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Abstract

The mammalian Nrf/CNC proteins (Nrfl, Nrf2, Nrf3, p45 NF-E2) perform a wide range of
cellular protective and maintenance functions. The most thoroughly described of these proteins,
Nrf2, is best known as a regulator of antioxidant and xenobiotic defense, but more recently has
been implicated in additional functions that include proteostasis and metabolic regulation. In the
nematode Caenorhabditis elegans, which offers many advantages for genetic analyses, the
Nrf/CNC proteins are represented by their ortholog SKN-1. Although SKN-1 has diverged in
aspects of how it binds DNA, it exhibits remarkable functional conservation with Nrf/CNC
proteins in other species and regulates many of the same target gene families. C. elegans may
therefore have considerable predictive value as a discovery model for understanding how
mammalian Nrf/CNC proteins function and are regulated in vivo. Work in C. elegans indicates
that SKN-1 regulation is surprisingly complex and is influenced by numerous growth, nutrient,
and metabolic signals. SKN-1 is also involved in a wide range of homeostatic functions that
extend well beyond the canonical Nrf2 function in responses to acute stress. Importantly, SKN-1
plays a central role in diverse genetic and pharmacologic interventions that promote C. elegans
longevity, suggesting that mechanisms regulated by SKN-1 may be of conserved importance in
aging. These C. elegans studies predict that mammalian Nrf/CNC protein functions and regulation
may be similarly complex and that the proteins and processes that they regulate are likely to have
a major influence on mammalian life- and healthspan.
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1. Background and overview

The Nrf (NF-E2-related factor)/CNC family of transcription regulators are named after their
founding member, p45 NF-E2, and are defined by the presence of the CNC (Cap’n’ collar)

domain and adjacent basic region (BR), which are located within their DNA-binding domain
(Fig. 1A) [1-4]. The Nrf/CNC proteins are unrelated to the nuclear respiratory factor (NRF)
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transcription factors, which regulate nuclearly encoded mitochondrial genes. Of the
mammalian Nrf/CNC proteins (Nrfl, Nrf2, Nrf3, p45 NF-E2), Nrf2 is by far the most
extensively studied. As is described below, Nrf2 is well known to function in stress
responses, but along with other Nrf/CNC family members, it is also emerging as a central
regulator of various aspects of metabolism and other functions [1,3-5].

In the nematode Caenorhabditis elegans, the simplest major multicellular model organism,
the Nrf/CNC proteins are represented by their sequence and functional ortholog SKN-1
[6,7]. C. elegansis a highly advantageous organism for genetic and other in vivo analyses
[8]. SKN-1 has diverged considerably from mammalian Nrf/CNC proteins with respect to its
mode of DNA binding (Figs. 1A and B). However, as we describe below, the degree of
functional conservation between SKN-1 and these proteins is remarkable. These similarities
suggest that C. elegans SKN-1 provides a powerful model for investigating how Nrf2 and
other Nrf/CNC proteins are regulated, and how they influence the development and
functions of normal tissues in vivo. Importantly, in C. elegans, SKN-1 plays a central role in
many regulatory pathways and interventions that extend lifespan. This suggests that
Nrf/CNC proteins are likely to be important in aging across the evolutionary spectrum, a
model for which support continues to build.

Nrf/CNC proteins are basic-leucine zipper (ZIP) transcription factors that require their Maf
dimerization partner to bind DNA stably [9], but SKN-1 lacks the ZIP dimerization module
(Fig. 1A) [10,11]. SKN-1 has been endowed by evolution with a clever solution to this
problem, however. As it turns out, the SKN-1 DNA binding region is built around a
“souped-up” version of the CNC domain that forms a relatively stable helical structure,
along with an additional peptide motif with which SKN-1 recognizes bases in the DNA
minor groove (Fig. 1A) [11-15]. SKN-1 therefore binds to its cognate sites on its own with
affinity comparable to that of a bZIP dimer [11,12]. Amazingly, although the SKN-1
recognition preference has diverged from the antioxidant response element recognized by
mammalian Nrf/CNC-Maf dimers (Fig. 1B), SKN-1 directly regulates many of the very
same genes that are known to be Nrf/CNC targets (described below). Regulation of these
many diverse targets must have been preserved as SKN-1 and the other Nrf/CNC proteins
diverged from a common precursor.

Outside their DNA-binding region, the homology between SKN-1 and Nrf/CNC proteins is
limited except for a highly conserved 14-residue motif called DIDLID, which is a unique
signature of the Nrf/CNC protein family [6,16] (Fig. 1LA). This conservation suggests a
critical function, and in SKN-1 the DIDLID element is important for transcription activation
[6] and interaction with the protein WDR-23, which targets SKN-1 for proteasomal
degradation (described below) [17]. However, we still do not understand why the function of
the DIDLID element is important enough to have warranted this degree of conservation.
Other SKN-1 regions appear to activate transcription by binding to the p300/CBP
acyltransferases [6], another parallel between SKN-1 and Nrf2 [18]. Four major predicted
isoforms are encoded by the skn-1 gene, three of which have been shown to be expressed in
vivo (SKN-1a-c; Fig. 1C) [7,19,20]. Genetic studies have yielded considerable information
about requirements for skn-1, which may represent the entire group of mammalian Nrf/CNC
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proteins, but we still understand relatively little about the functions of the individual SKN-1
isoforms.

In C. elegans, protein expression in individual tissues is most commonly examined through
translational fusion to green fluorescent protein (GFP) or a similar tag [21]. Using this assay,
SKN-1 expression has been detected throughout the C. elegans life cycle (Fig. 2A). During
embryogenesis, zygotically expressed SKN-1 is present in nuclei in precursors of the
intestine, the worm counterpart to the mammalian digestive system (liver, adipose tissue,
pancreas, and gut) [7]. In contrast, during larval and adult stages, intestinal SKN-1 is
predominantly cytoplasmic, but accumulates in nuclei in response to stress (Fig. 2B) [7,22].
This intestinal SKN-1 expression seems to be derived predominantly from the SKN-1a and
SKN-1c isoforms [7,19,20]. SKN-1a includes an N-terminal transmembrane segment (Fig.
1C) and has been detected in mitochondrial and endoplasmic reticulum (ER) preparations
[20,23,24]. This suggests that SKN-1a may correspond to Nrfl, which is inserted in the ER
membrane and must be cleaved in order to be released [25,26]. This transmembrane segment
is absent from SKN-1c (Fig. 1C), which may correspond to Nrf2. The C. elegans adult
“brain” and nervous system consist of a network of 302 neurons [27]. During all
postembryonic stages, the short isoform SKN-1b is highly prominent in the nuclei of the two
ASI chemosensory neurons, which sense food and regulate metabolism, and may correspond
to a rudimentary hypothalamus (Fig. 2B) [19]. In developing larvae, some additional head
neurons express the SKN-1a isoform [20].

