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Abstract

Aging is a complex phenotype responsive to a plethora of environmental inputs; yet only a limited number of
transcriptional regulators are known to influence life span. How the downstream expression programs mediated by these
factors (or others) are coordinated into common or distinct set of aging effectors is an addressable question in model
organisms, such as C. elegans. Here, we establish the transcription factor ETS-4, an ortholog of vertebrate SPDEF, as a
longevity determinant. Adult worms with ets-4 mutations had a significant extension of mean life span. Restoring ETS-4
activity in the intestine, but not neurons, of ets-4 mutant worms rescued life span to wild-type levels. Using RNAi, we
demonstrated that ets-4 is required post-developmentally to regulate adult life span; thus uncoupling the role of ETS-4 in
aging from potential functions in worm intestinal development. Seventy ETS-4-regulated genes, identified by gene
expression profiling of two distinct ets-4 alleles and analyzed by bioinformatics, were enriched for known longevity effectors
that function in lipid transport, lipid metabolism, and innate immunity. Putative target genes were enriched for ones that
change expression during normal aging, the majority of which are controlled by the GATA factors. Also, some ETS-4-
regulated genes function downstream of the FOXO factor, DAF-16 and the insulin/IGF-1 signaling pathway. However,
epistasis and phenotypic analyses indicate that ets-4 functioned in parallel to the insulin/IGF-1 receptor, daf-2 and akt-1/2
kinases. Furthermore, ets-4 required daf-16 to modulate aging, suggesting overlap in function at the level of common
targets that affect life span. In conclusion, ETS-4 is a new transcriptional regulator of aging, which shares transcriptional
targets with GATA and FOXO factors, suggesting that overlapping pathways direct common sets of lifespan-related genes.
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Introduction

The emerging picture from studies with model organisms is that
animal life span is regulated by coordination of gene regulatory
networks in response to environmental inputs. In C. elegans a
number of transcription factors function as genetic modifiers of
aging, including Forkhead (DAF-16 and PHA-4) and GATA
(ELT-3, ELT-5, and ELT-6) factors [1-3]. The transcription
factors that function in life span determination often respond to
evolutionarily conserved pathways and cellular processes, includ-
ing insulin/IGF-1 signaling, c-Jun N-terminal kinase signaling
(JNK), the Target of rapamycin pathway (TOR), caloric intake,
mitochondrial respiration and signaling from the germ line [1,2,4—
8]. Gene expression profiling has identified overlapping down-
stream targets for these transcription factors that regulate
development, metabolism, reproduction, stress response and
innate immunity [3,9-11]. Consistent with this complexity, genetic
tests show that disruption of individual downstream target genes
has a modest impact on longevity. Therefore, the downstream
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effectors of each transcription factor are proposed to act
collectively to mediate the significant impact of signaling pathways
on life span [9].

In this study, we identify the ETS transcription factor, ETS-4,
as a longevity determinant in C. elegans. Gene knock-out studies
performed for 20 of the 26 ETS genes in mice have implicated
ETS factors in diverse cellular processes such as proliferation,
differentiation, migration, apoptosis, and cell-cell interactions [12—
15]. However, discerning molecular mechanisms of E'TS protein
function in mice has been complicated by the large number of ETS
paralogs expressed in any particular cell type [15,16]. C. elegans,
with only ten efs genes, provides a simpler and more genetically
tractable model to investigate E'TS factor function & vivo.

C. elegans els-4 is the apparent ortholog of vertebrate SPDEF/
SAM pointed domain containing ETS transcription factor (also
known as PDEF/Prostate derived ETS factor) (Figure S1). The
mRNA levels of SPDEF are altered in breast and prostate tumors
[17,18]. Studies using tumor cell lines show that SPDEF affects cell
migration and invasion pathways [18-23]. A deletion allele in
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Author Summary

Animal life span is regulated in response to developmental
and environmental inputs through coordinate changes in
gene expression. Thus, longevity determinants include
DNA-binding proteins that regulate gene expression by
controlling transcription. Here, we explored the physio-
logical role of the transcriptional regulator, ETS-4, in the
roundworm Caenorhabditis elegans. Our data showed that
worms that lack ETS-4 lived significantly longer, revealing
ETS-4's role in the transcription network that regulates life
span. We identified 70 genes whose expression was
modulated by ETS-4 that function in lipid transport, lipid
metabolism and innate immunity. Some of the ETS-4-
regulated genes were also controlled by two other
regulators of aging, the FOXO and GATA factors. We
concluded that a common set of transcriptional targets
orchestrate the network of physiological factors that affect
aging. ETS-4 is closely related to the human ETS protein
SPDEF that exhibits aberrant expression in breast and
prostate tumors. Because the genetic pathways that
regulate aging are well conserved in other organisms,
including humans, our findings could lead to a better
understanding of SPDEF function and longevity regulation
in mammals.

mice suggests a role in specialized intestinal epithelial cell
differentiation [24]. Thus, SPDEF may have significant disease
relevance, yet its physiological role in normal animal development
and homeostasis is not completely understood.

To decipher ets-4 function, we undertook a reverse genetics
approach in C. elegans and established efs-4 as a transcriptional
regulator of longevity. Expression of efs-4 was observed in a
number of tissues, however, transgenic rescue experiments
implicated the intestine in the aging phenotype. Gene expression
profiling identified E'TS-4-regulated genes that function in life
span determination. Strikingly, a significant number of these life
span effectors have been previously shown to function down-
stream of the insulin/IGF-1 signaling pathway as well as the
GATA factor, ELT-3. Genetic tests reveal that efs-4 functions in
parallel to the insulin/IGF-1 signaling pathway, yet requires the
FOXO transcription factor, daf-16, to modulate life span. Taken
together, our findings identify the physiological role of ETS-4 in

Regulation of Life Span by ETS-4

C. elegans and indicate transcriptional control of aging effectors by

ETS-4.

Results

ETS-4 Is a Novel Longevity Determinant

To determine the function of ETS-4 in vivo, ets-4(0k165) worms
carrying a deletion at the els-4 locus were analyzed. Coding
sequences for both the ET'S DNA binding domain, and the PNT
domain, which is a protein-protein interaction domain conserved
in a subset of E'T'S proteins, were lacking in the ets-4(0k165) worms
(Figure 1A and 1C). Animals carrying the 0k/65 allele lacked full-
length ets-4 mRNA as confirmed by RT-PCR analysis (Figure 1B).
Therefore, we propose that ets-4(0k165) is a null allele for ET'S-4
function.

After outcrossing six times to the wild-type (N2) strain, the efs-
4(0k165) worms were examined for phenotypes. The larval
developmental time, measured as the time taken for L1 larvae to
reach the young adult stage at 20°C,, was 6-8 hr longer in efs-
4(0k1635) than wild-type worms (Figure 2A). Despite this 10-13%
delay, ets-4(0k165) larvae exhibited apparently wild-type develop-
ment and morphology. Neither arrests at particular larval stages
nor molting defects were observed. The self brood size of ets-
4(0k165) worms was similar to that of wild-type worms, suggesting
normal fecundity (Figure 2B). However, a difference in the rate of
egg-laying was observed (Figure 2C). During the peak egg-laying
period (day 2 of egg-laying) the ets-4(0k165) worms laid
significantly fewer eggs (109%5) than wild-type worms (142*6)
(Figure 2C). In addition, ets-4(ok165) hermaphrodites produced
significantly more progeny (39%6) later in life (day 4 of egg-laying)
than wild-type worms (14%2) (Figure 2C). The ets-4(0k165) males
exhibited mating efficiency comparable to wild-type males in
crosses with temperature-sensitive fem-3(e2006) hermaphrodites
[25] that are incapable of producing self-progeny at the restrictive
temperature (data not shown). In summary, ets-4(0kl65) worms
exhibited a 10-13% delay in larval development and an altered
egg-laying rate, but were wild-type in morphology, development
and fecundity suggesting normal fitness.

Considering a post-developmental role for efs-4, we monitored
the adult life span of ets-4(0kl165) worms. Because different
laboratory strains of C. elegans can have significantly different life
spans [26], we compared the life spans of ets-4(0k165) animals with
those of isogenic efs-4(+) controls obtained by outcrossing efs-
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Figure 1. Schematic of ets-4 gene structure and gene deletion analysis. (A) Gene structure of ets-4. Black boxes represent exons linked by
lines that indicate introns. The 3’UTR and 5'UTR are shaded gray. The proposed translation start site ATG, confirmed site of addition of the SL1
sequence and exons encoding the ETS and PNT domains are indicated. * denotes the start of an alternative isoform (WormBase web site, http://www.
wormbase.org, release WS214). The orientations of neighboring genes are represented by arrows. Sequences deleted in the 0k165 and uz1 alleles are
marked. The position of primers used for reverse transcription (R1, R2) and PCR (P1, P2, P3, P4, P5, P6) analyses are indicated. (B) Agarose gel showing
RT-PCR analysis of wild-type (WT), ets-4(uz1) and ets-4(ok165) worms with primers R1, P1, P2 (top panel) and R2, P3, P4 (bottom panel). DNA size
indicated in bp. (C) Agarose gel showing PCR analysis of wild-type (WT), ets-4(uz1) and ets-4(ok165) worms with primers P5 and P6. DNA size indicated
in bp.

doi:10.1371/journal.pgen.1001125.g001
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Figure 2. ETS-4 affects larval developmental rate and egg-
laying rate. (A) The larval development time (hr) defined as the time
from L1 to pre-fertile adult for wild-type (WT), ets-4(ok165) and ets-
4(uz1) worms at 20°C. Values are mean = SEM and * indicates p<<0.05.
(B) Total number of progeny (brood size, mean * SEM) at 20°C was
counted for individual WT (n=11), ets-4(ok165) (n=16) and ets-4(uz1)
(n=18) worms. (C) The number of eggs laid (mean = SEM) during each
day of the egg-laying period for WT, ets-4(ok165), and ets-4(uz1) worms
at 20°C (* indicates p<<0.001).

doi:10.1371/journal.pgen.1001125.g002

4(0k165) to the wild-type (N2) strain. Age-matched wild-type or efs-
4(0k1065) L4 stage larvae were picked and the first day of adulthood
counted as day one. At 25°C, the mean adult life span of efs-
4(0k165) worms (18.0+0.4 days) was significantly longer than that
of isogenic els-4(+) wild-type worms (13.3%£0.6 days) (Figure 3A
and Table 1). Thus, loss of ets-4 led to a significantly longer mean
adult life span compared to wild-type worms at 25°C (Figure 3A,
Table 1 and Table S1). Since growth temperature strongly
influences C. elegans longevity [27], the life span of ets-4(0k165)
animals was also monitored at 20°C. The mean adult life span of
ets-4(0k165) animals at 20°C (27.1%20.8 days) was significantly
longer than that of isogenic ets-4(+) wild-type worms (15.4+0.6
days), confirming the extended life span phenotype of es-4 null
mutant animals (Figure 3B and Table 1). Because feeding defective
(eaf) mutant animals are also slow-growing and long-lived [6,28],
the feeding behavior of ets-4(0k165) was examined by recording the
pharyngeal pumping and defecation rates. Under well-fed
conditions, the feeding behavior of ets-4(0k165) worms was
indistinguishable from that of wild-type animals (Figure S2). Thus,
ETS-4 regulates life span without modifying feeding behavior.
To further characterize the role of efs-4 in life span regulation,
we initiated efs-4 inactivation by RNAi at the L4 larval stage to
bypass potential earlier developmental roles [29]. Similar to the
long-lived phenotype of ets-4(0k165) mutant animals, ets-4(RNAy)
on wild-type worms resulted in significant extension of mean
adult life span (Figure 3C and Table 1). These data suggest that
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ets-4 functions post-developmentally in regulation of adult life
span.

