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SUMMARY

In the nematode Caenorhabditis elegans, insulin/in-
sulin-like growth factor 1 (IGF-1) signaling (1IS) reduc-
tion hyperactivates the transcription factors DAF-16
and heat shock factor 1 (HSF-1), creating long-lived,
stress-resistant worms that are protected from pro-
teotoxicity. How DAF-16 executes its distinct func-
tions in response to IIS reduction is largely obscure.
Here, we report that NHL-1, a member of the TRIM-
NHL protein family, acts in chemosensory neurons
to promote stress resistance in distal tissues by
DAF-16 activation but is dispensable for the activa-
tion of HSF-1. The expression of nhl-1 is regulated
by the IIS, defining a neuronal regulatory circuit that
controls the organismal stress response. The knock-
down of nhl-1 protects nematodes that express the
Alzheimer-disease-associated AB peptide from pro-
teotoxicity but has no effect on lifespan. Our findings
indicate that DAF-16- and HSF-1-regulated heat-
responsive mechanisms are differentially controlled
by neurons and show that one neuronal protein
can be involved in the activation of different stress
responses in remote tissues.

INTRODUCTION

The ability to maintain homeostasis is critical for organismal
function and survival. Organisms have developed complex
mechanisms that sense and are activated upon exposure to
environmental insults to refold or degrade damaged proteins
and restore functional protein homeostasis (proteostasis) (Balch
et al., 2008). These mechanisms enable the organism to respond
to unfavorable conditions by inducing the transcription of genes
that encode protective proteins. Several transcription factors
were found to promote stress resistance and maintain proteo-
stasis, including heat shock factor 1 (HSF-1) (Sarge et al,
1993) and members of the forkhead (FOXO) family (reviewed in
Partridge and Briining, 2008).
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DAF-16, the sole FOXO transcription factor of the nematode
Caenorhabditis elegans, is critically required to resist stress con-
ditions, including elevated temperature (Lithgow et al., 1995),
oxidative stress (Honda and Honda, 1999), UV radiation (Mura-
kami and Johnson, 1996), and exposure to pathogenic bacteria
(Singh and Aballay, 2006). Similarly to HSF-1, DAF-16 activates
the expression of chaperones, among them the group of heat
shock proteins (hsp’s) that play vital roles in stress resistance
(Morimoto, 1998) and in the maintenance of proteostasis (Hartl
et al., 2011). Members of the superoxide dismutase (sod) family,
which are crucial for oxidative stress resistance, are also DAF-16
target genes (Panowski et al., 2007). In addition to their role
as stress-resistance regulators, DAF-16 and HSF-1 govern
the nematode’s lifespan (Hsu et al., 2003; Kenyon et al., 1993;
Morley and Morimoto, 2004) and are vital for protection from
proteotoxicity (Cohen et al., 2006; Hsu et al., 2003; Morley and
Morimoto, 2004).

In the nematode, the activities of HSF-1 and DAF-16 are
negatively regulated by the highly conserved, aging-regulating,
insulin/insulin-like growth factor (IGF) signaling pathway (IIS).
Upon activation, the worm’s sole IIS receptor, DAF-2, initiates
a signaling cascade that facilitates the phosphorylation of
DAF-16 (Henderson and Johnson, 2001; Lee et al., 2001). Phos-
phorylated DAF-16 is retained in the cytosol and prevented
from regulating its target gene networks. To negatively regulate
the activity of HSF-1, the IIS downstream kinases phosphorylate
the HSF-1-interacting protein DDL-1, thereby controlling HSF-1
cellular localization (Chiang et al., 2012). Accordingly, IIS reduc-
tion hyperactivates DAF-16 and HSF-1, elevates stress resis-
tance, protects from proteotoxicity, and extends lifespan.

The correlations between stress resistance, proteostasis, and
longevity have suggested that these functions are mechanisti-
cally coupled. Although collapsed proteostasis (Ben-Zvi et al.,
2009) and protein aggregation (David et al., 2010) are inherent
aspects of aging, the functions downstream of the IIS were
found to be separable. First, IIS reduction impedes proteotoxic-
ity when it can no longer extend lifespan (Cohen et al., 2010).
Second, the deletion of all five sod genes of the nematode
hypersensitizes the worm to oxidative stress but does not
affect lifespan (Van Raamsdonk and Hekimi, 2012). In addition,
abolishing the worms’ ability to activate the transcriptional
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program known as the heat shock response (HSR) sensitizes
the animals to heat but has no effect on lifespan (Maman
et al.,, 2013). These studies raise the question of how DAF-
16’s distinct functions are differentially regulated at the cellular
and organismal levels.

At the cellular level, DAF-16 activity relies on different cofac-
tors. For instance, the transcription factor SMK-1 is critically
required for the longevity phenotype of daf-2 mutants and for
their elevated resistance to oxidative stress and pathogenic
bacteria, but it is dispensable for heat-stress resistance (Wolff
et al., 2006).

At the organismal level, DAF-16 activation depends on intertis-
sue communication mechanisms that control longevity, stress
resistance, and proteostasis in a non-cell-autonomous fashion.
The activation of the HSR of the worm is controlled by thermo-
sensory (Prahlad et al., 2008) and chemosensory neurons
(Maman et al., 2013). Similarly, the induction of the unfolded pro-
tein response in the endoplasmic reticulum (Taylor and Dillin,
2013) and the innate immune response (Styer et al., 2008) are
also regulated by neurons. Interestingly, while DAF-16 regulates
subsets of its target genes in a cell-autonomous manner, other
genes are controlled by this transcription factor in a non-cell-
autonomous fashion (Qi et al., 2012; Zhang et al., 2013).

Collectively, these studies indicate that DAF-16 interacts with
various cofactors to differentially regulate its target genes in
cell-autonomous and non-cell-autonomous manners. Although
many proteins that physically interact with DAF-16 have been
identified (Riedel et al., 2013), key aspects of DAF-16’s functional
network await examination.