Given that the intestine not only mediates digestion but also is the major detoxification and
biosynthetic tissue, it is not surprising that many of the functions of SKN-1 have been linked
to its intestinal expression [7,19,28-30]. Accordingly, analyses in which GFP is expressed
from SKN-1 target gene promoters suggest that SKN-1 prominently influences gene
expression in that tissue. Other evidence indicates that SKN-1 has important functions in
neurons [19,31,32]. Through an unknown mechanism, SKN-1b that is expressed in the ASI
neurons appears to promote oxidative metabolism in the setting of dietary restriction [19].
SKN-1 functioning in cholinergic neurons enhances synaptic function and stress resistance
[31,32]. SKN-1-induced detoxification gene expression has also been detected in the
hypodermis (skin), in which the SKN-1::GFP fusion protein is not readily detectable [23],
indicating that SKN-1 is active in some tissues in which it is present at low levels.

While most recent studies of SKN-1 address its postembryonic functions, it is important to
note that SKN-1 was initially discovered based upon an essential developmental role. In
1992, Bruce Bowerman and James Priess identified skn-1 as a gene that is required for tissue
specification during the earliest stages of embryonic development [10]. At the four-cell
embryonic stage, when zygotic transcription begins, SKN-1 is expressed from mRNAs that
are provided maternally to the oocyte [10,33]. This SKN-1 protein initiates development of
the endoderm and associated mesodermal tissues, including the entire digestive system
(pharynx and intestine). In mice, Nrfl is required for completion of embryonic development,
but it is not clear whether any overlapping combination of Nrf/CNC proteins might have as
fundamental a developmental role as SKN-1 [34-36]. It is intriguing, however, that many
detoxification and metabolic functions of mammalian Nrf/CNC proteins are associated with
the liver, just as SKN-1 specifies development of the C. elegans intestine. One speculative
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possibility is that during evolution, a precursor to SKN-1 was co-opted for this early
developmental role based upon its preexisting detoxification and metabolic functions. Other
examples have been identified in which development of individual organs is specified by
transcription factors that control the major downstream functions of those organs [37,38],
but in this case SKN-1 specifies development of an entire organ system that is critical for
metabolism, biosynthesis, and detoxification.

2. SKN-1 functions in stress responses and homeostasis

With respect to the trajectory on which its downstream functions have been uncovered,
analyses of SKN-1 have paralleled studies of mammalian Nrf/CNC proteins. The initial
finding that SKN-1 controls specific aspects of oxidative stress defense has been followed
by an accumulating body of evidence implicating it in a wide range of detoxification
processes, as well as in immunity, proteostasis, and metabolism (Fig. 3). In addition, the
idea that intestinal SKN-1 inducibly responds to acute stress has given way to a more
nuanced view, in which SKN-1 also functions continuously to maintain homeostasis of these
various processes.

The first insights into the postembryonic functions of SKN-1 came with the finding that, like
Nrf2, SKN-1 regulates Phase Il detoxification genes and is needed to defend against acute
oxidative stress [7]. In C. elegans, as in other eukaryotes, small molecule detoxification
occurs in three phases [39,40]. In Phase I, lipophilic xenobiatics or endobiotics are
solubilized by enzymes such as cytochrome P450s (CYPs) and short-chain dehydrogenases
(SDHs). Reactive products generated by these or other processes are detoxified by the Phase
Il system, a broad category encompassing enzymes that synthesize the reducing agent
glutathione (GSH), metabolize reactive molecules, or conjugate reactive groups
(glutathione-S-transferases (GSTs) and UDP-glucuronosyl/glucosyl transferases (UGTS)).
These reactive molecules include oxygen free radicals that arise from mitochondrial
respiration or other sources. Finally, conjugated toxins are exported from cells by the Phase
I11 proteins, including ATP-binding cassette (ABC) and other transporters. When C. elegans
is exposed to acute oxidative stress, SKN-1 accumulates in intestinal nuclei (Fig. 2B) and
activates Phase |1 detoxification genes that correspond to canonical Nrf2 targets [7].
Transcriptome profiling and further candidate gene analyses later revealed that SKN-1
induces expression of a wide variety of Phase I, I, and 111 detoxification proteins, including
CYP, SDH, GSH biosynthetic, GST, and UGT enzymes and ABC transporters
[23,30,31,41-43]. The presence of predicted SKN-1 binding sites, together with chromatin
immunoprecipitation (ChlP) analyses, suggests that most of these detoxification genes are
regulated directly by SKN-1 [24,29,30,41,43,44]. Thus, like Nrf2, SKN-1 controls many
critical detoxification processes directly. As would be predicted, skn-1 mutants are
considerably less resistant than wild-type (WT) animals to oxidative or xenobiotic stress
exposure [7,24,41,45].

SKN-1 also regulates numerous genes in the absence of exogenous stress. Expression
profiling has identified approximately 300 genes as being up- or down-regulated by SKN-1
in intact animals under nonstressed conditions [41]. These SKN-1-up-regulated genes
include many from the expected categories of canonical detoxification target genes, but also
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other genes that suggest intriguing “new” SKN-1 functions. For example, many of these
genes encode C-type lectins or other proteins that localize to the intestinal cell surface and
are thought to have antimicrobial properties [41,46,47]. Accordingly, SKN-1 activation is
required for resistance to infection from Pseudomonas aeruginosa [48,49]. It will be
interesting to determine whether these little-understood cell surface proteins might have
additional functions in the C. elegans gut, and whether mammalian Nrf/CNC proteins might
also influence innate immunity directly. While most SKN-1-down-regulated genes appear to
be controlled by SKN-1 indirectly, some are flanked by SKN-1 binding sites, suggesting the
exciting but as yet unexplored idea that SKN-1 might function as either an activator or a
repressor of transcription [41].