We generated a second deletion allele of ets-4, uzl, which
removes sequences coding for most of the ET'S domain and the
3'UTR, but retains the PNT domain coding sequence (Figure 1A
and 1C). An abridged ets-4 mRINA that could encode a truncated
protein was detected in efs-4(uz1) worms (Figure 1B). Similar to the
ets-4(0k165) worms, we observed slow larval growth, altered
progeny production and extended life span phenotypes in ets-
4(uzl) mutant animals (Figure 2, Figure 3A and 3B). Thus,
examination of this second efs-4 deletion allele corroborated the
loss-of-function phenotypes observed in efs-4(0kl65) mutant
animals and enabled further use of this allele. However, els-
4(uz1) worms exhibited several unique phenotypes not observed in
ets-4(0k165) worms including ruptured vulva, distorted seam cell
syncytia and broken alae (data not shown). We speculate that these
added effects are likely due to the interfering activity of the
truncated ETS-4 encoded by the uz/ allele that would lack the
ability to bind to ETS-4 target genes and yet, may interact with
various protein partners through the PNT domain. Therefore, the
additional phenotypes associated with the ets-4(uz!) allele may be
mvolved with, but not necessarily restricted to, normal ETS-4
function and were not studied further. Nevertheless, analyses of
two distinct deletion alleles of efs-4 enabled the identification of ets-
4 loss-of-function phenotypes.

Tissues That Control Life Span Express ets-4

To better understand how ETS-4 regulates life span, we sought
to identify the tissues in which ETS-4 functions. GFP reporter
constructs containing 5 kb of the ets-4 promoter alone (Pets-4::gfp)
or including the genomic DNA coding for ETS-4 (ets-4::gfp) were
used to generate several independent transgenic lines. Robust GFP
expression for both constructs was observed in the intestinal cells
of transgenic worms starting at the 3-fold embryonic stage and was
maintained through larval development and in the adult (Figure 4A
and 4B). GIP expression was also seen in several cells of the
anterior and posterior bulbs of the pharynx and in seam cells
(Figure 4B, 4C and 4D). Lastly, ets-4 expression was observed in a
few unidentified cells of the vulva, hypodermal nuclei, several
unidentified neurons, labial socket cells of the head, and a few cells
of the rectum (data not shown). Thus, these results expanded the
observations made in previous studies using shorter regions of the
ets-4 promoter in GFP constructs [30-32] and demonstrated ets-4
expression in the intestine and neurons, key tissues known to
regulate longevity in worms [33-35].

ETS-4 Functions in the Intestine to Regulate Life Span
Studies in mammals, flies and worms have identified subsets of
cells, including adipose, intestinal and neuronal tissues, that affect
the rate of aging of the entire organism [33-40]. To identify cell
types in which ETS-4 functions to modulate life span, a transgene
encoding a YFP:ETS-4 fusion was expressed in intestinal cells or
neurons of ets-4(0k165) worms by use of the gly-19 or rab-3
promoters, respectively [35,41,42]. Analysis of at least two
independent transgenic lines showed that YFP::ETS-4 expressed
in intestinal cells restored the life span of ets-4(0k165) worms to
wild-type (Figure 3D, Table 1 and Table S1). In contrast, the
extended life span phenotype of ets-4(0k165) worms was not
affected by YFP::E'TS-4 expression in neurons (Figure 3D, Table 1
and Table S1). Additionally, YFP:ETS-4 expression in either
cell type did not rescue the altered egg-laying rate phenotype of
ets-4(0k165) worms, indicating that the longevity and egg-laying
phenotypes were separable (Figure S3). Animals expressing
YIFP:ETS-4 had wild-type brood sizes, suggesting normal
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Figure 3. ETS-4 regulates C. elegans life span. Survival curves from life span experiments. See Table 1 and Table S1 for data from additional trials,
mean life span and statistical analyses. (A) Survival curves of wild-type (WT), ets-4(ok165) and ets-4(uz1) worms at 25°C. (B) Survival curves of wild-type
(WT), ets-4(ok165) and ets-4(uz1) worms at 20°C. (C) Survival curves for wild-type (WT) worms grown at 25°C and subjected to ets-4(RNAJ) or an empty
vector (EV) control RNAi starting at the L4 stage. (D) Survival curves of ets-4(ok165) transgenic animals with tissue-specific expression of ets-4 in
intestinal cells, ets—4(ok165);[Pgly-79:.yfp::ets—4]1, or in neurons, ets—4(ok765);[Prab—3::yfp::ets—4]1. "refers to one of the two independent transgenic lines

generated. Injection control strain indicated as ets-4(ok165) Control.
doi:10.1371/journal.pgen.1001125.g003

fecundity and fitness (Figure S3). Moreover, because the life span
of rescued lines was not shortened beyond wild-type controls, we
concluded that YFP:ETS-4 fusion was not toxic in these tissues
(Table 1). In summary, ETS-4 functions in the intestine to
modulate life span.

ETS-4 Regulated Genes

Because E'TS-4 is implicated to be a transcription factor, a role in
life span determination predicts a set of ET'S-4 target genes that
function in aging. We took advantage of the two distinct strains with
a disrupted ets-4 locus to investigate effects on gene expression. We
chose late L4 stage larvae because of ease in staging and relevance to
adult intestine function. Microarray-based expression profiling of
wild-type and ets-4(0k165) larvae identified 145 genes whose
expression was altered with 88 genes down-regulated 2.2 fold or
more (Table S2). qRT-PCR analyses in age-matched, one-day old
adults confirmed the differential expression observed for nine out of
nine genes selected randomly from the top-thirty changed genes
(Figure S4). As predicted by the broader phenotypic consequences
observed in efs-4(uzl) worms, more genes (542) displayed altered
expression in these animals than in ets-4(0k165) worms (Table S3).
qRT-PCR controls in age-matched, 1-day old ets-4(uz1) and wild-
type adult worms confirmed the expression changes observed for
eight out of eight genes (Figure S4).

Because animals carrying either ets-4 deletion displayed similar
life span extension, we predicted that the genes overlapping in
these data sets would be enriched for aging effectors. A statistically
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significant overlap of 70 genes with altered expression in efs-
4(0k165) and ets-4(uzl) worms was identified (p<<0.0001) (Table 2
and Table S4). To determine, in an unbiased manner, whether
these 70 ETS-4-regulated genes represented a particular biological
pathway, we performed gene ontology analysis using GOstat [43].
The top five overrepresented categories yielded by this analysis
include lipid transport (vit-2, vit-3, vit-4, and vit-5), multicellular
organismal aging (vit-5, vit-2, thn-1, and ls-7) and fatty acid
metabolic process (acdh-2, ech-9, and C48B4.1) (Table 3). Five
control gene lists of the same size generated randomly from genes
represented on the expression arrays did not show these classes to
be overrepresented.

Restoration of E'T'S-4 function in the intestine rescued life span
of ets-4 null worms to wild-type (Figure 3D and Table 1). To test
whether ETS-4-regulated genes were biased towards expression in
a particular cell type, we compared our microarray data set to
tissue-specific expression data from previous studies. Strikingly, the
ETS-4-regulated gene list was significantly (p<<0.0001) enriched
only with intestinal genes [44], and not with germ-line [45],
muscle [46], pharyngeal [47] or neuronal genes [48] (Table 2).
This result did not vary when down- or up-regulated gene sets in
the ets-4 mutant animals were analyzed separately for enrichment
of cell-type specific gene expression (data not shown). Thus, the
molecular signature of ETS-4, identified by gene expression
profiling, substantiates a role for ets-4 in the intestine.

Lipid storage and metabolism have been linked to longevity
regulation [36,39,40,49] Also, expression of yolk protein genes (vit
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genes) and genes regulating fatty acid B-oxidation, such as an acyl-
CoA dehydrogenase (acdh-2), an acyl-CoA oxidase (C48B4.1) and
an enoyl-CoA hydratase (ech-9), were down-regulated in ets-4
mutant animals (Table S4). Thus, to explore a possible mechanism
for life span regulation by ET'S-4, we examined lipid levels in ets-4
null mutant animals. Lipid extracts from synchronized, one-day
old adult, wild-type and efs-4 null mutant animals were subjected
to thin-layer chromatography (TLC). The phospholipid (PL) and
triacyglyceride (TAG) fractions from ets-4(0k165) worms visualized
on TLC plates were similar to wild-type (Figure S5). The relative
levels of triacylglycerol stores, as well as the fatty acid composition
of phospholipid and triacylglycerol fractions, quantified by gas
chromatography in age-matched, one-day old ets-4(0k165) adult
animals, were not altered compared to wild-type worms (Figure
S5). Thus, the altered expression of genes involved in lipid
metabolism did not affect total lipid levels in ets-4(0k165) worms.

