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Dopamine signaling promotes the xenobiotic stress
response and protein homeostasis

Kishore K Joshi, Tarmie L Matlack & Christopher Rongo”

Abstract

Multicellular organisms encounter environmental conditions that
adversely affect protein homeostasis (proteostasis), including
extreme temperatures, toxins, and pathogens. It is unclear how
they use sensory signaling to detect adverse conditions and then
activate stress response pathways so as to offset potential
damage. Here, we show that dopaminergic mechanosensory
neurons in C. elegans release the neurohormone dopamine to
promote proteostasis in epithelia. Signaling through the DA recep-
tor DOP-1 activates the expression of xenobiotic stress response
genes involved in pathogenic resistance and toxin removal, and
these genes are required for the removal of unstable proteins in
epithelia. Exposure to a bacterial pathogen (Pseudomonas aerugi-
nosa) results in elevated removal of unstable proteins in epithelia,
and this enhancement requires DA signaling. In the absence of DA
signaling, nematodes show increased sensitivity to pathogenic
bacteria and heat-shock stress. Our results suggest that dopamin-
ergic sensory neurons, in addition to slowing down locomotion
upon sensing a potential bacterial feeding source, also signal to
frontline epithelia to activate the xenobiotic stress response so as
to maintain proteostasis and prepare for possible infection.
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Introduction

Multicellular organisms develop and interact with an ever-changing
environment, which can present conditions that impair develop-
ment as well as physiology at the cellular and organismal level.
Extreme temperatures, toxins, and pathogens present major physio-
logical challenges, including challenges to the cell for maintaining
protein homeostasis (proteostasis)—the natural folding and function
of the cellular proteome (Shore & Ruvkun, 2013; Warnatsch et al,

2013; Vilchez et al, 2014; Treweek et al, 2015). The failure to main-
tain proteostasis in the face of such environmental challenges
results in physiological decline, as oxidized and unfolded proteins
threaten cellular physiology.

Most organisms have evolved multiple stress response pathways
that act at the cellular level to help maintain proteostasis. For exam-
ple, elevated temperatures can result in the unfolding and misfold-
ing of proteins, and cells respond by elevating the transcription of
heat-shock proteins (HSPs), some of which act as chaperones to
help proteins fold properly even under higher temperature (Akerfelt
et al, 2010; Murshid et al, 2013). Oxidative and xenobiotic stress
can also damage proteins, DNA, and other macromolecules, and the
oxidative stress response pathway, mediated by the transcription
factor Nrf2, acts to offset the resulting reactive oxygen species
(ROS) and protect macromolecules from oxidative and xenobiotic
damage (Nguyen et al, 2009; Bock, 2014). Damaged and unfolded
proteins are removed by the ubiquitin proteasome system (UPS),
which covalently attaches chains of the small protein ubiquitin to
lysine side chains of each protein substrate (Ciechanover & Stanhill,
2014). Such poly-ubiquitinated substrates are removed by proteo-
lysis via the 26S proteasome. Alternatively, poly-ubiquitinated,
aggregation-prone proteins that are resistant to degradation by the
proteasome can be isolated within cells and degraded in autophago-
somes after recognition by the autophagy pathway (Kirkin et al,
2009; Ryno et al, 2013; Ciechanover & Kwon, 2015; Cortes & La
Spada, 2015; Lim & Yue, 2015). Membrane proteins can also be
refolded and/or removed in the ER by the unfolded protein response
(UPR) pathway (Ryno et al, 2013). Whereas these different stress
response pathways are effective at the level of individual cells, it
remains unclear how multicellular organisms coordinate these path-
ways over multiple differentiated tissues.

Changes in proteostasis in one tissue can alter proteostasis in
other tissues (Van Oosten-Hawle & Morimoto, 2014). In C. elegans,
the thermosensory neuron AFD senses acute heat stress and releases
the neurotransmitter serotonin, which is then able to activate the
expression of HSPs in distal tissues in response (Prahlad et al, 2008;
Tatum et al, 2015). Similarly, the sensory neurons ASH and ASI can
modulate the UPR in distal tissues like the intestine in a process that
requires the octopamine receptor OCTR-1 (although octopamine is
unlikely to be the neuron-to-intestine signal itself) (Sun et al, 2011,
2012). Although neuronal signaling likely provides a primary mech-
anism for regulating stress response across tissues, direct signaling
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between non-neuronal tissues has also been shown to regulate the
heat-shock response and longevity in a non-autonomous fashion
(Van Oosten-Hawle et al, 2013; Van Oosten-Hawle & Morimoto,
2014). Clearly, non-autonomous signaling between tissues conveys
information about changes in proteostasis internal to the organism.
Yet it remains unclear how animals use sensory signaling to detect
external (environmental) cues indicative of adversity and activate
stress response pathways so as to offset potential damage (Aballay,
2013; Van Oosten-Hawle & Morimoto, 2014; Volovik et al, 2014;
Mardones et al, 2015).

Another proteostasis protection mechanism that can be modulated
non-autonomously is the ubiquitin proteasome system (UPS). For
example, germ line ablation activates the expression of the proteasome
subunit RPN-6 in C. elegans via regulation by the DAF-16 (FOXO)
transcription factor (Vilchez et al, 2012). In addition, EGF signaling
can augment UPS activity in epithelial cells as C. elegans enter their
period of peak fecundity (Liu et al, 2011). Reduced UPS activity,
particularly as an organism ages, leads to a decline in proteostasis.
This is a bidirectional relationship, as a decline in proteostasis (e.g.,
due to the impairment of chaperones and other protein quality
control mechanisms) leads to changes in UPS activity. Thus, the exact
relationship between non-autonomous sensory signaling, UPS activity,
and other protein quality control systems remains uncertain.

To identify novel regulators of UPS activity and proteostasis, we
used a transgenic approach in C. elegans by monitoring UPS activity
using the ubiquitin fusion degradation (UFD) substrate Ub®”®V-GFP,
an unstable protein that is comprised of a non-cleavable ubiquitin
placed amino-terminal to GFP (Liu et al, 2011; Segref et al, 2011).
Ub®7®V-GFP mimics a mono-ubiquitinated protein, and additional
ubiquitins are attached by the UFD complex to K48 residues located
on the N-terminal ubiquitin, eventually resulting in a poly-
ubiquitinated substrate that is degraded by the 26S proteasome (Butt
et al, 1988; Johnson et al, 1995; Dantuma et al, 2000). Ub®"®V-GFP
degradation was previously monitored in C. elegans intestinal or
hypodermal epithelia when this UFD substrate was expressed from
either the sur-S or col-19 promoter, respectively (Liu et al, 2011;
Segref et al, 2011). Using this reporter, here we have screened for
genes that play a role is regulating Ub®"®V-GFP degradation in the
epithelia. We found that the neurotransmitter dopamine (DA),
which is made by mechanosensory neurons in C. elegans and used
to transmit information about surrounding environmental viscosity
to the motoneurons so as to modulate feeding behavior (Sawin et al,
2000; Chase et al, 2004; Kindt et al, 2007; Suo & Ishiura, 2013), also
functions to modulate UbS’®Y-GFP turnover in epithelia. In the
absence of DA signaling or mechanosensation of the external envi-
ronment, intestinal and hypodermal epithelia show increased stabil-
ity of the otherwise unstable UbS’®Y-GFP reporter protein. The
regulation of Ub“"®Y-GFP degradation by DA signaling requires the
cAMP response element binding protein transcription factor (CREB)
and the ELT-3 GATA transcription factor, and we find by expression
profile analysis that DA signaling promotes the expression of the
xenobiotic stress response genes. These genes, in turn, are required
for DA to modulate Ub®’®Y-GFP degradation. Failure to signal
through DA and its receptors results in animals with altered
proteostasis, impaired survival at high temperature, increased sensi-
tivity to infection by pathogenic bacteria, and increased sensitivity
of unstable proteins to reactive oxygen species (ROS) exposure. Our
results suggest that dopaminergic sensory neurons, in addition to
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slowing down locomotion upon sensing a potential bacterial feeding
source, also signal to epithelial tissues to modulate proteostasis and
prepare for infection by a potential bacterial pathogen.