A relatively new area of importance is the role of SKN-1 in supporting proteostasis, a
blanket term that covers maintenance of protein folding and clearing of damaged or
aggregated proteins. In the intestine, SKN-1 maintains activity of the proteasome [50], a
multisubunit structure that degrades proteins that are marked by ubiquitylation for decay
[51,52]. SKN-1 increases expression of most proteasome subunit genes [41,50,53],
apparently by targeting them directly [30]. If the proteasome is inhibited genetically or
pharmacologically, SKN-1 up-regulates proteasome genes in a compensatory response [50].
Accordingly, proteasome inhibition is differentially toxic to skn-1 mutants [50]. Similarly, in
mammals, proteasome genes are activated by Nrfl in response to proteasome inhibition [54—
56] or by Nrf2 after oxidative stress [53,57]. SKN-1 appears to be degraded by ubiquitin-
mediated proteolysis [28], making it possible that it simply accumulates to higher levels
when the proteasome is inhibited. However, the complexity of other aspects of SKN-1
regulation (described below) suggests that additional mechanisms are likely to be involved.
For example, C. elegans responds to a loss of germ cells by activating SKN-1, thereby
increasing proteasome activity, stress resistance, and lifespan (see below) [30]. An exciting
possibility is that the genetic tools available in C. elegans may facilitate exploration of
mechanisms through which Nrf/CNC proteins control proteasome activity, an interaction
that could be important in the setting of cancer or other diseases that are treated through
proteasome inhibition [52].

In C. elegans, SKN-1 also plays an essential role in the unfolded protein response (UPR)
[24], a complex gene expression network that is activated by accumulation of unfolded
proteins in the ER (ER stress) [58,59] (Fig. 4). SKN-1 directly activates expression of many
of the core regulators that sense ER stress and control downstream UPR target genes, and
skn-1 expression is in turn dependent upon the UPR transcription factors XBP-1 and ATF-6
(Fig. 4). SKN-1 also cooperates with those factors to control downstream targets directly
and is important for resistance to ER stress [24]. Under ER stress conditions, SKN-1
activates a set of genes that differs from those activated by its response to oxidative stress.
This finding builds upon a theme developed from other observations, that under different
stress or metabolic conditions SKN-1 activates overlapping but distinct sets of genes that
appear to be customized for the situation at hand (Fig. 3) [23,29,30,41,43,50]. The role of
SKN-1 in the UPR provides a paradigm that might explain this flexibility, because it
suggests that the actions of SKN-1 can be tailored through its cooperation with other
transcription factors, such as XBP-1 and ATF-6 [24].
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The question of how SKN-1 is regulated by ER stress is also intriguing. Like Nrfl, SKN-1a
includes a transmembrane domain (Fig. 1A), but it is unknown whether ER stress induces
cleavage of these proteins. ER stress increases SKN-1 levels through transcription and
preferential translation (discussed below) and increases direct binding of SKN-1 to
downstream target genes [24]. Interestingly, however, this is not accompanied by a
detectable increase in overall nuclear SKN-1 levels, as would be predicted from the standard
paradigm. Apparently SKN-1 is active in the nucleus even when it is not present there at
high levels, as predicted by evidence that SKN-1 regulates expression of numerous genes
under nonstressed conditions [41]. Under ER stress conditions, SKN-1 that is present in the
nucleus might be captured to bind target promoters through cooperative interactions with
XBP-1 or other co-regulators. It has been reported that the PERK kinase phosphorylates and
activates Nrf2 [60,61], but it is otherwise unexplored whether Nrf/CNC proteins are
involved in the mammalian UPR. Our understanding of SKN-1 functions in the C. elegans
UPR predicts that even if mammalian Nrf/CNC proteins are not activated by ER stress
through the standard pathway of increased nuclear accumulation, they may nevertheless play
a critical role under ER stress conditions through interactions with other UPR transcription
regulators. In addition to its regulation of UPR and proteasome genes, SKN-1 also controls
genes that encode chaperones, lysosomal proteases, and autophagy proteins [41], suggesting
that it may promote proteostasis at many levels.

A surprising new area of interest is that SKN-1 regulates key aspects of lipid metabolism.
SKN-1 mediates transcriptional responses to starvation, and under particular starvation or
dietary conditions it up-regulates lipid metabolism genes and seems to induce fat
mobilization [23,62]. SKN-1 also controls many lipid metabolism genes under normal
conditions and responds to elevated lipid levels by activating genes involved in -oxidation,
lipolysis, fatty acid desaturation, elongation, and transport, and stress defense, many of
which seem to be direct SKN-1 targets [30]. Accordingly, skn-1 mutants store excess
amounts of fat [30]. Mammalian Nrf proteins affect lipid metabolism gene expression
[4,23,62,63], and hepatic knockout of Nrfl predisposes to nonalcoholic fatty liver disease
(NAFLD) that progresses to nonalcoholic steatohepatitis (NASH) [63-65]. When fed a high-
fat diet, Nrf2~/~ mice also develop NASH [66]. Given that they store excess fat in their
intestine (gut/liver), skn-1 mutants may provide a C. elegans model for studying NAFLD
development [30]. Reduced Nrf/CNC protein function is thought to trigger NASH by
increasing hepatic stress [64,67], but the recent data on SKN-1 suggest that Nrf/CNC
proteins are likely to play a more direct role in maintaining lipid homeostasis.

SKN-1 also controls other aspects of metabolism. Expression profiling indicates that SKN-1
regulates genes involved in carbohydrate and amino acid metabolism, as well as
mitochondrial function [41]. More recently, SKN-1 was shown to be important for
mitochondrial biogenesis and health [68]. SKN-1 responds to mitochondrial stress and
activates mitochondrial biogenesis and mitophagy genes. A lack of skn-1 function results in
impaired mitochondrial network morphology, function, and mitophagy and reduced
mitochondrial DNA content [68]. Interestingly, mammalian Nrf2 has been implicated
directly in metabolic reprogramming that occurs under conditions of cell proliferation and
cancer [3,69,70]. Further elucidation of how SKN-1 and mammalian Nrf/CNC proteins

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blackwell et al.

Page 7

influence mitochondrial function and energy metabolism is likely to be a fruitful area of
further investigation.

In summary, despite its divergent mode of target gene recognition, C. elegans SKN-1 fulfills
the canonical functions associated with Nrf2 (oxidative and xenobiotic stress detoxification)
and Nrfl (proteasome expression). SKN-1 is also important in additional key processes such
as protein synthesis in the ER and diverse aspects of metabolism, and maintains homeostasis
under normal conditions, not just in response to acute stresses or insults. Continued parallel
C. elegans and mammalian studies are likely to be mutually beneficial with respect to
elucidating additional functions of these very interesting regulators, and understanding how
they interface with other mechanisms that maintain metabolic and proteostatic homeostasis
and defend against stresses.

