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ABSTRACT Stress-induced sleep (SIS) in Caenorhabditis elegans is important for restoration of cellular homeostasis and is a useful
model to study the function and regulation of sleep. SIS is triggered when epidermal growth factor (EGF) activates the ALA neuron,
which then releases neuropeptides to promote sleep. To further understand this behavior, we established a new model of SIS using
irradiation by ultraviolet C (UVC) light. While UVC irradiation requires ALA signaling and leads to a sleep state similar to that induced by
heat and other stressors, it does not induce the proteostatic stress seen with heat exposure. Based on the known genotoxic effects of UVC
irradiation, we tested two genes, atl-1 and cep-1, which encode proteins that act in the DNA damage response pathway. Loss-of-function
mutants of atl-1 had no defect in UVC-induced SIS but a partial loss-of-function mutant of cep-1, gk138, had decreased movement
quiescence following UVC irradiation. Germline ablation experiments and tissue-specific RNA interference experiments showed that cep-1
is required somatically in neurons for its effect on SIS. The cep-1(gk138) mutant suppressed body movement quiescence controlled by
EGF, indicating that CEP-1 acts downstream or in parallel to ALA activation to promote quiescence in response to ultraviolet light.
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SLEEP is a highly conserved process that occurs in every
animal carefully studied (Cirelli and Tononi 2008). How-

ever, the mechanisms that regulate sleep and the function
of sleep are still unclear. While much work has gone into
understanding circadian sleep, less is known about sleep
induced by environmental stressors such as high heat and
infection (Imeri and Opp 2009; Qian et al. 2015). Stress-
induced sleep (SIS) is conserved from mammals to Drosoph-
ila melanogaster and Caenorhabditis elegans (Hill et al. 2014;
Nelson et al. 2014; Lenz et al. 2015), which provide useful
models for studying the genetic regulation of this behavior
(Davis and Raizen 2016). SIS is separately regulated from
other types of sleep in these organisms (Lenz et al. 2015;
Trojanowski et al. 2015) and also serves to restore cellular
homeostasis (Hill et al. 2014). In this study we use C. elegans
to further explore the genetic regulation of SIS.

Since sleep in nonmammalianmodels cannot be identified
via electroencephalography, we use behavioral hallmarks
such as reduced responsiveness and rapid reversibility to
identify sleep states. C. elegans SIS fulfills behavioral criteria
for sleep in nonmammalian models (Trojanowski and Raizen
2016). The C. elegans model of SIS has similarities to sleep
in response to illness in mammals (reviewed in Davis and
Raizen 2016). The function of sleep as a restorative state
has also been demonstrated in both mammals and nema-
todes. After a heat shock, worms that cannot sleep have re-
duced survival (Hill et al. 2014; Fry et al. 2016). Similarly, in
rabbits, animals that sleep more after an infection are more
likely to survive than rabbits that sleep less (Toth et al. 1993;
Imeri and Opp 2009). In this study, we hope to shed light on
the regulation and function of SIS by introducing a new type
of stress, ultraviolet (UV) C (UVC) irradiation.

UV light is a common environmental toxin that must be
dealtwithbyanimals. Exposure toUV light inhumanscan lead
to skin burns and fatigue (Mayo Clinic Staff 2014). By dam-
aging DNA, UV increases the risk of skin cancer (United
Nations Environment Program et al. 1994). The cellular re-
sponse to UV exposure and other genotoxic stressors such
as ionizing radiation largely revolves around DNA damage
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response. Behavioral responses to genotoxic stress are less
well characterized. In patients undergoing cancer treatments
involving radiation therapy (RT), fatigue is a common com-
plaint with up to 70% of patients noting an increase in fatigue
during treatment with ionizing radiation (Irvine et al. 1994;
Hickok et al. 2005). Notably, fatigue is experienced by pa-
tients receiving RT far from the brain, for example in the
pelvic area in patients with prostate cancer (Monga et al.
1999, 2005; Janda et al. 2000). Many patients report drows-
iness with RT, suggesting that sleepiness does, in fact, con-
tribute to their complaint of fatigue (Knapp et al. 2012). This
suggests that there is cytokine-based communication be-
tween peripheral organs undergoing genotoxic stress and
the central nervous system. Mice exposed to UV light also
become sleepy (Van Oosterhout et al. 2012).

Exposure of C. elegans to UV light leads to acute cessation
of feeding and to avoidance behavior (Liu et al. 2010; Bhatla
and Horvitz 2015). These behaviors occur during UV irradi-
ation but little is known about how the animal behaves dur-
ing recovery from UV exposure. The cellular response to UV
irradiation in C. elegans is homologous to the mammalian
DNA damage repair pathway and includes homologs of
DNA surveillance protein ataxia telangiectasia and RAD3-
related kinase (ATR) and the tumor suppressor p53 (Jolliffe
and Derry 2013). In this study we describe sleep behavior
during recovery from UV irradiation. This sleep behavior en-
gages the same neural pathways that are engaged after ex-
posure to other types of stressors (Hill et al. 2014). We show
that CEP-1, the C. elegans homolog of mammalian p53,
plays a role in the nervous system in the behavioral response
to UV light.

Materials and Methods

Animal cultivation, transgenic nomenclature, and
strains used

Animals were cultivated on the surface of NGM 1.7% agar in
petri dishes of 5.5 cm diameter. Unless noted otherwise,
animals were cultivated in a 20� incubator. The agar used
in the plates was from manufacturer Apex (catalog number
20-275). The wild-type strain was N2, variety Bristol
(Brenner 1974). Animals were fed the Escherichia coli
(Boyer and Roulland-Dussoix 1969) strain DA837 (Davis
et al. 1995), which is a derivative of OP50 (Brenner 1974).
Strains used are listed below. Recombinant DNA transgenes
are designated as promoter:gene.

