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SLR-2 and JMJC-1 regulate an evolutionarily
conserved stress-response network
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Maintaining a homeostatic interaction with the environment is crucial for the growth, survival, and propagation
of all living organisms. Reestablishment of equilibrium
after stress is achieved by the activation of complex
transcriptional-response networks, many of which remain
poorly understood. Here, we report that the zinc-finger
protein, SLR-2, is a master stress regulator and is required
for the normal response to pleiotropic stress conditions in
Caenorhabditis elegans. Using bioinformatical tools, we
identified an evolutionarily conserved nucleotide motif
present in slr-2 stress-responsive genes and show that
this motif is sufficient for stress induction under a variety
of conditions. We also demonstrate that JMJC-1, a conserved Jumonji C domain protein, acts downstream of
SLR-2 to mediate stress response in C. elegans. Moreover,
the role of JMJC-1 in stress response is conserved in
Drosophila and mammals. Finally, we provide evidence
that the SLR-2–JMJC-1 pathway functions independently
of the well-studied DAF-16/FOXO1 network. These findings point to a previously unrecognized phylogenetically
conserved master stress-response pathway in metazoa.
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Introduction
All living organisms maintain a homeostatic interaction with
their environment that is essential for growth, survival, and
reproduction (Johnson et al, 2000, 2002; Mukhopadhyay
and Tissenbaum, 2007). Unfavourable conditions, such as
hypoxia, oxidative stress, hyperthermia, hypertonicity, infection with a pathogen, or redox stress, destabilize this interaction. When this occurs, a range of cellular strategies is used
to regain homeostasis. One of the most important methods
for this reacquisition is the activation of transcriptional
regulators that direct the expression of genes that initiate
repair mechanisms to counter imbalances and promote survival. Typically, a specific environmental perturbation leads
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to a characteristic transcriptional-response pattern, often
controlled by one or more transcription factors (Henderson
and Johnson, 2001; An and Blackwell, 2003; Baumeister et al,
2006; Berdichevsky et al, 2006; Kell et al, 2007; Panowski
et al, 2007). Notably, many stress-response networks are
exceptionally well conserved, and our understanding of stress
regulation in humans has been greatly aided by the study of
model systems (Hertweck et al, 2003; Berdichevsky and
Guarente, 2006).
With its many experimental attributes, Caenorhabditis
elegans has emerged as an excellent system for the study of
stress networks and the underlying principles that govern
their regulation. One recurring theme is that the majority of
stress-response pathways exhibit some degree of pleiotropy
in their activating conditions. For example, HSF-1/HSF1 is
activated in response to hyperthermia, protein misfolding,
and bacterial infection (Garigan et al, 2002; Singh and
Aballay, 2006). SKN-1, the C. elegans ortholog of the
human NRF2 protein, in conjunction with the kinases
PDHK-2/PDK3 and NEKL-2/NEK8, is activated by oxidative
stress (Kell et al, 2007). SKN-1 is also known to be activated
by heat and sodium azide (An and Blackwell, 2003). Perhaps
the most versatile stress-responsive transcription factor described in C. elegans is DAF-16/FOXO1. For example, daf-16
has been shown to be necessary for expression of heat shock
response genes (Hsu et al, 2003) and functional DAF-16::GFP
fusion proteins translocate from the cytoplasm to the nucleus
on heat stress (Henderson and Johnson, 2001; Lin et al, 2001;
Hsu et al, 2003; Oh et al, 2005). In addition, overexpression of
DAF-16 confers greater resistance to heat and UV radiation
(Murakami and Johnson, 1996; Henderson and Johnson,
2001) as well as osmotolerance (Lamitina and Strange,
2005). Furthermore, daf-16 activity is necessary for the UV
resistance characteristic of insulin pathway signalling mutants in C. elegans, such as daf-2 and age-1 (Murakami and
Johnson, 1996), the oxidative (Honda and Honda, 1999) and
hypertonic (Lamitina and Strange, 2005) stress resistance
observed in daf-2 mutants, and heavy metal stress resistance
in age-1 mutants (Barsyte et al, 2001).
A number of stress-response factors in C. elegans also
show partial genetic redundancy, indicating some degree of
functional overlap. For example, PHA-4/FOXA, SKN-1, and
DAF-16 all show some level of involvement in the oxidativestress response (Honda and Honda, 1999; Kell et al, 2007;
Panowski et al, 2007). In addition, HSF-1 shows partial
redundancy with DAF-16 in the heat shock response
(Hsu et al, 2003). Nonetheless, the ubiquity of DAF-16 in
pleiotropic stress responses is unique, thereby classifying
DAF-16 as a master controller of the stress response in
C. elegans.
Previously, we have reported a role for SLR-2, a Zn-finger
protein, in the maintenance of intestinal functions and gene
regulation in C. elegans (Kirienko et al, 2008). Here, we
provide evidence that SLR-2 and an additional transcriptional
regulator, JMJC-1, have a function in the generalized stress
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Results
An evolutionarily conserved stress motif is strongly
enriched in slr-2-responsive genes
We have reported earlier on the role of the C. elegans
Zn-finger protein SLR-2 in larval nutrient usage (Kirienko
et al, 2008). To gain further insight into the functions of SLR2, we used computational methods to group genome-wide
microarray data obtained from both N2 (Kirienko and Fay,
2007) and slr-2 mutant larvae (Kirienko et al, 2008) into 45
expression clusters (Supplementary Figure S1). We next
analysed the upstream non-coding regions of genes from
each cluster to identify overrepresented nucleotide sequences
(Kirienko and Fay, 2007). This search showed a single motif,
TCTGCGTCTCT (Figure 1A and B), that was enriched by up to
30% in clusters with downregulated genes (e.g. Clusters 14
and 45; Supplementary Figure S1). Conversely, clusters with
genes expressed at higher levels in slr-2 mutants, as compared with wild type, showed no enrichment of this motif
(e.g. Cluster 16; Supplementary Figure S1). Microarray findings for genes containing the motif were further corroborated
by quantitative real-time reverse transcription–PCR
(qRT–PCR) (Figure 2A and B; data not shown).
The identified motif has several noteworthy characteristics: (1) 90% of genes that contain the motif were downregulated in slr-2 mutants. (2) The motif was enriched in
slr-2-responsive genes as compared with the genome-wide
average (Po0.001). (3) The motif showed a bias towards
transcriptional start sites and (4) was found multiple times
within a number of genes (Figure 1C). Additionally, a data set
of 223 motif-containing genes showed greater connectivity by
network analysis (Lee et al, 2008) than did multiple identically sized sets of randomly selected genes (177 connections
versus an average of 27.4 for random gene sets; Po0.001;
Supplementary Figure S2).
