacteria (black line, mean 14.7 +
0.6 days), cco-1 RNAI (green line, mean 22.0 + 0.2 days, p < .0001).

(D) rde-1 rescued in the body wall muscle (NR350) decreases life span when fed cco-1 dsRNA bacteria. Animals fed bacteria harboring empty vector (black line,
mean 13.5 + 0.3 days), cco-7 RNAI (blue line, mean 11.8 + 0.3 days, p < 0.0002.
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suggests that the nervous system and the intestinal cells
communicate with each other to modulate aging in response
to reduced cco-1 function.

Tissue-specific ETC Knockdown Uncouples

Multiple Correlates of Longevity

Resistance to oxidative stress, UV damage, and heat stress is
associated with multiple forms of increased longevity. We tested
whether the increased longevity of the tissue-specific cco-1
RNAi animals was due to resistance to any of these stresses.
Tissue-specific knockdown of cco-1 did not affect the response
of animals to oxidative stress induced by paraquat in a manner
correlated with their longevity phenotype (Table S2), consistent
with recent results in worms and flies (Copeland et al., 2009;
Doonan et al., 2008; Van Raamsdonk and Hekimi, 2009) (Lee
et al., 2002). We next tested whether resistance to UV damage
correlated with increased longevity. Again, none of the long-lived
tissue-specific hairpin lines were more resistant to UV damage
than wild-type animals (Table S3). Finally, we tested whether
the long-lived tissue-specific cco-1 hairpin lines were more
resistant to heat stress than control animals and found that
they were not (Table S4). Collectively, the increased longevity
of tissue specific cco-1 hairpin animals did not correlate with
the known stress resistance phenotypes associated with other
pathways that modulate the aging process (Arantes-Oliveira
et al., 2002; Larsen et al., 1995; Lee et al.,, 1999; Lee et al.,
2003; McElwee et al., 2004).

RNAi of cco-1 slows development, growth, movement and
reduces fecundity (Dillin et al., 2002b). Through an RNAI dilution
approach, many of these side effects could be uncoupled from
longevity, an observation that suggested a quantitative model
for ETC function upon these life history traits (Rea et al., 2007).
We tested whether a qualitative difference among the mitochon-
drial ETC from different tissues could also explain these
observed side effects. We found that many of these traits
could be uncoupled from increased longevity conferred by
simply reducing mitochondrial function in a particular tissue.
For example, long lived animals in which cco-71 was reduced in
neuronal cells produced worms of nearly identical length to their
control counterparts (Figure S1B), reached adulthood at the
similar rates (data not shown) and had similar numbers of
progeny (Figure S1C). These results are consistent with ETC
reduction in all tissues of Drosophila increased life span and
decreased fertility, while knockdown in neurons increased
longevity without affecting fertility (Copeland et al., 2009).
Additionally, reduction of cco-7 in the intestine or nervous
system did not result in slowed movement; however, reduction
in the body wall muscles did (Movie S1). Therefore, in addition
to the quantitative model proposed by Rea et al. to explain the

developmental and behavioral deficits of ETC RNAI, contribu-
tions from specific tissues must also play an important role in
these life history traits.

The Mitochondrial Unfolded Protein Response

Is Required for ETC-Mediated Longevity

In response to a mitochondrial perturbation there exists a stress
response mechanism that is communicated to the nucleus to
increase the expression of mitochondrial associated protein
chaperones, such as HSP-6 and HSP-60, referred to as the mito-
chondria-specific unfolded protein response (UPR™) (Benedetti
et al., 2006; Yoneda et al., 2004; Zhao et al., 2002). hsp-6 is the
mitochondrial hsp70 heat shock protein family member and
hsp-60 is the mitochondrial GroE/hsp60/hsp10 chaperonin
family member. The UPR™ is activated upon different forms
of mitochondrial stress including the misfolding of mitochon-
dria-specific proteins or stoichiometric abnormalities of large
multimeric complexes, such as ETC complexes (Yoneda et al.,
2004). Disrupting subunits of ETC complexes by either RNAI
or mutation activates the mitochondrial stress response (Bene-
detti et al., 2006; Yoneda et al., 2004). cco-1 RNAI is a potent
inducer of hsp-6 and hsp-60 (Yoneda et al., 2004). Intrigued
by this discovery, we tested whether the UPR™ might play
a central and specific role in the increased longevity generated
by ETC RNA..

We tested whether other well-known pathways that regulate
the aging process also induced the UPR™. Unlike cco-7 RNAI-
treated animals (Figure 3A), animals treated with RNAi toward
daf-2, the IIS receptor, or eat-2 mutant animals, a genetic surro-
gate for diet restriction induced longevity, did not induce the
UPR™ (Figures 3B and 3C) even though each of these interven-
tions increase longevity. Therefore, induction of the UPR™
appears specific to the ETC longevity pathway and not other
longevity pathways.

