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Summary

Neuromodulatory cells transduce environmental information into long lasting behavioral 

responses. However, the mechanisms governing how neuronal cells influence behavioral plasticity 

are difficult to characterize. Here, we adapted the Translating Ribosome Affinity Purification 

(TRAP) approach in C. elegans to profile ribosome-associated mRNAs from three major tissues 

and the neuromodulatory dopaminergic and serotonergic cells. We identified elc-2, an Elongin C 

ortholog, specifically expressed in stress-sensing ADF serotonergic sensory neurons, and found 

that it plays a role in mediating a long-lasting change in serotonin-dependent feeding behavior 

induced by heat stress. We demonstrate that ELC-2 and the von Hippel-Lindau protein VHL-1, 

components of an Elongin-CullinSOCS-box (ECS) E3 ubiquitin ligase, modulate this behavior 

after experiencing stress. Also, heat stress induces a transient redistribution of ELC-2, becoming 

more nuclearly enriched. Together, our results demonstrate dynamic regulation of an E3 ligase, 

and a role for an ECS complex in neuromodulation and control of lasting behavioral states.
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Introduction

Animals alter their behavior to cope with the environment. One common type of 

environment-induced behavioral change is the response to stressors — stimuli that pose or 

signal a threat to the fitness of an individual. In vertebrates upon exposure to stress, 

endocrine glands and the brain release chemicals that often serve as “molecular 

representations” of the external environment (Joels and Baram, 2009, McEwen et al., 2015). 

These molecules include a broad class of neuromodulators. Fundamental work in the 

stomatogastric ganglion in the crab Cancer borealis and other animals showed that 

neuromodulators widely impact function of neurons and neural networks, which often result 

in short-term or long-term changes in behavior (Katz and Harris-Warrick, 1990, Marder, 

2012, Bargmann and Marder, 2013).

In mammals an increased release in the neuromodulator serotonin is thought to be 

instrumental in regulating fear, anxiety, and lasting states such as social behaviors and food 

intake in response to stress (Chaouloff, 2000, Maier and Watkins, 2005). In addition, 

serotonin neurons can also encode and signal positive rewards (Cohen et al., 2015, Li et al., 

2016). Despite the known role of serotonin in poststress responses, the mechanisms 

underlying the response of serotonergic neuromodulatory cells to environmental stressors 

are not well understood.

Regulated protein turnover by ubiquitin and the proteasome is a rapid mechanism for 

activation or inhibition of signaling pathways when cells respond to the environment 

(Ciechanover, 2006). In the nervous system of Aplysia, ubiquitin-dependent protein 

degradation regulates a classic example of neuronal plasticity called long-term facilitation 

(Yamamoto et al., 1999, Hegde and DiAntonio, 2002). In the neurological disorder 

Angelman Syndrome, mutations in the E3 ubiquitin ligase UBE3A affect synapse 

development and they are implicated in mental retardation, highlighting the importance of 
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E3 complexes for neuronal functions (Greer et al., 2010). Elongin C, Cullins and SOCS-box 

proteins form an E3 ubiquitin ligase termed the ECS complex (Pause et al., 1997, Maxwell 

et al., 1999, Stebbins et al., 1999). Elongin C contains an Skp1-domain, and it was initially 

biochemically characterized as a regulatory protein of the Elongin transcription elongation 

complex (Bradsher et al., 1993, Aso et al., 1995). In the ECS complex Elongin C and the 

small ubiquitin-like protein Elongin B connect the cullins CUL2 or CUL5 to the substrate 

recognition module that contains a SOCS-box domain (Kamura et al., 2004). The von 

Hippel-Lindau tumor suppressor protein pVHL is one of the best-characterized substrate 

recognition modules of the ECS complex (Okumura et al., 2012). The interaction between 

Elongin C and pVHL is critical for ubiquitin ligase activity (Stebbins et al., 1999). 

Mutations in either Elongin C or pVHL genes that disrupt their interaction and function are a 

leading cause of a type of renal cell cancer and blood vessel tumors of the central nervous 

system (Kaelin and Maher, 1998, Sato et al., 2013, Hakimi et al., 2015). Despite the critical 

functions of Elongin C, its essential role in early development has prevented mechanistic 

characterization of ECS E3 ligases in vivo in specific cell types in mature animals 

(Sasagawa et al., 2005, Wang et al., 2015).

The nematode C. elegans serves as an excellent model system to study stress, ubiquitin-

mediated pathways, neuromodulation and serotonin (Kipreos et al., 1996, Liao et al., 2004, 

Avery and You, 2012, Taghert and Nitabach, 2012, Bargmann and Marder, 2013, Lemieux 

and Ashrafi, 2015). Several stressors induce behavioral changes in C. elegans through well-

described serotonergic neurons, including a pair of sensory neurons called ADF. Serotonin 

production in ADF modulates different downstream networks to generate behavioral 

responses to various environmental stimuli, such as pathogenic bacteria, presence of novel 

food, starvation, or heat (Sze et al., 2000, Zhang et al., 2005, Liang et al., 2006, Anderson et 

al., 2013, Song et al., 2013, Tatum et al., 2015, Lemieux et al., 2015, Jin et al., 2016). 

Collectively, these studies suggest that similar to mammals, the C. elegans serotonergic 

neurons respond to a range of stressors to modulate neural circuits underlying multiple 

behavioral outcomes. However, how the serotonergic neurons respond to different stimuli to 

mount appropriate behavioral responses is not well understood.

