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Summary

Background—Different environmental stimuli, including exposure to dauer pheromone, food
deprivation, and high temperature, can induce C. elegans larvae to enter the dauer stage, a
developmentally arrested diapause state. Although molecular and cellular pathways responsible
for detecting dauer pheromone and temperature have been defined in part, other sensory inputs are
poorly understood, as are the mechanisms by which these diverse sensory inputs are integrated to
achieve a consistent developmental outcome.

Results—In this paper, we analyze a wild C. elegans strain isolated from a desert oasis. Unlike
wild-type laboratory strains, the desert strain fails to respond to dauer pheromone at 25°C, but it
does respond at higher temperatures, suggesting a unique adaptation to the hot desert environment.
We map this defect in dauer response to a mutation in the sca-2gene, which, we show, encodes
the nematode anaplastic lymphoma kinase (ALK) homolog, a proto-oncogene receptor tyrosine
kinase. scd-2acts in a genetic pathway shown here to include the HEN-1 ligand, the RTK adaptor
SOC-1, and the MAP kinase SMA-5. The SCD-2 pathway modulates TGF-B signaling, which
mediates the response to dauer pheromone, but SCD-2 might mediate a nonpheromone sensory
input, such as food.

Conclusions—Our studies identify a new sensory pathway controlling dauer formation and shed
light on ALK signaling, integration of signaling pathways, and adaptation to extreme
environmental conditions.

Introduction

To feed, reproduce, and navigate successfully within their surroundings, animals must
accurately sense and interpret a variety of environmental stimuli. These different sensory
inputs must be integrated correctly to elicit appropriate behavioral or developmental
responses. Substantial work has identified various sensory systems in experimental

© 2008 Elsevier Ltd All rights reserved
"Correspondence: bjmeyer@berkeley.edu (B.J.M.), dreiner@med.unc.edu (D.J.R.).
These authors contributed equally to this work
Current address: Lineberger Comprehensive Cancer Center and Department of Pharmacology, University of North Carolina, Chapel
Hill, NC 27599
Scurrent address: Department of Biology, University of Utah, Salt Lake City, UT 84112, USA

Supplemental Data
Supplemental data include Supplemental Results and Experimental Procedures, two figures, and two tables and can be found with this
article online at http://www.current-biology.com/cgi/content/full/18/15/1101/DC1/.


http://www.current-biology.com/cgi/content/full/18/15/1101/DC1/

1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Reiner et al.

Page 2

organisms [1, 2] but has not revealed how multiple sensory signals are integrated to achieve
the correct outcomes.

In C. elegans sensory processing controls entry into the developmentally arrested L3
diapause state called dauer [3]. Dauer formation is promoted by harsh environmental
conditions, including lack of food, high temperature, and high concentration of dauer
pheromone [4], a constitutively secreted fatty-acid derivative [5, 6] that communicates
population density. Dauers are resistant to diverse environmental stresses, including food
deprivation [7].

Environmental cues regulating dauer formation are detected by amphid sensory neurons,
whose endings are exposed to the environment [8, 9], and the various inputs—
chemosensory, thermosensory and metabolic—are integrated by a complex signaling
network [7, 10-14] (Figure 1). Mutations that affect this signaling network are classified by
their effect on dauer formation, either dauer constitutive (Daf-c) or dauer defective (Daf-d).

Two pairs of sensory neurons, ASJ and ASI, mediate detection of dauer pheromone by
signaling through a branched genetic pathway that reflects the branched cellular pathway [7]
(Figure 1). Dauer pheromone activates the ASJ sensory neurons to promote dauer formation
using the DAF-11 guanylyl cyclase in a negative regulatory cascade [9, 15]. In contrast,
dauer pheromone inhibits the ASI sensory neurons. When active, the ASI neurons inhibit
dauer formation by secreting DAF-7 transforming growth factor-g (TGF-B) [8, 9].

The mechanism of temperature sensation is only partially understood. The AFD sensory-
neuron pair mediates temperature sensation for thermotaxis behavior, and signaling to its
synaptic partner, the AlY interneuron, controls thermal-based behaviors. Genetic disruption
of AlY via mutations in the fzx-3transcription factor abolishes most of the temperature input
into recovery from the dauer state [11, 16]. A genetic program for temperature regulation of
dauer induction is strongly implicated [17], but the mechanism of this input is unknown.
Lack of food also promotes dauer formation [4], but the nature or mechanism of this input is
entirely unknown.

Pheromone, food, and temperature signals are integrated through unknown mechanisms and
are thought to control the secretion of redundant insulin-like ligands [18-21], whose signals
are transduced via the insulin receptor DAF-2 [22]. Ultimately, the combination of these
insulin signals is likely to regulate the secretion of “dafachronic acid” steroid hormones that
bind and activate the DAF-12 nuclear hormone receptor in the most-downstream portion of
the dauer-regulatory network [23].