N2 (Bristol) (Brenner 1974).
IB16: ceh-17(np1) I (Pujol et al. 2000).
NQ602: flp-13(tm2427) IV (outcrossed 33) (Nelson et al.

2014).
KP2018: egl-21(n476) IV (Jacob and Kaplan 2003).
MT1206: egl-21(n576) IV (Jacob and Kaplan 2003).
TJ375: gpIs1[Phsp-16.2:GFP] (Rea et al. 2005).
SJ4005: zcIs4[Phsp-4:GFP] V (Urano et al. 2002).
SJ4100: zcIs13[Phsp-6:GFP] V (Benedetti et al. 2006).

DW101: atl-1(tm853) V / nT1[unc(n754) let (qIs50)] (IV, V)
(Mori et al. 2008).

TJ1: cep-1(gk138) I (Arum and Johnson 2007).
CE1255: cep-1(ep347) I (Lackner et al. 2005).
XY1054: cep-1(lg12501) I (Mateo et al. 2016).
TU3401: uIs72[pCFJ90 (Pmyo-2:mCherry); Punc-119:SID-

1]; sid-1(pk3321) V (Calixto et al. 2010).
NQ905: cep-1(gk138) I; qnEx450[cep-1; Pmyo-2:mCherry].
NQ918: cep-1(gk138) I; qnEx456[TransGeneOme Clone

9347172996193398G02(cep-1::gfp); Pmyo-2:mCherry].
NQ1035: qnEx550[Prgef-1:cep-1(sense); Prgef-1:cep-1(anti-

sense); Pmyo-2:mCherry].
NQ1058: qnEx572[Pmyo-2:cep-1(sense); Pmyo-2:cep-1(anti-

sense); Prol-6:gfp].
NQ1071: qnEx582[Psur-5:cep-1(sense); Psur-5:cep-1(anti-

sense); Pmyo-2:mCherry].
NQ1087: qnEx589[Prgef-1:mcherry(sense); Prgef-1:mcherry

(antisense); Pmyo-2:gfp].
NQ1102: cep-1(gk138) I; pha-1(e2123ts) III; him-5(e1490)

V; syEx723[Phsp-16.2:LIN-3C; Pmyo2:GFP; pha-1](+)].
PS5009: pha-1(e2132ts) III; him-5(e1490) V; syEx723[Phsp16.2:

LIN-3C; Pmyo2:GFP; pha-1(+)] (Van Buskirk and Sternberg
2007).

CB4037: glp-1(e2141) III (Kodoyianni et al. 1992).
NQ1174: cep-1(gk138) I; glp-1(e2141) III.

Molecular biology, micro-injections, and list of
oligonucleotides used

Tissue-specific RNA interference (RNAi) constructs were
made using overlap extension PCR (Nelson and Fitch 2011)
with the oligonucleotides listed in Supplemental Material,
Table S1, and using the high fidelity enzyme Phusion
(Thermo Fisher Scientific). Briefly, primers were designed
to amplify the specified promoter from N2 genomic DNA or
to amplify the cep-1 coding region lacking a start codon or
392UTR from the ORFeome RNAi feeding clone F52B5.5
(Rual et al. 2004). Promoter fragments were amplified
with overlapping sequences for the cep-1 amplicon in both
the sense and antisense directions. Therefore, two con-
structs were made (promoterX:cep-1 sense and promo-
terX:cep-1 antisense) and simultaneously injected to
create the double-stranded RNA needed for RNAi (Fire
et al. 1998). Micro-injections were performed via standard
methods (Mello et al. 1991) using plasmids pCFJ90 encod-
ing Pmyo-2:mcherry, pPD118.33 encoding Pmyo-2:gfp, or
Prol-6:gfp as markers for transformation. See Table S1 for
oligonucleotide sequences.

Compound genetic strain constructions

To create strain NQ1102 we crossed PS5009 males to TJ1
hermaphrodites and followed the extrachromosomal array
via the GFP marker. To identify the presence of the cep-
1(gk138) mutation, we used PCR with oligonucleotides
oNQ1591 and oNQ1592, which detect an �2000-bp band
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in wild-type animals and an �500-bp band in cep-1(gk138)
mutants.

To create the strain NQ1174, N2 males were crossed with
CB4037 hermaphrodites. Male cross-progeny were crossed
with TJ1 hermaphrodites. We detected the presence of the
homozygous cep-1(gk138) mutation using PCR. To identify
the presence of the glp-1(e2141) mutation, we cultivated
animals at the 25� restrictive temperature and confirmed that
100% of the animals were sterile.

UV-light exposure

Animals freelymoving on anNGMagar surfacewere placed in
Spectrolinker XL-1500 (Spectroline) either on a 5.5-cm petri
dish or on theWorMotel, uncovered (UVbulbswere above the
sample), and irradiated with light of wavelength 254 nm.
Various energies of UVC were achieved by using the energy
input function, which varies the exposure time. E. ColiDA837
bacteria were transferred onto the agar surface together with
the worms and were spread thinly on the agar surface so as
to minimize blocking of UV rays.

Assessment of feeding

Following UVC irradiation on NGM agar plates, food was
supplied by transferring bacteria from unused seeded plates
to the treated plates. Feeding was assessed via visual de-
termination of pharyngeal grinder movements (which repre-
sent pharyngeal pumps) on a stereomicroscope under 103
ocular magnification and 4–163 objective magnification. We
considered any pumps in a 10-sec period of observation an
indication that the animal was feeding.

Assessment of body-movement activity and quiescence

Body-movement activity and quiescence was assessed using
the WorMotel (Churgin and Fang-Yen 2015; Churgin et al.
2017) at ambient temperatures ranging from 21 to 23�. In-
dividual worms were placed in 24 or 48 separate wells and
imaged under dark field illumination conditions using a red
light-emitting diode light source. Images were taken at a
spatial resolution of 16 mm/pixel every 10 sec for 491 min
by an Imaging Source DMK 23GP031 camera. Activity values
were determined via image subtraction analysis which mea-
sures number of pixels changed between frames (Raizen et al.
2008). The custom software used is available at https://
github.com/cfangyen/wormotel. Due to day-to-day variabil-
ity in behavior, comparisons between experimental animals
and controls were only done for animals housed on the same
WorMotel and they were imaged simultaneously.