3. Regulation of SKN-1 in vivo

Nrf/CNC proteins are subject to negative regulation that prevents them from activating
target genes constitutively, and positive regulation that releases or overcomes this inhibition
[2-4]. It is essential to elucidate how these regulatory mechanisms operate, in order to
understand how Nrf/CNC proteins and their functions might be influenced by disease states
or potential therapies. Elegant biochemical and molecular studies have yielded detailed
mechanistic insights into how Nrf2 is inhibited by the ubiquitin ligase component Keapl and
how electrophilic compounds that bind specific Cys residues in Keapl activate Nrf2 by
relieving it from degradation [3,4]. We do not yet understand SKN-1 regulation at such a
deep biochemical level, but in vivo and genetic analyses in C. elegans have identified
multiple phosphorylation signals and other processes that regulate SKN-1 in vivo (Fig. 5). It
appears likely that many of these mechanisms may also be relevant to Nrf/CNC protein
regulation.

Although C. elegans lacks a true Keapl ortholog, like Nrf2, SKN-1 appears to be regulated
through ubiquitin-mediated proteolysis [28]. The E3 ubiquitin ligase substrate adaptor
WDR-23 binds simultaneously to SKN-1 and the cullin4 (CUL4) ortholog DDB-1, an
interaction that would be predicted to trigger SKN-1 ubiquitylation and subsequent
degradation (Fig. 5A) [28]. Accordingly, knockdown of wdr-23 by RNAI increases SKN-1
protein abundance, accumulation of SKN-1 in intestinal nuclei, and SKN-1 target
antioxidant gene expression, and the effects of wdr-23 RNAI on development and growth
are restored by loss of SKN-1 [16,28]. One of the two WDR-23 isoforms (WDR-23a) has
been implicated in SKN-1 inhibition and is bound to the mitochondrial outer membrane
[31]. The idea that SKN-1 might be regulated by WDR-23 at mitochondria could be
analogous to Keapl and Nrf2 being tethered to mitochondria by the mitochondrial outer
membrane protein PGAMDS [71]. SKN-1 also interacts directly with PGAM-5, which
presumably facilitates its interactions with mitochondria, a location that could be opportune
for sensing mitochondrial function and mitochondrially produced ROS [23]. However, it is
important to note that although WDR-23 contains 17 Cys residues, it is still unknown
whether these might be targeted by ROS, xenobiotics, or other reactive molecules, as has
been demonstrated for Keapl [28]. WDR-23 not only marks SKN-1 for degradation, but
also directly inhibits SKN-1-DNA binding, providing a second level of regulation [17].
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Interestingly, SKN-1 activates the wdr-23 gene, establishing a feedback loop that may limit
the duration of SKN-1-mediated detoxification responses [16]. While WDR-23 might
represent a functional counterpart to Keapl, a highly conserved WDR-23 ortholog is present
in mammals, raising the intriguing possibility that mammalian Nrf/CNC proteins might also
be regulated by WDR23 [28].

Another mechanism that inhibits SKN-1 is phosphorylation by glycogen synthase kinase
(GSK-3) (Fig. 5A and B) [72]. Specific GSK-3 phosphorylation sites within SKN-1 have
been identified, mutation of which results in accumulation of SKN-1 in intestinal nuclei.
Knockdown of gsk-3 increases SKN-1 nuclear localization and antioxidant gene expression,
supporting the importance of GSK-3 for SKN-1 regulation in vivo. GSK-3 phosphorylation
targets mammalian Nrf2 for binding by the E3 ubiquitin ligase B-TrCP, and proteasomal
degradation [73,74]. Interestingly, knockdown of the functional C. elegans 3-TrCP ortholog
lin-23 results in intestinal abnormalities that are largely skn-1-dependent [75]. This suggests
that GSK-3- and possibly f-TrCP-mediated regulation of Nrf/CNC proteins may be
evolutionarily conserved. The biological rationale for GSK-3 regulation of SKN-1 is still
unknown. In mammals, GSK-3-mediated inhibition of Nrf2 may mediate regulation by
AKT, which phosphorylates and inhibits GSK-3 [76], but C. elegans GSK-3 lacks a
predicted AKT phosphorylation site. GSK-3 recognizes targets that have been
phosphorylated by a priming kinase, and mutation of a predicted priming site in SKN-1
results in its constitutive nuclear localization [72]. Regulation by GSK-3 therefore allows
SKN-1 and Nrf2 to be inhibited by signals from a priming kinase(s), the identity of which
remains unknown.

A striking aspect of SKN-1 regulation is that its activity in the intestine is typically
dependent upon signaling through the p38 mitogen-activated protein kinase (MAPK)
pathway (Fig. 5) [45]. Treatment with sodium arsenite or other oxidative stressors leads to
activation of the p38 kinase through phosphorylation in C. elegans [45], as is seen in
mammalian cells [77]. Genetic ablation of the C. elegans p38 pathway prevents SKN-1
nuclear accumulation and target gene activation in response to oxidative stress and severely
impairs oxidative stress resistance [45]. The C. elegans p38 kinase PMK-1 phosphorylates
SKN-1 directly at two residues in response to stress (Fig. 5A), and mutation of these
residues largely abolishes SKN-1 activity [45]. p38 signaling is required for all biological
stimuli examined so far to activate SKN-1 in the intestine, although certain genetic
manipulations induce SKN-1-dependent gene expression independently of this pathway,
through mechanisms that are not understood [20,28,45,48,78]. Interestingly, the ER
unfolded protein sensor IRE-1 (Fig. 4) appears to be required for arsenite-induced oxidative
stress to trigger this p38 signal [24], suggesting a possible regulatory link between the ER
and SKN-1-dependent oxidative stress responses.

It has been reported that the response of mammalian Nrf2 to oxidative stress is blocked by
chemical inhibition of the p38 pathway [79,80], suggesting conservation of this regulatory
mechanism. However, p38 phosphorylation sites within Nrf2 that were identified under
nonstressed conditions do not appear to be required for its function [81], although the
possible significance of stress-induced Nrf2 phosphorylation by p38 has not been examined.
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The profound importance of p38 signaling for SKN-1 activity in C. elegans suggests that
further exploration of this question in mammals may be warranted.