In addition to the UPR™, the unfolded protein response in the
endoplasmic reticulum (UPRER) is also induced under conditions
of protein misfolding, although confined to the ER (Ron and Wal-
ter, 2007). We tested whether mitochondrial reduction resulted in
a general upregulation of all protein misfolding pathways by
treating hsp-4p::GFP reporter worm strains (Calfon et al., 2002)
with cco-7 RNAI. HSP-4 is the worm ortholog of the ER chap-
erone, BiP, which is transcriptionally induced by the UPRER.
Unlike the UPR™, cco-1 RNAI did not induce expression of the
UPRER (Figure 3D), although ER stress induced by tunicamycin
did. Furthermore, cco-7 RNAI did not inhibit the ability of cells
to induce the UPRER by treatment with tunicamycin. We also
tested if cco-7 RNAI induced a marker of cytosolic protein mis-
folding by treating animals containing the hsp-16.2p::GFP
reporter strain (Link et al., 1999) with cco-7 RNAi. HSP-16.2 is

(E) rde-1 rescued in the hypodermis (NR222) has no effect on life span when fed cco-1 dsRNA producing bacteria. Vector only (black line, mean 13.5 + 0.3 days),

cco-1 RNAiI (purple line, mean 14.3 + 0.4 days, p = 0.148).

(F) Life-span extension by cco-1 feeding RNAI in the intestine of ges-1:;rde-1 rescued animals is independent of daf-16. Intestinal rde-1 rescued worms were fed
empty vector (black line), mean 16.4 + 0.6 days, daf-716 RNAI diluted 50% with empty vector (gold line, mean 16.3 + 0.4 days) or daf-16 diluted 50% with cco-1
RNAi (green19.9 = 0.5 days, p < .0001) .Please see Table S1 for all statistical analysis.

(G) Double transgenic animals carrying rab-3:;cco-1HP and ges-1:cco-1HP (blue line, mean life span 23.4 + 0.6 days) did not live longer than either the rab-3::cco-
THP (red line, mean life span 23.2 + 0.6 days, p = .64) or the the ges1::cco-THP (green line, mean life span 22.9 + 0.6 days, p = .75) animals. sid-1 control (black

line, mean life span 19.2 + 0.5 days).
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a small heat shock protein of the hsp20/alpha-B crystallin family
and is under transcriptional control of the heat shock response
(HSR) regulated by HSF-1. Much like the UPRER, cco-1 RNAI
was unable to induce this reporter associated with cytosolic mis-
folding (Figure 3E). As positive controls, heat shock could induce
the HSR reporter and cco-1 RNAI did not block this response.
Thus, it appears that knockdown of cco-1 specifically induces
the UPR™, and not other protein misfolding pathways.

The UPR™ Is a Potent Transducer

of the ETC-Longevity Pathway

We tested whether the UPR™ is a key component of the ETC
longevity pathway since there appeared to be a positive and
specific correlation of induction of the UPR™ and ETC mediated
longevity. If the UPR™ is indeed a regulator of the ETC longevity
pathway, we predicted that loss of the UPR™ would specifically
suppress the extended longevity of ETC reduced animals and
not other longevity pathways.

The UPR™ consists of a signaling cascade that results in
upregulation of nuclear-encoded genes to alleviate the stress
sensed in the mitochondria. Perception of misfolding in the
mitochondria requires the nuclear localized ubiquitin-like protein
UBL-5, which acts as an essential and specific coactivator of the
homeodomain transcription factor, DVE-1. Together, UBL-5 and
DVE-1 respond to mitochondrial perturbation to increase
expression of mitochondrial chaperones, including hsp-6 and
hsp-60 (Benedetti et al., 2006). CIpP is the homolog of the
E.coli ClpP protease located in the mitochondria that plays
a role in generating the mitochondrial derived signal to activate
DVE-1/UBL-5 stress responsive genes (Haynes et al., 2007).

We treated long-lived ETC mutant animals with RNAI directed
toward the known pathway components of the UPR™ and tested
the resulting life span. Because cco-7 RNAI is extremely sensi-
tive to dilution and is not efficiently knocked down in combination
with a second RNAi (Figures S2A and S2B), we first chose to
examine the requirement for UPR™ genes on several long-lived
mitochondrial mutants. RNAI of ubl-5, the dve-1 transcriptional
co-regulator, specifically blocked the extended life span of the
mitochondrial mutants, isp-1 (@m150) and clk-1(€2519) (Fig-
ure 4A, Figure S2C, and Table S1) compared to the life span of
wild-type animals. RNAI of ubl-5 did not suppress the extended
life span of long-lived daf-2 or eat-2 mutant animals (Figures 4B
and 4C; Table S1). Furthermore, ubl-5 RNAI did not shorten the
life span of wild-type animals (Figure 4D and Table S1). Taken
together, ubl-5 appears essential and specific for the extended
longevity of mitochondrial mutants.