Results
Dopaminergic signaling modulates protein turnover

In order to examine changes in UPS activity, we employed previously
described transgenic strains that express an Ub%’Y-GFP reporter,
allowing us to monitor Ub“’°Y-GFP degradation in C. elegans
intestinal or hypodermal epithelia when the reporter was expressed
from either the sur-S or col-19 promoter, respectively (Liu et al, 2011;
Segref et al, 2011). UbS7®V-GFP levels inversely reflect the ability of
the UPS to remove damaged and unstable proteins. Moreover,
UbCS7°V-GFP levels can be compared to a relatively stable control
protein (either mCherry or mRFP) expressed from the same promoter
to rule out differences due to transgene expression (Fig 1A). In hypo-
dermis, the expression of Ub®7®V-GFP and mRFP from the col-19
promoter beginning at the L4 stage of development results in the
rapid accumulation of both proteins within 24 h (L4 + 24 h; Fig 1B).
However, Ub®’®V-GFP is rapidly degraded upon entering the period
of peak fecundity (L4 +48 h and onward, Fig 1B-D). We also
examined Ub%’®V-GFP in transgenic animals expressing Ub“"¢V-GFP
from the sur-5 promoter, focusing on intestinal expression of the
reporter from this broadly expressed promoter. We found a similar
turnover of the protein in intestine by L4 + 48 h as that observed in
hypodermis (Fig 1E and F). Ub®”®V-GFP degradation is mediated in
part by poly-ubiquitination by the UFD E3/E4 ligase complex and
proteolysis by the 26S proteasome (Liu et al, 2011; Segref et al,
2011). We reconfirmed this finding by performing RNAi of subunits
from these complexes, which resulted in increased peak accumula-
tion of UbS7®V-GFP at L4 + 24 h, as well as a slower rate of Ub%7®"-
GFP turnover and a plateaued steady state level of UbS7°V-GFP at
later time points (Fig 1B). The levels of the unstable UbS7V_GFP
protein therefore provide an index of UPS activity and proteostasis.
We used the Ub®7®V-GFP reporter in the hypodermis to perform
an RNAi screen for regulators of UPS activity, screening an RNAi
library enriched for signal transduction molecules, synaptic proteins
cytoskeletal regulators, and membrane trafficking molecules
(Sieburth et al, 2005). From 2,072 screened clones, we identified 31
RNAi candidates with altered UbS7®V-GFP/mRFP ratios at the
L4 + 48 h time point. Particularly striking from this screen was the
stabilization of Ub®7®V-GFP in animals knocked down for a receptor
for the neurotransmitter dopamine (DA). We hypothesized that
dopamine signaling might regulate proteostasis and investigated this
hypothesis by examining Ub®’®V-GFP in true mutants for genes
involved in DA signaling. For example, loss-of-function mutations
in the DA receptor dop-1 resulted in elevated UbS"®V-GFP levels in
both the intestine and the hypodermis (Fig 1G-K). Animals deficient
in DA synthesis itself showed a similar phenotype. CAT-2 encodes
tyrosine hydroxylase, which is essential for DA synthesis (Lints &
Emmons, 1999), and we found that loss-of-function mutants for
cat-2 contained elevated ratios of UbS’®V-GFP to mRFP in the hypo-
dermis at L4 + 48 h (Fig 1K and L). We found that three indepen-
dently isolated loss-of-function alleles in the receptor dop-1, a D1-like
DA receptor (DAR), resulted in elevated UbS®Y-GFP in both
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Figure 1. Dopaminergic signaling modulates protein turnover.

Dopamine and protein homeostasis  Kishore K Joshi et al

A Schematic representation of the Ub®’®"-GFP chimeric reporter and its associated internal control (mRFP or mCherry, in red). The amino acid sequences for
ubiquitin are in yellow, whereas the sequences for GFP are in green. The Ub%’®Y-GFP chimera, which contains a mutation in the terminal residue of ubiquitin,
cannot be cleaved. The resulting protein is a substrate for poly-ubiquitination (indicated by the circles labeled with “U”) and degradation by the proteasome. High
levels of reporter poly-ubiquitination and/or proteasome activity result in little or no GFP fluorescence.

B Quantified fluorescence of Ub®”®"

-GFP normalized to mRFP in the hypodermis from animals of the indicated time point (in hours) after the L4 stage. Animals have

been exposed to the indicated knockdown RNAi bacterial strains or a strain that only contains the empty RNAi vector. *P < 0.001, Student’s t-test corrected for
multiple comparisons at each time point using the Holm-Sidak method. N = 20 animals per genotype and time point. Error bars indicate SEM.

Co-expression via the col-19 promoter of Ub®”V-GFP (green) and mRFP (red) in C. elegans hypodermis from a single integrated transgene at L4 + 48 h. Wild-type

Co-expression via the sur-5 promoter of Ub®”®'-GFP (green) and mCherry (red) in C. elegans from two separate integrated transgenes (with focus on the intestine)
-GFP fluorescence is barely detectable.

C,D

animals are shown. Scale bar, 50 pm. Ub®’®-GFP fluorescence is barely detectable.
E, F

at L4 + 48 h. Wild-type animals are shown. Scale bar, 50 um. Ub®’®
G, H

GFP fluorescence is observed.

Co-expression of Ub®’®Y-GFP (green) and mRFP (red) in C. elegans hypodermis at L4 + 48 h in dop-1(us100) mutants. Scale bar, 50 um. Abundant, stable Ub%”®"-

I,]  Co-expression of Ub“’®V-GFP (green) and mCherry (red) in C. elegans from the sur-5 promoter at L4 + 48 h in dop-1(bs100) mutants. Scale bar, 50 pm. Abundant,

stable Ub®’®V-GFP fluorescence is observed, particularly in the intestine.

K Quantified fluorescence of Ub’®Y-GFP normalized to mRFP in the hypodermis from animals of the indicated time point (in hours) after the L4 stage and of the
indicated genotype. *P < 0.001, Student’s t-test corrected for multiple comparisons at each time point using the Holm-Sidak method. N = 20 animals per

genotype and time point. Error bars indicate SEM.

L Quantified fluorescence of Ub®’®Y-GFP normalized to mRFP in the hypodermis of animals at L4 + 48 h and of the indicated genotypes. ***P < 0.001, ANOVA with
Dunnett’s post hoc comparison to the wild-type control. N = 20 animals per genotype and time point. Error bars indicate SEM.

M Quantified fluorescence of Ub%”®Y

-GFP normalized to mCherry (both expressed by the sur-5 promoter) in the intestine of animals at L4 + 48 h and of the indicated

genotypes. ***P < 0.001, **P < 0.01, *P < 0.05, ANOVA with Dunnett’s post hoc comparison to the wild-type control. N = 20 animals per genotype and time point.

Error bars indicate SEM.

epithelial tissue types (Fig 1G-M). In addition, loss-of-function muta-
tions in dop-4, the other D1-like DAR in C. elegans, also resulted in
elevated UbS"®Y-GFP (Fig 1L and M). By contrast, loss of dop-2 or
dop-3, which encode D2-like DARs, did not affect UbS"®V-GFP (Fig 1L
and M). These results indicate that DA signaling promotes the degra-
dation of unstable UPS substrates in epithelia via activation of D1-like
DARs.

Dopaminergic neurons secrete DA into the pseudocoelomic body
cavity where it can diffuse to multiple tissues. For example, secreted
DA acts through the receptors DOP-2 and DOP-3 on motoneurons to
regulate body wall muscle contraction and locomotion (Chase et al,
2004). We reasoned that DA might regulate UbS"®V-GFP turnover in
epithelia either directly (by acting through DA receptors like DOP-1
on epithelial membranes) or indirectly (by acting through DA recep-
tors on neurons, which in turn transmit a second signal to epithe-
lia). Previous studies of DOP-1 focused on its expression in neurons
using GFP-based expression reporters (Tsalik et al, 2003; Chase
et al, 2004; Sanyal et al, 2004). We examined transgenic animals for
one of these reporters, adEx1647, a translational reporter that
contains about 4 kb of upstream promoter sequences and about
5 kb of the coding exons and introns (almost the entire coding
region) (Tsalik et al, 2003). We found that DOP-1, in addition to
being expressed in several sets of neurons, is also expressed in adult
epithelial cells, including the intestine and hypodermis (Fig EV1A
and B). To address whether DOP-1 function is required cell autono-
mously in epithelia to regulate Ub®’®V-GFP turnover, we generated
a transgene, Pypq.6::dop-1(+ ), containing the vha-6 promoter, which
is specific for the intestine, and coding sequences for the wild-type
dop-1 gene. As a positive control, we also generated a complete
wild-type rescuing dop-1 transgene, called Pyp.;::dop-1(+ ), contain-
ing the dop-1 promoter and coding sequences. These transgenes
were separately introduced into dop-1 mutants containing the Py, s::
UbS7°V-GFP. The resulting transgenic animals were examined for
fluorescence at L4 +48 h. In contrast to dop-1 mutants lacking
either rescuing transgene, dop-I mutants with either Pg,.;::dop-1
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(+) or Pyae:dop-1(+) showed wild-type levels of UbS"®V-GFP
turnover (Fig EV1C). These results demonstrate that DOP-1 is
required cell autonomously in epithelia to regulate UbS”®V-GFP turn-
over and support a model in which DA acts on receptors directly on
epithelial cell membranes.