Here, we describe a new sensory pathway that regulates dauer formation by interacting with
the TGF-B branch of the dauer pathway. Genetic studies in C. elegans combined with
molecular work in mammalian systems, suggest the following model of TGF-f function in
dauer formation. DAF-7/TGF-B binding induces multimerization and activation of the
DAF-1/ DAF-4 receptor serine/threonine kinase. Subsequent phosphorylation of the DAF-8
and DAF-14 Smads sequesters DAF-3/Smad and blocks dauer formation. Given that DAF-3
mediates all of the known functions of DAF-7/TGF-B, DAF-3 probably functions as the
main downstream transcriptional effector of the DAF-7/TGF-p branch [24] (Figure 1).

A previous screen identified several regulators of the TGF-f pathway, including the
suppressor of constitutive dauer genes sca-1, scad-2, and scd-3 25]. Mutations in these genes
suppress the Daf-c phenotypes caused by disruptions of the dauer TGF-p pathway.

In this study, we describe a wild C. elegans strain, isolated from an oasis in a southern
California desert, which is dauer defective and carries a mutation in the gene sca-2. Our
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analysis of this strain suggests that perturbation of dauer formation could represent an
adaptation to harsh climates. We show that scd-2 encodes the nematode homolog of the
anaplastic lymphoma kinase (ALK) receptor tyrosine kinase (RTK), a central player in the
development of non-Hodgkin’s lymphoma in humans. Along with identification of the
SCD-2 receptor, we have identified a ligand, an RTK adaptor protein, and a MAP kinase
that function in the same pathway as SCD-2, defining a new signal transduction pathway
regulating dauer formation. Using GFP reporters that reflect DAF-3/Smad transcriptional
activity, we find that the SCD-2 branch is required for maximal DAF-3 activity, suggesting
that the SCD-2 RTK signal is integrated with the TGF-p dauer pheromone signal by directly
modulating the activity of the TGF-p pathway. Together, our results suggest that a sensory
cue promotes DAF-3/Smad transcriptional activity through an ALK receptor tyrosine
kinase/MAP kinase signaling cascade, thus regulating dauer formation. We discuss the
possibility that the SCD-2 sensory pathway integrates the gustatory input of food into the
dauer pathway.

A Wild C. elegans Strain Isolated from the Desert is Dauer-Defective

C. elegans has been found throughout the non-arctic zones of the world. The size of local
populations is thought to grow exponentially when an abundant source of bacteria becomes
available, then crash when the food supply is exhausted. High population density and low
food induce young larvae to adopt the dauer developmental program instead of normal L3
development, thus allowing them to survive starvation and to disperse in search of new food
sources. We reasoned that dauer formation might be under active selection in different
environments, leading to natural variants in the process.

To test whether dauer induction shows any adaptation to different environments, we
obtained 26 wild C. elegans strains from diverse locales and examined their sensitivity to
dauer pheromone, compared to the wild-type laboratory strain (N2 Bristol). We found that
CB4507, a C. elegansisolate from a palm oasis in the Anza Borrego desert in southern
California [26], formed no dauers in response to exogenously added pheromone at 25°C
(Figure 2). In comparison, N2 animals generally form many dauers. CB4507 also did not
form dauers in plate starvation assays, indicating that the strain is dauer defective (data not
shown). However, CB4507 formed dauers in response to pheromone at higher temperatures
(27°C). These results suggest that CB4507 has adapted to desert conditions by decreasing
dauer pheromone responsiveness at lower temperatures. Such adaptation of diapause is not
unprecedented, given that a polymorphism of the Drosophila timeless circadian protein that
promotes earlier diapause is found more frequently in northern than in southern Europe [27].

scd-2 Encodes an Anaplastic Lymphoma Kinase Ortholog

In genetic crosses, the CB4507 pheromone-resistance trait behaved as a single mutation,
named sa935, which mapped to the center of chromosome V near the previously identified
gene scd-2. A complementation test showed that sa935is an allele of sca-2, which had been
identified previously in screens for suppressors of Daf-c mutations in the dauer TGF-f
pathway [25]. We cloned sca-2by a series of mapping and transgenic experiments (Figure 3
and Supplemental Experimental Procedures, available online) and found that it corresponds
to the open reading frame T10H9.2, which encodes the C. elegans ortholog of the human
proto-oncogene ALK.

ALK is a receptor tyrosine kinase (RTK), a member of a diverse group of receptors for
intercellular signal transduction that share basic topological and catalytic features. The
human ALK family of RTKs is part of the insulin-receptor superfamily of RTKSs, and it

Curr Biol. Author manuscript; available in PMC 2012 November 05.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Reiner et al.

Page 4

consists of two members, ALK and LTK (leukocyte tyrosine kinase). The kinase domains of
ALK, LTK, and other insulin-receptor superfamily members are very similar, but they
diverge in the extracellular region.

The C. elegans ALK gene scd-2 contains 22 exons and produces a putative protein of 1421
amino acids that has all the distinctive sequence motifs of human ALK (Figure 3), including
the conserved kinase domain. Distal to the transmembrane domain are a glycine-rich region
and domains found in secreted proteins and receptors, arranged in a distinctive MAM-
LDLRA-MAM (meprins/A5 protein/PTPmu and low density lipoprotein receptor type A
[28, 29]) pattern. SCD-2 and human ALK share overall amino acid sequence identity of
23% and similarity of 35%. In the kinase domain, the identity is 47% and the similarity is
61% (Figure S1).