Assessment of sensory responsiveness

L4 animalswere put onunseededhalf-peptone agar plates the
day before the experiment. Bacteria were added onto the
plates with a worm pick to support animal growth to adult-
hood. The next day, the worms were treated with 1500 J/m2

UVC irradiation and immediately transferred to plates with a
full lawn of DA837 bacteria. After a period of 2 hr after treat-
ment the worms were exposed to octanol vapor by placing an

eyelash dipped in 60% octanol one pharynx length away
from the animal’s nose. We measured the time it took an
animal to move backward the length of at least a pharynx.
Animals that were inadvertently touched during the assay
were censored.

Heat exposure for SIS and transgene induction

To observe heat shock-induced sleep or transgene induction
of Phsp-4:gfp, Phsp-16.2:gfp, and Phsp-16.2:lin-3c, we sub-
merged animals housed on NGM agar plates in a 37� water
bath for 30 min. The petri dishes were rendered imperme-
able to water by wrapping with parafilm. To heat shock
directly on the WorMotel, the chip loaded with worms
was placed in an empty 10-cm petri dish, which was par-
afilmed and submerged, also for 30 min. The WorMotel
was then directly moved to the imaging setup following
this treatment for measurements of body-movement qui-
escence and activity.

Fluorescent microscopy

After heat shock, animals were placed in 2 ml of 1 mM leva-
misole on a 2% agarose pad on a microscope slide and cov-
ered with a cover slip. The worms were visualized at 53
objective magnification using an upright Leica DM5500B
compound microscope equipped with epifluorescence optics
and a metal halide light source. Images were captured with a
Hamamatsu C4742-95 camera controlled by Leica LAS soft-
ware. Images were collected on the same day using the same
camera exposure durations.

RNAi knockdown via feeding

For experiments involving the use of feeding RNAi, animals
were laid as eggs onto L4440 bacterial clones containing an
RNAi-knockdownconstruct or an empty-vector control.When
animals reached the L4 stage, they were transferred to a new
plate containing the sameRNAi clone or empty-vector control
and then used as day 1 adults for experiments in which we
visualized GFP induction from the hsp-6 promoter (Figure 2)
or looked at the response to UVC irradiation (Figure 4B).

Data availability

All strains not provided by theCaenorhabditisGenetics Center
are available upon request. The authors state that all data
necessary for confirming the conclusions presented in the
article are represented fully within the article.

Results

UV irradiation induces behavioral quiescence that
requires signaling by the ALA neuron

We used UVC wavelength light as a convenient tool for rapid
induction of genotoxic stress. We exposed worms to 0, 500,
1500, and 2500 J/m2 of UVC (wavelength 254 nm) irradia-
tion. Each exposure lasted ,30 sec and was administered
while worms were freely moving on solid media with either
a thin lawn of food or no food. Animals showed pronounced

P53/CEP-1 Promotes UV-Induced Sleep 573

http://www.wormbase.org/db/get?name=WBGene00000467;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145545;class=Variation
http://www.wormbase.org/db/get?name=N2;class=Strain
http://www.wormbase.org/db/get?name=CB4037;class=Strain
http://www.wormbase.org/db/get?name=TJ1;class=Strain
http://www.wormbase.org/db/get?name=WBGene00000467;class=Gene
http://www.wormbase.org/db/get?name=WBVar00145545;class=Variation
http://www.wormbase.org/db/get?name=WBGene00001609;class=Gene
http://www.wormbase.org/db/get?name=WBVar00144590;class=Variation
http://www.wormbase.org/db/get?name=DA837;class=Strain
https://github.com/cfangyen/wormotel
https://github.com/cfangyen/wormotel
http://www.wormbase.org/db/get?name=DA837;class=Strain
http://www.wormbase.org/db/get?name=WBGene00002010;class=Gene


feeding and movement quiescence for several hours following
UVC exposure in a dose-dependent manner (Figure 1, A–D).

To measure feeding quiescence, we used bright field ster-
eomicroscopy to inspect movements of the pharyngeal
grinder, a tooth-like cuticular specialization (Raizen et al.

2012). Feeding behavior consists of pharyngeal contraction/
relaxation cycles called pumps; during each pump, the
grinder moves backward and forward. We counted the frac-
tion of animals pumping at several time points up to 6 hr
following UVC irradiation. All (100%) of nonirradiated

Figure 1 UVC induces quiescence in an ALA-dependent manner. Animals on an NGM agar surface without bacteria were irradiated with 254-nm light
at the specified dose (A–D) or at 1500 J/m2 (E and F). Except where noted in (E), animals used were wild type. (A) Fraction of animals quiescent for
feeding in the presence of food as a function of time after UVC exposure. N = 10 for each UVC dose. (B) Activity in pixels of worms irradiated at 1500 J/m2