Dopaminergic signaling promotes protein poly-ubiquitination
without perturbing proteasome function

The stabilization of Ub’®V-GFP protein in DA signaling mutants
could be due to either a reduction in its poly-ubiquitination or a
reduction in its proteolysis by the proteasome in these mutants. To
determine the molecular mechanism by which DA signaling medi-
ates UbS7®V-GFP turnover, we examined UbS’®Y-GFP protein by
Western blot, detecting it with either anti-ubiquitin antibodies or
anti-GFP antibodies (Fig 2A). We detected little UbS"®Y-GFP protein
when it was expressed in hypodermis in wild-type animals at
L4 + 48 h. In cat-2, dop-1, and dop-4 mutants, however, we detected
an increase in non-ubiquitinated, mono-ubiquitinated, and di-
ubiquitinated species, suggesting that these mutants either have a
reduction in initial mono-ubiquitination and subsequent poly-
ubiquitin chain extension, or have reduced ability to clear ubiquiti-
nated substrates (Fig 2A). While we did not detect proteins larger
than 50 kDa in DA signaling mutants using the anti-GFP antibodies,
we did detect additional proteins ranging from 50 to 80 kDa in these
mutants using anti-ubiquitin antibodies. We quantified the accumu-
lation of these proteins by conducting Western blots using anti-
ubiquitin antibodies on multiple biological replicates of wild-type
animals and dop-1 mutants (Fig EV2A). While we cannot determine
whether such proteins are mono-, di-, or poly-ubiquitinated, our
results suggest that ubiquitinated forms of some endogenous
proteins accumulate in DA signaling mutants. We also observed a
similar increase in non-ubiquitinated and partially ubiquitinated
proteins in these mutants when the reporter was expressed from the
sur-5 promoter, which is more broadly expressed (Fig 2B).

© 2016 The Authors
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Figure 2. Dopaminergic signaling promotes protein poly-ubiquitination.

Dopamine and protein homeostasis  Kishore K Joshi et al

A Western blot of lysed nematodes at the L4 + 48 h stage, probed with antibodies recognizing ubiquitin, GFP, RPN-11, multiple 20S proteasome subunits, or actin as a

loading control. Animals express Ub®”®"

-GFP protein in their hypodermis. The position of molecular weight markers is shown on the left of each blot. The position of

UbC7®V-GFP protein, as well as Ub®’®Y-GFP with the indicated number of additional ubiquitin moieties, based on molecular weight, is indicated on the right of each
blot. Twenty animals were loaded per lane for each indicated genotype (WT indicates wild type).

B Western blot of lysed nematodes at the L4 + 48 h stage, probed and annotated as in (A). Animals express U

were loaded per lane for each indicated genotype.
C Quantified fluorescence of Ub®”®"

b®®V-GFP protein from the sur-5 promoter. Thirty animals

-GFP normalized to mRFP from lysates of transgenic nematodes at L4 + 48 h that express these reporters in the hypodermis.

Animals were exposed to bacteria containing the indicated RNAI clone or an empty RNAi vector as a control. *P < 0.05, ANOVA with Dunnett’s post hoc comparison to

the empty RNAi vector control. N = 3 trials. Error bars indicate SEM.

D Quantified epoxomicin-sensitive proteasome activity (as measured through the turnover of fluorescent chymotrypsin substrate) from the same lysates as in (C).
*P < 0.05, ANOVA with Dunnett’s post hoc comparison to the empty RNAi vector control. N = 3 trials. Error bars indicate SEM.

E Quantified fluorescence of Ub“’®Y-GFP normalized to mRFP from lysates of transgenic nematodes at L4 + 48 h that express these reporters in the hypodermis.
Animals were of the indicated genotype. ***P < 0.001, **P < 0.01, *P < 0.05, ANOVA with Dunnett’s post hoc comparison to wild type. N = 4 trials. Error bars indicate

SEM.

F Quantified epoxomicin-sensitive proteasome activity (as measured through the turnover of fluorescent chymotrypsin substrate) from the same lysates as in (E). No
statistical difference (P < 0.05 cutoff) was detected by ANOVA. N = 4 trials. Error bars indicate SEM.
G Percentage of live animals of the indicated genotype assayed after 6-h exposure to heat shock. 100% of control animals of the same genotype but not given heat

shock survived. *P < 0.01, Student’s t-test. N = 3 trials. Error bars indicate SEM.

H Percent of animals of the indicated genotype containing aggregates of Poly(Q)44:YFP at the indicated time (in days) after L4 stage. *P < 0.01, Student’s t-test. N = 3

trials, 50-80 animals per trial per day. Error bars indicate SEM.

Source data are available online for this figure.

Together, these results suggest that DA signaling is required for
normal levels of either protein ubiquitination, proteolysis by the
proteasome, or both.

We also directly examined the proteasome in DA signaling
mutants. We did not observe changes in the levels of proteasome
subunits in lysates for various DA signaling mutants (Fig 2A and B).
To directly assay proteasome activity, we generated lysates of
L4 + 48 h nematodes that express UbS’®V-GFP in the hypodermis.
We first analyzed Ub®"®V-GFP and mRFP levels in these lysates by
fluorescence spectroscopy (Fig 2C). We observed low levels of
UbS7V.GFP at L4 + 48 h in wild-type animals using this approach,
similar to what we observed by epifluorescence microscopy and
Western blot analysis. We also generated lysates from animals
exposed to RNAI bacteria, including animals knocked down for the
E4 poly-ubiquitination chain extending enzyme ufd-1, as well as for
the proteasome subunits pbs-4 and pbs-5. Exposure to RNAi against
any of these genes resulted in stabilized UbS"®V-GFP (Fig 2C). We
incubated the same lysates with the fluorescent chymotryptic
substrate Suc-Leu-Leu-Val-Tyr-AMC in the presence or absence of
the proteasome inhibitor epoxomicin to measure proteasome activ-
ity over time. As expected, RNAi knockdown of pbs-4 and pbs-5
resulted in diminished proteasome activity relative to an empty
RNAi vector control (Fig 2D). By contrast, RNAi knockdown of
ufd-1, a gene that normally promotes poly-ubiquitination of
substrates but is not involved in proteasome catalytic activity, as
expected did not reduce proteasome activity. These findings indicate
that about a threefold decrease in proteasome activity results in
about a threefold increase in UbS”®V-GFP levels in this assay.

We next generated lysates from multiple DA signaling mutants.
Similar to what we observed by epifluorescence microscopy and
Western blot analysis, we found that cat-2, dop-1, and dop-4
mutants have elevated levels of Ub’®Y-GFP protein (Fig 2E). We
performed the same analysis of proteasome activity in lysates from
these mutants; however, we did not observe a substantial change in
proteasome activity in any of these mutants (Fig 2F). If the accumu-
lation of UbS’*Y-GFP in DA signaling mutants were due to a
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decrease in proteasome activity, then we should have (i) observed
an increase in poly-ubiquitinated (i.e., 4 or more ubiquitin moieties)
UDbC7®V-GFP relative to total Ub®7®V-GFP in these mutants, and (ii)
detected a healthy decrease in our direct measurement of protea-
some activity. Instead, the observed decrease in poly-ubiquitinated
proteins and the unchanged activity in our proteasome assay
strongly suggest that DA signaling does not regulate proteasome
activity.

If DA signaling promotes the turnover of UbS’®Y-GFP through
increased poly-ubiquitination instead of increased proteasome activ-
ity, then a knockdown of proteasome subunits should further
enhance the stability of UbS’®Y-GFP in dop-1 mutants. We examined
UbS7®V-GFP by Western blot in wild-type and in dop-1 mutants
either exposed to empty RNAi vector or pbs-5(RNAi). Wild-type
animals accumulate mono-ubiquitinated, di-ubiquitinated, and poly-
ubiquitinated UbS’®Y-GFP when the proteasome is impaired by
pbs-5 RNAi-mediated knockdown (Fig EV2B). Knockdown of pbs-5
in dop-1 mutants resulted in a dramatic additive increase in poly-
ubiquitinated Ub®’®V-GFP, demonstrating that the proteasome
remains active and degrades any residual poly-ubiquitinated
UbS7V.GFP in dop-1 mutants. Taken together, our results suggest
that the proteasome is not the prime target of regulation by DA.
Instead, DA signaling is required for the proper ubiquitination of
unstable proteins like UbS”®V-GFP.