Genetic and molecular studies have implicated a variety of additional mechanisms in
regulation of SKN-1 (Fig. 5A). Signaling through the ERK-MAPK pathway promotes
SKN-1 activity directly, through phosphorylation at the same residues targeted by p38 [82].
RNA. screening has revealed that SKN-1 nuclear localization and target gene expression in
the intestine are inhibited by the cell cycle kinase neki-2, the IxB-kinase ortholog ikke-1, the
neuron-specific kinase mkk-4, and the pyruvate dehydrogenase kinase pdhk-2 (Fig. 5B),
although it is unclear which of these signals affect SKN-1 directly or indirectly [22]. SKN-1
expression is inhibited by the microRNAs (miRNAS) mir-228, mir-84, and mir-241, each of
which affects SKN-1 functions in vivo [83,84], and SKN-1 is inhibited by its interaction
with the conserved transcriptional cofactor HCF-1 (host cell factor) [85]. Finally, as will be
discussed in the next section, SKN-1 activity is modulated by growth, nutrient, metabolic,
and dietary signals in vivo (Fig. 5A). The breadth of these regulatory interactions supports
the notion that SKN-1 monitors many cellular processes, and has important homeostatic
functions in the absence of stress.

4. Importance of SKN-1 for longevity

C. elegansis a powerful system for studying aging because of its advantages for genetic
analysis, and its short mean adult lifespan of approximately three weeks (Fig. 2A) [8,86,87].
It was first shown in this organism that lifespan can be profoundly influenced by single-gene
mutations that affect regulatory pathways [86,88,89]. This finding suggested that the rate of
aging is neither random nor fixed, but instead is determined by particular biological
processes. Subsequent work strengthened this idea by identifying numerous regulatory and
downstream effector mechanisms that may be harnessed to increase longevity and the
duration of healthy life (healthspan) [87,90-94]. An accumulating body of evidence in C.
elegans implicates SKN-1 in regulating many of these mechanisms and indicates that it is a
major modulator of aging.

SKN-1 promotes longevity in otherwise WT animals. Loss-of-function skn-1 mutants have a
shortened lifespan [7], and while high-level transgenic overexpression of SKN-1 is harmful,
lifespan is extended significantly by more modest SKN-1 overexpression [20] and by a gain-
of-function mutation in SKN-1 that impairs interaction with the inhibitor WDR-23 (Fig. 6A)
[17]. The aging process also affects SKN-1: during aging the constitutive expression of
many SKN-1-regulated genes declines progressively [43], and the responsiveness of SKN-1
target genes to acute oxidative stress is lost [95]. In Drosophila, a similar decline in Nrf2
stress responsiveness occurs with aging [96].

Many mechanisms that promote C. elegans longevity increase SKN-1 activity and require
skn-1 for lifespan extension, the best-described example of which is the insulin/IGF-1
(insulin-like growth factor) signaling (11S) pathway (Fig. 5A). Reduced IIS is associated
with longevity in C. elegans, Drosophila, mammals, and possibly humans [87,90,97]. In C.
elegans, multiple insulin/IGF-1-like factors signal through a single receptor tyrosine kinase
(DAF-2, Fig. 5A) to regulate a conserved IIS pathway, in which DAF-2 signals through
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phosphatidylinositol-3 (P13) kinase to activate the AKT kinase. AKT phosphorylates and
inhibits nuclear localization of the FOXO ortholog DAF-16, which is required for lifespan to
be extended by reduced 11S. DAF-16 (FOXO) is the canonical transcriptional target of 11S
[87,90], but in C. elegans this pathway also inhibits SKN-1 directly [20]. When IS
signaling is reduced in C. elegans, for example by knockdown or mutation of daf-2, SKN-1
accumulates in intestinal nuclei in parallel to DAF-16 and activates downstream target genes
[20,43,98]. Furthermore, SKN-1 is phosphorylated by AKT at multiple positions in vitro and
localizes to intestinal nuclei constitutively after mutation of a Ser that both is phosphorylated
by AKT, and is predicted at high stringency to be an AKT target [20]. Other evidence
indicates that reducing 11S leads to production of ROS that promote SKN-1 activity [98].

Interestingly, SKN-1 is essential for the increase in oxidative stress resistance that results
from reduced I1S, but its requirement for lifespan extension in this context is conditional
[20,43,98]. IS promotes growth but also inhibits development into the dauer larva (Fig.
2A), a diapause state that is highly resistant to harsh environmental conditions and is
controlled by DAF-16 [8]. When IIS is reduced in a way that allows some dauer-related
processes to be activated during adulthood, as indicated by presence of mild dauer-like
traits, the requirement for SKN-1 for lifespan extension is relieved by DAF-16 [43]. By
contrast, when IS is reduced under conditions in which the dauer program is inactive,
SKN-1 and DAF-16 are both fully essential for lifespan extension [43]. Under the latter
conditions of reduced I1S, even extreme lifespan extensions (~3-fold greater mean lifespan
than WT, Fig. 6B) are accompanied by a corresponding increase in healthspan [43],
illustrating the potency with which SKN-1 can promote longevity when acting in concert
with DAF-16 and possibly other factors.

SKN-1 is also essential in lifespan extensions that occur in response to reduced activity of
another mechanism that promotes growth, mechanistic Target of Rapamycin (nTOR)
signaling (Figs. 5A and 6B) [29,99]. mTOR is a conserved serine/threonine protein kinase
that acts as a master regulator of cellular growth and metabolism in response to nutrient and
hormonal cues [100-102]. mTOR functions in two distinct complexes, mTOR complex 1
(mMTORCL1) and mTOR complex 2 (MTORC2). mTORC1 has anabolic functions that
include promoting protein synthesis and inhibiting autophagy and is activated by amino
acid, oxygen, and growth factor signals. mTORC2 is less well understood, but increases
activity of AKT, SGK, and related kinases, promotes growth, and requires interaction with
the ribosome for its activity [102-106]. mTOR signaling is of intense interest in the aging
field because inhibition of mMTORCL1 has been shown to extend lifespan in many model
organisms and has been implicated in the lifespan-extending effects of dietary restriction
[94,107,108]. The mTOR inhibitor rapamycin is a clinically approved drug that extends
lifespan in diverse model organisms, including mice [109-111], and a different mTOR
inhibitor (RADO001) enhances immune function in elderly humans [112].