@ PLoS Genetics | www.plosgenetics.org

Table 1. Summary of Life Span Analysis for ets-4(ok165) and ets-4(uz1) Worms®,
Mean Life p-value® Vs

Genotype® Span+SEMP (Days) NP< WT controls Vs Strain® p-value®

wr ¢ 133206 71

ets-4(ok165) 18.0+0.4 71 <0.0001

ets-4(uzl) 18.2*0.4 920 <0.0001

WT 20°C 154*0.6 85

ets-4(ok165) 20°C 27.1+0.8 78 <0.0001

ets-4(uz1) 20°C 25.0+0.9 68 <0.0001

WT EV(RNAI)® 12.0*£0.4 100

ets-4(RNAi) 153%+0.6 98 <0.0001

WT EV(RNAI) 10.0£0.2 39

ets-4(ok165) EV(RNAI) 11.6+0.2 64 <0.0001

daf-16(RNAI) 8.4+0.1 62 <0.0001

daf-16(RNAI); ets-4(ok165) 8.4+0.1 63 <0.0001 ets-4(ok165)EV(RNAI) <0.0001
daf-16(RNAI) 0.85(ns)"

WT EV(RNAI) 13.3%+0.5 96

ets-4(ok165) EV(RNAI) 16.7+0.6 82 <0.0001

daf-2(RNAI) 224*14 90 <0.0001

daf-2(RNAI); ets-4(ok165) 29.0*1.6 51 <0.0001 ets-4(ok165) EV(RNAI) <0.0001
daf-2(RNAI) <0.0001

akt-1/2(RNAi) 204*1.0 65 <0.0001

akt-1/2(RNAI); ets-4(ok165) 24.6*+1.0 79 <0.0001 ets-4(ok165) EV(RNAI) <0.0001
akt-1/2(RNAi) <0.0001

WT 11.4*0.3 102

ets-4(ok165) 18.6*£0.5 920 <0.0001

ets-4(ok165) Control® 16.5+0.5 93

ets-4(ok165)[Pgly-19:yfp:ets-4]' 12.9+0.3 1M ets-4(ok165) Control <0.0001

ers—4(ok165)[Peg—19::yfp::ets-4]2 14.4+0.4 90 ets-4(ok165) Control <0.0001

ets—4(ok165)[Prab—3::yfp::ets—4]‘ 16.1+0.5 94 ets-4(ok165) Control 0.42(ns)

ets-4(ok165)[Prab-3:yfp:ets-4]* 17.3+0.6 65 ets-4(ok165) Control 0.35(ns)

Independent repeats of each life span experiment were performed. Data from representative experiments are shown. Data from repeats are shown in Table S1.

PLife span data sets within each panel of this table were done in parallel and statistical analyses was done within the data set.

“Number of worms scored.

4WT refers to wild-type.

°EV refers to empty vector.

fns indicates p-values>0.05 that were not considered significant.

Yets-4(ok165) Control refers to injection control strain. Strain details in Text S1.

2Refer to different independent lines.

doi:10.1371/journal.pgen.1001125.t001

Therefore, lipid homeostasis in ets-4(0k165) animals could likely be
maintained due to the compensatory activities of other enzymes
regulating fatty acid metabolism. Alternatively, lipid uptake,
transport or storage in different tissues of els-4(0k165) worms
may be affected without an alteration in the total lipid levels within
the whole organism.

Discerning the transcriptional targets of E'TS-4 enabled us to
ask whether ETS-4-regulated genes change expression during the
course of normal aging [3]. We found that 24% of the 70 ETS-4-
regulated genes were previously identified age-regulated genes
(Table 2 and Table S4). This is a significantly higher overlap than
that expected by random chance (p<<0.0001), corroborating a
function for ETS-4 in normal aging (Table 2). Interestingly, the
GATA transcription factors ELT-3, ELT-5, and ELT-6 were
shown to direct the age-regulation of a large fraction of genes that
change expression with age [3]. Our data suggested that ETS-4
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Figure 4. Expression pattern of ets-4. Transgenic worms expressing the Pets-4::gfp promoter fusion (B and D) or the ets-4::gfp promoter and open
reading frame construct (A and C) are shown. Differential interference contrast (DIC) and fluorescence images were visualized using a Zeiss Axioskop
2 microscope. (A) GFP expression in the intestinal cells of a 3-fold stage embryo (open arrowhead). White line indicates start of the intestine. (B) GFP
expression in the intestinal (open arrowhead) and pharyngeal (filled arrowhead) cells. White line indicates the demarcation between the pharynx and
intestine. (C) GFP expression in the cells in and around the pharynx of an adult worm. The procorpus, metacarpus and part of the isthmus are
outlined. (D) GFP expression in the seam cell syncytium (filled arrowhead) of an adult worm.

doi:10.1371/journal.pgen.1001125.9g004

participated in directing the expression of a significant proportion
of age-regulated genes.

To decipher whether a common set of targets exists for
transcription factors that function in life span determination, we
compared ETS-4-regulated genes with those that function
downstream of the well-characterized insulin/IGF-1 signaling
pathway. A comparison to the genes that act downstream of two

Table 2. Comparison of Genes Altered in ets-4 Mutant Worms
to Other Published Gene Lists.

Percent
Data Set-A Data Set-B Overlap®  p-value®
ets-4(uz1)® ets-4(ok165)¢ 48% <0.0001¢
Aging genes? ETS-4-regulated®™ * 24% <0.0001¢
daf-16 genes" ETS-4-regulated™ ©  20% <0.0001¢
skn-1 genes' ETS-4-regulated® f 0% Nsd
Intestine enriched genes’ ETS-4-regulated® f 14% <0.0001°¢
Pharynx enriched genes*  ETS-4-regulated® f 1% Nsd
Muscle enriched genes' ETS-4-regulated® f 0% Ns¢
Germ-line enriched genes™  ETS-4-regulated® 0% Nsd
Neuron enriched genes"” ETS-4-regulated™ f 3% NS¢

components of the insulin/IGF-1 signaling pathway (daf-2 and daf~
16) [10] indicated a 20% overlap, which represents a significant
enrichment (p<<0.0001) (Table 2 and Table S4). The overlapping
gene set included genes that were down-regulated as well as genes
up-regulated in ets-4(0k165) animals (Table S4). Also, 50% of the
overlapping genes were up-regulated in daf-2 pathway mutant
animals and repressed in daf-16; daf~2 double mutant animals,
while the other half displayed the opposite expression profile
(Table S4) [10] Since ets-4 and daf~2 loss-of-function mutations
cause an extended life span phenotype, we predicted that the
direction of expression changes for genes involved in aging will be
similar in these mutant animals. Indeed, the genes identified by
our ontology analyses as functioning in multicellular organismal
aging (Table 3) were either down-regulated (vit-5 and vit-2) or up-
regulated (thn-1 and lys-7) in both ets-4(0k165) and daf-2(— ) animals
(Table S4) [10]. Taken together, our analyses revealed a shared
pattern of gene expression changes between in efs-4 mutant
animals, insulin/IGF-1 signaling pathway mutant animals, and
aging wild-type worms. Thus, a common set of transcriptional
targets for E'T'S-4, the GATA factors (ELT-3, ELT-5, and ELT-6),
and DAF-16 exist.

Table 3. Top Five Overrepresented Ontology Terms of
ETS-4-Regulated Genes®.

@Percent of data set-B that overlaps with data set-A.

Pp-values generated from unpaired two-tailed t-test.

<2 analysis yielded statistically significant values for these pair-wise
comparisons.

9Not significant, NS. p-values>0.05 were not listed.

Data from this study.

f70 genes with altered expression in ets-4(0k165) and ets-4(uz1) worms relative
to wild-type worms.

9Budovskaya et al, 2008;

"Murphy et al, 2003;

iPark et al, 2009;

JPauli et al, 2006;

“Gaudet et al, 2002;

'Roy et al, 2002;

"MReinke et al, 2000;

"Watson et al, 2008.

doi:10.1371/journal.pgen.1001125.t002
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Gene Ontology Term Percentage® p-value®
Lipid transport 5.7% 23x1077
Multicellular organismal aging® 5.7% 2.1x1073
Determination of adult lifespan® 5.7% 2.1x1073
Acyl-CoA dehydrogenase activity 2.9% 23x1073
Fatty acid metabolic process 2.9% 55x103

70 genes with altered expression in ets-4(ok165) and ets-4(uz1) worms relative
to wild-type worms.

bPercentage of ETS-4-regulated genes that fit the gene ontology term.
“p-values were generated by GOstat (Beissbarth et al, 2004).

%These ontology terms represent the same set of genes.
doi:10.1371/journal.pgen.1001125.t003
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ETS-4 Functions as a Sequence-specific DNA Binding
Transcription Factor

Analyzing global transcriptional changes in efs-4 mutant animals
identified a number of genes regulated by ETS-4. Direct
transcriptional targets are predicted to have E'TS-4 binding sites
in the transcription start site (I'SS)-proximal regions. As a first step
towards testing this hypothesis, we characterized the DNA binding
and transcriptional activity of ETS-4. We tested the binding of
ETS-4 to ETS binding sites previously described, which display a
5'-GGAA/T-3" core recognition sequence [13,50], which is
consistent with the reported motif for the vertebrate orthologue,
SPDEF [51]. ETS-4, purified from a bacterial expression system,
bound to ET'S binding sites displaying either a GGAA or GGAT
core motif with similar high affinity (Kp~10" M) (Figure 5A and
Figure 5B). Furthermore, a wild-type, but not mutated, ETS
binding site, competed with ETS-4 binding to the labeled DNA
(Figure 5C). These results indicated that ETS-4 bound to
consensus ET'S sites in a sequence-specific manner.

ETS proteins demonstrate functional diversity acting both as
transcriptional activators and repressors [13,52]. To determine the
transcriptional activity of ETS-4, we tested ETS-4 in transcription
assays in yeast and cultured mouse fibroblasts. In S. cerevisiae,
LexA:ETS-4(1-345) activated transcription of a reporter gene via a
promoter with LexA binding sites (Figure S6). ETS-4(1-345) also
activated transcription in NIH3T3 cells (Figure S6). In yeast, the N-
terminal ETS-4(1-125) fragment activated transcription of the
reporter gene; however, this activity was lost with the inclusion of the
PNT domain in E'TS-4(1-200) (Figure S6). Indeed, we have mapped
repressive function to the PNT domain including recruitment of
repressive co-factors (data not shown). Thus, our data identify two
regions of ET'S-4 that activate transcription (amino acids 1-125 and
200-345) and suggest the ability of the PN'T domain to modulate this
activity towards a repressive function. This potential opposing
transcriptional function is consistent with the hypothesis that both
up- and down-regulated genes are direct ET'S-4 targets.