Here, we characterize a function of an ECS E3 ubiquitin ligase complex that confers a 

specific response to heat stress, resulting in a lasting change in feeding, an essential 

behavior. We adapted the Translating Ribosome Affinity Purification (TRAP) approach in C. 
elegans to profile the repertoire of ribosome-associated mRNAs in specific tissues and 

neuronal subtypes. Using this method, we identified the Elongin C ortholog elc-2 to be 

expressed specifically in the ADF neurons. We demonstrated that ELC-2 and its interacting 

ECS complex partner VHL-1 act in this pair of neurons to modulate a change in feeding 

behavior after experiencing noxious heat stress. Genetic ablation of serotonin production in 

ADF, loss of a metabotropic serotonin receptor ser-7/5HT7, or loss of unc-31/CAPS dense 

core vesiclemediated neuromodulation recapitulated behavioral defects observed in ECS 

component mutants. In addition, we found that ELC-2 distribution is regulated by heat 

stress, transiently becoming enriched in the nucleus. These results together demonstrate 

dynamic regulation of Elongin C, and an unexpected role for ECS complex components in 

stress-induced modulation of behavior.
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Results

Cell type-specific translational profiles in C. elegans with TRAP

To identify gene expression patterns in specific tissues and cell types in C. elegans, we 

adapted the Translating Ribosome Affinity Purification method (TRAP) (Heiman et al., 

2008) (Figures 1A and S1). Current strategies for cell type-specific transcriptome profiling 

in C. elegans, such as mRNA tagging (Von Stetina et al., 2007), and sorting of dissociated 

cells by fluorescence (Zhang et al., 2002, Spencer et al., 2014, Kaletsky et al., 2016), require 

crosslinking, micro-dissection or cell sorting protocols that can disrupt physiological 

conditions. In TRAP, cell type-specific promoters drive expression of GFP-tagged ribosomal 

large subunit protein L10a, which is encoded by rpl-1 in C. elegans, in genetically defined 

cell types in vivo (Figure S1A–B). Populations of animals are rapidly collected in the 

presence of cycloheximide to stall ribosomes on their target mRNA, providing a snapshot of 

the subset of transcripts that are actively being translated to proteins in particular cell types 

and states (Heiman et al., 2008).

We purified ribosome-associated mRNAs and sequenced cDNA libraries to obtain 

translational profiles from fourth larval stage animals across three major cell types—

neurons, intestinal cells, and body wall muscle cells—and validated the reproducibility and 

specificity of our procedure (Figures 1B and S1C-D; for detailed protocol see (Gracida and 

Calarco, 2017). We identified hundreds of tissueenriched mRNAs in these cell types (Figure 

1C; Table S1). Among the genes corresponding to mRNAs enriched in each tissue, we found 

significant enrichment for Gene Ontology (GO) terms that reflected the functional 

differences between these three cell types (Figure 1E). Additionally, we surveyed the 

literature for reported expression patterns among genes displaying tissue-biased enrichment 

in our datasets, and found a strong agreement between our TRAP data and previously 

validated patterns (Figures 1C–D and S1C). Taken together, these observations indicate that 

our TRAP profiling approach can enrich for transcripts with tissue-specific and biased 

expression.

We also obtained translational profiles of a smaller subset of cells corresponding to two 

major neuromodulatory cell types, the eight dopaminergic and six serotonergic neurons 

(Figure S1B). Importantly, in addition to recovering known marker genes for these 

neuromodulatory cells (Figure 1D; Table S1), our data also finds dopaminergic or 

serotonergic neuron-specific enrichment patterns for hundreds of transcripts with no 

previously reported expression patterns (Table S1). These results indicate that TRAP in C. 
elegans is a powerful and complementary tool for profiling and discovering genes with 

tissue- and/or neuron subtype-specific expression patterns in vivo. Our datasets thus provide 

a systematic view of the translational profiles of two major neuronal cell types in C. elegans, 

serving a valuable resource for further characterization of these cells.

An ortholog of Elongin C is specifically expressed in a pair of serotonergic neurons

We searched our TRAP datasets for conserved genes that were specifically expressed in 

serotonergic neurons but were poorly characterized. We identified the mRNA corresponding 

to the Elongin C gene elc-2 as highly enriched in both the nervous system and in 
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serotonergic neurons (Figures 2A and S2A). Other components of the Elongin and ECS 

complexes were also identified by TRAP in the serotonergic neurons and in other tissues 

(Figures 2A and S2A). We confirmed the expression pattern of ELC-2 by creating animals 

expressing an ELC-2::GFP fusion protein under the control of its native regulatory elements 

from a recombineered fosmid (Sarov et al., 2012). Intriguingly, we found that ELC-2 was 

detected in only two neurons in the head, overlapping with the ADF-specific marker gene 

srh-142 (Figure 2B).

elc-1 and elc-2 are Elongin C paralogs (Figure S2B). At the protein level, ELC-1 and ELC-2 

are different only at the N-terminal region, where ELC-2 has an additional ~40 residues 

(Figure S2C). The remaining C terminal region containing the Skp1 domain is highly similar 

in both proteins, and they both contain conserved amino acids mediating physical interaction 

with pVHL (Sato et al., 2013) (Figure S2C). Based on transcriptional GFP reporters vhl-1 
but not elc-1 is detected in ADF neurons (Figure 2C), suggesting that elc-2 is the principal 

Elongin C ortholog expressed in ADF. Given the essential role of the more broadly 

expressed elc-1 in development (Sasagawa et al., 2005), we hypothesized that 

characterization of elc-2 would reveal a previously unappreciated role for Elongin C in 

serotonergic neurons.

To characterize the function of elc-2, we generated a null mutant with CRISPR-based 

genome editing (Figure S3A). The ADF neurons are sensory neurons with ciliated dendritic 

endings directly exposed to the environment (White et al., 1986, Doroquez et al., 2014). We 

found that elc-2 mutants have superficially normal ADF neurons with dual ciliated endings 

(Figure S6A), suggesting that elc-2 does not affect gross ADF development. We also found 

that elc-2 mutants have a small but significant reduction in the number of head bends (WT: 

17±0.5/min, elc-2: 16±0.3/min), while brood sizes are similar to wild type (Figure S3D). 