We performed two additional tests to detect changes in protein
homeostasis in dop-1 mutants. First, we examined the sensitivity of
dop-1 mutants to heat shock. After exposing adult nematodes to a
6-h heat shock (34°C), we found that nearly 70% of wild-type
animals survived, whereas only about a third of dop-1 mutant adults
survived (Fig 2G), suggesting that dop-1 mutants are less able to
handle the unfolded protein burden generated by heat-shock stress.
Second, we examined a polyglutamine protein aggregation reporter
expressed in the intestine from the transgene Pyuq.4::Poly(Q)44::YFP
(Mohri-Shiomi & Garsin, 2008). Polyglutamine proteins form aggre-
gates as C. elegans age, and this process, which is thought to be
protective, is facilitated by poly-ubiquitination (Morley et al, 2002;
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Hsu et al, 2003; Howard et al, 2007; Mohri-Shiomi & Garsin, 2008;
Kirkin et al, 2009). We found that dop-1 mutants were less efficient
at sequestering polyglutamine proteins into these aggregates during
aging (Fig 2H). Taken together, the observed impairment of protein
homeostasis in dop-1 mutants is consistent with a role for DA signal-
ing in promoting healthy proteostasis.

Dopamine signaling promotes protein turnover via the
xenobiotic stress pathway

Dopamine signaling can regulate cellular physiology through a
combination of transcriptional and posttranscriptional regulatory
steps (Kebabian et al, 1972; Cooper et al, 1986; Cadet et al, 2010).
To begin to understand the mechanism of DA action with regard to
proteostasis, we compared the mRNA expression profile of dop-1
mutants to wild-type animals during adulthood (L4 + 48 h) using
RNA-seq. We isolated poly-A(+) RNA from three replicates of each
genotype and subjected each sample to RNA-seq. We assessed dif-
ferential gene expression between genotypes using EdgeR and an
FDR-adjusted g-value (Anders & Huber, 2010), focusing only on
genes with significant changes (g < 0.01). As expected, the levels of
Ub®7®V-GFP and mRFP mRNA did not vary between wild-type and
dop-1 mutants (Fig 3A). We found that 334 genes were significantly
downregulated at least 1.5-fold in dop-1 compared to wild type,
whereas 436 genes were upregulated in dop-1 relative to wild type
(Table EV1). We used DAVID functional annotation -clustering
enrichment analysis (Da Huang et al, 2009a,b) on the genes regu-
lated by DOP-1 signaling (Table EV2). Particularly striking in the set
of genes that were downregulated in dop-I mutants compared to
wild type was the enrichment of annotation clusters for genes
involved in xenobiotic and endobiotic detoxification and metabo-
lism (Lindblom & Dodd, 2006), including oxidoreductase activity
(multiple CYP or cytochrome P450 enzymes), lipid modification,
and glycosyl transferases (multiple UGT or UDP-glucuronosyltrans-
ferases) (Table 1). These results suggest that DA signaling through
the DOP-1 receptor promotes xenobiotic detoxification.

We also noted that there were annotation clusters of genes that
were upregulated in dop-1 mutants compared to wild type and that
these included C-lectins and heat-shock chaperones (Table 1). The
elevated level of heat-shock gene expression in dop-1 mutants even
at permissive temperatures (20°C) suggests that DA signaling is
needed to prevent a heat-shock response, which is consistent with
impaired proteostasis in these mutants. The elevated levels of heat-
shock genes in dop-I mutants are not likely to be the cause of
UbS7®V-GFP stabilization in those mutants because RNAi knock-
down of those genes, including hsp-4, hsp-16.2, hsp-16.11, hsp-
16.41, hsp-16.48, hsp-16.49, hsp-17, and hsp-43, did not suppress
the stabilization of Ub®”®V-GFP in dop-1 mutants: All dop-1 animals
exposed to RNAi knockdown for these genes resembled dop-1
mutants given empty vector RNAi, with nearly all animals showing
UbS7®V.GFP fluorescence at L4 + 48 h. Indeed, loss-of-function
mutations in the chaperones hsp-16.2 and hsp-43, as well as the
heat-shock transcriptional regulator iisf-1, in an otherwise wild-type
background resulted in UbS’®V-GFP stabilization, suggesting that
impaired heat-shock proteostasis is sufficient to block Ub%"®V-GFP
turnover (Fig EV3A).

Given the decreased expression of multiple xenobiotic detoxifi-
cation genes in the absence of DA signaling (Fig 3A), we
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hypothesized that the changes in Ub®”®V-GFP stability in DA signal-
ing mutants might be due to impaired xenobiotic detoxification. We
tested this idea by knocking down the expression of individual
candidate genes from our RNA-seq analysis using RNAi and examin-
ing the effect on Ub%"®Y-GFP levels. We found that the knockdown
of multiple CYP and UGT genes resulted in the stabilization of
UbS’®Y-GFP in the hypodermis (Fig 3B) and the intestine (Fig 3C)
relative to internal controls (mRFP and mCherry, respectively). We
also examined the sensitivity to heat shock of animals knocked
down for CYP and UGT genes. After a 6-h heat shock (34°C), we
found a significant reduction in the number of surviving animals
knocked down by RNAi for ugt-3, ugt-11, and cyp-34A7 compared to
an empty vector control (Fig 3D), suggesting that animals lacking
the activity of these xenobiotic stress genes are less able to handle
heat-shock stress. These results suggest that the turnover of unsta-
ble Ub®7®V-GFP protein and cellular UPS activity is modulated by
the levels of xenobiotic detoxification enzymes, and that DA signal-
ing, at least in part, modulates proteostasis in epithelia by promot-
ing xenobiotic metabolism.

Given the large number of CYP and UGT genes in the genome,
we were concerned that there might be a fair amount of functional
redundancy between the xenobiotic detoxification components that
might preclude observing a full phenotype in any single RNAi exper-
iment. We reasoned that mutants for known master regulators of
these genes might represent a more comprehensive impairment of
the xenobiotic response. Xenobiotic stress response genes contribute
to innate immunity against bacterial pathogens (Papp et al, 2012;
Runkel et al, 2013; Pellegrino et al, 2014; Pukkila-Worley et al,
2014), and many of these genes are also regulated as part of the
oxidative stress response (mediated by the SKN-1/Nrf2 transcription
factor) and the insulin signaling system (mediated by the DAF-16/
FOXO transcription factor) (An & Blackwell, 2003; Murphy et al,
2003; Oliveira et al, 2009; Park et al, 2009; Mair et al, 2011).
Indeed, DAF-16 ChIP-seq sites are located at nearly all of the CYP
and UGT genes in our RNA-seq dataset, and cyp-34A7 was identified
as a positive transcriptional target of DAF-16 through microarray
analysis (Murphy et al, 2003). Many are also regulated by cAMP
signaling and the CRH-1/CREB transcription factor, which acts
downstream of DA signaling for its role in behavior modulation
(Cadet et al, 2010; Beaulieu & Gainetdinov, 2011; Mair et al, 2011;
Suo & Ishiura, 2013). Xenobiotic genes are also regulated by the
GATA transcription factor ELT-3, with ChIP-seq sites for ELT-3 near
ugt-3, ugt-8, ugt-11, ugt-63, cyp-25A1, cyp-29A2, cyp-34A7, and cyp-
34A8 (Budovskaya et al, 2008). ChIP-seq sites for the transcription
factors NHR-28 and PQM-1 are also found at nearly every CYP and
UGT gene identified in our RNA-seq analysis (Miyabayashi et al,
1999; Gerstein et al, 2010; Tepper et al, 2013; Araya et al, 2014),
suggesting that these might be additional regulators of the xeno-
biotic stress response genes.

We examined UbS"®Y-GFP levels in loss-of-function mutants for
skn-1, daf-16, the two C. elegans CREB genes (crh-1 and crh-2),
elt-3, nhr-28, and pgm-1. We found that UbS"®V-GFP was stabilized
in each case (Figs 3E and EV3B), suggesting that broad regulators of
the xenobiotic stress response and the detoxification pathway are
required for UbS7®V-GFP turnover. The effects of cat-2 and let-3
mutations on Ub®’®V-GFP turnover are not additive, as double
mutants showed similar levels of stabilization relative to single
mutants (Fig EV3C), consistent with these genes acting in the same
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Figure 3. Dopamine signaling promotes protein turnover via the xenobiotic stress pathway.

