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The benefits of sleep extend beyond the nervous system. Peripheral tissues
impact sleep regulation, and increased sleep is observed in response to
damaging conditions, even those that selectively affect non-neuronal cells.
However, the ‘sleep need’ signal released by stressed tissues is not known.
Sleep in the nematode C. elegans is independent of circadian cues and can be
triggered rapidly by damaging conditions. This stress-induced sleep is medi-
ated by neurons that require the Epidermal Growth Factor Receptor (EGFR) for
their sleep-promoting function, but the only known C. elegans EGFR ligand,
LIN-3, is not required for sleep. Here we describe SISS-1 (stress-induced
sleepless), an EGF family ligand that is required for stress-induced sleep. We
show that SISS-1 overexpression induces sleep in an EGFR-dependent, sleep
neuron-dependent manner. We find that SISS-1 undergoes stress-responsive
shedding by the ADM-4/ADAM17 metalloprotease, and that the ADM-4 site of
action depends on the tissue specificity of the stressor. Our findings support a
model in which SISS-1 is released from damaged tissues to activate EGFR in
sleep neurons, identifying a molecular link between cellular stress and orga-
nismal sleep drive. Our data also point to a mechanism insulating this sleep
signal from EGFR-mediated signaling during development.

Prolonged wakefulness is associated with perturbations of cellular
homeostasis in the brain as well as in peripheral tissues'*. Conversely,
sleep is associated with the repair of cellular damage arising from
wakefulness or from noxious conditions*. These observations provide
insight into the benefits of sleep, including those that extend beyond
the brain, and they suggest that tissues may respond to stress that
accumulates during wakefulness by generating systemic sleep-
promoting signals”®. In the nematode Caenorhabditis elegans, expo-
sure to damaging conditions induces a transient sleep state char-
acterized by a cessation of feeding and a quickly-reversible
suppression of movement and sensory responsiveness’'. This stress-
induced sleep (SIS) can be triggered by a variety of stimuli, including
noxious heat, UV irradiation, high osmolarity, wounding, and exposure

to pore-forming bacterial toxin’2, SIS is not dependent on sensory
perception of the noxious condition', suggesting that cellular damage
itself initiates the SIS response. In support of this, UV stress-induced
sleep (UV-SIS) is enhanced when DNA double-stranded break repair is
compromised?, and heat stress-induced sleep (heat-SIS) is enhanced
when proteostasis is disrupted by mutation of the major chaperone
hsf-1/HSF-17 or the E3 ubiquitin ligase sel-11/SEL-11%. Correspondingly,
in daf-21 mutants, predicted to have enhanced chaperone activity,
heat-SIS is reduced™

Damage within a variety of tissues can trigger SIS. For example,
wounding of the head, mid-body, or tail can induce sleep?, as can
intestine-specific damage from ingestion of pore-forming toxin’. Heat
stress is predicted to have more widespread effects within the animal,
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and accordingly, the enhanced heat-SIS that is observed in
proteostasis-defective mutants appears to be attributable to disrup-
tion of homeostasis in multiple tissues®".

Stress-induced sleep is not a behavioral consequence of wide-
spread cell-autonomous dysfunction caused by cellular damage.
Instead, SIS is mediated by two sleep-promoting interneurons — ALA
and RIS - indicating that SIS is a programmed response to cellular
stress”'*. The ALA neuron expresses a set of neuropeptides that
execute the sub-behaviors of sleep, including cessation of feeding,
locomotion, head movement, and sensory responsiveness™. Animals
defective in ALA neuron specification are sleepless and impaired for
survival compared to wild type after a severe exposure to heat
stress”, suggesting that the sleep state promotes cellular home-
ostasis. The RIS interneuron is a potential target of ALA neuropeptides
during SIS, as ALA activation precedes RIS activation and RIS-defective
animals fail to fully cease movement”. The Epidermal Growth Factor
Receptor (EGFR) LET-23 is highly expressed in the ALA neuron® and is
required for stress-induced sleep®’°. LET-23 is also expressed in the RIS
neuron, where its activation may sensitize RIS to input from ALA".
Consistent with a role for EGFR signaling in sleep, transgenic over-
expression of the C. elegans EGF family ligand LIN-3 promotes robust
behavioral quiescence that requires LET-23 function within these
sleep-promoting neurons™”. While reduction of LIN-3 function has
little impact on SIS’, LIN-3 has nonetheless been considered the
endogenous sleep-promoting EGF signal, as it is the only EGFR ligand
that has been identified in C. elegans.

Here we describe SISS-1, a C. elegans EGFR ligand that exhibits
stress-responsive shedding and is critically required for stress-induced
sleep. We show that SISS-1 overexpression potently induces sleep in an
EGFR-dependent and sleep neuron-dependent manner. We identify
the SISS-1 sheddase as ADM-4, a metalloprotease orthologous to ver-
tebrate ADAM17, and we show that the site of ADM-4 action varies with
the type of damage used to trigger SIS. Our studies indicate that LIN-3
is not the only functional EGF family ligand in C. elegans and suggest
that SISS-1/EGF is shed from damaged tissues to activate sleep-
promoting neurons.

Results

The ADM-4 metalloprotease is necessary for stress-

induced sleep

Stress-induced sleep (SIS) in C. elegans is dependent on the Epi-
dermal Growth Factor Receptor (LET-23/EGFR)’, and forced activa-
tion of LET-23 via overexpression of LIN-3/EGF promotes
anachronistic sleep®. EGFR ligands are produced as transmembrane
precursors that require proteolytic cleavage, or ‘shedding,’ for
release of their growth factor ectodomain'. As such, we reasoned
that activation of LET-23 in response to cellular stress should depend
on ectodomain shedding of LIN-3, the only known C. elegans EGFR
ligand”®. Drosophila EGFR ligands are released by Rhomboid intra-
membrane proteases', whereas vertebrate EGF family ligands are
shed by proteases of the ADAM (A Disintegrin And Metalloprotei-
nase) family?®. As certain vertebrate ADAMs are known to be acti-
vated by cellular stress”, we considered the possibility that C. elegans
ADAMs might be involved in stress-induced sleep. Using RNA-
mediated interference we found that SIS was reduced in animals with
impaired expression of adm-4, the C. elegans ortholog of vertebrate
ADAM17/TACE (tumor necrosis factor alpha converting enzyme)
(Supplementary Fig. 1a, b). ADAMI17 cleaves dozens of transmem-
brane substrates, including various cytokines and EGF family
ligands?, and is activated by oxidative and osmotic stresses in
mammalian cells?. To further investigate the role of ADM-4 in stress-
induced sleep, we examined two adm-4 mutants: adm-4(0k265), a
deletion spanning exons 9 through 13, as well as a CRISPR/Cas9
targeted allele, syI161, harboring a STOP-IN cassette” in the 4th exon
(Fig. 1a). We found that animals lacking ADM-4 are severely sleep-

impaired following heat, UV, or Cry5B stress (Fig. 1b-d), as well as
other stressors known to trigger sleep (Supplementary Fig. 1c-e).
The adm-4 SIS-defective phenotype is similar to that of ceh-17(npl)
animals, which are impaired in the function of the sleep-promoting
ALA neuron’®*,