Since ADF is a hub for responding to different environmental stressors (Zhang et al., 2005, 

Hendricks et al., 2012, Anderson et al., 2013, Song et al., 2013, Lemieux et al., 2015, Tatum 

et al., 2015), the ELC-2 expression pattern suggested that elc-2 could play a role in the 

function of these neurons in response to external stimuli.

elc-2 in the ADF serotonergic neurons is required for a post-stress change in feeding 
behavior

The pharyngeal pumping rate in C. elegans is a readout of its feeding behavior. The extent to 

which an animal eats and the rate at which an animal feeds depend on internal states, 

external context and previous experiences (You et al., 2008, Lemieux and Ashrafi, 2015). 

For example, a mild increase in the ambient temperature, from 20°C to 26.7°C, immediately 

increases the pumping rate (Tatum et al., 2015). We tested if elc-2 is required in two 

paradigms: increased pumping after starvation (Figure 3A) or in response to mild 

temperature increase (Figure 3B). Before and after stimulation, wild type and elc2 mutant 

animals had similar feeding rates, suggesting that elc-2 is dispensable in both of these 

paradigms (Figure 3A–B). To test whether elc-2 is required in stress-induced behavior, we 

developed a behavioral paradigm that measured the effect of noxious heat on feeding 

behavior (Figure 3C). We found that exposure to a higher temperature, a noxious heat at 

34°C for 30 minutes first decreases the pumping rate (Figure 3C). Then, after a one-hour 
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recovery at room temperature, the wild-type pumping rate rebounds to a level significantly 

higher than that in pre-treated animals. elc-2 mutants however, do not change their pumping 

rate (Figure 3D–E). To test whether loss of elc-2 abolishes or delays the poststress response, 

we measured the pumping rates of elc-2 mutant animals at different time intervals after 

recovery and did not find any detectable change even after a three-hour recovery (Figure 

3E). These results reveal that elc-2 mutant animals are defective in generating the heat-

induced increase in pumping. This change is observed even two hours after the exposure to 

heat stress, suggesting this poststress effect is long lasting (Figure 3D). Henceforth, we 

measured the post-heat stress pumping rate after one-hour recovery unless otherwise 

specified. Introduction of an elc-2::gfp single-copy transgene expressed specifically in ADF 

was sufficient to restore the heat stress-induced pumping response, whereas a similarly 

expressed control gfp transgene had no effect (Figures 3E and S3C). Importantly, expressing 

elc-1 or a human Elongin C transgene specifically in ADF also efficiently rescued the 

defects in the elc-2 mutant (Figure 3E). These results demonstrate a cell autonomous role in 

ADF, and an evolutionary conserved function of the Elongin C orthologs in the plasticity of 

an essential behavior following heat stress. Additionally, our data suggest that elc-2 has a 

specific role in the response to noxious heat, rather than general role in response to stress.

ELC-2 transiently redistributes to the nucleus upon heat stress in a reversible manner

After observing the defect in behavioral plasticity in elc-2 mutants, we analyzed the 

subcellular distribution of the elc-2::gfp reporter transgene, which rescues the heat-stress 

response in mutant animals (Figure 4A), before and after exposure to noxious heat. At 

temperatures between 15°C and 25°C, ELC-2 is distributed throughout the ADF soma in 

both the nucleus and the cytoplasm (Figures 4A and S4B). Unexpectedly however, we found 

that upon heat stress ELC-2 becomes enriched in the nucleus (Figure 4A). This nuclear 

enrichment is transient, as the nuclear-to-cytoplasmic distribution goes back to its basal state 

~50 minutes after the experienced stress (Figure 4B). To test if this redistribution was 

dependent on signaling from other neurons, we assessed ELC-2 localization in unc13/
Munc-13 and unc-31/CAPS mutants, which disrupted small vesicle release of 

neurotransmitters and dense-core vesicle release of neuropeptides, respectively (Richmond 

et al., 1999, Speese et al., 2007). In each mutant background, ELC-2 nuclear enrichment 

induced by heat stress still occurs (Figure S4C), indicating that the redistribution of ELC-2 

is largely cell-autonomous and independent of intercellular synaptic or peptidergic signals. 

(Figure S4C). Consistently, the heat-induced redistribution of ELC-2 occurs in mutants that 

are defective in thermosensory response of the major thermosensory neurons AFD (Mori 

and Ohshima, 1995, Takeishi et al., 2016) (Figure S4D), indicating that ELC-2 responds to 

the noxious heat independent of the canonical thermosensory circuit. While it is still 

possible that other non-autonomous signals, such as electrical communication, may trigger 

nuclear enrichment, these results raise the interesting possibility that the ADF sensory 

neurons are capable of directly sensing noxious heat. These observations suggest that a 

dynamic change in ELC-2 in ADF correlates with a change in behavior.

To test if ELC-2 redistribution is required for the modulation of behavior after stress, we 

prevented ELC-2::GFP bulk redistribution by expressing it mostly in either the nucleus by 

fusing a nuclear localization signal (ELC-2::NLS) or in the cytoplasm by fusing a nuclear 
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export signal (ELC2::NES) (Figure S4E). We tested feeding behavior before and after heat 

stress in elc-2 mutants expressing a wild type or one of these two ELC-2 variant transgenes. 