Here, we employed the nematode C. elegans to search for
DAF-16’s stress-resistance-mediating partners and discovered
that nhl-1, a member of the trim-nhl gene family that is expressed
in chemosensory neurons, is critically required for the expression
of DAF-16, stress-responsive target genes in distal tissues.
Surprisingly, this protein has no role in the induction of HSF-
1-regulated genes upon exposure to heat. The knockdown of
nhl-1 reduced the survival rates of worms that were exposed
to heat, oxidative stress, or pathogenic bacteria but had no effect
on survival after UV radiation. Furthermore, although nhl-1
knockdown has no role in the regulation of lifespan, it provides
partial protection from proteotoxicity.

This study unveils NHL-1 as a component of a neuronal
mechanism that activates DAF-16 in distal tissues and indicates
that DAF-16 and HSF-1 are activated in distal tissues by different
neuronal mechanisms. Our discoveries strengthen the notions
that the ability to respond to stress comes at the expense
of proteostasis and that these functions are separable from
longevity.

RESULTS

The Identification of nhi-1 as a Genetic Cofactor of
DAF-16

The activity of several signaling pathways is known to be regu-
lated by feedback loops in which a transcription factor controls
the expression of genes that encode its own cofactors. Among
these, dFOXO, DAF-16’s ortholog of the fruit fly Drosophila
melanogaster, regulates the expression of some of its upstream

effectors (Alic et al., 2011). We hypothesized that an analogous
regulatory circuit exists in the worm and searched for novel
DAF-16 functional cofactors utilizing a dual-step approach
(Figure 1A). First, we searched for genes that harbor DAF-16
core recognition sites (TTGTTTa/g c/t or GTAAAc/t) (Furuyama
et al., 2000) in their putative promoter regions (Dupuy et al.,
2004). Next, we knocked down the expression of these genes
by RNAI, asking which genes are required for the transcriptional
activity of DAF-16. To address this, we employed daf-2(e1370)
mutant nematodes that express GFP under the regulation
of the sod-3 promoter (strain CF1580). sod-3 is a DAF-16
target whose putative promoter contains DAF-16 recognition
sites (Figure S1A) (Honda and Honda, 1999) that encodes a
mitochondrial Fe/Mn superoxide dismutase 3 (Hunter et al.,
1997). Due to their weak daf-2 allele, CF1580 animals exhibit
low IIS activity that results in persistent DAF-16 hyperactivation
and constant high GFP expression levels. Accordingly, RNAi-
mediated knockdown of DAF-16 or of one of its critical
cofactors is expected to lower the intensity of GFP signal in
these animals.

We discovered that the promoter region of the TRIM-NHL fam-
ily member nhl-1 contains two core DAF-16 recognition sites and
two HSF-1 sites (Figure S1B). Similarly to the knockdown of
daf-16 (Libina et al., 2003), nhl-1 RNAi-mediated knockdown
significantly reduces the GFP signal in different worm tissues
compared to worms that were grown on control bacteria that
harbor the empty RNAI vector (EV) (Figures 1B, 1C, and S1C).
Since nhl-1 has sequence similarities with other trim-nhl family
members in the nematode (Loedige and Filipowicz, 2009), we
cloned the nhl-1 3’ UTR to create a second nhl-1 RNAI bacterial
strain (nh/-17 3" UTR RNAI), which was used to ensure specificity
of RNAi-mediated nhl-1 knockdown. To further establish the
observation that nhl-1 is required for the activity of the sod-3 pro-
moter and to validate the specificity of this finding, we let CF1580
worms develop on EV bacteria or on bacteria expressing RNAi
toward daf-16, nhil-1, or the nhl-1 3’ UTR and performed a west-
ern blot (WB) analysis using a GFP antibody. Our results (Fig-
ure 1D) confirmed that the knockdown of nh/-1 reduces the
activity of the sod-3 promoter. We also measured the expression
of sod-3 in daf-2(e 1370) mutant worms that were cultured on EV
bacteria or on bacteria expressing RNAi toward either daf-16 or
nhl-1 by real-time quantitative PCR (QPCR) and found that both
RNAi treatments resulted in similar effects of ~85% reduction in
sod-3 expression levels (Figure 1E).

To further explore the roles of NHL-1 as a DAF-16 cofactor, we
examined whether the knockdown of nhi-1 affects the expres-
sion of sod-1, an additional sod family member that is regulated
by DAF-16 (Panowski et al., 2007), and sip-1, mtl-1, dod-17, and
nnt-1, all known DAF-16 targets (Tepper et al., 2013). Using
gPCR and daf-2(e 1370) mutant worms, we found that the knock-
down of either daf-16 or nhl-1 reduced the expression of sod-1
by ~60% (Figure 1F). A similar effect was seen when the expres-
sion levels of sip-1 were tested (Figures 1G and S1D). Surpris-
ingly, the knockdown of nhl-1 by either one of the two RNAI
constructs had no significant effect on the expression levels of
mtl-1, nnt-1, and dod-17 (Figures 1H and S1E-S1G), indicating
that nhl-1 is required for DAF-16’s transcriptional regulation of
some of its target genes, but not of others.
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Figure 2. nhl-1 Is a Transcriptional Target of DAF-16
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(A) gPCR experiments revealed that the knockdown of daf-2 by RNAi increases the expression of nhi-1 by ~2.5-fold (p = 0.03).
(B) daf-2 RNAI treatment leads to increased GFP levels in worms that express GFP under the regulation of the nhl-1 promoter (strain BC10621) as evaluated by

WB analysis.

(C) The knockdown of daf-16 by RNAi reduces GFP expression in the pharynx and intestine of daf-2(e1370) mutant worms that express GFP under the regulation
of the nhl-1 promoter (strain EHC106). The knockdown of hsf-1 by RNAI had a partial effect of reducing GFP levels in the intestine, but not in the pharynx (scale

bar, 64 pm).

(D) GFP signal quantification in the upper third region of the worms’ bodies validated these observations (p < 0.01).

Error bars represent SEM.