and of worms that were not irradiated. Irradiated group, N = 32; not irradiated group, N = 4. (C) Minutes of body-movement quiescence in each 30-min
period after UVC exposure. Points denote mean and error bars denote SEM. N for each dose was as follows: 0 J/m2, N = 3; 500 J/m2, N = 24; 1500 J/m2,
N = 24; 2500 J/m2, N = 5. (D) Minutes of movement quiescence during the first 6 hr after UVC irradiation. * P , 0.05, ** P , 0.01, Student t-tests
comparing minutes of quiescence for each irradiated group to nonirradiated group. N for each dose was as follows: 0 J/m2, N = 4; 500 J/m2, N = 24;
1500 J/m2, N = 24; 2500 J/m2, N = 11. (E) Response latency to octanol for wild-type and ceh-17(np1) mutant animals 2 hr after no treatment (untreated)
[wild type (WT), N = 13; ceh-17, N = 14], irradiation with 1500 J/m2 UVC (treated) (WT, N = 12; ceh-17, N = 13), or after irradiation followed by harsh
body touch immediately prior to octanol exposure (treated touched) (WT, N = 13). (F) Quiescence relative to wild-type animals of ceh-17(np1),
egl-21(n576), egl-21(n476), and flp-13(tm2427) mutant animals or of wild-type animals in which ALA was laser ablated relative to unoperated controls.
Each point represents total minutes of quiescence in the 6 hr after UVC irradiation of one animal normalized to the mean of wild-type animals imaged
simultaneously. The mean for total quiescence in minutes and number of animals N for each group were as follows: ceh-17(np1) (WT, N = 4, mean =
111.6; mutant, N = 4, mean = 36.67], egl-21(n576) (WT, N = 21, mean = 251.47; mutant, N = 21, mean= 130.46), egl-21(n476) (WT, N = 4, mean =
111.6; mutant, N = 4, mean = 8.42), flp-13(tm2427) (WT, N = 12, mean = 147.6; mutant, N = 12, mean = 76.37), ALA ablation (unoperated control, N = 12,
mean = 126.4; ablated, N = 9, mean = 59.0). * P, 0.05, ** P, 0.01, *** P, 0.001, Student’s t-test on total minutes of quiescence, comparing mutant or
ablated animals to wild-type control animals. In (D–F), the wide and short horizontal bars denote means and SE, respectively.

574 H. K. DeBardeleben et al.



control animals pumped throughout the experiment. Follow-
ing exposure to either 500 or 1500 J/m2 of UVC irradiation,
we observed the maximal feeding quiescent behavior at 150–
200min after UVC exposurewith 40 and 100% of the animals
suppressing pumping, respectively (Figure 1A). Following
exposure to 2500 J/m2 irradiation, 100% of worms stopped
feeding immediately and did not begin to recover feeding
until �200 min after the UVC exposure. By 360 min after
irradiation, worms exposed to either 500 or 1500 J/m2

UVC irradiation had resumed feeding behavior, while
�25% of worms exposed to 2500 J/m2 UVC irradiation
remained quiescent for feeding (Figure 1A).

To measure movement quiescence, we used a machine
vision algorithm that is based on subtraction of temporally
adjacent video frames (Raizen et al. 2008) taken of individ-
ually housed animals on a WorMotel (Churgin and Fang-Yen
2015). This frame-subtraction analysis gives a measure of
total activity, which is reflected by the total number of pixels
changed between frames; as well as of quiescence, which is
quantified by summing the bouts in which there was no
movement. Irradiated animals were initially more active than
nonirradiated control animals (Figure 1B) and showed little
quiescence for the first 30 min after UVC exposure (Figure
1B). After 30min, there was reduced activity (Figure 1B) and
increased quiescence (Figure 1C); the degree of quiescence
was proportional to the dose of UVC. After each UVC expo-
sure, most of the movement-quiescence behavior was ob-
served in the first 4 hr and most animals irradiated with
500 or 1500 J/m2 UVC irradiation were active at 6 hr after
irradiation (Figure 1C). We calculated total quiescence
in minutes for the first 6 hr following exposure to UVC. Non-
irradiated control animals showed minimal to no quiescence
during the 6 hr of tracking (Figure 1D). Total movement
quiescence following UVC irradiation increased with increas-
ing doses of irradiation (Figure 1D). The observation of
delayed onset of quiescence after irradiation, and near full
recovery of movement and feeding 6 hr after UVC exposure,
suggests that the quiescence following UVC exposure is not
explained by acute injury to the animals; rather, it is likely to
be neurally regulated, similar to sleep induced by other types
of stressors in C. elegans (Hill et al. 2014).

To determine whether the quiescence following UVC irra-
diation is quiet wakefulness vs. sleep, we tested another be-
havioral hallmark of sleep, sensory depression, using an
olfactory-avoidance assay. Unstressed adult awake worms
nearly immediately move backward when exposed to the
aversive chemical octanol (Chao et al. 2004). In contrast,
during lethargus and during heat shock-induced sleep, this
backing response is delayed (Raizen et al. 2008; Hill et al.
2014). We compared the response to octanol in wild-type
worms 2 hr after UVC irradiation at 1500 J/m2 to that of
control animals that were not irradiated. The latency to back-
ward movement was prolonged in UVC-irradiated animals
(Figure 1E). To distinguish between immobility and reduced
responsiveness due to UVC-induced injury from immobility
and reduced responsiveness due to sleep, we used a platinum

wire to touch irradiated worms (labeled as “irradiated
touched group” in Figure 1E) and then again measured the
latency to respond to octanol. The octanol-response latency
after applying the waking mechanical stimulus to irradiated
animals was significantly shorter than the latency prior to the
waking stimulus and was similar to that of nonirradiated
animals (Figure 1E). The reduced responsiveness and rapid
reversibility of the quiescent behavioral state demonstrate
sleep properties of UVC-induced quiescence.

