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Sleep neuron depolarization promotes protective
gene expression changes and FOXO activation

Graphical abstract

Wakefulness Sleep Sleep disturbance
RIS neuron RIS neuron RIS neuron
“off” “g “ON”

I
1
1
1
\ 4 l v

1

1

1

: l

1

v v

e
/

FoxO/DAF-16 ‘4—‘ FoxO/DAF-16 ‘

Heat shock Protein
HSP-12.6

o
Survival

Heat shock Protein
HSP-12.6

Highlights
e The sleep neuron RIS promotes protective gene expression
changes during larval arrest

e RIS depolarization promotes FOXO/DAF-16 activation and
chaperone expression

e RIS depolarization promotes survival through FOXO/DAF-16
and chaperone expression

e Disturbed sleep overactivates RIS to boost gene expression
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In brief

Koutsoumparis et al. show that the sleep-
active RIS neuron in C. elegans
depolarizes during sleep to promote
protective gene expression changes,
including the activation of FOXO and
chaperone expression, thus promoting
survival. Disturbing sleep further
increases RIS activity and thus further
promotes gene expression and survival.
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SUMMARY

Sleep is an essential state that allows for recuperation and survival processes. Disturbing sleep triggers
stress responses that promote protective gene expression. Sleep and its deprivation grossly impact gene
expression, but little is known about how normal or disturbed sleep control gene expression. Central to
the induction of sleep are sleep-active neurons, which inhibit wakefulness and promote survival. Sleep
and sleep-active neurons are highly conserved. In Caenorhabditis elegans, the sleep-active RIS neuron is
crucial for sleep and survival. Here, we show that RIS depolarization promotes the protective gene expres-
sion response that occurs during developmental arrest. This response includes the activation of FOXO/DAF-
16 and expression of DAF-16 target genes such as HSP-12.6, a small heat-shock protein that is required for
starvation survival. Disturbing sleep by mechanical stimulation increases RIS depolarization. RIS activation in
turn activates DAF-16 and other genes required for survival. Hence, during normal sleep, RIS depolarization
promotes protective gene expression. When sleep is disturbed, protective gene expression gets further
increased by raised RIS depolarization. We thus link sleep-active neuron depolarization to protective gene
expression changes and suggest that the cellular stress response following sleep deprivation could be un-

derstood as a safeguarding process that is caused by the overactivation of sleep-active neurons.

INTRODUCTION

Sleep and wakefulness are characterized by large oscillations in
gene expression that affect cellular physiology broadly to sup-
port core functions of sleep for building, repair, and plasticity. '+
Sleep deprivation triggers systemic and cellular stress re-
sponses.>™® Cellular stress responses include the increased
expression of protective genes encoding cytosolic chaperones,
components of the unfolded protein response (UPR) in ER and
mitochondria, as well as oxidative stress and DNA damage
pathway genes.® Sleep deprivation induces large transcriptional
responses’? and activation of transcription factors such as
FOX0.5" Cellular stress responses, in turn, can mitigate the le-
thal effects that are often caused by sleep deprivation.®® On
the other hand, overactive stress responses following sleep
deprivation can have detrimental consequences for health, in
particular when they are activated for extended periods of
time.>®

Across species, sleep-active neurons depolarize to inhibit
wakefulness circuits through GABA and neuropeptides and
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thus cause sleep.”'® Sensory stimulation can at first suppress
the activity of sleep-active neurons and force wakefulness, but
sensory stimulation also typically causes an overactivation of
sleep-active neurons, eventually causing a return to sleep or
compensatory increases in sleep depth or sleep time, thus form-
ing homeostatic mechanisms.'""'?

Sleep deprivation is a key approach to study sleep functions.
The sleep deprivation procedure, which typically includes strong
sensory stimulation to cause hyperarousal and thus wakeful-
ness, can however be stressful and thus can trigger stress
responses.'>''* This means that the stress responses observed
after sleep deprivation may not be caused only by the loss of
sleep but also by the stressor. Another possible explanation for
the increased stress response following sleep disturbance could
be that the absence of sleep per se prevents an essential func-
tion of sleep from being fulfilled, thus causing cellular stress,
which in turn triggers cellular stress responses. Similarly,
increased wakefulness could promote stress.®'® An alternative,
yet less explored, possibility is that sleep deprivation enhances
the normal functions of sleep, which could be the promotion of
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cell-protective processes that are similar to cellular stress re-
sponses. Disturbed sleep triggers homeostatic compensation
mechanisms that include the overactivation of sleep-active neu-
rons, which can lead to a subsequent increase in sleep depth or
time asleep.'®"” If the sleep circuits promote cell-protective pro-
cesses during normal sleep, an increased activity of the sleep
circuits could thus trigger an increased activity of cell-protective
processes. As it is unclear what causes the consequences of
sleep deprivation, it is difficult to deduce sleep functions from
sleep deprivation experiments.’® A key challenge in sleep
research thus is to solve the mechanisms by which sleep affects
protective functions and to understand how sleep deprivation af-
fects stress responses and protective gene expression.

Sleep in C. elegans requires the GABAergic and peptidergic
sleep-active RIS neuron.’® RIS depolarizes specifically during
sleep to inhibit wakefulness circuits through FLP-11 neuropep-
tides and perhaps also GABA, and RIS impairment virtually abol-
ishes sleep during many stages and conditions.'®" Various
stressors promote protective sleep.?>2° For example, starvation
during the first larval stage (L1) causes a developmental arrest
that involves a transcriptional response that halts growth and
shifts the physiology toward stress resistance and energy con-
servation.””**® RIS depolarizes during L1 arrest to increase sleep
and promote survival.”® However, how RIS supports survival is
not understood.

Here, we tested the role of RIS in the protective gene expres-
sion response that occurs during L1 arrest. We show that the ac-
tivity of the RIS neuron promotes the protective gene expression
response, including FOXO activation and chaperone expression.
Disturbing sleep by mechanical stimulation increases the activa-
tion of the RIS neuron, which in turn boosts protective gene
expression. Thus, sleep-active neuron depolarization promotes
protective gene expression during normal sleep, and distur-
bance during sleep over activates the sleep neuron to further in-
crease protective gene expression.

RESULTS

APTF-1 promotes the protective gene expression
response that occurs during larval starvation

Larval starvation triggers the arrest of development and a
massive transcriptional response affecting hundreds of
genes.””?® Here, we tested the role of RIS in the protective
gene expression response during L1 arrest using a multi-omics
approach. We first performed a transcriptome analysis of L1 ar-
rest in worms in which RIS was dysfunctional. For this experi-
ment, RIS was impaired by deletion of the AP2 transcription
factor gene aptf-1 (aptf-1(gk794)) that is required for the expres-
sion of sleep-promoting neuropeptides in RIS."®"? We deter-
mined the transcriptomes of wild-type and aptf-1(gk794) L1
larvae both during development (in the presence of food) as
well as during developmental arrest (after 48 h of starvation)
and first determined genes that were differentially expressed
during the arrest (|Log, FC| > 1 and FDR < 5%). The transcrip-
tome analysis showed that in the wild type during L1 arrest,
1,480 genes were down-regulated and 1,653 genes were upre-
gulated (Figure 1A; Data S1). During L1 arrest in aptf-1(gk794),
only 816 genes were down-regulated and only 865 genes were
up-regulated (Figure 1B; Data S1). Thus, the gene expression
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response during arrest in aptf-1(gk794) animals appeared to be
much less pronounced compared with wild type.

We next used the genes that were differentially expressed dur-
ing the arrest compared with development in the transcriptomes
of wild-type worms to define the L1-arrest gene expression
response. We then tested whether the expression of these ar-
rest-regulated genes was affected in aptf-1(gk794). Many of
the genes that were up-regulated during arrest in the wild type
were also up-regulated in aptf-1(gk794), but the response was
dampened and the level of up-regulation was reduced. Similarly,
many of the genes that were down-regulated during the arrest in
the wild type, were down-regulated also in aptf-1(gk794), but the
down-regulation was again dampened (Figure 1E).

We next used isobaric chemical labeling and mass spectrom-
etry to perform a relative quantification of the proteomes of
larvae that were grown under the same conditions as for the tran-
scriptome analysis. The proteome analysis confirmed the damp-
ened expression of arrest-specific genes, with 440 proteins
showing altered expression (JLog, FC| > 1) in the wild type and
only 307 proteins showing altered expression in aptf-1(-)
(Figures 1C and 1D; Data S2). Again, many proteins that were
up-regulated during arrest in the wild type were expressed at
lower levels in aptf-1(gk794), and proteins that were down-regu-
lated during arrest in the wild type were expressed at higher
levels in aptf-1(gk794) (Figure 1F). Thus, aptf-1(gk794) blunts
the gene expression changes during the arrest.

APTF-1 broadly supports protective gene expression
and promotes DAF-16 target gene expression

Gene Ontology (GO) term analysis of RNA sequencing (RNA-
seq) data in L1 arrest indicated that aptf-1(gk794) reduced the
expression of components of the gene expression machinery,
including factors required for chromatin organization, splicing,
and translation. Also, genes required for mitochondrial gene
expression and function showed reduced expression. By
contrast, genes associated with neuropeptidergic transmission
showed increased expression (Figure 2A; Data S3). The broad
effect on general components of the gene expression system
as well as the alterations of neuronal transmission suggested
that genes required for gene expression are broadly affected
by neuronal signaling across multiple cell types. Gene set enrich-
ment analysis indicated that multiple major tissues (intestine, hy-
podermis, muscle, neurons, and the germ line) were affected in
aptf-1(gk794), with intestine and germ line dominated by the
down-regulation of genes, and the hypodermis and neurons
dominated by up-regulation of genes (Figure 2B).

During the starvation response, FOXO remodels transcription
to arrest development and rewire metabolism.*®*° DAF-16 binds
to and activates expression of genes whose promoter region
contains the DAF-16 binding element (DBE).®" Conversely, genes
containing the DAF-16 associated element (DAE) are typically
negatively controlled by DAF-16 and are bound by the PQM-1
transcriptional regulator.>> We hence tested whether the differ-
entially expressed genes in aptf-1(gk794) were enriched for
DBE and DAE motifs or binding by DAF-16 or PQM-1. aptf-
1(gk794) showed significantly reduced expression of genes that
contain the DBE or that are bound by DAF-16, according to
ChlP-seq data, whereas genes that contain the DAE or that are
bound by PQM-1 showed a significant increase in expression
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Figure 1. APTF-1 promotes the gene expression response during developmental arrest
(A and B) Scatterplot overview of RNA-seq data in (A) wild-type and (B) aptf-1(gk794) worms shows quantitative differences in gene expression during the
starvation response. Statistically not significant entries according to the selected thresholds are marked in gray.