The IIS Regulates the Expression of nhil-1

To test whether DAF-16 regulates the expression of nhl-1, we
used temperature-sensitive sterile worms (strain CF512) that
exhibit natural IS activity. These nematodes become sterile
when exposed to 25°C during development (these conditions
do not induce the HSR; Volovik et al., 2012), enabling the
examination of nhl-1 expression in adult worms with no back-
ground from embryos. We used gPCR to compare the relative
nhl-1 expression levels in worms that were grown from hatching

to day 1 of adulthood on either EV or daf-2 RNAi bacteria and
found that IIS reduction notably increases nhl-1 expression (Fig-
ure 2A). To further test this observation, we used worms that ex-
press GFP under the control of the nhl-1 promoter (strain
BC10621). BC10621 worms were left untreated (EV) or treated
with daf-2 RNAi throughout development, and the relative levels
of GFP expression were compared by WB. Our results validated
that IS reduction increases the expression of nhl-1 (Figure 2B),
indicating that nhl-1 is regulated by the IIS.

Figure 1. nhi-1 Is Required for the Expression of DAF-16 Target Genes

(A) A schematic illustration of the rationale that underlies the search for DAF-16 cofactors.

(B-D) The knockdown of nhl-1 by RNAi reduces the expression of sod-3 promoter-driven GFP in daf-2 mutant worms (CF1580) as visualized by fluorescent
microscopy (scale bar, 100 um) (B), fluorescence intensity quantification (C), and western blot analysis using two different bacterial strains expressing RNAi
toward nhl-1 (Ahringer library) and the nh/-1 3’ UTR region (D).

(E-G) gPCR analysis using daf-2(e1370) mutant worms that were treated throughout development with either daf-16 or nhl-7 RNAi confirmed the key role of nhl-1
in the expression of sod-3 (E), sod-1 (F), and sip-1 (G).

(H) nhl-1 RNAi and the nhi-1 3" UTR have no significant effect on the expression levels of mt/-1.

Error bars represent SEM.
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To examine whether DAF-16 is a transcriptional regulator
of nhl-1, we crossed BC10621 nematodes with daf-2(e1370)
mutant worms and obtained animals that have permanently
reduced IS activity and thus overexpress GFP under the regula-
tion of the nhl-1 promoter (strain EHC106). The worms were
grownon EV, daf-16, or hsf-1 RNAi bacteria, and the relative rates
of GFP fluorescence were visualized by fluorescent microscopy
(Figures 2C and S2). The intensities of GFP signals in the upper
region of the animal’s body, where it is most prominent, were
quantified using image-processing software (Figure 2D). Our re-
sults indicated that the knockdown of daf-76 reduced GFP levels,
confirming our prediction that DAF-16 regulates the expression
of nhl-1. The knockdown of hsf-1 also resulted in reduced GFP
levels, which were foremost visible in the intestine (Figure 2C).

nhi-1 Is Differentially Required for Survival under Stress
Conditions

The necessity of nhi-1 for the expression of stress-resistance-
mediating genes (Figure 1) implies that it is required for the
worm’s survival under stress conditions. The requirement of
nhl-1 for the expression of sip-1 (Figure 1G), a gene that is
needed for heat-stress resistance (Paz-Gomez et al., 2014),
strongly suggests that nhl-1 is needed for the worm to survive
in elevated temperatures. To test that, CF512 animals were
developed on either EV bacteria or treated with nhi-1, daf-2, or
daf-16 RNAIi and exposed to 35°C, and their rates of survival
were recorded after 15 hr. As expected, daf-2 RNAi-treated
worms exhibited an increased survival rate compared to their
untreated counterparts (EV) (88% and 52%, respectively), while
daf-16 RNAI treatment reduced the survival rate (12%). Animals
that were treated with nh/-7 RNAi succumbed to heat stress simi-
larly to their daf-16 RNAi-treated counterparts (14% survival)
(Figure 3A). Similar results were obtained when wild-type worms
(strain N2) were treated with RNAi toward daf-16, daf-2, nhi-1, or
nhl-1 3" UTR (Figure S3A). Worms whose nhl/-1 was deleted (stain
VC20) were also found to be more sensitive to heat compared
to N2 worms (Figure S3B). Yet, the knockdown of daf-2 by
RNAi increased the survival rates of heat-stressed VC20
animals compared to their untreated counterparts, implying
that reducing IIS activity also elevates heat-stress resistance
by an nhl-1-independent mechanism.

To examine whether nhl-1 is needed for the elevated heat-
stress resistance of daf-2(e7370) mutant worms, we treated
the animals from hatching with RNAi toward daf-16, nhi-1,
or the nhl-1 3" UTR or left them untreated (EV). At day 1 of adult-
hood, the worms were exposed to 35°C and the rates of survival
within the worm groups were recorded 19 hr thereafter. While
~50% of the control animals (EV) survived, the knockdown of
either nhl-1 or daf-16 had similar effects of significantly reducing
the survival rates to less than 15% (Figure S3C), indicating that
the knockdown of nhl-1 also abolishes the elevated heat-stress
resistance conferred by reduced IIS. Collectively, these results
indicate that nhl/-1 is crucially required for heat-stress resistance.

Next, we sought to explore whether nhl-1 is also required for
oxidative stress resistance. daf-2(€71370) mutant worms that
were developed on either EV bacteria or daf-16 or nhl-1 RNAI
were exposed to 0.25 M paraquat and their rates of survival fol-
lowed over time. While worms of the control group (EV) exhibited

61% survival after 29 hr, the knockdown of daf-16 or nhl-1 by
RNAI resulted in a significant reduction of survival to 19% and
23%, respectively (Figure 3B; p < 0.01).

To assess whether nhl-1 is required for survival after a suble-
thal dose of UV radiation, we radiated day 1 adult daf-2(e1370)
mutant worms that were left untreated (EV) or treated with daf-
16 or nhi-1 RNAIi and recorded their rates of survival daily. While
daf-16 RNAi-treated worms exhibited reduced survival (Fig-
ure 3C; mean survival 5.24 + 1.63 days), nhl-1 RNAi-treated nem-
atodes and those fed with EV bacteria exhibited similar survival
rates (mean survival of 7.92 + 2.27 and 7.54 + 2.1 days, respec-
tively), indicating that nhl-1 has no role in the [IS-mediated pro-
tection from UV radiation. This conclusion was supported by
the observation that the knockdown of daf-2 by RNAi promotes
extended survival of animals that lack nhl-1 (strain VC20) after
exposure to UV radiation while treatment with daf-76 RNAi re-
duces their rate of survival (Figure S3D).