SIS after heat shock is dependent on the ALA neuron and
signaling by neuropeptides, including those encoded by the
gene flp-13 (Hill et al. 2014; Nelson et al. 2014). To test if
UVC-induced quiescence is also dependent on this pathway,
we measured movement quiescence after irradiating animals
in which the function of the single ALA neuron was removed
using the laser-ablation method (Fang-Yen et al. 2012) or by
using a mutation in the gene ceh-17, which is required for
ALA development and function (Pujol et al. 2000). Both ap-
proaches for eliminating ALA neuron function resulted in the
same outcome: movement quiescence after UVC exposure
was greatly reduced (Figure 1F). Additionally, loss of ALA
in the ceh-17 mutant strain resulted in loss of sensory de-
pression following UVC irradiation, with octanol-response
times similar to those of nonirradiated controls (Figure 1E).
To test whether neuropeptide signaling is required for UVC-
induced quiescence, we measured movement quiescence in
animals mutant for egl-21, which encodes a carboxypeptidase
E required for maturation of neuropeptides (Jacob and
Kaplan 2003). We also tested animals mutant for flp-13,
which is expressed in the ALA neuron and encodes neuropep-
tides required for SIS (Nelson et al. 2014). Animals mutant
for two different alleles of egl-21 and animals mutant for flp-
13 showed reduced movement quiescence following UVC
exposure at 1500 J/m2 (Figure 1F). The fact that egl-21 mu-
tants had a stronger phenotype than the flp-13mutant can be
explained by additional ALA-expressed neuropeptides acting
in parallel to FLP-13 (Nath et al. 2016). Taken together, these
experiments demonstrate that UVC-induced sleep requires
the same neural mechanisms engaged in SIS induced by heat
shock (Hill et al. 2014; Nelson et al. 2014).

UVC-induced quiescence is not associated with
induction of proteostatic stress pathways

Prior studies of themechanismof SIS primarily used high heat
exposure as an environmental trigger of the behavior (Hill
et al. 2014; Nelson et al. 2014). High heat exposure results in
protein misfolding, which triggers both HSF-1-dependent
(Hajdu-Cronin et al. 2004) and endoplasmic reticulum (ER)
(Link et al. 1999; Shen et al. 2001) stress response pathways,
as evidenced by transcriptional upregulation of protein chap-
erones which serve to restore protein homeostasis (Candido
2002; Hill et al. 2014). Additionally, oxidative stress leads to
upregulation of the HSP70 homolog HSP-6, an indicator of
mitochondrial stress (Benedetti et al. 2006). UVC exposure
generates oxygen radicals that can damage both DNA and
protein (Cabiscol et al. 2000; Bhatla and Horvitz 2015).
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Therefore, we tested whether UVC-induced behavioral qui-
escence is associated with markers of proteostatic stress. We
used transcriptional reporters to monitor gene expression of
hsp16.2, hsp-4, and hsp-6, which encode chaperones upregu-
lated by the HSF-1 stress response pathway, by the ER stress
response pathway, and by the mitochondrial stress response
pathway, respectively. We observed UVC-irradiated and heat-
shocked animals for up to 8 hr and found the strongest GFP
expression at 4 hr after heat shock. In contrast to heat shock,
UVC exposure did not lead to upregulation of hsp-4 or hsp-
16.2 (Figure 2). We also did not see upregulation of hsp-6
after UVC treatment, while as a positive control we observed
induction of hsp-6:GFP following an RNAi knockdown with the
clone T09B4.9, a treatment known to induce mitochondrial
stress (Bennett and Kaeberlein 2014). These observations sug-
gested that SIS is not triggered exclusively by exposures that
cause proteostatic stress and led us to consider DNA damage as
the relevant cellular stress following UVC exposure.

p53/CEP-1 is required for movement quiescence after
UVC exposure

In the C. elegans germline, DNA damage induced by UVC
exposure is detected by ATL-1, the C. elegans homolog of
mammalian kinase ATR. ATL-1 is required to activate CEP-1
(Vermezovic et al. 2012), the C. elegans homolog of the mam-
malian tumor suppressor protein p53 (Derry et al. 2001;
Schumacher et al. 2001). Upon activation by DNA damage,
CEP-1 upregulates genes required for apoptosis and therefore
promotes cell death of germline cells whose DNA is damaged
by UVC irradiation. To test whether a similar DNA damage
surveillance system functions in quiescent behavior after UVC
exposure, we measured UVC-induced, body-movement qui-
escence in animals mutant for atl-1 and of animals mutant for
cep-1. While atl-1mutants showed an enhancement and not a
defect in UVC-induced movement quiescence, cep-1 mutants
showed a decrease in UVC-inducedmovement quiescence for
4 hr following 1500 J/m2 UVC irradiation (Figure 3, A and
B). We observed no effect of the cep-1 mutation on feeding
quiescence after UVC irradiation (2 of 48 wild-type animals
and 0 of 36 cep-1 mutant animals were pumping 2 hr after
UVC exposure). These results indicate that the mechanism of
body-movement quiescence is partially distinct from the
mechanism of feeding quiescence, as previously suggested
(Trojanowski et al. 2015; Nath et al. 2016). We rescued the
defect of cep-1 in movement quiescence by expressing a fos-
mid containing the complete cep-1 gene with 8 kb of up-
stream DNA, 13 kb of downstream DNA, and with a GFP
tag at the C terminus of the CEP-1 protein. We also rescued
the cep-1(gk138) mutant phenotype using a genomic PCR
fragment containing the cep-1 coding region, 2 kb of up-
stream regulatory DNA and 600 bp of DNA downstream of
the stop codon (Figure 3C). These data indicate that cep-1
promotes UVC-induced movement quiescence. The observa-
tion that atl-1 was not required for UVC-induced quiescence
suggests that factors other than ATL-1 can activate CEP-1
following exposure to UVC.

Threemutant alleles of cep-1 (gk138, ep347, and lg12501)
affect CEP-1 function in radiation-induced apoptosis (Deng
et al. 2004; Lackner et al. 2005; Schumacher et al. 2005).
gk138 is the largest deletion of the DNA binding domain,
removing 144 amino acids, in comparison to ep347 and
lg12501, which remove 108 or 72 amino acids, respectively
(Figure 3D). ep347 and lg12501 alleles are both frameshift-
ing deletions that are predicted to eliminate the C-terminal
oligomerization and sterile a-motif (SAM) domains of CEP-1,
whereas the gk138 deletion is in frame, and therefore leaves
these domains intact (Lackner et al. 2005; Mateo et al. 2016).
There are functional differences between the alleles gk138
and lg12501 for the role of CEP-1 in genome stability, attrib-
uted to the C-terminal domains (Mateo et al. 2016). We
found that among these three alleles, only the gk138 allele
affected UVC-induced movement quiescence (Figure 3B).