RNAi of dve-1 suppressed the life span of all long-lived
animals and shortened the life span of wild-type animals (Figures
S2D-S2G). This result is not surprising given the roles of dve-1 in
growth and development and the embryonic lethality observed
for homozygous dve-1 mutant animals (Burglin and Cassata,
2002; Haynes et al., 2007). Furthermore, RNAi of hsp-6, hsp-60
or clpp-1 suppressed longevity in the same manner as dve-1,
suggesting that these RNAi treatments were pleiotropic and
simply made the animals sick (data not shown). Thus, our results
indicate that ubl-5 is specific for the longevity response, possibly
by specifying the transcriptional activity of DVE-1, to mitochon-
drial ETC mediated longevity and dve-1, hsp-6, hsp-60 and
clpp-1 have more broad roles in development making their
specific roles in mitochondrial ETC mediated longevity difficult
to discern at this time.

The Temporal Requirements of the UPR™

and ETC-Mediated Longevity Overlap

The life-span extension by ETC RNAi has a distinct temporal
requirement during the L3/L4 stages of larval development (Dillin
et al., 2002b; Rea et al., 2007). Furthermore, markers of the
UPR™, namely hsp-6p::GFP, have their greatest activation late
in larval development at the L4 stage when challenged with mito-
chondrial stress (Yoneda et al., 2004). We verified these findings
by following the activation of the UPR™ of animals treated
with cco-7 RNAI and tested whether the timing requirement of
cco-1 mediated longevity could be uncoupled from the induction
of the UPR™. Worms carrying the hsp-6p::GFP UPR™ reporter
were transferred onto bacteria expressing cco-7 dsRNA at every
developmental stage from embryo to day 2 of adulthood (Figures
5A-5C). Worms transferred to cco-1 dsRNA at the L1 stage
induced hsp-6p::GFP throughout development, and this signal
perpetuated itself into adulthood (Figure S3). Worms could
induce the UPR™ if transferred to the cco-7 RNAI treatment
before the L4 larval stage (Figures 5B and 5C). After the L4 larval
stage, worms transferred to bacteria expressing cco-7 dsRNA
were unable to induce the hsp-6p::GFP marker (Figures 5B
and 5C) and were not long lived (Dillin et al., 2002b; Rea et al.,
2007). Thus, inactivation of cco-1 must be instituted before the
L3/L4 larval stage to initiate induction of the UPR™. Inactivation
in adulthood does not induce the UPR™ and does not result in
increased longevity.

Inactivation of ETC components during larval development is
sufficient to confer increased longevity on adult animals even
though the knocked-down ETC component can be restored in
adulthood (Dillin et al., 2002b; Rea et al., 2007). We tested

Figure 3. Induction of the UPR™ Is Specific to the ETC Longevity Pathway

(A) hsp-6p::GFP reporter worms fed empty vector (EV) containing bacteria have low levels of background GFP (i) overlay; (i) GFP. hsp-6p::GFP reporter worms
fed cco-1 RNAI upregulate the UPR™. Relative fluorescence was quantified using a fluorescence plate reader (jii).

(B) daf-2 RNAI does not induce hsp-6p::GFP (i) overlay; (i) GFP. hsp-6p::GFP reporter worms were hatched on empty vector, cco-1, or daf-2 dsRNA expressing
bacteria and allowed to grow to day 1 of adult hood. Relative fluorescence was quantified (ii).

(C) Dietary restricted eat-2(ad7116) mutant worms do not upregulate hsp-6p::GFP reporter (i) overlay; (i) GFP. Relative fluorescence was quantified (iii).

(D) The UPR® is not induced by cco-7 RNA, (i) overlay; (i) GFP. hsp-4p::GFP transgenic reporter worms were fed empty vector containing bacteria or cco-1
dsRNA bacteria. No fluorescence upregulation was detected (iii). Both EV and to a lesser extent cco-7 RNAi fed worms were able to upregulate the UPRER upon
treatment with tunicamycin, (i and i) which is known induce UPRF. Relative fluorescence of was quantified (iii).

(E) cco-1 RNAI does not induce a marker of cytosolic protein misfolding stress, (i) overlay; (ii) GFP. hsp16.2p::GFP reporter worms were fed EV or cco-1 dsRNA
bacteria. No fluorescence upregulation was detected (jii). As positive controls, heat shock for 6 hr at 31°C could induce the heat shock response (HSR) and cco-1
RNAI did not block this response (i and ii). In all panels, error bars indicate standard deviations (SD).
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(A) The long life span of isp-1(gm150) mutant animals is dependent upon ubl-5. isp-1(qm150) (empty vector, black line, mean 25.8 + 1.0 days), isp-1(gm150) fed
ubl-5 dsRNA bacteria (orange line, mean 15.5 + 0.7 days, p < .0001), N2 wild-type (gray line, mean 19 + 0.5 days).

(B) daf-2(e1370) mutant life span is unaffected by ubl-5 knockdown. daf-2(e1370) mutant animals grown on empty vector bacteria (black line, mean 40.1 +
1.2 days), daf-2(e1370) fed ubl-5 dsRNA bacteria (orange line, mean 39.9 + 1.2 days, p = .327).