Regulation of Life Span by ETS-4

To identify candidate direct targets of ETS-4, we looked for
ETS binding sites conserved across six nematode species in the
region from 1500 base pairs (bp) upstream to 500 bp downstream
of the transcription start site (I'SS) of ETS-4-regulated genes. The
position specific weight matrix (PWM) used to search for ETS
binding motifs encompasses the sites that ETS-4 bound w wvitro
(Figure 5 and Table S5). Using the MULTIZ alignment algorithm
[53], at least one conserved ETS binding motif was identified in
the transcriptional control regions of 54 of the 70 ETS-4 regulated
genes (Table S5). Although this frequency did not represent an
enrichment of conserved ET'S sites compared to other randomly
selected T'SS-proximal regions (data not shown), we suspect this
represents the general importance of ET'S factors in many control
regions and not the lack of biological relevance of these sites on
ETS-4 regulated genes [54,55]. It was striking that genes with
conserved ETS binding motifs included not only 82% of the
down-regulated genes, but also 72% of the up-regulated genes in
ets-4 mutant animals (Table S5). This is consistent with the
activating and repressive transcriptional functions of ET'S-4 noted
above. Also, several ETS proteins, in response to signaling
pathways, fine-tune their transcriptional activity, functioning as
activators or repressors [13,52,56]. In conclusion, we propose that
ETS proteins may bind the transcriptional control regions and,
thus, regulate directly the expression of 77% of the genes that were
identified to function downstream of E'TS-4.

To test the function of ETS-4 as a DNA binding transcription
factor in a native context, we focused on /-5, which is one of the
genes down-regulated in efs-4 mutant worms that bears conserved
ETS binding sites (Table S2, Table S4 and Table S5). vit-5
encodes a lipoprotein related to mammalian ApoB-100, a core
LDL particle constituent [57]. Also, wvit-5(RNAi) was shown
previously to extend the mean life span of RNAi-sensitive wild-
type worms [10]. Puit-5::gfp expression was significantly reduced in
the intestinal cells of ets-4(0k165) compared to wild-type worms
suggesting that ETS-4 is necessary for inducing uit-5 expression
(Figure S7). We conclude that ET'S-4 is a transcription factor, fully
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Figure 5. /n vitro DNA binding activity of ETS-4. (A) Purification of recombinant ETS-4. SDS-PAGE gel, stained with coomassie blue, shows
uninduced (lane 1), induced (lane 2) bacterial lysate and purified 6xHis tagged ETS-4 (lane 3). (B) DNA-binding isotherms derived from electrophoretic
mobility shift assays (EMSAs) performed with increasing concentrations of recombinant ETS-4 (107" M to 10”7 M) incubated with radiolabeled DNA
duplex containing a GGAA (black)- or GGAT (gray)-based ETS binding site. Binding curves represent the mean (=SD) from three independent EMSA

experiments. (C) EMSA showing sequence specificity of ETS-4 binding.

Radiolabeled DNA duplex (ETS Site-WT) was used at 10~ '° M for all lanes.

Unlabeled competitor DNA duplex was added in molar excess (X) (lanes 3-12). The competitor DNA contained either a GGAA sequence (ETS Site-WT)
or a mutated sequence (TTAA) (ETS Site-MT). The arrowhead marks the mobility of unbound DNA. Binding of ETS-4 shifts the DNA to a slower

migrating band (arrow). Band marked by asterisk is possibly due to an
doi:10.1371/journal.pgen.1001125.g005
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competent to help orchestrate a transcriptional network involved
in life span regulation.

ETS-4 Functions in Parallel to the Insulin/IGF-1 Receptor
Signaling

To characterize how ets-4 modulates C. elegans lifespan, we tested
whether ets-4 genetically interacted with other known longevity
regulators. First, because ETS-4, ELT-3, and DAF-16 share
common downstream targets, we asked if they function down-
stream of the same signaling pathway. The insulin/IGF-1
signaling pathway involves the activation of the insulin/IGF-1
receptor, DAF-2, which triggers a kinase cascade involving the
serine/threonine kinases AKT-1 and AKT-2 culminating in the
cytoplasmic sequestration and inhibition of the FOXO transcrip-
tion factor DAF-16 [58,59]. In addition to inhibiting DAF-16, the
insulin/IGF-1 pathway also exerts a constant level of regulation on
ELT-3 expression [3,60]. We tested whether efs-4 modulated life
span by acting downstream of the insulin/IGF-1 signaling
pathway. To do this, we examined the genetic relationship
between els-4 and two major components of the insulin/IGF-1
signaling cascade - the receptor daf-2 and the kinases akt-1/2. For
the life span comparisons, RNAi was used to inactivate insulin/
IGF-1 signaling pathway genes in isogenic ets-4(0k165) and wild-
type strains. If efs-4 regulates life span by acting downstream of the
insulin/IGF-1 signaling pathway, then loss of ets-4 should not
significantly extend the life span of long-lived worms lacking
insulin/IGF-1 signaling. Alternatively, further extension of the life
span of long-lived ets-4 null mutant worms upon inhibition of
insulin/IGF-1 signaling would indicate that ets-¢4 functions in
parallel to this pathway. As previously reported [1,61,62], daf-
2(RNAi) animals were significantly long-lived (Table 1). Notably,
daf-2(RNAv); ets-4(0k165) animals lived longer than either efs-
4(0k165) or daf~2(RNAy) worms alone (Table 1 and Table SI).
Similarly, RNAi against the kinases akt-1/akt-2 further extended
the life span of the long-lived ets-4(0k165) worms (Figure 6A and
Table 1). Thus, inhibition of two different components of the
insulin/IGF-1 signaling pathway further increased the life span of
long-lived ets-4(0k165) animals. Because RNAi, and not null
mutations, was used to Inactivate signaling pathway genes, the
possibility that the insulin/IGF-1 receptor pathway partially
contributes to the life span phenotypes of efs-4 null mutant
animals cannot be completely eliminated. However, our data
support a model whereby efs-4 functions in parallel to the insulin/
IGF-1 signaling pathway to modulate life span (Figure 7).

We further explored the genetic relationship between efs-4 and
the insulin/IGF-1 signaling pathway by investigating if ets-4
participated in other physiological processes regulated by the
pathway. Signaling through DAF-2 is critical for dauer formation.
Hence, the involvement of efs-4 in dauer formation was tested first.
Assaying for dauer formation at 25°C and 27°C [63,64], we found
no defects in dauer formation in efs-4(0kl65) mutant animals
compared to wild-type worms (data not shown), suggesting that efs-
4 does not play a significant role in this process. Next, we tested
whether efs-4 null mutant animals exhibit altered response to
environmental stress stimuli since insulin/IGF-1 signaling also
regulates stress resistance. To assay for heat stress response, the
survival of adult ets-4(0k165) worms was monitored after a shift to
35°C. As reported previously[65-68], daf-2(e1370) animals sur-
vived significantly longer than wild-type worms at 35°C, whereas
daf-16(mgDf50) animals died faster (Figure S8). No significant
differences in survival were seen between efs-4(0kl65) and wild-
type worms during the heat stress time-course (Figure S8),
indicating that efs-4 is not required for response to heat stress.

@ PLoS Genetics | www.plosgenetics.org
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Figure 6. ets-4 acts in parallel to the insulin/IGF-1 signaling
pathway converging onto daf-76. Survival curves from life span
experiments conducted at 25°C. See Table 1 and Table S1 for data from
additional trials, mean life span and statistical analysis. (A) Wild-type
(WT) and ets-4(ok165) worms were grown at 25°C and subjected to akt-
1/2(RNAi) or an empty vector (EV) control RNAI starting at the L4 stage.
(B) Wild-type (WT) and ets-4(ok165) worms were grown at 25°C and
subjected to daf-16(RNAi) or an empty vector (EV) control RNAI starting
at the L4 stage.

doi:10.1371/journal.pgen.1001125.g006

Extension of life span is often associated with increased
resistance to oxidative stress [69]. We determined whether ets-4
null mutant animals show altered response to oxidative stress by
monitoring survival when exposed to a powerful oxidant,
paraquat. No significant differences in survival were seen between
ets-4(0k165) and wild-type worms during the majority of the
oxidative stress time-course (Figure S8), indicating that ets-4(0k165)
worms display wild-type response to oxidative stress. The
participation of ETS-4 in the oxidative stress response pathway
was also tested by assessing the genetic interaction of ets-4 with
skn-1. Transcription factor SKN-1, the ortholog of mammalian
Nrf proteins, is critical for oxidative stress resistance and acts in
multiple longevity pathways, including the insulin/IGF-1 signaling
cascade [70]. To test whether SKN-1 was required to mediate the
life span extension observed in efs-4 null mutant animals, we
inhibited skn-1 activity by RNAi and monitored the adult life span
at 25°C. skn-1(RNAy was previously reported to alter the
expression of genes involved in oxidative stress response [71].
Also, inhibition of skn-1 by RNAi was shown to decrease the life
span of daf~2 null mutant animals, but not control RNAI sensitive
animals [72]. skn-1(RNAi) on ets-4(0k165) worms did not alter the
extended life span phenotype of these worms (Figure S8),
suggesting that the efs-4 null mutant animals are not susceptible
to a partial loss of SKN-1 function. Additionally, to determine
whether ETS-4 and SKN-1 shared downstream effectors, we
compared a list of SKN-1-dependent target genes involved in
oxidative stress response [71] to the 70 ETS-4-regulated genes.
There was no significant enrichment for the stress responsive,
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Figure 7. Model for ETS-4 function as a transcriptional
regulator. ETS-4 functions in parallel to the insulin/IGF-1 signaling
pathway (blue) to modulate a set of downstream targets (red circle). ets-
4 may function upstream of (dotted line) or in parallel (solid line) to
antagonize daf-16 function in longevity regulation. ETS-4-regulated
gene set overlaps with that of the insulin/IGF-1 signaling pathway
acting through DAF-16 (blue circle) as well as that of ELT-3 (green
circle), which directs the age-regulation of a majority of genes that
change expression with age.

doi:10.1371/journal.pgen.1001125.g007

SKN-1-dependent genes amongst genes that act downstream of
ETS-4 (Table 2). Taken together, these data suggest that ET'S-4
does not contribute to all physiological processes regulated by
msulin/IGF-1 signaling and supports a model whereby ETS-4
functions, in part, independently of DAF-2 signaling to regulate
life span.

ETS-4 Requires DAF-16 to Regulate Life Span

The FOXO transcription factor, DAF-16, is a well established
regulator of life span that functions in the insulin/IGF-1 signaling
pathway [1,60,73-75] and shares downstream longevity effectors
with ETS-4 (Table 2 and Figure 7). We examined the genetic
relationship between ets-4 and daf-16. Consistent with previous
studies [1,61,75], inhibition of daf~16 activity by RNAi shortened
life span (Figure 6B and Table 1). Further, ets-4(0k165) worms,
when subjected to daf~-16(RNA1), did not display an extended life
span (Figure 6B and Table 1). Thus, daf~16 was required for the
longevity phenotype of efs-4(0k165) worms suggesting that efs-4
functions upstream of, or in parallel to, daf-16 in lifespan
regulation (Figure 7). Because the loss of ets-4 extends life span,
whereas, inhibition of daf-16 activity shortens it, our genetic tests
indicate that els-4 antagonizes daf-16 function in longevity
regulation by upstream effects, or in parallel.

