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A Conserved GEF for Rho-Family GTPases Acts in an
EGF Signaling Pathway to Promote Sleep-like
Quiescence in Caenorhabditis elegans
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ABSTRACT Sleep is evolutionarily conserved and required for organism homeostasis and survival. Despite this importance, the molecular
and cellular mechanisms underlying sleep are not well understood. Caenorhabditis elegans exhibits sleep-like behavioral quiescence and
thus provides a valuable, simple model system for the study of cellular and molecular regulators of this process. In C. elegans, epidermal
growth factor receptor (EGFR) signaling is required in the neurosecretory neuron ALA to promote sleep-like behavioral quiescence after
cellular stress. We describe a novel role for VAV-1, a conserved guanine nucleotide exchange factor (GEF) for Rho-family GTPases, in
regulation of sleep-like behavioral quiescence. VAV-1, in a GEF-dependent manner, acts in ALA to suppress locomotion and feeding
during sleep-like behavioral quiescence in response to cellular stress. Additionally, VAV-1 activity is required for EGF-induced sleep-like
quiescence and normal levels of EGFR and secretory dense core vesicles in ALA. Importantly, the role of VAV-1 in promoting cellular
stress—induced behavioral quiescence is vital for organism health because VAV-1 is required for normal survival after cellular stress.
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ESPITE being a subject of formal study for over
150 years, sleep is not clearly understood. Moreover,
various explanations for the functional role of sleep have been
proposed, such as allowing “recharging” of cells following
high metabolic activity (Benington and Heller 1995; Tu and
McKnight 2006; Scharf et al. 2008) and remodeling of syn-
apses built during wakefulness (Tononi and Cirelli 2006). Yet
sleep problems have a significant impact on human health
and are a leading reason for seeking medical attention (Ma-
howald and Schenck 2005). Therefore, there is a great need
for understanding the cellular and molecular mechanisms
that regulate sleep-wake cycles.
Simple model organisms such as Caenorhabditis elegans
have the potential to provide valuable information regarding
sleep regulation. C. elegans is known for its easily manipulated
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genetics, small nervous system with mapped neuronal con-
nectivity, stereotypical behaviors, and the ability to be stud-
ied efficiently in large numbers. Numerous studies have
shown that C. elegans lethargus, a restful period that occurs
before each molt of the cuticle during larval development, is
neuronally regulated and likely orthologous to sleep in mam-
mals (Van Buskirk and Sternberg 2007; Raizen et al. 2008;
Van Buskirk and Sternberg 2010; Choi et al. 2013; Iwanir
et al. 2013; Nelson et al. 2013; Turek et al. 2013; Cho and
Sternberg 2014; Singh et al. 2014). Lethargus quiescence
in C. elegans shares several characteristics with mammalian
sleep: inactivity (decreased locomotion and cessation of pha-
ryngeal pumping, or feeding), a specific posture, reduced
response to aversive stimuli, and rapid reversibility (Cassada
and Russell 1975; Raizen et al. 2008; Schwarz et al. 2012;
Iwanir et al. 2013; Cho and Sternberg 2014). In addition,
lethargus quiescence is under homeostatic regulation (e.g.,
depriving animals in lethargus or rest by stimulation in-
creases sleep drive), and prolonged deprivation of rest is
lethal (Raizen et al. 2008; Driver et al. 2013), as it is in rats
(Rechtschaffen and Bergmann 2002). Recently, C. elegans has
further been shown to display sleep-like quiescence following
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exposure to noxious stimuli that result in cellular stress (Hill
et al. 2014; Nelson et al. 2014). Fascinatingly, molecules that
regulate behavioral quiescence in C. elegans and Drosophila
are conserved and influence sleep in mammals, indicating
evolutionarily conserved origins of sleep and the potential
utility of studying sleep in such simple animals (Zimmerman
et al. 2008; Sehgal and Mignot 2011; Nelson and Raizen
2013). These molecules include the cAMP protein kinase A
and cAMP response element-binding protein (CREB) signal-
ing axis (Graves et al. 2003; Nelson et al. 2013), cGMP-
dependent protein kinase (Raizen et al. 2008; Langmesser
et al. 2009), neuropeptides (van den Pol 2012; Choi et al.
2013; Nelson et al. 2013, 2014), dopamine (Singh et al.
2014), transcription factor AP2 (Mani et al. 2005; Turek
et al. 2013), and epidermal growth factor receptor (EGFR)
(Snodgrass-Belt et al. 2005; Van Buskirk and Sternberg
2007). Strikingly, EGFR has been shown to be required in
only one neuron of C. elegans (the ALA interneuron) for
proper induction of sleep-like quiescence behavior during
lethargus and cellular stress—induced sleep-like quiescence
(Van Buskirk and Sternberg 2007; Hill et al. 2014).

Previously, we demonstrated that VAV-1, an evolutionarily
conserved guanine nucleotide exchange factor (GEF) for
Rho-family GTPases, is an important factor in a neural circuit
that regulates C. elegans locomotion (Fry et al. 2014). We
found that VAV-1 is required in the ALA interneuron to re-
duce locomotory speed in active adult animals. Here we show
that VAV-1 in the ALA interneuron also serves a critical
function to suppress locomotion and feeding behavior dur-
ing sleep-like quiescence. VAV-1 is required for LIN-3/EGF-
induced quiescence and cellular stress—induced quiescence
in adulthood. We also show that VAV-1 regulates levels of
LET-23/EGFR and IDA-1, which is a conserved dense core
vesicle (DCV) transmembrane protein implicated in pep-
tide release (Cai et al. 2004, 2009) in the ALA interneuron.
Importantly, the role of VAV-1 in quiescence induction after
cellular stress is biologically significant because loss of vav-1
results in animals with impaired quiescence that correlates
with impaired survival after stress. We also find that over-
expression of constitutively active VAV-1 is sufficient to in-
duce behavioral quiescence in adult animals. Together our
results suggest that VAV-1 is a component of ALA neuronal
signaling that mediates behavioral quiescence, which is crit-
ical for survival of the animal after cellular stress.

Material and Methods
Strains and maintenance

C. elegans strains were maintained and handled according to
standard procedures (Stiernagle 2006). Animals were grown
on nematode growth medium (NGM) plates seeded with
OP50 Escherichia coli at 20°, and experiments were per-
formed at ~24° unless otherwise noted. Day 1 adult her-
maphrodites were selected for analysis in all experiments
except for lethargus assays, for which mid-L4 larval-stage
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animals were selected. N2 (Bristol) was the wild-type strain.
vav-1 mutants are vav-1(ak41) homozygotes with selective
expression of wild type vav-1 in the pharynx, which restores
normal pharyngeal activity, unless otherwise noted (Norman
et al. 2005). The following mutant and transgenic strains
were used in this study: N2: Bristol wild-type strain; AML10:
otls355 (Prab-3::NLS::mCherry); otls45 (Punc-119::GFP);
BL5752:inls181; inls182 (Pida-1::GFP); CG21: egl-30(tg26);
him-5(e1490); CL2070: dvIs70 (Phsp-16::GFP); DA521: egl-
4(ad450sd); KM246: Pida-1::ida-1::GFP; KRN118: vav-1(ak41)
takls5 (Ppha-4::vav-1::GFP); KRN149: takEx6 (Pvav-1::2xNLS::
mCherry); KRN314: takEx81 [Pvav-1::vav-1(GEF Dead)::GFP];
KRN320: takEx84 [Pvav-1(minimal promoter)::vav-1ASH3B::
GFP]; KRN350: vav-1(ak41); takEx84 [Pvav-1(minimal pro-
moter)::vav-1ASH3B::GFP]; KRN396: vav-1(ak41); takEx101
[Pvav-1(minimal promoter)::vav-1ASH3A::GFP]; KRN407:
vav-1(ak41); takEx106 [Pvav-1(minimal promoter)::vav-1::
GFP]; KRN423: vav-1(ak41) takls5; takEx81 [Pvav-1::vav-1
(GEF dead)::GFP]; KRN459: vav-1(ak41) takls5; takEx107
[Pvav-1(minimal promoter)::vav-1ASH2::GFP]; KRN595:
vav-1(ak41) takls5; takEx67 (Pver-3::vav-1::GFP); KRN663:
rgEx235 (Pplc-3::YFP); KRN738: vav-1(ak41); takEx215
(Pvav-1::vav-1); KRN875: takEx295 [Phsp-16::vav-1(gf)::
GFP]; NY2066: ynls66 (Pflp-7::GFP); him-5(e1490); OH10690:
otls356 (Prab-3::NLS::mCherry); PS4886: plc-3(tm1340)/minl;
PS5970: syls197(hs::lin-3C) him-5(e1490); TJ375: gpls1 (hsp-
16::GFP); and VM4240: vav-1(ak41); akEx87 (Pvav-1::
vav-1::GFP).