Both the wild type protein and cytoplasm-localized ELC-2, but not the nuclear variant, were 

sufficient to allow increased pumping after stress (Figure 4C), suggesting that presence of 

ELC-2 in the cytoplasm is critical for modulation of behavior. We also measured 

fluorescence intensity of ELC-2::GFP in these strains in the nucleus and cytoplasm (Figure 

4D). In wild type, ELC-2 levels remain similar in the cytoplasm, but significantly increase in 

the nucleus upon heat shock (Figure 4D and S4F). Interestingly, in the ELC-2::NES variant, 

in which nuclear accumulation is prevented, we observe a reduction of fluorescence in the 

cytoplasm following heat stress (Figure 4D). This reduction could indicate that a failure to 

accumulate ELC-2 in the nucleus post-stress leads to its degradation in the cytoplasm. 

Together these results suggest that presence of ELC-2 in the cytoplasm and a dynamic 

change upon heat stress, possibly involving both relocalization to the nucleus and 

cytoplasmic degradation, is required to modulate pharyngeal pumping behavior. Other 

stressors, such as starvation, do not induce ELC-2 redistribution (Figure S4G). Taken 

together, these data indicate that a dynamic change of elc-2 is specifically sensitive to heat 

stress.

ECS ubiquitin ligase complex components modulate stress-induced behavioral change

Elongin C has a dual role as a regulatory subunit of the SIII/Elongin transcription elongation 

complex (Bradsher et al., 1993, Aso et al., 1995), and as a component of the ECS E3 

ubiquitin ligase complex (Okumura et al., 2012). To characterize the function of ELC-2, we 

investigated whether additional members of these protein complexes were required for the 

behavioral change. Elongin A is an essential subunit of the SIII/Elongin complex, while the 

tumor-suppressor von Hippel-Lindau protein pVHL is the substrate recognition subunit of an 

ECS complex (Figure 5A). We generated a deletion in the C. elegans Elongin A ortholog 

R03D7.4 (Figure S3B), and found that these mutants had wild-type pharyngeal pumping 

behavior before and after the heat stress (Figure 5A), showing that the Elongin transcription 

elongation complex is dispensable for this behavior. Intriguingly however, the null mutants 

of vhl-1 displayed defective stress-induced feeding (Figure 5A). These defects are rescued 

by singlecopy expression of VHL-1 in the ADF neurons, suggesting that the function of 

vhl-1 in ADF is both necessary and sufficient for the heat-induced behavioral change (Figure 

5A). These results suggest that ELC-2 acts together with the substrate recognition subunit 

VHL-1 in an E3-ligase complex in ADF, and predict that the loss of other components of the 

ECS complex would lead to defects in stress-enhanced feeding.

We analyzed members of the Cullin family, which serve as the scaffolding proteins in E3 

complexes. In ECS complexes, either CUL2 or CUL5 have been reported to serve as the 

scaffolding protein (Pause et al., 1997, Stebbins et al., 1999, Kamura et al., 2001). As such, 

we tested available cul-2 and cul-5 mutants for stress-induced pumping phenotypes. In both 

cul-2(ek1) null and cul-2(or209) hypomorphic mutants, an increase in pumping was 

observed post-stress, but to a lesser degree than in wild-type animals (Figure 5A). Mutation 

of cul-5 leads to a more pronounced defect in the ability of animals to increase pumping 

after heat stress (Figure 5A). In mammalian cells VHL interacts specifically with CUL-2 and 

RBX-1 to form a functional complex; SOCSbox-CUL-5-based complexes require RBX-2 
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(Kamura et al., 2004). We tested rbx-2 mutants in our pumping paradigm and found that 

these animals can increase pumping after stress similar to wild type (Figure S5A), 

suggesting that a complex formed by CUL-5/RBX-2 is likely dispensable in the stress-

induced feeding, and that defects observed in cul-5 mutants could be through an as of yet 

uncharacterized complex. Taken together, our genetic data suggest that components of an 

ECS E3-ligase complex formed in ADF neurons regulates plasticity of a behavioral 

response.

ELC-2 regulates post-stress pumping behavior by modulating ADF serotonergic signaling

Pumping rates are positively regulated by serotonin: the more serotonin, the faster the 

pumping (Niacaris and Avery, 2003, Lemieux et al., 2015, Lemieux and Ashrafi, 2015, 

Tatum et al., 2015). The stress-induced modulation of pharyngeal pumping suggests that 

ELC-2 and VHL-1 could modulate serotonin levels in the ADF neurons or alter the release 

properties of these cells. Immunostaining of wild type, elc-2, and vhl-1 mutant animals with 

anti-serotonin antibodies shows no obvious differences in serotonin in the ADF soma in 

these strains (Figure S5B), suggesting that these mutants are capable of producing serotonin. 

This observation is consistent with our analysis of another known ADF-mediated behavior: 

elc-2 mutant animals were normal in the aversive olfactory learning of pathogenic bacteria 

(Figure S6), which is regulated by serotonin production in ADF (Zhang et al., 2005, Jin et 

al., 2016).

Next, we asked whether secretion of serotonin was altered in the elc-2 mutants. To address 

this question, we employed an assay used as a proxy for measuring dense core vesicle 

secretion from ADF, because like neuropeptides, serotonin can be secreted from dense core 

vesicles (De-Miguel and Trueta, 2005). In this assay, a fluorescently-tagged neuropeptide of 

the insulin family (DAF-28::mCherry) is expressed under an ADF-specific promoter. 

Released DAF-28 through dense-core vesicles accumulates in scavenger cells called 

coelomocytes, and the intensity of the fluorescence in these cells is measured as a readout 

for neuropeptide secretion of ADF (Lemieux et al., 2015). We found that specifically in the 

pre-stress state, elc-2 mutants accumulate significantly less DAF-28 neuropeptide than wild-

type animals (Figure 6A and S5D), suggesting that the elc-2 mutants may have constitutive 

defects in dense core vesicle release from ADF even prior to exposure to heat stress.