@ PLoS Genetics | www.plosgenetics.org
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We examined in more detail two possible ways by which ets-4
could function upstream of daf-16. First, we tested whether ETS-4
reduced DAF-16 levels through a transcriptional effect. Our gene
expression profiling experiments indicated that the expression of
daf-16 transcripts was not altered in efs-4 mutant worms (NCBI’s
Gene Expression Omnibus, accession number GSE17954).
Further, upon crossing a daf-16:gfp reporter into ets-4(ok165)
worms, we did not observe an alteration in the expression of DAF-
16::GFP due to loss of ets-4 (data not shown). Second, we
examined whether ETS-4 antagonized DAF-16 activity by
promoting its cytoplasmic retention. The function of the
transcription factor DAF-16 is modulated in response to stress
conditions, such as heat-shock, by altering its nuclear localization
[58,76]. The intracellular localization of DAF-16::GFP was not
affected by the loss of efs-4 under normal growth conditions and
heat-shock (data not shown). These results suggest that ETS-4 does
not regulate DAF-16 by altering its expression level or nuclear-
cytoplasmic localization. Alternatively, ETS-4 and DAF-16 could
function in parallel pathways to modulate distinct targets involved
in longevity regulation (Figure 7). Or, an indirect modulation of
DAF-16 activity by ETS-4 is possible, through the regulation of a
required transcription co-factor. Taken together, we conclude that
ETS-4 is a new life span determinant that functions in parallel to
the insulin/IGF-1 signaling pathway, but requires the FOXO
transcription factor, daf-16, to modulate life span.

Discussion

In this study, we describe a novel transcriptional regulator of
longevity. Worms lacking ETS-4 exhibited a pronounced life span
extension. Despite broad expression in multiple cell types, ETS-4
function in the adult intestine was important for longevity
regulation. Notably, identification of an ETS-4-regulated gene
set uncovered shared transcriptional targets with two other
longevity modifiers, the FOXO and GATA factors.

ETS-4 Regulates Life Span

Loss of ets-4 function led to a substantial extension in mean
adult life span. Additionally, efs-4 mutant worms exhibited an
altered egg-laying rate. These data are consistent with the
precedence of several life span altering mutations that affect
multiple aspects of nematode biology, including reproduction and
metabolism. This raises the question of whether these phenotypes
are causative of increased longevity. Another key question with the
identification of E'TS-4 as a novel genetic modifier of aging with a
broad expression pattern was whether a particular cell type was
crucial for its function in longevity regulation. Our data showed
that restoring ET'S-4 function specifically in the intestine, but not
neurons, rescued the extended life span of ets-4 null mutant
animals back down to wild-type levels. Interestingly, other
transcription factors that function as longevity determinants,
including the FOXO protein DAF-16 and the GATA factors
ELT-3, ELT-5, and ELT-6, regulate life span primarily through
their function in the intestine [3,34]. These data thus also support
our model of shared transcriptional targets for these factors.
Moreover, restoring expression of ET'S-4 in the intestine of null
mutant worms does not rescue the altered egg-laying phenotype.
Thus, the longevity and altered egg-laying rate phenotypes are
separable, implying a correlative rather than causative relationship
between the two. Because relative to one another, the rates of
aging of different tissues appear normal, it is proposed that a
network of signaling and feedback regulation is involved in
coordinating aging within an animal [33,34]. Our data demon-
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strate that E'T'S-4 is a transcriptional regulator of this network that
functions in the intestine to modulate the rate of aging in C. elegans.

Model for ETS-4 Function in Longevity Regulation

Gene expression profiling of long-lived worms carrying two
different deletion alleles of ets-4, identified a robust set of ETS-4-
regulated genes. Consistent with the longevity phenotype of ets-4
mutant worms, the ETS-4-regulated gene set was enriched for
genes that modulate life span (Table 3). In addition to the
regulation of these known life span determinants by ETS-4, 29
genes of unknown function were also misexpressed in efs-4 mutant
animals and may contribute to the long-lived phenotype of these
worms. DNA-binding studies and bioinformatics searches identi-
fied conserved ETS binding sites in promoter regions of 54 of the
70 E'TS-4-regulated genes, suggesting that these were direct targets
(Table S5). Notably, the ETS-4-regulated gene set was significantly
enriched for genes that change expression during normal aging
(Figure 7, Table 2 and Table S4), the majority of which were
proposed targets of the GATA factor ELT-3 [3]. Consistent with
the shared pattern of expression changes observed between aged
worms and insulin/IGF-1 signaling pathway mutant animals [3], a
significant proportion of ETS-4-regulated genes functioned
downstream of the insulin/IGF-1 signaling pathway and the
FOXO transcription factor DAF-16 [10,11] (Figure 7, Table 2,
and Table S4). RNAi against four of these common downstream
effectors, vit-5, vit-2, thn-1, lys-7 alters worm life span [10]. These
longevity effectors participate in lipid transport (vitellogenins/yolk
proteins) and innate immune response (lysozymes and thaumatins).
In addition to this set of overlapping targets for three
transcriptional regulators of aging ELT-3, DAF-16 and ETS-4,
notable targets were absent. For example, expression of genes
mediating response to oxidative stress regulated by the transcrip-
tion factor SKN-1 (superoxide dismutases) [71], heat-shock or
toxicity (metallothioneins and xenobiotic metabolism genes) that
are altered in daf~16 mutant worms remain unchanged in long-
lived ets-4 mutant animals. We propose that E'T'S-4 participates in
some, but not all biological processes regulated by FOXO and
GATA factors. In summary, we introduce ETS-4 as a novel
transcriptional regulator in the genetic network that modulates life
span.

Insights into ETS function in Vertebrate Development

and Disease

Our study is the first demonstration of an ETS factor
modulating animal life span, thus illustrating the utility of C.
elegans in identifying novel functions for E'TS proteins not easily
discerned in more complex systems. The mammalian ortholog of
ets-4, SPDEF is expressed in the intestine and in tissues with high
epithelial content, like breast and prostate [17,77]. A recent study
of a mouse mutant strain with a dysfunctional SPDEF allele
showed impaired terminal differentiation of specialized intestinal
secretory cells derived from the intestinal epithelium [24]. Markers
for these secretory intestinal cells, the Paneth and goblet cells, were
implicated as SPDEF targets [24]. In an interesting evolutionary
convergence, our study illustrated ETS-4 function in the worm
intestine, which is a tube comprised of 20 large epithelial cells [78].
The C. elegans intestine executes multiple functions carried out by
distinct organs in higher eukaryotes, such as digestion and
absorption of nutrients, synthesis and storage of fats, initiation of
an innate immune response to pathogens and yolk production
[44,78-80]. Our work demonstrates the regulation of intestinal
genes, such as lysozymes and vitellogenins by ETS-4. Additionally,
restoring ETS-4 function in the worm intestine, but not neurons,
reduced the life span of ets-4 null worms to wild-type, revealing a
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link between ETS function in the intestine and longevity
regulation.

Our finding that ETS-4 has a role in C. elegans aging also
provides a new connection between this ETS factor and cancer.
Studies in human cell lines have implicated SPDEF function in
tumorigenesis. Cell lines from breast and prostate tumors have
altered SPDEF expression, although the significance of this
misregulation remains controversial. Whereas some studies
propose a putative role for SPDEF as a tumor suppressor, others
suggest a prometastatic function [17,18,22,23,81,82]. Given the
strong correlation between physiological aging and tumor
susceptibility, aging studies in C. elegans have been used to provide
genetic insights into tumor biology [83-85]. Thus, the role of
ETS-4 in aging raises new implications for the physiological role of
mammalian E'TS factors in development, homeostasis and disease.

Materials and Methods

C. elegans Strains and RNAI

C. elggans strains were maintained at 20°C as described previously
[86] unless otherwise mentioned. The wild-type reference strain was
N2 Bristol. The RB637: ets-4(0k165) X strain was obtained from the
C. elegans Gene Knockout Project at OMRY (International C. elegans
Gene Knockout Consortium). efs-4(uz1) was isolated by PCR-based
screening of a library of worms mutated with EMS generated at the
University of Utah. The deletion breakpoints of the uz/ on cosmid
F22A3 are 14790 and 15861. Single-worm PCR [87] was used
for screening and to determine the genotype of worms during
crosses with ets-4(uzl) and ets-4(0k165) worms. For ets-4(0k165) and
ets-4(uz1) identification, nested-PCR was carried out using the
following primers: Forward primers: CAATGAACGGTACT-
GGCTCAG and Primer P5: TGCAATCTTCCAATCCAACCC;
Reverse primers: ACTGCCGGAGGACAAATGTC and Primer
P6: CATTGCGATTCCCATGTAACC; Primers for sequences
deleted in the 0k/65 and uzl alleles: GCTAGCCAGCACCAA-
CAATCAA and ACACCAAACGCTGCTTCTTT. The ets-
4(0k165) and ets-4(uzl) worms were outcrossed to the N2 strain
six times before phenotypic analysis, including life span assays. We
also used BC11290: dpy-5(€907) I; sEx11290[rCesC04F6.1::GFP +
pCeh361] [31], TJ356: zIS356 IV [Pdaf-16::daf-16-gfp; rol-
6(sul006)] [76], lin-15(n765ts) [88], daf-16(mgDf50) I, CF1041 daf-
2(e1370) 111 [66].

RNAI was performed essentially as described previously [89]
using HT115(DE3) E. coli expressing dsRNA from daf-16, daf-2,
skn-1 (obtained from Julie Ahringer’s RNAI library [90]), akt-1, akt-
2 (obtained from the Marc Vidal’s RNAi library [91]), ets-4 or
carrying the 14440 control plasmid (EV for empty vector control).
Each clone was sequenced to confirm its identity. Individual RNA1
clones were grown overnight with Ampicillin (100 pg/ml) or
Kanamycin (25 pg/ml) seeded onto NGM plates containing
I mM IPTG (Sigma) and 25 pg/ml Carbenicillin (Sigma) and
allowed to grow for 2 days at room temperature. For akt-1/
2(RNAi), a 1:1 mix of akt-1 and akt-2 equal density overnight
bacterial cultures was used to seed NGM plates containing 1 mM
IPTG (Sigma) and 25 pug/ml Carbenicillin (Sigma). L4 stage
larvae were placed on the RNAi plates and observed for
phenotypes at 25°C.