We sequenced the ALK gene from the three available scd-2alleles and identified lesions for
all three, proving that sca-2encodes ALK. sca-2(sa935) and scad-2(sa249) contain G to A
transitions resulting in G985R and G1174E substitutions, respectively. sa935and sa249
replace highly conserved small glycine side chains in the kinase domain with bulky charged
side chains; the glycine at position 985 is part of the ATP-binding motif and is conserved in
all functional protein kinases, and the glycine at position 1174 is conserved in all ALK
orthologs identified thus far and in most other tyrosine kinases. scd-2(sa303) contains a G to
A transition in the splice-acceptor site for intron 2. Using a PCR-based methodology, we
also isolated the deletion allele sca-2(y386) (see Supplemental Experimental Procedures).
Another deletion allele, sca-2(0k565), was obtained from the C. efegans Gene Knockout
Consortium. 386 deletes 1148 bp of T10H9.2, extending from the middle of intron 12 to
the end of intron 15, and removes a glycine-rich region common to all ALK family
members, but the subsequent reading frame is restored. 0k565 deletes 2135 bp of T10H9.2,
extending from exon 13 to exon 20, eliminating the glycinerich region, the transmembrane
domain, and the kinase domain.

By phenotypic and/or molecular criteria, the sca-2alleles sa249, sa935, y386, and ok565 are
all candidate kinase null alleles. We used sa249and y386 as canonical alleles for our genetic
analyses because 0k565was obtained later, but all observed results were subsequently
repeated with 0k565 (Table 1, Figure S2 and Table S1). scd-2(sa303) causes a weaker
phenotype than do the other alleles, and RT-PCR analysis showed that use of an in-frame
cryptic splice acceptor in exon 3 restored some functional transcript and, presumably, some
receptor function.

scd-2 Converges with or Acts in Parallel with the TGF-B Branch of the Dauer Pathway

sca-2(sa249) was previously shown to suppress the Daf-c phenotypes caused by disruptions
to the TGF-p branch of the dauer pathway [25]. These results suggested that scd-2regulates
dauer formation by interacting with the TGF-p pathway. To determine the placement of
sca-2more precisely in the dauer regulatory hierarchy, epistasis analyses were performed.
We built double-mutant strains carrying sca-2(sa249), scd-2(y386), or scd-2(0k565) and one
of the following selected Daf-c mutations: daf-7(e1372), daf-4(m63), or daf-8(e1393) in the
ASI/TGF- branch, daf-11(m47)in the ASJ dauer pheromone branch, and daf-2(e1370) in
the insulin branch (Figure 4 and Figure S2). All of these Daf-c mutations are null or strong
alleles, and all induce dauer formation robustly, except mutations in darf-8, which acts
partially redundantly with the daf-14 Smad [30]. daf-8 mutants exhibit a moderate Daf-c
phenotype, which provides a more sensitive background for analyzing pathway interactions.

sca-2(sa249), scd-2(y386), and sca-2(0k565) weakly suppress the Daf-c phenotype caused
by daf-7or daf-4 (data not shown) and strongly, but incompletely, suppress daf-8. sca-2
mutations do not suppress daf-2 mutations, and they significantly, but very weakly, suppress
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aaf-11, mutations (Figure 4 and Figure S2). These results resemble the epistatic interactions
between daf-3/Smad or dgaf-5/sno/ski and daf-7, daf-8, daf-11, and daf-2, only the
suppression by scd-2is weaker [13]. In contrast, mutations in the downstream daf-12
nuclear hormone receptor gene completely suppress daf-7, daf-8, darf-11, and daf-212].
sca-2interactions are, therefore, clearly distinguishable from those of daf-12.

The very weak suppression of daf-11 by scd-2is consistent with the moderate suppression
of daf-11by daf-312]. In addition to its requirement in ASJ-branch signaling, the DAF-11
transmembrane guanylyl cyclase also plays a minor role in ASl-branch signaling [15].
Consequently, mutations that perturb TGF-f branch signaling can inhibit signaling mediated
by ASI, but not by ASJ, resulting in partial suppression of the gaf-11 Daf-c phenotype.

We derive two conclusions from these epistasis analyses. First, sca-2 interactions with
gaf-11and daf-2are similar to those of daf-3/'Smad (Figure 4 and Figure S2) and gaf-5/sno/
ski (not shown), suggesting that scad-2 acts at a similar point in the dauer-regulatory network
as gaf-3and daf-5. Second, the partial suppression of TGF-p Daf-c mutants by scd-2
suggests that sca-2 functions in parallel to, or converges with, the TGF-p signal. Whereas
daf-3and daf-5are absolutely required for transmission of the DAF-7/ TGF-p signal, scd-2
null alleles only moderately suppress the daf-7mutant phenotype, suggesting that sca-2
modulates the TGF- signal or functions in parallel with it.