We then tested whether reduced serotonin levels from ADF could affect the heat-induced 

change in pharyngeal pumping. We measured pumping rates in animals with impaired 

serotonin production in specific neurons after genetic ablation of the rate limiting serotonin 

biosynthetic enzyme TPH-1. In C. elegans hermaphrodites, serotonin is produced in the 

ADF, NSM and HSN neurons (Figure 2B) (Sze et al., 2000, Jafari et al., 2011). Of the 

serotonin-producing cells, the NSM and ADF pairs are located in the head of the animal. 

Using engineered strains that ablate tph-1 either in NSM or ADF (Flavell et al., 2013), we 

found that tph-1 disruption in ADF but not in NSM, significantly reduced the ability of the 

animals to increase pharyngeal pumping rate following heat stress (Figure 6B). However, 

both transgenic animals displayed normal pumping rate under the control condition, 

indicating that the serotonin production in ADF neurons is required specifically for the 

increased pumping evoked by heat stress.
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If serotonin were released from ADF in response to stress, one prediction would be that 

components involved in serotonergic neuromodulation, from its neuronal source of release to 

the target cells where it acts, would be required for heat stress-induced pumping. ADF is not 

presynaptic to the MC motor neurons that innervate pharyngeal muscles to drive pumping 

behavior (Albertson and Thomson, 1976). Thus, serotonin reaching these motor neurons 

would be released extra-synaptically from dense-core vesicles (De-Miguel and Trueta, 

2005). We tested this prediction genetically by measuring pumping rates in unc-31/CAPS 
mutants defective in the release of dense-core vesicles (Speese et al., 2007), and ser-7/5-HT7 

mutants which lack the G-protein coupled serotonin receptor expressed on MC neurons 

(Hobson, 2005). Consistent with our prediction, both unc-31 and ser-7 mutants fail to 

increase pumping after stress (Figure 6C). We tested the role of ser-5/5-HT6 serotonin 

receptor in our paradigm, which is required in AVJ interneurons for increased feeding after 

starvation (Cunningham et al., 2012, Lemieux et al., 2015). In contrast to ser-7 mutants, 

ser-5 mutants show a small but significant increase in pumping after stress, yet the 

magnitude of the response differs from wild type (Figure 6C), suggesting that ser-5 may play 

a partial role in the full behavioral response after heat stress. We asked whether the 

serotonin-recapturing neurons (NSM, AIM, RIH) play a role in the induced behavior by 

testing mutants lacking the serotonin reuptake transporter SLC64A/mod-5 (Jafari et al., 

2011). In this case, these animals displayed normal pumping rates after stress (Figure 5C), 

indicating these neurons are dispensable for mediating this behavior.

Finally, we tested the effect of exogenous serotonin on the pumping rate in elc-2 mutants. 

We found that addition of exogenous serotonin was sufficient to significantly increase the 

pharyngeal pumping rate in a similar way in non-stressed wild type and elc-2 mutant 

animals. The stimulatory effect of exogenous serotonin is blocked by the mutation of ser-7 
(Figure 5D). Taken together, our results show that increasing extracellular serotonin can 

bypass the requirement of the ECS complex, and that the serotonin/SER-7 pathway acts 

downstream of the ECS complex in ADF to generate the heat-induced increase in the 

pumping rate.

Discussion

Components of a conserved E3 ubiquitin ligase complex modulate an essential behavior

Feeding is an essential behavior for all animals. Both internal and external cues, as well as 

experience, can modulate feeding to generate adaptive changes (Gruninger et al., 2007). 

Here, we uncovered that components of a highly conserved ECS ubiquitin ligase complex 

play a role in modulating heat-stress induced changes in feeding by acting in a pair of 

serotonergic neurons. In our paradigm, noxious heat causes the animal to stop feeding for 

~15 minutes, and likely also induces cellular damage and protein misfolding that would 

impose an energetic cost to repair the damage. We speculate that this increased feeding may 

serve as a homeostatic mechanism to recover energy.

Since human Elongin C can substitute for ELC-2 function in regulating the post-stress 

pumping behavior, and Elongin C is widely expressed, including the brain (Consortium, 

2013), together, these findings could suggest a deeply conserved role of human Elongin C in 

modulating stress-induced sustained changes in the brain. In a broader context, our 
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observations suggest a novel molecular link between an ubiquitin-mediated proteolysis 

pathway and neuromodulation in the serotonergic system. It will be interesting to determine 

if a similar mechanism might be playing a permissive role for the increased serotonin efflux 

observed after acute stress seen in mammals (Chaouloff, 2000).

A neuron-specific Elongin C ortholog generates a stressor-dependent response

While the heterogeneity in the response of serotonergic neurons to different types of 

stressors has been long documented in the mammalian brain, the underlying mechanisms are 

not well understood (Lee et al., 1987, Petty, 1996). Upon investigating a role for elc-2 in 

other known ADF mediated behaviors, we found that loss of ELC-2 was dispensable for a 

model of aversive olfactory learning (Figure S6) and that starvation, another stressor that 

mediates pumping in an-ADF-dependent manner (Lemieux et al., 2015), does not require 

elc-2, nor does it induce ELC-2 nuclear-enrichment (Figures 3A and S4G). We propose that 

the heterogeneous and stressor-dependent response observed allows for fine-tuning of 

serotonergic signals to modulate behavioral and physiological events in ways that are 

appropriate for the internal and external context.

Although we did not investigate why ELC-2 expression is largely restricted to a single 

neuronal pair, it remains possible that elc-2 has evolved to perform a new function in the 

ADF neurons that cannot be compensated for by other Elongin C paralogs. Importantly, our 

identification of an Elongin C ortholog with restricted expression allowed us to uncover a 

novel role for components of an E3 ubiquitin ligase in neurons in vivo by circumventing 

early developmental requirements of Elongin C.