Molecular biology and transgenesis

To generate SH-domain deletion constructs of VAV-1, we first
generated a vav-1 construct that consisted of 3 kb of the 5’ cis-
regulatory region of vav-1 gene that drives a vav-1 comple-
mentary DNA (cDNA) containing a C-terminal GFP tag [the
vav-1 ¢cDNA and GFP tag were isolated from the Ppha-4::
vav-1::GFP construct (pRF84) previously described (Norman
et al. 2005)]. Next, we used site-directed mutagenesis using
the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent)
to generate SH-domain deletion constructs. Primers used
for deletion generation are listed in Supporting Information,
Table S1. Plasmids were sequenced to rule out PCR-induced
errors. Correct expression of these constructs was confirmed
by GFP expression in the pharynx, ALA neuron, and somatic
gonad.

To generate an hsp-16.41::vav-1(gf) construct, we swapped
the myo-3 5' cis-regulatory region out of pKN19 [Pmyo-3::
vav-1(gf)::GFP] (Norman et al. 2005; Spooner et al. 2012)
for the hsp-16.41 found in pPD49.83 (kind gift from A. Fire)
using Sphl and Nhel sites.

Transgenic strains were generated by microinjection using
standard protocols (Jin 1999). The host strain was wild type
(N2, Bristol).

Fluorescence microscopy

Animals were immobilized using 300 uM sodium azide on 2%
agarose pads. Fluorescence was determined and differential
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interference contrast (DIC) imaging was conducted with
an inverted Zeiss AxioObserver microscope equipped with
an Andor Clara charged-couple device (CCD) camera and a
40X or 60X objective lens (NA1.4). Images of the ALA neu-
ron cell body were taken specifically in animals with ALA
oriented toward the objective (cell body between the objec-
tive and midwidth of the animal but not deeper) for fluores-
cence of the highest intensity. Images of the ALA axon were
taken in the posterior region of the animal (between the
vulva and the bend of the gonad), and 20 wm was selected
in which the ida-1::ida-1::GFP puncta were most in focus
(because the strain carries a dominant roller mutation that
complicates selection of regions of interest). In each imaging
session, mutant strains were analyzed along with wild-type
animals. For analysis of ALA translational markers (GFP fu-
sion proteins), in comparisons between wild-type, vav-1, and
vav-1; vav-1 rescue strains (Figure 2), images were analyzed
using ImageJ (Schneider et al. 2012) and a Wacom Bamboo
tablet and stylus. Freehand regions of interest (ROIs) were
drawn around ALA neuron cell bodies or axon puncta, and
the mean fluorescence (for axons, area of puncta) was mea-
sured. For each image, mean background fluorescence of a
nearby ROI was subtracted from the ALA cell body or punctal
mean fluorescence. Mutant data were normalized to wild
type to correct for differences in light-source strength be-
cause imaging was conducted over months. Between 21
and 49 animals were analyzed per genotype (displayed in
figure legends).

Quiescence assays

Lethargus quiescence assays were performed essentially as
described previously with microfluidic chambers (Singh et al.
2011). Briefly, overnight OP50 E. coli culture was concen-
trated (sevenfold), treated with kanamycin, and resuspended
in liquid NGM. This OP50 medium was applied to the micro-
fluidic chambers (6- or 10-well format), and mid-L4 stage
animals were loaded into chambers with a worm pick (only
one animal per chamber and at least one blank chamber).
Animals were staged based on L4 vulval morphology, active
locomotion, and active feeding (pharyngeal pumping). A cov-
erslip was placed over the chambers and sealed with molten
2% agarose. Time-lapse video recording (1 frame/10 sec) of
all chambers was conducted using an Olympus dissecting
microscope, Sony CCD camera, and Wormlab software. Qui-
escence data were generated using a Matlab image-analysis
program that uses pixel differences to denote movement be-
tween frames (value of 0) or no movement (value of 1) and
plots a rolling average (over 60 frames) called fractional
quiescence (Singh et al. 2011). Recordings were 6- to 12-hr
long, and for each animal, 6 hr of data was centered on clear
peaks of fractional quiescence surrounded on either side by
low background fractional quiescence values (below 0.2).
Total quiescence was the total time an animal was quiescent
during lethargus (each frame with a quiescence value of
1 represents 10 sec), while the duration of quiescence was
the number of minutes within each 6-hr plot with a fractional

quiescence value of 0.2 or more (in a consolidated bout of
quiescence).

Heat shock-induced overexpression of LIN-3/EGF was
carried out essentially as described previously (Van Buskirk
and Sternberg 2007). Briefly, parafilmed agar plates bearing
test animals were fully submerged in a 34.5° water bath for
30 min (topped with weights). Young-adult animals were
then immediately transferred to fresh NGM plates seeded
with OP50 to recover at 20° for 2 hr, and all quiescence
measurements were conducted within the following 3 hr
For locomotory quiescence assays, each plate of heat-shocked
and recovered animals was placed on an Olympus SZ61 ste-
reomicroscope equipped with a Sony XCD-V60 CCD camera,
and animals were allowed to equilibrate for 2 min. A 1-min
movie was taken (at 7.5 frames/sec) of each plate. An animal
was considered quiescent if its behavior fulfilled two criteria:
the animal did not move three body bends or more within
1 min (both forward and backward movements were consid-
ered), and the animal spent at least one period of 10 sec or
more absolutely still (not crawling and not foraging, i.e.,
moving just the head). For Figure 3, 50-120 total animals
were analyzed per genotype in at least three independent
experiments (except for non-heat-shocked hs:LIN-3 and hs:
LIN-3; vav-1 controls, of which 10-20 animals were analyzed
in one or two independent experiments). For Figure S2, 50—
60 animals were analyzed per genotype.

Feeding quiescence was determined by cessation of pha-
ryngeal pumping, observed by eye using a dissecting micro-
scope (Van Buskirk and Sternberg 2007). Each animal was
observed for 5 sec, and if any full contraction of the pha-
ryngeal terminal bulb occurred, the animal was scored as
“pumping.” In total, 120-150 animals per strain were scored
for pharyngeal pumping in four to six independent experi-
ments. For Figure S1 and Figure S2, 50-60 animals were
analyzed per genotype.

Feeding quiescence following heat shock-induced over-
expression of constitutively active VAV-1 [hsp-16.41::vav-1(gf)]
was performed as described earlier (Van Buskirk and
Sternberg 2007). Young-adult animals were exposed to
33° for 30 min and allowed to recover for 2 hr before scoring
for feeding quiescence. Between 40 and 60 animals were
analyzed per genotype.