The dauer TGF-p pathway regulates multiple processes unrelated to dauer formation. Daf-c
TGF-p branch mutations confer Cpy (clumpy distribution on food), Egl (egg-laying
defective), and Din (dark intestine) phenotypes in addition to their dauer constitutive
phenotype. The Cpy, Egl, and Din phenotypes are completely suppressed by strong alleles
of daf-3or daf-5, but Daf-d mutations in further-downstream genes like daf-12suppress
only the Daf-c phenotype [13]. We found that all five sca-2mutations suppress the dar-7
TGF-p Daf-c phenotype but fail to suppress the Cpy, Egl, and Din phenotypes (data not
shown). These observations indicate that scd-2 interacts with the TGF-p branch specifically
in dauer formation and not in other processes.

scd-2 Modulates DAF-3 Activity

To test whether sca-2 converges with the TGF-B branch of the dauer pathway, we used two
integrated GFP reporter transgenes, cu/s2and culs5, which directly reflect the
transcriptional output of the TGF-f pathway by virtue of their response to the DAF-3/Smad
transcription factor [31]. In these reporters, the gfp gene is fused to the minimal myo-2
promoter, which drives transcription exclusively in pharyngeal muscle. Upstream of the
minimal promoter are eight tandem copies of the C183 portion of the C subelement, a DNA
sequence that is specifically recognized and bound by the DAF-3 protein in vitro. The C183
repeats confer DAF-3-mediated transcriptional repression on the reporters. In wild-type
animals carrying either the cu/s2 or culs5 integrated reporter transgene, pharyngeal GFP
expression is high because no nuclear DAF-3 activity is available to repress it. However, in
TGF-p Daf-c mutants (e.g. gaf-7or gaf-8), in which DAF-3 is de-repressed and active in the
nucleus, GFP expression is greatly reduced. This reduction in GFP level is suppressed by
mutations in gaf-331]. Although it is unclear whether the single copy of the C subelement
present in the endogenous myo-2 gene renders it a target of DAF-3 [32], the C subelement
reporter transgenes function as accurate monitors of TGF-f-signaling activity in the dauer
pathway.

We used both cu/sZand culs5 reporters to assess DAF-3 transcriptional activity in different
mutant backgrounds (Figure 5, Table 1, and Table S1). Although mutations in the TGF-p-
pathway components strongly reduced GFP expression from both C subelement reporter
transgenes, the specificity for the TGF- branch had not been further validated by a test of
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the effects of the daf-2, daf-11, and daf-12branches on the reporters’ expression. We found
that the gaf-2(e1370) mutation, which acts downstream of the TGF-p signal, did not repress
culs2and culs5 GFP expression. daf-11(m47)weakly repressed GFP expression in a gaf-%
dependent manner, consistent with the weak role of daf~11 in the ASI TGF- branch. A
mutation in the downstream agaf-12 steroid hormone receptor suppressed the Daf-c
phenotype of daf-7but did not alter dar-7repression of GFP expression. These results
suggest that the reporters reflect TGF-p-pathway output.

We found that three different sca-2alleles partially restore GFP expression in daf-7or daf-8
mutant backgrounds, consistent with scd-2modulation of the TGF-B pathway (Figure 5,
Table 1, and Table S1). The incomplete restoration of GFP expression is consistent with the
incomplete suppression by scd-2 of the daf-8and daf-7 Daf-c phenotypes.

We conclude that scd-Zsignaling directly regulates the activity of the TGF-p branch
somewhere between the DAF-8/ DAF-14 Smads and the DAF-3/DAF-5 transcriptional
complex. The fact that sca-2encodes a receptor suggests that it is not simply a cytoplasmic
or nuclear modifier of TGF-p signaling but, rather, it defines a novel signaling branch, with
ligand and signal-transduction components, which converges and is integrated with the
TGF-p branch to enhance DAF-3 activity.

Identification of the Ligand, Adaptor, and MAP Kinase for the SCD-2 Receptor Pathway

We reasoned that analysis of mutations in known C. efegans RTK-signaling components
could identify additional members of the scd-2RTK branch. Of thirteen genes tested (Figure
S2), only three caused a Scd phenotype: moderate suppression of daf-7, strong suppression
of daf-8, weak suppression of dar-11, no suppression of daf-Z, and restoration of cu/s5and/
or culsZ pharyngeal GFP expression in a daf-7or daf-8 background.

The hen-1 gene encodes a C. elegans ortholog of the ALK ligand [33-35], a putative
secreted protein with an LDLRA motif that resembles the LDLRA motif in the SCD-2
extracellular region. We found that two mutant alleles of /en-1 confer dauer-defective
phenotypes and show suppression patterns comparable to those of sca-2 mutations (Figure
4F; data not shown). Like sca-2 mutations, Aen-1 mutations confer resistance to
exogenously added dauer pheromone (Figure 4E) and restore cu/s5 GFP expression in daf-7
and daf-8backgrounds (Table 1, Table S1).

Two mutations in soc-1, which encodes an RTK multi-adaptor protein related to DOS/Gab
[36], caused a Scd phenotype, but one weaker than those caused by sca-2 mutations (Figures
4A-4D). soc-1 mutations also restored cu/sZand culs5 GFP-expression levels in a daf-7
mutant background, but more weakly than did scd-2 mutations (Table 1). The weaker soc-1
Scd phenotype suggests that SOC-1 might not be the sole adaptor for SCD-2 RTK signaling.

