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Integration of Diverse Inputs in the Regulation
of Caenorhabditis elegans DAF-16/FOXO
Jessica N. Landis and Coleen T. Murphy*

In a remarkably conserved insulin signaling pathway that is well-known for its regulation of longevity in
worms, flies, and mammals, the major C. elegans effector of this pathway, DAF-16/FOXO, also modulates
many other physiological processes. This raises the question of how DAF-16/FOXO chooses the correct tar-
gets to achieve the appropriate response in a particular context. Here, we review current knowledge of
tissue-specificity and interacting partners that modulate DAF-16/FOXO functional output. Developmental
Dynamics 239:1405–1412, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Over the past two decades, there has
been significant growth in our under-
standing of the genetics underlying
aging, catalyzed by the discovery that
single-gene mutations can dramati-
cally extend lifespan in the model
organism Caenorhabditis elegans
(Friedman and Johnson, 1988; Ken-
yon et al., 1993). Importantly, one
such mutation discovered to double
the worm’s lifespan is the C. elegans
insulin receptor (daf-2) (Kenyon
et al., 1993); this effect is completely
dependent on the gene daf-16 (Ken-
yon et al., 1993). The insulin/IGF-1
signaling (IIS) pathway’s components
are highly conserved in worms, flies,
and mammals, and the FOXO tran-
scription factor, DAF-16, is the major
downstream effector of DAF-2, C. ele-
gans0 sole insulin/IGF-1-like receptor
(Tatar et al., 2003).

In addition to its well-known regu-
lation of longevity, DAF-16/FOXO is
crucial for many important processes,
including development, stress resist-

ance, thermotolerance, pathogen re-
sistance, metabolism, and autophagy
(Vowels and Thomas, 1992; Baugh
and Sternberg, 2006; Murakami and
Johnson, 1996; Henderson and John-
son, 2001; Garsin et al., 2003; Ogg
et al., 1997; Kimura et al., 1997; Jia
et al., 2009). The transcriptional tar-
gets of DAF-16, which presumably
execute its many roles, include stress-
response, antimicrobial, and meta-
bolic genes, as well as many genes of
unknown function (Murphy et al.,
2003; McElwee et al., 2003; Lee et al.,
2003; Oh et al., 2006), and many of
the genes most highly regulated by
DAF-16 influence aging (Murphy
et al., 2003). Thus, the convergence of
IIS signaling on these diverse outputs
raises the question of how DAF-16
specificity is achieved. Many of the
recent breakthroughs in the field
involve the identification of new DAF-
16/FOXO co-factors and their effects
on DAF-16/FOXO functional output.
Here we discuss developments in the
area of DAF-16/FOXO co-factors that

may help DAF-16 regulate these
diverse functions.

INSULIN SIGNALING

REGULATION OF DAF-16

daf-2 was originally identified for its
mutant’s dauer constitutive (Daf-C)
phenotype, forming the alternative
larval state inappropriately under
growth-promoting conditions, while
daf-16 was identified in a Daf-D
(dauer defective) mutant that sup-
pressed the daf-2 mutant’s dauer for-
mation (Vowels and Thomas, 1992;
Gottlieb and Ruvkun, 1994). In condi-
tions suitable for growth and repro-
duction, activation of DAF-2 by bind-
ing of an agonist insulin-like ligand
initiates a phosphorylation cascade
that ultimately inhibits DAF-16 activ-
ity. Remarkably, there are 40 insulin-
like molecules encoded in the C. ele-
gans genome, some of which may
function as DAF-2 agonists, and
others as antagonists (Pierce et al.,
2001; Li et al., 2003; Kawano et al.,
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2000; Murphy et al., 2007). Activated
DAF-2 phosphorylates the phospho-
inositide 3-kinase, AGE-1, generating
PIP3, which, in turn, recruits the ki-
nases AKT-1, AKT-2, SGK-1, and
PDK-1 to the plasma membrane,
where PDK-1 phosphorylates AKT
and SGK-1 (Hertweck et al., 2004;
Paradis et al., 1999). The AKT-1/AKT-
2/SGK-1 complex phosphorylates the
forkhead transcription factor DAF-16
(Paradis and Ruvkun, 1998; Hert-
weck et al., 2004), sequestering it in
the cytoplasm (Ogg et al., 1997;
Lin et al., 1997), thus preventing
DAF-16 from activating or repressing
transcription of its target genes in the
nucleus (Fig. 1). Inhibitors of this cas-
cade include DAF-18, the phosphoino-
sitide 3-phosphatase PTEN, which
antagonizes AGE-1 by dephosphory-
lating PIP3 (Ogg and Ruvkun, 1998),
and PPTR-1, a regulatory subunit of
PP2A that dephosphorylates AKT-1
(Padmanabhan et al., 2009).