(C and D) Scatterplot overview of proteome data in (C) wild-type and (D) aptf-1(gk794) worms shows quantitative differences in protein expression during the
starvation response. Entries with |Log, FC| < 1 are marked in gray.
(E and F) aptf-1(gk794) caused a dampened starvation response on (E) the transcriptome and (F) the proteome levels.
Related data can be found in Data S1 and S2.
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Figure 2. APTF-1 broadly supports gene expression including the expression of DAF-16 target genes

(A) GO term enrichment analysis of genes differentially expressed in aptf-1(gk794) during starvation reveals changes associated with gene expression and
metabolic pathways. All of the pathways shown are significantly enriched with p,q; < 0.05. The full list of enriched GO terms can be found in Data S4.

(B) Gene set enrichment analysis for tissue-specific genes, shows significant down-regulation of intestine and germline genes, whereas hypodermis and neuron
genes are significantly up-regulated. Statistical significance was assessed by Fisher's exact test with Bonferroni correction for multiple comparisons
**Pagj < 0.001, n.s., not significant.

(legend continued on next page)
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(Figure 2C).To verify the effects of aptf-1 on protective gene
expression and to study the dynamics of the starvation-induced
arrest gene expression response, we tested fluorescent tran-
scriptional reporters for three genes that 1) carry the DBE
sequence, 2) are expressed at lower levels in starved aptf-
1(gk794), and 3) show DAF-16-dependent up-regulation during
arrest. The three genes chosen were the small heat-shock protein
gene hsp-12.6, the histone H1-like gene hil-1, and the superoxide
dismutase gene sod-3.°"**¢ Consistent with our transcriptome
data, the expression of all of the three DBE-containing reporter
genes was attenuated in aptf-1(gk794) (Figures 2D-2F). A label-
free quantification mass spectrometric analysis of the proteome
revealed that the correlation of transcriptome and proteome was
moderate, which is consistent with previous analyses of adult
starvation.®” The mass spectrometry analysis validated the
dampened expression of HSP-12.6 in aptf-1(gk794), which moti-
vated us to use this gene as a readout for subsequent analyses
(Figure S1A; Data S4). To test whether aptf-1(gk794) was gener-
ally impaired in HSP-12.6 expression, we tested the expression
of HSP-12.6 in response to a heat shock, which triggers high
levels of expression of this molecular chaperone.®® Following
a heat shock, expression of HSP-12.6 in wild-type and aptf-
1(gk794) larvae reached the same levels, indicating that aptf-
1(gk794) is generally able to strongly express HSP-12.6
(Figure S1B). Thus, aptf-1(gk794) broadly blunts protective
gene expression during L1 arrest, including the expression of
genes that are controlled by DBE/DAF-16.

RIS depolarization controls DAF-16 target gene
expression

aptf-1 is expressed in RIB, AIB, and RIS neurons, which we
confirmed also during L1 arrest (Figure S2). It functions in sleep
in the RIS neuron that depolarizes during many types of sleep to
cause behavioral quiescence.'®?":2°:29:39.90 The majority of the
effects of aptf-1(gk794) on gene expression were thus most likely
caused by impaired RIS. It is possible though, that some of the
changes observed in the omics analyses were caused by AlB
or RIB. We did not investigate the roles of AIB and RIB further
but focused on the contributions of RIS. A stable rescue of
aptf-1in RIS has not yet been established, as RIS-specific genes
typically are under the control of aptf-1(-)."®° To clearly link RIS
to gene expression during starvation, we hence tested how
increased and decreased RIS activity affects gene expression.
Phenotypes observed in both aptf-1(-) and after RIS inactivation
can thus be assigned to RIS function with high confidence.

To test how RIS activity levels modulate gene expression and
DAF-16 targets during L1 arrest, we studied strains in which RIS
was either constantly hyperpolarized or depolarized through the
expression of constitutively active ion channels.*’ For specific
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expression in RIS, we used the flp-11 promoter that is highly en-
riched in RIS®*° and presents the most specific promoter avail-
able for RIS, according to single-cell sequencing data of the
entire nervous system.*? To hyperpolarize RIS, we used expres-
sion of a constitutively active potassium channel mutant in this
neuron (RIS::twk-18gf); to depolarize RIS, we used a constitu-
tively active K2P channel mutant that is permeable for sodium
(RIS::unc-58gf{strong)).**> By using these strains, it has been
shown that hyperpolarization and surprisingly also constant
strong depolarization of RIS both abolish sleep behavior. Sleep
loss caused by constant depolarization may be caused by
excessive transmission from RIS, which then causes desensiti-
zation of downstream neuronal circuits that generate wakeful-
ness behavior.*" Hence, these RIS-manipulating strains provide
a chance to test whether the observed changes in gene expres-
sion are functions of sleep or RIS depolarization.

RNA-seq of RIS::twk-18gf and RIS::unc-58gf(strong) identified
141 differentially expressed genes in RIS::twk-18gf (66 down and
75 up) and 596 differentially expressed genes in RIS::unc-
58gf(strong) (306 down and 290 up), (Figures 3A and 3B; Data
S5, |Logs FC| > 1 and FDR < 5%). There was a substantial nega-
tive correlation of the hyperpolarization and depolarization
datasets; i.e., many of the genes that were up-regulated in
RIS::twk-18gf were down-regulated in RIS::unc-58gf(strong),
and many of the genes that were down-regulated in RIS::twk-
18gf were up-regulated in RIS::unc-58gf(strong) (87% of the
significantly regulated genes in both conditions followed this
anti-correlation pattern). For example, DBE-containing genes
that are up-regulated during L1 arrest such as hsp-12.6 and
sod-5 were down-regulated with RIS hyperpolarization and up-
regulated with RIS depolarization (Figure 3C). A few DBE-con-
taining genes including icl-1 were up-regulated in RIS::twk-18gf
and were down-regulated in RIS::unc-58gf(strong). icl-1 is
required for the glyoxylate shunt during starvation, and its up-
regulation during larval starvation depends only in part on daf-
16 but also on other factors,*® which might explain the different
responses of DBE-containing genes upon RIS depolarization
changes. Genes that were differentially regulated during larval
starvation were slightly anti-correlated with the genes regulated
by RIS::twk-18gf and were positively correlated with the genes
regulated by RIS::unc-58gf(strong) (Figures 3D and 3E). Intestine,
muscle, and hypodermis were the tissues most strongly affected
by RIS polarization (Data S5). These results indicate that RIS de-
polarization broadly controls gene expression during L1 arrest,
with hyperpolarization of RIS inhibiting gene expression and
RIS depolarization promoting gene expression.

We next looked at DAF-16 and PQM-1-associated gene
expression in the RIS polarization strains. RIS hyperpolar-
ization reduced DAF-16-associated gene expression as well

(C) Gene set enrichment analysis for DAF-16-related genes shows significant down-regulation of DBE-containing and DAF-16-bound genes, whereas DAE-
containing and PQM-1-bound genes are significantly up-regulated. Statistical significance was assessed by Fisher’s exact test with Bonferroni correction for

multiple comparisons ***p,q; < 0.001, n.s., not significant.

(D-F) The expression of DBE/DAF-16-regulated genes is dampened during starvation in aptf-1(gk794). DAF-16 target genes that carry the DBE motif that were
tested included (D) sod-3 (***paq; < 0.001 for every time point, three biological replicates, wild type: n = 88, aptf-1(gk794): n = 87), (E) hsp-12.6 (**pagj < 0.001
for time > 12 h, one biological replicate, wild type: n = 6, aptf-1(gk794): n = 7), and (F) hil-1 (**paqj < 0.001 for every time point, one biological replicate, wild
type: n =18, aptf-1(gk794): n = 18). Statistical significance in all cases was assessed with Welch’s t test, and the p values were subsequently corrected for multiple
comparisons using the Benjamini-Hochberg method. Error bars denote the standard error of the mean.

Related data can be found in Figure S1, Data S3 and S4, and in GSE196158.
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as PQM-1-associated gene expression. RIS depolarization
increased DAF-16-associated gene expression but rather
decreased PQM-1 associated gene expression (Figures 3G
and 3H). These results indicate that RIS polarization levels
control DAF-16-associated gene expression during the arrest.

RIS depolarization promotes DAF-16/FOXO activation
Our transcriptome analysis indicated that genes that contain the
DBE and are bound by DAF-16 are controlled by RIS polarization
levels. This suggested that RIS depolarization might directly con-
trol DAF-16 activity. To test this hypothesis and to directly test
whether DAF-16 is active during sleep or wakefulness, we
monitored the nuclear localization of this transcription factor in
dependence of the levels of RIS depolarization. We first scored
DAF-16::GFP localization and quantified sleep by monitoring an-
imals inside microfluidic devices with a high time resolution.***°
DAF-16 was highly dynamic, and its localization changed rapidly
between nuclear and cytosolic phases with each phase lasting
from a few minutes up to about 2 h. The nuclear or cytoplasmic
localization of DAF-16 changed systemically across the major tis-
sues in which DAF-16 was visible (i.e., it was either nuclear or
cytoplasmic simultaneously in several tissues including the intes-
tine, hypodermis, and neurons). The animals went through bouts
of sleep that could be detected as phases of immobility. These
sleep bouts were typically much shorter than phases of nuclear
DAF-16, and there was no apparent direct correlation between
the behavioral state of the animal and DAF-16 localization
(Figures 4A-4D). aptf-1(gk794) caused a significant increase in
cytoplasmic DAF-16, which appeared to be caused by an in-
crease in long phases of cytoplasmic DAF-16, and a decrease
in nuclear DAF-16 (Figure 4B). This analysis indicates that DAF-
16 activation is highly fluctuating and that RIS supports DAF-16
activation. As DAF-16 activation transients can occur both during
sleep and wake phases, this suggests that RIS exerts a highly in-
direct and long-lasting effect on DAF-16 that could affect the
physiology broadly during both sleep and wakefulness.