A mutation in sma-5, which encodes the C. elegans protein most similar to human ERKS5/
MAP kinase 7 [37], also conferred dauer-defective phenotypes comparable in strength to
scad-2and hen-1 mutations (Figures 4A-4D). Like scd-2and hen-1 mutations, the sma-5
mutation also restored cu/s2and culs5 GFP expression (Figure 5E, Table 1, and Table S1).

Null mutations in two components of the same pathway would not be predicted to act
synergistically. To test whether fien-1 and scd-2 function linearly or in parallel, we
constructed the daf-7; scd-2, hen-1 triple mutant strain. As expected, we found that the
degree of gaf-7suppression by scd-2(0k565); hen-1(tm501) together was comparable to the
level of suppression by scd-2(0k565) and hen-1(tm501) separately (Figure S2F). These
results suggest that fen-1, scad-2, soc-1, and sma-5act in the same pathway and define a
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novel signaling branch that modulates the dauer TGF- branch by activating the DAF-3
Smad transcription factor (Figure 6).

Constitutive scd-2 Activation Depresses Feeding Behavior

To further determine the function of the SCD-2 receptor, we constructed a constitutively
active receptor that activates signaling independently of ligand activity. In wild-type RTKSs,
ligand binding stimulates dimerization of two RTK subunits, resulting in the
transphosphorylation of individual receptor subunits and, hence, the activation of receptor
signaling. Constitutive dimerization of an RTK can be achieved by replacing the normal
receptor transmembrane (TM) domain with the mutant TM domain of the mammalian
ErbB2/Her2/Neu RTK oncogene, referred to as neu* which constitutively dimerizes,
bypassing the need for ligand [38]. The SCD-2 TM domain was therefore replaced with the
neu*TM domain, and the activated receptor was then expressed under the control of the
aaf-4 promoter.

The daf-4 promoter used for the scd-2(neu*) experiment is broadly expressed in most
tissues, and the TGF-p-branch components have been shown to be broadly required for
function in multiple tissues [30]. Given that the scad-2branch modulates the TGF-g branch in
these tissues and known sca-2::gfp expression patterns appear incomplete (see Discussion),
we expressed the activated scd-2in the same tissues as the those of the TGF-f receptor.

High expression of the constitutively activated SCD-2(heu*) receptor caused 100% of
animals to arrest in the first larval stage (L1), with no overt anatomical defects. The arrested
larvae behaved like wild-type L1 animals raised in the absence of food: they moved
sluggishly, did not make feeding-related foraging movements, and failed to activate the
pharyngeal pumping mechanism that ingests food. Lower expression of the constitutively
activated SCD-2(neu*) receptor resulted in rare animals that grew beyond the L1 stage but
developed slowly, were scrawny with pale intestines, and appeared malnourished like
mutants defective in feeding [39]. The pharyngeal muscles and grinder of the pharynx
appeared wild-type, as did the infrequent pharyngeal pumping, all suggesting that the
feeding apparatus was capable of functioning normally. One interpretation of these results is
that scd-2(neu*) negatively regulates feeding behavior, a topic amplified in the Discussion.
However, it is unclear whether this effect reflects a wild-type function of SCD-2 or is the
result of over-expression.

The early-arrest phenotype precluded assessment of the activated receptor’s effects on dauer
formation. Activated SCD-2 might be expected to confer a dauer-constitutive phenotype;
however, no dauers were among the rare animals that escaped L1 arrest. Thus, activation of
the SCD-2 RTK branch might not be sufficient to induce dauer formation by itself but can
only modulate TGF-p -branch activity. If so, sca-2(neu*) might act as an enhancer of TGF-p
branch Daf-c mutations. Double-mutant combinations with sca-Z(neu*)and TGF-p Daf-c
mutations were subviable, preventing the testing of this idea. One interpretation is that the
SCD-2 branch of the dauer pathway might transduce a food signal.

Discussion

We isolated a wild C. efegans strain from the desert and showed that it harbors a sca-2
mutation that prevents efficient entry into the dauer state. This finding suggests that loss of
the SCD-2 sensory signal confers an adaptive advantage under harsh environmental
conditions that would otherwise induce dauer formation. scd-2encodes the C. elegans
ortholog of the proto-oncogene anaplastic lymphoma kinase. We also identify hen-1, soc-1,
and sma-5, which encode the ALK ligand, an adaptor protein, and a MAP kinase,
respectively, as members of the scd-2 genetic pathway, a novel sensory input into the dauer-
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regulatory hierarchy. We used a GFP reporter specific for TGF-f pathway to show that
sca-Zsignaling is required for full transcriptional activity of DAF-3/Smad, a downstream
TGF-p-pathway effector. These results show that the SCD-2 and TGF-f pathways converge
and are integrated at the level of transcriptional regulation of DAF-3. Our study of scd-2
thus identifies a new pathway for chemosensory input into the dauer decision.