To determine whether this motif is evolutionarily conserved, we examined the upstream regions of putative orthologs of motif-containing genes in other species. C. briggsae, a
sister nematode species, showed B60% motif retention
among orthologous genes (data not shown). In a similar
search of putative orthologs in Drosophila melanogaster, we
observed that the element is highly enriched when compared
with the genome average; the motif was present in 24%
of orthologs with upstream sequences, which is B3.4 times
higher than in 100 identically sized random gene sets
(Supplementary Figure S3; Po0.001). Similar searches in
both mice and humans showed that the motif was present
in these organisms as well. In humans, 42% of putative
orthologs (with available upstream sequence) retained the
motif, which is 2.5 times higher than its occurrence among
100 random gene sets (Supplementary Figure S3; Po0.001).
Thus, our computational analysis implicated a network of
orthologous genes that contain a phylogenetically conserved
promoter motif.
728 The EMBO Journal VOL 29 | NO 4 | 2010
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response in C. elegans. Our studies indicate that SLR-2 and
JMJC-1 control the regulation of hundreds of stress-associated target genes through an evolutionarily conserved
nucleotide motif. Notably, we provide experimental evidence
that this master stress-response network is phylogenetically
conserved in both Drosophila and mammals.
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Figure 1 Identification of a slr-2-responsive motif. (A) Logogram of
a 11-nucleotide motif identified by K-means clustering and MEME
that was strongly enriched in multiple clusters of slr-2-responsive
genes. (B) Seventeen examples of high-scoring genes that contain
the consensus site along with their fold changes in slr-2 mutants.
(C) Location of the motif within promoter regions shows a bias
towards transcriptional start sites, and the motif is found in multiple
copies in some genes.

A literature search showed that this motif had been
identified earlier in several independent studies in C. elegans.
Original reports identified a mismatched portion of the motif
(GGGTGTC; the common portion is underlined) in a heat
shock-associated site (GuhaThakurta et al, 2002) and noted
the presence of the motif within inverted repeats in the
regulatory regions of hsp-16.2, hsp-16.48, hsp-16.1, and
hsp-16.41 (Candido et al, 1989). Later reports showed this
motif (termed ESRE, for ethanol and stress-response element)
& 2010 European Molecular Biology Organization
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Figure 2 Heat shock induction of ESRE genes is attenuated in slr-2 and jmjc-1 mutants. (A) 17 genes selected for qRT–PCR analysis in slr2(ku297) and jmjc-1(tm3525) mutants on the basis of expression level and match to ESRE consensus motif. (B) After a 12 h exposure to a 301C,
non-lethal heat shock, ESRE target genes showed an upregulation in N2 and a reduction in the levels of induction in slr-2(ku297) mutants.
Light grey bars represent expression of genes in unstressed slr-2(ku297) mutants normalized to unstressed wild-type (N2) controls, grey bars
represent expression of genes in heat-shocked wild-type (N2) worms normalized to unstressed, wild-type controls, and mixed bars represent
gene expression in heat-shocked slr-2(ku297) mutants normalized to either unstressed wild-type (N2) controls (dark portion) or unstressed slr2(ku297) mutants (light portion). (C) After a 12 h exposure to a 301C non-lethal heat shock, ESRE target genes showed a attenuation of
upregulation in jmjc-1(tm3525) mutants. Light grey bars represent expression of genes in jmjc-1(tm3525) mutants normalized to unstressed
wild-type (N2) controls, grey bars represent expression of genes in heat-shocked wild-type (N2) worms normalized to unstressed, wild-type
controls, and mixed bars represent gene expression in heat-shocked jmjc-1(tm3525) mutants normalized to either unstressed wild-type controls
(dark portion) or unstressed jmjc-1(tm3525) mutants (light portion). (D) After a 12 h exposure to a 301C non-lethal heat shock, most ESRE
target genes showed upregulaltion in daf-16(mu86) mutants. Light grey bars represent expression of genes daf-16(mu86) normalized to
unstressed wild-type (N2) controls, grey bars represent expression of genes in heat-shocked wild-type (N2) worms normalized to unstressed,
wild-type controls, the white bars represent gene expression in heat-shocked daf-16(mu86) mutants normalized to unstressed daf-16(mu86),
and dark grey bars represent gene expression in heat-shocked daf-16(mu86) mutants normalized to unstressed wild-type. In (B–D), data are
the means of three biological replicates in which each replicate measured in triplicate; error bars represent s.e.m. and solid and dashed lines
represent 1- and 1.5-fold change, respectively. Additional statistical information for (B–D) is available in Supplementary Table S1A–C.

to be necessary for the induction of genes after ethanol and
hypoxic stress and heat shock (Hong et al, 2004; Kwon et al,
2004). From its identification in these diverse conditions as
well as our bioinformatical analysis, we hypothesized that
the ESRE motif may function as an evolutionarily conserved
master stress control element.
To test this hypothesis computationally, microarray data
were obtained from C. elegans GEO data sets for multiple
stress conditions, including oxidative stress (GSE9301), redox
stress (Falk et al, 2008), and Pseudomonas infection (Troemel
et al, 2006). As DAF-16 activity has proven to be central to
many aspects of stress resistance (Henderson and Johnson,
2001; Oh et al, 2006), microarray data were also obtained for
daf-16 mutants (Murphy et al, 2003; McElwee et al, 2004).
Differentially expressed genes were either identified de novo
from the GeneChip data sets as described earlier (Kirienko
and Fay, 2007) or were taken from the authors’ lists in the
case of spotted arrays (GuhaThakurta et al, 2002; Kwon et al,
2004). The upstream promoter regions of differentially
expressed genes were then searched for the presence of the
ESRE motif.
When combined, the microarray data sets included 540
differentially expressed genes that contain the ESRE motif,
with 114 occurring in more than one data set. The top 35
genes, as determined by differential expression under multiple stress conditions, were then used to derive an unbiased
ESRE position weight matrix (PWM; Supplementary
Figure S4). Network analysis was used to verify that the
& 2010 European Molecular Biology Organization

number of connections among genes with the refined motif
was greater than that in identically sized random gene sets.
Moreover, because these genes were, prima facie, coexpressed, we removed this criterion from the list when determining the number of interactions, leaving such categories as
genetic interactions, protein–protein interactions, and interactions in other species. Again, ESRE-containing genes
showed a much higher level of interconnectivity than in
500 identically sized random gene sets (35 edges in the
core network as compared with an average of 7 in random
sets, Po0.001; data not shown). These combined bioinformatic and transcriptome data indicate the existence of an
evolutionarily conserved stress network and further suggest
that network regulation may occur through the ESRE motif.