Heat stress—induced quiescence was induced essen-
tially as described previously (Hill et al. 2014). Parafilm-
sealed plates bearing test animals were fully submerged
in a 35.5° water bath for 30 min. Heat shock of each strain
in an assay was staggered by 2.5-3 min to allow precise
30-min exposure and assessment at recovery time points.
After heat exposure, animals were quickly removed from
plates to fresh ~24° plates seeded with OP50 E. coli
and assessed for feeding quiescence (lack of pharyngeal
pumping observed for ~5 sec per animal) every 10 min (at
earlier time points), 30 min, or 60 min (at later time
points) during recovery. Between 80 and 210 animals
per strain were tested in total in four to seven independent
experiments.

VAV-1 Is Required for C. elegans Sleep 1155
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Heat stress survival

Parafilmed plates bearing test animals were fully submerged
in a 40° water bath for 20 min (Hill et al. 2014). Survival of
each strain was assessed daily after heat exposure. Animals
were tested in three independent experiments. Thirty ani-
mals for each genotype were assayed per experiment.

Acute heat response

Unseeded NGM agar plates were warmed to 37°. Each test
animal was transferred to the warmed plate, and body bends
were immediately counted for 1 min. Control animals were
transferred to room temperature (~24°) unseeded NGM
plates, and body bends were counted for 1 min. Ten animals
were analyzed for each group (genotype + temperature).

Heat shock reporter analysis was carried out by placing
animals containing hsp-16.2::GFP reporter constructs in a 33°
water bath for 30 min and allowing them to recover for 2 hr.
Subsequently, animals were mounted on agar pads, and
whole-body fluorescence intensity was examined on a Zeiss
AxioObserver microscope equipped with an Andor Clara CCD
camera using a 10X objective lens.

Statistics and sharing

Statistical comparisons between two groups were conducted
by unpaired two-tailed t-tests. Comparisons of three groups
or more were done by one-way ANOVA followed by Tukey
posttests. However, Figure 2, B, D, and F, and Figure 4, D-G
display data analyzed by Kruskal-Wallis one-way ANOVA fol-
lowed by Dunn’s multiple comparisons because population
variances differed significantly (in Figure 2, B, D, and F, due
to normalization to wild type). X-Y curves of quiescence or
survival (Figure 5 and Figure 6) were analyzed by repeated-
measures two-way ANOVA and Tukey posttests.

Relevant statistical comparisons showing significant dif-
ferences and P-values are listed in File S1. Asterisks indicat-
ing statistical differences are not displayed in Figure 5 and
Figure 6 for simplicity of the graphs.

Data availability

All strains and computer resources are available on request.

Results

VAV-1 is critical for normal accumulation of LET-23/EGFR
and DCVs in the ALA interneuron

The C. elegans genome encodes a single Vav family member,
VAV-1. VAV-1 is essential for pharyngeal function, and com-
plete loss of vav-1 results in lethality in the first larval stage
(L1). Pharynx-specific expression of vav-1 rescues L1 lethality
but reveals defects in other tissues (Norman et al. 2005). For
example, VAV-1 was recently shown to regulate the rate of
locomotion by functioning in the ALA interneuron to reduce
the speed of animals crawling on an agar surface (Fry et al.
2014). Here, using several independent vav-1 fluorescent re-
porter transgenic lines, we confirm the expression of vav-1 in

1156 A. L Fryetal

the ALA interneuron, which is readily identifiable by its shape
and position in the dorsal ganglion and its colocalization with
a transcriptional reporter of a known ALA signaling molecule,
PLC-3/PLCy (Figure 1).

AlLAisasingle interneuron that extends a small process into
the dorsal nerve cord and sends two lateral processes down
the entire length (of the animal) (White et al. 1986). Pre-
viously, ALA cell position and axon processes were shown
to develop and differentiate normally in vav-1 mutants (Fry
et al. 2014). To investigate ALA differentiation in greater de-
tail, we examined several transcriptional reporters in vav-1
mutants. Unless otherwise stated, from this point onward,
vav-1 mutants described in this paper are animals that are
homozygous for a vav-1 deletion and carry an integrated
transgene that expresses the vav-1 cDNA in the pharynx
[vav-1(ak41) takls5 (Ppha-4::vav-1::GFP)], which rescues L1
larval lethality (Norman et al. 2005; Fry et al. 2014). First, to
test whether loss of vav-1 affects neuronal differentiation of
ALA in vav-1 mutants, we examined the expression of two
pan-neuronal markers, rab-3 (Nonet et al. 1997) and unc-119
(Maduro and Pilgrim 1995), in the ALA neuron of vav-1 mu-
tants. In agreement with VAV-1 not having a role in ALA
neuronal development, we observed consistent ALA expres-
sion of mCherry driven by the 5’ cis-regulatory element of the
rab-3 gene and GFP driven by the 5’ cis-regulatory element of
the unc-119 gene invav-1 animals (Table 1). Next, using their
5’ cis-regulatory elements, we examined the expression of
several ALA-expressed genes, fIp-7, ida-1, and plc-3, that have
more restricted neuronal expression patterns (Zahn et al
2001; Cai et al. 2004; Kim and Li 2004; Van Buskirk and
Sternberg 2007). Examination of Pflp-7:GFP, Pida-1:GFP,
and Pplc-3:YFP in vav-1 mutants revealed consistent ALA ex-
pression (Table 1), suggesting that VAV-1 does not have a
role in ALA development or differentiation. To further ex-
plore the role of VAV-1 in ALA, we examined the cellular
distribution of two proteins shown to function in ALA,
LET-23 and IDA-1 (Van Buskirk and Sternberg 2010).
let-23 encodes an EGFR and has been implicated in the func-
tion of ALA in promoting behavioral quiescence during leth-
argus and on cellular stress (Van Buskirk and Sternberg
2007; Hill et al. 2014). ida-1 encodes a phogrin/islet anti-
gen-2b, which is a transmembrane DCV protein (Zahn et al.
2001; Cai et al. 2004) that is implicated DCV release (Zhou
et al. 2007) and may have a role in EGF-induced quiescence
(Van Buskirk and Sternberg 2010). To investigate the role
VAV-1 may have in EGFR activity in ALA, we used a LET-23::
GFP translational reporter driven by the 5' cis-regulatory el-
ement of the let-23 gene (Chang and Sternberg 1999; Van
Buskirk and Sternberg 2010). From our examination of ALA,
we found that while LET-23::GFP was expressed in all vav-1
mutants analyzed, its fluorescence intensity was significantly
reduced (Figure 2A). Importantly, this reduced fluorescence
could be rescued by expression of wild-type vav-1 by the
5’ cis-regulatory element of the vav-1 gene (Figure 2, A and
B). These data suggest that VAV-1 regulates the accumulation
of LET-23/EGFR in ALA. Next, because the ALA neuron has


http://genetics.org/highwire/filestream/429479/field_highwire_adjunct_files/3/FileS1.pdf
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004038;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBVar00000113;class=Variation
http://www.wormbase.org/db/get?name=WBTransgene00020372;class=Transgene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004267;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004267;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006843;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001450;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002048;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004038;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002299;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002048;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002299;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002048;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002299;class=Gene
http://www.wormbase.org/species/c_elegans/gene/WBGene00006887#g1e-0964c8-3
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002299;class=Gene