A Relative abundance of mRNA for the indicated xenobiotic stress response gene (or Ub“’®Y-GFP or mRFP) detected in wild-type versus dop-1 mutants. Values are
based on RNA-seq/EdgeR analysis, with the relative levels for each gene normalized to the value observed in the wild-type control. ****P < 0.0001, **P < 0.01,
*P < 0.05, FDR from EdgeR analysis using a Benjamini and Hochberg correction. Error bars indicate SEM.

B,C

Quantified fluorescence of Ub®’®Y-GFP normalized to (B) mRFP in the hypodermis or (C) mCherry in the intestine from L4 + 48 h animals exposed to feeding RNAI

for either an empty vector control or the indicated xenobiotic stress gene. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ANOVA, Tukey’s multiple comparison
test compared to control. N = 20 animals per genotype and time point. Error bars indicate SEM.

D Percentage of live animals raised on the indicated feeding RNAi (or empty vector control) bacteria assayed after 6-h exposure to heat shock. 100% of control
animals of the same genotype but not given heat shock survived. ***P < 0.001, **P < 0.01, *P < 0.05, ANOVA, Tukey’s multiple comparison test compared to wild

type. N = 3 trials. Error bars indicate SEM.

E Quantified fluorescence of Ub®’®Y-GFP normalized to mRFP in the hypodermis from L4 + 48 h animals of the indicated genotype. ****P < 0.0001, ANOVA, Tukey’s
multiple comparison test compared to wild type. N = 20 animals per genotype and time point. Error bars indicate SEM.

F Percentage of live animals of the indicated genotype assayed after 6-h exposure to heat shock. 100% of control animals of the same genotype but not given heat
shock survived. **P < 0.01, *P < 0.05, ANOVA, Tukey’s multiple comparison test compared to wild type. N = 3 trials. Error bars indicate SEM.

G Percent of animals of the indicated genotype containing aggregates of Poly(Q)44:YFP at the indicated time (in days) after L4 stage. *P < 0.001, Student’s t-test
corrected for multiple comparisons at each time point using the Holm-Sidak method. N = 3 trials, 50-80 animals per trial per day. Error bars indicate SEM.

genetic pathway. Consistent with UbS’®Y-GFP stabilization in these
mutants, daf-16 mutants are sensitive to heat shock (Saul et al,
2008), and skn-1 knockdown by RNAI results in impairment of UPS
activity and elevated levels of heat-shock proteins (Saul et al, 2008).
We also examined elt-3, nhr-28, and pgm-1 mutants for sensitivity
to heat shock, finding a significant reduction in the number
of surviving animals in these mutants compared to wild type after a
6-h heat shock (34°C) (Fig 3F), suggesting that they are less able to
handle heat-shock stress. We also introduced the P, .4::Poly(Q)44::
YFP into elt-3 and nhr-28 mutants (the reporter was too closely
linked to pgm-1 for analysis in pgm-1 mutants) and found that these
mutants were less efficient at sequestering polyglutamine proteins
into aggregates (Fig 3G). Taken together, our results indicate that

Table 1. DAVID functional annotation clustering enrichment analysis
for genes regulated by DOP-1 signaling.

Cluster
enrichment Cluster EASE
Annotation cluster score score P-value

Genes that are downregulated in dop-1 mutants

Collagens and cuticle 9.60 25x1071°
formation

Oxidoreductase activity and 373 19 x10°*
cytochrome P450s

Uncharacterized C. elegans 235 45x 10
proteins

UDP-glucuronosyltransferases 222 6.0 x 1073
Extracellular protease 211 78 x 1073
inhibitors

Genes that are upregulated in dop-1 mutants

Hedgehog receptor signaling 3.49 32x10°*
C-lectins 273 19 x 1077
Heat-shock proteins 2.26 55 x 1073

Individual annotation clusters generated by DAVID functional clustering are
listed for genes that are downregulated (top half of table) and upregulated
(bottom half of table) in dop-1 mutants relative to wild type. The cluster
enrichment score is the geometric mean (in —log scale) of the P-values (from
Fisher’s exact test with DAVID EASE Score modification, also shown) of all of
the individual annotations within that cluster.

© 2016 The Authors

master regulators of the xenobiotic stress response are required for
proper proteostasis.

Mechanosensory dopaminergic neurons are required to
modulate protein turnover in epithelia

Mechanosensory neurons release DA in response to shear stress on
the body wall as nematodes enter high-viscosity bacterial lawns
(Sawin et al, 2000; Kindt et al, 2007). Given that DA signaling
promotes the expression of xenobiotic stress response genes, we
reasoned that such signaling might be (i) activated by pathogenic
bacteria and (ii) required for animals to survive pathogenic infec-
tion. To explore this possibility, we first tested whether
mechanosensation is required to modulate Ub®”®V-GFP turnover in
epithelial tissues by examining mutants lacking mec-5, a unique
collagen required for all mechanosensation in the nematode, and
trp-4, a mechanosensory TRPN (NOMPC) channel expressed and
required specifically in the mechanosensory dopaminergic neurons
(Du et al, 1996; Emtage et al, 2004; Li et al, 2006; Kang et al, 2010).
We found that Ub®7°V-GFP turnover is reduced in mec-S and trp-4
mutants (Figs 4A and EV3D), although not to the same extent as in
DA signaling mutants, indicating that the activation of these
neurons by environmental mechanical stimulation is required to
fully promote UbS7°V-GFP turnover in epithelia, but that these
dopaminergic neurons might also promote Ub®”*V-GFP turnover in
response to additional environmental cues besides mechanical
stimulation.

TRP-4 is expressed primarily in dopaminergic neurons (ADE,
CEP, PDE), but it is also found in the neurons DVA and DVC. To
determine whether the dopaminergic neurons specifically are
required to promote UbS’®V-GFP turnover in epithelia, we took
advantage of a transgene, Pgu.;::trp-4(d), that expresses a toxic
TRP-4 mutant channel under the control of the dat-1 promoter
and is thus only active in dopaminergic neurons (Nagarajan et al,
2014). The transgene triggers a progressive cell death of the
dopaminergic neurons but not DVA or DVC. We introduced this
transgene into nematodes that express Ub“’®V-GFP and found that
UbS7®Y-GFP turnover was reduced (Fig 4A). The magnitude of the
effect caused by Pyq.;::trp-4(d) was not to the same extent as that
observed in DA signaling mutants; however, not all of dopaminer-
gic neurons undergo neurodegeneration in many of the Py,.;::trp-4(d)
transgenic animals (Nagarajan et al, 2014), so a partial phenotype
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Figure 4. Dopamine signaling modulates xenobiotic stress survival.
A Quantified fluorescence of Ub“’®-GFP normalized to mRFP in the hypodermis from L4 + 48 h animals of the indicated genotype. ****P < 0.0001, ANOVA, Tukey’s
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graph) of the indicated genotype. Animals were either continually grown on regular OP50 food (gray bars) or switched to PA14 food at the L4 stage (orange bars).
**HEP < 0.0001, ***P < 0.001, **P < 0.01, ANOVA, Tukey’s multiple comparison test compared to wild type. N = 20 animals per genotype. Error bars indicate SEM.
Survival curves (percentage of live animals assayed each hour after PA14 exposure) for the indicated mutants at 20°C. Pjog-rank < 0.0001. Median survival time was

90 h for wild type (N
42 h for skn-1(tm3411) (N

= 304), 72 h for dop-1(vs100) (N

= 180),

78 h for elt-3(gk121) (N

= 120),

78 h for pgm-1(0k485) (N = 116),
= 33). Eight wild-type animals and six dop-1 mutants were censored (the animals crawled up the side of the plate and dessicated). The

media contained 50 pg/ml of 5-fluoro-2'-deoxyuridine (FUdR) to prevent the growth of egg offspring during the experiment.
Quantified fluorescence of Ub®’®Y-GFP normalized to mRFP in the hypodermis from either L4 + 48 h animals (left half of graph) or L4 + 72 h animals (right half of
graph) of the indicated genotype. Animals were either continually grown on regular OPS0 food (gray bars) or switched to NGM plates containing 1 mM paraquat at
the L4 stage (orange bars). ****P < 0.0001, ***P < 0.001, ANOVA, Tukey’s multiple comparison test compared to wild type. ¥P < 0.001, ANOVA, Bonferroni multiple
comparison as indicated by the bracketed lines. N = 20 animals per genotype. Error bars indicate SEM. No Ub%®V-GFP fluorescence was detected in wild type at

L4 + 72 h on NGM plates containing either 1 mM paraquat or no drug at all.
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relative to DA signaling mutants is expected. Taken together, our
results show that the dopaminergic neurons are required non-
autonomously to regulate the turnover of unstable proteins like
UbS7®V-GFP in epithelia.