The pathogenic bacteria Pseudomonas aeruginosa mitigates
the natural resistance of C. elegans by activating the IIS (Evans
etal., 2008). Accordingly, lIS reduction confersrelative resistance
to these bacteria in DAF-16- and HSF-1-dependent manners
(Singh and Aballay, 2006). This effect is controlled by sensory
neurons (Sun et al., 2011). The recent report that resistance to
heat stress and pathogenic bacteria are interrelated (Ermolaeva
et al., 2013) and the necessity of nhl/-1 for heat-stress resistance
led us to anticipate that this gene is also required for the survival
of worms fed with P. aeruginosa. To examine that, we treated
daf-2(e1370) mutant worms throughout development with either
daf-16 or nhl-1 RNAi or left them untreated (EV), transferred them
onto plates seeded with P. aeruginosa, and followed their rates
of survival. daf-16 RNAi-treated worms (mean survival 10.37 +
0.83 days) and animals that were treated with nhl-1 RNAI
(mean survival 9.40 + 1.01 days) exhibited significantly reduced
survival compared to the control group (mean survival 13.81 +
0.86 days; Figures 3D and S3E; p < 0.01 for both daf-16
and nhl-1 RNAi-treated animals compared to EV worms). Taken
together, our results show that nh/-1 is essential for the innate
immune mechanism downstream of the IIS.

Since IIS reduction extends lifespan, we asked whether nhl-1
is also required for this phenotype. CF512 worms were treated
throughout life with RNAi toward nhl-1, daf-2, or daf-16 or left
untreated (EV), and their survival rates were followed. While
daf-2 RNAi-treated worms were long-lived and their daf-16
RNAi-treated counterparts exhibited a short lifespan, no differ-
ence in lifespan between the control group (EV) and nhl-1
RNAi-treated animals could be seen (Figures 3E and S3F; Table
S1). Similarly, the knockdown of nhl-1 by RNAi did not shorten
the lifespan of long-lived daf-2(e 1370) mutant animals (Figure 3F;
Table S1), indicating that this gene is dispensable for the promo-
tion of longevity by IIS reduction.

Finally, we examined whether the knockdown of nhl-1 affects
IIS-regulated dauer formation and found that, unlike daf-16, it
has no effect on this feature (Figure S3G).

nhi-1 Is Dispensable for the Induction of HSF-1 Target
Genes upon Exposure to Heat

The central role of HSF-1 in the promotion of heat-stress resis-
tance (Sarge et al., 1993) raised the prospect that its activation
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Figure 3. Differential Requirements of nhi-1 for Survival under Different Stress Conditions

(A) While daf-2 RNAi-treated CF512 animals exhibited an elevated survival rate after 15 hr of exposure to 35°C compared to the control group (survivals of 88%
and 53%, respectively), the knockdown of either daf-16 or nhl-1 resulted in reduced survival rates (15% and 16%, respectively).

(B) daf-2(e1370) mutant worms treated with either daf-16 or nhl-1 RNAI exhibit significantly lower survival rates under long exposure to oxidative stress (0.25 M
paraquat) compared to untreated animals (p < 0.01).

(C) Unlike daf-16 RNAI treatment, the knockdown of nhl-1 had no effect on the survival rates of daf-2(e 1370) mutant worms that were exposed to sublethal UV
radiation.

(D) daf-2(e 1370) mutant worms that were treated during development with nhl-1 or daf-16 RNAi exhibited reduced survival rates (mean survival of 9.4 + 1.01 days
and 10.37 + 0.83 days, respectively) when grown on pathogenic bacteria (P. aeruginosa) compared to untreated animals (mean survival of 13.81 + 0.86 days,
p < 0.01).

(E and F) The knockdown of nhl-1 does not affect the lifespan of CF512 (E) and daf-2(e 1370) mutant worms (F).

Error bars represent SEM.

Cell Reports 9, 2192-2205, December 24, 2014 ©2014 The Authors 2197

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

upon exposure to heat may also require nhl-1. To test this
hypothesis, we examined whether the knockdown of nhl-1 by
RNAi prevents the induction of HSF-1-regulated hsps after
heat stress. We employed worms that express GFP under the
regulation of the hsp-16.2 promoter (strain CL2070), a well-
defined, HSF-1-regulated, small hsp that is primarily expressed
in the worm’s intestine (Link et al., 1999). CL2070 animals were
either left untreated (EV) or treated throughout development
with RNAIi toward hsf-1, nhil-1, or nhi-1 3' UTR. At day 1 of adult-
hood, the worms were exposed to heat shock (33°C for 3 hr) and
the levels of GFP were visualized. Unlike the knockdown of hsf-1,
knocking down the expression of nhl-1 by either one of the
two RNAI bacterial strains had no effect on the activity of the
hsp-16.2 promoter (Figure 4A). WB analysis using a GFP anti-
body confirmed this observation (Figure 4B). gPCR analysis
using primers toward hsp-16.1, a close hsp-16.2 homolog, and
heat-stressed CF512 worms that were treated with the RNAI
bacterial strains as described above indicated that nh/-1 also
has no role in the regulation of hsp-16.7 (Figure S4).

To expand our analysis, we utilized nematodes that express
GFP under the regulation of hsp-70 (C12C8.1) promoter (Snutch
et al., 1988). The worms were treated with RNAi and exposed to
heat, as above, and GFP levels were visualized by fluorescent
microscopy. Our results (Figure 4C) indicated that the knock-
down of nhl-1 has no effect on the induction of the hsp-70
promoter after heat shock. Similarly, gPCR using daf-2(e1370)
mutant worms confirmed that the knockdown of nhl-1 has
no effect on the induction of hsp-70 in heat-stressed animals
(Figure 4D).