The mechanism of SIS has been proposed to consist of
stressedcells sendinganepidermalgrowth factor (EGF) signal
to the ALA neuron, which then depolarizes and releases FLP-
13 peptides to induce behavioral quiescence (Hill et al. 2014;
Nelson et al. 2014). In the context of this model, if CEP-1
were acting in the stressed cells upstream of ALA activation,
then it should not affect the quiescent response caused by
EGF overexpression. In contrast, if CEP-1 were acting down-
stream of ALA activation by EGF, then the gk138 mutation
would be predicted to impair EGF overexpression-induced
behavioral quiescence. To distinguish between these possibil-
ities, we crossed the cep-1(gk138) allele into a strain in which
the C. elegans EGF LIN-3C is controlled by a heat-inducible
promoter (Van Buskirk and Sternberg 2007). cep-1(gk138)
strongly suppressed movement quiescence due to overex-
pression of LIN-3C (Figure 3E), which suggests that CEP-1
is functioning downstream of or in parallel to EGF activation
of ALA. cep-1 did not suppress the vulva-inducing effects of
EGF overexpression—following EGF over expression in a
wild-type or cep-1 genetic background, we observed 42%
(N = 4 plates with a range of 20–100 worms per plate) and
30% (N= 9 plates with a range of 20–100 worms per plate),
respectively, of animals with a multi-vulva phenotype (P =
0.19 by student t-test)—indicating that cep-1 does not reduce
transgene expression or heat-shock promoter activation.
Similar to its effect on UVC-induced feeding quiescence,
cep-1(gk138) did not suppress feeding quiescence due to
overexpression of LIN-3C (0 of 15 wild-type animals and
0 of 20 cep-1(gk138) mutant animals were feeding 2 hr after
overexpression of EGF).

EGF activation of ALA is required for SIS triggered by
high heat exposure (Hill et al. 2014). If CEP-1 is functioning
downstream of EGF release then it should also suppress heat
shock-induced quiescence. To test this, we heat shocked the
cep-1(gk138) mutants at 35� for 30 min and then tracked
body movements for 1 hr using the WorMotel. We found
a reduction in movement quiescence following heat shock
(Figure 3F).

CEP-1 is expressed in the germline as well as in somatic
cells of the pharynx (Derry et al. 2001). To determine
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whether the germline plays a role in UVC-induced SIS, we
used the mutant glp-4(bn2), which lacks a germline when
cultivated at the restrictive temperature of 25� (Beanan and
Strome 1992). glp-4mutant animals cultivated at the restric-
tive temperature did not show reduced quiescence after UVC
exposure compared to mutant animals cultivated at the per-

missive temperature (Figure 4A). Rather, we observed an
enhancement of UVC-induced quiescence in glp-4 mutants.
Since glp-4(bn2) has reduced efficiency of translation in so-
matic cells (Rastogi et al. 2015), which may contribute to the
altered phenotype following UV irradiation, we used another
temperature-sensitive mutant to eliminate the germline:

Figure 2 UVC exposure does not activate proteostatic stress response pathways. Adult animals of strains SJ4005 (promoter of hsp-4 driving GFP), TJ375
(promoter of hsp16.2 driving GFP), and SJ4100 (promoter of hsp-6 driving GFP) were imaged with bright field optics (rows 1,3, and 5) and with green
fluorescence optics (rows 2, 4, and 6) 4 hr after heat shock at 33� for 30 min, UVC irradiation at 1500 J/m2, after cultivation on bacteria expressing
double-stranded RNA known to induce mitochondrial stress, or untreated and cultivated on DA837 bacteria. Camera exposure times and gain were
kept constant within strains.
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glp-1(e2141). In this glp-1 background, we also saw more
quiescence in response to UVC irradiation when the mutant
animals were cultivated at the restrictive temperature than
when they were cultivated at a permissive temperature (Fig-

ure 4A). These findings suggest that the germline is not re-
quired for UVC-induced quiescence and that the germline
may act to weakly suppress quiescence. The effect of the
germline on UVC-induced quiescence is not explained by an

Figure 3 CEP-1 promotes movement quiescence. (A) Time course of body-movement quiescence per 30 min period after irradiation at 1500 J/m2. [cep-
1(gk138), N = 9; wild type, N = 10]. (B and C) Each point represents an individual animal’s total minutes of body-movement quiescence for 4 hr
following irradiation divided by the mean quiescence of wild-type animals imaged simultaneously. P-values from t-tests comparing minutes of quies-
cence for each mutant group to the wild-type control group or between groups indicated by horizontal lines: * P, 0.05, ** P, 0.01, *** P, 0.001. (B)
The N and mean for total minutes of quiescence for each group is as follows. cep-1(gk138): wild type (WT), N = 10, mean = 78.35; mutant, N = 9, mean =
46.48. cep-1(ep347): WT, N = 11, mean = 75.15; mutant, N = 11, mean = 86.85. cep-1(lg12501): WT, N = 10, mean = 101.5; mutant, N = 10, mean = 134.0.
atl-1(tm853): WT, N = 11, mean = 92.91; mutant, N = 12, mean = 132.2. (C) Transgenic rescues of cep-1(gk138) using PCR-amplified wild-type DNA
fragment (genomic) or a TransGenome Fosmid (transgenome). The N and mean for total minutes of quiescence for each group are as follows. Genomic:
WT, N = 15, mean = 24.43; cep-1(gk138), N = 13, mean = 21.64; rescue, N = 15, mean = 24.74. Transgenome: WT, N = 14, mean = 86.04; cep-1(gk138),
N=14, mean = 48.02; rescue, N = 14, mean = 75.05. (D) Schematic of CEP-1 indicating position of DNA binding domain, oligomerization domain (OD), and
SAM domain. Below are representations of predicted mutant peptides created by each cep-1 allele with in-frame gap represented by dashed line for the
gk138 allele. (E) Time course of body-movement quiescence per 30-min period in wild-type animals and cep-1(gk138) mutants upon overexpression of the
EGF LIN-3C. (F) Total body-movement quiescence in the first hour after heat shock at 35� for 30 min. WT, N = 18; cep-1(gk138), N = 22. P-values from
t-tests comparing minutes of quiescence: ** P , 0.01. In (B, C, and F), the wide and short horizontal bars denote means and SE, respectively.
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effect on activity in general since at baseline (in the absence of
UVC exposure), both glp-1 and glp-4 mutants have the same
overall activity after cultivation at the restrictive conditions as
after cultivation at the permissive conditions (Figure S1).