RT-PCR and Microarray Analysis

Total RNA from mixed stage worms was isolated by phenol-
chloroform extraction and subjected to DNasel treatment using
the RNeasy kit (Qiagen). 1-2 pg of total RNA was reverse-
transcribed by SuperScript III (Invitrogen) according to manufac-
turer’s protocol. Ten percent of the resultant cDNA was PCR-
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amplified by 7ag DNA polymerase in a 50 pl reaction. Primer
sequences: R1: GGCACAAGTTGTACTGATGTC, P1 (SLI
primer): GTTTAATTACCCAAG TTTGAG, P2: CAGAT-
GACGGAGAATCAGGTC, R2: CTACAAGTTATAAGGAG-
GCAGG, P3: CTTCAGCCGCCTAGAAACTG and P4: CCAA-
TATCTAGCCAGCAGGAG. The PCR product was sequenced
to determine the position of SL1 attachment and splicing pattern.

To assess the expression of mRINA in synchronized populations
of N2, ets-4(0k165) and ets-4(uz1) worms, levels of cDNA from the
reverse transcription reaction were assessed by quantitative PCR
according to manufacturer’s protocol using the Roche LightCycler
480. Transcript levels were normalized to the averaged levels of
¢de-42 and pmp-3 [92]. See Table S6 for primer sequences.

For microarray analysis, total RNA was isolated from L4 stage
larvae as described above and reverse transcribed. Cy5 and Cy3
labeled cDNA was applied to C. elegans 22K gene expression arrays
(Agilent). Data from three independent repeats of the experiment
were analyzed. Lowess-normalized log (base 10) ratios of mutant/
wild-type gene expression were obtained from the two-color
Agilent C. elegans gene expression microarrays. The log ratios were
analyzed using the Rank Products method [93] to identify
consistently differentially expressed genes. Genes were selected
using a probability of false prediction (PFP) cut off of 0.1, i.e. a
false discovery rate of 10%. This technique corrects for multiple
testing with repeated trials on random permutations of the data
set.

The microarray data discussed in this publication have been
deposited in NCBI’s Gene Expression Omnibus (Edgar ez al., 2002) and
are accessible through GEO Series accession number GSE21851
(http:/ /www.ncbinlm.nih.gov/geo/query/acc.cgiacc=GSE21851).

Life Span Assays

Life span assays were conducted as described previously [94].
The ets-4(0k165) and ets-4(uzl) worms were outcrossed to the wild-
type strain six times before the life span assays. Briefly, worms were
grown for two or more generations at the assay temperature (25°C
or 20°C) prior to the assay. Hermaphrodites were allowed to lay
eggs for 6-8 hr on OP50 to obtain synchronous progeny for the
experiment. L4 stage larvae were picked to plates spotted with
RNAIi bacteria containing 1 mM IPTG or OP50 bacteria and
allowed to age at 25°C. The animals were moved to fresh plates
daily during the reproductive period and every other day for the
rest of the assay. The worms were scored for life by assessing
movement to touch every 1-2 days [8]. Animals that bagged,
exploded or crawled off the plate were excluded from the analysis.
The first day of adulthood was counted as day one of the life span
experiment. Life span curves and statistical data including p-values
from Log-rank (Mantel-Cox) test were generated using GraphPad
Prism version 5 software (GraphPad Software, San Diego,
California USA).

Brood Size, Egg-Laying Rate and Development Time
Assays

Single L4 stage larvae were allowed to lay eggs at 20°C and
transferred to a fresh NGM plate every day till the end of the
reproductive period. The number of eggs laid and the number of
hatched progeny were counted. The average number of eggs laid
each day during the egg-laying period and the total number of
progeny per worm (brood size) were plotted. Development time
assays were done as described previously [95]. Briefly, synchro-
nized L1 larvae of each genotype were grown at 20°C. The
animals were monitored every 3 hr after they had reached L4
stage till they were pre-fertile adults. Each experiment with at least
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ten worms per genotype was repeated twice, independently.
Unpaired t-test analyses were performed to calculate p-values.

Supporting Information

Figure S1 Phylogenetic analysis of ET'S domain sequences. The
protein sequences of 27 H. sapiens (gray) and 10 C. elegans ETS
domains (Ce) were aligned using ClustalW (version 1.83).
DRAWGRAM (from phylip version 3.66) was used to construct
a dendrogram of the aligned sequences. The horizontal length of
the branches predicts the evolutionary distance between the genes.
Found at: do1:10.1371/journal.pgen.1001125.s001 (9.87 MB TIF)

Figure 82 ¢fs-4 mutations do not alter feeding rate or defecation
rate. (A) Pharyngeal pumping rates (pumps/minute) were counted
for wild-type (WT) (n=11), ets-4(0k165) (n=10) and ets-4(uzl)
(n=12) worms (mean = SEM). (B) Mean defecation cycle periods
(seconds/cycle) of wild-type (WT), ets-4(0k165) and ets-4(uzl)
worms (mean * SEM). At least 10 worms per genotype were
observed for 10 cycles each.

Found at: do1:10.1371/journal.pgen.1001125.s002 (3.76 MB TIF)

Figure 83 Tissue-specific expression of ETS-4 does not affect
the egg-laying rate or brood size of efs-4(ok165) animals. (A) The
number of eggs laid (mean = SEM) during each day of the egg-
laying period. The egg-laying rate of wild-type (WT) worms, efs-
4(0k165) Control and that of strains with tissue-specific expression
of ets-4 in intestinal cells, ets-4(0k165);/Pely-19::yfp::ets-4], or
neurons, els-4(0k165);/Prab-3::yfp:rets-4] at 20°C. * indicates
p<<0.001, comparing efs-4(ok165) transgenic lines to WT. (B)
Total number of progeny (brood size) was counted for the
genotypes indicated at 20°C. The average brood size (mean *
SEM) of ets-4(ok165) Control, ets-4(ok165);/Pely-19::yfp::ets-4] and
ets-4(0k165);[Prab-3::yfp::ets-4] are indicated.

Found at: do1:10.1371/journal.pgen.1001125.s003 (7.80 MB TIF)

Figure 84 Expression levels of selected genes in ets-4(0k165), ets-
4(uz1) and wild-type worms. Gene expression quantified by real-
time PCR in ets-4(0k165) and ets-4(uz1) mutant worms relative to
wild-type  (WT). Error bars represent standard error. (A)
Expression of genes significantly down-regulated in ets-4(0k165)
worms (shown are vit-2, vit-5, vit-4, vit-5, ceh-60, ech-9 and fat-7) and
ets-4(uz1) worms (shown are vit-2, vit-3, vit-4, vit-5, ceh-60 and ech-9)
relative to WT. (B) Expression of genes significantly up-regulated
in ets-4(0k165) and ets-4(uzl) worms (shown are lys-7 and thn-1)
relative to WT.

Found at: doi:10.1371/journal.pgen.1001125.5004 (5.96 MB TIF)

Figure 85 Lipid levels and fatty acid composition is unaltered in
ets-4(0k165) worms. (A) Relative abundance of triacylglycerides
and phospholipids expressed as percentage of total fatty acids
(fstandard error) as determined by gas chromatography. (B)
Relative abundance of selected fatty acid species expressed as
percentage of total fatty acids (= standard error) of WT and ets-
4(0k165) worms as determined by gas chromatography. (C) TLC
analysis of lipids extracted from wild-type (WT) (lane 1) and ets-
4(0k165) animals (replicates in lanes 2 and 3). TAG, triacylglycer-
ides; PL, phospholipids.

Found at: doi:10.1371/journal.pgen.1001125.s005 (9.58 MB TTF)

Figure 6 Transcriptional activity of ETS-4. (A) Transcriptional
activity of ETS-4 in S. cerevisiae. An yeast strain that contains an
integrated LacZ reporter with 8 LexA binding sites was
transformed with the indicated LexA:ETS-4 fusions. Cells lysates
were subjected to a colorimetric assay to assess [-galactosidase
activity (LacZ activity). The relative LacZ activity was calculated
by normalizing the LacZ values to that of control strains
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transformed with the LexA DNA-binding domain. The expression
levels of the LexA proteins were comparable (data not shown).
Inset is a schematic of ETS-4. (B) Transient expression assays
performed in NIH3T3 cells. Luciferase activity was measured
from cells transfected with a GAL4-dependent luciferase reporter
and expression vectors for GAL4 DNA-binding domain alone or
as a fusion to ETS-4. Relative luciferase activity (RLA) was
calculated as the ratio of firefly luciferase activity to Renilla
luciferase activity (mean® SEM). The expression levels of the
GAL4DBD proteins were comparable (data not shown).

Found at: do1:10.1371/journal.pgen.1001125.s006 (4.44 MB TIF)

Figure S7 Reduced expression of Puit-5:gfp in ets-4(ok165)
worms. (A) Quantification of Puit-5::gfp expression in synchronized
1-day old wild-type (WT) and ets-4(0k165) adult hermaphrodites
using Image] (version 1.36b) software. The mean fluorescence
(=SEM) of ets-4(0k165)[Pvit-5::gfp] worms was measured in a fixed
area at the start of the intestine and compared to that of Puit-5::gfp
worms in an identical area. (B) Representative example of the
reduced Puit-5::gfp expression in ets-4(0k165) worms compared to
wild-type (WT) worms.

Found at: doi:10.1371/journal.pgen.1001125.s007 (4.60 MB TTF)

Figure S8 Stress resistance of efs-4(0kl65) animals and genetic
interaction between ets-4 and skn-1 for life span. (A) Survival
kinetics of animals under heat stress conditions (35°C). Fraction of
animals alive at different time points (hours) after a shift to 35°C
(mean * SEM) is plotted. * indicates p<<0.05, compared to WT.
(B) Survival kinetics of animals in the presence of paraquat
(oxidative stress conditions - See Text S1). Fraction of animals
alive (mean * SEM) is plotted. * indicates p<<0.05, compared to
WT. (C) Survival curves for wild-type (WT) and ets-4(0k165)
worms grown at 25°C and subjected to skn-1(RNAi) or an empty
vector (EV) control RNAI starting at the L4 stage. See Table S1
for mean life span, statistical analyses and data from additional
trials.

Found at: doi:10.1371/journal.pgen.1001125.s008 (10.00 MB

TIF)

Table S1 Summary of Data from Repeat Trials of Life Span
Analysis for ets-4(ok165) and ets-4(uz1) Mutant Worms.

Found at: doi:10.1371/journal.pgen.1001125.5009 (0.11 MB
DOCQ)
References

1. Kenyon C, Chang ], Gensch E, Rudner A, Tabtiang R (1993) A C. clegans
mutant that lives twice as long as wild type. Nature 366: 461-464.