Xenobiotic stress modulates protein turnover via dopamine-
dependent mechanism

We next tested whether exposure to a different type of bacteria—in
this case the pathogenic PA14 strain of Pseudomonas aeruginosa—
results in altered UbS7®V-GFP turnover compared to the standard,
non-pathogenic OP50 E. coli feeding strain. We found that UbS7®Y-
GFP levels relative to mRFP control were depressed (even at the
earlier L4 + 24 h time point) in nematodes that were switched to
PA14 lawns beginning at the L4 stage compared to those grown
continually on OP50 (Fig 4B), suggesting that the ability of epithelial
cells to remove unstable proteins like UbS’®V-GFP is enhanced in
nematodes exposed to PA14 bacteria. Mutations in dop-1 blocked
the elevated turnover of UbS"®V-GFP at L4 + 24 h, as well as at later
time points (Fig 4B). In addition, loss-of-function mutations in the
xenobiotic stress regulators elt-3, nhr-28, and pgm-1, as well as a
mutation in skn-1, which also depresses xenobiotic stress response
gene expression and impairs innate immunity against bacterial
pathogens (An & Blackwell, 2003; Oliveira et al, 2009; Park et al,
2009; Papp et al, 2012), all blocked UbS7°V-GFP turnover (Fig 4B).
These results indicate that pathogenic bacteria like PAl4 can
promote the turnover of unstable proteins through a process that
requires DA signaling and most likely the xenobiotic stress
response. These results are consistent with previous observations
that the specific strain of the bacterial food source can influence
proteostasis and protein poly-ubiquitination in feeding nematodes
(Segref et al, 2011); however, unlike the variant non-pathogenic
E. coli strains used in the previous study, which reduced Ub®"®V-
GFP turnover, we find that pathogenic P. aeruginosa triggers accel-
erated turnover.

If DA signaling mediates a xenobiotic defense response, then one
would expect that loss-of-function mutants for either DA signaling
components or regulators of the xenobiotic defense response should
show increased sensitivity to bacterial infection. We examined this
idea by quantifying nematode survival on lawns of PA14 over time.
Wild-type nematodes begin to succumb to PA14 after about 70 h of
exposure, with most animals dying after about 110 h (Fig 4C). We
confirmed that mutants for skn-1 die more rapidly (Fig 4C) when
exposed to PA14 (Papp et al, 2012). Similarly, we found that
mutants for dop-1, elt-3, pgm-1, and nhr-28 succumbed to PAl4
more quickly than did wild type, although not quite at the rapid rate
of skn-1 mutants, indicating that DA signaling and regulators of the
xenobiotic stress response are required for effective survival to
pathogen exposure.

If the xenobiotic stress response is required for efficient U
GFP turnover, then one can infer that xenobiotic toxins and ROS
impair cellular proteostasis, particularly proteostasis maintained by
the UPS. Indeed, Ub®7®V-GFP turnover is sensitive to a variety of
xenobiotic compounds and ROS, including ethanol, cadmium, and
paraquat (Segref et al, 2011). We examined Ub®”®V-GFP levels in
the hypodermis of either untreated animals or animals treated with
1 mM paraquat (Fig 4D). Paraquat treatment only generated a
minor increase in Ub®7®V-GFP levels in the hypodermis of wild-type

HG76V_
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animals. By contrast, paraquat treatment resulted in a twofold
increase in UbS"®Y-GFP in dop-1 mutants at L4 + 48 h and persistent
UbS7®Y-GFP stabilization even out to L4 + 72 h. These results are
consistent with the reduced levels of xenobiotic stress response
genes in dop-1 mutants and suggest that DA signaling is required to
protect the epithelial proteome from ROS and xenobiotic toxins.
Taken together, our findings suggest that DA signaling promotes
healthy proteostasis through activation of the xenobiotic stress
response in frontline barrier epithelia, and that this regulation is
critical for innate immunity against invading pathogens.

Discussion

In previous studies, the GFP-based UPS substrate Ub®7°V-GFP was
expressed from transgenes and employed as a reporter for UPS
activity (Dantuma et al, 2000; Lindsten et al, 2003; Liu et al, 2011;
Segref et al, 2011). In C. elegans, UbS"®V-GFP undergoes regular
turnover when expressed in epithelial cells of either the intestine or
the hypodermis, and this turnover is enhanced as animals enter
peak fecundity. Here, we have used this reporter to screen for
modulators of UPS activity (and by extension proteostasis) in
epithelia. We found that the dopamine signaling system, including
the D1-like receptors DOP-1 and DOP-4, promotes healthy proteosta-
sis and innate immunity by driving the expression of xenobiotic
detoxification genes, the activity of which is required to remove
xenobiotic compounds and ROS to prevent their impairment of the
proteome. Mechanosensory neurons release dopamine in response
to environmental viscosity, which is a hallmark of bacterial growth.
Nematodes appear to use dopaminergic sensory neurons to sense
the bacterial environment for potential pathogens, with the resulting
neurohormone signaling in turn modulating proteostasis in epithe-
lial barrier tissues in preparation for possible infection. These
conclusions are supported by several pieces of data. First, in the
absence of dopamine signaling, a UPS reporter shows depressed
turnover in intestine and hypodermis. Second, in the absence of
dopamine signaling, there are no detectable changes in proteasome
activity, but there is a detectable increase in the fraction of non-
ubiquitinated proteins and lower mobility poly-ubiquitinated
proteins, suggesting that dopamine signaling mutants have impaired
mono- and poly-ubiquitination rather than impaired proteasome
proteolysis activity. Third, in the absence of dopamine signaling,
the levels of multiple xenobiotic detoxification enzymes are
reduced. Fourth, RNAi knockdown of these individual xenobiotic
detoxification enzymes results in reduced UPS reporter turnover, as
does reduction of function in master regulators (crh-1, crh-2, skn-1,
daf-16, elt-3, nhr-28, and pgm-1) of the xenobiotic detoxification
response. Fifth, mutations that either impair touch sensation alone
in the dopaminergic sensory neurons or kill these neurons outright
are sufficient to reduce the turnover of the UPS reporter in epithelia.
Sixth, growth on pathogenic bacteria accelerates UPS reporter turn-
over, and this acceleration requires dopaminergic signaling.
Seventh, exposure of nematodes to the ROS generating agent para-
quat results in dramatic UPS reporter stabilization when dopaminer-
gic signaling is impaired. Finally, that impair
dopaminergic signaling reduce the ability of nematodes to survive
pathogenic infection and proteotoxic insult. Taken together, our
findings demonstrate that mechanosensory dopaminergic neurons

mutations
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respond to environmental cues and use dopamine as a neurohor-
mone to enhance the ability of frontline epithelial barrier cells to
counter potential infection and protein damage.

Modulation of proteostasis by DA signaling likely complements
the role of DA signaling in modulating behavior. Multiple published
studies demonstrated that C. elegans employ their mechanosensory
dopaminergic neurons to sense viscous bacterial lawns and release
DA as a long-distance neurohormone (Sawin et al, 2000; Chase
et al, 2004; Kindt et al, 2007; Suo & Ishiura, 2013). DA acts through
D2-like receptors on the motoneurons to slow locomotion so as to
facilitate feeding on the newly identified potential food source
(Chase et al, 2004; Suo & Ishiura, 2013). We propose that DA simul-
taneously acts through D1-like receptors to activate expression of
xenobiotic detoxification genes and modulate protein homeostasis
in epithelia (Fig EV4). Infection by pathogenic bacteria results in
protein damage in barrier epithelia (Mohri-Shiomi & Garsin, 2008).
It is therefore reasonable that a multicellular organism like
C. elegans might evolve the ability to sense bacteria and translate
such sensation into a neurohormonal signal to activate mechanisms
to counteract potential damage. Thus, this sensory-based signaling
mechanism, in addition to activating feeding behaviors in response
to a potential bacterial food source, would also prepare the animal
in case the food source turns out to be pathogenic. This touch-based
mechanism likely complements other sensory mechanisms that trig-
ger an innate immunity response (Chang et al, 2011; Aballay, 2013;
Meisel et al, 2014; Mardones et al, 2015).