Pharynx

vav-1::mCherry ple-3::YFP Merge

been shown to be peptidergic (Nelson et al. 2014) and IDA-1
has been shown to function in ALA, we used an IDA-1::GFP
translational fusion protein expressed by the 5’ cis-regulatory
element of the ida-1 gene, which has been used to examine
DCV function in ALA (Zhou et al. 2007), to investigate the
localization and expression of DCVs in vav-1 mutants. In ad-
dition to examining the localization and fluorescence in-
tensity in the ALA cell body, we investigated IDA-1::GFP
punctate distribution and fluorescence intensity in the ALA
neuron lateral processes, which could uncover defects in DCV
trafficking (Zahn et al. 2004). We found that IDA-1::GFP
fluorescence in the cell body of ALA is increased in vav-1
mutants and can be rescued by expression of wild-type vav-1
by the 5’ cis-regulatory element of the vav-1 gene (Figure 2, C
and D). We hypothesized, therefore, that IDA-1::GFP might
accumulate in the ALA cell body as a result of a perturbation
in IDA-1::GFP trafficking to or within the axons. Surprisingly,
we found that the fluorescence intensity of IDA-1::GFP axo-
nal puncta is modestly increased in vav-1 mutants, while the
number of puncta (punctal density) and the size of the puncta
along the ALA axon are not significantly different between
wild-type and vav-1 mutant animals (Figure 2, E-H). Unlike
IDA-1::GFP fluorescence in the cell body of ALA (Figure 2, C
and D), the change in fluorescence intensity of IDA-1::GFP
axonal puncta is not rescued by wild-type vav-1 expression
(Figure 2F). Additionally, expression of the wild-type vav-1
rescue construct leads to slight changes in punctal density
and area (Figure 2, G and H). These data suggest that the
changes in ALA axon puncta may not be related to the func-
tion of VAV-1 and that the changes in ALA cell body LET-23
and IDA-1 (which are more striking and rescued by wild-type
vav-1 expression) are more likely to be biologically relevant.
Nevertheless, together our data indicate that VAV-1 regulates
molecules within the ALA interneuron cell body that are crit-
ical for signal transduction within ALA and DCV signaling
from ALA to other tissues (i.e., released peptides).

VAV-1 is required for LIN-3/EGF-induced
behavioral quiescence

The ALA interneuron and LET-23/EGFR were previously
found to be required for lethargus and cellular stress—
and EGF-induced sleep-like quiescence (Van Buskirk and
Sternberg 2007; Hill et al. 2014). Because we have found
consistent expression of vav-1 in ALA (Figure 1) and altered
accumulation of LET-23/EGFR in ALA of vav-1 mutants (Fig-
ure 2, A and B), we hypothesized that VAV-1 is involved in

Figure 1 VAV-1 is expressed in the ALA interneu-
ron. Fluorescence and differential interference con-
trast (DIC) images of an adult animal expressing
a vav-1 reporter (Pvav-1::2xNLS-mCherry) and a
plc-3 reporter (Pplc-3::YFP), which is known to be
expressed in the ALA interneuron (Van Buskirk and
Sternberg 2010). Bracket marks the pharynx, and
arrow points to the ALA neuron. Anterior is to the

Merge +DIC right. Scale bar, 10 pm.

behavioral sleep-like quiescence. We investigated this possi-
bility by conditional expression of the EGF-like ligand LIN-3
using heat shock induction of LIN-3/EGF expression (Van
Buskirk and Sternberg 2010). This method has been shown
to induce sleep-like quiescence in adult animals. As expected,
induced expression of LIN-3/EGF in young-adult animals
resulted in both locomotory (Figure 3A) and feeding quies-
cence (Figure 3B), as measured by the proportions of animals
exhibiting cessation of movement and lack of pharyngeal
pumping behavior, respectively. Strikingly, the behavioral
quiescence induced by LIN-3/EGF expression is strongly sup-
pressed in vav-1 mutants. On induction of LIN-3/EGF expres-
sion, vav-1 mutants show significant locomotory activity and
pharyngeal pumping (Figure 3, A and B). To confirm that the
loss of quiescence behaviors is due to a loss of VAV-1 in ALA,
we expressed VAV-1 specifically in the ALA neuron (and two
muscle cells, the saucer cell of the pharynx and the anal
sphincter, using the ver-3 5’ cis-regulatory element) of vav-1
mutants. We found that restoring VAV-1 expression in ALA
rescues sensitivity to LIN-3/EGF-induced quiescence because
these animals exhibit similar quiescence to wild-type animals
(Figure 3, A and B). These data indicate that VAV-1 acts in the
ALA interneuron to mediate LIN-3/EGF-induced quiescence
in adults.

Because ALA requires the secretion of FLP-13 peptides to
mediate LIN-3/EGF-induced quiescence (Nelson et al. 2014)
and we have observed abnormal accumulation of IDA-1::
GFP, a marker that labels DCVs, in the ALA neuron of vay-1
mutants (Figure 2, C and D), we investigated whether over-
expression of IDA-1 can rescue the failure of vav-1 mutants to
respond to LIN-3/EGF-induced quiescence. Thus, we induced
LIN-3/EGF in vav-1 mutants overexpressing IDA-1 and exam-
ined quiescence. In these experiments, we did not observe a
suppression of the quiescence behavior defect in vav-1
mutants (Figure S1). These data indicate that simple over-
expression of IDA-1 in vav-1 mutants is not sufficient to res-
cue the vay-1 defect in LIN-3/EGF-induced quiescence.

VAV-1 requires GEF activity and the C-terminal SH3
domain to mediate LIN-3/EGF-induced
behavioral quiescence

VAV-1 is a multidomain signaling molecule that contains an
evolutionarily conserved array of protein-protein interaction
domains in addition to the classical Dbl homology-Pleckstrin
(DH-PH) homology domains found in GEFs (Norman et al.
2005). In the C-terminal region of VAV-1, an SH2 domain is
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Table 1 Percentage of animals showing reporter expression in
ALA

ALA reporter Wild type vav-1 mutants

unc-119::GFP 100% (20/20) 100% (40/40)
rab-3::mCherry 100% (40/40) 100% (80/80)
ida-1::GFP 100% (20/20) 100% (30/30)
flp-7::GFP 100% (25/25) 100% (45/45)
plc-3::YFP 96% (25/26) 97% (32/33)

flanked by two SH3 domains (SH3A and SH3B, respectively)
(Figure 3C). Previously, GEF activity of VAV-1 was shown to
be required for L1 larval survival (Norman et al. 2005) and in
ALA for regulating locomotory behavior in active animals
(Fry et al. 2014). Using this vav-1 GEF-dead construct (Fry
et al. 2014), we explored whether GEF activity was required
for LIN-3/EGF-induced quiescence. We introduced the VAV-1
GEF-dead construct into the vav-1 mutant background and
analyzed LIN-3/EGF-induced quiescence. As shown in Figure
3 (D and E), although the wild-type vav-1 rescuing construct
restores locomotory and feeding quiescence to vav-1 mutants
expressing induced LIN-3/EGF, the GEF-dead vav-1 construct
does not. These data indicate that GEF activity of VAV-1 is
required for mediating behavioral quiescence.

Next, we generated different vav-1 domain deletion con-
structs to determine which, if any, protein-protein interaction
domains are required for quiescence induction by LIN-3/EGF
expression. First, we found that vav-1 constructs with dele-
tion of SH3A or SH3B were able to rescue the vav-1 mutant L1
lethality, unlike the SH2 deletion construct. These data sug-
gest that the SH2 domain is critical for the function of VAV-1
in the pharynx. While the SH2 deletion construct could not
rescue L1 lethality, we found that it completely rescued the
LIN-3/EGF-induced quiescence in vav-1 mutants (Figure 3, D
and E). Because the SH3A and SH3B deletion constructs
rescued the vay-1 mutant L1 lethality, analysis of LIN-3/EGF-
induced quiescence was conducted in the vav-1(ak41) homo-
zygous background lacking the takIs5 (Ppha-4::vav-1::GFP)
integrated transgene. From these analyses, we found that
while the SH3A deletion could fully rescue the LIN-3/EGF-
induced quiescence in vav-1 mutants, the SH3B deletion
could not (Figure 3, D and E). These data indicate that al-
though the SH2 domain is important for VAV-1 pharyngeal
activity, it is dispensable for LIN-3/EGF-induced quiescence.
Conversely, the SH3B domain is required for LIN-3/EGF-
induced quiescence but is dispensable for VAV-1 pharyngeal
function.