2. Panowski SH, Wolff S, Aguilaniu H, Durieux J, Dillin A (2007) PHA-4/Foxa
mediates diet-restriction-induced longevity of C. elegans. Nature 447: 550-555.

3. Budovskaya YV, Wu K, Southworth LK, Jiang M, Tedesco P, et al. (2008) An
elt-3/elt-5/elt-6 GATA transcription circuit guides aging in C. elegans. Cell 134:
291-303.

4. Oh SW, Mukhopadhyay A, Svrzikapa N, Jiang F, Davis RJ, et al. (2005) JNK

regulates lifespan in Caenorhabditis elegans by modulating nuclear translocation

of forkhead transcription factor/DAF-16. Proc Natl Acad Sci U S A 102:

4494-4499.

Sheaffer KL, Updike DL, Mango SE (2008) The Target of Rapamycin pathway

antagonizes pha-4/FoxA to control development and aging. Curr Biol 18:

1355-1364.

6. Lakowski B, Hekimi S (1998) The genetics of caloric restriction in

“aenorhabditis elegans. Proc Natl Acad Sci U S A 95: 13091-13096.

7. Lee SS, Lee RY, Fraser AG, Kamath RS, Ahringer J, et al. (2003) A systematic
RNAI screen identifies a critical role for mitochondria in C. elegans longevity.
Nat Genet 33: 40-48.

8. Hsin H, Kenyon C (1999) Signals from the reproductive system regulate the
lifespan of C. elegans. Nature 399: 362-366.

9. Houthoofd K, Vanfleteren JR (2007) Public and private mechanisms of life

extension in Caenorhabditis elegans. Mol Genet Genomics 277: 601-617.

Murphy CT, McCarroll SA, Bargmann CI, Fraser A, Kamath RS, et al. (2003)

Genes that act downstream of DAF-16 to influence the lifespan of

Caenorhabditis elegans. Nature 424: 277-283.

wr

@ PLoS Genetics | www.plosgenetics.org

12

Regulation of Life Span by ETS-4

Table S2 Genes with Altered Expression in ets-4(0k165)
Compared to Wild-type (WT) Worms.

Found at: doi:10.1371/journal.pgen.1001125.s010 (0.09 MB
DOC)

Table 83 Genes with Altered Expression in efs-4(uz1) compared
to Wild-type (WT) Worms.

Found at: doi:10.1371/journal.pgen.1001125.5011
DOC)

Table S4 Genes with Altered Expression in efs-4(0k165) and ets-
4(uz1) Worms Relative to Wild-type Worms.

Found at: doi:10.1371/journal.pgen.1001125.5012
DOC)

Table S5 Position of Conserved ETS Binding Motifs in the
Transcriptional Control Regions of ETS-4-Regulated Genes.
Found at: doi:10.1371/journal.pgen.1001125.5013 (0.17 MB
DOC)

(0.26 MB

(0.10 MB

Table S6 Oligonucleotide primers used in RT-PCR analyses.
Found at: doi:10.1371/journal.pgen.1001125.5014 (0.04 MB
DOC)

Text S1 Supplemental Materials and Methods.

Found at: doi:10.1371/journal.pgen.1001125.5015 (0.07 MB
DOC)
Acknowledgments

We thank Susan Mango (Harvard) for reagents and critical review of the
manuscript. Colin Thacker (Utah) provided reagents through the
University of Utah Worm Core. We acknowledge Nadeem Moghal
(Toronto), Christopher Pickett and colleagues in the Mango and Graves
labs for helpful discussions. Some strains were obtained from the
Caenorhabditis Genetics Center and OMRF Knockout Group.

Author Contributions

Conceived and designed the experiments: BT BJG. Performed the
experiments: BT AGB KJC JLW. Analyzed the data: BT AGB KJC
JLW WE]J BJG. Contributed reagents/materials/analysis tools: BT AGB.
Wrote the paper: BT BJG.

. Murphy CT (2006) The search for DAF-16/FOXO transcriptional targets:
approaches and discoveries. Exp Gerontol 41: 910-921.

. Sharrocks AD (2001) The ETS-domain transcription factor family. Nat Rev Mol
Cell Biol 2: 827-837.

. Graves BJ, Petersen JM (1998) Specificity within the ets family of transcription
factors. In: Woude GV, Klein G, eds. Advances in Cancer Research. San Diego:
Academic Press. pp 1-55.

. Maroulakou IG, Bowe DB (2000) Expression and function of Ets transcription
factors in mammalian development: a regulatory network. Oncogene 19:
6432-6442.

15. Hollenhorst PC, Jones DA, Graves B] (2004) Expression profiles frame the
promoter specificity dilemma of the ET'S family of transcription factors. Nucleic
Acids Res 32: 5693-5702.

. Galang CK, Muller WJ, Foos G, Oshima RG, Hauser CA (2004) Changes in the
expression of many Ets family transcription factors and of potential target genes
in normal mammary tissue and tumors. J Biol Chem 279: 11281-11292.

. Feldman RJ, Sementchenko VI, Gayed M, Fraig MM, Watson DK (2003) Pdef
expression in human breast cancer is correlated with invasive potential and
altered gene expression. Cancer Res 63: 4626-4631.

. Gu X, Zerbini LF, Otu HH, Bhasin M, Yang Q, et al. (2007) Reduced PDEF
expression increases invasion and expression of mesenchymal genes in prostate
cancer cells. Cancer Res 67: 4219-4226.

. Oettgen P, Finger E, Sun Z, Akbarali Y, Thamrongsak U, et al. (2000) PDEF, a
novel prostate epithelium-specific ets transcription factor, interacts with the
androgen receptor and activates prostate-specific antigen gene expression. ] Biol

Chem 275: 1216-1225.

September 2010 | Volume 6 | Issue 9 | €1001125



20.

21.

22.

24.

26.

27.

32.

33.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

Chen H, Nandi AK, Li X, Bieberich CJ (2002) NKX-3.1 interacts with prostate-
derived Ets factor and regulates the activity of the PSA promoter. Cancer Res
62: 336-340.

Gunawardane RN, Sgroi DC, Wrobel CN, Koh E, Daley GQ, et al. (2005)
Novel role for PDEF in epithelial cell migration and invasion. Cancer Res 65:
11572-11580.

Turner DP, Moussa O, Sauane M, Fisher PB, Watson DK (2007) Prostate-
derived ETS factor is a mediator of metastatic potential through the inhibition of
migration and invasion in breast cancer. Cancer Res 67: 1618-1625.

. Turner DP, Findlay V], Kirven AD, Moussa O, Watson DK (2008) Global gene

expression analysis identifies PDEF transcriptional networks regulating cell
migration during cancer progression. Mol Biol Cell 19: 3745-3757.

Gregorieff A, Stange DE, Kujala P, Begthel H, van den Born M, et al. (2009)
The Ets-Domain Transcription Factor Spdef Promotes Maturation of Goblet
and Paneth Cells in the Intestinal Epithelium. Gastroenterology.

. Hodgkin J (1986) Sex determination in the nematode C. elegans: analysis of tra-3

suppressors and characterization of fem genes. Genetics 114: 15-52.

Gems D, Riddle DL (2000) Defining wild-type life span in Caenorhabditis
elegans. J Gerontol A Biol Sci Med Sci 55: B215-219.

Van Voorhies WA, Ward S (1999) Genetic and environmental conditions that
increase longevity in Caenorhabditis elegans decrease metabolic rate. Proc Natl
Acad Sci U S A 96: 11399-11403.

. Avery L (1993) The genetics of feeding in Caenorhabditis elegans. Genetics 133:

897-917.

. Curran SP, Ruvkun G (2007) Lifespan regulation by evolutionarily conserved

genes essential for viability. PLoS Genet 3: €56.

. Hart AH, Reventar R, Bernstein A (2000) Genetic analysis of ETS genes in C.

elegans. Oncogene 19: 6400-6408.

. McKay SJ, Johnsen R, Khattra J, Asano J, Baillie DL, et al. (2003) Gene

expression profiling of cells, tissues, and developmental stages of the nematode
C. elegans. Cold Spring Harb Symp Quant Biol 68: 159-169.

Reece-Hoyes JS, Shingles J, Dupuy D, Grove CA, Walhout A]J, et al. (2007)
Insight into transcription factor gene duplication from Caenorhabditis elegans
Promoterome-driven expression patterns. BMC Genomics 8: 27.

Murphy CT, Lee SJ, Kenyon C (2007) Tissue entrainment by feedback
regulation of insulin gene expression in the endoderm of Caenorhabditis elegans.
Proc Natl Acad Sci U S A 104: 19046-19050.

. Libina N, Berman JR, Kenyon C (2003) Tissue-specific activities of C. elegans

DAF-16 in the regulation of lifespan. Cell 115: 489-502.

. Iser WB, Gami MS, Wolkow CA (2007) Insulin signaling in Caenorhabditis

elegans regulates both endocrine-like and cell-autonomous outputs. Dev Biol
303: 434-447.

Hwangbo DS, Gershman B, Tu MP, Palmer M, Tatar M (2004) Drosophila
dFOXO controls lifespan and regulates insulin signalling in brain and fat body.
Nature 429: 562-566.

Broughton S, Partridge L (2009) Insulin/IGF-like signalling, the central nervous
system and aging. Biochem J 418: 1-12.

Wolkow CA, Kimura KD, Lee MS, Ruvkun G (2000) Regulation of C. elegans
life-span by insulinlike signaling in the nervous system. Science 290: 147-150.
Bluher M, Kahn BB, Kahn CR (2003) Extended longevity in mice lacking the
insulin receptor in adipose tissue. Science 299: 572-574.

Giannakou ME, Goss M, Junger MA, Hafen E, Leevers S, et al. (2004) Long-
lived Drosophila with overexpressed dFOXO in adult fat body. Science 305:
361.

Nonet ML, Staunton JE, Kilgard MP, Fergestad T, Hartwieg E, et al. (1997)
Caenorhabditis elegans rab-3 mutant synapses exhibit impaired function and are
partially depleted of vesicles. J Neurosci 17: 8061-8073.

Schluter OM, Schmitz F, Jahn R, Rosenmund C, Sudhof TC (2004) A complete
genetic analysis of neuronal Rab3 function. ] Neurosci 24: 6629-6637.
Beissbarth T, Speed TP (2004) GOstat: find statistically overrepresented Gene
Ontologies within a group of genes. Bioinformatics 20: 1464—1465.

Pauli F, Liu Y, Kim YA, Chen PJ, Kim SK (2006) Chromosomal clustering and
GATA transcriptional regulation of intestine-expressed genes in C. elegans.
Development 133: 287-295.