The dispensability of nhi-1 for the induction of HSF-regulated
chaperones suggested that the heat sensitivity of worms that
were grown on nhl-1 RNAi emanates from reduced expression
of DAF-16 target genes. To test that, we treated daf-2(e1370)
mutant worms with RNAi toward either sod-1 or sod-3, exposed
them for 19 hr to 35°C, and found that these genes are needed
for the heat-resistance phenotype of these mutant animals
(Figure 4E).

Taken together, our results show that nhl-1 is unessential for
the activation of HSF-1 upon exposure to heat and that the
knockdown of this gene reduces heat-stress resistance by miti-
gating the expression of DAF-16-regulated genes. Our results
also imply that activation of DAF-16 and HSF-1 are separately
regulated.

The Expression of nhi-1 in Chemosensory Neurons
Confers Its Stress-Resistance Functions

The key roles of neurons in HSR activation (Maman et al., 2013;
Prahlad et al., 2008) and in innate immunity (Styer et al., 2008)
raised the prospect that NHL-1 executes its counterstress func-
tions in neurons. To examine that, we created worms that ex-
press the red fluorescent protein tdTomato under the regulation
of the nhl-1 promoter (strain EHC107). Microscopic visualization
of EHC107 worms revealed punctuated red signal in the pharyn-
geal area (Figures S5A and S5B, arrows), suggesting that nh/-1 is
mainly expressed in neurons. Since the features of different fluo-
rescent proteins used as expression markers may differ, we also
sought to determine whether GFP driven by the nh/-1 promoter
is expressed in neurons. By visualizing daf-2 RNAi-treated

BC10621 animals, we identified a prominent GFP signal, indica-
tive of nhl-1 promoter activity in juxtapharyngeal foci (Figure 5A,
arrows), corroborating the theme that the activity of nhl-1’s pro-
moter is elevated in neurons.

However, the limited penetrance of RNAi to neurons (Timmons
et al., 2001) and the dramatic effect of nh/-7 RNAi on heat-stress
resistance (Figure 3A) raised the question of whether neuronal or
nonneuronal nhil-1 expression regulates stress resistance. To
distinguish between these possibilities, we used worms that
exhibit an efficient RNAi-mediated gene knockdown in neurons,
but not in other cell types (Calixto et al., 2010). In these animals
(strain TU3335), the gene sid-1, which encodes a channel-form-
ing protein that enables double-stranded RNA (dsRNA) mole-
cules to penetrate cells (Winston et al., 2002), is regulated by
the panneuronal promoter unc-119.

TU3335 worms were hatched and developed on EV bacteria
or on bacteria expressing dsRNA toward daf-2, daf-16, hsf-1,
nhl-1, or gcy-8. gcy-8 is exclusively expressed in the amphid
neurons with finger-like (AfD) ciliated endings (AFD) thermo-
sensory neurons, where it is critical for HSR activation in
remote tissues and heat-stress resistance (Prahlad et al.,
2008). Thus, gcy-8 RNAI served as a control for gene knock-
down in neurons. All the worm groups were exposed to 35°C
for 10 hr, and survival rates were recorded. Three independent
experiments revealed that worms treated with either daf-16 or
hsf-1 RNAi and untreated animals exhibited similar rates of
survival of ~75%, implying that these transcription factors
execute their heat-resistance functions primarily in nonneuro-
nal tissues. Interestingly, the knockdown of daf-2 did not
show any effect of survival, proposing that this receptor also
functions in other tissues to confer heat-stress resistance. In
contrast, worms treated with either nh/-1 or gcy-8 RNAI ex-
hibited increased heat sensitivity, as merely 39% and 28% of
the worms survived, respectively (Figure 5B). The analogous
effects of nhl-1 and gcy-8 RNAI treatments on heat sensitivity
proposed that the activity of nh/-1 in neurons confers heat-
stress resistance.

The activity of DAF-16 in neurons was shown to have no
effect on the expression level of its target gene, hsp-12.6, in
other worm tissues (Zhang et al., 2013). We exploited this
feature to examine whether NHL-1 is required for DAF-16’s
transcriptional activity exclusively in neurons by analyzing the
relative fluorescence levels in worms that express tdTomato
under the control of the hsp-12.6 promoter (strain EHC102).
EHC102 worms were left untreated (EV) or treated with RNAI
toward either daf-16 or nhl-1 throughout development and
exposed to heat shock (33°C, 3 hr), and tdTomato fluores-
cence levels were visualized and quantified. If NHL-1 affects
the activity of DAF-16 exclusively in neurons, one would
expect the hsp-12.6 promoter to exhibit similar activity levels
in both untreated and nh/-1 RNAi-treated animals. However,
if NHL-1 serves as DAF-16 cofactor also in nonneuronal tis-
sues, the tdTomato fluorescence levels should be lower in
nhl-1 RNAi-treated worms compared to those of untreated an-
imals. Measuring fluorescence levels of at least 18 animals per
treatment, we found that unlike daf-16, the knockdown of nhl-1
by RNAIi had no effect on the activity of the hsp-12.6 promoter
(Figures 5C and S5C). gPCR analysis of hsp-12.6 expression
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Fluorescence of worms expressing GFP under the control of the hsp-16.2 promoter
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Figure 4. nhl-1 Is Dispensable for the Induction of HSF-1 Target Heat-Responsive Genes
(A and B) Direct visualization (A) and WB analysis (B) indicated that the expression of GFP is analogously induced by heat (33°C, 3 hr) in untreated CL2070 worms
(hsp-16.2p::GFP) and in their counterparts that were treated with either one of two nh/-7 RNAI strains. In contrast, worms that were treated with hsf-7 RNAI
exhibited remarkably reduced GFP levels (scale bar, 25 um).
(C) nhi-1 RNAi-treated worms that express GFP under the regulation of the hsp-70 promoter (hsp-70 (C12C8. 1)p::GFP) and their untreated counterparts exhibited
similar levels of GFP fluorescence after exposure to heat stress (33°C, 3 hr). In contrast, hsf-17 RNAi treatment resulted in reduced GFP fluorescence (scale bar,
64 um).
(D) gPCR confirmed that the knockdown of nhl-1 does not affect the induction of hsp-70 in heat-stressed daf-2(e1370) mutant worms.
(E) The knockdown of sod-1, sod-3, or nhi-1 by RNAi mitigates the heat resistance typical of daf-2(e1370) mutant worms.
Error bars represent SEM.