GEF-dead and SH3B deletion vav-1 constructs did not res-
cue LIN-3/EGF-induced quiescence in vav-1 mutants, sug-
gesting that these domains are required for VAV-1 function.
However, it is possible that these constructs may function in a
dominant-negative manner in ALA and disrupt normal quies-
cence induction by LIN-3/EGF. To investigate this possibility,
we tested whether animals expressing either vav-1 mutant
construct in an otherwise wild-type background could re-
spond to LIN-3/EGF-induced quiescence. Wild-type animals
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expressing the vav-1 (GEF-dead) or the vav-1 SH3B deletion
construct responded normally to LIN-3/EGF-induced quies-
cence (Figure S2). These data indicate that these constructs
likely do not have a dominant-negative impact on LIN-3/
EGF-induced quiescence.

VAV-1 function is dispensable for sleep-like behavior
during lethargus

The ALA interneuron has been shown to influence C. elegans
behavioral quiescence in several different scenarios. For in-
stance, ablation of ALA disrupts quiescence during lethargus
(Van Buskirk and Sternberg 2007), the larval period charac-
terized by cessation of movement and feeding (Raizen et al.
2008). Additionally, LET-23/EGFR function in ALA is re-
quired for normal quiescence during lethargus (Van Buskirk
and Sternberg 2007). Therefore, because VAV-1 acts in ALA
to regulate locomotion in adult animals (Fry et al. 2014),
regulates the accumulation of LET-23/EGFR (Figure 2), and
is critical for LIN-3/EGF-induced quiescence (Figure 3), we
hypothesized that VAV-1 acts in ALA to suppress locomotion
during lethargus. To analyze animals in lethargus, we se-
lected animals in the middle of the L4 larval stage that were
actively moving and feeding (pharyngeal pumping was ob-
served). We then measured the locomotory activity of these
animals across L4/adult lethargus, the transition period be-
tween the L4 larval and adult stages. We used specialized
microfluidic chambers designed to keep animals confined to
an area within a camera field of view for recording the en-
tirety of the lethargus period while still allowing animals to
move freely within the chamber (Singh et al. 2011). Sur-
prisingly, when we observed locomotory quiescence during
lethargus of wild-type animals (Figure 4A) and vav-1 mutants
(Figure 4B), we found no difference in the total quiescence
(Figure 4D) or the duration of quiescence (Figure 4E), unlike
lethargus quiescence defective egl-30 mutants (Figure 4,
C-E) (Schwarz and Bringmann 2013; Nagy et al. 2014).
Because ALA has been reported to play a minor role in
lethargus quiescence (Van Buskirk and Sternberg 2007;
Trojanowski et al. 2015), we tested a mutant, plc-3, that
has been shown previously to have a role in ALA to regulate
quiescence during lethargus to determine whether our assay
is sensitive enough to detect a minor lethargus quiescence
defect. Indeed, plc-3 mutants show a significant reduction
in quiescence behavior during L4 to adult lethargus (Fig-
ure 4, F and G). Interestingly, when we examined vav-I
mutants overexpressing wild-type vav-1, we found an ex-
tended lethargus quiescence period (Figure 4, F and G),
indicating that excessive VAV-1 signaling can increase the
lethargus quiescence period.

VAV-1 is required for sleep-like quiescence and survival
after cellular stress

Recent publications have revealed an additional type of
sleep-like quiescence behavior mediated by ALA: on expo-
sure to cellular stress (e.g., noxious heat, 35-40°), C. elegans
displays sleep-like quiescence (Hill et al. 2014; Nelson et al.
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2014). Indeed, when wild-type animals are exposed to
noxious heat, sleep-like behavioral quiescence is readily
observed, and recovery occurs over 60-80 min after heat
shock (Figure 5, A and B). Importantly, a second, longer bout
of ~2-5 hr (depending on heat stress temperature) of sleep-
like behavioral quiescence occurs and has been proposed to
be required for maintaining cellular proteostasis and survival
after cellular stress (Figure 5, A and B) (Hill et al. 2014). Like
lethargus quiescence and LIN-3/EGF-induced quiescence,
proteins expressed in ALA are required to mediate this type
of quiescence, including CEH-17, a transcription factor
needed for differentiation of ALA, as well as LET-23/EGFR
and PLC-3/PLCy (Hill et al. 2014). Therefore, we investi-
gated whether VAV-1 is required for this type of cellular
stress—induced quiescence. We found that vav-1 mutants
are indeed impaired in both the early and later, long phase

vav-1 rescue

of quiescence following noxious heat stress (Figure 5, A and
B). The longer phase of impaired quiescence observed in
vav-1 mutants can be rescued by wild-type vav-1 gene expres-
sion but not the GEF-dead vav-1 gene under the control of its
5’ cis-regulatory element (Figure 5A). Additionally, the sec-
ond, longer phase defect observed in vav-1 mutants also can
be rescued by driving expression of VAV-1 in the ALA neuron
using the ver-3 5’ cis-regulatory element (Figure 5B), indicat-
ing a cell-autonomous role of VAV-1 in ALA in regulating
cellular stress-induced sleep-like behavior. The failure of res-
cue in the initial phase may be due to transgene expression
efficiency. While vav-1 mutants show defective quiescence
induced by noxious heat, they sense noxious heat and re-
spond normally by increasing the rate of locomotion on
transfer to prewarmed 37° plates (Figure S3A). Furthermore,
vav-1 mutants undergo a normal heat shock response, as
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visualized by GFP, under the control of the heat shock re-
sponse element (5’ cis-regulatory element of the hsp-16.2
gene) (Figure S3, B-D).

Interestingly, it was shown previously that impairment in
the longer phase of quiescence is correlated with decreased
organism survival after cellular stress from noxious heat (Hill
et al. 2014). Thus, we tested the survival of vav-1 mutants
after noxious heat exposure. We found that vav-1 mutants
have significantly impaired survival after heat stress (like
positive-control plc-3/PLCy mutants) (Hill et al. 2014), which
we rescued by expression of wild-type vav-1 (Figure 6A).
None of these strains had decreased survival without heat
stress (Figure 6B). Together our results suggest that VAV-1
is an important factor mediating quiescence from the ALA
neuron and that the inability of vav-1 mutants to rest after
cellular stress, as observed in wild-type animals, is detrimen-
tal to their long-term survival. In agreement with this conclu-
sion, we found that introducing a mutation that increases the
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frequency of sleep-like behavior can increase the survival of
vav-1 mutants after noxious heat stress. This mutation, a
gain-of-function allele of the cyclic GMP—-dependent protein
kinase, egl-4, causes spontaneous bouts of sleep-like quies-
cence (Raizen et al. 2008). Moreover, egl-4 is proposed to act
downstream of ALA to promote LIN-3/EGF- and cellular
stress—induced quiescence (Van Buskirk and Sternberg
2007; Hill et al. 2014). Analysis of egl-4(gf); vav-1 double
mutants showed a significant increased survival over vay-1
mutants after exposure to noxious heat (Figure 6C).