DAF-16 May Act in Specific

Tissues to Execute Different

Outputs

As C. elegans is a multi-tissued orga-
nism, it is important to establish
where DAF-16 may act to execute its
diverse functions. daf-2 acts cell-non-
autonomously to specify life span and
formation of the stress-resistant
dauer developmental stage (Apfeld
and Kenyon, 1998), although the sites
of action of DAF-2 and DAF-16
remain controversial. Restoration of
DAF-2 and AGE-1 expression in neu-
rons, but not the intestine, is suffi-
cient to shorten the life span of long-
lived daf-2 and age-1 mutant animals,
respectively (Wolkow et al., 2000).
However, subsequent results showed
that AGE-1 in the intestine can
shorten the life span of an age-1 mu-
tant (Iser et al., 2007). The reason for
this discrepancy is unclear, but may
result from differences in transgenes
or expression levels.

At the level of DAF-16 activity,
Libina et al. (2003) showed that DAF-
16 activity in the intestine partially
restores the life span extension (60%)
of daf-16;daf-2 mutants, suggesting
that the intestine is an important site
of DAF-16’s role in longevity, whereas
neuronal DAF-16 effects a much
lesser life span extension. By con-

trast, DAF-16 expressed in the neu-
rons was sufficient to promote dauer
formation, whereas DAF-16 in the
intestine had very little effect on
dauer formation (Libina et al., 2003),
which indicates that some DAF-16
functionality may arise from its activ-
ity in specific tissues. Iser et al. (2007)
showed that tissue-restricted daf-16
expression in the intestine or neurons
of a daf-16;age-1 mutant does not
restore life span as strongly as does
daf-16 expressed in multiple tissues,
perhaps suggesting that DAF-16 may
act in multiple tissues in a graded
fashion to specify longevity. Finally,
tissue-restricted daf-16 expression in
the hypodermis resulted in embryonic
or larval lethality (Libina et al.,
2003), suggesting that expression of
daf-16 in the hypodermis may be le-
thal unless accompanied by expres-
sion elsewhere. This result under-
scores the importance of appropriate
DAF-16 regulation for the animal.

Such tissue-specific insulin receptor
and FOXO activity is unlikely to be
restricted to C. elegans. For example,
in mice, loss of the insulin receptor in
adipose (fat) tissue (the ‘‘FIRKO
mouse’’) extends life span (Blüher
et al., 2003). However, loss of insulin
signaling is not generally beneficial,
as its loss in the liver causes diabetes
(Michael et al., 2000). In flies, overex-
pression of dFOXO in the adipose tis-
sue extends life span (Giannakou
et al., 2004). The fact that both FOXO
and insulin/IGF-1 receptors have
been identified as genes linked to
extreme longevity in recent human
centenarian studies (Wilcox et al.,
2008; Flachsbart et al., 2009; Suh
et al., 2008) suggests that discover-
ing the downstream, tissue-specific
FOXO-regulated targets, as in model
organisms, will be important for
understanding FOXO’s role in human
longevity and aging.

DAF-16 May Receive Signals

From the Gonad

The C. elegans reproductive system
regulates longevity signaling from the
somatic gonad and the germ line, two
tissues with opposing effects on lon-
gevity. Longevity is extended by germ
line removal, an effect that is depend-
ent on daf-16, but this extension is
inhibited when both the somatic

gonad and germ line are removed
(Hsin and Kenyon, 1999). Removing
the germ cells results in nuclear accu-
mulation of DAF-16 in intestinal cells
(Lin et al., 2001), and DAF-16 activity
only in the intestine is completely suf-
ficient for this germ line-mediated
longevity (Libina et al., 2003). This
effect requires the activity of KRI-1,
an intestinally expressed ankyrin-
repeat protein orthologous to the hu-
man disease gene KRIT1/CCM1 (Ber-
man and Kenyon, 2006). The nuclear
hormone receptor DAF-12 (Antebi
et al., 2000) and the cytochrome P450
DAF-9 (which is postulated to help
synthesize a lipophilic ligand for
DAF-12; Motola et al., 2006) are also
required for nuclear localization of
DAF-16 (Berman and Kenyon, 2006).
These results suggest that the germ-
line communicates with DAF-16 in
the intestine via endocrine signaling,
and that the response to this signal-
ing requires KRI-1. Similar regula-
tion of germline-mediated longevity
has been recently uncovered in flies
(Flatt et al., 2008).
Thus, DAF-16 carries out specific