The ESRE motif promotes stress-induced gene
activation in a SLR-2-dependent manner
Previous studies indicated that the ESRE motif was required
for the robust induction of several genes in response to stress
(Hong et al, 2004; Kwon et al, 2004). To determine whether or
not the ESRE motif is sufficient to drive expression after
stress, we generated a reporter construct containing three
tandem ESRE motifs (3X-ESRE) upstream of a promoterless
GFP (Figure 3A). This construct, in conjunction with a vector
control that did not contain the 3X-ESRE, was used to
generate strains carrying rol-6(gf)-marked extra-chromosomal arrays. We observed robust GFP induction after a 301C
heat shock in 9/9 independent 3X-ESRE strains analysed,
The EMBO Journal
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Figure 3 The ESRE motif confers SLR-2–JMJC-1-dependent stress-induced activation. (A) A cartoon representation of the 3X-ESRE::GFP
construct. (B–C) DIC (B) and GFP (C) photomicrograph of a wild-type (N2) embryo containing 3X-ESRE::GFP along with the rol-6(gf) marker
that has been subjected to a 301C heat shock. (D–E) DIC (D) and GFP (E) photomicrograph of slr-2(ku297) mutant embryo carrying the same
array as depicted in (B–C) subjected to a 301C heat shock. (F) Background-normalized quantification of fluorescence in heat-shocked, wildtype, slr-2(ku297), and jmjc-1(tm3525) embryos carrying an identical 3X-ESRE [rol-6(gf)] array subjected to a 301C heat shock. (G–J) DIC (G),
GFP (H), RFP (I), and GFP/RFP-merged (J) photomicrographs of a wild-type (N2) embryo carrying 3X-ESRE::GFP and the sur-5::RFP marker
that has been subjected to a 301C heat-shock. (K) Table showing relative frequencies of GFP expression in lines with 3X-ESRE::GFP, or a control
without the 3X-ESRE, at 20 or 301C. In (F), all images were taken using the same gain and exposure time; asterisks indicate statistical
significance, Po 0.01, n ¼ 40–50. Error bars in (F) represent standard deviation (s.d.). Scale bar: 10 mm in panels (B–E) and (G–J).

whereas 0/4 control strains exhibited GFP expression (Figure
3B–E; Supplementary Figure S6F–G; and data not shown).
Similar results were also observed for ethanol, oxidative, and
hypertonic stress (data not shown).
To test directly for the efficiency of induction by 3X-ESRE,
we also generated strains carrying a sur-5::RFP co-injection
marker that is strongly expressed throughout development.
Consistent with the above findings, stress-induced GFP activation was observed in 3/3 3X-ESRE lines and 0/3 vector
control lines. Moreover, stress-induced GFP expression was
observed in 490% of embryos that carried the 3X-ESRE
array versus 1% for embryos containing control arrays
(Figure 3G–K; Supplementary Figure S6B–E). Finally, stressinduced expression was also observed using a construct that
placed the 3X-ESRE in cis to a Dpes-10 minimal promoter
driving GFP (Gaudet et al, 2004; Supplementary Figure S6I–L;
and data not shown). We note that the tissue-specific expression pattern of the 3X-ESRE::GFP construct differed between
strains carrying the rol-6(gf) and sur-5::RFP markers, suggesting some additional influence of cis-regulatory elements
present on the arrays (also see Discussion).
Expression of 3X-ESRE::GFP in stressed animals (containing either rol-6(gf) or sur-5::RFP-marked arrays) was largely
730 The EMBO Journal VOL 29 | NO 4 | 2010

confined to embryos and L1 larvae, indicating that the ESRE
motif is sufficient for the activation of gene expression
specifically during early development. Previous studies, as
well as our present findings, however, also indicate a clear
requirement for the ESRE motif in stress-dependent activation
at later stages. Furthermore, young embryos placed directly
onto stress plates also exhibited strong upregulation of the
3X-ESRE reporter indicating that maternal input is not
required for ESRE induction. In addition, stress induction
specifically in parental animals (but not embryos) was not
sufficient to activate 3X-ESRE::GFP expression in F1 progeny,
further indicating that ESRE induction in embryos is autonomous. Finally, consistent with the observed role for SLR-2 in
the regulation of many endogenous ESRE genes, stress-induced activation of the 3X-ESRE reporter was attenuated in
slr-2 mutants (Figure 3D–F). This latter result indicates that
SLR-2 is required for the robust induction of ESRE genes after
stress as well as the maintenance of basal expression levels of
ESRE genes in non-stressed animals.
To determine the induction pattern of ESRE-containing
genes, we examined expression levels of a panel of 17
genes with this motif after heat shock in wild-type animals
(Figure 2A and B). ESRE genes exhibited moderate upregulation
& 2010 European Molecular Biology Organization
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by 4 h; by 12 h, all but one of the genes increased expression
levels by Bfive- to eight-fold (Figure 3A and B;
Supplementary Figure S6A–C). In contrast, upregulation of
ESRE-containing genes was strongly attenuated in slr-2 mutants (Figure 3B; Supplementary Figure S6A–C), showing a
requirement for SLR-2 in the activation of endogenous ESRE
genes after stress. This reduction in upregulation was most
dramatic when gene expression in slr-2 mutants was normalized to N2 background levels (Figure 2B, dark grey bars; see
legend for details). We also note some variability in the level
of differential expression among the genes tested. For example, dnj-7 did not show attenuation of upreguation in slr-2
mutants, possibly because dnj-7 is also regulated by DAF-16
(McElwee et al, 2003), which may in some cases act redundantly with SLR-2 to control aspects of the stress response
(also see below).
To further corroborate the role of ESRE genes in the stress
response, we assayed expression of several well-established
GFP stress reporters in wild type and slr-2 mutants. These
reporters included hsp-16.2 (Link et al, 1999; Sampayo et al,
2003; Wu et al, 2006) and aip-1 (Hassan et al, 2009) for heat
shock, gpdh-1 (Lamitina et al, 2006) for hyperosmotic stress,
and gst-4 (Link and Johnson, 2002; Leiers et al, 2003;
Hasegawa et al, 2007) for oxidative stress. Notably, slr-2
mutants showed markedly attenuated responses with three
of the four reporters: hsp-16.2, gpdh-1, and aip-1
(Supplementary Figure S7). This correlates with the presence
of an ESRE motif in the promoter regions of these genes. In
contrast, gst-4 does not contain a recognizable ESRE motif
and did not show attenuation of expression in slr-2 mutants
after oxidative stress (Supplementary Figure S7), a finding
confirmed by quantification of GFP (see legend for
Supplementary Figure S7). Moreover, gst-4 is directly induced
by SKN-1 under conditions of oxidative stress (Kell et al,
2007; Kahn et al, 2008).
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SLR-2 functions in the response to pleiotropic stress
As slr-2-responsive ESRE genes were upregulated under a
variety of stress conditions, we examined slr-2 expression
after stress treatment. We began by quantifying the expression of a slr-2 transcriptional reporter (Pslr-2::GFP) in response
to heat shock. Although the immediate response was minimal, showing B1.2-fold higher expression after 1 h, expression increased to 4.5-fold by 12 h (Figure 4A). Similar levels
of upregulation after heat shock were observed for both the
transcriptional reporter and endogenous slr-2 mRNA, as
determined by qRT–PCR (Figure 4B). Decay of the
Pslr-2::GFP reporter, after a return to standard temperatures,
was gradual, mirroring the pattern of slr-2 upregulation (data
not shown). We also examined slr-2 levels after exposure
to hypertonic, ethanol, and oxidative stress. Under all
conditions, we observed a similar timing and magnitude of
slr-2 upregulation (Figure 4C), suggesting a general role for
slr-2 in the adaptation to stress.