Elongin C transiently enriches in the neuronal nucleus in response to stress

The finding that Elongin C transiently changes its subcellular distribution in an 

experiencedependent manner is intriguing. Our data suggest that the primary site of activity 

for ELC-2 in the context of this behavior is in the cytoplasm, although at present we cannot 

exclude that the addition of the NLS to ELC-2 renders it non-functional. Our microscopy 

data for ELC-2 variants suggest two potential mechanisms controlling the dynamic 

redistribution of ELC-2 in response to heat: through its accumulation in the nucleus, or, if 

artificially prevented from localizing to the nucleus, through its degradation in the 

cytoplasm. Both mechanisms may have evolved to ensure robustness in controlling the level 

of ELC-2 in the cytoplasm. For example, it is possible that ELC-2 expression may increase 

after heat stress, and the nucleus may act as a temporary sink for this extra source of ELC-2, 

maintaining tightly controlled and unchanged levels in the cytoplasm. However, there could 

also be an additional role for nuclear ELC-2 during this redistribution, such as in the 

regulation of transcription, where its presence may lead to other long lasting changes beyond 

the timescales observed in this study.

In human cells pVHL also displays active nuclear shuttling, and its nuclear to cytoplasmic 

distribution ratio is affected by the cellular context (Lee et al., 1996, Lewis and Roberts, 

2003, Zheng et al., 2006). pVHL can target substrates for degradation in either the nucleus 

or cytoplasm (Berra et al., 2001), and CUL2 also undergoes nuclear shuttling (Pause et al., 

1997). Moreover, proteasomes can undergo dynamic changes in subcellular localization and 
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composition in response to neuronal activity. These results suggest that ECS components 

can be dynamically regulated by subcellular localization, suggesting a potential molecular 

mechanism for transducing signals from the environment.

A model for the role of Elongin C in neuromodulation

We propose a model where ELC-2 regulates aspects of neuromodulation that manifest into 

effects on feeding behavior after exposure to heat stress (Figure 7). Taking all of our results 

together, our model considers two non-mutually exclusive possibilities for the role of 

Elongin C in modulating behavior. First, loss of elc-2 may lead to steady-state reduced 

release of serotonin and/or neuropeptides, altering the ability of animals to properly respond 

to noxious heat when they are presented with the stress. Second, it is possible that heat stress 

induces the alteration of activity and/or distribution of ELC2 in the cytoplasm, leading to 

additional effects on neuromodulation through its influence on production or release of 

serotonin or neuropeptides. At present, it is unclear whether the redistribution of ELC-2 

plays a direct role in modulating behavior by acting in the same or a parallel pathway as the 

dense core vesicle release pathway. It may also be true that the dynamic localization of 

ELC-2 is not related to modulating feeding behavior, but rather represents a response to alter 

other aspects of animal physiology acting at distinct timescales as described above. Future 

experiments will be directed to better resolve some of these possibilities.

A versatile and powerful cell-type specific profiling method in C. elegans

Our adaptation of the translating-ribosome affinity purification method provides additional 

advantages to a growing list of profiling methods available in in C. elegans (Spencer et al., 

2014). One strength of TRAP is that the rapid freezing of translating mRNAs in their native 

context contrasts with emerging methods using tissue dissociation and cell sorting of 

populations of fluorescent cells followed by transcriptome sequencing. These latter methods, 

while proving highly useful in identifying stably expressed transcripts specific to cell types 

(Spencer et al., 2014, Kaletsky et al., 2016), often require longer manipulations to isolate 

sorted cells for further processing. These extended processing times can complicate the 

analysis of transcriptomes isolated from animals undergoing plasticity in behavior on 

timescales ranging from minutes to hours. However, these approaches do have the advantage 

in that total RNA from a sorted population of cells can be collected, enabling the detection 

and analysis of nonpolyadenylated transcripts and small RNA populations. Since TRAP is 

an immuno-precipitation-based technique there will be mRNAs from other tissues that can 

non-specifically bind to resins used, giving rise to false positive hits. As in other genome-

wide techniques, performing this technique with biological replicates and independent 

validation of potential candidates is necessary. Overall, TRAP will serve as a 

complementary strategy in the growing toolbox of available methods for profiling transcript 

populations in specific cell types in C. elegans.

Experimental Procedures

Maintenance of C. elegans and strains used in present study

Animals were grown using standard conditions on NGM plates (Brenner, 1974), seeded with 

OP50–1, and grown at 22ºC, unless noted otherwise.
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Translating Ribosome Affinity Purification and RNA-seq libraries

Bleach-synchronized animals grown at 22Cº in standard NGM 15-cm plates seeded with 

OP50–1. L4 larvae collected 46–48 h past L1 release. Worm lysis and immunoprecipitations 

were performed as previously described (Heiman et al., 2014). Detailed protocol in (Gracida 

and Calarco, 2017). RNA was extracted using TRI reagent (Sigma T9424). Semi-

quantitative RT-PCR (Qiagen 210210) was performed to evaluate quality and enrichment of 

IP. cDNA libraries were made using TruSeq RNA Library Kit (Illumina RS-122–2001). Two 

libraries corresponding to two independent biological replicate experiments per genotype 

were sequenced at >150 million 100–150 base paired-end reads each using an Illumina 

HiSeq2000 machine.

Post-processing and transcriptome analyses

RNA-seq reads were mapped to C. elegans genome WS235 using STAR alignment software 

(Dobin et al., 2012). Gene-centered counts for all genes were obtained using the HTSeq 

package (Anders et al., 2015). Gene counts were re-scaled using upper quartile 

normalization, and fold changes (TRAP immuno-precipitation counts / input counts) were 

calculated for genes with conservatively detectable expression (RPKM value >= 1). Relative 

tissue enrichment was calculated by comparing fold change values across relevant tissue; the 

cell type with the highest fold change value was normalized to 100%. For GO enrichment 

analysis, statistically overrepresented Gene Ontology (GO) terms were calculated with 

GOstat using datasets with the top-enriched mRNAs (neuronal data >= 10 fold enrichment; 

muscle data >=10 fold enrichment; intestinal data >= 2 fold enrichment).