roles both directly in and in response
to signaling from different tissues,
resulting in specific biological out-
puts, and such activity is likely at
least partially conserved in higher
organisms.

DAF-16 CO-REGULATORS

AND CO-FACTORS

While specific DAF-16 functions arise
from activity in different tissues,
DAF-16 is not differentially excluded
from specific tissues during different
life stages (Henderson and Johnson,
2001; Ogg et al., 1997). Thus, the
question arises, how does DAF-16
choose its tissue-specific targets to
effect these different outputs? Several
lines of evidence suggest that DAF-16
does not act alone, but rather requires
other molecules for its activity. First,
simply increasing the amount of
DAF-16 is not sufficient to confer its
effect on longevity, as overexpression
of DAF-16 in wild-type worms only
increases life span slightly (Hender-
son and Johnson, 2001). Second,
although nuclear localization of DAF-
16 is necessary for target activation,
nuclear localization is not sufficient to
increase lifespan (Lin et al., 2001).
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Third, the canonical DAF-16 Binding
Element (DBE) (Furuyama et al.,
2000) is present in the 5-kb upstream
of 78% of C. elegans genes (Kenyon
and Murphy, 2006), yet only a small
number of these genes are DAF-16
targets in young adulthood (Murphy
et al., 2003). Thus, the presence of the
DBE is not sufficient to predict DAF-
16-induced expression, which sug-
gests that there may be other factors
to help DAF-16 to discriminate among
potential targets. In this section, we
describe putative DAF-16 co-factors
and co-regulators (Fig. 2), and discuss

how they may contribute to DAF-16’s
multiple roles.

JNK-1

c-Jun N-terminal kinase (JNK), a
stress-activated MAPK family mem-
ber, is a positive regulator of FOXO
activity in worms and mammals.
Overexpression of the mammalian
JNK ortholog jnk-1 extends C. ele-
gans0 lifespan and increases resist-
ance to heat and oxidative stress in a
daf-16-dependent manner (Oh et al.,
2005). JNK directly phosphorylates
DAF-16 in vitro, and genetic and bio-
chemical data suggest that jnk-1 acts
in parallel to the insulin signaling
pathway to regulate DAF-16, but in
an opposite manner; that is, phospho-
rylation of DAF-16 by JNK promotes
nuclear localization of DAF-16 and its
subsequent activation (Fig. 2). Simi-
larly, JNK phosphorylates the mam-
malian homolog FOXO4 in vivo,
resulting in FOXO4 translocation
from the cytoplasm to the nucleus
and transcriptional activation (Essers
et al., 2004).

CST-1

Like JNK, the conserved mammalian
Ste20-like kinase, MST1, and its C. ele-
gans homolog, CST-1, activate FOXO
in response to oxidative stress. In
mammalian neuronal cells, MST1
phosphorylates FOXO3 at a conserved

residue in the DNA-binding domain,
triggering dissociation of FOXO3 and
14-3-3 proteins, accumulation of
FOXO3 in the nucleus, and neuronal
cell death (Lehtinen et al., 2006). Simi-
larly, MST1 phosphorylates C. elegans
DAF-16 at the corresponding con-
served site. Interestingly, while mam-
malian MST1-FOXO activation pro-
motes neuronal cell death, the worm
homolog CST-1 promotes longevity.
Like JNK-1, overexpression of CST-1
extends lifespan in a daf-16-dependent
manner, and further extends the lon-
gevity of daf-2 knockdown animals,
suggesting that CST-1 may also act in
parallel to the insulin signaling path-
way to regulate DAF-16 activity (Leh-
tinen et al., 2006).