The SCD-2 RTK Defines a New Sensory Transduction Branch of the Dauer Pathway

An integrated view of scd-2function emerges from disparate lines of evidence. The
involvement of the HEN-1 ligand and the SCD-2 receptor in dauer formation implies the
existence of a new branch in the dauer pathway. Three lines of evidence support this model.
First, genetic analysis revealed the interaction between the SCD-2 RTK pathway and the
previously known DAF-7/TGF-B branch. Second, analysis with the DAF-3-regulated GFP
reporter indicates that the sca-2branch controls DAF-3 transcriptional output. Third, the
putative HEN-1 ligand is expressed in sensory neurons not previously implicated in dauer
formation. We therefore propose that the sca-2branch of the dauer pathway transduces a
novel sensory input.

We propose that the HEN-1 LDLRA-motif-containing ligand is activated in response to a
sensory stimulus, thus promoting SCD-2 RTK signaling. SCD-2 then signals via the SOC-1
adaptor protein to activate the SMA-5 ERK/MAP kinase. Ultimately, the information
transduced by the SCD-2 branch is integrated with the information transduced by the
DAF-7/TGF- branch via promotion of the activity of the DAF-3 Smad transcription factor
(Figure 1 and Figure 6).

The biological function of the C. elegans SCD-2 receptor is strikingly different from the
function of the Drosophila DAIK receptor, which acts as a conventional growth-factor
receptor to specify cell fate, but the molecular composition of the pathways in which these
receptors function is similar. The ligand for DAIKk is the LDLRA-domain-containing
secreted protein Jeb, which is an ortholog of the putative SCD-2 ligand HEN-1. DAIk
signals through aMAP kinase, which resembles the SMA-5 MAP kinase [33, 35, 40-42].

HEN-1 May Function as a Neuroendocrine Signal

HEN-1 expression was previously found in the ASE and AlY neurons in the head [34].
However, ectopic HEN-1 expression from amphid neurons AWB and AWC or relatively
distant mechanosensory neurons is sufficient for rescue of the Aen-1 mutant chemosensory
defects [34], suggesting that HEN-1 functions nonautonomously, perhaps acting as an
endocrine signal. To test the cellular basis for the HEN-1 signal, we genetically disrupted
the function of the bilateral pair of ASE sensory neurons using mutations in che-1. Loss of
the CHE-1 transcription factor is thought to specifically eliminate the function of the ASE
sensory neurons [43, 44]. We showed that four different che-1 mutations suppress the Daf-c
phenotype of daf-14(m77), confer resistance to exogenous dauer pheromone (Supplemental
Results, Table S2), and weakly restore cu/s5 GFP levels in a daf-7background. Though
these results require additional validation, they suggest that the ASE gustatory neurons
function as a partial source of HEN-1 ligand, perhaps in response to a food signal. The
biological effects of the SCD-2 pathway are evident throughout the animal. For example,
sca-2regulates culs2and culs5reporter GFP expression in the pharynx and modulates the
activity of downstream components of the dauer TGF-p signaling branch throughout the
animal. However, HEN-1 expression is restricted to the ASE and AlY neurons in the head
[34]. Therefore, HEN-1 might function analogously to DAF-7/TGF-p, whose expression is
restricted to the ASI amphid sensory neurons that mediate pheromone response [9] but
whose downstream effectors are broadly expressed and functionally required in many tissues
of the animal [24, 30, 31].
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This model predicts broad sca-2 expression, but thus far more limited expression of GFP
driven by the scd-2promoter has been observed with transcriptional and translational
fusions (D.J.R. and B.J.M., unpublished data) [45, 46]. The limited expression pattern could
reflect incomplete regulatory sequences in the reporter constructs or low levels of transgene
expression. We note that sca-2 mutants affect reporter GFP expression in the pharynx,
where scd-2expression has not been reported. Furthermore, we have found a role for scad-2
in morphogenesis of embryonic epithelia and axons in the nervous system (D.J.R and
B.J.M., unpublished results) that would also not have been predicted by the reporter
expression pattern. The embryonic morphogenesis phenotypes occur at a time when no
SCD-2::GFP expression has been observed. Therefore, it is likely that the sca-2 GFP fusions
do not reproduce the full expression pattern of scd-2and that sca-2 expression is broad.

Transcriptional Integration of Two Sensory Inputs into the Dauer Pathway

Our data, combined with previous work on TGF-B signaling and the dauer pathway, allow
us to infer a mechanism by which two sensory inputs are integrated to form a single
transcriptional output that regulates dauer formation. Using transcriptional GFP reporters as
a read-out of the TGF-p-branch activity, we showed that SCD-2, acting through SMA-5/
MAP kinase, promotes the activity of the DAF-3 transcription factor. Activation of DAF-3
by SMA-5 is unlikely to be direct, because DAF-3 lacks MAP kinase phosphorylation
consensus sequences, and we found DAF-3 gel mobility to be unaltered when the SCD-2
branch was inactivated (data not shown). In contrast, DAF-5, a Sno/Ski homolog required
for DAF-3 transcriptional activity [32], contains a MAP kinase consensus site, suggesting
DAF-5 as a potential SMA-5 phosphorylation target for promotion of DAF-3 transcriptional
activity. Alternatively, SMA-5 could regulate a different DAF-3 transcriptional coactivator
or intermediate targets.