Pharyngeal pumping assays

Assays were performed 50–52 hours post L1 food release at 22ºC (bleach synchronized). 

For heat stress 5–10 animals were transferred to pre-warmed (35ºC) standard NGM plate 

with food. Plate was sealed with parafilm and submerged in a water bath at 34ºC for 30 min. 

After treatment parafilm was removed and lids briefly opened and closed. Plates were 

incubated at room temperature for 60–70 min before counting pumping rates. Pumping rates 

were measured using a Zeiss Axiozoom macroscope. Pumps were counted for 20 seconds 

three times. Each genotype was tested in at least three independent replicates. Each replicate 

included a wild-type positive control.

Genome editing and single-copy transgene genome integration

CRISPR-mediated deletions of elc-2 and elongin A and tagging of endogenous his-72 were 

conducted as reported in (Norris et al., 2015). Single-copy transgene genome integrations 

were done using “miniMos” approach as described in (Frokjaer-Jensen et al., 2014).

Immunofluorescence and image acquisition

Microscopy images were processed using confocal microscopy (FV1000MPE Olympus). 

Anti-serotonin staining as described in (Loer and Kenyon, 1993) using rabbit serum S5545 

(Sigma-Aldrich), and AntiGFP chicken IgG: GFP-1020 (Aves Labs). Animals expressing 

ELC-2::GFP were mounted live on agar pads and immobilized with 1% sodium azide. For 

cytoplasmic and nuclear ELC-2::GFP measurements a single z-stack was quantified by 
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taking two cytoplasmic measurements and two nuclear per neuron. DAF-28::mCherry 

accumulation was calculated by encircling the mCherry aggregate in the coelemocyte and 

then multiplying the mean fluorescence intensity by the area of the aggregate. Two z-Stacks 

were projected and summed for these quantifications.

Temperature ramp

Temperature ramp conditions from 22ºC to 26.7ºC were set up for 60 mm NGM plates using 

a FLIR infrared camera (FLIR-E64501). Water bath temperature was set to 29ºC; plates 

reached ~26.7ºC in 5 minutes as reported in Tatum et al. 2015. Plates containing five worms 

were kept at 22ºC in incubator, then they were removed, parafilmed and submerged in water 

bath. Pumping rates were counted on Zeiss Axiozoom as described above.

Exogenous serotonin supplementation

50 µl of 20 mM serotonin hydrochloride (Sigma H9523) in water were added on top of 

animals on NGM plate with food. Pharyngeal pumping was counted 15 minutes after.

Statistical analyses

Pharyngeal pumping data is reported as box plots. Box is 25th and 75th percentile, whisker 

are data extremes not considered outliers (Matlab). Statistical significance was calculated 

across genotypes using 1-way ANOVA with Dunnet’s correction (GraphPad Prism7). Two-

tailed Student’s t test was used when comparing conditions of the same genotype in 

behavioral assays, and microscopy quantifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Translating-Ribosome Affinity Purification (TRAP) method in C. elegans
(A) TRAP method.

(B) Scatterplot of transcript expression showing values for two biological replicates of 

samples collected from pan-neuronal TRAP experiments. Plot shows log2 value of RPKM 

(Reads Per Kilobase of transcript per Million mapped reads).

(C) Heatmaps display relative tissue enrichment (Materials and Methods) across TRAP data 

from indicated tissues. Left panel displays all enriched genes. Middle panel highlights a 
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subset of marker genes. Right panel shows previously reported and validated expression 

patterns from the literature (Wormbase).

(D) Same as in (C) but data is from dopaminergic and serotonergic neurons.

(E) Gene ontology (GO) analysis of genes detected as enriched by TRAP in neuronal cells 

(left panel), muscle cells (middle panel), and intestinal cells (right panel). Selected over-

represented GO terms are displayed, with False-Discovery Rate (FDR) corrected P-values 

plotted showing significance of enrichment.

See also Figure S1.
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Figure 2. ELC-2, an Elongin C ortholog, is expressed in two serotonergic sensory neurons
(A) Heatmap depicts relative abundance of Elongin complex and ECS components across 

tissues, dopaminergic neurons, and serotonergic neurons as detected by TRAP. Abundance 

values are RPKMs. See also Figure S2A.

(B) Expression of an elc-2 GFP-tagged fosmid in adult animals (top) and the overlapping 

expression (bottom) with an ADF neuron marker (Psrh-142::rfp). Bright field and 

fluorescence microscopy. Right: Schematic of the serotonergic neurons (red) and the 

serotonin-reuptaking neurons (blue) in the head.

(C) GFP transcriptional reporters driven by elc-1 or vhl-1 promoter (P).
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Figure 3. elc-2 in ADF regulates sustained change in stress-induced feeding behavior
(A) Starvation-induced change in feeding behavior. Pharyngeal pumping rates in control (ad 
libitum fed) and 30 min after 2 hour fasting (re-fed). Box plot shows 25th and 75th 

percentiles, bar shows median number of pumps per minute. Genotype is indicated on x-

axis. Student’s t test is used *** p<0.0005, ** p<0.005, *p<0.05, n.s. not significant.

(B) Temperature ramp-induced change in feeding behavior. Pharyngeal pumping rates in 

control (22ºC) and in animals subjected to a temperature ramp from 22ºC to ~26.7 in 5 

minutes (Temp. ramp).
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(C) Schematic of heat stress paradigm. Control animals are grown at 22ºC. On the right: 

Pharyngeal pumping rate in the first hour post heat exposure. Box plot outliers +.