Given that (1) the basal levels of hundreds of ESRE genes
were downregulated Btwo-fold in slr-2 mutants as compared
with wild type and (2) the induction of ESRE genes after
stress is strongly attenuated in slr-2 mutants, we hypothesized that slr-2 mutants may be hypersensitive to stress.
To test this, we assayed four stress conditions: heat shock
and oxidative, ethanol, and hypertonic stresses. In the case of
heat and oxidative stress, slr-2 mutants exhibited significantly
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Figure 4 slr-2 is responsive to heat shock in a time-dependent
manner. (A) GFP fluorescence of a Pslr-2::GFP transcriptional fusion
reporter expression in response to a 301C non-lethal heat shock over
a 12 h period. Enhanced expression was observed by 1 h and
increased steadily for at least 12 h. (B) Both slr-2 mRNA transcription (black, measured by qRT–PCR) and a Pslr-2::GFP transcriptional
fusion reporter (grey, measured by fluorescence) displayed nearly
identical, time-dependent increases in response to 301C heat-shock
over a 12 h period. Unstressed slr-2 controls were used for normalization for qRT—PCR. (C) Quantification of Pslr-2::GFP fluorescence
intensities at 4 and 12 h after exposure to non-lethal hypertonic,
ethanol, and oxidative stresses. In (B) and (C), asterisks indicate
Po0.01. In (B), plus sign indicates Po0.05. Error bars in (B) and
(C) represent standard error of the mean (s.e.m.). In (B) and (C), all
images were taken using the same gain and exposure time (nB50).
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oxidative stress; Kell et al, 2007; Kahn et al, 2008).
Furthermore, the heightened sensitivity of slr-2 mutants at
early time points is consistent with the reduced basal levels
of ESRE gene expression in this background.
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Figure 5 SLR-2 and JMJC-1 are integral to survival under stress
conditions. (A) After exposure to a 12 h lethal heat shock (371C),
both slr-2(ku297) and jmjc-1(tm3525) mutants showed reduced
survival relative to wild type (N2; Po0.001, n ¼ 300). (B) slr-2
and jmjc-1 mutants displayed diminished survival under conditions
of severe oxidative stress (160 mM juglone; Po0.001, n ¼ 250).
(C) When exposed to brief (30 min), acute ethanol, or hypertonic
stresses, slr-2 and jmjc-1 mutants showed reduced recovery after
30 min (asterisks, Po0.001, n ¼ 200).

decreased survival relative to wild type (Figure 5A and B;
Po0.001). In addition, as compared with wild type, a smaller
proportion of slr-2 mutants exhibited recovery within 30 min
after exposure to acute ethanol and salt stress (Figure 5C
Po0.001). These functional assays confirm that SLR-2 has an
important function in the response to pleiotropic stresses. We
note that the impact of slr-2 loss-of-function on different
stresses is variable and may be at least partially attributable
to the presence of redundant stress response systems
(e.g. SKN-1 may independently mediate the response to
732 The EMBO Journal VOL 29 | NO 4 | 2010

The SLR-2–ESRE network functions independently
of the DAF-16/FOXO pathway
DAF-16 is a central regulator of pleiotropic stress responses in
C. elegans (Henderson and Johnson, 2001; McElwee et al,
2003; Oh et al, 2006). Several bioinformatical lines of evidence do, however, indicate that the ESRE stress network is
DAF-16 independent. First, genes that contain a DAF-16
motif, as identified in a microarray study (McElwee et al,
2004), were not overrepresented among slr-2-responsive
genes (data not shown). Moreover, genes that possess an
ESRE motif were not overrepresented in daf-16 microarray
studies (Murphy et al, 2003; McElwee et al, 2004); 7 and
8.6% of daf-16-target genes contained an ESRE motif as
compared with 9% of genes in the whole genome. In addition, there is only a 1% overlap in genes that are upregulated
in both slr-2 and daf-16 mutants (Class II genes, as defined in
Murphy et al, 2003). We note that a higher correlation
(B30%) is observed between genes that are downregulated
in both slr-2 and daf-16 mutants (Class I genes); the majority
of genes in this overlap, however, posses an ESRE motif and
may therefore be regulated independently by both DAF-16
and SLR-2. Finally, we measured the frequency of DAF-16binding sites (TTRTTTAC) (Furuyama et al, 2000) in ESRE
genes, and in 50 identically sized random gene sets, we
observed that DAF-16 sites were, if anything, slightly underrepresented in ESRE genes; 22% of ESRE genes contained
a putative DAF-16-binding site as compared with 30% in
random data sets (Po0.05).
To verify experimentally that DAF-16 is not involved in the
regulation of ESRE genes, we used qRT–PCR to determine
expression of the ESRE gene panel in both a DAF-16-overexpressing strain (Henderson and Johnson, 2001) and in a
daf-16(mu86) loss-of-function mutant (Lin et al, 1997). After
12 h of 301C heat shock, both N2 and daf-16(mu86) mutants
showed similar levels of ESRE gene upregulation (Figure 2D).
Furthermore, a DAF-16-overexpressing strain did not show
higher levels of ESRE gene transcription than did N2 controls
(data not shown). These data further indicate that DAF-16
does not act through the ESRE network. Nevertheless, we
note that there is partial overlap between daf-16 and slr-2
stress-related targets. For example, bona fide daf-16-dependent genes sod-3 (Honda and Honda, 1999) and mtl-1
(Barsyte et al, 2001) are not differentially expressed in slr-2
mutants, whereas hsp-16.1 and hsp-16.49, which are downregulated in daf-16 mutants (Hsu et al, 2003), have an ESRE
motif and show three- to four-fold less expression in an slr-2
background. Despite sharing a number of common targets,
our combined data strongly suggest that DAF-16 and SLR-2
function independently to control a largely non-overlapping
set of stress target genes.
JMJC-1 is evolutionarily conserved and mediates the
ESRE stress response
Although the ESRE motif is conserved across species as
evolutionarily diverse as worms, fruit flies, and mammals,
slr-2 does not have any apparent orthologs in non-nematode
species. On this basis, we hypothesized that SLR-2 may
& 2010 European Molecular Biology Organization
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control the expression of an evolutionarily conserved regulator of ESRE genes. To test this, we used RNAi to knock
down expression of each of the B40 putative transcriptional
regulators that were downregulated in slr-2 mutants
(Kirienko et al, 2008) and for which RNAi clones were
available (Kamath et al, 2003). RNAi-fed worms were then
tested for attenuated upregulation of the GFP stress reporters
described above. Only one gene, T28F2.4, displayed effects
that were similar to slr-2 (Supplementary Figure S7). T28F2.4
is an uncharacterized gene that encodes a protein containing
a putative Jumonji C (JmjC) domain, suggesting that it may
have a function in chromatin regulation (Clissold and
Ponting, 2001; Ayoub et al, 2003). Furthermore, putative
T28F2.4 orthologs were identified in fruit flies (CG2982),
mice (NO66), and humans (NO66), based on reciprocal
best-hit blast P-values (Supplementary Figure S8). We
heretofore refer to T28F2.4 as jmjc-1.