We reasoned that the requirement for ADM-4 in stress-induced
sleep likely reflects a role in shedding LIN-3/EGF. LIN-3 over-
expression (OE) from a heat-inducible promoter triggers a robust
sleep state®, and we predicted that this effect should rely on ADM-4
activity. We examined LIN-3(OE) sleep in adm-4(sy1161) animals, and
we were surprised to find it unimpaired (Fig. 1e). While it is possible
that ectopic LIN-3 overexpressed from the hsp-16 promoter might
be subject to non-physiological shedding, these data suggest that
LIN-3 is not the sleep-relevant ADM-4 target. Further, unlike lin-3
loss-of-function mutants”, adm-4 mutants are fully viable and
fertile® and do not show defects in vulval development (Supple-
mentary Fig. 1f), suggesting that ADM-4 is unlikely to be a LIN-3
sheddase in any context. Together our data indicate that ADM-4 acts
upstream of EGFR activation during SIS but does not function to
shed LIN-3/EGF, pointing to the existence of a yet-unidentified C.
elegans EGFR ligand.

The SIS-defective mutant csn20 reveals an EGF family ligand

In an EMS screen for SIS-defective mutants we identified csn20, a
penetrant sleepless mutant with no other visible defects. SNP mapping
and whole-genome sequencing showed that the causative mutation
lies within an uncharacterized gene, F28E10.2, which we named siss-1
for stress-induced sleepless. The gene encodes a predicted single-pass
transmembrane protein with an extracellular EGF domain and an
N-terminal immunoglobulin (Ig) fold*® (Fig. 2a). Functional EGF
domains participate in receptor binding via three loops formed by
disulfide bonds among six highly conserved cysteines'®. The csn20
mutation is a Cys-to-Tyr substitution in the third of these cysteines
(Fig. 2b), suggesting that the EGF domain is critical to SISS-1 function.
Importantly, the siss-1 gene contains an intron between the fourth and
fifth cysteines (Fig. 2c), a near-invariant feature of EGF family ligands®.
Multiple sequence alignment (Fig. 2b) and pairwise sequence com-
parisons (Supplementary Table 1) of EGF domains across taxa reveal
relatively low similarity between SISS-1 and LIN-3, indicating that these
C. elegans EGF family members are not related by a recent gene
duplication.

Immunoglobulin and EGF domains are found together in the
ectodomains of Drosophila Vein and human neuregulins NRG1 and
NRG2 (Supplementary Fig. 2), and the impact of the Ig fold on EGF
signaling appears to vary across phyla®®?’, Like the neuregulins, SISS-1
lacks a signal sequence, and its transmembrane region likely serves as a
reverse signal-anchor®. Two splice forms have been annotated for siss-
1"® with most sequenced RNAs corresponding to F28E10.2b, encoding a
protein of 274 amino acids (Fig. 2d). A CRISPR deletion allele (ve532)
spanning all siss-1 exons (Fig. 2c) has been generated by the C. elegans
Gene Knockout Consortium®.,

SISS-1 is required for stress-induced sleep and functions
genetically upstream of EGFR

To confirm that SISS-1 is required for stress-induced sleep, we exam-
ined the siss-1(ve532) deletion allele. Like csn20 mutants, siss-1(ve532)
animals are severely defective in heat-SIS, UV-SIS, and Cry5B toxin-SIS
(Fig. 3a-c). We examined the baseline activity of siss-I mutants, as
certain mutations that confer hyperactivity are associated with SIS
defects®. We found that siss-1 mutants are not hyperactive, with wild-
type baseline locomotion and pharyngeal pumping rates (Supple-
mentary Fig. 3). Nonetheless, these animals fail to cease behaviors that
are normally suppressed during SIS, including locomotion, head
movement, and pharyngeal pumping. Thus, SISS-1 is required for
stress-induced sleep, and a siss-1 deletion phenocopies substitution of
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Fig. 1| ADM-4 is required for SIS but does not act on LIN-3. a adm-4 gene
structure. Exons are depicted as solid boxes, and the peptidase domain is repre-
sented by striped segments. The alleles used in this study, CRISPR ‘STOP-IN’ sy1161
and 846-bp deletion 0k265, are annotated. b-d Fraction of animals that were
quiescent over time (left) and total quiescence (area under curve (AUC), right) of
wild type (“+,” black trace), adm-4(sy1161) (maroon), adm-4(0k265) (pink), and ALA
neuron-defective ceh-17(npI) (blue) animals: b following a 30-min 35 °C heat shock,
c following a 50-sec UV-B exposure, or d during Cry5B exposure. e Time course of
fraction quiescent (left) and total quiescence (AUC, right) of syls197;+(black trace),

transgene induction

syIs197; adm-4(sy1161) (maroon), and syls197; ceh-17(npI) (blue) animals following a
20-min 35°C heat shock to induce expression of lin-3. The periods of quiescence
caused by the heat itself (Heat SIS) and by the heat-induced expression of lin-3 (LIN-
3(OE) sleep) are labeled. The AUC calculation for transgene-induced quiescence
excludes the first 45 min of the time course, to distinguish transgene-induced
quiescence from Heat SIS. Each AUC data point represents one trial of 25 animals.
All error bars represent SEM. **P < 0.0001 vs. wild type, **P=0.0033 vs. LIN-3(OE),
ns =P>0.05, One-way ANOVA with Tukey’s multiple comparisons test. Source data
are provided as a Source Data file.

a conserved cysteine within its EGF motif, indicating that the EGF motif
of SISS-1 is critical to its function.