(D) Pharyngeal pumping rates before (control) and after recovery from heat shock in wild 

type and elc2(csb41) knockout mutants. Graph represents the increase in pumps per minute 

at three time points after heat stress recovery. Student’s t test for each genotype, ** p<0.005, 

*p<0.05, n.s., not significant, Mean ± SE of the difference (n= 9 animals each condition).

(E) Pharyngeal pumping rates before (control) and after one hour recovery from heat shock 

(post stress). Genotype is indicated on x-axis. Transgene single-copy expression under ADF-

specific promoter (srh-142) in elc-2 mutants is indicated. 1-way ANOVA with Dunnet’s 

correction is used for comparing across genotypes; Student’s t test is used for comparison 

within genotype. *** p<0.0005, ** p<0.005, *p<0.05, n.s. not significant. Inset panel 

depicts schematic of Elongin C protein orthologs used to rescue.

See also Figure S2 and S3.
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Figure 4. ELC-2 subcellular localization is sensitive to heat stress and correlates with behavior
(A) Top: schematic of heat stress paradigm. Images were captured ~5 or 50 minutes after 

heat shock. Bottom left: confocal microscopy images show ELC-2::GFP distribution in the 

ADF soma before (control) and after heat stress. Middle plot shows quantification of data 

collected from images on left. Right: Pumping in elc-2 mutant animals rescued with 

extrachromosomal array containing ELC2::GFP fosmid. Black and red bar on box: control 

and 1h post stress, respectively. Student t test, ** p < 0.005, * p < 0.05.
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(B) Left: ELC-2::GFP and nuclei at three time points: prior to heat stress, 5 and 50 minutes 

post-heat stress. Nuclei visualized using a strain expressing Histone H2B/HIS-72 tagged 

with RFP.

(C) Pumping rates measured in wild type or elc-2 mutants expressing different 

extrachromosomal array versions of ELC-2::GFP tagged with a NES (cytoplasm) or a NLS 

(nucleus) using ADF-specific promoter. 1-way ANOVA with Dunnet’s correction is used for 

comparisons across genotypes; Student’s t test is used for comparisons within genotype. *** 

p<0.0005, ** p<0.005, *p<0.05, n.s. not significant. Box plot outliers +.

(D) Measurement of confocal Z-stack GFP intensity of the nucleus and cytoplasm before 

and after heat stress in the strains used for assessing behavior. Expression pattern in S4E. 

Student’s t test: *** p<0.0005, ** p<0.005, *p<0.05, n.s. not significant. Box plot outliers +.

See also Figure S4.
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Figure 5. Components of an ECS E3-ligase are required for stress-induced feeding
(A) Pharyngeal pumping rates in Elongin A R03D7.4(csb42) mutants and ECS mutants 

before and after 1 hour recovery from heat shock. Genotypes are listed on the x-axis. 

Transgene single-copy expression of vhl-1 under ADF-specific promoter (Psrh-142) is 

indicated. 1-way ANOVA with Dunnet’s correction is used for comparisons across 

genotypes; Student’s t test is used for comparisons within genotype. *** p<0.0005, ** 

p<0.005, *p<0.05, n.s. not significant. Bottom: schematic of Elongin complex and ECS 

complex. Elongin A and pVHL-1 represent distinct protein subunits in each of these 

complexes. See also Figures S2C, S3 and S5A.
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Figure 6. Serotonin produced in ADF and components of a serotonergic circuit are required for 
stress-induced pumping behavior and act downstream of ECS ubiquitin ligase complex
(A) Micrograph of the Insulin-like peptide (ILP) DAF-28 reporter gene fused to mCherry 

(magenta) is ectopically produced and secreted by ADF. Plot shows fluorescence intensity 

for DAF-28::mCherry accumulation in coelomocyte scavenger cells (green) at control 

temperature. ** p<0.005, Student’s t test.

(B) Pumping rates measured pre- and post 1 hour heat stress in tph-1(mg280) mutants 

rescued with a single-copy of tph-1 flanked by LoxP sites. Cre expression excises tph-1 and 

ablates gene function in the indicated cells.

(C) Pumping rates measured pre- and post-stress testing components of a serotonergic circuit 

in different mutants; mammalian orthologs are indicated.

(D) Effect of exogenous serotonin on pharyngeal pumping of different mutants.
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For B-D, 1-way ANOVA with Dunnet’s correction is used for comparisons across 

genotypes; Student’s t test is used for comparisons within genotype, *** p<0.0005, ** 

p<0.005, *p<0.05, n.s. not significant.
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Figure 7. Possible mechanism of ELC-2 regulating behavioral plasticity in response to heat 
stress. Basal state:
ELC-2 is expressed in ADF sensory neurons, which release serotonin and neuropeptides 

through dense-core vesicles. Serotonin from ADF and from other neurons (top circles) 

regulate pharyngeal pumping feeding behavior. The basal state in elc-2 mutants is different 

from wild type, with reduced dense core vesicle release, but its basal feeding behavior is 

normal. Post stress state: Heat stress experience induces both a dynamic localization of 

ELC-2 in ADF nucleus, and increased feeding in the animal. Serotonin binds metabotropic 

receptor SER-7/5-HT7 (scribble; omitted in top panels) to regulate stimulus-dependent 

pharyngeal pumping feeding behavior. elc-2 and other ECS mutants are unable to alter 

feeding behavior in response to stress. The role of ELC-2 dynamic redistribution is unclear, 

and may serve to alter the activity of ELC-2 in the cytoplasm to increase feeding (dotted 

line) and/or contribute to a parallel function in the nucleus that is initiated by noxious heat. 

See also Figures 4 and S4–5.
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