Induction of activated VAV-1 is sufficient to induce
quiescence behavior

Our data thus far indicate that VAV-1 is required to promote
ALA-mediated quiescence. However, it could be that VAV-1
has a more general role in ALA function and is not directly
involved in quiescence signaling. To test the hypothesis that
activated VAV-1 has a direct role in inducing sleep-like
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quiescence behavior, we generated an inducible trans-
gene using the hsp-16.41 5’ cis control element (Jones
et al. 1989) to induce the expression of a constitutively
active VAV-1 mutant. The constitutively active VAV-1 protein
contains three tyrosine-to-phenylalanine mutations in the
regulatory region, which have a conserved role in regulating
GEF activity in Vav family members (Aghazadeh et al. 2000;
Norman et al. 2005). Heat shock activation of this construct
in otherwise wild-type young-adult active animals caused a
significant increase in quiescence behavior, whereas non-heat-
shocked animals showed normal active behavior (Figure 7).
Moreover, 10 hr after heat shock induction, the heat-shocked
animals resumed normal active behavior (Figure 7). These
results indicate that VAV-1 has a direct role in promoting
sleep-like quiescence.

Discussion

VAV-1 was shown previously to have a crucial role in modu-
lation of rhythmic behaviors in C. elegans (e.g., the feeding
behavior of pharyngeal pumping, ovulation, and the defeca-
tion cycle) (Norman et al. 2005). Recently, VAV-1 also was
shown to regulate the rhythmic behavior of locomotion, pro-
viding an inhibitory input from the ALA interneuron to the

neural circuit regulating locomotion and thus reducing loco-
motory speed in wakeful, active adults (Fry et al. 2014). We
show here that VAV-1, in a GEF-dependent manner, is neces-
sary for sleep-like quiescence behaviors; VAV-1 is needed for
suppression of rhythmic locomotion and feeding during EGF-
induced and cellular stress—induced behavioral quiescence.
Further, we demonstrate that activation of VAV-1 is sufficient
to induce quiescence behavior in active adult animals. More-
over, we discovered that VAV-1 requires GEF activity and acts
in the neurosecretory ALA interneuron, a neuron previously
shown to be critical for sleep-like behavior, to mediate behav-
ioral quiescence (Van Buskirk and Sternberg 2007; Hill et al.
2014). We also found that VAV-1 regulates the protein levels
of two critical ALA signaling molecules, LET-23/EGFR and
IDA-1/phogrin, required for ALA function (Van Buskirk and
Sternberg 2007; Zhou et al. 2007; Van Buskirk and Sternberg
2010). Significantly, we demonstrate that loss of VAV-1-
dependent behavioral quiescence results in reduced organ-
ism survival after cellular stress.

Previous work has shown that ablation of ALA results in
a reduction of behavioral quiescence during lethargus (Van
Buskirk and Sternberg 2007). However, because removal of
ALA produces only a minor defect in lethargus quiescence,
this suggests that ALA is not the only cell required for inducing

VAV-1 Is Required for C. elegans Sleep 1161


http://www.wormbase.org/db/get?name=WBGene00002018;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002299;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002048;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006887;class=Gene

Feeding Quiescence

Figure 5 VAV-1 is required in the ALA inter-
neuron for heat stress—induced quiescence.
Feeding quiescence after a 30-min exposure
to 35.5° heat stress is shown; the curves
display behavioral quiescence immediately
on transfer to room temperature and slow
recovery (10 min to ~80 min), followed by

360 a second, longer bout of behavioral quies-
cence (~120-300 min). (A) vav-7 mutants
are defective in behavioral quiescence after
heat stress. The extended second bout of
behavioral quiescence can be rescued by ex-
pression of wild-type vav-7, but this rescue
requires VAV-1 GEF activity. (B) Similarly,
expression of vav-7 in the ALA interneuron
rescues the vav-7 mutant defect in the extended
second bout of behavioral quiescence. Data are
represented as mean + SEM, and statistical anal-
yses were conducted using repeated-measures
two-way ANOVA followed by Tukey posttests.
P-values are detailed in File S1.

A

1.04 vav-1; vav-T,;

- WT -+ -1 o ’ ?

= W GEF-dead rescue vav-1 rescue
(0]
(&)
]
@
S
T 054
c
o
©
E
[T

0.0 e m

0 100 200
Minutes after heat shock

B Feeding Quiescence
- 1.0 -+ WT -+ vav-1 -0 vav-1; ALA rescue
c
(4]
(&)
N
Q
S
g
c
je)
=]
5]
©
| =
(N

0.0 T T T 1

0 100 200 300 400

Minutes after heat shock

behavioral quiescence associated with lethargus (Van Buskirk
and Sternberg 2007). Indeed, RIA and RIS neurons, for in-
stance, are also involved in lethargus quiescence (Nelson
et al. 2013; Turek et al. 2013). Moreover, subsequent publi-
cations have shed light on perhaps a more vital role of ALA:
induction of cellular stress—induced quiescence that is corre-
lated with survival rates after cellular stress (e.g., noxious
heat) (Hill et al. 2014; Nelson et al. 2014). Mutation of
ceh-17, a transcription factor required for LET-23/EGFR
and PLC-3/PLCy expression in ALA, and mutation of fIp-13,
a gene encoding FMRFamide-like neuropeptides expressed in
ALA, both disrupt EGF- and cellular stress—induced quies-
cence. Interestingly, FLP-13, like VAV-1, is not required for
endogenous lethargus quiescence. These observations sug-
gest that the signaling mechanisms within ALA mediating
sleep-like quiescence behaviors diverge at some point, with
requirements of separate signaling molecules for the regula-
tion of lethargus sleep-like quiescence and cellular stress—
induced sleep-like quiescence and that FLP-13 and VAV-1
are crucial in the cellular stress—-induced quiescence pathway.
Interestingly, we found that overexpression of vav-1 results in
an extended quiescent bout in animals undergoing lethargus,
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suggesting that VAV-1, if overly abundant, can affect endog-
enous lethargus quiescence and prolong this quiescent state.
Furthermore, our data demonstrate that IDA-1::GFP levels in
the ALA cell body are regulated by VAV-1, suggesting that
VAV-1 may be involved in DCV function in this neuron. Per-
haps VAV-1 influences localization or release of FLP-13
(and/or other neuropeptides); further studies are needed
to investigate these possibilities.

Cellular stress induced by noxious heat causes perturbation
of cellular homeostasis, which drives sleep-like behavioral
quiescence (Hill et al. 2014; Nelson et al. 2014). The sleep-
like behavioral quiescence induced by cellular stress results
in an initial short-lived quiescent state (~1 hr) followed by
brief recovery and a second, prolonged quiescent state (sev-
eral hours) (Hill et al. 2014). Hill et al. (2014) proposed that
the prolonged bout of quiescence is critical for regulating
cellular homeostasis. From our analyses, we have found that
while vav-1 mutants are defective in both cellular stress—
induced sleep-like behavioral quiescence periods, we observed
complete rescue of the second bout only on wild-type vav-1
expression from either its 5’ cis-regulatory control element or
the ALA-specific 5’ cis-regulatory element. It is unclear why
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Figure 6 VAV-1 is required for survival after noxious heat stress. (A)
Animals were exposed to 40° heat stress for 20 min, and survival was
assessed over the following 4 days. Like plc-3(tm1340) mutants, which
are defective for heat stress-induced quiescence (Hill et al. 2014), vav-1
mutants show a loss of survival after exposure to noxious heat. This
survival defect is rescued by expression of wild-type vav-1. (B) None of
the tested strains showed differences in survival without heat stress ex-
posure. (C) Survival of wild-type animals and vav-1, egl-4(ad450sd), and
egl-4(ad450sd); vav-1 animals after 20 min of exposure to 40° heat stress.
egl-4(ad450sd) significantly suppresses the survival defect observed in
vav-1 mutants. Data are represented as mean * SEM, and statistical
analyses were conducted using repeated-measures two-way ANOVA fol-
lowed by Tukey posttests. P-values are detailed in File S1.