We next monitored the nuclear localization of DAF-16::GFP
over several days, but with lower time resolution in three strains
in which RIS was manipulated: (1) in aptf-1(gk794), in which RIS
is dysfunctional; (2) in the RIS::twk-18gf strain, in which RIS is hy-
perpolarized; and (3) in the RIS::unc-58gf(strong) strain, in which
RIS is depolarized. aptf-1(gk794) and RIS::twk-18gf caused a
reduction in DAF-16::GFP nuclear localization, an effect that
was most prominent after 2 days of starvation. In RIS::unc-
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58gf(strong), the nuclear fraction was increased strongly
compared with the wild type on the first day of starvation, and
then declined (Figure 4C; Data S6). Thus, RIS depolarization
levels appear to be able to affect DAF-16 activation levels at least
during some time points during the arrest.

The effects of RIS depolarization on DAF-16 activation suggest
that RIS might promote survival through daf-16-dependent gene
expression. We hence tested the effects of daf-76 deletion on sur-
vival when RIS is impaired or overactivated. For this experiment,
we combined daf-16(mu86) with either aptf-1(gk794), RIS::twk-
18gf or RIS::unc-58gf(strong) and measured the survival during
L1 arrest. RIS hyperpolarization and aptf-1(gk794) reduced the
survival rate during L1 arrest by 47 %. daf-16(mu86) reduced sur-
vival in an otherwise wild-type background by 77%. In an aptf-
1(gk794) background, daf-16(mu86) reduced survival by only
17%. This indicated that daf-16(mu86) reduced the rate constant
of aging”® less in the aptf-1(gk794) background, supporting the
view that aptf-1 and daf-16 act in overlapping pathways. RI-
S::unc-58gf(strong), by contrast, caused an increase of survival
of 9% in a wild-type background, but a statistically significant in-
crease of survival could not be detected in the daf-16(mu86)
background (Figure 4D; Data S7). Additional protective gene
expression systems might also be under the control of RIS, which
might explain the broad transcriptional changes and the partial
phenotypes observed in daf-16(mu86). Together, these results
support the idea that RIS promotes lifespan through protective
gene expression that requires the activation of DAF-16.

RIS depolarization promotes DAF-16/FOX0O-dependent
HSP-12.6 expression to support survival
The transcriptome analysis suggested that RIS depolarization pro-
motes the expression of DBE/DAF-16-dependent genes whose
transcription is increased during L1 arrest. These genes include
chaperones such as HSP-12.6 that might increase lifespan during
starvation. We thus first tested whether RIS depolarization
controls the expression of HSP-12.6. For this experiment, we
quantified the endogenous HSP-12.6 tagged with an mKate2 fluo-
rescent transgene in the strains in which RIS was hyperpolarized
or constantly depolarized. Hyperpolarization of RIS dampened
the induction of HSP-12.6::mKate2 expression during L1 arrest,
whereas depolarization of RIS increased the expression of HSP-
12.6::mKate2 compared with wild-type animals (Figure 5A).
HSP-12.6 has been shown to extend lifespan in the adult.*® To
test if HSP-12.6 also extends survival during L1 arrest and

Figure 3. RIS depolarization promotes gene expression including the expression of DAF-16 target genes

(A and B) Scatterplot overview of RNA-seq data of (A) RIS::twk-18gf versus wild type and (B) RIS::unc-58gf(strong) versus wild type. Statistically not significant
entries according to the selected thresholds are marked in gray. hsp-12.6 was consistently down- (Log, FC = —0.62) and up-regulated (Log, FC = 1.22) in
RIS::twk-18gf and RIS::unc-58gf(strong), respectively.

(C) Comparison of gene expression in the constantly hyperpolarized strain versus the constantly depolarized strain shows an anti-correlated expression pattern.
DBE-dominant gene expression was anti-correlated in RIS::twk-18gf vs RIS::unc-58gf(strong) with the majority of genes down-regulated in RIS::twk-18gf and up-
regulated in RIS::unc-58gf(strong). This RIS-controlled gene set is enriched for DBE-containing genes (Fisher’s exact test, **p < 0.001).

(D and E) Scatterplot overview of RNA-seq data of (D) RIS::twk-18gf and (E) RIS::unc-58gf(strong) versus genes that are differentially expressed during the
starvation response indicates that RIS::twk-18gf dampens and RIS::unc-58gf(strong) supports the starvation gene expression response.

(F) Gene set enrichment analysis in RIS::twk-18gf for DAF-16-related genes shows significant down-regulation of DBE-containing and DAF-16-bound genes, as
well as DAE-containing and PQM-1-bound genes.

(G) Gene set enrichment analysis in RIS::unc-58gf(strong) for DAF-16-related genes shows significant up-regulation of DBE-containing and DAF-16-bound
genes, as well as a mostly down-regulation of DAE-containing and PQM-1-bound genes. Statistical significance was assessed by Fisher’s exact test with
Bonferroni correction for multiple comparisons, *pagj < 0.05, **paqj < 0.001, n.s., not significant.

Related data can be found in Figure S2, Data S5, and in GSE196380.
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Figure 4. RIS depolarization promotes DAF-16/FOXO activation

(A) DAF-16::GFP localization is highly dynamic and variable. A representative sample trace (n = 1) of sleep bouts (green) detected by motion speed. DAF-16 local-
ization was scored as mostly nuclear, intermediate, or cytoplasmic (red dashed line) during L1 arrest. Nuclear DAF-16::GFP did not correlate visibly with
sleep bouts. DAF-16 localization was assessed, using a custom-made MATLAB script, depending on the total nuclear GFP intensity as follows: GFP < 5,000
“Cytoplasmic”; 5,000 < GFP < 10,000 “Intermediate”; and GFP > 10,000 “Nuclear.”

(legend continued on next page)
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whether hsp-12.6 acts in the same genetic pathway as aptf-1, we
performed survival experiments. Knockout of hsp-12.6 reduced
the survival by about 3 days, but it did not further reduce survival
in an aptf-1(gk794) background (Figure 5B; Data S7). These re-
sults indicate that HSP-12.6 is an important determinant of arrest
survival and that this heat-shock factor acts in the same pathway
as RIS. Thus, DBE-dependent gene expression during L1 arrest
is a function of RIS depolarization. As the DAF-16 effector HSP-
12.6 accounts for only a part of the survival effects, it appears
that RIS depolarization promotes survival through the combined
increased expression of multiple effectors.

Our results suggested that RIS depolarization controls hsp-
12.6 expression, which depends on daf-16. We hence tested
directly whether the expression control of hsp-12.6 by RIS de-
pended on daf-16. We measured HSP-12.6 expression in strains
in which RIS was impaired or overactivated in a daf-16(mu86)
background. HSP-12.6 expression was suppressed in all condi-
tions including overactivation of RIS (Figure 5C). These results
indicate that DAF-16-dependent expression of HSP-12.6 acts
downstream of RIS depolarization.

DAF-16/FOXO is regulated by upstream regulatory pathways
that include IIS signaling. We hence tested how RIS interacts
with known DAF-16 regulators to control HSP-12.6 expression
and to extend survival. The interactors that we tested were
DAF-2 (lIS receptor), JKK-1 (JUN kinase kinase), AAK-1/2
(AMPK), FKH-9 (forkhead transcription factor), and HSF-1
(heat-shock factor), all known regulators of DAF-16.%%47:4% The
results suggested that RIS acts downstream of or in parallel to
DAF-2, JUN signaling, and AMPK (Figure S3). RIS acts in the
same pathway as HSF-1 for HSP-12.6 expression and also sur-
vival, suggesting that DAF-16/HSF-1 define a transcriptional
program that requires RIS for HSP-12.6 expression®® (Figure S4).

RIS boosts protective gene expression when sleep is
disturbed

Disturbing C. elegans during sleep has been shown to cause the
activation of several stress response factors, including DAF-16,
that promote protective gene expression.®***° The underlying
mechanisms by which protective gene expression is triggered
however are unknown. One possible underlying mechanism could
be that loss of sleep causes cellular stress, which in turn promotes
protective cellular responses. Our gene expression analysis, how-
ever, indicates that loss of sleep caused by impairing RIS does not
increase but rather reduces stress responses and protective gene
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expression. Consistent with this finding, RIS depolarization pro-
motes protective gene expression. Our analysis thus rather sug-
gests that the protective response could be promoted by the
activation of sleep-active neurons. Across species, sleep neuron
activity is under homeostatic control, and disturbing sleep by sen-
sory stimulation is typically followed by increased activation of
sleep-active neurons.'""'? During phases of increased sleep pro-
pensity in C. elegans, gentle mechanical stimulation typically
causes a brief locomotion arousal response that is followed by
RIS rebound activation and a phase of increased behavioral
quiescence.'?°°°? Above we show that depolarization of the
sleep-active RIS neuron promotes protective gene expression.
Together, this suggests that disturbing sleep increases RIS depo-
larization, which promotes protective gene expression.

To directly probe this hypothesis, we tested whether disturb-
ing sleep during L1 arrest by mechanical stimulation activates
DAF-16 and increases expression of HSP-12.6. We applied an
established sleep deprivation protocol during which a train of
mechanical tapping stimuli is delivered to the animals every
5 min.**>°" To test whether this stimulus protocol increases RIS
activation, we followed RIS activity with calcium imaging during
the experiment. To monitor the effects of starvation on the RIS
response to tapping, we first tested larvae directly after hatching,
when the starvation response is not yet fully mounted and larvae
do not yet sleep much. We tested the larvae again 48 h after star-
vation onset, when sleep is increased.’®*° In newly hatched
larvae, mechanical stimulation directly triggered a small RIS cal-
cium transient (Figure 6A). In 2-day-starved larvae, the RIS cal-
cium transient response to mechanical stimulation was stronger
compared with newly hatched larvae. The RIS calcium transient
(~20 s) coincided with a phase of slightly increased quiescence.
Approximately 60 s after delivery of the stimulus, RIS calcium ac-
tivity was reduced and quiescence was slightly decreased
compared with the baseline (Figure 6B). These observations
are consistent with previous studies that demonstrated a role
of RIS in quiescence induction and its homeostasis.'*°%°
Thus, mechanical stimulation during arrest caused a complex
RIS activity and behavioral response, consisting of a direct RIS
calcium transient and a short period of increased behavioral
quiescence, which is then followed by a phase of decreased
RIS activity and quiescence. The stimulation-induced RIS activa-
tion transients could hypothetically promote protective gene
expression, whereas the overall quiescence appears to be
reduced upon stimulation.