5. Reinke V, Smith HE, Nance J, Wang J, Van Doren C, et al. (2000) A global

profile of germline gene expression in C. elegans. Mol Cell 6: 605-616.

Roy PJ, Stuart JM, Lund J, Kim SK (2002) Chromosomal clustering of muscle-
expressed genes in Caenorhabditis elegans. Nature 418: 975-979.

Gaudet J, Mango SE (2002) Regulation of organogenesis by the Caenorhabditis
elegans FoxA protein PHA-4. Science 295: 821-825.

Watson JD, Wang S, Von Stetina SE, Spencer WC, Levy S, et al. (2008)
Complementary RNA amplification methods enhance microarray identification
of transcripts expressed in the C. elegans nervous system. BMC Genomics 9: 84.
Schones DE, Cui K, Cuddapah S, Roh TY, Barski A, et al. (2008) Dynamic
regulation of nucleosome positioning in the human genome. Cell 132: 887-898.
Nye JA, Petersen JM, Gunther CV, Jonsen MD, Graves BJ (1992) Interaction of
murine Ets-1 with GGA-binding sites establishes the ETS domain as a new
DNA-binding motif. Genes Dev 6: 975-990.

Badis G, Berger MF, Philippakis AA, Talukder S, Gehrke AR, et al. (2009)
Diversity and complexity in DNA recognition by transcription factors. Science
324: 1720-1723.

Kopp JL, Wilder PJ, Desler M, Kim JH, Hou J, et al. (2004) Unique and
selective effects of five Ets family members, Elf3, Ets1, Ets2, PEA3, and PU.1, on

@ PLoS Genetics | www.plosgenetics.org

13

53.

54.

<
o

56.

57.

58.

59.

60.
61.
62.
63.

64.

66.

67.

68.

69.

70.

71.

72.

76.

77.

78.
. Kimble J, Sharrock W] (1983) Tissue-specific synthesis of yolk proteins in

80.

81.

82.

Regulation of Life Span by ETS-4

the promoter of the type II transforming growth factor-beta receptor gene. J Biol
Chem 279: 19407-19420.

Blanchette M, Kent WJ, Riemer C, Elnitski L, Smit AF, et al. (2004) Aligning
multiple genomic sequences with the threaded blockset aligner. Genome Res 14:
708-715.

Hollenhorst PC, Shah AA, Hopkins C, Graves BJ (2007) Genome-wide analyses
reveal properties of redundant and specific promoter occupancy within the ETS
gene family. Genes Dev 21: 1882-1894.

. Hollenhorst PC, Chandler KJ, Poulsen RL, Johnson WE, Speck NA, et al.

(2009) DNA specificity determinants associate with distinct transcription factor
functions. PLoS Genetics 5: ¢1000778.

Yang SH, Jaffray E, Hay RT, Sharrocks AD (2003) Dynamic interplay of the
SUMO and ERK pathways in regulating Elk-1 transcriptional activity. Mol Cell
12: 63-74.

Spieth J, Blumenthal T (1985) The Caenorhabditis elegans vitellogenin gene
family includes a gene encoding a distantly related protein. Mol Cell Biol 5:
2495-2501.

Lee RY, Hench J, Ruvkun G (2001) Regulation of C. elegans DAF-16 and its
human ortholog FKHRLI by the daf-2 insulin-like signaling pathway. Curr Biol
11: 1950-1957.

Paradis S, Ruvkun G (1998) Cacnorhabditis elegans Akt/PKB transduces insulin
receptor-like signals from AGE-1 PI3 kinase to the DAF-16 transcription factor.
Genes Dev 12: 2483-2498.

Kenyon C (2005) The plasticity of aging: insights from long-lived mutants. Cell
120: 449-460.

Boechm M, Slack F (2005) A developmental timing microRNA and its target
regulate life span in C. elegans. Science 310: 1954-1957.

Hsu AL, Murphy CT, Kenyon C (2003) Regulation of aging and age-related
disease by DAF-16 and heat-shock factor. Science 300: 1142-1145.

Lee SS, Kennedy S, Tolonen AC, Ruvkun G (2003) DAF-16 target genes that
control C. elegans life-span and metabolism. Science 300: 644-647.

LiJ, Ebata A, Dong Y, Rizki G, Iwata T, et al. (2008) Caenorhabditis elegans
HCF-1 functions in longevity maintenance as a DAF-16 regulator. PLoS Biol 6:
€233,

. Lithgow GJ, White TM, Melov S, Johnson TE (1995) Thermotolerance and

extended life-span conferred by single-gene mutations and induced by thermal
stress. Proc Natl Acad Sci U S A 92: 7540-7544.

Gems D, Sutton AJ, Sundermeyer ML, Albert PS, King KV, et al. (1998) Two
pleiotropic classes of daf-2 mutation affect larval arrest, adult behavior,
reproduction and longevity in Caenorhabditis elegans. Genetics 150: 129-155.
Horikawa M, Sakamoto K (2009) Fatty-acid metabolism is involved in stress-
resistance mechanisms of Caenorhabditis elegans. Biochem Biophys Res
Commun 390: 1402-1407.

Mabon ME, Scott BA, Crowder CM (2009) Divergent mechanisms controlling
hypoxic sensitivity and lifespan by the DAF-2/insulin/IGF-receptor pathway.
PLoS One 4: ¢7937.

Finkel T, Holbrook NJ (2000) Oxidants, oxidative stress and the biology of
ageing. Nature 408: 239-247.

Oliveira RP, Porter Abate J, Dilks K, Landis J, Ashraf J, et al. (2009) Condition-
adapted stress and longevity gene regulation by Caenorhabditis elegans SKN-1/
Nrf. Aging Cell 8: 524-541.

Park SK, Tedesco PM, Johnson TE (2009) Oxidative stress and longevity in
Caenorhabditis elegans as mediated by SKN-1. Aging Cell 8: 258-269.

Tullet JM, Hertweck M, An JH, Baker J, Hwang JY, et al. (2008) Direct
inhibition of the longevity-promoting factor SKN-1 by insulin-like signaling in
C. elegans. Cell 132: 1025-1038.

. Larsen PL, Albert PS, Riddle DL (1995) Genes that regulate both development

and longevity in Caenorhabditis elegans. Genetics 139: 1567-1583.

Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, et al. (1997) The Fork head
transcription factor DAF-16 transduces insulin-like metabolic and longevity
signals in C. elegans. Nature 389: 994-999.

. Lin K, Dorman JB, Rodan A, Kenyon C (1997) daf-16: An HNF-3/forkhead

family member that can function to double the life-span of Caenorhabditis
elegans. Science 278: 1319-1322.

Henderson ST, Johnson TE (2001) daf-16 integrates developmental and
environmental inputs to mediate aging in the nematode Caenorhabditis elegans.
Curr Biol 11: 1975-1980.

Jedlicka P, Gutierrez-Hartmann A (2008) Ets transcription factors in intestinal
morphogenesis, homeostasis and disease. Histol Histopathol 23: 1417-1424.
McGhee JD (2007) The C. elegans intestine. WormBook. pp 1-36.

Caenorhabditis elegans. Dev Biol 96: 189-196.

Schulenburg H, Kurz CL, Ewbank JJ (2004) Evolution of the innate immune
system: the worm perspective. Immunol Rev 198: 36-58.

Ghadersohi A, Pan D, Fayazi Z, Hicks DG, Winston J8S, et al. (2007) Prostate-
derived Ets transcription factor (PDEF) downregulates survivin expression and
inhibits breast cancer cell growth in vitro and xenograft tumor formation in vivo.
Breast Cancer Res Treat 102: 19-30.

Schaefer ]S, Sabherwal Y, Shi HY, Sriraman V, Richards J, et al. (2010)
Transcriptional regulation of p21/CIP1 cell cycle inhibitor by PDEF controls
cell proliferation and mammary tumor progression. J Biol Chem 285:
11258-11269.

. Pinkston JM, Garigan D, Hansen M, Kenyon C (2006) Mutations that increase

the life span of C. elegans inhibit tumor growth. Science 313: 971-975.

September 2010 | Volume 6 | Issue 9 | €1001125



84.

86.
87.

88.

89.

90.

Pinkston-Gosse J, Kenyon C (2007) DAF-16/FOXO targets genes that regulate
tumor growth in Caenorhabditis elegans. Nat Genet 39: 1403-1409.

. Brunet A (2007) Aging and cancer: killing two birds with one worm. Nat Genet

39: 1306-1307.

Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 77: 71-94.
Wicks SR, Yeh RT, Gish WR, Waterston RH, Plasterk RH (2001) Rapid gene
mapping in Caenorhabditis elegans using a high density polymorphism map.
Nat Genet 28: 160-164.

Ferguson EL, Horvitz HR (1989) The multivulva phenotype of certain
Caenorhabditis elegans mutants results from defects in two functionally
redundant pathways. Genetics 123: 109-121.

Kamath RS, Martinez-Campos M, Zipperlen P, Fraser AG, Ahringer J (2001)
Effectiveness of specific RNA-mediated interference through ingested double-
stranded RNA in Caenorhabditis elegans. Genome Biol 2: RESEARCHO0002.
Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, et al. (2003) Systematic
functional analysis of the Caenorhabditis elegans genome using RNAi. Nature

421: 231-237.

@ PLoS Genetics | www.plosgenetics.org

14

91.

92.

93.

94.

Regulation of Life Span by ETS-4

Rual JF, Ceron J, Koreth J, Hao T, Nicot AS, et al. (2004) Toward improving
Caenorhabditis elegans phenome mapping with an ORFeome-based RNAi
library. Genome Res 14: 2162-2168.

Hoogewijs D, De Henau S, Dewilde S, Moens L, Couvreur M, et al. (2008) The
Caenorhabditis globin gene family reveals extensive nematode-specific radiation
and diversification. BMC Evol Biol 8: 279.

Breitling R, Armengaud P, Amtmann A, Herzyk P (2004) Rank products: a
simple, yet powerful, new method to detect differentially regulated genes in
replicated microarray experiments. FEBS Lett 573: 83-92.

Hansen M, Hsu AL, Dillin A, Kenyon C (2005) New genes tied to endocrine,
metabolic, and dietary regulation of lifespan from a Caenorhabditis elegans
genomic RNAI screen. PLoS Genet 1: 119-128.

. Lee §J, Kenyon C (2009) Regulation of the longevity response to temperature by

thermosensory neurons in Caenorhabditis elegans. Curr Biol 19: 715-722.

September 2010 | Volume 6 | Issue 9 | €1001125