We reasoned that if SISS-1 normally functions to activate LET-23/
EGFR, then LIN-3(OE) sleep should be intact in siss-I mutants. Alter-
natively, if SISS-1 plays a role in the development of sleep-promoting
neurons, or functions at any step downstream of LET-23 activation,
then LIN-3(OE) sleep should be impaired in siss-1(If), similar to ALA
neuron-defective ceh-17(If) mutants®. Using LIN-3(OE) to activate EGFR
at the young adult stage, we observed robust sleep in siss-1(lf) animals,
in stark contrast with ceh-17(lf) mutants (Fig. 3d). These data rule out a
role for SISS-1 in the specification of neurons within the sleep circuit
and are consistent with SISS-1 acting upstream of EGFR activation.

LIN-3/EGF does not appear to be required for stress-

induced sleep

While conditional overexpression of LIN-3 promotes sleep”, the
requirement for LIN-3 in endogenous SIS is not well-defined. As LIN-3
and LET-23 are essential for viability and fertility, partial reduction-of-
function alleles of lin-3 and let-23 have been examined for their impact
on SIS’. While let-23(rf) animals show an overall reduction in sleep, lin-

3(rf) animals show a mildly reduced peak but a longer duration of sleep,
with no overall reduction relative to wild-type animals’. Further, RNAi
against let-23, but not against lin-3, interferes with SIS (Supplementary
Fig. 1a, b). The highly penetrant SIS defect of SISS-1 mutants indicates
that there is little to no EGFR ligand redundancy during SIS. None-
theless, we wished to investigate the potential contribution of LIN-3 to
SIS more rigorously. To this end, we examined multiple forms of SIS in
lin-3(n1058), a strong reduction-of-function allele that confers sterility
and partial lethality®>. We examined two lin-3(n1058) strains, PS1378
and PS1595, that contain different second-site suppressors of lin-3
sterility. Overall, our data indicate that LIN-3 is dispensable for stress-
induced sleep but that these two strains harbor genetic modifiers that
modulate SIS. Specifically, PS1378 animals display an abnormal heat-
SIS profile but show no reduction in total sleep relative to wild-type,
consistent with previous findings’, and PS1595 animals show wild-type
heat-SIS (Fig. 3e). UV-SIS is robust in PS1378 but impaired in PS1595;
however, the observed defect in PS1595, which harbors a dpy-20
mutation closely linked to lin-3, is phenocopied by a dpy-20 mutation
alone (Fig. 3f). Last, we observed robust Cry5B toxin-SIS in PS1595,
while the PS1378 strain showed partial Cry5B resistance, a phenotype
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Fig. 2 | The csn20 mutation disrupts the EGF motif of SISS-1. a The predicted
SISS-1 protein contains an extracellular immunoglobulin fold (residues 11-109), an
EGF domain (119-158), and a hydrophobic transmembrane anchor (178-194).

b Multiple sequence alignment of the EGF domains of SISS-1 and selected EGFR
ligands, shown in order of pairwise similarity to SISS-1 across the EGF domain:
Epiregulin (EREG), Epidermal Growth Factor (EGF), Vein, Spitz (SPI), Keren (KRN),
Gurken (GRK), and LIN-3. Consensus is shown at the top, and the siss-I(csn20) Cys-

to-Tyr substitution is indicated by an asterisk. Disulfide bonds among invariant
cysteines are indicated by dashed brackets at the bottom. ¢ Exon structure of the
predominant siss-I transcript F28E10.2b is shown with conserved placement of the
EGF domain intron and the extent of the siss-1(ve532) deletion. d The amino acid
sequence of the predicted SISS-1 protein, with immunoglobulin fold (yellow), EGF
domain (blue) and transmembrane anchor (underlined) shown.

distinct from SIS-defective (Supplementary Fig. 4). We were able to
outcross this Cry5B resistance, and the resulting lin-3(n1058) strain
(CVB80) showed wild-type Cry5B-SIS (Fig. 3g). These data, along with
the highly penetrant SIS defect of siss-1 mutants, suggest that LIN-3 is
dispensable for stress-induced sleep. However, as we are unable to
assay a complete loss-of-function lin-3 allele, and we have yet to
examine all known SIS triggers, our data do not rule out the possibility
that LIN-3 contributes to SIS in certain contexts. Unlike lin-3 mutants,
siss-1 animals are viable and fertile and do not show defects in devel-
opment of the hermaphrodite vulva or male spicules (Supplementary
Fig. 1f). Our findings indicate that LIN-3 and SISS-1 play distinct roles in
C. elegans development and behavior.

SISS-1 overexpression promotes sleep via EGFR

If SISS-1 is a functional EGFR ligand, we reasoned that SISS-1 over-
expression (OE) should trigger sleep, similar to LIN-3(OE). Using the
same method of inducible overexpression from a heat-responsive
promoter used for LIN-3(OE)", we expressed the SISS-1 pro-protein at
the young adult stage. We observed robust sleep beginning roughly
45 min after transgene induction (Fig. 4a). Like LIN-3(OE), SISS-1(OE)-
induced sleep lasts several hours and includes a cessation of phar-
yngeal pumping and a complete but quickly reversible cessation of
head and body movement. Importantly, the effect of SISS-1 expres-
sion is dependent on LET-23/EGFR (Fig. 4a, c). As complete loss of
LET-23 is lethal, we used a partial reduction-of-function allele, let-
23(sy10), and observed partial suppression of SISS-1(OE) sleep. We
further predicted that SISS-1(OE) sleep should require the ALA and
RIS neurons, which each express LET-23 and mediate SIS. Animals
lacking the homeobox transcription factor CEH-17 are defective in
ALA function** as noted above, and animals lacking the AP2 tran-
scription factor APTF-1 are defective in RIS function®*. We found SISS-
1(OE) sleep to be impaired in both ceh-17(np1) and aptf-1(tm3287)

animals (Fig. 4b, c¢). ALA-defective animals were impaired in all
aspects of SISS-1(OE)-induced sleep, while RIS-defective mutants
were specifically impaired in movement quiescence (Supplementary
Fig. 5), consistent with the functions of these neurons in SIS”. Thus,
SISS-1(OE) triggers robust behavioral quiescence in a manner that
depends on EGFR and on the EGFR-expressing neurons that mediate
stress-induced sleep.