When mTORC1 activity is reduced through RNAIi knockdown of components in this
signaling pathway, lifespan is extended in a manner that requires both SKN-1 and DAF-16
and involves activation of target genes of each of these transcription factors (Fig. 6B) [29].
Several parallels suggest that these effects are mediated at least in part through the
reductions in translation initiation that result from mTORC1 inhibition. For example, when
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translation initiation is reduced by knockdown or mutation of specific initiation factors,
SKN-1 and DAF-16 target genes are activated, and lifespan is extended dependent upon
SKN-1 [78]. Most analyses indicate that DAF-16 is also required for longevity arising from
translational suppression [78,113-116], as is the case for mTORCL inhibition [29].
Interestingly, inhibiting translation initiation or mTORC1 does not detectably increase the
levels of SKN-1 and DAF-16 in nuclei, except for a single DAF-16 isoform (DAF-16f)
[29,78]. ChIP assays nevertheless show that genetic mTORCL1 inhibition increases binding
of SKN-1 to target genes [29]. Perhaps, when translation is reduced, an increased proportion
of nuclear SKN-1 binds to target promoters through interactions with co-regulators, as is
seen under ER stress conditions [24]. Under conditions of globally decreased translation,
many proteins involved in protective mechanisms are translated preferentially in C. elegans
and other species [107,116-118]. When overall protein synthesis is reduced, ribosomal
loading of skn-1 mRNA is increased [116] and SKN-1 translation seems to be enhanced
[24]. Preferential translation of SKN-1 therefore provides a mechanism by which its levels
are increased under conditions of translational suppression and possibly stress.

The effects of MTORC?2 on lifespan and SKN-1 are even more complex. When C. elegans is
grown on the standard E. coli food OP50, inhibition of mTORC2 activity by mutation of its
subunit gene rict-1 (Rictor) decreases lifespan [99,104,119]. This seems to be because
neuronal mMTORC2 is required in a little-understood skn-1-independent pathway that
promotes longevity at moderate and lower temperatures [99,120]. In contrast, with feeding
of certain other bacterial strains (such as HT115), the net effect of mMTORC2 reduction on
lifespan is positive [29,99,119], because under these conditions mTORC?2 inhibition
increases SKN-1 nuclear accumulation and target gene activation (Figs. 5A and 6B) [29,99].
RICT-1/mTORC?2 is required for activation of the SGK-1 kinase [99,103,104], which
phosphorylates and inhibits SKN-1 [20,121]. The difference in how these two bacterial
strains affect SKN-1 activity in mTORC2- or SGK-1-inhibited animals appears to derive
from metabolic or other signals produced by the bacteria, not nutrient intake per se [99].
This suggests the interesting possibility that mammalian Nrf/CNC proteins might be
influenced by signals from the intestinal microbiota. The drug rapamycin increases C.
elegans lifespan in an skn-1-dependent manner, apparently by reducing activity of both
MTORC1 and mTORC2 (Fig. 6B) [29]. This is consistent with evidence that rapamycin
disrupts activity of both mTORC complexes in mammals [122,123].

Dietary restriction (DR), or the reduction of food intake to levels just above starvation,
increases lifespan in essentially all eukaryotes [94,108,124]. In C. elegans, different DR
regimens show different genetic requirements for lifespan extension [125]. SKN-1 is
required in the eat-2 genetic DR model [126] and two liquid-culture DR protocols (Fig. 6B)
[19,127]. Nutrient availability in the environment is sensed by neurons, and lifespan
extension from DR is prevented by ablation of the single pair of ASI sensory neurons, in
which SKN-1b is prominently expressed (Fig. 2B) [19]. Reductions in food intake increase
SKN-1 levels in these neurons [19,128,129], an effect that seems to be mediated by certain
miRNAs [83,129]. In one study, ASI neuronal expression of SKN-1b restored the
requirement for skn-1 in DR lifespan extension [19]. This requirement appeared to reflect an
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skn-1-dependent increase in oxygen consumption by the animal, raising the interesting
question of how this nonautonomous metabolic regulation is mediated.

C. elegans lifespan can also be extended by surgical or genetic ablation of germline stem
cells (GSCs) [86,114,130]. This effect seems to be evolutionarily conserved, at least in some
species, and may reflect strategies for preserving reproductive capacity and metabolic
homeostasis under adverse conditions. In C. elegans, a striking effect of GSC loss is that the
animals store excess fat, but also show multiple alterations in lipid metabolism, including
increases in lipolytic activities [30,86,114,130]. Many lipid metabolism enzymes are critical
for the lifespan extension associated with GSC loss, raising the intriguing question of
whether this lifespan extension might involve production and storage of beneficial lipids.

Recent evidence suggests that the excess fat seen in animals that lack GSCs may derive
largely from accumulation of yolk-associated lipids that had been produced for
reproduction, rather than specifically induced synthesis and storage of excess lipids [30].
Along with other transcription factors that influence metabolism [86,114,130], SKN-1 is
required for GSC loss to extend lifespan [30]. Interestingly, SKN-1 is induced to accumulate
in nuclei by the high levels of lipids that are present in these animals. Genetic analysis
suggests that this SKN-1 activation does not derive simply from stress associated with
elevated fat levels, but instead from specific lipid-based signals. SKN-1 responds to these
signals by up-regulating many genes, including a large number involved in lipid
metabolism, thereby ameliorating the fat overload and presumably altering the balance of
lipids present, and enhancing stress resistance and longevity [30]. Analysis of GSC-ablated
C. elegans may provide a powerful system for unraveling how Nrf/CNC proteins are
regulated by lipids and associated signals, how they might influence synthesis of lipids that
have signaling functions, and how they cooperate with other transcription factors to affect
lipid metabolism.

The list of other signals or pharmacological agents that increase C. elegans lifespan in an
skn-1-dependent manner is too long to cite in its entirety, but some of these are illustrative of
the range of SKN-1 functions and responses. Amyloid-binding compounds that include the
dye Thioflavin T (ThT) and the spice curcumin enhance proteostasis and extend lifespan
dependent upon skn-1[131,132]. SKN-1 is also required for lifespan extensions associated
with knockdown of a set of genes that are down-regulated during spaceflight, a condition
that also reduces protein aggregation during aging [133]. A recent body of work indicates
that lifespan is increased when mitochondrial ROS production is increased to levels that
trigger protective stress responses, but are not acutely toxic [128,134,135]. In some studies
SKN-1 is the central mediator of this “mitohormesis” effect on lifespan (Fig. 6B)
[128,136,137]. It is an intriguing question how mitohormesis relates to the recently
described response of SKN-1 to impaired mitophagy and mitochondrial function, which
appears to depend upon Ca*™* signaling [68]. Under some conditions interference with
mitochondrial function increases lifespan independent of SKN-1 [20,126,135], illustrating
how much remains to be learned about the relationship between mitochondrial signaling,
SKN-1, and aging. Various other interventions do not need SKN-1 to increase lifespan,
including certain DR protocols [125,138], activation of dauer-related mechanisms in adults
[43] and hypoxia [139]. It is not understood whether such mechanisms promote longevity
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through different downstream processes from those regulated by SKN-1 or generally
mobilize the same or overlapping mechanisms by acting through other regulators such as
DAF-16/FOXO.