(B) aptf-1(gk794) enhances cytoplasmic localization of DAF-16::GFP (p = 0.0364) and decreases nuclear localization (p = 0.0006) after 2 days of starvation
(Welch’s t test). Nuclear DAF-16::GFP did not correlate directly with sleep bouts (rs = 0.20405, n = 61). Wild type (n = 61), aptf-1(gk794) (n = 61). The experiment
was performed in two biological replicates.

(C) RIS depolarization levels control DAF-16 localization (the experiment was performed in three biological replicates, statistical significance was assessed by
Fisher’s exact test with Bonferroni correction for multiple comparisons, **pagj < 0.001, *pag; < 0.01, *pag; < 0.05, n.s., not significant; wild type: n = 91,
aptf-1(gk794): n = 92, RIS::unc-58gf: n = 91, RIS::twk-18gf: n = 83).

(D) Sample images of cytoplasmic, intermediate, and nuclear DAF-16::GFP. DAF-16::GFP typically displayed systemic changes in localization.

(E) Constant RIS depolarization increased the median survival span by 8.7% in L1 arrest (wild type = 18.25 days, RIS::unc-58gf(strong) = 19.85 days, daf-
16(mu86) = 4.20 days, daf-16; RIS::unc-58gf(strong) = 5.1 days). Impairing RIS decreased the median survival span by approximately 47% (wild type =
18.25 days, aptf-7(gk794) = 9.70 days, RIS::twk-18gf = 9.45 days), whereas in the daf-16(mu86) background the 50% survival is decreased only by 16.6% (daf-
16(mu86) = 4.20 days, daf-16; aptf-1 = 3.5 days, daf-16; RIS::twk-18gf = 3.5 days). Statistical significance was assessed by Fisher’s exact test with Bonferroni
correction for multiple comparisons calculated at the time point of 50% survival **p,q; < 0.001, n.s., not significant. The experiment was performed in three
biological replicates with an average number of worms counted per sample per time point as follows: wild type: n > 85, aptf-1(gk794): n > 45, RIS::unc-58gf:
n > 48, RIS::-18: n > 59, daf-16(mu86): n > 64, daf-16(mu86); aptf-1(gk794): n > 38, daf-16; RIS::unc-58gf: n > 69, daf-16; RIS::twk-18gf: n > 65.

Related data can be found in Data S6 and S7.
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Figure 5. RIS depolarization promotes HSP-12.6 expression through DAF-16/FOXO to promote survival

(A) HSP-12.6 expression depends on RIS depolarization. Statistical significance was assessed by Welch’s t test, and the p values were subsequently corrected
for multiple comparisons using the Benjamini-Hochberg method, **p,q; < 0.001 for time > 2 days; wild type: n = 95, aptf-1(gk794): n = 95, RIS::unc-58gf. n = 84,
RIS::twk-18: n = 96. Error bars denote the standard error of the mean.

(B) Deletion of hsp-12.6 decreases the median survival span by 17% in the wild-type background. Although it does not further reduce the survival in the aptf-
1(gk794) background (survival spans: wild type = 18.25 days, hsp-12.6(gk156) = 15.15 days, aptf-1(gk794) = 9.70 days, hsp-12.6(gk156); aptf-1(gk794) =
9.15 days, wild-type and aptf-1 data are the same as in Figure 4E). Statistical significance was assessed by Fisher’s exact test with Bonferroni correction for
multiple comparisons calculated for the median survival span ***p,qj < 0.001. The experiment was performed in three biological replicates with an average number
of worms counted per sample per time point as follows: wild-type: n > 85, aptf-1(gk794): n > 45, hsp-12.6(gk156): n > 66, hsp-12.6(gk156); aptf-1(gk794): n > 74.
(C) HSP-12.6 expression is suppressed in all conditions in the daf-16(mu86) background, suggesting that DAF-16 acts downstream of RIS. Statistical significance
was assessed by Welch’s t test, and the p values were subsequently corrected for multiple comparisons using the Benjamini-Hochberg method ***p,q; < 0.001,
n.s.: not significant for time > 2 days; wild type: n = 45, aptf-1(gk794): n = 37, RIS::unc-58gf: n = 21, RIS::twk-18: n = 18. Error bars denote the standard error of the
mean.

Related data can be found in Figures S3 and S4 and Data S7.

To test whether RIS activation following mechanical stimulation
is caused by sensory perception, e.g., through perception by
touch sensory neurons, we repeated the RIS activity measure-
ments in a mutant, mec-4(u253), which lacks responsiveness of
sensory neurons to gentle mechanical stimulation.®® RIS calcium
activation upon sensory stimulation was abolished in the mecha-
nosensation-defective mutant, indicating that sensory neuron acti-
vation promotes RIS activation (Figures 6A and 6B). Hence, RIS
activates upon perception of mechanical stimulation. Activation

of RIS increased together with the propensity of larvae to sleep.
This effect was similar to RIS activation in developing larvae that
show little RIS activation upon mechanical stimulation during the
intermolt when they are constantly active, but they show increased
RIS responsiveness to mechanical stimulation during lethargus,
when sleep bouts occur.'>2%" RIS is activated by locomotion-
controlling circuits at the transition from forward to reverse move-
ment, '>?%?" suggesting that mechanical stimulation might cause
activation of RIS through arousal of locomotion circuits.
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Figure 6. RIS promotes protective gene expression when sleep is disturbed
(A and B) Mechanical stimulation that is applied to disturb the animal during sleep increases RIS activity in L1 arrest. (A) Tapping performed at hatching (day 0)
results in a small RIS activation. (B) Tapping performed after 2 days of starvation results in a stronger RIS activation. Statistical significance of the effect of tapping
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We then applied the sensory stimulation protocol for several
days and followed DAF-16::GFP localization. Consistent with
previous reports,®*® mechanical stimulation increased the frac-
tion of nuclear DAF-16 during most time points (Figure 6C). To
test whether the increased activation of DAF-16 depends
on RIS, we tested the effects of the sleep deprivation protocol
on aptf-1(gk794) animals. The effect of sensory stimulation on
DAF-16 localization was always stronger in a wild-type back-
ground compared with aptf-1(gk794). We next tested whether
sensory stimulation also increased HSP-12.6::mKate2 expres-
sion. Indeed, sensory stimulation substantially increased the
expression of HSP-12.6, and HSP-12.6 expression was fully
dependent on aptf-1 and RIS depolarization (Figures 6D and
6E), as well as mec-4 (Figure S5A). Hence, mechanical distur-
bance increases protective gene expression through RIS.

The increased protective gene expression that results from the
sleep deprivation protocol might increase starvation resistance.
To test this idea, we measured the starvation resistance of larvae
that were subjected to the sleep disturbance protocol. Sleep
disturbance increased the lifespan by about 3 days in wild-
type animals but did not increase survival in aptf-1(gk794) and
RIS::twk-18gf, indicating that mechanical stimulation increases
survival through RIS (Figures 6F and 6G). Lifespan extension
by mechanical stimulation also fully depended on mec-4 and
thus again on sensory perception of the stimulus (Figure S5B).
These experiments indicate that protective gene expression
and DAF-16 activation are promoted through activation of the
RIS neuron when the animal is disturbed by mechanosensory
stimulation. Other stimuli such as blue light or temperature eleva-
tion have also been shown to cause RIS activation, either directly
or as a rebound activation following RIS inhibition,'2:39:51:54:55
This suggests that RIS activation may play a protective role in
the context of multiple sensory responses. Together, our data
suggest a model in which sleep deprivation promotes protective
gene expression through the depolarization of RIS.

DISCUSSION

Sensory stimulation of sleeping worms activates FOXO,%*°
which increases subsequent sleep®®°® and supports survival.®
We previously showed that during L1 arrest, FOXO/DAF-16
together with AMP-activated kinase AAK-1/2 promotes RIS
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activation to increase sleep.”® Hence, FOXO acts both as an up-
stream promoter of sleep as well as a response factor down-
stream of sleep. Nonetheless, how does sleep deprivation cause
the activation of stress response pathways, such as the activa-
tion of FOX0?%“° An obvious explanation would be that the
sleep deprivation procedure is stressful per se and thus triggers
stress responses.’®'® As an alternative explanation, the
absence of sleep or increased wakefulness could impair an
essential function, thus causing cellular stress and a subsequent
cellular stress response.”'® Our gene expression analysis, how-
ever, did not detect increased stress responses following impair-
ment of RIS but instead found increased stress response gene
expression when RIS is activated. Thus, surprisingly, our data
do not support a model in which the activation of FOXO and
stress response gene expression is generated by broad cellular
stress caused by the loss of sleep or increased wakefulness.
Our transcription analysis rather supports a third model in
which gene expression is promoted by the depolarization of
RIS. We show that RIS impairment blunts protective gene
expression, whereas activation of RIS increases it. These results
show that RIS depolarization levels positively modulate the gene
expression response. While RIS typically depolarizes during
sleep, the effects on gene expression do not seem to be
restricted to sleep bouts but also extend to wake phases.
Sleep disturbance by mechanical stimulation induces brief
additional RIS activation transients but also a subsequent phase
of reduced quiescence. How altered RIS depolarization and
quiescence patterns contribute to gene expression during sleep
disturbance is, however, impossible to deduce from such sleep
disturbance protocols. This question can be better addressed
by direct manipulations of RIS depolarization. Interestingly, both
hyperpolarization (RIS::twk-18gf) as well as constant depolariza-
tion (RIS::unc-58gf(strong)) of RIS abolish most sleep behavior.”’
The use of these RIS depolarization mutants hence allowed us to
test specifically for the effects of RIS depolarization independently
of sleep.‘” As hyperpolarization of RIS inhibits and constant depo-
larization of RIS promotes protective gene expression during L1
arrest, these gene expression changes appear to be functions
of RIS polarization rather than sleep and behavioral quiescence.
A plausible interpretation of the sleep disturbance assay could
thus be that the stimulation-induced RIS calcium transients pro-
mote protective gene expression independently of quiescence.

was assessed by Wilcoxon signed-rank test with Bonferroni correction for multiple comparisons *pag; < 0.05, **pag; < 0.01, n = 18; each animal was probed with
three trials, which were averaged. Wild type: n = 11, mec-4(u253): n = 11, one biological replicate.

(C) DAF-16 localization after mechanical stimulation, depends on RIS. The experiment was performed in two biological replicates. Statistical significance of the
effect of tapping was assessed by two-way ANOVA, with correction for multiple comparisons using Tukey’s honest significant difference criterion **p,q; < 0.01,
*Padj < 0.05, n.s., not significant; wild type (ctrl): n = 91, aptf-1(gk794) (ctrl): n = 92; wild type (tap): n = 61, aptf-1(gk794) (tap): n = 61. Control and aptf-1(-) data
without tapping are the same as in Figure 3.