To further characterize the role of jmjc-1 in stress response,
we obtained a deletion allele, tm3525, which removes 429 bp
including a portion of the third exon. This results in a

frameshift and truncation of the C-terminal 628 amino acids
from the 748-amino-acid long isoform (T28F2.4a); the 125amino-acid short isoform (T28F2.4b) is unaffected by the
deletion. Similar to slr-2 mutants, and consistent with RNAi
experiments, the 3X-ESRE array showed Btwo-fold decrease
in fluorescence in jmjc-1 mutants after stress (Figure 3F). In
addition, the majority of ESRE genes in the jmjc-1(tm3525)
background displayed attenuation of upregulation after heat
shock (Figure 2C). Moreover, jmjc-1 mutants exhibited diminished survival after heat shock and oxidative stress
(Figure 5A and B) and reduced short-term recovery after a
brief exposure to acute ethanol and hyperosmotic stress
(Figure 5C).
We further examined the regulatory relationship between
SLR-2 and JMJC-1 using qRT–PCR after stress induction.
Consistent with microarray results, expression of jmjc-1 was
reduced in slr-2 mutants (Figure 6A). In contrast, slr-2 levels
showed no dependence on jmjc-1 (Figure 6A), suggesting that
JMJC-1 acts to regulate the expression of ESRE genes downstream of SLR-2.
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Figure 6 SLR-2–JMJC-1 overexpression and epistasis analysis. (A) qRT–PCR data for slr-2 and jmjc-1 from heat-shocked slr-2(ku297), jmjc1(tm3525), and wild-type (N2) strains. Note that full induction of jmjc-1 requires wild-type slr-2, whereas slr-2 expression was not dependent
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upregulation of jmjc-1 in stressed slr-2 mutants as compared with stressed wild type (Po0.01). (B–C) Wild-type (N2), slr-2(ku297), and jmjc1(tm3525) worms carrying either no extra-chromosomal array or arrays containing multiple copies of either slr-2 or jmjc-1 were subjected to a
12 h ethanol (induced by 4% ethanol-supplemented NGM) (B) or oxidative (induced by 160 mM juglone-supplemented NGM) (C) stress and
scored for paralysis. Asterisks in (B) and (C) indicate statistical significance, Po 0.001. Each bar in (B) and (C) represents data for 150 animals.
Although all three strains showed significant rescue with the extra-chromosomal array encoding jmjc-1, the slr-2 extra-chromosomal array only
showed rescue or enhanced survival in slr-2 and wild-type (N2) strains, further indicating that SLR-2 functions upstream of JMJC-1.
(D) Survival curves of wild type (N2), slr-2(ku297), and jmjc-1(tm3525) with and without the slr-2 high-copy extra-chromosomal array. Worms
were placed at 201C on NGM plates and scored every other day for survival. In N2 and slr-2 strains, the slr-2 extra-chromosomal array conferred
a modest, but statistically significant, increase in lifespan (Po0.001).
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the fruit fly ortholog of jmjc-1 (Supplementary Figure S8). In
addition to disrupting the coding sequence, the insertion
leads to a 42000-fold reduction in transcript levels of
CGC2982 (data not shown). We next determined survival
rates of young adult female wild type (w1118) and CG2982
mutant (w1118P (EP) CG2982EP1316) flies after a 381C heat
shock for 16 h. Consistent with results for jmjc-1 mutants in
C. elegans, we observed a dramatic increase in the mortality
of CG2982 mutants in multiple biological repeats (Figure 7A).
We also assayed expression of CG2982 after a 4 h heat shock
and observed an Bthree-fold increase in mRNA levels
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Figure 7 ESRE network conservation in Drosophila. (A) When
exposed to a 16 h lethal heat shock at 381C, CG2982 mutant flies
(w1118P (EP) CG2982EP1316) showed dramatically reduced survival
as compared with wild-type (w1118) controls (average of three
biological replicates, Po0.001; n ¼ 115). (B) Logogram and
locations of the ESRE motif in Drosophila genes tested in (C). (C)
qRT–PCR data are shown from w1118P (EP) CG2982EP1316 and w1118
control populations subjected to a 4 h, non-lethal 351C heat shock.
Note that CG2982 was upregulated after heat shock in the control
strain, but its expression was nearly abolished in the strain carrying
the P-element insertion. Furthermore, expression of ESRE genes
was attenuated in CG2982 mutants. Light grey bars represent
expression of genes in CG2982 mutants normalized to unstressed
wild-type controls; grey bars, expression of genes in heat-shocked
wild-type flies normalized to unstressed wild-type controls; mixed
bars, gene expression in heat-shocked, CG2982 mutants normalized
to either unstressed, wild-type controls (dark portion) or unstressed
mutants (light portion). In (C), solid and dashed lines represent
1- and 1.5-fold change, respectively, and error bars represent
s.e.m. Additional statistical information for (C) is available in
Supplementary Table S1F.
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A Drosophila ortholog of jmjc-1 regulates ESRE
genes and is required for survival after stress
To determine whether JMJC-1 has an evolutionarily conserved function in the stress response, we obtained a
D. melanogaster line with a P-element insertion in CG2982,
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Extra copies of slr-2 and jmjc-1 enhance survival
Given that the loss of slr-2 and jmjc-1 results in reduced
survival under a variety of stress conditions, we wished to
determine whether overexpression of slr-2 or jmjc-1 would
result in increased longevity or survival under normal or
stressed conditions. To do so, we introduced extra-chromosomal arrays containing multiple copies of either slr-2 (see
Kirienko et al, 2008 for details) or jmjc-1 into wild type, slr-2,
and jmjc-1 mutants.
Extra copies of either slr-2 or jmjc-1 increased survival of
wild-type worms on NGM plates supplemented with 4%
ethanol (Figure 6B). Similar trends were obtained for oxidative stress, heat shock, and recovery from acute ethanol and
salt stresses (Figure 6C; Supplementary Figure S9A–C),
suggesting that increased levels of SLR-2 and JMJC-1 are
beneficial to survival under conditions of stress. In addition,
extra copies of jmjc-1 increased survival in both jmjc-1 and
slr-2 mutants whereas overexpression of slr-2 was beneficial
to slr-2 mutants only. These latter findings are further consistent with JMJC-1 functioning downstream of SLR-2.