(C) Dietary restricted eat-2(ad1116) mutant life span is not dependent upon ubl-5. N2 on empty vector (gray line, mean life span 18.2 + 0.4 days); eat-2(ad71116) on
empty vector (black line, mean 26.4 + 0.6 day)s; eat-2(ad1116) fed ubl-5 dsRNA bacteria (orange line, mean 23.3 + 0.7 days, p < 0.0004).

(D) N2 wild-type life span is unaffected by ub/-5 knockdown. N2 grown on empty vector bacteria (black line, mean 18.2 + 0.4 days), N2 fed ubl-5 dsRNA bacteria
(orange line, mean 20.3 + 0.4 days, p = 0.0834). All statistical data can be found in Table S1. See also Figure S2 for additional experiments.

whether developmental inactivation of cco-71 could not only
induce, but whether it could also maintain activation of the
UPR™ during adulthood, even though adult inactivation of
cco-1 was unable to induce the UPR™. Worms treated with
cco-1 RNAI during larval development and then moved to dicer
(dcr-1) RNAI (a key component of the RNAi machinery) to block
further RNAI activity on day 1 of adulthood have an extended
life span (Dillin et al., 2002b). Similarly, hsp-6p::GFP worms
treated with cco-7 RNAI during larval development and moved
onto dcr-1 RNAi maintained the induced response of the UPR™
(Figures 5D and 5E). Therefore, inactivation during larval devel-
opment of cco-1 is sufficient to initiate and maintain a signal to
increase longevity and induce the UPR™ in adult animals. The
results of these experiments match the timing requirements of
the life-span extension for ETC RNAi-treated worms and support
the idea that the signals for increased longevity and induction/
maintenance of the UPR™ are not separable.

The UPR™ Responds to Cell-Non-Autonomous Cues
from ETC Knockdown

Intrigued by the tissue-specific nature by which cco-1 depletion
can modulate the aging process of the entire animal, the specific
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role of the UPR™ in the longevity response in ETC mutant
animals and the overlapping timing requirements for both ETC
RNAi and induction of the UPR™, we hypothesized that the
induction of the UPR™ may be able to act cell-non-autono-
mously in a multicellular organism. If so, we reasoned that induc-
tion of the UPR™ in one tissue by cco-1 reduction might lead to
the UPR™ being upregulated in a distal tissue that has not expe-
rienced cco-1 reduction (Figure 6A). Consistent with this hypoth-
esis, transgenic worms with the cco-7 hairpin expressed in all
neurons (either the rab-3 or the unc-119 promoter driven cco-1
hairpin) were able to induce hsp-6p::GFP expression in the
intestine (Figure 6B). In fact, neuronal RNAi of cco-1 induced
the UPR™ reporter to the same extent as animals with intestinal
cco-1 RNAI (Figures 6B and 6C). We were unable to ascertain
whether mitochondrial ETC knockdown in the intestine could
signal to the nervous system to induce the UPR™ due to the
low expression of the hsp-6p::GFP reporter in neuronal cells.
Because ub/-5 RNAI could block the long life span of mito-
chondrial mutants and ubl-5 is required for induction of the
UPR™, we tested whether reduction of ubl-5 in the intestinal
cells could block the induction of the cell-non-autonomous
signal for the UPR™ that originated from the nervous system.
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Figure 5. The Temporal Activation of ETC-generated Longevity Signal Is Coincident with Induction of the UPR™
(A) hsp-6p::GFP reporter worms were transferred to cco-17 RNAI at each larval developmental stage and early adulthood. GFP fluorescent measurements were

taken 16 hr after reaching young adulthood in all cases.

(B) hsp-6p::GFP is upregulated if transfer occurs before the L4 stage of development.
(C) Quantification of hsp-6p::GFP in (A); error bars represent standard deviation (SD).
(D) cco-1 knockdown during larval development is sufficient to induce the hsp-6p::GFP reporter in adulthood. hsp-6p::GFP reporter worms we grown on cco-1
dsRNA bacteria during development and then moved to dcr-7 dsRNA producing bacteria at the L4 larval stage, to disrupt the RNAi machinery allowing CCO-1

levels to return to normal. UPR™ remains induced.

(E) hsp-6p::GFP fluorescence 48 hr after transfer to dcr-1 RNAI as described by schematic D. See also Figure S3.