SISS-1 shedding is mediated by the ADM-4 metalloprotease

Given our findings that ADM-4 is required for SIS and acts upstream
of EGFR activation (Fig. 1), we investigated whether ADM-4 functions
as a SISS-1 sheddase. We first examined whether ADM-4 is required
for the sleep-promoting effect of SISS-1 overexpression, and we
found that adm-4(lf) mutants are indeed resistant to SISS-1(OE) sleep
(Fig. 5a, c). We next reasoned that if this requirement for ADM-4
reflects its role as a sheddase, wherein it functions to release the EGF-
containing ectodomain from membrane-bound pro-SISS-1, then
expression of a constitutively secreted form of SISS-1 (sec-SISS-1)
should circumvent the need for ADM-4. To test this prediction, we
constructed a synthetic cDNA containing only the SISS-1 ectodomain,
terminating 13 amino acids after the EGF domain. An N-terminal
synthetic signal sequence® was added to target the protein to the
secretory pathway, a function normally provided by the SISS-1
transmembrane region. We found that heat shock-induced expres-
sion of this secreted form of SISS-1 in wild-type animals produced
robust sleep, similar to expression of full-length pro-SISS-1 but with
an onset roughly 15 min earlier (Fig. 5a, b). This temporal difference
may reflect differences in ER targeting, transit through the secretory
pathway, or processing. Importantly, unlike pro-SISS-1 sleep, sec-
SISS-1 sleep does not require ADM-4 (Fig. 5b, c). Thus, the require-
ment for ADM-4 in SISS-1-induced sleep can be bypassed with a
constitutively secreted form of SISS-1. These data, together with the
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predicted function of ADM-4 as a membrane-bound metalloprotease,
strongly implicate ADM-4 in SISS-1 ectodomain shedding. ADM-4
appears to function in the same manner as its vertebrate ortholog
ADAM17, which has been shown to shed the ectodomains of a variety
of substrates, including EGF family ligands***°. Interestingly, long
time courses of pro-SISS-1(OE) show an ADM-4-independent sleep
bout roughly 3-5 h after transgene induction (Supplementary Fig. 6),

an effect not observed during endogenous SIS, suggesting that SISS-1
can signal by another mechanism under certain conditions.

SISS-1 shedding is stress-responsive

Our data support a model wherein the ADM-4 metalloprotease sheds
the ectodomain of SISS-1 in response to cellular stress. This model is
consistent with observations in mammalian cells, which indicate that
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Fig. 3 | Stress-induced sleep requires SISS-1. a—c Fraction of animals that were
quiescent over time (left) and total quiescence (area under curve (AUC), right) of
wild type (“+,” black trace), siss-1(csn20) (dark purple), and siss-1(ve532) (light pur-
ple) animals: a following a 30-min 35 °C heat shock, b following a 50-sec UV-B
exposure, and ¢ during Cry5B exposure. d Time course of fraction quiescent (left)
and the total quiescence (AUC, right) of LIN-3(OE) (syls197); + (black trace), LIN-
3(OF); siss-1(ve532) (light purple), and LIN-3(OE); ceh-17(np1) (blue) animals following
a20-min 35 °C heat shock to induce expression of lin-3. The periods of quiescence

caused by the heat itself (Heat SIS) and by the heat-induced expression of lin-3 (LIN-
3(OE) sleep) are labeled. The AUC calculation for transgene-induced quiescence
excludes the first 45 min of the time course to distinguish transgene-induced
quiescence from Heat SIS. e-g Same as in a-c, respectively, but for /in-3 mutants,
which are described below panel g. Each AUC data point represents one trial of 25
animals. All error bars represent SEM. **P < 0.0001 vs. wild type in panels

a-c, **P<0.0001 vs. LIN-3(OE);+ in panel d, ns = P> 0.05, One-way ANOVA with
Tukey’s multiple comparisons test. Source data are provided as a Source Data file.
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Fig. 4 | SISS-1 promotes sleep via EGFR, ALA and RIS. a, b Time course of fraction
quiescent pro-SISS-1(OE) (csnEx1); + (black trace), pro-SISS-1(OE); let-23(sy10) (pur-
ple), pro-SISS-1(OE); ceh-17(np1) (blue), pro-SISS-1(OE); aptf-1(tm3287) (orange); and
non-transgenic siblings of pro-SISS-1(OE); + (gray) animals during the 120 min fol-
lowing a 20-min 35 °C heat shock to induce expression of full-length siss-1. Panels
a and b show different sets of genotypes for clarity. ¢ Total transgene-induced
quiescence (area under curve, AUC) for data shown in a and b. AUC calculation
includes only the 45- to 120-min time points to distinguish transgene-induced
quiescence from Heat SIS. Each AUC data point represents one trial of 25 animals.
All error bars represent SEM. **P < 0.0001 vs. pro-SISS-1(OE);, One-way ANOVA with
Dunnett’s multiple comparisons test. Source data are provided as a Source Data file.

ADAMI7 is activated upon various forms of cellular damage® . We
therefore wished to test whether SISS-1 shedding by ADM-4 is
dependent on cellular damage. To this end, we examined the effects
of expressing pro-SISS-1 and sec-SISS-1 with and without noxious
heat stress. While the heat-responsive promoter driving the SISS-1
transgenes is active at temperatures as low as 29 °C*°, heat-SIS occurs
following heat shocks above 30 °C, with more robust sleep observed
with increasing temperature®. If SISS-1 shedding is cell stress-
dependent, we predict that pro-SISS-1 will trigger sleep only with a
noxious heat shock. We incubated hs:pro-SISS-1 and hs:sec-SISS-1
animals, along with non-transgenic controls, for 30 min at either
29 °C or 35°C and examined their subsequent sleep behavior. Fol-
lowing the 29 °C exposure, transgene-dependent sleep was observed
in hs:sec-SISS-1 animals, confirming activation of the heat shock
promoter at this temperature, but sleep was not observed in hs:pro-
SISS-1 animals (Fig. 5d, f). By contrast, following a 35°C exposure,
endogenous SIS was observed as well as robust sleep from both
transgenes (Fig. Se, f). The dependence of pro-SISS-1 but not sec-
SISS-1 sleep on the presence of noxious heat points to SISS-1 shed-
ding as a stress-responsive event. Together our data suggest that

ADM-4 is activated by certain forms of cellular damage, similar to
ADAM17. Given the variety of noxious conditions that trigger SIS,
including heat, UV light exposure, osmotic stress, wounding, and
toxin ingestion, it is likely that ADM-4 is responsive to many types of
cellular stress.