To test whether the defect of cep-1 mutants in UVC-
induced quiescence requires the germline, we made animals
that were mutant for both cep-1(gk138) as well as for glp-
1(e2141). cep-1(gk138) I; glp-1(e2141) III double mutants
had reduced UVC-induced quiescence compared to glp-
1(e2141) single mutants when cultivated at 15� (and there-
fore with an intact germline) as well as when cultivated at
25� (and therefore with an absent germline) (Figure 4A).
These experiments indicate that the effect of cep-1 on move-
ment quiescence following UVC irradiation does not require
the germline (Figure 4A), and suggest that cep-1 is acting
somatically for this behavioral phenotype.

Since the germline appears dispensable for UVC-induced
quiescence as well as for the effect of cep-1 on UVC-induced
quiescence, we hypothesized that cep-1 is acting in somatic
cells to promote UVC-induced movement quiescence. We
constructed tissue-specific, promoter-driven, transgenic
RNAi to knock down cep-1 expression in all somatic cells
using the sur-5 promoter (Yochem et al. 1998), in pharyngeal
muscle cells using the myo-2 promoter (Jantsch-Plunger
and Fire 1994), and in all neurons using the rgef-1 P1 pro-
moter (Stefanakis et al. 2015). Knockdown of cep-1 either
in all somatic cells or selectively in neurons resulted in a
decrease in UVC-induced movement quiescence (Figure
4B). By contrast, the pharyngeal muscle-specific cep-1
transgenic RNAi had no effect on UVC-induced movement
quiescence. To control for nonspecific effects of RNAi in the
nervous system, we used the same transgenic RNAi strategy
to knock down the irrelevant target gene mCherry in the
nervous system. These control transgenic animals showed
no defect in UVC-induced quiescence (Figure 4B). To test
the role of neuronal cep-1 in a different fashion, we used the
feeding RNAi method (Fraser et al. 2000) to target cep-1
in the strain TU3401, which expresses the RNAi importer
SID-1 exclusively in neuronal cells (Calixto et al. 2010).
TU3401 animals fed bacteria expressing cep-1 double-
stranded RNA showed reduced UVC-induced movement
quiescence relative to control animals that were fed bacte-
ria expressing empty-vector RNAi. Taken together, these
results suggest that cep-1 functions in neurons downstream
of or in parallel to EGF activation of ALA to promote UVC-
induced movement quiescence.

Discussion

Our results show that an intense dose of UVC irradiation will
induce a quiescent behavioral state in C. elegans. The quies-
cent state induced by UVC irradiation is regulated by the
same neural signaling pathway that regulates other forms
of SIS (Hill et al. 2014; Nelson et al. 2014). This pathway
includes release of FLP-13 and other neuropeptides from the
ALA neuron following activation by EGF signaling. However,

unlike high heat exposure, which results in proteostatic stress
as evidenced by transcriptional upregulation of the chaper-
ones HSP-4 and HSP-16.2 (Morimoto 1998; Hill et al. 2014),
UVC irradiation does not induce these chaperones. This ob-
servation suggests that the type of cellular stress that triggers
SIS is broader than just proteostatic stress.

A lack of proteostatic stress following UVC irradiation led
us to look at genes involved in genotoxic stress, namely ATL-1
(C. elegans homolog of mammalian ATR) and CEP-1 (C. ele-
gans homolog of P53 family). ATL-1, along with the 9-1-1
complex (HPR-9, MRT-2, and HUS-1) detects DNA lesions
induced by UVC irradiation and then activates CEP-1, which
in turn activates a proapoptosis transcriptional program in
the germline (Jolliffe and Derry 2013). Our results show that
CEP-1 is functioning to promote UVC-induced quiescence.
Surprisingly, this function is independent of ATL-1 and re-
sides in neurons downstream of or in parallel to EGF activa-
tion of ALA.

Though our transgenic rescue and RNAi experiments sug-
gest that the gk138 cep-1 allele is a reduction-of-function
mutant, we did not observe a quiescence defect in other
cep-1 loss-of-function alleles. Differences between the
gk138 allele and other alleles of CEP-1 have been noted in
CEP-1’s function in meiotic fidelity (Mateo et al. 2016). It is
possible that the gk138 allele maintains some functions that
may be attributed to the intact SAM and oligomerization
domain at the C-terminal end of CEP-1. Alternatively, it is
possible that the lg12501 and ep347 mutant alleles result in
peptides that maintain enough of the CEP-1 DNA binding
domain to transcriptionally regulate genes important for pro-
moting UVC-induced movement quiescence. A final possibil-
ity is that partially reduced function of CEP-1, which we
would predict to occur in the gk138 allele as well as in
the transgenic RNAi knockdown, will lead to an effect on
UVC-induced movement quiescence; whereas complete loss
of cep-1 function, which might occur in the lg12501 and
ep347 alleles due to nonsense-mediated messenger RNA
degradation, is compensated by some other stress response
pathway and therefore we see no effect on this particular
phenotype.