This model of SCD-2 RTK regulation of TGF- signaling also explains why scd-2 mutants
are pheromone resistant. Because daf-3and gaf-5 mutants are pheromone resistant [4],
mutations that cause a failure to activate DAF-3 or DAF-5, like mutations in SCD-2-
pathway components, would also be expected to cause pheromone resistance. Furthermore,
this model suggests that scd-2 mutants could be pheromone resistant not because sca-2 itself
transduces a pheromone signal but, rather, because mutations that disrupt scd-2signaling
prevent maximal activation of DAF-3 in response to pheromone.

SCD-2 and Different Sensory Modalities

Both pheromone and high temperature promote dauer formation, whereas the presence of
food inhibits it. No other sensory input is known to modulate dauer formation [7]. In
principle, the scd-2branch could mediate any of these three inputs or an as-yet-undefined
one.

sca-2is unlikely to mediate a temperature signal. Although the AlY thermosensory
interneuron expresses HEN-1 [34] and disruption of AlY function by a #£x-3 mutation
perturbs the innate temperature sensitivity of recovery from the dauer state [11], mutations
in the scd-2branch do not perturb dauer pathway temperature sensitivity (Figure S2). These
data argue against a primary role of /sen-1/scad-2 signaling in transducing a thermal signal.

Either a pheromone or a food signal could account for our observed fen-1/sca-2-branch
mutant phenotypes, but we favor a model in which SCD-2 mediates a food signal. In this
model, a “high-food” state would inhibit sca-2signaling, preventing activation of DAF-3
and antagonizing dauer formation. Four lines of evidence support this model. First, the
constitutively active sca-2(neu*) causes L1 larval arrest, sluggish movement, little feeding
and foraging behavior, and starved-appearing animals, consistent with a constitutive “no
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food” signal. Second, loss-of-function sen-1 and sca-2 mutants display no gross phenotypes
in the presence of food, consistent with a “high food” signal. Third, scd-2and hen-1
mutants, postulated to inappropriately signal a “high food” state, antagonize the dauer-
constitutive phenotype of TGF-B-branch Daf-c mutations. Finally, previously described
hen-1 chemosensory defects are also consistent with a “high food” signal.

Previous work examined chemosensory behavior of sen-1 mutants. In the absence of food,
wild-type animals will cross an aversive Cu2* barrier to reach a chemoattractive point of
diacetyl, a perceived food source. Furthermore, wild-type animals will disperse in the
absence of food, and well-fed animals respond robustly to associative-learning paradigms
with starvation entrainment. In contrast, in the absence of food, /#en-1 (hesitation) mutants
fail to risk toxic Cu?* to reach diacetyl, are defective in diacetyl chemotaxis at lower
concentrations, and disperse poorly despite healthy locomotion. Furthermore, /en-1 mutant
animals are partially defective in two types of chemosensory learning in which food
starvation conditioning was applied [34]. Most of these are examples of integrative
behaviors, in which the animals make decisions on the basis of multiple sensory inputs.
Thus, the Aen-1 mutant defects were interpreted as defects in integration of various sensory
signals [34]. However, an alternative interpretation is that the /en-1 mutation disrupts a
distinct sensory modality that also contributes to these behaviors, such as food. For example,
an animal sensing a “high food” state would not risk an aversive barrier to chemotax toward
a perceived food source.

Previous work on the function of ASE neurons is also consistent with the model that HEN-1
signals food availability. ASE neurons have been shown to respond to water-soluble
attractants like Na*, CI~, cAMP, and biotin but not to volatile odorants, suggesting that the
ASEs are gustatory neurons, or “taste” neurons [47]. Our data argue that the two ASE
sensory neurons compose a portion of the HEN-1-mediated signal (Supplemental Data).
Therefore, the functions of the ASE neurons could shed light on the nature of the sensory
cue mediated by the sca-2branch. This branch might respond to water-soluble compounds,
which could make up part of the food signal. Alternatively, the SCD-2 pathway could
mediate pheromone response or another, as yet undiscovered, sensory input into dauer
formation.

In conclusion, the HEN-1/SCD-2 pathway modulates diverse chemosensory processes, yet
its loss can be tolerated under extreme environmental conditions. SCD-2 utilizes an RTK
adaptor and MAP kinase in signaling and regulates the transcriptional output of the DAF-3
Smad. We implicate the ASE gustatory chemosensory neurons as one source of the HEN-1
signal, suggesting that the HEN-1/SCD-2 pathway mediates a novel chemosensory input
into the dauer decision. This study provides significant insights into the sensation,
transmission, and integration of sensory inputs, as well as their developmental and
evolutionary impacts.