We created lines expressing the rab-3p::cco-1HP in conjunction
with a gly-19p::ubl-5HP containing the hsp-6p::GFP reporter.
Surprisingly, we found that ub/-5 reduction in the intestinal
cells could not block the induction of the UPR™ from signals
generated in the nervous system (Figure 6D). Furthermore, intes-
tine-specific depletion of ubl-5 was not sufficient to block the
long life span of animals with reduced cco-1 expression in the

nervous system (Figure 6E). However, intestine-specific knock-
down of ubl-5 did block induction of the UPR™ in the intestinal
cells of animals fed bacteria expressing dsRNA of cco-1
(Figure 6F and Figure S4A). Neuronal cells are not able to induce
a RNAIi response to feeding dsRNA, indicating that ubl-5 is
required for induction of the UPR™ in response to cco-7 reduc-
tion in nonneuronal cells, but other, yet to be defined factors,

Cell 144, 79-91, January 7, 2011 ©2011 Elsevier Inc. 87




A Cell autonomous Cell non-autonomous

hsp-6p::GFP hsp-6p::GFP
ges-1p::cco-1HP rab-3p::cco-1HP
B
hsp-6p::GFP control ii rab-3HP x hsp-6p::GFP iv ges-THP x hsp-6p::GFP
C o| 250
Q
c
[0]
Q| 200
%)
(O]
—
g 150
=
(]
.E 100
© rab-3p::cco-THP ST _6p:-
- gly-19p::ubl-5-KD x hsp-6p=GFp  "20-3pi:000-THP x hsp-6p:GFP
= so
o
L
o 0
Empty cco-1 rab-3 HP ges-THP
vector RNAI X X
hsp-6p:GFP hsp-6p:GFP
E 10

09 o |

08 o

07 o
o 06 o
:E 05 +
@ 04 -

03 o mmsid-1(q9) EV

g B sid-1(qt9); gly-19p::ubl-5-KD EV
02 o sia-1(qt9); rab-3p::cco-1-HP; gly-19p::ubl-5 KD
01 4 B sid-1(qt9); rab-3p:cco-1-HP

00 T T T T T T feeding cco-1 RNAi  feeding cco-1 RNAi
0 5 10 15 20 25 30 gly-19p::ubl-5-KD hsp-6p::GFP
Days hsp-6p::GFP

Figure 6. Cell-Non-Autonomous Upregulation of the UPR™

(A) Representation of cell-autonomous and non-autonomous upregulation of UPR™. “X’s” depict tissue where cco-1 is knocked down (intestine or neurons).
Green indicates location of upregulation of hsp-6p::GFP reporter (intestine upon knockdown in intestine or neurons).

(B) hsp-6p::GFP reporter worms were crossed to tissue-specific cco-1 hairpin lines. Control hsp-6p::GFP shows only background GFP (j). Neuron-specific cco-1
hairpin results in upregulation of hsp-6p::GFP in the intestine (rab-3 (i) and unc-119 (jii) lines shown). Intestine-specific ges-1p::cco-1 hairpin (iv) also results in
upregulation of the hsp-6p::GFP reporter in the intestine.

(C) Fluorescent quantification of B; error bars represent standard deviation (SD).

(D) Intestinal knockdown of ubl-5 does not block UPR™ induction caused by neuronal cco-1 reduction. Worm strains were created with rab-3::cco-1HP;
hsp-6p::gfp with gly-19p::ubl-5KD.

(E) Intestinal reduction of ubl-5 does not block the life-span extensions of rab-3::cco-1HP animals. sid-1(qt9) (blue line, mean = 19.4 + 0.6 days); sid-1(qt9); gly-
19p::ubl-5-KD (red line, mean = 20.1 + 0.7 + 0.7 days); rab-3p::cco-1-HP; gly-19p::ubl-5-KD (yellow line, mean = 24.1 + 0.7 days); rab-3p::cco-1HP (green line,
mean = 24.5 + 0.7 days); N2 on cco-1 RNAi (mean = 27.3 + 0.6 days. p > 0.66 (green versus yellow)).

(F) Intestinal reduction of ubl-5 (gly-19p::ubl-5HP) blocks UPR™ induction of animals fed bacteria expressing cco-7 dsRNA. See also Figure S4.
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are required to respond to the cell-non-autonomous signals from
the nervous system to induce the UPR™.

DISCUSSION

This work identified key tissues, genes essential and specific for
mitochondrial longevity and at least one mechanism necessary
for increased longevity in response to altered mitochondrial
function in a metazoan. The UPR™ was essential for the
extended longevity of ETC mutant animals and has been
previously reported to be upregulated in response to RNAIi of
cco-1 (Yoneda et al.,, 2004). Consistent with the temporal
requirements of the ETC to modulate longevity during the L3/
L4 larval stages, the UPR™ could only be induced when cco-1
RNAi was administered before the L3/L4 larval stage, but not
in adulthood. Therefore, induction of the UPR™ mirrored the
temporal requirements of the ETC to promote longevity when
reduced. More importantly, the fact that induction of the UPR™
can be maintained long into adulthood, well after the mitochon-
drial insult had been given in larval development, indicates that
the animal might possess an epigenetic mechanism to ensure
increased resistance to future mitochondrial perturbations.