(D and E) Mechanical stimulation increases the expression of HSP-12.6 in a RIS-dependent manner. (D) RIS impairment with aptf-1(gk794) and (E) RIS impairment
with RIS::twk-18gf. The experiment was performed in two biological replicates. Statistical significance of the effect of tapping was assessed by Welch’s t test, and
the p values were subsequently corrected for multiple comparisons using the Benjamini-Hochberg method “*p,qj < 0.001 for time > 2 days. Wild type (ctrl): n =41,
wild type (tap): n = 34; aptf-1(gk794) (ctrl): n = 39, aptf-1(gk794) (tap): n = 36; RIS::twk-18gf (ctrl): n = 25, RIS::twk-18gf (tap): n = 26. The same wild-type data are
used for (D) and (E). Error bars denote the standard error of the mean.

(F and G) Mechanical stimulation increases the lifespan in L1 arrest in a RIS-dependent manner. (F) RIS impairment with aptf-1(gk794) and (G) RIS impairment with
RIS::twk-18gf. Mechanical stimulation increases the 50% survival by 13.3% in L1 arrest (wild type [ctrl]] = 19.20 days, wild type [tap] = 21.76 days) and in a RIS-
dependent manner (aptf-1(gk794) [ctrl]] = 17.5 days, aptf-1(gk794) [tap] = 17.5 days; RIS::twk-18gf [ctrl] = 14 days, RIS::twk-18gf [tap] = 13 days). The experiment
was performed in two biological replicates. Statistical significance of the effect of tapping was assessed by the log-rank test **p < 0.01, n.s., not significant. Wild
type (ctrl): n = 41, wild type (tap): n = 35; aptf-1(gk794) (ctrl): n = 39, aptf-1(gk794) (tap): n = 35; RIS::twk-18gf (ctrl): n = 25, RIS::twk-18gf (tap): n = 26. The same
wild-type data are used for (D) and (E). (F)—(G) were measured in the same animals as (D)—(E).

Related data can be found in Figure S5 and Data S7.
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This activation of stress response gene expression through RIS ul-
timately promotes starvation resistance. We hence showed that
disturbing sleep can provide organismic benefits by positively
modulating a protective gene expression stress response.

More generally, these results suggest that sleep-active
neuron depolarization might also account for increased gene
expression changes in the context of cellular stress responses
in other species, including in humans. The gene expression
changes underlying stress response pathways can mitigate
but also mediate effects of sleep deprivation.”® A stress
response mounted by the overactivation of sleep-active neu-
rons in the context of sleep deprivation could thus even have
beneficial effects. On the other hand, chronically overactivated
stress responses can be deleterious.® Hence, managing the ac-
tivity of sleep-active neurons will likely become an important
intervention to manage health and to treat the consequences
of disturbed sleep. For example, inhibition of sleep-active neu-
rons could become a treatment strategy for mitigating adverse
effects that are potentially caused by overshooting stress gene
expression changes during chronic insomnia.
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REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans strains
Wild type CGC N2 (Figures 1A, 1C, 1E, 1F, 2A-2C,
3A-3G, 4E, S1A, S3E, S3F, and S4B)
aptf-1(gk794) Il. Turek et al.’® HBR227 (Figures 1B, 1D-1F,
2A-2C, 4E, S1A, S3E, S3F, and S4B)
muls84[(pAD76) sod-3p::GFP + CGC CF1553 (Figure 2D)
rol-6(su1006)].
muls84[(pAD76) sod-3p::GFP + This study HBR2397 (Figure 2D)

rol-6(su1006)]; aptf-1(gk794) Il.
kytEx1013[hsp-12.6p(5kb)::hsp-12.6::
GFP + rol-6(su1006)].
kytEx1013[hsp-12.6p(5kb)::hsp-12.6::
GFP + rol-6(su1006)]; aptf-1(gk794) II.
eeEx106/hil-1::GFP + rol-6(su1006)].
eeEx106/hil-1::GFP + rol-6(su1006)];
aptf-1(gk794) Il.

zIs356[daf-16::GFP] IV.
zIs356[daf-16::GFP] IV; aptf-1(gk794) II.
flp-11(syb1445) [flp-11-SL2-unc-
58(L428F)-linker-mKate2] X.
flp-11(syb2193)[flp-11b-SL2(gpd-2)-
mKate2-linker-twk-18(e1913)] X.
zIs356[daf-16::GFP] IV; flp-11(syb1445) [fip-
11-SL2-unc-58(L428F)-linker-mKate2] X.
zIs356[daf-16::GFP] IV; flp-11(syb2193)
[flp-11b-SL2(gpd-2)-mKate2-linker-twk-
18(e1913)] X.

daf-16(mu86) I.

daf-16(mu86) I; aptf-1(gk794) Il.
daf-16(mu86) I; flp-11(syb1445)[flp-11-SL2-
unc-58(L428F)-linker-mKate2] X.
daf-16(mu86) I; flp-11(syb2193)
[flp-11b-SL2(gpd-2)-mKate2-linker-twk-
18(€1913)] X.
hsp-12.6::mKate2(syb1364) IV.

hsp-12.6::mKate2(syb1364) IV;
aptf-1(gk794) Il.
hsp-12.6::mKate2(syb1364) IV;
flo-11(syb1445) [flp-11-SL2-unc-
58(L428F)-linker-mKate2] X.
hsp-12.6::mKate2 (syb1364) IV;
flo-11(syb2193) [flp-11b-SL2(gpd-2)-
mKate2-linker-twk-18(e1913)] X.
hsp-12.6(gk156) IV.

hsp-12.6(gk196) 1V; aptf-1(gk794) II.
hsp-12.6::mKate2 (syb1364) IV; daf-16
(mu8é) I.

CGC, Honjoh et al.*®
This study

CGC
This study

Lin et al.””

This study
Busack et al.*’

and this study

Busack et al.*’'

This study

This study

CGC

This study
This study

This study

This study

This study

This study

This study

CGC, C. elegans
knockout consortium®®

This study
This study

NIS1013 (Figure 2E)
HBR2234 (Figure 2E)

EC106 (Figure 2F)
HBR2212 (Figure 2F)

HBR2332 (Figures 4A-4D, and 6C)
HBR2333 (Figures 4B, 4C, and 6C)
HBR2340 (Figures 3B, 3C, 3E, 3G, and 4E)

PHX2193 (Figures 3A, 3C, 3D, 3F, and 4E)
HBR2482 (Figure 4C)

HBR2572 (Figure 4C)

CF1038 (Figure 4E)

HBR2546 (Figure 4E)
HBR2545 (Figure 4E)

HBR2547 (Figure 4E)

PHX1364 (Figures 5A, 5C, 6D, 6E, S2A,
S3A-S3D, and S4A)

HBR2270 (Figures 5A, 5C, 6D, S2A,
S3A-S3D, and S4A)

HBR2379 (Figure 5A)

HBR2378 (Figures 5A and 6E)

VC281 (Figure 5B)

HBR2266 (Figure 5B)
HBR2319 (Figure 5C)

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
hsp-12.6::mKate2(syb1364) IV; aptf-1 This study HBR2320 (Figure 5C)

(gk794) II; daf-16 (mu86) I.

hsp-12.6::mKate2(syb1364) IV; daf-16 This study HBR2666 (Figure 5C)

(mu86) I; fip-11(syb1445) [fip-11-SL2-unc-

58(L428F)-linker-mKate2] X.

hsp-12.6::mKate2(syb1364) IV; daf-16 This study HBR2667 (Figure 5C)

(mu86) I; fip-11(syb2193) [fip-11b-SL2

(9pd-2)-mKate2-linker-twk-18(e1913)] X.

goels304[pflp-11::SL1-GCaMP3.35- Wu et al.?® HBR1361 (Figures 6A and 6B)
SL2::mKate2-unc-54-3’UTR, unc-119(+)]

V.

goels304[pflp-11::SL1-GCaMP3.35- This study HBR2782 (Figures 6A and 6B)
SL2::mKate2-unc-54-3’UTR, unc-119(+)]

IV; mec-4(u253) X.

hsp-12.6::mKate2 (syb1364) IV; aak- This study HBR2464 (Figure S3A)
1(tm1944) lll; aak-2(0k524) X.

hsp-12.6::mKate2 (syb1364) IV; aak- This study HBR2465 (Figure S3A)
1(tm1944) Ill; aak-2(0k524) X; aptf-1(gk794)

.

hsp-12.6::mKate2 (syb1364) IV; fkh- This study HBR2461 (Figure S3B)
9(ok1709) X.

hsp-12.6::mKate2 (syb1364) 1V; fkh- This study HBR2462 (Figure S3B)
9(ok1709) X; aptf-1(gk794) Il.

hsp-12.6::mKate2 (syb1364); daf-2 (e1370) This study HBR2345 (Figure S3C)

1.

hsp-12.6::mKate2 (syb1364); aptf-1 (gk794) This study HBR2346 (Figure S3C)

II; daf-2 (e1370) IIl.

hsp-12.6::mKate2(syb1364) IV; jnk-1(gk7) This study HBR2477 (Figure S3D)

V.

hsp-12.6::mKate2(syb1364) IV; This study HBR2478 (Figure S3D)
aptf-1(gk794) Il; jnk-1(gk7) IV.

daf-2(e1370) Il CGC CB1370 (Figure S3E)
daf-2(e1370) Ill; aptf-1(gk794) Il. This study HBR1403 (Figure S3E)
hsp-12.6::mKate2(syb1364) IV; This study HBR2454 (Figure S3F)
Jjkk-1(km2) X.

hsp-12.6::mKate2(syb1364) IV; This study HBR2474 (Figure S3F)
aptf-1(gk794) Il; jkk-1(km2) X.

hsp-12.6::mKate2(syb1364) IV; This study HBR2325 (Figures S4A and S4B)
hsf-1(sy441) I.

hsp-12.6::mKate2(syb1364) IV; This study HBR2326 (Figures S4A and S4B)
aptf-1(gk794) Il; hsf-1(sy441) I.

hsp-12.6::mKate2(syb1364) IV; This study HBR2780 (Figures S5A and S5B)
mec-4(u253) X.

hsp-12.6::mKate2 (syb1364) IV; aptf-1 This study HBR2781 (Figures S5A and S5B)
(9k794) Il; mec-4(u253) X