ADM-4 functions within damaged tissues

Damaging conditions with distinct tissue specificities can trigger
stress-induced sleep. In particular, wounding the animal in the head,
mid-body, or tail region can induce SIS”, and ingestion of Cry5SB
toxin, which produces intestine-specific damage**, is a potent SIS
trigger. Moreover, noxious heat and UV exposure each induce SIS
and are predicted to cause widespread damage. Given these obser-
vations, we reasoned that ADM-4 may function in a range of tissues to
release SISS-1 from damaged cells, a model supported by the wide-
spread and overlapping transcription patterns of ADM-4 and SISS-1*.
In an alternative model, damaged cells might signal to a single hub of
ADM-4-dependent SISS-1 release. To investigate these possibilities,
we examined the tissue requirements for ADM-4, which unlike SISS-1
is predicted to function in a cell-autonomous manner. Using cGAL, a
GAL4-UAS bipartite expression system optimized for C. elegans*, we
generated strains in which ADM-4 was expressed exclusively within
one of each of the following tissues: the nervous system, epidermal
tissue, pharyngeal muscle, body muscle, intestinal cells, and the ALA
neuron itself (Supplementary Fig. 7). We then examined these strains
for stress-induced sleep in response to two stressors: Cry5B toxin,
which is known to cause intestine-specific damage, and UV-B irra-
diation, which we expect to cause widespread damage. We found
that in response to Cry5B ingestion, ADM-4 expression in the intes-
tine, but not in any other tissue, restores SIS to adm-4 null mutant
animals (Fig. 6a). By contrast, SIS triggered by UV-B irradiation is not
rescued by intestinal ADM-4 expression, and instead we observe
partial SIS rescue by ADM-4 expression within pharyngeal muscle or
the epidermis (Fig. 6b). It is not known whether these C. elegans
tissues are more sensitive to UV-B or simply better equipped to shed
SISS-1. However, as the majority of UV-B damage to the vertebrate
cornea occurs in the outermost layer of epithelium®, the nematode
epidermis may incur a large fraction of the damage from UV-B
exposure. The distinct tissue requirements for ADM-4 in different
forms of SIS support a model in which ADM-4 functions within
damaged tissues to release SISS-1. These data complement recent
studies showing that genetic disruption of proteostasis in peripheral
tissues enhances EGFR-dependent sleep in C. elegans®.

SISS-1 overexpression has limited effects on vulva development
Organogenesis of the C. elegans vulva depends on activation of the
EGF receptor LET-23 in vulval precursor cells (VPCs) within the ven-
tral epithelium during the second larval (L2) stage*. LIN-3 released
from the gonadal anchor cell (AC) promotes vulval fates in three of
six competent VPCs, with the nearest (P6.p) adopting a primary fate
distinct from its neighbors (P5.p and P7.p), and the more distant
VPCs (P3.p, P4.p and P8.p) remaining uninduced”*"~*’ (Fig. 7a). LIN-3
overexpression from multicopy arrays or from heat-inducible trans-
genes promotes hyperinduction, with up to six VPCs adopting vulval
fates”*°, While lin-3 mutants are defective in vulva development, siss-
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Fig. 5| SISS-1 shedding is stress-responsive and depends on ADM-4. a Time-
course of fraction quiescent pro-SISS-1(OF) (csnEx1); + (black trace), pro-SISS-1(OF);
adm-4(sy1161) (red), adm-4(sy1161) (maroon), and non-transgenic (gray) animals
following a 20-min 35 °C heat shock (h.s.) to induce expression of full-length siss-1.
b Time-course of fraction quiescent sec-SISS-1(OE) (csnEx2); + (black trace), sec-SISS-
1(OF); adm-4(sy1161) (red), adm-4(sy1161) (maroon), and non-transgenic (gray) ani-
mals following a 20-min 35 °C h.s. to induce expression of a constitutively secreted
form of siss-1. ¢ Total transgene-induced quiescence (area under curve (AUC),
45-120 min) for data shown in a and b. d-e Time course of fraction quiescent pro-
SISS-1(0E) (black, closed squares), sec-SISS-1(OE) (black, open squares), and non-
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transgenic (gray, closed circles) animals: (d) following a 20-min 29 °C h.s. to induce
expression of each transgene with minimal heat stress, or (e) following a 20-min
35°C h.s. to induce expression of each transgene with heat stress. f Total transgene-
induced quiescence (AUC, 45-120 min) for data shown in d and e. All AUC calcu-
lations exclude the first 45 minutes of the time course to distinguish transgene-
induced quiescence from SIS induced by the heat shock. Each AUC data point
represents one trial of 25 animals. All error bars represent SEM. **P < 0.0001,

ns =P>0.05, One-way ANOVA with Tukey’s multiple comparisons test. Source data
are provided as a Source Data file.

1 mutants are not (Supplementary Fig. 1f), indicating that SISS-1 does
not contribute to the endogenous inductive signal. However, given
that overexpression of either ligand can promote sleep, we reasoned
that ectopic expression of SISS-1 might promote excess vulval cell
fates. Using the same heat-inducible transgenic lines as in our sleep
experiments, we induced expression of each full-length ligand in a
wild-type background at the L2 stage and examined vulva morpho-
genesis at the L4 stage. We observed highly penetrant hyperinduc-
tion of vulval fates with LIN-3(OE) (Fig. 7b), but not with SISS-1(OE)
(Fig. 7c), even though these transgenes show similar effects on sleep
(Figs. 3d and 4c). While the heat shock used to induce ubiquitous
expression of these transgenes should be sufficient to activate ADM-
4, we considered the possibility that SISS-1 shedding might be a
limiting factor. We therefore examined overexpression of secreted
SISS-1, and we observed mild hyperinduction in a small fraction of
animals (Fig. 7d, e). Our finding that sec-SISS-1 can promote vulval
fates at all is consistent with SISS-1 functioning as an EGFR ligand.
However, the capacity of SISS-1 to impact vulval induction is weak
compared to LIN-3, and weak relative to the impact of SISS-1 on sleep.
These factors may contribute to the observed insulation of vulval
induction from stress-induced sleep during development™*°,