It is interesting to note that while CEP-1 is required for
UVC-induced movement quiescence, ATL-1 is not required.
Similar to the regulation of p53 in mammals, in C. elegans,
two protein kinase regulators of CEP-1 are involved in UVC-
induced apoptosis and DNA damage repair. These regulators
are ATL-1 and ataxia telangiectasia mutated (ATM-1). ATL-1
is largely responsible for the cellular response to UV-induced
DNA damage, while ATM-1 responds to both low doses of UV
and to ionizing radiation (Jolliffe and Derry 2013). Since we
observed quiescence following a high dose of UVC irradiation
but not at all following ionizing radiation (unpublished re-
sults), it is unlikely that ATM-1 would be involved. Impor-
tantly, these regulators of CEP-1 seem to act solely in the
germline (Jolliffe and Derry 2013), which is not required
for UVC-induced quiescence (Figure 4). It is likely that in
somatic cells another stress regulator is required to activate
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CEP-1 in response to UVC irradiation. This is not surprising
since mammalian p53 is activated by many stress response
pathways (Horn and Vousden 2007). The discovery of a func-
tion for CEP-1 in somatic cells raises questions about how it
might be differently regulated than in the germline.

Our motivation to study CEP-1 in the response to UVC-
induced SIS was based on its known role in the response to
genotoxic stress. Our original hypothesis was therefore that
CEP-1 and its DNA damage response regulators would be re-
quired upstream of activation of the ALA neuron. To our sur-
prise, our analysis falsified this motivating hypothesis. First, the
well-characterized regulator of CEP-1 in the DNA damage re-
sponse, ATL-1, is not required forUVC-inducedSIS. Second, cep-1
is required only in the body-movement quiescence response to
UVC irradiation and not the feeding quiescence response. Third,
cep-1 is required also for SIS after heat shock, which should
primarily cause proteostatic stress and not genotoxic stress.
And fourth, the cep-1 gk138mutants strongly suppress themove-
ment quiescence-inducing effects of EGF. These results suggest
that CEP-1 is acting downstream of or in parallel to ALA activa-
tion by EGF. One possibility is that cep-1 is required for the
development or function of ALA itself, though we and others
(Derry et al. 2001), did not observe cep-1 expression in ALA.
Moreover, if CEP-1 affects ALA function itself, we would expect
it to affect not only body-movement quiescence but also feeding
quiescence following EGF overexpression, which we did not
observe. Taken together, our data suggest that cep-1 acts in
neurons regulating body-movement quiescence. Trojanowski

et al. (2015) showed that the regulation of body-movement
quiescence in SIS occurs upstream of or at the level of motor
neurons. cep-1may be acting acutely in movement-controlling
neurons in response to ALA signaling. Alternatively, cep-1may
serve a developmental function in motor neurons andmay not
have a signaling role in adult animal behavior.

In adult animals, CEP-1 is expressed in few somatic cells
when visualized via a translational fusion to GFP. Our data
suggest that CEP-1 functions in somatic cells, and specifically
in neurons, to alter behavior in response to stress from UVC
irradiation. The mammalian p53 family plays a role in neuro-
genesis and cell cycle control, which indirectly affects behav-
ior (Killick et al. 2011; Cancino et al. 2013;Wang et al. 2014).
It is unlikely that neurogenesis is the mechanism by which
CEP-1 affects UVC-induced behavior since neural develop-
ment is complete in adult C. elegans. Therefore, the function
of CEP-1 as amodulator of behavior in adult neurons is novel.

Previous work on SIS suggested that regulation of protein
homeostasis may be a core function of this sleep. Our studies
with UVC-induced sleep suggest a more general function of
sleep. We propose that this function is metabolic resource
allocation within the organism (Schmidt 2014). When cells
are damaged via genotoxic, oxidative, or proteostatic stress,
the metabolic load to repair said damage is high. Therefore,
the organism enters a sleep state to reallocate resources from
behavioral functions to cellular repair functions. In the fu-
ture, we hope to more broadly address the questions of re-
source allocation during sleep and quiescence.

Figure 4 CEP-1 functions in neuronal cells to promote UVC-induced movement quiescence. (A) Total minutes of body-movement quiescence following
UVC irradiation of glp-4(bn2) mutant animals, glp-1(e2141) mutant animals, and cep-1(gk138) I; glp-1(e2141) III double-mutant animals cultivated at
the permissive (15�) or at the restrictive (25�) temperature. The N for each group: glp-4 N = 24 permissive and 24 restrictive, glp-1 N = 11 permissive and
11 restrictive, cep-1:glp-1 N = 11 permissive and 11 restrictive. (B) Body-movement quiescence, normalized to wild-type quiescence, of animals in which
either cep-1 ormCherrywas knocked down via transgenic expression of double-stranded RNA in specific cell types or was knocked down via the feeding
RNAi method in a strain hypersensitive to RNAi in neurons (TU3401). Each point indicates an individual animal’s total quiescence divided by the mean
quiescence of wild-type control animals imaged simultaneously. The N values and mean total minutes for each group are as follows. Psur-5:cep-1: wild
type (WT), N = 16, mean = 118.7; knockdown, N = 35, mean = 92.98. Pmyo-2:cep-1: WT, N = 14, mean= 93; knockdown, N = 14, mean = 52.38.
Pregef:cep-1: WT, N = 10, mean = 66.87; cep-1 knockdown, N = 21, mean = 45.29. Prgef-1:mcherry: WT, N = 7, mean = 133.5; knockdown, N = 35,
mean = 126.2. * P , 0.05, ** P , 0.01, Student’s t-test comparing total minutes of quiescence of each mutant group to its control. In both panels, the
wide and short horizontal bars denote mean and SE, respectively. ns, not significant.
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