One of the most surprising findings is the UPR™ can be activated
in a cell-non-autonomous manner. Because the hsp-6p::GFP
reporter is primarily limited to expression in the intestine, we
were well poised to ask if perturbation of cco-7 in the nervous
system could induce the UPR™ in the intestine. Therefore,
neuronal limited knockdown of cco-71 could profoundly induce
the hsp-6 reporter indicates that a cue from the nervous system
must travel to the intestine to induce the UPR™ (Figure 7). It is
not clear whether the factor is proteinacious, nucleic acid based
or a small molecule, but it is clear that its production in a limited
number of cells can profoundly influence the survival of the entire
organism. Because this signal is the product of perceived mito-
chondrial stress that results in increased survival, we have termed
this cell-non-autonomous signal a “mitokine.”

While many of these perturbations have pleiotropic effects that
result in their short life span, their ability to upregulate the UPR™
is not sufficient to overcome these potentially harmful side
effects. We found that muscle-specific cco-7 RNAi could
also induce the intestinal hsp-6p::GFP reporter, yet these
animals were not long lived (Figure S4B). We also find that
short-lived mev-1 mutant animals also induce the UPR™ (data
not shown). Finally, many of the nuclear-encoded mitochondrial
genes discovered to induce the UPR™ when inactivated using
RNAI (Yoneda et al., 2004) are not long lived (data not shown).
Therefore, ectopic induction of the UPR™ is required but is not
sufficient in the establishment of the prolongevity cue from mito-
chondria in these settings.

Of the currently identified UPR™ pathway members, the ubig-
uitin like protein, UBL-5, which provides transcriptional speci-
ficity for the homeobox transcription factor DVE-1 in response
to unfolded proteins in the mitochondria, is essential for the
increased longevity of ETC mutant animals. Knockdown of
ubl-5 specifically in the intestine was not sufficient to block mito-
kine signaling from the nervous system, but was able to block
induction of animals fed dsRNA of cco-1, which can not reduce
cco-1 in the nervous system. Therefore, it appears that ubl-5
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Figure 7. Model for the Cell-Non-Autonomous Nature of the UPR™
Cells experiencing mitochondrial stress, in this scenario neuronal cells (circles)
marked within the yellow box, produce a signal that is transmitted from the
mitochondria to the nucleus to regulate the expression of genes regulated by
UBL-5 and possibly DVE-1. These cells serve as sending cells and produce an
extracellular signal (mitokine) that can be transmitted to distal, receiving cells,
in this case intestinal cells marked in the green box. Receiving cells perceive
the mitokine and induce the mitochondrial stress response. See also
Figure S5.

either functions exclusively in a cell-autonomous fashion, or
the signals generated to induce the UPR™ in the nervous system
are very different from the signal generated in other tissues as
ubl-5 was not required for neuronal induction.

Itis intriguing to speculate why reduced mitochondrial ETC in
only a few tissues are able to send a prolongevity cue, or mito-
kine, but others do not. Because the intestine and the sensory
neurons (@amphids and phasmids) are the only cells that are in
direct contact with the worm’s environment (the hypodermis/
skin is wrapped in a protective, dense cuticle), perhaps these
cells are fine-tuned to perceive mitochondrial insults that might
be present in the environment. Alternatively, mitochondrial
metabolism in the nervous system and intestine might have
different requirements than other tissues making disruptions
in these tissues more susceptible to perturbation and subse-
quent UPR™ upregulation. As another possibility, there is
a growing body of research emphasizing the importance of
ROS, not as damaging agents, but as crucial components of
cell signaling. It remains a possibility that ROS may act as
signaling molecules and potentially serve as the mitokine or
intermediary to elicit a nuclear response. However, animals
treated with high doses of the antioxidants N-acetyl-L-cysteine
(NAC) or ascorbic acid (vitamin C) were not able to block mito-
kine signaling (Figure S5), a thorough investigation of mitochon-
drial function from each tissue will be essential to test these
hypotheses.

In the future it will be important to understand how mitochon-
drial stress initiates the UPR™ in a cell-autonomous fashion and
how this stress is then transmitted throughout the organism to
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induce the UPR™ in cells that have yet to possess mitochondrial
stress (i.e., a cell-non-autonomous fashion). Furthermore, the
identity and mode of action of the mitokine will provide an
avenue to explore treatment of mitochondrial diseases in a tissue
and cell-type-specific manner if conserved from worm to man.

EXPERIMENTAL PROCEDURES

Strains

HC114 (sid-1(qt9)), MQ887 (isp-1(qm150)), CB4876 (clk-1(€2519)), CF1041
(daf-2(e1370)), TK22 (mev-1(kn1)lll), WB27 (rde-1(ne219)), NR222 (rde-1
(ne219)V; kzIs9, NR350 (rde-1(ne219) V; kzls20), SJ4100 (zcls13[hsp-
6p::GFP]), SJ4058 (zcls9[hsp-60p::GFP]), CL2070 (dvis[hsp-16.2::GFP]) and
N2 wild-type were obtained from the Caenorhabditis Genetics Center.
VP303 was a generous gift from the Strange lab.