SIR-2

First discovered in yeast for their
roles in epigenetic silencing (Rine and
Herskowitz, 1987), sirtuins are
NADþ-dependent deacetylases whose
overexpression increases longevity in
yeast, worms, and flies (Kaeberlein
et al., 1999; Tissenbaum and Guar-
ente, 2001; Rogina and Helfand,
2004). Similar to overexpression,
chemical activators of sirtuins,
including the well-known compound
resveratrol, extend life span in worms
and flies (Wood et al., 2004). Expres-
sion of extra copies of sir-2.1, one of
the four C. elegans Sir2 homologs,
increases life span and resistance to

Fig. 2. DAF-16 interacts with specific proteins under different stimuli.A: Reduced insulin signaling relieves the phosphorylation of DAF-16, allow-
ing it to enter the nucleus and interact with SMK-1 and BAR-1. B: In response to oxidative stress, JNK-1 activates DAF-16 by phosphorylation.
(Note that the phosphatase that may remove the inhibitory AKT/SGK phosphates to allow nuclear translocation is unknown, but the serine/threo-
nine phosphatase PP2A dephosphorylates mammalian FOXO1) (Yan et al., 2008). Activated DAF-16 accumulates in the nucleus, where it interacts
with SIR-2.1/14-3-3, SMK-1, BAR-1, SKN-1, and HCF-1. C: Heat shock causes JNK-1 to phosphorylate and activate DAF-16, which, in turn,
enters the nucleus and interacts with SIR-2.1/14-3-3 and HSF-1.

Fig. 1. Insulin signaling regulation of DAF-
16/FOXO. Activated DAF-2 initiates a phos-
phorylation cascade that ultimately phospho-
rylates DAF-16, thereby excluding it from the
nucleus and inhibiting its activity. As noted in
the text, it remains unclear whether DAF-16
interacts with both 14-3-3 proteins FTT-2 and
PAR-5, so here we have labeled its interacting
partner ‘‘14-3-3.’’
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thermal and oxidative stress, in a daf-
16/FOXO-dependent manner (Tissen-
baum and Guarente, 2001).

The mammalian ortholog of sir-2,
SIRT1, deacetylates FOXO3a and
FOXO4 (Brunet et al., 2004; van der
Horst et al., 2004). As C. elegans
DAF-16 shares several lysines that
have been identified as acetylated res-
idues in mammalian FOXO3a (Bru-
net et al., 2004), it is likely that a sim-
ilar interaction exists between C.
elegans SIR-2.1 and DAF-16. Interest-
ingly, like the insulin-mediated phos-
phorylation and nuclear localization
of DAF-16, the presence of FOXO3 in
the nucleus alone, by mutation of the
three Akt phosphorylation sites, is
not suffcient to promote interaction
between SIRT1 and FOXO3a in the
absence of stress signals (Brunet
et al., 2004). This suggests that
stress-inducible FOXO3a acetylation
and phosphorylation events may pro-
mote this interaction, and further
demonstrates the complexity of
FOXO control.

Notably, SIRT1 has a dual effect on
FOXO3a function: SIRT1 increases
FOXO3a’s induction of cell-cycle arr-
est and resistance to oxidative stress,
but inhibits FOXO3a’s induction of
apoptosis (Brunet et al., 2004). It will
be interesting to explore whether C.
elegans SIR-2.1 can also differentially
modulate aspects of DAF-16 function
in a context-dependent manner.

14-3-3

The 14-3-3 proteins are members of a
highly conserved family present in all
eukaryotes examined (van Hemert
et al., 2001). They can act as localiza-
tion anchors or as adaptor proteins
with scaffold activity that facilitates
protein-protein interactions (van
Hemert et al., 2001). The C. elegans
genome encodes two 14-3-3 genes,
par-5 (also known as ftt-1) and ftt-2
(Wang and Shakes, 1997). Demon-
strating a role for 14-3-3 proteins in
the regulation of DAF-16, reduced
expression of ftt-2 enhances dauer for-
mation, and also promotes DAF-16
nuclear localization and activation of
several target genes (Li et al., 2007).
FTT-2 directly binds to DAF-16, and
this association is reduced under daf-
2(-) conditions, consistent with the
model that in reduced insulin signal-

ing conditions, DAF-16 is dephospho-
rylated and dissociates from 14-3-3 in
the cytoplasm. This regulation is con-
served, as mammalian 14-3-3z also
binds and sequesters FOXO3a in the
cytoplasm (Brunet et al., 1999).