We also crossed CF1580 worms with TU3335 animals to
obtain nematodes that express GFP under the regulation of the
sod-3 promoter and are hypersensitive to RNAI in neurons. The

levels in heat-stressed CF512 worms that were treated with
daf-16, nhl-1, 3" UTR nh/-1 RNAI or left untreated verified our
results (Figure 5D).
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Figure 5. nhl-1 Executes Its Stress-Resistance-Regulating Functions in Chemosensory Neurons

(A) daf-2 RNAi-treated BC10621 worms (nhl-1p::GFP) exhibit elevated GFP expression in juxtapharyngeal neurons (arrows) (scale bar, 18 um).

(B) TU3335 worms (unc-119p::sid-1) that were treated with either gcy-8 or nhl-1 RNAi show significantly reduced survival rates (28% and 39%, respectively) after
10 hr of exposure to heat (35°C) compared to untreated worms (76% survival). Identical worms that were treated with RNAi toward daf-2, daf-16, or hsf-1 RNAI
had survival rates similar to the control group (77%, 74%, 76%, and 76% survival, respectively).

(C) EHC102 worms (hsp-12.6p::tdTomato) were treated with either nhl-1 or daf-16 RNAI throughout development and exposed to heat (33°C, 3 hr). Unlike daf-16
RNAi-treated animals, the knockdown of nh/-7 by RNAi had no significant effect on the level of fluorescence.

(D) CF512 worms were grown on RNAI bacteria toward daf-16, nhi-1, nhl-1 3’ UTR or left untreated (EV). Half of each RNAi-treated worm group was
exposed to heat, while the other half was left unstressed. gPCR experiments confirmed that the knockdown of nh/-1 has no effect on the induction of
hsp-12.6.

(E) nhi-1 RNAi-treated EHC110 worms (a cross of CF1580 and TU3335 animals) show lower rate of GFP fluorescence compared to their untreated counterparts
(scale bar, 64 um).

(legend continued on next page)
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worms were treated with RNAi toward nhl/-1 or left untreated, and
rates of GFP fluorescence in the intestine were compared. Our
results (Figure 5E) support the notion that the knockdown of
nhl-1in neurons reduces the activity of the sod-3 promoter in so-
matic tissues.

Collectively, the increased activity of the nh/-1 promoter in neu-
rons following IIS reduction, the key role of nhi/-1 in heat-shock
resistance of TU3335 animals, and the unaffected hsp-12.6
expression in CF512 nematodes that were treated with nhl-1
RNAi indicate that NHL-1 serves as DAF-16 cofactor in neurons.

We then sought to identify the specific set of neurons in which
nhl-1 is expressed. EHC107 worms were crossed with animals
that express GFP under the regulation of promoters that are
active in specific sets of HSR-regulating neurons. First, we
used worms that express GFP under the regulation of the lin-
11 promoter (strain OH103), which is active in the head chemo-
sensory neurons ADF and ADL as well as in the AlZ, AVG, and
RIC interneurons and is required for the activity of the thermoreg-
ulatory neuronal network (Hobert et al., 1998). By visualizing the
resulting worms, we discovered that the promoters of lin-11
and of nhl-1 are active in the same cells (Figure 5F), indicating
that both genes are expressed in chemosensory neurons. In
contrast, the expression pattern of nh/-1 was different than that
of the AFD-specific marker gcy-8 (Figure 5G).

Since the knockdown of neuronal, HSR-activating genes pro-
tects model worms from proteotoxicity (Maman et al., 2013;
Prahlad and Morimoto, 2011), we predicted that knocking
down nhl-1 would have a similar effect. To test that, we em-
ployed worms that express the Alzheimer disease-associated,
human Ap peptide in their body wall muscles (AB worms, strain
CL2006; Link, 1995) and exhibit progressive paralysis emanating
from AP aggregation. AR worms were treated from hatching with
RNAi toward daf-2 or nhi-1 or left untreated (EV), and the rates of
paralysis were followed daily. Our results (Figures 6A and S6A)
show that the knockdown of nhil-1 ameliorates A toxicity. Three
independent paralysis assays confirmed the significance (p =
0.03) of this observation (Figure 6B).

To further scrutinize the theme that neuronal nhl-7 modulates
AB toxicity in the muscle in a non-cell-autonomous manner, we
crossed TU3335 worms with AR worms to obtain animals that
display RNAi hypersensitivity in neurons and low sensitivity in
other tissues and express AB in their muscles (strain EHC109).
Synchronized worm populations were treated with RNAi toward
daf-2, nhl-1, or the nhi-1 3' UTR, and the rates of paralysis were
followed. We found that an efficient knockdown of nhl/-7 in neu-
rons enhances the counterproteotoxic effect to be similar to that
of daf-2 RNAI (Figure 6C).

DISCUSSION

How DAF-16 executes its distinct functions and how they are
regulated at the cellular and organismal levels are only partially

understood. Here, we searched for DAF-16 functional cofactors
and discovered that nhl-1 is required for the expression of
stress-resistance-mediating DAF-16 target genes, members
of the sod family, in remote tissues. Upon exposure to ele-
vated temperature or pathogenic bacteria (Figure 71), DAF-16
elevates the expression level of nh/-1 (ll), which in turn partici-
pates in the activation of the neuronal signaling mechanism
() that activates DAF-16 (IV), but not HSF-1 (V), in distal tis-
sues. The activation of DAF-16 confers the induction of a
subset of target genes, including members of the sod gene
family and the chaperone sip-1, but not hsp-12.6, mtl-1, and
nnt-1. This induction elevates resistance to heat and to
pathogenic bacteria (VI) and provides partial protection from
proteotoxicity (VIl) but has no role in the regulation of
lifespan (VIII).