we did not observe rescue in the initial phase of quiescence.
This could be due to transgene expression levels and/or ge-
netic background differences that lead to defects in the initial
period of quiescence. Nevertheless, our studies confirm the
notion that the second, prolonged bout of sleep-like behav-
ioral quiescence is critical for cellular homeostasis because
the rescued animals, unlike vav-1 mutants, showed wild-type
survival after exposure to noxious heat stress.
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Figure 7 Induction of constitutively active VAV-1 is sufficient to induce
behavioral quiescence. A constitutively active VAV-1 mutant was placed
under the control of the 5’ cis-regulatory element of the inducible heat
shock promoter gene hsp-16.47. Young-adult animals were exposed
to 33° for 30 min and allowed to recover for 2 hr. While wild-type and
hs::GFP animals displayed normal active behavior, induction of constitu-
tively active vav-1 (hs::vav-1) produces a significant increase in the per-
centage of animals displaying quiescence behavior. At 10 hr after heat
shock, hs::vav-1 animals showed a complete recovery. Non-heat-shocked
animals (no heat) do not display quiescence behavior. Three separate
trials with 20-30 animals for each genotype were analyzed. Data are
presented as mean = SEM and were analyzed by one-way ANOVA with
Tukey posttest analysis (**P < 0.01).

Of the three mammalian Vav genes, Vav2 and Vav3 are
expressed in the nervous system (Cowan et al. 2005; Sauzeau
et al. 2010a). Although the functions of Vav proteins in the
nervous system are far from clear, several studies have found
critical roles for Vav family members in nervous system func-
tion. For example, Vav proteins have been shown to be im-
portant for axonal development (Cowan et al. 2005; Malartre
et al. 2010; Sauzeau et al. 2010a; Fernandez-Espartero et al.
2013), synaptic plasticity (Hale et al. 2011), and negative
regulation of sympathetic nervous system activity (Sauzeau
et al. 2006, 2007, 2010b, 2011; Zhu et al. 2015). Moreover,
Vav3 has been identified as a candidate schizophrenia gene
(Ikeda et al. 2011; Aleksic et al. 2013). Here we have found
that VAV-1 is required in the ALA interneuron for promoting
both EGF- and cellular stress—induced sleep-like behavioral
quiescence. We provide evidence implicating VAV-1 in neu-
ronal EGF signaling: (1) vav-1 mutants fail to respond to an
EGF quiescence signal and (2) VAV-1 regulates levels of the
EGFR/LET-23 in the ALA neuron. Previous studies have dem-
onstrated that EGFR/LET-23 and its downstream effector
phospholipase C gamma, PLC-3/PLCy, act in the ALA neuron
to promote both EGF- and stress-induced sleep-like behavior-
al quiescence (Van Buskirk and Sternberg 2007; Hill et al.
2014). Our data are consistent with VAV-1 acting in this
LET-23-PLC-3 signaling pathway. Notably, Vav proteins have
been identified as positive effectors of EGFR signaling
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pathways in other tissues of C. elegans, as well as in Drosophila
and mammalian cells (Margolis et al. 1992; Dekel et al. 2000;
Pandey et al. 2000; Hornstein et al. 2003; Norman et al. 2005).
However, our data are the first to suggest Vav interaction
with EGFR or PLCy in neurons. While our analyses demon-
strate that vav-1 mutants are defective in responding to EGF-
induced quiescence and show reduced EGFR levels in the
ALA cell body, the role of VAV-1 in mediating EGFR signaling
is unclear. Notably, Vav proteins have been implicated in pro-
moting EGFR and other receptor tyrosine kinase (RTK) sig-
naling by regulating the endocytosis of the RTKs (Cowan
et al. 2005; Thalappilly et al. 2010). Indeed, Vav2, in a
GEF-dependent manner, has been shown to have a critical
role in EGFR signaling by delaying EGFR receptor internali-
zation and degradation via an interaction with endosomal-
associated proteins (Thalappilly et al. 2010). Whether VAV-1
has a role in mediating endocytosis and degradation of the
LET-23/EGFR in the ALA interneuron will require further
studies.

Although this is the first study to uncover a role for a Vav
protein in regulation of a sleep-like or quiescence behavior, a
Rho-family GTPase guanine nucleotide-activating protein
encoded by the crossveinless-c gene was recently implicated
in sleep homeostasis in Drosophila (Donlea et al. 2014),
suggesting a conserved role for Rho-family GTPases in
sleep behavior. Furthermore, Vav2 and Vav3 transcripts
are expressed in regions of the human and mouse brain as-
sociated with sleep (Lein et al. 2007; Hawrylycz et al. 2012),
such as the thalamus (Fuentealba and Steriade 2005). Be-
cause EGF has a conserved role in sleep (Kushikata et al.
1998; Snodgrass-Belt et al. 2005; Foltenyi et al. 2007; Van
Buskirk and Sternberg 2007) and we demonstrate that VAV-1
acts in an EGFR signaling pathway and has a role in sleep-like
behaviors in C. elegans, it would be interesting to explore
whether Vav2 and/or Vay3 has an evolutionarily conserved
role in human sleep.
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Induced Feeding Quiescence
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Figure S1 Overexpression of IDA-1 does not rescue the defective LIN-3/EGF
induced quiescence phenotype of vav-1 mutants. Percentage of animals showing
LIN-3/EGF induced feeding quiescence. 50-60 animals were analyzed for each
genotype. Data are presented as mean +/- SEM and were analyzed by one-way
ANOVA with Tukey post-test analysis (*** p<0.001).
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Figure S2 Expression of GEF dead or ASH3B does not cause a dominant negative
effect on LIN-3/EGF induced quiescence. (A) Percentage of animals showing LIN-
3/EGF induced locomotory quiescence. (B) Percentage of animals showing LIN-
3/EGF induced feeding quiescence. While vav-1 mutants fail to undergo LIN-3/EGF
induced quiescence, both the GEF dead and the ASH3B construct display normal
quiescent behavior upon LIN-3/EGF expression. 50-60 animals were analyzed for
each genotype. Data are presented as mean +/- SEM and were analyzed by one-way
ANOVA with Tukey post-test analysis (*** p<0.001).
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Figure S3 vav-1 mutants respond normally to acute heat exposure. (A) Animals were
individually transferred to fresh room temperature agar plates, or pre-warmed 37°C agar
plates, and body bends were counted for one minute following transfer. Both WT and vav-1
mutants move faster in response to heat. Data are represented as mean +/- SEM and were
analyzed by unpaired two-tailed T-test (* p<0.02, ** p<0.003). (B-D) vav-1 mutants heat
stressed at 33°C for 30 minutes show robust heat shock reporter activity. (B)
Representative images of wild type and vav-1 mutant animals 2 hours after heat stress.
gpls1 and dvis70 are two independently hsp-16.2::GFP chromosomally integrated
transgenes. (C) Quantification of gpIs1 heat shock reporter expression.n = 23 (WT) and 26
(vav-1). (D) Quantification of dvis70 heat shock reporter expression. n = 28 (WT) and 34
(vav-1). Data presented as mean +/- SEM.