Discussion

We have identified SISS-1, a C. elegans EGF family ligand that appears to
be shed from damaged tissues to activate sleep-promoting neu-
rons (Fig. 8). This stress-induced sleep in turn promotes recovery from
noxious conditions®”*°, indicating that sleep complements cell-
autonomous repair processes. In mammals, ectodomain shedding of
EGF family ligands occurs in response to a variety of stimuli including
damaging conditions. For example, HB-EGF is shed from keratinocytes
and corneal epithelial cells in response to wounding™*?, TGF-alpha is
shed from renal medullary cells exposed to osmotic stress®, and
amphiregulin is shed from skin cancer cell lines following UV
irradiation®* and from lung epithelial cells following exposure to
tobacco smoke”. In these cases, EGF signaling is associated with
wound healing, cell survival, or proliferation. In addition, EGF signaling
is associated with sleep across phyla®*°. The connection between
cellular stress and sleep is clear in C. elegans, where sleep is indepen-
dent of circadian regulation and ensues rapidly following exposure to
damaging conditions’. In other animals, signs of cellular stress within
the brain and peripheral tissues accrue with wakefulness and dissipate
with sleep' ™, and we speculate that these tissues contribute to daily
sleep pressure. Thus, stress-induced EGF signaling may contribute not
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Fig. 6 | The spatial requirement for ADM-4 depends on the damaging agent.
a Fraction of animals quiescent at a single time point between 10 and 20 min after a
10-min Cry5B exposure in wild type (WT), adm-4(sy1161), and transgenic adm-
4(sy1161) young adult animals in which a wild-type adm-4(+) is expressed in specific
tissues using the cGAL expression system. The rab-3:cGAL line harbors a different
adm-4 CRISPR allele (sy1837), which was generated directly in that line and appears
to have some residual ADM-4 activity. b Same as in panel a, but at a single time point
between 75 and 90 min after a 50-sec UV-B exposure. Animals were scored with
experimenter blind to the presence of UAS:adm-4(+) and thus each trial varied in the
number of animals of each genotype examined. For each strain, categorical data
was collected across at least three independent trials of 20-50 animals per geno-
type. Error bars represent 95% confidence intervals. **P < 0.0001, ns = P> 0.05,
Fisher’s exact test. Source data are provided as a Source Data file.

only to cell-autonomous repair and cell survival, but also to organismal
sleep that enhances cellular repair.

Our work indicates that SISS-1 shedding requires the metallo-
protease ADM-4. We find that ADM-4 is required for SIS, functions
genetically upstream of EGFR, and is dispensable when SISS-1 lacks a
membrane tether. Vertebrate ADAMs play roles in many physiologi-
cal processes by promoting the shedding of a diverse array of sig-
naling molecules, including EGFR ligands. Intriguingly, whereas
mammalian EGFR ligands are primarily shed by ADAMs* and can be
shed by the Rhomboid family proteases in some contexts®™®, only
the Rhomboids have been implicated in EGFR ligand processing in
invertebrates’>®2, To our knowledge, this study represents the first
evidence of a role for ADAMs in invertebrate EGFR signaling, indi-
cating that the interaction between ADAM proteases and EGFR
ligands may have arisen earlier in evolution than previously thought.

We also find that SISS-1 shedding requires noxious conditions,
suggesting that ADM-4 activation is stress-responsive. Consistent with
this notion, ADM-4 also plays a role in axonal repair following injury®’.
How does ADM-4 integrate diverse noxious stimuli, including
wounding, ingestion of pore-forming toxin, heat stress and UV irra-
diation? The ADM-4 ortholog ADAM17 is also activated by noxious
stimuli®*” and is subject to multiple layers of regulation including

trafficking by catalytically inactive Rhomboids (iRhoms), maturation
by furin-like proprotein convertases, modulation by protein disulfide
isomerases, interaction with integrins, stimulation by GPCR signaling,
and responsiveness to membrane composition®’. However, it is still
not clear which intracellular pathways activate ADAMI7 activity in
response to stress. While the cytoplasmic domain of ADAM17 is subject
to phosphorylation by p38 MAP kinases®, which are known to be
activated by a variety of stresses®, the cytoplasmic domain of ADAM17
appears to be dispensable for its activation by physiological signals®”%,
A close examination of ADM-4 may shed light not only on the regula-
tion of C. elegans stress-induced sleep, but also on the physiological
modes of ADAMI17 activation, with implications for inflammatory
responses and cancer.

Our work reveals that C. elegans has at least two functional EGFR
ligands, LIN-3 and SISS-1. LIN-3 participates in developmentally-timed
EGFR signaling events, and its transcription is under tight spatial and
temporal control*>**7°, By contrast, SISS-1 is more broadly expressed*
and is shed by a variety of tissues under stress to promote EGFR-
dependent sleep, which can occur at any stage®. If these signaling
events were not insulated, one might expect hyperinduction of vulval
fates following exposure of wild-type larval animals to stress, which is
not observed™*’. Widespread overexpression of either SISS-1 or LIN-3
can promote sleep, indicating that these ligands are somewhat inter-
changeable in the context of neuronal EGFR activation. However, SISS-
1(OE) cannot phenocopy LIN-3(OE) in the induction of vulval cell fates,
even though the inducible promoter used to drive expression of these
ligands is active in most tissues, including vulval cells*°. This difference
is not attributable to regulated SISS-1shedding, as even a constitutively
secreted SISS-1is a weak inducer of vulval fates. We speculate that the
SISS-1 EGF domain has inherently low affinity for the receptor, like a
subset of vertebrate EGFR ligands”, and that the sleep neurons
respond to a lower level of EGFR activation than do the vulval pre-
cursor cells. It is also possible that the SISS-1 immunoglobulin domain
influences the activity of the ligand in a spatial manner. Notably, the
immunoglobulin domain of vertebrate Neuregulin-1 confers enhanced
and extended ErbB receptor activation®, likely via anchoring of the
ligand to heparan sulfate proteoglycans within the extracellular matrix
(ECM)™>”, Accordingly, the disparate impact of SISS-1 on neuronal
versus epithelial EGFR activation might reflect ECM differences
between these tissues. The mechanism conferring insulation of
developmental and behavioral EGFR signaling events is under
investigation.

Methods

Strains and standard for all assays

Strains used in this study and their sources are listed in Supple-
mentary Table 2. Worms were grown and maintained on nematode
growth media (NGM) at 20 °C and fed OP50 Escherichia coli bacteria
as a food source’. Pre-fertile young adults were examined for normal
locomotion and feeding behavior prior to exposure to stressors
described below. During SIS assays, all plates were kept on the ste-
reomicroscope platform, and each plate was slid gently into the field
of view 30 s prior to examination. Behavioral quiescence was scored
with experimenter blind to genotype and was defined as a lack of
both locomotion and pharyngeal pumping during a 4 s observation.
An animal showing any movement or feeding was categorized as
non-quiescent.