5. SKN-1-regulated mechanisms that increase lifespan

As mechanisms that increase C. elegans lifespan have been described, genetic and gene
expression studies have identified downstream cellular processes that are enhanced by these
interventions and are critical for longevity. These mechanisms include detoxification of
xenobiotics and ROS, proteasome and chaperone activity, autophagy, innate immunity,
mitochondrial biogenesis, and metabolic changes [68,87,90,92,114,140]. As described in
previous sections, many of these processes are regulated by SKN-1 (Fig. 3). Supporting the
idea that SKN-1 controls cellular processes that are intimately linked to longevity, RNAI
knockdown of many SKN-1-up- or —down-regulated genes respectively reduces or increases
lifespan [41,43], and overexpression of the individual SKN-1 target genes gst-10
(glutathione-S-transferase) [141], gsr-1 (glutathione reductase) [142], or pbs-5 (proteasome
beta subunit) [143] is sufficient to prolong lifespan. In the last case, lifespan extension was
shown to be skn-1-dependent [143], as would be predicted from the importance of SKN-1
for expression of most proteasome subunit genes [41,50].

An unexpected mechanism through which SKN-1 promotes longevity was identified
through analysis of C. elegans in which 11S was reduced under conditions where dauer
processes were inactive [43]. Expression profiling of these animals indicated that, as
expected, detoxification mechanisms are prominent among processes activated by SKN-1.
Surprisingly, however, collagens and other extracellular matrix (ECM) genes were by far the
most overrepresented categories among SKN-1-up-regulated genes, and subsequent analyses
showed that ECM remodeling is critical for longevity [43]. Expression of particular ECM
genes declines with age [144], but is increased and maintained by essentially every
longevity intervention [43]. Certain collagens are essential for lifespan extension by these
interventions, and overexpression of these collagens individually is sufficient to increase
lifespan [43]. The C. elegans cuticle is remodeled during aging, and longevity interventions
increase adulthood ECM deposition. Most remarkably, when adulthood expression of these
collagens is disrupted, otherwise long-lived animals do not simply become sick, but show
accelerated onset of aging markers, including changes in gene expression. This suggests that
the ECM plays a regulatory role during aging and is critical for signaling mechanisms that
promote longevity systemically [43]. This is an area of great importance in the aging field,
because it has become apparent that interactions between tissues are important for lifespan
extension, and coordinating responses to stress [90,140]. Interestingly, SKN-1 appears to
regulate most ECM genes indirectly during aging, suggesting that its effects might be
exerted through downstream regulators, or might involve effects on redox or proteostasis
processes that coordinate ECM deposition and regulation [43].

The precedents identified in C. elegans predict that Nrf/CNC proteins are likely to be
important for longevity assurance in higher organisms. This is clearly true in Drosophila, in
which elevated Nrf2/CNC expression increases lifespan [2,145]. It is more difficult to
perform epistasis and other genetic analyses of Nrf/CNC proteins in mammals, in part
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because in mice Nrf2 activity that is unrestrained by Keapl is deleterious [3,146], and
because Nrfl is essential for embryonic development [35]. Nevertheless, various findings
suggest that Nrf/CNC proteins may be important for longevity. It is possible that Nrf
proteins are themselves directly involved in pathways and mechanisms that promote
lifespan, as in the nematode and fruit fly. In the mouse, lifespan can be increased by
reductions in either insulin/IGF-1 or mTOR signaling [108,147]. Treatment with an IGF-1
inhibitor activates an Nrf2-regulated reporter in a human cell line [148], rapamycin
treatment activates Nrf2 in human fibroblasts [149] and up-regulates Nrf2 targets in the liver
in mice [29,150], and Nrf2 is required for the anti-tumor effect of DR [151]. On the other
hand, in proliferating cells, PI3 kinase activity increases Nrf2 activity [3], possibly by
inhibiting GSK-3, and rapamycin has been observed to reduce Nrf2 activity in a cell culture
model [152]. Clearly much remains to be learned about how prolongevity interventions
influence the activity of mammalian Nrf/CNC proteins.

Perhaps the most compelling evidence for involvement of Nrf/CNC proteins in mammalian
longevity comes from examination of downstream processes that these proteins regulate.
Nrf2 targets and other detoxification genes are up-regulated in vivo in numerous mouse
models in which aging has been slowed by genetic, dietary, or pharmacological
interventions [150,153-156]. ECM genes also appear to be responsive to Nrf2 and up-
regulated in long-lived mice [43]. Finally, cells obtained from an extremely long-lived
rodent, the naked mole rat, are notable for dramatically elevated proteasome, Nrf2, and Nrf2
target gene activity and oxidative stress resistance [156—158]. While we may ultimately find
that Nrf2 and other Nrf/CNC proteins help drive lifespan extension in mammals, it is also
possible that in higher organisms the activity of Nrf/CNC-regulated processes is increased
by longevity interventions through other mechanisms. In either case, it appears likely that
we will continue to uncover additional connections between these fascinating transcription
regulators and aging.
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6. Perspectives

It is clear that the functions and regulation of SKN-1 are remarkably complex. This may
reflect its being involved in some of the most fundamental mechanisms by which cells
and organisms protect themselves from exogenous insults and endogenous perturbations
(Fig. 3). Given how little we understand still about how SKN-1 controls these various
processes and responds to so many different stresses and situations, it seems likely that
we are a long way from grasping the full scope of this complexity. By unraveling how
SKN-1 interacts with other regulators and signals within cells and across tissues, we will
gain valuable knowledge about how organisms protect themselves and maintain
regulatory and metabolic homeostasis. While it is safe to assume that the situation in
mammals will be considerably more complex, the insights gained from the worm should
continue to suggest valuable ideas and directions for further investigation with respect to
regulation and functions of mammalian Nrf/CNC proteins. Similarly, our increasing
appreciation of the importance of SKN-1 in mechanisms that determine C. elegans
lifespan suggests that further exploration of these areas with regard to mammalian aging
should be a priority. Cross-pollination between studies in mammalian models and in
simpler systems such as C. elegans and Drosophila is likely to accelerate the process by
which we devise strategies for developing therapeutic or preventive interventions that
involve Nrf/CNC proteins in humans.
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Fig. 1.