The myo-3 promoter hairpin RNAi transgene was created by inserting PCR
amplified cco-1 cDNA with no stop codon into pPD97.86 (Addgene). The
reverse complement cco-7 cDNA was inserted into pGEX2T after the GST
linker to be used as the hairpin loop as described. PCR ampilifications were
used to add an Agel site to the 3’ end of the cco-17 cDNA and NgoMIV (compat-
ible and nonrecleavable with Agel) to the 5’ end of the GST linker. Ligation of
the PCR products in the presence of Agel enzyme and NgoMIV were followed
by gel extraction of the promoter hairpin fragment as described (Hobert 2002).
The ges-1 and unc-119 promoters were PCR amplified from genomic DNA and
cloned in place of the myo-3 promoter driving cco-1. The rab-3 promoter was
a gift from Kang Shen, Stanford University, and sequence verified.

Transgenic tissue-specific RNAi hairpin expressing strains were gener-
ated by microinjecting gel extracted hairpin RNAi constructs (40-60ng/pl)
mixed with an equal concentration of pRF4(rol-6) co-injection marker or
myo-2::GFP into sid-1(qt9) worms. Control lines were generated by injecting
sid-1(qt9) with 50ng/ul pRF4(rol-6). Extrachromosomal arrays were integrated
and backcrossed five times as described.

The gly-19 intestinal promoter driving wild-type sid-7 was injected into
rab-3p::cco-1HP transgenic worms to enable knockdown of cco-7 in the
neurons by the hairpin transgene and in the intestine by feeding RNAI.

ubl-5 knockdown strains were generated with constructs as described
(Esposito et al., 2007; Hobert, 2002). Forward and reverse orientation ubl-5
constructs were driven by the gly-19 intestinal promoter and co-injected
with the myo-3p::tdTomato marker.

Life-Span Analyses

Life-span analyses were performed as described previously (Dillin et al.,
2002a). 80-100 animals were used per condition and scored every day or every
other day. All life-span analyses were conducted at 20°C and repeated at least
twice. JMP IN 8 software was used for statistical analysis. In all cases,
P-values were calculated using the log-rank (Mantel-Cox) method.

GFP Expression and Quantification

SJ4100 hsp-6::GFP were bleached to collect synchronous eggs and grown on
cco-1 RNAI. At each stage from larval stage 1 to Day 1 of adulthood, worms
were assayed for GFP expression. Alternatively, SJ4100 worms were grown
on empty vector and transferred to cco-1 RNAI at each developmental stage
at which time GFP was assayed at Day 1 or 2 of adulthood.

Integrated hairpin RNAi worm lines were crossed to SJ4100 hsp-6p::GFP
reporter lines. GFP was monitored in Day 1 adults. Fluorimetry assays were
performed using a Tecan fluorescence plate reader. 100 roller worms were
picked at random (25 into 4 wells of a black walled 96-well plate) and each
well was read three times and averaged. Each experiment was repeated three
times.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, five

figures, four tables, and one movie and can be found with this table online at
doi:10.1016/j.cell.2010.12.016.
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EXTENDED EXPERIMENTAL PROCEDURES

Stress Assays

Paraquat assays were performed as described. For UV irradiation assays, worms were grown to day 5 of adulthood. Worms were
then transferred to plates without food and exposed to 1200 J/m? of UV using an UV Stratalinker. Worms were transferred back
to seeded plates and scored daily for viability. For heat shock assays, worms were grown to day 1 of adulthood. Worms were
then transferred to plates without food and placed at 33°C. Worms were checked every 2 hr for viability.

Reproductive Assays

Animals were synchronized. Gravid adults were allowed to lay eggs on a seeded plate. ~8-10 hr later larvae were picked to new indi-
vidual plates as they hatched within 10 min period. The fecundity of 30 animals/genotype was monitored by placing 1 animal on
a plate and tranfering every 12 hr to new plate. The resulting progeny were allowed to grow to adulthood and were counted.

Antioxidant Life Spans

Antioxidant life span analysis N-acetyl-cysteine (NAC) plates were prepared as in Schultz et al., 2007. Agar with a 5mM final concen-
tration of NAC was used from a 0.5M aqueous stock. Ascorbic acid (vitamin C) plates were made with a 5mM final concentration from
a 0.5M aqueous stock. Worms were grown on antioxidant plate from hatch until the late L4 stage at which time they were transferred
onto regular NGM agar plates.
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Figure S1. Combination of Intestinal and Neuronal cco-1 Hairpins Does Not Further Increase Life Span, Related to Figure 1 and Figure 2
(A) Hairpin cco-1 knockdown in intestine and neuron is not additive. ges-1::cco-THP (green line, mean 22.9+/—0.6 days); rab-3::cco-1HP (red line, mean 23.4 +/—
0.6 days); ges-1::cco-THP transgenics crossed to rab-3::cco-THP transgenics (blue line, mean 23.2 +/—0.5 days); sid-1(qt9) (black line, mean 19.2 +/—0.5 days).
(B) Size comparison of cco-1 hairpin expressing worms and controls. Expression of tissue-specific hairpins does not appear to alter overall size. Four repre-
sentative worms of each transgenic strain: neurons (unc-119), intestine (ges-1), and body wall muscle (myo-3) and control strains N2, sid-1, and sid-1/rol-6 are
shown.