Heat-SIS and EGF(OE) sleep

Young adult animals were placed onto 35 x 10 mm (4 ml) NGM plates
seeded with OP50 E. coli that were then sealed with parafilm and placed
upright (lid up) in a heated circulating water bath. For heat-SIS assays, a
30-min 35 °C heat shock was used. To induce transgene expression for
examination of EGF(OE) sleep, 20-min heat shocks at either 29 °C
(transgene induction without SIS) or 35 °C (transgene induction with
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Fig. 7 | SISS-1 is a weak inducer of vulval cell fates. a-d Vulva morphogenesis at
the L4 larval stage (anterior left, ventral down). Scale bar =20 pm. All animals were
heat-shocked at 33 °C for 20 min at the L2 stage to induce lin-3 or siss-1 over-
expression in a wild-type background. a Heat-shocked wild-type animals show
normal vulval morphology characteristic of graded induction of three vulval pre-
cursor cells (VPCs P5.p-P7.p). b Animals expressing pro-LIN-3 display additional
vulval fates in P3.p, P4.p and P8.p (arrowheads). ¢ Animals expressing pro-SISS-1
show no hyperinduction of vulval fates. d Expression of a constitutively secreted
SISS-1 causes weak hyperinduction, shown here as an excess of primary-fated cells
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among P5.p-P7.p that detach from the ventral surface (bracket and asterisk). In a
small fraction of sec-SISS-1 animals, an additional VPC is induced to adopt a vulval
fate. e Number of VPCs induced, inferred by examination of vulval morphology at
the L4 stage. Normally three VPCs are induced, with only P6.p adopting a primary
fate. 3* represents animals with an excess of primary-fated cells among P5.p-P7.p,
with no additional VPCs induced. Numbers at the base of each bar indicate how
many animals of that genotype were examined. Source data are provided as a
Source Data file.
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Fig. 8 | Model for stress-induced activation of sleep-promoting neurons. Our
data support a model in which peripheral tissue damage leads to cell-autonomous
activation of the metalloprotease ADM-4, which catalyzes ectodomain shedding of
the Epidermal Growth Factor (EGF) family ligand SISS-1. SISS-1 in turn activates EGF
receptors (EGFR) in the neurons ALA and RIS, leading to the release of neuropep-
tides that collectively bring about organismal sleep. Solid arrow = proteolysis;
dotted arrow = signal transduction. Schematic created using Microsoft PowerPoint.

SIS) were used. After heat shock, plates were cooled to room tem-
perature by placing on ice for 30 s-1 min, parafilm was removed and
plates were moved to a stereomicroscope for examination of SIS and/
or transgene-dependent sleep.

Cry5B-SIS
Young adult animals were placed onto NGM plates containing 60 ug/
ml carbenicillin and 1mM IPTG that had been seeded with JM103

bacteria harboring an IPTG-inducible Cry5B toxin’. Behavior was
scored across time points in the presence of Cry5B for all Cry5B-SIS
assays except the ADM-4 site of action analysis (Fig. 6) and protease
gene RNAi (Supplementary Fig. 1), in which animals were exposed to
Cry5B for 10 min, transferred to NGM ‘detox’ plates seeded with OP50
E. coli, and assayed for sleep 10 min later.

UV-SIS

Young adult animals were transferred to NGM plates seeded with OP50
E. coli. Plates were placed lid-down on a UVP M-10E mini benchtop
302nm (UVB) 60 mW/cm? transilluminator gel box for 50s and
assayed for SIS. For each experiment, the same lid was used for all
plates to control for potential variation in lid thickness.

Isolation of siss-1(csn20)

N2 animals were exposed to 50 mM ethylmethanesulfonate™ and their
F2 progeny were exposed to Cry5B for 10 min and screened for sleep
defects. Candidate lines were subsequently screened for defects in UV-
SIS and heat-SIS. Fully SIS-defective mutants were screened for intact
LIN-3(OE) sleep, with the intention of isolating components upstream
of EGFR activation. One mutant, csn20, fulfilled these criteria and was
subjected to SNP mapping using a polymorphic Hawaiian strain of C.
elegans. As the standard Hawaiian strain CB4856 contains a low activity
variant of the npr-1 gene that is associated with SIS defects® we used
CX11400, containing the npr-1 allele from N2 introgressed into the
Hawaii genetic background’, which shows SIS responses close to those
of N2*2, Genetic mapping placed the causative mutation just to the right
of the centromere of chromosome IV, and whole-genome sequencing
(BGI Genomics) revealed a Cys-to-Tyr substitution within the coding
region of F28E10.2, initially named igeg-1 for its immunoglobulin and
EGF domains'®. We subsequently named this locus siss-I.

EGF sequence analyses
EGF domain sequences were selected from four residues upstream of
the first conserved cysteine to one residue after the sixth conserved
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cysteine®. Pairwise sequence comparisons with SISS-1 were performed
using the ebi.ac.uk EMBOSS NEEDLE tool” using the following para-
meters: output format = pair; matrix = BLOSUM62; gap open =10; gap
extend = 0.5; end gap =true; end gap open =15; end gap extend = 0.5.
For neuregulins 1 and 2, two isoforms arising from alternative splicing
within the EGF domain (alpha and beta) were included. The two
highest-scoring H. sapiens family members EGF and EREG, all four D.
melanogaster members, and C. elegans LIN-3 were used for multiple
sequence alignment (Fig. 2b). Alignment of the EGF domains of SISS-1
and selected EGFR ligands were generated with the MUSCLE alignment
tool within SnapGene software (www.snapgene.com).

lin-3 strains and Cry5B resistance

lin-3(n1058) is a strong reduction of function allele that impairs viabi-
lity, vulval induction and fertility** and can be maintained as a homo-
zygote only in the presence of second site mutations that suppress the
fertility defect’. Fertility is restored by the closely linked itr-1(sy290gf)
mutation in PS1378 and by a [fe-2(sy326) mutation in PS1595. The
PS1595 strain also harbors a dpy-20 mutation that is closely linked to
lin-3. The PS1378 strain shows a Cry5B resistance phenotype (failure to
slow pharyngeal pumping in the presence of the toxin) that we were
able to separate from the /in-3 and itr-1 mutations by a single outcross
to wild type N2 and subsequent screening for vulvaless Cry5B-sensitive
recombinants, producing strain CVB8O.