Bacterial strains

Escherichia coli CGC OP50

Deposited data

Raw and analyzed data

Original RNA-seq data

Original RNA-seq data

datadryad.org, data for all experiments,
includes also the CeGaT transcriptome
MPI-MG transcriptome, RNA-seq data for
N2 vs HBR227, GEO

NCCT transcriptome, RNA-seq data for N2
vs HBR2340 and PHX2193, GEO

https://doi.org/10.5061/dryad.cz8w9gj51

GSE196158

GSE196380
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primers for genotyping

Target gene Forward Reverse

aptf-1(gk794)

RIS::unc-58gf(syb1445)

RIS::twk-18(syb2193)

daf-16(mu86)

hsp-12.6::mKate2(syb1364)

hsp-12.6(gk156)

aak-1(tm1944)

aak-2(ok524)

fkh-9(ok1709)

daf-2(e1370)

jnk-1(gk7)

jkk-1(km2)

hsf-1(sy411)

mec-4(u253)

1. cgttcgtggatctcaatgtg
2. AGT GGGGAATGGGG
TAG

1. ACGAGGAAGACTTTGCT
CCA

1. ACGAGGAAGACTTTGCT
CCA

1. cttcactcgccttcatcate
2. GAACTCGATCCGTCACAA
TC

1. CCCATAACTTCCTCCCAA
AA

1. tggagaaccgtctgtgtttt
2. CGAGGACCTGGAATCAA
GTA

1. AAGAAGATTTTCGGGCTT
CT

1. TCACTGGATGTCGTTGG
AAA

1. acaacggtccagaagtgtcc

1. TTCTGAATCGTCAAGGA
TCA

2. TCATTACTCAAACCAAT
ATAGGG

1. cgcatcctectcgatatcat

2. GTTGCGAAAAATCGGAA
CAT

1. aaatgtgtgcctggagaacg
2. CGCGATATAAAACCCT
CGAA

1. ATAACAA TCAGA
CAT CGA

2. ACGGTACATTATTCC
CAAAATCATACT

1. aggcaaaattgagccttctc
2. TTGCTCCATCAAATG
CTGAC

1. cggatcgattgctagagagg

1. gacaccaatcaaattctagacagc
2. aaactcgcaaaaacgaggaa
1. gacaccaatcaaattctagacagc
2. aaactcgcaaaaacgaggaa

1. tgagtcgaaaaagctgagaaa

1. ttccggaaataatcgaattaaaaa
2. GATACGCATGGTTTGGG
TTC

1. atgatgagcgttccagtgat

1. TATGAAAACCAGGGCAG
AAT

2. ATCGTGGAAGAATGAAA
GGA

1. GTTGGGAATACGCCAGC
TAA

2. AGTAGTCAACGCCGGAA
ATG

1. CGAAAAGCAAACAGGAG
GTT

2. tcaaatattatggcaccacagc
1. TGACTATTATAAGCCATC
GGG

2. TTACACTCGGTGCTCCGT

1. cgaacgacaatgtttgatgg

1. cggcacatttttgttcacag

1. TCATCAAAATCTATATT
CTCCAACTCTC

2. TTCAGAGATTTAGTC
AGTAATCATAAGTG

1. attcccatgattggtgaage

Software and algorithms

NIS Elements Advanced Research 5.02

MATLAB (version R2019a)

g:Profiler
Adobe lllustrator

Nikon Instruments

Mathworks

https://doi.org/10.1093/nar/gkz369
Adobe

https://www.microscope.healthcare.nikon.
com/en_EU/products/software/
nis-elements/
nis-elements-advanced-research
https://www.mathworks.com/products/
matlab.html

http://biit.cs.ut.ee/gprofiler/

https://www.adobe.com/de/products/
illustrator.html
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RESOURCE AVAILABILITY

Lead contact
Requests for further information, resources and reagents should be directed to and will be fulfilled by the lead contact, Henrik Bring-
mann (henrik.bringmann@tu-dresden.de).

Materials availability
Key C. elegans lines that were used in this project are available at the Caenorhabditis elegans Genetics Center. Other C. elegans
strains, or additional reagents generated for this study are available upon reasonable request from the lead contact.

Data and code availability

® The transcriptome data sets are deposited on dryad (CeGaT transcriptome) or at the GEO database (MPI-MG transcriptome
and NCCT transcriptome) under the DOI or accession numbers listed in the key resources table.

® Raw and processed data for all experiments as well as MATLAB scripts used for analysis can be accessed at the DOI that is
listed in the key resources table.

o All of the original data is available publicly as indicated above. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were grown on Nematode Growth Medium (NGM) plates seeded with Escherichia coli OP50 and were kept at
20°C.*° Deletion mutations and transgenic knock-ins were genotyped by Duplex PCR of single worms.®® To confirm the presence
of transgenes after crossings, fluorescent markers were used. The C. elegans strains used in this project are listed in the key re-
sources table.

METHOD DETAILS

Generation of transgenic knock-in using CRISPR
The hsp-12.6 allele that carries a c-terminal linker and mKate2 coding sequence was designed by us in silico to contain a linker sequence
and an mKate2-coding sequence containing two artificial introns (underlined part of the sequence below, introns are displayed as small
caps) inserted before the stop codon of hsp-72.6. The DNA was synthesized and the allele was generated by SunyBiotech as the strain
PHX1364: hsp-12.6(syb1364) IV. Correctness was verified by using Sanger sequencing.
AGAAGCCCATAACTTCCTCCCAAAAGAGATTGAAGTCAAGAACATTGGAGAACTTCTTGAAATCCATATGGAGCACAATGTAAAG
AAGGATTCATTTGGAGATGTCTCTCGTAACATTACTCGTTGTTACAAACTTCCAAAGAATGTTGATATGAAGACAATCAAGAGCAAC
CTCGATTCACATGGAATTCTTCACATTGAAGCAAGAAAAATGCATGGATCCGGATCCGGAATGTCCGAGCTCATCAAGGAGAACAT
GCACATGAAGCTCTACATGGAGGGAACCGTCAACAACCACCACTTCAAGTGCACCTCCGAGGGAGAGGGAAAGCCATACGAGG
GAACCCAAACCATGCGTATCAAGgtaagtttaaacatatatatactaactaaccctgattatttaaattttcagGCCGTCGAGGGAGGACCACTCCCATT
CGCCTTCGACATCCTCGCCACCTCCTTCATGTACGGATCCAAGACCTTCATCAACCACACCCAAGGAATCCCAGACTTCTTCAAG
CAATCCTTCCCAGAGGGATTCACCTGGGAGCGTGTCACCACCTACGAGGACGGAGGAGTCCTCACCGCCACCCAAGACACCTC
CCTCCAAGACGGATGCCTCATCTACAACGTCAAGATCCGTGGAGTCAACTTCCCATCCAACGGACCAGTCATGCAAAAGAAGAC
CCTCGGATGGGAGGCCTCCACCGAGACCCTCTACCCAGCCGACGGAGGACTCGAGGGACGTGCCGACATGGCCCTCAAGCTC
GTCGGAGGAGGACACCTCATCTGCAACCTCAAGgtaagtttaaacatgattttactaactaactaatctgatttaaattttcagACCACCTACCGTTCCAA
GAAGCCAGCCAAGAACCTCAAGATGCCAGGAGTCTACTACGTCGACCGTCGTCTCGAGCGTATCAAGGAGGCCGACAAGGAGA
CCTACGTCGAGCAACACGAGGTCGCCGTCGCCCGTTACTGCGACCTCCCATCCAAGCTCGGACACCGTTAA

Transcriptional profiling by RNA-sequencing
Sample preparation: Samples for bulk sequencing of N2, HBR227, HBR2340 and PHX2193 were generated by growing worms on
Nystatin-supplemented plates (NEP), seeded with Na22 bacteria, at 20°C until they reach adulthood. The population was then syn-
chronized by hypochlorite treatment.

For the CeGaT and MPI-MG transcriptomes, the following bleaching protocol was used:

1. Alkaline hypochlorite solution was prepared fresh and heated to 36°C. The solution loses its potency over time, even though it
can be stored at 4°C up to a week. Hypochlorite solution is more effective when it is warm. However, heating hypochlorite so-
lutions at high temperatures for prolonged periods of time produces toxic phosgene gas. Handle with care, since hypochlorite
is a whitening agent and will bleach fabrics. The solution was made by mixing 6 ml NaOCI (15% w/v), 12.5 mI NaOH (1 M) and
31.5 ml sterile H,O for a final volume of 50 ml.
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2. Worms were grown on NGM plates until they became gravid adults. Then they were washed off with M9 buffer and transferred
to an Eppendorf or Falcon tube, depending on the volume of buffer used.

3. Afterwards, the tube was put in ice for 2-3 min which allowed all the adult worms to sink to the bottom, while younger larval-
stage worms were suspended in the supernatant. C. elegans larvae are particularly resistant to bleaching and their presence
will cause over-exposure of the eggs to the bleach solution, killing them in the process. The supernatant was then discarded.

4. 500 pl of hypochlorite solution was added per 100 pl of adult worm pellet as well as an equal amount of M9. The tube was
shaken vigorously for 1 min and then centrifuged at 4200 x g for 30 sec. This killed the worms without dissolving them and
a compact pellet was formed. The supernatant was then discarded.

5. 1000 pl of hypochlorite solution was added per 100 pl of adult worm pellet. The tube was shaken vigorously for 1 min. Under the
stereomicroscope it was observed that the cuticles had started to dissolve and the eggs were released. Then it was centrifuged
at 4200 x g for 30 sec. The pellet should have a yellow color. The supernatant was then discarded.

6. 1000 pl of M9 was added per 100 pl of adult worm pellet, the pellet was resuspended and centrifuged at 4200 x g for 30 sec. The
pellet should be white and nearly all of the adult cuticles should be dissolved. The supernatant was then discarded.

7. 2 more rounds of washing with M9 (Step 6 above) were performed. The pellet was suspended in an appropriate amount of M9
(usually 1 ml M9 in a 2 ml Eppendorf tube), which allowed enough oxygen for worm development. The final suspension should
not have the characteristic hypochlorite smell.

8. The worms were let to hatch overnight while rotating (20 rpm) at 20°C. The next day, a healthy population L1 arrested worms
should be swimming in the tube.