Whether PAR-5 regulates DAF-16
remains unclear, due to the high
sequence identity between ftt-2 and
par-5 and resultant cross-recognition
by par-5 RNAi clones and antibodies.
Berdichevsky et al. (2006) found that,
like ftt-2, reducing par-5 results in
nuclear accumulation of DAF-16.
Additionally, Li et al. (2007) noted
that a low level of PAR-5 also co-
immunoprecipitated with DAF-16;
this could be due to the PAR-5 anti-
body cross-reacting with FTT-2, or,
alternatively, PAR-5 may in fact inter-
act with DAF-16. Interestingly, ftt-2
RNAi (Li et al., 2007; Berdichevsky
et al., 2006) and par-5 RNAi (Berdi-
chevsky et al., 2006) shorten the life
span of wild-type worms, but neither
affects the life span of daf-2(-) ani-
mals. The SIR-2 overexpression/DAF-
16-dependent increases in life span
and heat and oxidative stress resist-
ance are dependent on ftt-2, and par-5
may function in life span extension
(Berdichevsky et al., 2006). Using
immunoprecipitation/mass spectrom-
etry and yeast two-hybrid assays,
respectively, Wang et al. (2006)
showed that SIR-2 interacts with
PAR-5 and FTT-2, and in response to
heat stress, but not low insulin-like
signaling, SIR-2.1 and DAF-16 physi-
cally interact in the nucleus, depend-
ent on ftt-2 (Berdichevsky et al.,
2006). 14-3-3 proteins bridge the
interaction between SIR-2.1 and
DAF-16 in response to stress; thus it
is possible that, although there is
more DAF-16 in the nucleus of ftt-2,
and perhaps par-5, knockdown
worms, this is countered by dissocia-
tion of the 14-3-3/SIR-2.1/DAF-16
complex and perhaps other protein
complexes.

HSF-1

Heat-shock factor (HSF) induces tran-
scription of chaperones and proteases
in response to heat and other stres-
sors. In C. elegans, reducing the activ-
ity of HSF-1 causes a rapid-tissue-
aging phenotype and shortens life
span (Garigan et al., 2002). hsf-1 is

required for daf-2 dauer formation,
longevity, and pathogen resistance
(Morley and Morimoto, 2004; Hsu
et al., 2003; Singh and Aballay, 2006).
Conversely, HSF-1 overexpression
increases heat resistance and extends
life span in a DAF-16-dependent man-
ner (Hsu et al., 2003), suggesting that
DAF-16 and HSF-1 act together to
promote longevity. Indeed, HSF-1 and
DAF-16 act together to induce small
heat-shock protein genes, all of which
have consensus DAF-16 and HSF-1
binding sites in upstream regions.
Yet, HSF-1 inactivation does not pre-
vent DAF-16 accumulation in the
nuclei of daf-2 mutants, or the expres-
sion of the stress-responsive DAF-16
target genes sod-3 and mtl-1 (Hsu
et al., 2003). Likewise, the heat-indu-
cibility of several HSF-1 targets is not
diminished by loss of daf-16. Thus,
HSF-1 and DAF-16 appear to function
together to turn on a specific subset of
genes.
Interestingly, while reduction of

hsf-1 does not affect nuclear localiza-
tion of DAF-16 under reduced IIS con-
ditions, RNAi knockdown of hsf-1 and
its target Hsp70/hsp-1 delay nuclear
export of DAF-16 during recovery
from heat shock (Singh and Aballay,
2009), showing that HSF-1 may have
a role in controlling DAF-16 activity.
The mechanism of this regulatory
interaction remains to be elucidated.

b-Catenin

Best known for mediating Wnt signal-
ing by binding to members of the T-
cell factor (TCF) family of transcrip-
tion factors, the C. elegans b-catenin
homolog, bar-1, also interacts with
DAF-16. Loss of bar-1 reduces the ac-
tivity of DAF-16 in promoting dauer
formation. Furthermore, like daf-16
mutants, bar-1 mutants are short
lived and are more sensitive to oxida-
tive stress (Essers et al., 2005). bar-1
is required for oxidative stress-
induced expression of the direct DAF-
16 target sod-3 and physically binds
to DAF-16. Thus, these results dem-
onstrate a direct role for b-catenin in
regulating DAF-16/FOXO function.
This b-catenin interaction with