Transgene construction

Gene fragments from the first nucleotide of the F28E10.2b siss-1 cDNA
up to the EcoRV site of the 3’'UTR were synthesized by Twist Bios-
ciences with a Kpnl site added to the 5 end. For the constitutively
secreted sec-SISS-1 construct, only the extracellular region of the
protein was included, and a synthetic signal peptide* was appended to
the 5’ end. Gene fragments were cloned Kpnl-EcoRV into the heat-
responsive hsp-16 promoter vector pPD49.83 (Addgene plasmid
#1448). Transgene sequences can be found within Source Data. Each
construct was microinjected at 10 ng/ul into CVBII1 pha-1(e2123ts);him-
5(e1490) by InVivo Biosystems and outcrossed against N2 to establish
CVB56 and CVB57.

RNA-mediated interference of candidate protease genes
Feeding RNAi was performed using the strain TU3335, in which the
general RNAi response is enhanced by a mutation in lin-I15B and
neuronal RNAi is enhanced by expression of the SID-1 dsRNA trans-
porter in the nervous system. Cultures of HT115 bacteria harboring a
dsRNA clone (listed in Supplementary Fig. 1b) or an empty vector
control (plasmid L4440) were plated onto NG plates containing 25
ug/ml carbenicillin and 1mM IPTG and left at 37°C overnight. The
next day, TU3335 animals at the L4 stage were placed onto RNAi
plates, incubated at 20°C, and transferred each day to a new RNAi
plate to create broods of progeny for multiple trials. Once progeny
reached the young adult stage, they were examined for Cry5B-SIS as
described above.

ADM-4 CRISPR alleles

The syl161 and sy1837 adm-4 alleles were generated using the CRISPR-
based STOP-IN strategy®. Briefly, a universal cassette, which contains
an early STOP codon and causes a frame shift in all three reading
frames, was inserted near the 5’ end of the adm-4 gene using CRISPR/
Cas9 and homology-directed repair. The CRISPR guide RNAs were
designed to target the following genomic sequence: GAAAGTT-
GATGCGGGTAAGA. The -35-bp sequences flanking the universal
STOP-IN cassette that, all together, comprise the HDR template are as
follows: CTTTGTTGATGACACGTTACATCTAGAGCCATCT (left) and
TACCCGCATCAACTTTCTGATGATCTTGGGCCTGTTG (right). The
primers used to genotype syll61 and syI&37 animals were:

TGTGAAACGACATGCACCAATC (forward) and AACGAGTAATCGGC-
CACGAG (reverse).

ADM-4 site of action

For adm-4 site-of-action experiments, we used the cGAL-UAS
system** to drive expression of wild-type adm-4 cDNA in specific
tissues of adm-4(lf) animals. Strains containing an integrated or
extrachromosomal tissue-specific cGAL driver (Supplementary
Table S2) were each crossed to PS7951 adm-4(syl161) animals.
Because all available pan-neuronal drivers (rab-3p:cGAL) are inte-
grated on the X chromosome, where the adm-4 gene is located, adm-
4 was knocked out within the rab-3p:cGAL line PS6961 using the
STOP-IN CRISPR strategy described above, yielding the adm-4 allele
sy1837. The UAS:adm-4(+):SL2:GFP transgene was constructed by
amplifying the adm-4 coding sequence from N2 cDNA using primers
OHWS541F: 5" - cecttggctagegtegacggtaccggtaaaaATGAAGATACAGGA
CAGATC - 3’ and oHW542R: 5’ - gaaagtaggatgagacagctacggtaccCTAA
TTGACGTCCGCTTTGAC - 3. Coding sequences are capitalized and
Kpnl sites used for cloning are underlined. The amplified adm-4
coding sequence was ligated to Kpnl-digested pJL046* (Addgene
plasmid #198807) by Gibson Assembly such that the adm-4 coding
sequence is positioned 3’ to the 15X UAS and 5’ to the SL2:GFP. The
UAS:adm-4(+) effector line CVB91 was generated by injecting
UAS:adm-4(+):SL2:GFP plasmid into PS7951 adm-4(sy1161) mutants.
Each adm-4 mutant cGAL driver line was crossed to CVB91 UAS:adm-
4(+); adm-4(sy1161) to generate ‘rescue’ strains with adm-4 expressed
in specific tissue types. For each rescue strain, animals were sub-
jected to UV-B and Cry5B conditions as described above and scored
at a single time point for sleep. For UV-SIS, animals were scored
between 60 and 90 min after a 50-s UV-B exposure. For Cry5B-SIS,
animals were exposed to Cry5B for 10 min, transferred to regular
OP50 E. coli, and then examined between 10 and 20 min later for
sleep. Each animal was scored for sleep blind to transgene status
under brightfield-only on a Leica M165 FC stereomicroscope, and the
fluorescence shutter was then opened to distinguish driver-only from
adm-4(+) rescued animals.

Vulva induction

Animals were heat shocked as above but at the late L2 stage for 30 min
at 33 °C. This condition is sufficient to promote stress-induced sleep as
well as transgene expression and produces less of a developmental
delay relative to a 35 °C heat shock. This delay has been shown to be
due to a prolonged cessation of feeding during EGF(OE)-induced sleep
during larval stages”. Animals were examined at the L4 stage by dif-
ferential interference contrast (DIC) microscopy on a Zeiss Axioimager
A2 for invaginations of the ventral epithelium indicative of VPC
induction.

Statistics and reproducibility

Statistical tests, indicated in figure legends, were performed using
GraphPad Prism software (www.graphpad.com). All P values are two-
sided, and significance was inferred at P < 0.05. To ensure reprodu-
cibility, data was typically generated from three biological replicates of
25 animals each, with the investigator blind to genotype during
experiments and outcome assessment. No statistical method was used
to predetermine sample size. SIS assays in which wild-type control
animals did not show a fraction-quiescent peak of at least 0.25 were
pre-established to be excluded from the study. This occurred occa-
sionally in the case of heat-SIS, which is less replicable than other
SIS types.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All data generated or analyzed in this study are included in the
manuscript and Supplementary Information. Source data are provided
with this paper.
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