S}gN-l is the C. elegans ortholog of mammalian Nrf/CNC proteins. (A) Similarities between
SKN-1 and Nrf/CNC proteins. SKN-1 and Nrf/CNC proteins are most closely related within
the DIDLID and DNA-binding regions [6,17]. SKN-1 interacts directly with specific DNA
sequences through its BR, which is highly similar to that of Nrf/CNC proteins, and a short
element that binds in the minor groove (light blue) [11]. The CNC domain stabilizes these
interactions. (B) Comparison of SKN-1 binding site with the ARE. SKN-1 and Nrf-Maf
dimers each bind to sequences that include a consensus bZIP protein half-site (underlined),
but diverge within the reminder of the binding site, where SKN-1 binds the consensus WWT
in the minor groove [11]. (C) Simple diagram of SKN-1 isoforms. Expression of SKN-1d is
predicted but has not been confirmed in vivo. skn-1 exons are drawn approximately to scale
(WormBase Web site, skn-1, available at http://www.wormbase.org/db/get?
name=skn-1:class=Gene).
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Fig. 2.
Analysis of SKN-1 expression in vivo. (A) C. elegans life cycle stages. The hermaphrodite

life cycle is shown [8]. The majority of C. elegans produced are hermaphrodites, which are
typically studied in the laboratory. A small proportion of males are produced within each
generation of approximately 300 animals. The pharynx, a pumping organ used for feeding,
is shown in orange, the intestine in grey, the gonad in light blue, and embryos in dark blue.
(B) SKN-1 protein expression. The expression pattern of a transgene that encodes the
SKN-1b and SKN-1c isoforms is shown under stress conditions [7]. The SKN-1b isoform is
expressed constitutively in the nuclei of the ASI neurons, and SKN-1c accumulates in
intestinal nuclei in response to certain stresses [7,19].
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Complexity of SKN-1 functions. SKN-1 directly or indirectly controls genes involved in a
wide variety of biological processes (blue arrows), overlapping subsets of which may be up-

regulated by different stresses. SKN-1 is activated by stress signals (black arrows) and

senses the activity of multiple cellular processes, some of which are shown here in red. TEF
and TIF refer to translation elongation and initiation, disruption of which appears to activate

SKN-1 through different mechanisms [50,78].
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Integration of SKN-1 into the UPR. Unfolded proteins that accumulate in the ER (ER stress)

are sensed by the transmembrane proteins ATF-6, PEK-1 (PERK), and IRE-1, acting in
conjunction with the ER chaperone HSP-4 (BiP) [59,60]. Under ER stress conditions, the
transcription factor ATF-6 is released by processing in the Golgi, and the PEK-1 (PERK)
kinase inhibits translation by phosphorylating the initiation factor elF-2a. Lower levels of
translation reduce the secretory load, but also result in preferential translation of the
transcription factor ATF-5 (ATF4). ER stress also induces IRE-1 to splice the mMRNA
encoding the transcription factor XBP-1, leading to synthesis of an active XBP-1 form.
XBP-1 controls the greatest proportion of the UPR. Genetic, gene expression, and ChIP
studies indicate that SKN-1 directly activates transcription of ire-1, xbp-1, hsp-4, atf-5, and
itself, and cooperates with the UPR transcription factors to induce expression of downstream
UPR target genes [24]. In turn, skn-1 expression is up-regulated by ATF-6 and XBP-1. The
UPR encompasses activation of ER function, chaperone, and stress response genes [59] and
overlaps with but is distinct from the SKN-1-mediated oxidative stress response [24].
Unfolded protein sensors or chaperones are shown in orange, and canonical UPR
transcription factors in blue. Functional interactions in the canonical UPR are shown with
orange arrows [59,60]. Direct transcriptional effects of canonical UPR transcription factors
and SKN-1 are diagrammed with blue and black arrows, respectively [24].
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(A?) Mechanisms that regulate SKN-1 and are described in the text. (B) Posttranslational
regulation of SKN-1 through phosphorylation. AKT [20], PMK-1/p38 [45], and GSK-3 [72]
have been found to regulate SKN-1 directly at the positions indicated. SGK-1 also
phosphorylates and inhibits SKN-1 [20]. Of these kinases, PMK-1/p38 activates SKN-1 and
the other kinases are inhibitory. The kinases shown as white ovals also inhibit SKN-1, but it
is unknown whether they act directly or indirectly [22]. Numbering is according to positions
within SKN-1 a isoform.
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Fig. 6.
SKN-1 and longevity. (A) SKN-1 promotes longevity in otherwise WT animals. Lifespan

was extended when an skn-1 mutant was rescued through overexpression from a transgene
that encodes SKN-1b and SKN-1c in which the GSK-3 site (Fig. 5B) is mutated, resulting in
constitutively nuclear localization in the intestine [20]. Smaller effects were observed in the
WT background. Lifespan was also increased by an skn-1 gain-of-function mutation that
disrupts inhibition by WDR-23 [17]. Relative median lifespan is graphed for this
experiment, with means shown for all others. (B) skn-1-dependent longevity interventions.
The reduced IS (rlIS) experiment shown was performed at 15 °C [43]. skn-1 was also
required for lifespan extension by daf-2 RNA. alone at 15 °C, 20 °C, and 25 °C. In each case
of skn-1-dependent rl1S lifespan extension, dauer-related processes appeared to be inactive
in adults [43]. Analyses of ragc-1, rict-1, and rapamycin are described in [29]. RAGC-1 is
needed to transduce amino acid signals to mTORCL. DR results shown are from [19]. skn-1
was also largely required for lifespan extension in a different liquid DR protocol that gave
greater lifespan extension [127]. AL refers to ad libitum feeding. For unknown reasons,
skn-1 mutation does not reduce lifespan under AL conditions in these liquid culture
protocols. Germline stem cell (GSC) loss increases lifespan in an skn-1-dependent manner
[30]. Mitohormesis refers to stress resistance and longevity that arise from mitochondrial
ROS production, here induced by rotenone treatment [128].
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