We next examined whether the presence of a multi-copy
slr-2 extra-chromosomal array could influence longevity by
examining the lifespan of wild type, slr-2, and jmjc-1 mutants
with and without the array at 16 and 201C. We observed a
modest but statistically significant increase in the mean lifespan of wild-type worms carrying the slr-2 array at both 201C
(25.7±2.6 versus 27.6±1.7 days) and 161C (Figure 6D;
Supplementary Figure S9D). We note that lifespan extension
by slr-2 overexpression was most evident in the latter third
of the time course. The slr-2 array also augmented lifespan
in slr-2 mutants, although not to wild-type levels, and had
no effect on the longevity of jmjc-1 mutants (Figure 6D;
Supplementary Figure S9D). These results suggest that,
similar to a number of other stress-response regulatory
genes in C. elegans, slr-2 may be capable of promoting
longevity.
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The mammalian ortholog of JMJC-1, NO66, is stress
responsive and regulates ESRE gene expression
As we were able to identify a likely ortholog of JMJC-1 in
mammals, NO66 (Supplementary Figure S8), we were interested in determining whether the mammalian gene is upregulated in response to stress. To do so, we obtained four
mammalian cell culture lines: IEC-6 (rat primary intestinal
epithelial cells), NIH-3T3 (immortalized mouse fibroblasts),
LAD-II (human primary fibroblasts), and C4-2 (human prostate cancer) cells. Cells were grown to near confluence, and
media was replaced with control media or media supplemented with either 70 mM sodium chloride or 200 mM ethanol.
RNA was collected after 12 h of treatment and used for cDNA
synthesis before qRT–PCR. As observed for jmjc-1 in
C. elegans and CG2982 in D. melanogaster, mRNA levels of
NO66 were upregulated in all four cell lines after stress
(Figure 8A). Sodium chloride increased NO66 mRNA levels
from three- to eight-fold in IEC-6, 3T3, C4-2, and LAD-II cells,
whereas ethanol increased mRNA levels by a factor of threeto six-fold in these same lines.
Next, we examined expression levels of eight mammalian
ESRE genes (which have orthologs in C. elegans that also
contain the ESRE motif), in LAD-II cells using qRT–PCR.
We observed upregulation of all genes from B1.5 to 20-fold
after 12 h osmotic and ethanol stresses (Figure 8B). As LAD-II
primary cells proved recalcitrant to high-efficiency transfection, we used C4-2 cells, which are amenable to transfection
(Heemers et al, 2007), to test the effect of NO66 knockdown
by siRNA. Targeting of NO66 by siRNA resulted in an B4.5fold reduction in the levels of the NO66 transcript (based on
qRT–PCR; data not shown). Similar to what we observed for
ESRE genes in C. elegans and Drosophila, basal levels of
mammalian ESRE genes were reduced B2–3.5 fold under
non-stress conditions (Figure 8C). After ethanol stress, ESRE
genes in control siRNA-treated C4-2 cells were increased,
although this effect was more modest than in LAD-II primary
cells (Figure 8C). Importantly, targeting of NO66 by siRNA
in C4-2 cells strongly attenuated ESRE gene upregulation
in response to ethanol stress (Figure 8C). These findings
indicate that mammalian NO66 functions analogously to its
orthologs in worms and flies to mediate upregulation of ESRE
genes in response to stress.

10
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in wild-type flies, consistent with findings in C. elegans
(Figure 7C). Thus, CG2982 is upregulated after heat shock
and is required in flies for survival under heat shock conditions.
We next identified a panel of Drosophila ESRE genes based
on our derived PWM, which includes several orthologs from
our panel of C. elegans ESRE genes. The consensus site for
our panel and the position of the ESRE motifs within the
promoter regions is shown in Figure 7B. Expression of the
Drosophila gene panel was then monitored by qRT–PCR after
heat shock. In all cases, the Drosophila ESRE genes showed
upregulation of 2.5- to 5-fold (Figure 7C). In contrast, the
Drosophila ortholog of dnj-7 (CG8286), which does not contain a recognizable ESRE motif, did not show significant
upregulation after heat shock. Notably, the basal level of
ESRE gene expression in CG2982 mutants was initially lower
than wild type and their upregulation was strongly attenuated
(Figure 7C), as was the case in C. elegans. Thus, our
combined data indicate that both the ESRE network and its
regulator JMJC-1 are conserved in worms and flies.

Figure 8 ESRE network conservation in mammals. (A) qRT–PCR
data for NO66 expression are shown from IEC-6, 3T3, LAD-II, and
C4-2 cell lines subjected to a 12 h treatment with 70 mM NaCl or
200 mM ethanol. (B) qRT–PCR data for expression of ESRE-containing mammalian orthologs of C. elegans ESRE genes using 70 mM
NaCl or 200 mM ethanol-stressed LAD-II cells. (C) qRT–PCR data
are shown from C4-2 cells transfected with an siRNA construct
targeting NO66 or a control siRNA for 48 h followed by an additional
12 h treatment with 200 mM ethanol. Light grey bars represent
expression of genes in unstressed, NO66 siRNA-treated cells normalized to unstressed cells transfected with a control siRNA; grey
bars, expression of genes in ethanol-stressed cells transfected with
control siRNA normalized to non-stressed control siRNA; mixed
bars, gene expression in ethanol-stressed NO66 siRNA-treated cells
normalized to either ethanol-stressed cells transfected with a control siRNA (dark portion) or to non-stressed NO66 siRNA-treated
cells (light portion). In (B) and (C), dashed lines represent 1.5-fold.
In (C), solid line represents 1.0-fold. Error bars in (A—C) represent
s.e.m. In (A) and (B), all genes assayed showed significant upregulation (Po0.05) after ethanol and salt stress as compared with
levels in non-stressed controls. Additional statistical information for
(C) is available in Supplementary Table S1G.
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Discussion
In this study, we identified roles for C. elegans SLR-2 and
JMJC-1 in the response to multiple stress stimuli, including
heat shock and osmotic, oxidative, and ethanol stress. The
diversity of stress stimuli acting through SLR-2 and JMJC-1
suggests that, similar to DAF-16, these proteins are components of a master stress response network in C. elegans. Our
data also strongly indicate that JMJC-1, a phylogenetically
conserved protein, functions downstream of SLR-2 in this
pathway. Bioinformatics, transcriptome, and expression analyses indicate that SLR-2 and JMJC-1 mediate their response
to stress through the ESRE regulatory element, a nucleotide
motif that is conserved across species. Notably, regulation of
stress genes by SLR-2 and JMJC-1 seems to occur independently of the DAF-16 network.