FOXO is evolutionarily conserved in
mammalian cells. As in C. elegans,
mammalian b-catenin physically in-
teracts with the homologs FOXO1
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and FOXO3a, and binding between b-
catenin and FOXO is enhanced in
response to oxidative stress. b-catenin
in mammalian cells increases the
expression of FOXO activity reporters
as well as an endogenous cell cycle
target gene (Essers et al., 2005).
Moreover, at the functional level, b-
catenin enhances the ability of FOXO
to inhibit cell-cycle progression. By
contrast, b-catenin-TCF signaling has
a role in cancer development. Thus,
an exciting possibility is that FOXO
could compete with TCF for b-catenin
interaction, and thereby inhibit cell-
cycle and tumor progression. In sup-
port of this model, binding between b-
catenin and TCF is reduced by FOXO
overexpression and oxidative stress
(Hoogeboom et al., 2008).

SMK-1

The highly conserved SMEK (sup-
pressor of MEK) nuclear factor was
identified in Dictyostelium discoi-
deum as a suppressor of mek1 cell
polarization and motility defects
(Mendoza et al., 2005), and a role in
longevity was discovered in C. elegans
soon thereafter. Similar to daf-16
mutation, reduced smk-1 completely
suppresses the extended longevity of
a daf-2 mutant and slightly shortens
the life span of wild-type worms
(Wolff et al., 2006). Also like daf-16,
smk-1 is required for the long life
span of germ-line ablated animals.
Moreover, SMK-1 is required for
DAF-16-mediated innate immune,
UV, and oxidative stress response, but
not for thermotolerance. Correspond-
ing to these physiological data, molec-
ular data indicate that smk-1 RNAi
reduces expression of oxidative stress
response (sod-3, ctl-1) and pathogen
response (lys-8) genes, but does not
reduce the expression of a heat-
stress-inducible gene (hsp-12.6). No-
tably, SMK-1 is also required for the
transcriptional repression of daf-15/
raptor by DAF-16, suggesting that
SMK-1 mediates transcriptional acti-
vator and repressor activities of DAF-
16. Although it remains to be deter-
mined whether SMK-1 forms a
complex with DAF-16, SMK-1 tempo-
rally and spatially co-localizes with
DAF-16 in the nuclei of intestinal
cells, head and hail neurons, and
hypodermal cells (Wolff et al., 2006).

Taken together, these data suggest
the possibility that SMK-1 is a nu-
clear co-regulator that acts specifi-
cally to modulate a subset of DAF-16’s
function.

HCF-1

Whereas the previously discussed pu-
tative co-factors represent positive
regulators of DAF-16, the C. elegans
homolog of host cell factor 1 (HCF-1)
functions as a negative regulator of
DAF-16 (Li et al., 2008). HCF-1 inac-
tivation extends life span and may
function in a pathway in parallel to
IIS, as loss of hcf-1 and loss of daf-2/
age-1 act synergistically to extend
lifespan. While loss of HCF-1
increases resistance to oxidative and
heavy metal stress, both effects that
require DAF-16, it does not affect
heat shock survival. Consistent with
these uncoupled physiological out-
puts, HCF-1 regulates the DAF-16-
mediated transcription of a subset of
previously identified DAF-16 target
genes. Loss of hcf-1 leads to enrich-
ment of DAF-16 on the promoters of
several DAF-16-upregulated target
genes, suggesting that in the absence
of HCF-1, more DAF-16 is able to
bind to the promoters of its targets.
HCF-1 is ubiquitously expressed, is
constitutively localized to nuclei, and
physically associates with DAF-16,
providing evidence that HCF-1 func-
tions as a DAF-16 co-factor or co-regu-
lator (Li et al., 2008).

SKN-1

The C. elegans transcription factor
SKN-1/Nrf defends against oxidative
stress by activating the conserved
phase 2 detoxification system (An
and Blackwell, 2003). Additionally,
SKN-1 upregulates numerous other
genes involved in detoxification, cel-
lular repair, pathogen resistance, and
others, and downregulates a set of
genes that reduce stress resistance
and life span (Oliveira et al., 2009).
SKN-1 is expressed in the intestine,
where it mediates the phase 2 stress
response, and in the ASI neurons (An
and Blackwell, 2003). Similar to the
regulation of DAF-16 by insulin sig-
naling, the IIS kinases phosphorylate
SKN-1, and reduced IIS leads to con-
stitutive SKN-1 accumulation in in-

testinal nuclei and target gene
activation (Tullet et al., 2008). Fur-
thermore, SKN-1 contributes to the
longevity and stress-resistance phe-
notypes of reduced insulin signaling.
These results raise the possibility
that SKN-1 acts together with DAF-
16 in regulating some processes and
target genes. In support of this, DAF-
16 contributes to the induction of a
subset of SKN-1 targets under
reduced insulin signaling conditions
(Tullet et al., 2008). Further work
will elucidate the sites and nature of
SKN-1/DAF-16 interaction.