Dopamine signaling is likely to act through CREB to promote the
xenobiotic stress response. DA signaling regulates changes in gene
expression through the transcription factor CREB, and the C. elegans
CREB homolog CRH-1 promotes the expression of xenobiotic detoxi-
fication genes (Mair et al, 2011; Suo & Ishiura, 2013). We found that
mutations in the CREB homologs crhi-1 and crh-2 result in reduced
UPS activity, similar to that observed in DA signaling mutants. The
Nrf2 homolog SKN-1 also promotes the expression of xenobiotic
detoxification genes and plays an important role in innate immunity
(Inoue et al, 2005; Oliveira et al, 2009; Park et al, 2009; Choe et al,
2012; Papp et al, 2012). Mutations in skn-1 also result in reduced
UPS reporter turnover, but whether DA signaling acts through
SKN-1 remains unknown. The transcription factors DAF-16, ELT-3,
NHR-28, and PQM-1 also regulate xenobiotic detoxification and also
show stabilized UPS reporter protein, as does direct xenobiotic
compound and ROS exposure, lending further support for the
xenobiotic detoxification response as a proteostasis mechanism
(Miyabayashi et al, 1999; Murphy et al, 2003; Budovskaya et al,
2008; Gerstein et al, 2010; Segref et al, 2011; Tepper et al, 2013;
Araya et al, 2014). It will be interesting to determine whether DA
signaling also acts through these transcription factors.

We previously observed that EGF signaling regulates the timing
of UbS7®V-GFP turnover in the hypodermis, raising the possibility
that DA signaling might act through EGF signaling (Liu et al, 2011).
We think that this is unlikely, however, because mutants for EGF
signaling and DA signaling have distinct gene expression profiles
(EGF signaling does not regulate the same set of xenobiotic response
genes as does DA signaling). Interestingly, we tried to generate
double mutants between gain-of-function let-23 EGF receptor muta-
tions, which result in accelerated protein turnover, and dop-1 loss-
of-function mutations, which result in depressed protein turnover;
however, we were not able to obtain viable double mutants,
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suggesting that these two pathways might act independently from
one another and complement one another.

How the xenobiotic detoxification network in turn modulates
UPS activity and proteostasis remains to be elucidated, but the
simplest explanation might be that xenobiotic modification of cellu-
lar proteins increases their availability as poly-ubiquitination
substrates, most likely by damaging them. When confronted by
xenobiotic toxin exposure, the increase in damaged and unfolded
protein load might be so high that the UPS machinery required to
remove them becomes saturated unless DA signaling is present to
activate the xenobiotic stress response to prevent the toxins from
reaching the proteome. We believe that in the absence of DA
signaling, the multiple E3 and E4 ubiquitin ligases involved in
removing damaged proteins become saturated rather than the
proteasome because (i) non-ubiquitinated, mono-ubiquitinated, and
di-ubiquitinated UPS reporter proteins accumulated in DA signaling
mutants rather than larger poly-ubiquitinated reporter protein,
which is more consistent with poly-ubiquitination impairment than
it is proteasome impairment, and (ii) additional UPS reporter stabi-
lization could be observed in DA signaling mutants when the
proteasome was impaired by RNAi knockdown, which indicates
that the proteasome is still removing any poly-ubiquitinated
reporter protein that does form in these mutants. Our working
model is that particularly unstable proteins like the UPS reporter
can no longer be as efficiently poly-ubiquitinated and removed
because the poly-ubiquitination machinery is otherwise occupied by
trying to offset global proteome damage (Fig 5). Consistent with
this model, we found that mutants with an impaired xenobiotic
response are more sensitive to proteotoxic stress. Moreover, DA
signaling mutants show an upregulation of proteins involved in
unfolded protein stress response (e.g., heat-shock protein expres-
sion) and proteins involved in the UPS (e.g., cul-6 and multiple
F-box E3 ligases), suggesting that in the absence of DA signaling,
epithelial cells are upregulating proteostasis mechanisms to
compensate for the increased burden of damaged and misfolded
proteins. In wild-type animals, dopamine signaling and the resulting
xenobiotic response would minimize the accumulation of damaged
proteins to a low enough level that the various proteostasis mecha-
nisms (i.e., the poly-ubiquitination machinery, the proteasome,
aggregation of ubiquitinated insoluble proteins into inclusion
bodies, and autophagy) can handle them. It remains a formal possi-
bility that the detoxification pathway is also required to remove one
or more xenobiotic compounds that would otherwise impair the
poly-ubiquitination machinery directly, although this seems less
likely given the diverse set of toxins (e.g., paraquat, heat shock,
cadmium ions, ethanol) that can impair UPS reporter turnover
(Segref et al, 2011). Regardless of the specific mechanism, the
resulting maintenance of proteostasis, along with the expression of
other innate immunity factors, helps barrier epithelia repel infec-
tion. This signaling system might counteract that of serotonin,
which is released from the chemosensory neuron ADF to negatively
regulate, through a separate mechanism, innate immune response,
including the rectal swelling that occurs in nematodes exposed to
the pathogenic bacteria Microbacterium nematophilum (Anderson
et al, 2013). Our findings demonstrate a novel example of how a
multicellular organism can use its nervous system to sense environ-
mental challenges and modulate proteostasis in target tissues using
a known neurohormonal signal.

© 2016 The Authors
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Figure 5. A hypothesized model for dopamine signaling modulation of proteostasis.

A Asimple regulatory model for DA signaling and proteostasis. When nematodes encounter a bacterial lawn, the lawn’s viscosity is sensed by dopaminergic

mechanosensory neurons, which then release the neurohormone dopamine (DA) into the pseudocoelomic body cavity in response. DA signaling activates the
expression of xenobiotic detoxification genes in epithelial tissues. The products of these genes remove toxins and ROS, which otherwise would damage proteins.
Arrows indicate positive relationships, whereas T bars indicate inhibitory relationships.

DA signaling, through activation of the xenobiotic response, protects most proteins (gray shapes) from proteotoxic stress due to toxins and ROS. Protein quality
control mechanisms like the UPS (particularly, E3 and E4 ubiquitin ligases, indicated by yellow circles) are fully available to act on unstable proteins (green oval),
thereby triggering the rapid ubiquitination and degradation of such proteins. Individual ubiquitin molecules are indicated by small circles with the letter “U”.

In the absence of DA signaling, there is less activation of the xenobiotic response and thus many proteins within epithelial cells become damaged by toxins and ROS
(red shapes comprising dotted lines). Protein quality control mechanisms like the UPS (yellow circles) become overwhelmed ubiquitinating and degrading the large
load of stressed proteins, leaving few of them available to process unstable proteins (green oval). The result is an observed stabilization of such proteins, many of
which are not ubiquitinated or only partially ubiquitinated. Individual ubiquitin molecules are indicated by small circles with the letter “U”.
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A role for dopamine in proteostasis might transcend nematodes.
In mammals, dopaminergic neurons are particularly susceptible to
oxidative and metabolic stress, environmental toxins, and drugs of
abuse, which in turn can increase the risk for Parkinson’s disease
(PD) (Ferrucci et al, 2008; Ares-Santos et al, 2013; Taylor et al,
2013; Friend et al, 2014). The resulting changes in dopaminergic
signaling in PD contribute to physiological decline in neuronal and
non-neuronal DA targets (Miller & O’Callaghan, 2014; Stayte &
Vissel, 2014). Our findings suggest that DA regulates multiple
factors that maintain proteostasis, and we speculate that loss of
proteostasis due to impairments in DA signaling could be an impor-
tant factor exacerbating physiological decline in PD- and DA-
associated drug abuse.

Materials and Methods

Strains and growth conditions

Standard methods were used to culture C. elegans (Brenner, 1974).
Animals were grown at 20°C on standard NGM plates seeded with
OP50 Escherichia coli. The following strains were provided by the
Caenorhabditis Genetics Center and were backcrossed to the laboratory
N2 wild-type strain three to six times: cat-2(el112), dop-1(vs100), dop-
1(vs101), dop-1(0k398), dop-2(vs105), dop-3(0k295), dop-3(vs106),
dop-4(tm1392), dop-4(ok1321), dop-5(0k568), mec-5(0k3313), trp-4
(sy695), daf-16(mgDf50), crh-2(gk3293), skn-1(tm3411). Transgenic
strains 0dls77[Peor 107Ub"V-GFP, Puy_10#mREP], norScil[Pyg.;::trp-4
(d), unc-119(+)]; unc-119(ed3); vtls1[Pyqa.1::8fp, rol-6dm] (a gift from
M. Doitsidou, University of Edinburgh), dgEx80[Pyne.::PolyQ44::YFP,
rol-6dm], vsIs28[Pgqp.1::GFP], adEx1647[Pgqp-1::GFP], and hhls64[Pg,.s::
UbS7°V-GFP, unc-119(+)JIL; hhIs73[Py,.s::mCherry, unc-119(+)] (a
gift from T. Hoppe, University of Cologne) have been described previ-
ously (Tsalik et al, 2003; Chase et al, 2004; Mohri-Shiomi & Garsin,
2008; Liu et al, 2011; Segref et al, 2011). When possible, researchers
were blinded to the genotype of the observed sample.