Our report is the first comprehensive analysis on the role of
the ESRE motif in pleiotropic stress response. Interestinly,
very similar elements were identified earlier in searches for
pharyngeal and neuronal tissue-specific enhancers (Gaudet
et al, 2004; Ruvinsky et al, 2007), suggesting that ESRE may
also have a function in development. These findings are
consistent with a gene mountain distribution analysis (Kim
et al, 2001) of ESRE SLR-2 targets, which are enriched in heat
shock (mountain 20) and neuro-muscular (mountain 1)
genes (Supplementary Figure S10). On the basis of our
findings, we hypothesize that ESRE acts as a general stressresponsive enhancer element, but that it does not confer
tissue specificity. Rather, ESRE may cooperate with additional
cis-regulatory motifs for determination of cell type-specific
expression patterns. This idea is consistent with our observation that stress-induced expression patterns of 3X-ESRE::GFP
differed between arrays containing distinct sets of cis-regulatory elements (Figure 3; Supplementary Figure S5).
Functional analysis of the JMJC-1 ortholog in Drosophila
(CG2982) and mammals (NO66) further demonstrated that
this gene has an evolutionarily conserved role in the response
to stress. In Drosophila, CG2982 mRNA is upregulated after
heat shock in a similar manner to that observed for jmjc-1 in
C. elegans. Analysis of a CG2982 mutant strain further
indicated that this gene is required for viability and the robust
expression of ESRE genes after heat shock. We also showed
that NO66 mRNAs from mouse, rat, and human cell lines
were consistently upregulated in response to multiple stresses. Furthermore, upregulation of mammalian ESRE genes
was dependent on NO66 in human C4-2 cells. Thus, the
conservation of the ESRE-regulatory network across these
distantly related taxa strongly supports the importance of this
previously unrecognized master stress pathway.
NO66 has been reported earlier to have two separate roles
(Eilbracht et al, 2004; Suzuki et al, 2007). The first study
suggested that NO66 was localized to the nucleolus in which
it colocalizes with regions of late-replicating heterochromatin. NO66 was suggested to promote the maturation and
processing of the 90S preribosomal complex, a function that
seems to be shared, at least in part, by a paralog, NO52/
MINA53 (Eilbracht et al, 2004, 2005). NO66 was later reported to activate the expression of target genes, particularly
in the presence of a myc cofactor, by binding to putative
promoter regions and increasing triacylation of histone H4
through the recruitment of a myc-regulated histone acetyl
transferase complex (Suzuki et al, 2007). This latter result is
736 The EMBO Journal VOL 29 | NO 4 | 2010

consistent with our findings that JMJC-1/NO66 functions as a
transcriptional activator of stress-response genes.
Our studies also add to a growing body of literature closely
linking the development and functional maintenance of the
gastrointestinal tract of C. elegans to the stress response. For
example, we have shown earlier that SLR-2 expression is
prominent in the intestine and that SLR-2 regulates the
expression of many genes required for intestinal functions
(Kirienko et al, 2008). In addition, PHA-4 (Mango et al, 1994)
and SKN-1 (Bowerman et al, 1992) have established roles in
intestinal and foregut development as well as in the oxidative-stress response. Although the connection between these
diverse activities remains unclear, the multifunctional nature
of many stress-response genes will likely further complicate
the task of assigning functions to C. elegans stress-response
factors.
A significant body of data have intimated a close connection between the molecular mechanisms regulating stress
resistance and longevity (Lithgow et al, 1995; Johnson
et al, 1996, 2001; Murphy et al, 2003; Oh et al, 2005; Chen
et al, 2007; Samuelson et al, 2007; Oliveira et al, 2009).
Moreover, according to the stress response hypothesis proposed by Johnson et al, much of the increased longevity
observed in gerontogene mutants (e.g. age-1, daf-2, etc.)
is due to their greater resistance to exogenous and endogenous
stresses (Johnson et al, 2001). This hypothesis is supported by
findings that overexpression of several stress-response factors,
including SKN-1, PHA-4, ABU-11, and DAF-16 increases lifespan
(Henderson and Johnson, 2001; Lin et al, 2001; Viswanathan
et al, 2005; Panowski et al, 2007; Haskins et al, 2008; Tullet et al,
2008). Consistent with these findings, we observed a modest,
though statistically significant, lifespan extension in strains that
carried multiple copies of slr-2.
The responses of metazoan organisms to external stress
are diverse and complex. It is not surprising, therefore, that
these networks have yet to be completely elucidated. It seems
probable that a number of master stress regulators, such as
SKN-1 and DAF-16, coordinate the input of multiple sensing
mechanisms to regulate the expression of large numbers of
target genes (An and Blackwell, 2003; McElwee et al, 2003,
2004; Murphy et al, 2003; Oh et al, 2006; Kell et al, 2007).
Our analysis of SLR-2 and JMJC-1 indicates that these
proteins comprise the core of a stress-response pathway
that is functionally far reaching and, in the case of JMJC-1
and the ESRE motif, phylogenetically conserved. Further
elucidation of the SLR-2–JMJC-1 network in C. elegans may
therefore provide important insights into stress regulation
mechanisms across species.

Materials and methods
C. elegans strains used
C. elegans strains were maintained according to established
procedures (Stiernagle, 2006), and all non-heat shock experiments
were carried out at 201C. Strains used in these studies include the
following: N2, wild type; CF1038 [daf-16(mu86)] (Lin et al, 1997);
CL924 [zcIs1, aip-1::GFP]; CL991 [kbIs5, gpdh-1::GFP þ pRF4];
CL2070 [dvIs70, hsp-16::GFP, (pCL25) þ pRF4] (Link et al, 1999);
CL2166 [dvIs19, gst-4::GFP] (Link and Johnson, 2002; Leiers et al,
2003); SM1119 [pSEM599; rol-6], TJ356 [daf-16::GFP; rol-6] (Henderson and Johnson, 2001); WY33 [slr-2(ku297)] (Kirienko et al,
2008); WY286 [slr-2(ku297); fdEx25] (Kirienko et al, 2008); WY544
[slr-2::GFP]; WY547 [aip-1::GFP; slr-2]; WY548 [hsp-16::GFP; slr-2];
WY588 [jmjc-1(tm3525)], 2  outcrossed; WY589 [gst-4::GFP;
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slr-2]; and WY592 [gpdh-1::GFP; slr-2] WY604 [fdEx25];. WY611
[jmjc-1(tm3525); fdEx25]; WY611 [jmjc-1(tm3525); fdEx25]; WY624
[fdEx82(jmjc-1 þ sur-5::GFP)]; WY627 [slr-2(ku297); fdEx82 (jmjc1 þ sur-5::GFP)]; WY630 [jmjc-1(ok3525); fdEx82 (jmjc-1 þ sur5::GFP)]; WY650 [fdEx88 (pPD95.77 þ rol-6)]; WY651 [fdEx87
(3X-ExESRE::GFP þ rol-6)]; WY665 [fdEx89 (3X-ExESRE::GFP þ
sur-5::GFP)]; WY666 [fdEx90 (pPD95.77 þ sur-5::GFP)].