Experimental Procedures

Experimental procedures are included with the Supplemental Data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A Revised Genetic Model of Dauer Formation, I ncorporating the Newly Defined scd-2
Branch

The genes in the sca-2branch are enclosed in a purple box. Sensory stimuli and groups of
genes are color-coded by wild-type function; i.e., green for genes/stimuli that promote dauer
formation and red for those that inhibit dauer formation. Arrows indicate a positive genetic
interaction, and bars indicate an inhibitory genetic interaction. Several DAF-2 insulin-
branch components have been omitted.
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Figure 2. The Wild C. elegans | solate CB4507 from the Anza Borrego Desert is Resistant to
Exogenous Dauer Pheromone
Increasing amounts of dauer pheromone were added to N2 and CB4507. The results of two

parallel experiments were combined. Each point represents 100-200 assayed animals.
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Figure 3. scd-2 Encodes the Nematode Anaplastic Lymphoma Kinase, a Proto-Oncogene
Receptor Tyrosine Kinase

(A) Genetic and physical maps of the scd-Zregion. Arrows show open reading frames
contained in the F44C4 cosmid. pTJ1340, pTJ1341, pTJ1342, and pTJ1369 are subclones of
the cosmid F44C4. Transgenic rescue is shown as number of lines rescuing pheromone
insensitivity per total lines generated for each subclone. scd-2 contains 22 exons. The two
lines below the splice diagram represent the regions deleted in y386 and 0k565. The
locations of the sa303, sa935 and sa249 point mutations are also shown.

(B) Domain diagram of SCD-2, Drosophila ALK (dAlk), human ALK and human LTK,
aligned at the transmembrane domain. Short black boxes represent the signal peptide and
TM domain, white boxes represent the LDLRA motifs, light gray boxes represent the MAM
motifs, dark gray boxes represent the glycine-rich region, and large C-terminal black boxes
represent the kinase domains. We identified a GGFGGGGXXC motif toward the end of the
glycine-rich region in every ALK/LTK ortholog examined, suggesting that this sequence
motif is functionally significant.
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Figure 4. Genes Encoding the SCD-2 Receptor Tyrosine Kinase and its Probable Ligand HEN-1,
Adaptor SOC-1, and MAP Kinase SMA-5 Convergewith the TGF-p Branch of the Dauer
Pathway

Assays measure dauer formation in double mutants defective in a Daf-c gene and a SCD-2
RTK pathway gene. All assays were at 25°C. Except for mutations in known Daf-c genes,
none of the single mutants formed dauers at 25°C (data not shown). Error bars show the
95% confidence interval calculated based on sample size. (A—D) Dauer formation in double
mutants carrying one of the following Daf-c mutations is shown: (A) daf-8(e1393) (B)
gaf-7(e1372) (C) daf-2(e1370), (D) daf-11(m47). scd-2(y386) and scd-2(sa249) also
suppress agaf-4(mé6.3) (not shown). More than 200 animals were scored per genotype.
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(E) Dauer pheromone response of wild-type, fien-1, and scd-2animals. 32 pl of a dauer
pheromone preparation was included in each plate. Typically, 100-200 animals were
assayed for each pheromone concentration in each genotype.

(F) hen-1has Daf-d phenotypes comparable to scd-2and sma-5. scd-2(ok565) and mutations
in hen-1 weakly suppress daf-11and have no effect on daf-2 (data not shown). hen-1(ut236),
hen-1(tm501), and scd-2(0k565) also suppress daf-8at levels comparable to other scd
mutations (data not shown).
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Figure5. The TGF-p and scd-2 Branches Regulate L evels of GFP Expression from culs, a
Reporter of DAF-3 Transcriptional Activity

The images show animals of different genotypes bearing the transgenic cu/s5 GFP reporter.
(A) culss, (B) daf-7, culss, (C) daf-7; culs5, daf-3, (D) adaf-7; culs5; scd-2, (E) daf-7. culs5;
sma-5.

(F) A schematic of the reporter transgene.
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Sensory Neurons Target Cells

Figure 6. A Cdlular and Molecular Model for Parallel Sensory Processing in Dauer Formation
Environmental stimuli, cells, and proteins that promote dauer formation are shown in green,
whereas those that inhibit dauer formation are in red. Arrows indicate a positive genetic
interaction, and bars indicate an inhibitory genetic interaction. Dauer pheromone is known
to promote the dauer developmental decision via signaling by the ASJ and ASI ciliated
amphid sensory neurons (see Introduction). The activation of AlY by an additional sensory
neuron is only one theoretical possibility. Alternatively, AlY could be activated by ASE or
could be inhibited by another sensory neuron. Not shown in this model are the downstream
DAF-2 insulin-receptor branch and the steroid hormone receptor DAF-12.
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Table 1

The scd-2 Pathway Regulates TGF-p Transcriptional Output

Genotype GFP Expression
culss ++++4+
aaf-7(e1372); culs5 +
gaf-7(e1372); culs5; daf-3(e1376)  +++++
daf-7(e1372), culss; daf-12(m20)  +
gaf-7(e1372); culss, scd-2(sa249)  +++
gaf-7(e1372); culss,; scd-2(y386) +++
daf-7(e1372), culss; sca-2(0k565)  +++
gaf-7(e1372); culss; hen-1(tm501)  +++
gaf-7(e1372); culs5; hen-1(ut236)  +++
daf-7(e1372), culss; sma-5(n678)  +++
aaf-7(e1372); culss; soc-1(n1789)  ++
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scad-2, hen-1, soc-1, and sma-5regulate the activity of cu/s5, a reporter for the TGF-B branch of the dauer pathway. “+” represents barely visible
pharyngeal GFP, whereas “+++++" represents wild-type cu/s5 levels (Figure 5). All experiments except those involving hen-1 and scd-2(0k565)

were replicated with the independently isolated cu/s2transgene. All gave the same results.
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