In C. elegans, the nhl gene family consists of five members:
nhl-1, nhl-3, and ncl-1, which are close homologs, and /lin-41
and nhl-2, which are more distant family members (Loedige
and Filipowicz, 2009). The TRIM-NHL proteins contain RING
fingers, zinc fingers, and NHL repeats. The presence of a
RING domain suggests that TRIM-NHL proteins act as E3
ubiquitin ligases. Functional assays confirmed that the
mammalian TRIM32 exhibits an E3 ubiquitin ligation activity
(Kudryashova et al., 2005). However, members of this pro-
tein family are involved in additional biological activities. A
recent study unveiled that in worms, nhl-2 is needed for the
regulation of gene expression by microRNA (miRNA) (Hammell
et al,, 2009). In accordance, TRIM32 was also found to
be involved in the regulation of miRNA processing in mice
through its NHL domain (Schwamborn et al., 2009). Impor-
tantly, mutations in TRIM32 are linked to the emergence of
the early-onset human hereditary muscle disease limb-girdle
muscular dystrophy type 2H (Kudryashova et al., 2005), directly
linking the TRIM-NHL family to functional homeostasis in
humans.

Together, these studies indicate that TRIM-NHL proteins are
involved both in the regulation of gene expression and in proteo-
stasis. However, key aspects of nhl-1’s functions as a modulator
of stress resistance remain unanswered. Does nhl-1 direct a
negative stress-response regulator for degradation? Does it
physically interact with DAF-16? What type of neuronal signaling
mechanisms are affected by this gene product?

The Neuronal DAF-16- and HSF-1-Regulating
Mechanisms Are Separable

Although neurons were already shown to regulate stress-
response mechanisms in remote tissues (Prahlad et al., 2008;
Sun et al., 2011), this study unveiled an aspect of neuron-medi-
ated control of stress resistance. We have discovered that
knockdown of nhl-1 by RNAi prevents the induction of stress-
resistance-mediating DAF-16 target genes but has no effect on
HSF-1-regulated hsp’s. This is a particularly interesting finding,

(F) Microscopic visualization of worms that express tdTomato under the regulation of the nhl-1 promoter (nhl-1p::tdTomato) and GFP under the control of /in-11
promoter (lin-11p::GFP) revealed colocalization of the fluorescent signals, indicative of nhl-1 expression in chemosensory neurons.
(G) No nhI-1 promoter activity (red) is detected in AFD neurons of worms that express GFP in these cells (regulated by the gcy-8 promoter) and tdTomato under the

control of the nhl-1 promoter (scale bar, 18 um).
Error bars represent SEM.
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Figure 6. The Knockdown of nhi-1 Provides Partial Protection from A Proteotoxicity
(A) nhl-1 RNAi-treated CL2006 worms show a rate of paralysis lower than the control group (EV) but higher than daf-2 RNAi-treated animals.
(B) The counterproteotoxic effect of nhl-1 RNAI treatment was confirmed by three independent paralysis assays. Bars represent the relative slopes of the

paralysis graphs as in (A) (p = 0.03).

(C) The knockdown of nhl-1 in EHC109 worms (a cross of CL2006 and TU3335 animals) abolished the AB-associated paralysis phenotype.

Error bars represent SEM.

as the knockdown of the putative GPCR gtr-1, which, similarly to
nhl-1,is expressed in lin-11-expressing neurons, governs the ac-
tivities of both transcription factors DAF-16 and HSF-1 in distal
tissues (Maman et al., 2013). It is important to mention that
although nhl-1 is dispensable for the induction of HSF-1 target
genes, the knockdown of hsf-1 has a small effect on the expres-
sion of nhl-1 (Figure 2D). Our results imply that chemosensory
neurons induce a stress response in remote tissues in response
to heat by at least two signaling mechanisms. One possibility
suggests that gtr-1 and nhl-1 play their roles through separate
signaling mechanisms. An alternative model proposes that the
activation of HSF-1 and DAF-16 is regulated by one mechanism
that diverges into two arms. According to this hypothesis, gtr-1
functions upstream of the splitting point while nhi-1 acts down-
stream of this junction in the arm that exclusively regulates
DAF-16.

Why is more than one mechanism required for the activation
of stress-resistance mechanisms? It is plausible that complex
regulatory mechanisms are required to allow the worm to specif-
ically orchestrate the activation of tailored responses to dissim-
ilar challenges.

How do the stress-response-activating neuronal signaling
mechanisms differ? It is possible that distinct signals are carried
by different types of vesicles. In this regard, it will be important
to test whether each of these signaling mechanisms, downstream
ofgtr-1andnhl-1, rely onunc-13-mediated secretion of small clear
vesicles containing neurotransmitters (Madison et al., 2005) or on
unc-31-dependent secretion of dense core vesicles that mediate
the transmission of neuropeptides (Speese et al., 2007). Since pro-
teostasis-maintaining signals secreted by AFD neurons are unc-
31 dependent (Prahlad and Morimoto, 2011), it seems more likely
that nhl-1-mediated signals are transmitted by neuropeptides.
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While the knockdown of gtr-1 does not affect the worm’s resis-
tance to P. aeruginosa (Maman et al., 2013), nhi-1 is needed
for survival of worms cultured on these pathogenic bacteria
(Figure 3D). This suggests that nhl/-1 is involved in the activation
of more than one signaling cascade and infers that chemosen-
sory neurons have a repertoire of signals that can activate
different stress-response mechanisms in nonneuronal cells.
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al
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Figure 7. A Model for the Roles of nhl-1 in
the Mediation of Stress Resistance

Upon exposure to heat stress, oxidative condi-
tions, or pathogenic bacteria, DAF-16 enters the
nuclei of chemosensory neurons (I) and induces
the expression of nhil-1 (Il), among other genes.
NHL-1 is involved in the activation of a neuronal
signaling cascade that specifically activates DAF-
16 (Ill), but not HSF-1 (1V), in acceptor cells. Acti-
vated DAF-16 confers the expression of subsets
of its target genes including sod-3 but excluding
hsp-12.6 (V) that facilitate stress resistance (VI).
The worms’ ability to resist heat stress comes at
the expense of proteostasis (VIl). The mechanism
downstream of NHL-1 has no role in the regulation
of lifespan (VIII).