The hypochlorite treatment protocol for the samples HBR2340, PHX2193 and N2 (NCCT transcriptome) was slightly modified:

1. The hypochlorite solution was made by mixing 6ml NaOCI (15% w/v), 3mI NaOH (5 M) and 21ml sterile H,O for a final volume of
30ml.

2. Worms were grown on NGM plates until they became gravid adults. Then they were washed off with M9 buffer and transferred
to 2ml Eppendorf tubes.

3. Afterwards the worms were centrifuged at 9800rpm for 3min. The M9 supernatant was discarded.

4. 500 ul of hypochlorite solution was added. The tube was shaken vigorously for 30s and then centrifuged at 9800rpm for 30s.
Upon centrifugation, the supernatant was removed.

5. 1000 ul of M9 was added, the pellet was resuspended and centrifuged at 9800rpm for 30 sec. The supernatant was discarded.

6. Steps 4 and 5 were repeated.

7. Afterwards, a third round of hypochlorite treatment was conducted by adding 500 ul of hypochlorite solution. However, this
time the worms were not shaken and directly centrifuged for 30s at 9800rpm. Upon centrifugation, the supernatant was
removed.

8. Finally, the worms were washed 3 times by executing step 5 twice and then resuspending the pellet in 1000 pl of M9 buffer.

9. Finally, the worms were kept in a rotator (20rpm) at 25°C for 48h until harvesting.

L1 arrested worms were harvested after 48 hours (“Starved”), at a final concentration of 20.000 worms/sample. The “Fed” samples
were treated as described above, but were supplemented with OP50 for 4 hours after hatching. Then they were washed 3 times with
M9 to remove the bacteria. The supernatant was aspirated from every sample and the pellet was flash frozen in liquid N, (CeGaT
transcriptome, NCCT transcriptome) or suspended in 1 ml RNA-later ICE (Thermo Fisher Scientific) (MPI-MG transcriptome).
Then samples were stored at -80°C overnight and shipped on dry ice for downstream processing.

Sequencing

The first transcriptome (CeGaT transcriptome) was carried out by a commercial supplier, CeGaT. CeGaT carried out the RNA extraction,
library preparation and quality controls. Sequencing was carried out with an lllumina HiSeq 2500 platform at 30 M reads/sample, single-
end (1x50bp). CeGaT mapped the sequencing data to the C. elegans genome and provided expression counts for all genes. A total of 3
replicates per condition were sequenced. Quality control with principal component analysis showed that samples: N2_A(starved),
HBR227_A(starved), N2_B(fed) and HBR227_C(fed) did not cluster with the others and were removed from the downstream analysis.
See Data S1.

The second transcriptome (MPI-MG transcriptome) was generated at the Max Planck Institute for Molecular Genetics by S.B. and
B.T. The samples were sequenced with an lllumina HiSeq 4000 platform at 50 M reads/sample, paired-end (2x50bp). FASTQ files
were received and they were annotated to the C. elegans genome by Jik Nijssen, providing expression counts for all genes. A total
of 4 replicates per condition were sequenced. Quality control with principal component analysis showed that the sample HBR227_A
did not cluster with the others and was removed from the downstream analysis. See Data S3.

The third transcriptome (NCCT transcriptome, the transcriptome for HBR2340, PHX2193 and N2) was carried out by the NCCT
NGS Competence Center of Tlbingen. RNA was extracted via the QlAsymphony RNA Kit. Library preparation and quality controls
were carried out by the sequencing center. Sequencing was carried out with an lllumina NovaSeg6000 (25 M paired-end reads
2x100bp). The data was mapped by the NCCT to the C. elegans genome resulting in expression counts per gene. FASTQ files
and gene-expression count tables were received. A total of 4 replicates per condition were sequenced. Quality control with principal
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component analysis showed that the sample N2_C did not cluster with the others and was removed from the downstream analysis.
See Data S5.

Proteomic characterization of C. elegans

Sample processing: C. elegans cultures of strains N2 and HBR227 were grown by A.K. as described above for transcriptome anal-
ysis. Per sample, 5x1 0* worms were collected by centrifugation and flash-frozen in liquid No. Then, samples were shipped on dry ice
for downstream processing.

TMT labeling and quantitative MS was carried out by L. M. W., A. W., and H. U.. Worms were ground in liquid N, and lysed by addi-
tion of 100 mM HEPES/HCI pH 7.5, 4% SDS, 1 mM EDTA. Mechanical breakdown was performed by addition of 1 volume 0.7 nm
Zirconia Beads (BioSpec) and three cycles of beating for 20 s at 5.5 m/s with 15 s breaks using a FastPrep-24™ Bead Beating Grinder
(MP Biomedicals). TEAB pH 8 was added to a final pH of 8. Proteins were reduced, alkylated and acetone-precipitated. Pellets were
dissolved in 50 mM TEAB and trypsin was added in a 1:20 enzyme-to-protein ratio following ON digestion. TMT-6plex labeling was
performed according to manufacturer’s instructions. After labeling, peptides were desalted using pre-packed C18 spin columns
(Harvard Apparatus) and concentrated in a SpeedVac. Labeled peptides were pre-fractionated using Agilent 1100 series HPLC sys-
tem equipped with a C18-X-Bridge column (3.5 um particles, 1.0 mm inner diameter, 150 mm length; Waters). The HPLC was oper-
ated at a flow rate of 60 pl/min using a buffer system of: Buffer A: 10 mM NH4OH and Buffer B: 10 mM NH,OH and 80% (v/v) ACN.
Peptide separation was performed over 94 min using alinear gradient from 10% to 55% buffer B in 68 min. One-minute fractions were
collected and pooled into 25 fractions in total. Peptide samples were dried in a SpeedVac.

LC-MS/MS measurements: Labeled and fractionated peptides were dissolved in 2% [v/v] acetonitrile, 0.05% [v/v] TFA. LC-MS/MS
analyses were performed on an Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific) coupled to a
nanoflow liquid chromatography system (Thermo Scientific Dionex Ultimate 3000). Sample separation was performed over 90 min
at a flow rate of 300 nl/min using 0.1% [v/v] formic acid (buffer A) and 80% [v/v] acetonitrile, 0.08% [v/v] formic acid (buffer B)
and a linear gradient from 7% to 45% buffer B in 64 min. Peptides were analyzed in positive mode using a data-dependent top speed
acquisition method with a cycle time of 3 s. Resolution was set to 120,000 (MS1) and 15,000 FWHM (MS2). AGC targets were set to
4x10° (MS1) and 10° (MS2), normalized collision energy to 35%, dynamic exclusion to 15 s, and maximum injection time to 40 (MS1)
and 30 ms (MS2). See Data S2.

Label-Free Quantification: Samples were prepared as above by A.K. and the proteome analysis by Label-Free Quantification (LFQ)
was carried out by D.M. as described previously.®’ See Data S4.

Survival and lifespan of L1 arrested animals

We carried out survival and lifespan measurements. For survival experiments, the fraction of surviving animals in a suspension of
worms was measured by drawing a sample at regular time intervals. For lifespan experiments the larvae were observed during
defined time points until they died. For these lifespan experiments, larvae were kept inside microfluidic devices.

Survival measurements of L1 arrested animals was carried out as described.?® Briefly, worms were synchronized by hypochlorite
treatment and transferred to 2 ml Eppendorf tubes, at a concentration of 10.000 worms in 1 ml of M9 buffer. The tubes were strapped
on a rotating device (20 rpm) and placed inside a 20°C incubator. Measurement of survival was carried out once per day. For mea-
surements of the survival, 10 pl of the worm suspension was pipetted onto NGM plates seeded with OP50 and the total number of
worms was counted. One day later, worms were scored as “dead” if they did not show any signs of movement (e.g. traces on the
bacterial lawn) and were immobile.

For the lifespan chamber assays, 3-fold stage eggs were picked in 110 x 110 x 10 um chambers without food. A heating lid (20 °C)
was fit on the top of the petri dish to keep the temperature constant and prevent drying of the agarose. The animals were scored for
survival every day by evaluating their response to blue light (1.75 mW/mm?, 490 nm). When an animal failed to respond to 2 minutes of
blue light stimulation, it was scored as dead. Detailed results can be found in Data S7.

Long-term imaging using agarose hydrogel micro-chambers

Long-term imaging of L1 arrested worms was performed in agarose hydrogel microchambers as described previously.***° Briefly, a
poly-dimethyl-siloxane (PDMS) mold, activated by air plasma exposure for 30 s, was used to cast micro-compartments from 1 ml of
5% high gelling temperature agarose (Sigma-Aldrich) dissolved in M9 buffer and heated to about 95°C. The chamber size was 110 x
110 x 10 um. By using a platinum worm pick, the chambers were filled with 3-fold-stage eggs without food, sealed with a glass cover-
slip and glued with double-sided adhesive tape into a square (2 x 2 cm) opening, milled in a 35 x 10 mm plate. The plate was filled with
2 ml of agarose, which would act as a moisture reservoir, and sealed with Parafilm M (Sigma-Aldrich) to prevent moisture loss. Cham-
bers were incubated with the plastic dish placed upside down into an incubator at 20°C until use.

Fluorescence imaging in L1 arrest

Fluorescence-tagged transgene expression was quantified by fluorescence microscopy. An “Eclipse Ti” microscope (Nikon) with an
automated XY stage (Nikon), a digital DS-Qi2 camera (SLR, FX-format CMOS sensor, Nikon) and a 40x/0.75 Plan Fluor Qil objective
lens (Nikon) were used combined with an additional built-in 1.5x lens for a total magnification of 60x. A custom-made heating lid was
used to keep the temperature constant at 25.5°C to avoid condensation (sample temperature was measured at 23.5°C). The software
used for image acquisition and microscope control was “NIS elements” (Nikon). For GFP and mKate2 excitation, an LED system
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(CoolLED) provided light at 490 nm and 565 nm, respectively. Exposure time was set to 100 ms and EM Gain to 1.0x. Light intensity
was measured to be 1.75 mW/mm? for 490 nm and 0.517 mW/mm? for 565 nm illumination, using an optical power meter (PM100A,
Thorlabs). A standard set of GFP and Texas Red filters were used for light filtering. Camera resolution was 14-bit 808 x 808.