Table S1. Primer list

Oligo | Sequence Description
Name

5" CCTTTAAACTACAAAACATGCTTACTCTATCCCCTTCGTGAACTAAAG 3’ VAV-1 SH3A
deletion
Reverse

5" GCAAAAATTTCAATCAAATTGTTACTGCGCCATAGGAATTCCGATATTTCC VAV-1 SH2
3’ deletion
Reverse

5’ GCTCCCTTCTGTGGCCGGATCGCATTGGGAATATGGATTTTTGAGG 3’ VAV-1 SH3B
deletion
Reverse

P350 5’ GCACCTGAAAATGCATTAAAAAATATTGG 3’ 3kb 5’ cis
regulatory
element of
vav-1 gene
Reverse




File S1. Supplemental - Statistics

Figure 2 - ALA marker imaging

For Fig. 2B, 2D, and 2F, Kruskal-Wallis one-way ANOVA (since data is normalized to WT, standard

deviations differ significantly) followed by Dunn’s multiple comparisons.

For Fig. 2G and 2H, one-way ANOVA followed by Tukey’s multiple comparisons.

Strain Comparison P value
Fig. 2B WT v. vav-1 *R*p< 0.0001
vav-1v. vav-1; vav-1 rescue *RED< 0.0001
Fig. 2D WT v. vav-1 < 0.0001
vav-1v. vav-1; vav-1 rescue *HH*p< 0.0001
Fig. 2F WT v. vav-1 *p<0.05
WT v. vav-1; vav-1 rescue *E*p< 0.0001
Fig. 2G vav-1v. vav-1; vav-1 rescue *p<0.05
Fig. 2H WT v. vav-1; vav-1 rescue *p<0.05

Figure 3 - hs:LIN-3 Induced Quiescence

Fig. 3A, 3B, 3D, 3E One-way ANOVA with Tukey’s multiple comparison post-tests

Strain Comparison P value

Fig. 3A WT v. hs:LIN-3 **Ep< 0.0001
hs:LIN-3 v. hs:LIN-3; vav-1 *RR*p< 0.0001
hs:LIN-3; vav-1 v. hs:LIN-3; vav-1; | ****p< 0.0001
ALA neuron rescue

Fig. 3B WT v. hs:LIN-3 < 0.0001
hs:LIN-3 v. hs:LIN-3; vav-1 **p< 0.0001
hs:LIN-3; vav-1 v. hs:LIN-3; vav-1; | ****p< 0.0001
ALA neuron rescue

Fig. 3D WT v. hs:LIN-3 *kEp< 0.0001
hs:LIN-3 v. hs:LIN-3; vav-1 < 0.0001
hs:LIN-3; vav-1 v. *hs:LIN-3; vay- | ****p< 0.0001
1; vav-1 rescue
*hs:LIN-3; vav-1; vav-1 rescue v. *R*p< 0.0001
hs:LIN-3; vav-1; GEF-dead vav-1
rescue
*hs:LIN-3; vav-1; vav-1 rescue **p< 0.0001
(minimal promoter) v. hs:LIN-3;
vav-1; ASH3B vav-1 rescue

Fig. 3E WT v. hs:LIN-3 **p< 0.0001
hs:LIN-3 v. hs:LIN-3; vav-1 *R*p< 0.0001
hs:LIN-3; vav-1 v. *hs:LIN-3; vay- | ****p< 0.0001

1; vav-1 rescue




*hs:LIN-3; vav-1; vav-1 rescue v. *H*p< 0.0001
hs:LIN-3; vav-1; GEF-dead vav-1
rescue

*hs:LIN-3; vav-1; vav-1 rescue < 0.0001
(minimal promoter) v. hs:LIN-3;
vav-1; ASH3B vav-1 rescue

Figure 4 - Lethargus Quiescence

Fig. 4D, 4E, 4F, and 4G, Kruskal-Wallis one-way ANOVA (since standard deviations of populations
differ significantly) followed by Dunn’s multiple comparisons

Strain Comparison P value
Fig. 4D WT v. egl-30 (tg26) **p<0.01
vav-1v. egl-30 (tg26) **p<0.01
Fig. 4E WT v. egl-30 (tg26) *H**p<0.0001
vav-1v. egl-30 (tg26) *R**p<0.0001
Fig. 4F WT v. plc-3 **p<0.01
WT v. vav-1; rescue **p<0.01
Fig. 4G WT v. plc-3 *p<0.05
WT v. vav-1; rescue **p<0.01

Figure 5 - Heat Shock Recovery Quiescence

Fig. 5A and 5B, Two-way RM ANOVA, Tukey post-tests

Strain Comparison Time Point (min) p value
Fig 5A WT v. vav-1 20 *p<0.05
30 ** p<0.01
40 * p<0.05
50 * p<0.05
60 * p<0.05
100 *p<0.05
150 ** p<0.01
180 ** p<0.01
240 *p<0.05
300 * p<0.05
WT v.vav-1; ALA rescue 30 **p<0.01
40 **p<0.01
50 * p<0.05
vav-1v.vav-1; ALA rescue | 100 * p<0.05
240 * p<0.05




300 ** p<0.01
360 * p<0.05
Fig 5B WT v. vav-1 40 **p<0.01
50 *p<0.05
120 *p<0.05
180 **p<0.01
240 * p<0.05
WT v. vav-1; GEF-dead 30 * p<0.05
rescue
40 **p<0.01
50 **p<0.01
120 *p<0.05
300 * p<0.05
WT v. vav-1; vav-1 rescue | 10 **p<0.01
30 **p<0.01
40 ** p<0.001
50 *p<0.05
vav-1v.vav-1; vav-1 10 *¥* p<0.001
rescue
120 * p<0.05
180 **p<0.01
vav-1; GEF-dead rescuev. | 10 * p<0.05
vav-1; vav-1 rescue
120 *p<0.05
180 *p<0.05
300 *p<0.05
Figure 6 - Stress Survival
Fig. 6A, 6B, 6C, Two-way RM ANOVA, Tukey post-tests
Strain Comparison Time Point (hours) p value
Fig. 6A WT v.vav-1 48 *R*p< 0.0001
72 R p< 0.0001
96 *RxEp< 0.0001
WT v. plc-3 72 *RxEp< 0.0001
96 *Rxkp< 0.0001
vav-1v.vav-1; vav-1 48 *#*p<0.001
rescue
72 *R**p<0.0001
96 *R**p<0.0001
vav-1v. plc-3 48 **p<0.01
72 *R*p<0.0001
96 **p<0.01




Fig. 6C WT v. vav-1 72 ****p<0.0001
96 *H**p<0.0001

vav-1v. egl-4; vav-1 72 **p<0.01

96 **p<0.01

Figure 7 - Heat shock-induced VAV-1

One-way ANOVA with Tukey’s multiple comparison post-tests

Strain Comparison P value
WT v. hs::vav-1 **p<0.01
hs::GFP v. hs::vay-1 **p<0.01
hs::vav-1v. hs::vav-1 no heat *%p<0.001
hs::vav-1 v. hs::vav-1 (10 hrs) **p<0.01

Supplemental Figures

Fig. S1 and S2, one-way ANOVA with Tukey’s multiple comparison post-tests

Fig. S3 Unpaired two-tailed T Tests

Strain Comparison P value
Fig. S1 hs::LIN-3 v. hs::LIN-3; vav-1 *4p<(0.001
hs::LIN-3 v hs::LIN-3; vav-1; ida-1 | ***p<0.001
(0e)
Fig. S2A hs::LIN-3 v. hs::LIN-3; vav-1 ***p<0.001
Fig. S2B hs::LIN-3 v. hs::LIN-3; vav-1 ***¥p<0.001
Fig. S3 WT v. WT 37°C **p<0.003

vav-1 v.vav-1 37°C

*p<0.02
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