The ability of specific worm neurons to
send more than one type of signal in
response to different insults has been
described previously. PVD neurons use
different mechanisms to respond to
low temperature and mechanical stimuli
(Chatzigeorgiou et al., 2010). A detailed
biochemical analysis will be needed
to characterize whether nhl-1 activates
different signaling mechanisms.

The normal lifespan of nhl-1 RNAI-
treated worms, the full longevity pheno-
type of daf-2 (€1370) mutant worms,
and the partial protection from proteotox-
icity conferred by nhl-1 RNAi support
the idea that stress resistance is sepa-
rable from longevity and that the ability
to respond to heat comes at the expense
of proteostasis. Accordingly, it may be
possible to develop therapies based
on selective manipulations of neuronal
signaling mechanisms to postpone the
manifestation of proteotoxicity-mediated
maladies.

Lifespan

VIl

EXPERIMENTAL PROCEDURES

Worm and RNAi Strains

N, (wild-type, Bristol), daf-2(e1370) mutant
worms, TU3335 (unc-119p::YFP + unc-119p::sid-
1 + mec-6p::mec-6), CL2006 (unc-54p::human
AB1.42), PY1322 (gcy-8p::GFP), OH103 (lin-
11p::GFP), as well as CL2070 (hsp-16.2p::GFP) worms were obtained from
the Caenorhabditis Genetics Center (Minneapolis, MN). The worms were
grown at 20°C. CF512 (fer-15(b26)1l; fem-1(hc17)IV) animals are heat-sensitive
sterile and were routinely grown at 15°C. To avoid progeny, CF512 worms
were hatched at 20°C and L1 larvae transferred to 25°C for 48 hr and back
to 20°C until harvested. To reduce gene expression, we used bacterial strains
expressing dsRNA: empty vector (pAD12), daf-2 (pAD48), daf-16 (pAD43). nhi-
1, hsf-1, and gcy-8 dsRNA-expressing bacteria were from an RNA library (J.
Ahringer). nhl-1 3’ UTR RNAi was prepared by amplifying the sequence using
PCR (forward: 5'-ACA AAG CTT TAT TGA AAC TCG AAA ACA GAA G-3';
reverse: 5-CCGTTTTTATTTTTAATTTTCGGATCTACCATGAGACTGGCAGT
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GGTTTGC-3) and cloning it into the pL4440 plasmid. RNAi bacteria strains
were grown at 37°C in Luria broth with 100 ng/ml ampicillin and then seeded
onto nematode growth (NG)-ampicillin plates supplemented with 100 mM iso-
propyl B-D-1-thiogalactopyranoside (IPTG; 4 mM final concentration).

The Creation of Worm Strains and RNAi Constructs

The following primers were used to amplify the promoter region of nhl-1
(including restriction sites): forward, 5-CAT GGATCCTACTTCGGAGAGA
TTTCCATTTTC-3'; reverse, 5-GTG GAGAACTGCTGATAAGGATTGAA-3'.
The PCR product was cloned between Hindlll and Xmal restriction sites up-
stream of tdTomato. The plasmid was injected into N2 worms. Selection
was performed using fluorescence microscopy.

Microscopy and Signal Quantification

Synchronized worms were washed twice with PBS and snap frozen in liquid
nitrogen. Fluorescent images were obtained using a Nikon AZ100 microscope.
Quantitative fluorescence analysis was made using ImagedJ software. Neural
expression patterns were tested using fluorescent microscopy. The worms
were washed twice with M9, anesthetized using 18 mM sodium azide (Sigma,
#S-2002), and placed on an agar pad. Images were taken using a Zeiss
AxioObserver Z1 microscope equipped with an ApoTome 2.

SDS-PAGE and Western Blot Analysis

Twelve thousand CL2070 worms were treated with RNAi bacteria as indicated
and homogenized using a Dounce homogenizer. The homogenates were spun
for 3 min at 850 x g (3,000 rpm in a desktop QIAGEN centrifuge) to sediment
debris. The postdebris supernatants were collected, and protein amounts
were measured by Bradford reagent (Bio-Rad, #500-0006), supplemented
with loading buffer (10% glycerol, 125 mM Tris base, 1% SDS), and boiled
for 10 min, and 20 ng total protein was loaded into each well. Proteins were
separated on polyacrylamide gels, transferred onto polyvinylidene fluoride
membranes, and probed with either GFP antibody (Cell Signaling, cat #2956)
or anti-y-tubulin antibody clone GTU-88 (Sigma, #T-6557). Horseradish perox-
idase-conjugated secondary antibodies were used to detect protein signals.

Heat, Oxidative, and Innate Immunity Stress Assays

Synchronized eggs were placed on NG plates seeded with the RNAi bacteria
(as indicated) and supplemented with 100 mM IPTG (~4 mM final). The worms
were developed and maintained at 20°C. For heat-stress assays, 120 day 1
adult animals were transferred onto fresh plates (12 animals per plate) spotted
with RNAI bacteria and exposed to 35°C. Survival rates were recorded after 10,
15, or 19 hrasindicated. To assess resistance to oxidative stress, 90 day 1 adult
worms were developed from hatching on the indicated RNAi bacteria, soaked
in 0.25 M paraquat (Sigma #36541) in M9. Survival rates were scored after 4 hr
of exposure. To evaluate resistance to pathogenic bacteria (innate immunity),
eggs of daf-2(e1370) worms were placed on plates seeded with the indicated
RNAi bacteria, grown to day 1 of adulthood, and transferred onto plates seeded
with P. aeruginosa. Survival rates were recorded daily.

Statistical Analyses

Statistical significance of the results was performed using the Student’s t test us-
ing two-tailed distribution and two-sample equal variance. The analyses were
done using at least three independent biological repeats of each experiment as
indicated. Statistical information of lifespan experiments is presentedin Table S1.
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