Reporter transgene expression was measured either continuously for 3 days (1 frame every 15 or 30 min) or once every 24 hours for
up to 12 days. Average fluorescence intensity was quantified per worm after background subtraction, assuming that the size of the
worm is 10% of the total image size. For the continuous 3-day imaging experiments, frames were extracted from the movies and
aligned to the point of hatching. Frames that were collected before hatching were excluded from downstream analysis. At least 8
animals were imaged per strain in at least 2 chambers (biological replicates). For the daily measurement experiments, chambers
were made in the evening of the day prior to the start of the experiment (Day 0). That gave the eggs a time interval of 10-12 hours
to complete embryogenesis and hatch but not yet starve. At least 20 animals were imaged per strain in 1 to 3 chambers (biological
replicates). The chambers were kept in a 20°C incubator when not being imaged.

Heat shock
For the heat shock experiment, worms were imaged right after hatching. Then the microchamber was placed in the 32°C incubator for
24 hours and the worms were imaged again.

GCaMP imaging

GCaMP 3.35 was expressed in RIS using the flp-11 promoter. 3-fold-stage eggs were placed in agarose microchambers
(110x 110 x 10 um) and imaged with a Nikon Eclipse Ti microscope, using an iXon Ultra EMCCD (1,024 x 1,024 pixels) (Andor Tech-
nology Ltd.). The camera and a 40x/0.75 Plan Fluor Oil objective lens (Nikon) were used combined with an additional built-in 1.5x lens
for a total magnification of 60x. For GFP excitation, an LED system (CoolLED) provided light at 490 nm. Exposure time was set to
100 ms and EM Gain to 1.0x. Light intensity was measured to be 1.6 mW/mm?. A standard set of GFP and Texas Red filters were
used for light filtering.

Mechanical stimulation

Mechanical stimulation of the worms was carried out as described previously in 110 x 110 x 10 um microchambers without food,
made of 5% high gelling temperature agarose (Sigma-Aldrich) dissolved in M9 buffer. A piston (2.5 mm in diameter) was driven into the
chamber at the xy-plane, by the use of an electromagnet and the whole setup was fitted in a custom-made aluminum holder. To avoid
habituation, a set of 5 taps were delivered every 5 minutes and the time interval between taps was 1 second. This protocol has been
shown previously to efficiently disturb sleep and to trigger DAF-16::GFP nuclear localization.*® The signal for triggering the tapping stim-
ulus was generated by the use of an Arbitrary Waveform Generator (Hewlett Packard, 33120A), which created square waves with ampli-
tude 5 V and frequency 5.000 mHz. This signal was further amplified at 24 V, by a TTL signal amplifier. A heating lid, set to 22°C, was fit
on the chamber to keep it from drying out (sample temperature: 20°C). The tapping stimulus protocol was started around 8-10h after
mounting the eggs in the microfluidic devices, a time at which the egged had hatched. The tapping stimulus protocol was applied
continuously until the end of the experiment, i.e. until all animals had died. For imaging DAF-16::GFP localization, the plastic dish con-
taining the agarose microchambers was taken off the tapping device and transferred to a widefield microscope for fluorescent imaging.
The dish was then placed back to the tapping device. The imaging took around 10 minutes, during which the tapping protocol was in-
terrupted. The chambers were imaged once per day to assess transgene expression or DAF-16 localization. To quantify RIS GCaMP
intensity the chambers were imaged continuously (1 frame every 2 seconds, applying the mechanical stimulation protocol consisting of
5 taps, constituting one trail, each trial was repeated three times with a time delay between tapping of 1h.

51,62

Quantification of DAF-16::GFP nuclear localization

Strains that expressed the zIs356[daf-16::gfp] transgene were imaged in 110 x 110 x 10 um microchambers without food, made of
5% high gelling temperature agarose (Sigma-Aldrich) dissolved in M9 buffer. A heating lid, set to 22°C, was fit on the chamber to
keep it from drying out (sample temperature: 20°C). Images were taken either daily or continuously (1 frame every 30 seconds) on
an “Eclipse Ti” microscope (Nikon) with an automated XY stage (Nikon), a digital DS-Qi2 camera (SLR, FX-format CMOS sensor,
Nikon) and a 40x/0.75 Plan Fluor Oil objective lens (Nikon) were used combined with an additional built-in 1.5x lens for a total
magnification of 60x. Exposure time was set to 100-400 ms and EM Gain to 1.0x. Most of the data was acquired with 100 ms expo-
sure time. One data set in the wild-type background was acquired with an exposure time of 400 ms. The longer exposure time
caused a blurring of some of the frames. Yet, this did not appear to change the conclusions and hence this replicate was kept
in the analysis. Light intensity was measured to be 1.75 mW/mm? for 490 nm and 0.517 mW/mm? for 565 nm illumination, using
an optical power meter (PM100A, Thorlabs). A standard set of GFP and Texas Red filters were used for light filtering. Camera
resolution was 14-bit 808 x 808. See Data S6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Transcriptional profiling by RNA-sequencing and GSE analysis
Differential expression analysis and downstream analysis was carried out by A.K. through a custom-written MATLAB script. All tran-
scriptomes were analyzed in the same way. p-values were corrected for false discovery rate by the Benjamini-Hochberg method.
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Significance thresholds were set as follows: |log, FC | > 1 and FDR < 0.05. This was implemented in order to account for biological
significance. However, genes with smaller fold changes were also considered for downstream Gene Set Enrichment analysis, per-
formed with the online tool “g:Profiler”, using the default settings.®® For tissue-specific and daf-16-related GSE, published datasets
were used.**%*° Statistical significance was assessed with Fisher’s exact test and p-values were adjusted using the Bonferroni
correction. See Data S1, Data S3, and Data S5.

Proteomic characterization of C. elegans
TMT6 data were analyzed with MaxQuant version 1.5.5.1%° using default settings and quantification based on MS2 reporter ions
(TMT6plex). Canonical protein sequences from C. elegans were downloaded from Uniprot (reviewed, 03.04.2013). Further analyses
were performed using Perseus version 1.5.6.0.°” A.K. filtered the protein groups for a minimum of one unique peptide, log, trans-
formed the intensity values and calculated the fold changes. See Data S2.

Label-Free Quantification samples were analyzed by D.M. as described previously.®' See Data S4.

Survival and lifespan of L1 arrested animals

Survival measurements of L1 arrested animals estimated by using the Kaplan-Meier method, significance assessment was done by
using Fisher’s exact test for every time point, p-values were corrected for false discovery rate by the Bonferroni method and the sig-
nificance threshold was set to p,q; < 0.05. Finally, the point of 50% survival was determined by fitting a 6" degree polynomial to the
survival curve. For the lifespan chamber assays, survival was estimated by using the Kaplan-Meier method and significance was as-
sessed with the log-rank test. Detailed results can be found in Data S7.

Fluorescence imaging in L1 arrest

Worms that died before or during the measurement period were omitted from downstream analysis. Single worms with transgene
intensities > Q3 + 1.5 * IQR or transgene intensities < Q1 + 1.5 * IQR for every time point of the analysis, were scored as outliers
and omitted from further analysis (Q1 = 25" percentile, Q3 = 75" percentile, IQR = Interquartile range). Significance was assessed
at every time point by the 2-tailed Welch'’s t-test (assuming unequal variances), the resulting p-values were corrected for false dis-
covery rate by the Benjamini-Hochberg method and FDR < 0.05 was selected as the significance threshold. In every case, error bars
denote the standard error of the mean.

GCaMP imaging
The position of the RIS neuron was detected and the intensity was quantified with a custom-made MATLAB script based on an empir-
ically defined intensity threshold.

RIS intensity was normalized as follows:

[(RIS intensity at every time point) — (Min RIS intensity)]/[(Max RIS intensity) — (Min RIS intensity)]

We used the 0.5™ and 99.5" quartile to determine the Minimal and Maximal RIS intensity:

Min RIS intensity = average of the lowest 0.5% of values

Max RIS intensity = average of the highest 0.5% of values

Normalization was carried out for every individual worm, so that the intensities were within the range of 0 - 1.

The position of the RIS neuron was used to determine motion speed. For detecting quiescence, a threshold cutoff of < 0.20 of the
maximum speed for each individual was used. In a previous study>° we imaged quiescence over several days and applied a threshold
to extract quiescence bouts only that were longer than 2 minutes. As for this experiment we were looking at behavioral changes that
occur upon tapping, which lasts just a few seconds, and the corresponding movies are much shorter, we did not apply any bout
length threshold. This leads to an increase in detectable behavioral quiescence in Figure 6B of this paper compared to Figure 3A
in our previous paper.*®

Mechanical stimulation

The strongest increase in calcium signals upon stimulation is typically observed in the first 5 s after the stimulus, see for example
Suzuki et al.>®* We hence used a time window of 10 s, which thus includes the majority of the calcium transient. We matched the anal-
ysis of behavior to the window for analysis of calcium changes. For the time window following the peak we also used a time window of
10 s for consistency.

Quantification of DAF-16::GFP nuclear localization

The DAF-16::GFP images were further processed by a custom-written MATLAB script. Briefly, the script detected circular areas with
radii in the range of 2-8 pixels and the total GFP intensity in these areas was summed up. Wild-type movies were assessed frame-by-
frame and compared to their respective GFP intensity values. From this comparison the following thresholds were acquired for:
GFP < 5000 units “Cytoplasmic”, 5000 < GFP < 10000 units “Intermediate” and GFP > 10000 units “Nuclear”. These thresholds
were selected empirically to describe the localization of DAF-16 at any time point. All images could be assessed with this method
an no animals were censored.
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Statistical significance was assessed with two-way ANOVA with correction for multiple comparisons with Tukey’s honest signif-
icant difference criterion. A two-way ANOVA was performed to compare the effect of 1) RIS activation state and 2) time spent in L1
arrest, on DAF-16 localization. We found a statistically significant difference in DAF-16 localization affected by both RIS activation
state (d.f. = 3, F = 49.3, p-value = 4.38 x 107"") and time spent in L1 arrest (d.f. = 4, F = 13.46, p-value = 3.72 x 10°%), as well as
the interaction between these two terms (d.f. = 12, F = 3.32, p-value = 0.0047). Post-hoc correction for multiple comparisons with
Tukey’s honest significant difference criterion, revealed significant pairwise difference in DAF-16 localization between the “Wild
type (Control)” and “Wild type (Tap)” conditions (Difference = 24.8 + 6.71 %, pagj = 4.429 x 107°9), while there was no significant dif-
ference between the “aptf-1(gk794) (Control)” and “aptf-1(gk794) (Tap)” conditions (Difference = 1.94 + 7.06 %, paq; = 0.8751).
Detailed results can be found in Data S6.
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