Statistics

Twenty animals were chosen per genotype so as to observe an effect
size at least as large as the coefficient of variation. All data with
normal distributions were analyzed with GraphPad Prism 6 in most
cases using ANOVA with Dunnett’s post hoc test or a Student’s t-test
(two-tailed) with Holm-Sidak correction for multiple comparisons.

RNA-seq analysis

Developmentally animals were obtained by
hypochlorite treatment of gravid adults to release embryos.
Synchronized embryos were hatched on NGM plates and grown at
20°C until 48 h after the L4 stage of development. Fluo-
rodeoxyuridine was used to prevent the development of second-
generation embryos once animals reached fertile adulthood
(Gandhi et al, 1980). For each RNA-seq experiment, populations
for 0dIs77[Peor19::Ub®7V-GFP] and dop-1(vs100); [Peop.10::UbS70"-
GFP] were grown simultaneously under the same conditions. Total
RNA was isolated from animals using TRIzol (Invitrogen)
combined with bead beater lysis in 3 biological replicates, and an

synchronized
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mRNA library (single-end, 50-bp reads) was prepared for each
sample/replicate using Illumina Truseq with PolyA selection
(RUCDR). Libraries were sequenced on an Illumina HiSeq 2500 in
Rapid Run Mode, resulting in high-quality sequence reads (FAST
QC Phred score average of 40 out of the full 50 bp length). Reads
(45-49 million per genome and replicate) were analyzed using
Geospiza Genesifter, with alignment to the C. elegans genome
(WS220) via Illumina WTS BWA (GATKv3). From 89-90% of
reads mapped to the genome (72-74% mapped to annotated
ORFs). Normalization and statistical analysis was performed with
EdgeR with a Benjamini and Hochberg correction. Lists of differen-
tially expressed genes were analyzed by DAVID (v6.7,
david.abcc.ncifcrf.gov/home.jsp) using functional annotation clus-
tering and a low classification stringency as the method for
assessing annotation enrichment. RNA-seq datasets are available in
NIH/NCBI GEO through accession number GSE80807.

RNAi feeding

RNAi feeding protocols were as described previously (Timmons
et al, 2001). The RNAI screen was performed with 2,072 clones from
the Ahringer RNAI library (Kamath et al, 2003; Sieburth et al, 2005)
in animals with the odIs77 transgene in an otherwise wild-type
genetic background. E. coli (HT115) producing dsRNA for individual
genes was seeded onto NGM plates containing 25 pg/ml carbenicillin
and 0.2% lactose to induce the expression of the dsRNA for the gene
of interest. The negative control was conducted by seeding the plates
with HT115 containing empty vector pL4440. Synchronized embryos
were hatched on each plate and grown at 20°C until 48 h after the
L4 stage of development. Each clone in the screen was assessed in
two independent RNAi experiments. Positives for one or both experi-
ments were assessed a third time, and any clone that gave a positive
phenotype for two or three of the experiments was included in the
collection of 31 positives from the screen. It should be noted that
UGT genes, CYP genes, and proteasome subunit genes were not
included in the screened library. To assess knockdown phenotypes
for these genes, we performed directed experiments with feeding
RNAi bacteria using the procedure above. The respective clones
contained sequences for ugt-3, ugt-8, ugt-11, ugt-13, ugt-37, ugt-57,
ugt-62, ugt-63, ugt-64, cyp-25A1, cyp-34A4, cyp-34A7, cyp-34A8,
cyp-29A2, rpn-11, pbs-4, pbs-S, ufd-1, hsp-4, hsp-16.2, hsp-16.11,
hsp-16.41, hsp-16.48, hsp-16.49, hsp-17, and hsp-43 in RNAI vectors;
these were obtained from Open Biosystems.

Fluorescence microscopy, imaging analysis, and intensity
measurements

GFP-, mRFP-, and mCherry-tagged fluorescent proteins were visual-
ized in nematodes by mounting on 2% agarose pads with 10 mM
tetramisole. Fluorescent images were observed using an Axioplan II
(Carl Zeiss, Thornwood, NY). A 5x (numerical aperture 0.15)
PlanApo objective was used to detect GFP and mRFP signal.
Imaging was done with an ORCA charge-coupled device camera
(Hamamatsu, Bridgewater, NJ) by using iVision software (Biovision
Technologies, Uwchlan, PA). Exposure times were chosen to
capture at least 95% of the dynamic range of fluorescent intensity of
all samples. GFP fluorescence was quantified by obtaining outlines
of worms using images of the mRFP or mCherry control in case of
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hypodermis and intestine, respectively. The mean fluorescence
intensity within each outline was calculated (after subtracting away
background coverslip fluorescence) for UbS’®Y-GFP, mRFP and
mCherry signals.

Measurement of 26S proteasome activity, GFP levels, and RFP
levels in lysates

Developmentally synchronized 48-h staged animals were lysed in
lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA,
2 mM ATP, 1 mM dithiothreitol and protease inhibitor cocktail
tablets; Roche) using a Mini Bead Beater 16 (Biospec). Lysates were
transferred to microcentrifuge tubes and centrifuged at 18,000 g for
15 min at 4°C.

To measure proteasome activity, an equal amount of protein
lysate (5 pg in 20 pl lysis buffer) was premixed with either 250 ng
of proteasome inhibitor (epoxomicin, Boston Biochem, prepared in
50% dimethyl sulfoxide) or an equivalent volume of vehicle (50%
dimethyl sulfoxide lacking the inhibitor), followed by the addition
of proteasome assay buffer (200 pl; 25 mM HEPES, pH 7.5 and
0.5 mM ethylenediaminetetraacetic acid) containing a chymotryptic
substrate (80 pM Suc-Leu-Leu-Val-Tyr-AMC; Boston Biochem).
Reactions were incubated at 25°C for 1 h, and fluorescence
(hex = 360 nm; Aem = 465 nm) was detected after every 5 min
using a Tecan Infinite F200 detector. Epoxomicin-sensitive activity
was generated with triplicate measurements from two independent
experiments, quantified, and plotted.

To measure GFP and RFP in lysates, 5 pg of lysate in 100 pl of
lysis buffer was placed in a 96-well plate, in duplicate. GFP and RFP
fluorescence was detected using a Tecan Infinite F200 detector using
a filter set for either GFP (Aex = 485 nm; Aem = 535 nm) or RFP
(Aexe = 590 nm; Aem = 635). Relative fluorescence values were
calculated.

Slow-killing assays and survival analysis

Using a slow-killing (SK) assay, nematodes were challenged with an
infective strain of Pseudomonas aeruginosa (PA14). More than 50
L4 stage nematodes were transferred from NGM-OP50 to SK plates
containing the pre-grown bacterial lawn of P. aeruginosa and incu-
bated at 20°C (Powell & Ausubel, 2008). SK plates were prepared
with 50 pg/ml of 5-fluoro-2’-deoxyuridine (FUdR), which prevents
the growth of egg offspring during the experiment. E. coli OP50 was
fed nematodes as a negative control strain with limited killing of
C. elegans during experimental time course. Nematodes were moni-
tored throughout a 150-h period under a dissection microscope to
detect unresponsive and dead worms. Survival analyses were
performed using the Kaplan-Meier method, and the significance of
differences between survival curves calculated using Prism
(GraphPad Software). Heat-shock survival was assessed by placing
nematodes of the indicated stage at 34°C for 6 h, allowing them to
recover for 1 h at 20°C, and then scoring live versus dead animals
based on pharyngeal pumping and locomotion.

Western blotting and antibodies

Protein samples (30 pl) were prepared from 20 or 30 nematodes,
depending upon hypodermis or intestine reporter, synchronized at
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L4, and lysed at 48 h post-L4 for odIs77 and the various mutants.
Equal amounts of protein samples were resolved by electrophore-
sis through 12% SDS-polyacrylamide gel (Bio-Rad). Western
blotting was performed using mouse anti-Ub (1:2,000, Enzo),
mouse anti-GFP (1:2,000, Roche), rabbit anti-PSMD14 (1:1,000,
Novus), mouse anti-20S alpha 1-7 (1:1,000, Abcam), and mouse
anti-actin  (1:5,000, Millipore). Western blotted proteins were
visualized and quantified using fluorescent-conjugated secondary
antibodies from Odyssey and Licor imaging system. Each experi-
ment was repeated at least five times with lysates from separate
nematode preparations.

Expanded View for this article is available online.
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