D. melanogaster strains used
w1118 P(EP)CG2982EP1316 (Stock Number 11232) and w1118 (Stock
Number 3605) strains were obtained from the Bloomington Stock
Center.
Cell lines used
NIH-3T3, C4-2, IEC-6, and LAD-II cells were grown at 371C in a
humidified 95% O2/5% CO2 incubator in Dulbecco’s modified
essential medium (DMEM, Invitrogen) supplemented with 10% FBS
(Invitrogen), and penicillin/streptomycin mix (Invitrogen). Cells
were split when they reached 95% confluency.
Nematode stress media
For stress conditions, supplemented NGM medium was used to
pour fresh plates the day of the experiment. Plates were spotted
with 100 ml of OP50 strain Escherichia coli and allowed to dry for
approximately 1 h. Plates not used immediately, as well as plates
used for longer than 30 min, were sealed with parafilm to minimize
drying and evaporation.
Cell culture stress media
DMEM was supplemented with 10% FBS, penicillin/streptomycin,
and an appropriate chemical stressor. For experiments using
ethanol, the final concentration was 200 mM (Mikami et al, 1997;
Mashimo et al, 1999). For osmotic stress experiments, sodium
chloride was added to a final concentration of 70 mM (Perez-Pinera
et al, 2006). For all experiments, cells were treated for 12 h before
collection.
Construction of 3X-ESRE::GFP plasmid
A 3X-ESRE::GFP construct, analogous to previously described
(Gaudet et al, 2004; Wenick and Hobert, 2004), was generated by
PCR amplifying an B1 kb fragment of pPD95.77, from the HindIII to
EcoRI sites, using the following primers. ESRE_Fwd, 50 -aaaagcttTC
TGCGTCTCTTCTGCGTCTCTTCTGCGTCTCTatgcctgcaggtcgactct-30 ,
pPD_Rev, 50 -CGCTCAGTTGGAATTCTACG-30 . Subsequently, the PCR
amplimer was digested with HindIII and EcoRI and cloned into the
HindIII and EcoRI sites of pPD95.77. The resulting construct has three,
tandem ESRE elements upstream of GFP. Recombinant plasmids were
verified by sequencing.
RNAi procedures
RNAi was carried out using standard techniques (Ahringer, 2005).
L4 hermaphrodites with stress reporters were placed on RNAi
feeding plates. After 4–5 days, F1 progeny at the L4 stage were
transferred, either to NGM plates supplemented with 120 mM
juglone (Strayer et al, 2003), 200 mM NaCl (Hong et al, 2004) or
to unsupplemented NGM plates. Worms subjected to 301C heat
shock were grown on unsupplemented NGM plates; unsupplemented NGM plates at 201C were also used as controls for all stress
conditions.
siRNA transfection
C4-2 cells were split 1:3 after reaching 90% confluency into media
without antibiotics. The next day cells were transfected with
100 pmol C14orf169 Stealth RNAiTM siRNA or 100 pmol of Stealth
RNAi siRNA Negative Control Med GC Duplex (Invitrogen) using
Lipofectamine2000 reagent (Invitrogen) according to the manufacturer’s instructions. In experiments assessing the effects of ethanol
stress, medium was replaced with ethanol-supplemented media
24 h post transfection.
Cluster, motif identification, and network analysis
Clustering and regulatory motif analyses were performed essentially
as described earlier (Kirienko and Fay, 2007). Cluster visualization
was performed using the statistical programming language R
(http://www.r-project.org). Network analysis was performed as
described earlier (Lee et al, 2008). Network visualization was
performed using Cytoscape 4.0.
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Quantitative real-time reverse transcription–PCR
RNA was extracted from staged L1 larvae, purified, and used for
qRT–PCR as described earlier (Kirienko and Fay, 2007) for
verification of microarray data. RNA was extracted, purified, and
used for qRT–PCR from mixed populations for all other qRT–PCR
data. cDNA was prepared from 5 mg total RNA using a SuperScriptII
first-strand synthesis system (Invitrogen) following the manufacturer’s instructions. qRT–PCR was performed using SYBR Green
PCR mastermix (Bio-Rad). qRT–PCR data represent the mean of
thre independent biological replicates, each performed in triplicate.
Standard error of mean (s.e.m.) represents errors among biological
replicates, which we define as independently grown and collected
populations of worms, flies, or cells.
Transcriptional fusion reporter quantification
For all transcriptional fusion reporters, staged mid- to late-L4 larvae
were used. Images were collected and analysed with OpenLab
software. Mean fluorescence was determined for entire organisms
and the background fluorescence value was subtracted from each
image.
Heat shock
All C. elegans heat shock experiments were carried out under one of
two conditions: lethal heat shock was performed at 371C (for
survival curves) and non-lethal heat shock at 301C (for all other
experiments) (Fujiwara et al, 1999). Heat shock experiments for
assaying the level of hsp-16::GFP upregulation in mutant and wildtype backgrounds were performed using a 4 h exposure to 301C.
D. melanogaster heat shock survival curves were performed at 381C
(Gilchrist et al, 1997). For experiments to determine differential
regulation of ESRE genes, flies were subjected to a 4 h heat shock at
351C (Marin et al, 1996).
Oxidative stress
Oxidative-stress conditions were carried out using 100 or 120 mM
(for transcriptional fusion reporter assays) or 160 mM (for survival
curves) 5-hydroxy-1,4-naphthoquinone (juglone) (Strayer et al,
2003). For transcriptional fusion reporter assays, mid- to late-L4
larvae were placed on plates, sealed with parafilm, and fluorescence
was quantified as described after 4 h (for both slr-2::GFP and gst4::GFP) or 12 h (slr-2::GFP only). For survival curves, late-L4 larvae
were placed on plates containing 160 mM juglone and sealed with
parafilm. At appropriate times after being placed on the plate,
worms were scored on the basis of a failure to respond to
mechanical stimuli.
Ethanol and hypertonic stress recovery
Young adult worms were placed on NGM plates supplemented with
7% (v/w) ethanol (Kwon et al, 2004) or 300 mM NaCl. After 30 min,
worms were transferred back to NGM plates and allowed to recover
for 30 min before being scored. Worms were scored as paralysed if
they failed to respond to mechanical stimuli.
Longevity studies
Longevity assays were performed as described earlier (Wolkow
et al, 2000; Miyata et al, 2008). Late-stage L4 hermaphrodites raised
at 161 were transferred to NGM plates containing 0.1 mg/ml FUDR,
seeded with E. coli OP50, and incubated at either 16 or 201C
(n ¼ 150 for each temperature and genotype). Lifespan was defined
as the length of time from when animals were placed on plates until
they were scored as dead on failure to respond to mechanical
stimuli.
Statistical analysis
P-values were calculated using t-tests and w2 tests with the
statistical programming language R. Log-rank tests for longevity
curves were performed using software available at http://bioinf.
wehi.edu.au/software/russell/logrank/.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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