The DAF-16-Associated

Element Binding Factor

An unbiased search for sequence
motifs overrepresented in upstream
regions of DAF-16 targets identified
the in vitro–defined canonical DAF-
16-binding element (DBE; TGTTTAC)
(Furuyama et al., 2000), and a new
GATA sequence, the DAF-16 Associ-
ated Element (DAE; CTTATCA)
(Murphy et al., 2003). Both of these
motifs are present in the promoters of
up- and downregulated targets.
Furthermore, the upstream regions
of dauer-enriched, age-1-regulated
genes, and age-modulated genes are
also enriched for a GATA motif that is
similar to that of the DAE ([T/C/
G]GATAA[C/G][A/G]) (Budovskaya
et al., 2008). Because the DAE differs
significantly from the DBE, it is diffi-
cult to imagine how DAF-16 would
also bind to the DAE; rather, a known
transcription factor or currently
unknown transcription factor may
bind this motif and regulate these
genes.
There are 14 GATA transcription

factors in C. elegans (Budovskaya
et al., 2008) that are candidate DAE-
binding factors. Among these, RNAi
knockdown of the elt-3 GATA tran-
scription factor suppresses the lon-
gevity of daf-2 mutants (Budovskaya
et al., 2008). Thus, elt-3 functions to
promote life span, making it an
attractive candidate for the unknown
DAE-binding factor. elt-3 is expressed
in hypodermal cells, the intestine, the
pharyngeal-intestinal valve cells, and
the intestinal-rectal valve cells, and
shows a complex pattern of age-
related change in these tissues.
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Reduction of elt-3 attenuates the exp-
ression of three age-regulated genes
in the tissues where elt-3 and the tar-
get is co-expressed, and mutation of
the GATA DNA sites of these report-
ers reduces their expression. One of
these genes, sod-3, is a known direct
DAF-16 target (Honda and Honda,
1999) and expression of the other two
increases in a reduced IIS condition.
Thus, elt-3 is a reasonable candidate
DAE-binding factor, but further work
must be done to determine whether
elt-3 directly binds these GATA
sites, for example, by using ChIP-seq
to compare ELT-3 targets to direct
DAF-16 targets (Oh et al., 2006).
Additionally, given the variations in
the GATA motif reported by Budov-
skaya et al. (2008), it is possible that
more than one GATA factor is modu-
lating expression of these genes;
indeed, the GATA factors egr-1 and
egl-27 were also found to suppress the
longevity of daf-2 mutants (Budov-
skaya et al., 2008).

PERSPECTIVES:

CHALLENGES

AND SOLUTIONS

C. elegans DAF-16/FOXO is a key
node in a diverse array of physiologi-
cal processes, including development,
aging, immunity, and stress response.
Because DAF-16/FOXO plays many
roles, its fine-tuned regulation is criti-
cal for eliciting appropriate responses
in response to different stimuli. As we
have described here, recent work has
uncovered several conserved interac-
tions that modulate DAF-16 activity
in a specific subset of its many func-
tions. While the interactions that reg-
ulate DAF-16/FOXO are beginning to
be uncovered, more work needs to be
done to understand how multiple sig-
nals are integrated to elicit an appro-
priate context-dependent response,
and the tissues that are involved in
each of these responses must be iden-
tified. DAF-16’s interactions with co-
factors may also specify its choice of
transcriptional targets; thus, the iden-
tification of those targets, the associ-
ated DNA motifs, and the associated
co-factors will help uncover the mech-
anisms underlying the regulation of
DAF-16 activity. In addition to stand-
ard genetic, biochemical, and expres-

sion microarray techniques, the recent
development of such approaches as
massively parallel sequencing com-
bined with chromatin immunoprecipi-
tation and high-throughput protein
mass spectrometry should help fill
these gaps in our knowledge of DAF-
16/FOXO interactions.
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