(C) Total average number of progeny for 30 worms of each transgenic and control strain. N2 (black) produced 290 + 42 progeny; sid-1(qt9) (light yellow) produced
308 + 29 progeny; sid-1/rol-6 (dark yellow) produced 260 + 39.5 progeny; unc-119p::cco-1HP (pink) produced 207 + 56 progeny; ges-1p::cco-1HP produced
242 + 39 progeny; myo-3p::cco-1HP (blue) produced 251 + 55 progeny.
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Figure S2. Life-span Analysis of cco-1 RNai Dilution and ubl-5 or dve-1 Knockdown, Related to Figure 4

(A) Life-span analysis of diluted cco-7 RNAI. N2 on empty vector (black line) mean = 18.9 + 0.6 days. N2 on undiluted cco-7 RNAI (red line) mean = 25.7 + 0.6 days.
N2 on 50:50 cco-1 RNAI diluted with empty vector (blue line) mean = 25.8 + 0.5 days. N2 on cco-1 diluted 20:80 with empty vector mean = 21.0 + 0.6 days.
(B) Dilution of cco-1 RNAI decreases the efficacy of gene knockdown. Fold change relative to EV alone.

Undiluted cco-1 RNAi = 0.11+/—0.08, 50/50 diluted cco-7 RNAi = 0.36 +/—.

(C) clk-1(e2519) life span is suppressed by ubl-5 RNA.. Life span of clk-1(e2519) weak allele on ubl-5 feeding RNAIi. N2 (gray line) mean life span 18.0 + 0.4 days;
clk-1(e2519) (black line) mean life span 20.6 + 0.5 days; clk-1(€2519) on ubl-5 RNAi (orange line) mean life span 18.0 + 0.5 days. p < 0.0005.

(D) dve-1 RNAi shortens the life span of all strains tested. Wild-type N2 worms fed empty vector (black line) mean life span 18.0 + 0.4 days; N2 fed dve-7 RNAI (red
line) mean 12.3 + 0.5 days.

(E) isp-1(@m150) mutants fed empty vector (black) mean life span 25.8 + 1.0 days; isp-1(gm150) fed dve-1 RNAi mean 12.9 + 0.3 days.

(F) daf-1(e1370) mutants fed empty vector mean life span 40.7 + 1.2 days; daf-1(e1370) fed dve-17 RNAi mean 17.8 + 0.8 days. G. eat-2(ad1116) fed empty vector
mean life span 26.4 + 0.6 days; eat-2(ad1116) fed dve-17 RNAi mean 12.3 + 0.3 days.
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Figure S3. cco-1 RNAi Induces hsp-6::GFP Well into Adulthood, Related to Figure 5
hsp-6p::GFP reporter worms at developmental stages L1 through young adult fed cco-7 RNAi from hatch. Animals were collected at the indicated stages for
fluorescent microscopy. By the L3/L4 stage the UPR™ is strongly upregulated in the intestine.
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Figure S4. Intestinal Induction of hsp-6::GFP, Related to Figure 6
(A) hsp-6p::GFP reporter worms with a GFP knockdown construct in the intestine driven by the gly-19 promoter suppress the UPRmt upregulation observed by

feeding cco-1 RNAI. B. Disruption of the ETC in the muscle cells which results in a shortened or wild-type life span can activate the hsp-6p::GFP reporter.
myo-3p::cco-THP transgenic worms were crossed to hsp-6p::GFP reporter worms show induction of the GFP reporter in the intestine.

Cell 144, 79-91, January 7, 2011 ©2011 Elsevier Inc. S5



1.0
0.9 -
0.8
0.7 -
206
205
A 0.4
0.3
0.2 -
0.1 -

ges-1HP ==
ges-1 HP NAC ==
ges-1 HP VitC =
sid-1

0.0

1.0
0.9
0.8
0.7 -

£0.6

205

FA0.4
0.3
0.2
0.1

Sid-1 NAC =
sid-1 VitC ===
Sig-7

0.0

L I L \
5 10 15 20 25 30
Days

Figure S5. Antioxidant Treatment Does Not Suppress ges-1::cco-1(HP) Increased Longevity, Related to Figure 1 and Figure 2

(A) Life-span analysis of ges-7p::cco-THP on NGM agar without supplement (green line, mean 20/7+/—0.59) or NGM agar containing NAC (blue line, mean
19.3+/—0.57); vitamin C (orange line, mean 20.9+/— 0.56); sid-1 control (black line, mean 18.1+/—0.52).

(B) Antioxidants have no significant effect on sid-7 life span. sid-71(qt9) on NGM agar without supplement (black line, mean 18.1+/—0.57); on NGM agar
containing NAC (blue line, mean 18.1+/—0.56); NGM agar containing vitamin C (orange line, mean 19.3+/—0.23).
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