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Abstract

The basic helix-loop-helix (bHLH) transcription factor family regulates numerous developmental
events in eukaryotic cells. In the model system, C. elegans, thirty-seven bHLH proteins have been
identified via genome-wide sequence analysis and fourteen have been genetically characterized to
date. These proteins influence cell fate specification of neural lineages and differentiation of
myogenic lineages and have distinct roles in somatic gonadogenesis. We report here on the molecular
characterization of HLH-17, a protein whose putative bHLH domain is homologous to the
mammalian bHLH proteins BETA3 and bHLHBS. The gene hlh-17 is transcriptionally active at all
developmental stages, with the highest steady state accumulation of hlh-17 mRNA during
embryogenesis. An upstream hlh-17 sequence drives expression of GFP in the sheath cells of the
cephalic sensilla. Finally, animals that are defective in HLH-17 via RNA.i display egg-laying defects,
while those carrying null mutations in hlh-17 do not develop beyond the L2 stage and are less attracted
to potassium and sodium ions. We propose that hlh-17 affects the ability of C. elegans to respond to
food cues, with possible downstream effects on insulin-signaling genes involved in the normal
development and reproductive viability of the worm.
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1. Introduction

The bHLH transcription factors contain a fifteen-aminoacid basic DNA-binding domain and
a helix-loop-helix dimerization motif. This motif is comprised of two a-helices, separated by
a variable loop, which present hydrophobic residues on their surface used for protein—protein
interactions. Typically, individual bHLH proteins form either homodimers or heterodimers
with other bHLH proteins and often switch between these dimerization states to differentially
regulate gene expression. Consequently, bHLH proteins are historically classified by their
DNA-binding properties, their ability to form homodimers and/or heterodimers with other
bHLH proteins, and their functional and structural similarity (reviewed in Atchley and Fitch
(1997) and Jones (2004)).

Members of the bHLH protein family are necessary for the timing of events in cellular
differentiation and specification, cell growth and metabolism, and cell death. Animals as
structurally diverse as humans and nematodes possess proteins with significant homology
within specific bHLH domains and these homologous proteins often regulate similar processes
in cellular development. One striking example of this evolutionary conservation of bHLH
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protein function is the neuronal differentiation factor, NeuroD. Homologs of NeuroD are found
in most eukaryotic organisms and in mammals the proper expression and functioning of
NeuroD is associated with normal pancreatic development and insulin expression. Mutations
in NeuroD proteins manifest as type Il diabetes mellitus in humans and in mice. NeuroD is
also critical for post-natal brain development (Miyata et al., 1999) and is expressed in the
olfactory bulb, the hippocampus, and the cerebellum (Lee et al., 1995). In the ear, NeuroD is
believed to be essential for the maturation of primary neurons in the cochlea (reviewed by
Fritzsch (2003)).

Recently, a negative regulator of NeuroD has been identified in hamster (BETA3) and in human
and mouse (bHLHB5). None of these proteins bind to DNA in vitro, but they appear to inhibit
NeuroD activity by forming competitive heterodimers with members of the bHLH E protein

family (Miyata et al., 1999). The exact mechanism of inhibition in this scenario is uncertain;

however, bHLHB?5 is able to repress activity of the pax-6 promoter, a gene normally activated
by NeuroD (Marsich et al., 2003), through a non-DNA binding mechanism. Pax genes encode
proteins containing a paired domain and a homeodomain and are involved in the development
of the eye, brain, kidney, and pancreas (Chalepakis et al., 1993;Mansouri et al., 1999).

In the soil nematode Caenorhabditis elegans, several bHLH proteins affecting neural
development have been described previously, including the E/Da homolog HLH-2, which is
expressed in neurons and neuronal precursors during embryonic development (Krause et al.,
1997), the NeuroD homolog, CND-1, which is believed to specify the identity of ventral cord
motor neurons (Hallam et al., 2000), and the PAX-6 homolog, VAB-3, which is required for
head neuron specification (Chisholm and Horvitz, 1995). In this paper, we describe a novel C.
elegans gene, hlh-17, which encodes a bHLH protein that is 54% homologous to Beta3/
bHLHBS5. Expression of hlh-17 mRNA has been detected in embryos and at all developmental
stages in wild-type animals. Transcriptional fusions of the hlh-17 promoter to GFP show
continuous expression in cells of the cephalic sensilla. Loss of HLH-17 activity through RNAI
produces animals with egg-laying defects, while hlh-17 null animals show chemotaxis defects
and arrest during early larval development. Taken together, our data suggest that HLH-17 is
required for normal development and behavior.

2. Materials and methods

2.1. Nematode propagation

Wild-type C. elegans hermaphrodites were cultivated on solid nematode growth medium at 22
°C as previously described (Epstein and Shakes, 1995). Animal populations were synchronized
by treatment with alkaline hypochlorite solution (Zhu et al., 1997), hatched on unseeded plates,
and either frozen at —20°C or moved to seeded NGM plates. For the isolation of early embryonic
RNA, L1-staged larvae were fed OP50 for 24 h at 25 °C. Plates were then inspected to ensure
that animals contained early embryos but were not yet laying eggs. These animals were treated
with alkaline hypochlorite and the recovered embryos were used for subsequent RNA isolation.
For isolation of L2, L3, L4, and adult RNAs, animals were fed OP50 at 22 °C for 10, 20, 28,
and 40 h, respectively, and, after visual confirmation of age, were then collected and frozen
on dry ice and stored at —80 °C.

2.2. Nematode strains

All C. elegans strains used in this study were obtained from the C. elegans Genome Center,
including the wild-type Bristol strain N2 and VC486 (0k487) 1V/nT1[qls51] (IV;V), an
hlh-17 null mutant strain generated by the C. elegans Knockout Consortium. The consortium
outcrossed the strain once and it was subsequently outcrossed four more times in our laboratory.
An hlh-17::GFP construct was generated that contained 2.5-kbp upstream of the hlh-17
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initiator codon by using the serial overlap extension PCR method (Hobert, 2002) and co-
injected with 50-100 pg/mL of pRF-4, rol-6 marker into both syncytial gonad arms of wild-
type L4 staged worms as previously described (Mello et al., 1991). Rolling F1 progeny were
cloned onto separate plates and were screened for fluorescence.

2.3. Total RNA isolation and cDNA synthesis

Total RNA and cDNA were prepared as previously described (Williams et al., 2004). For PCR
amplification of the cDNA, the cDNA synthesis reaction was diluted ten-fold in water and
amplified in 30 cycles of PCR with gene-specific primers. In a 50 uL reaction, 1 pL of cDNA
was amplified with 10 uM of each primer, 400 uM of each dNTP, 1.5 mM MgCl,, 20 mM
Tris—HCI, pH 8.4, 50 mM KCI, and 2.5 units Tag DNA polymerase. cDNA was synthesized
using the gene specific primer HLH17-UTR (5'-ATT TAT GGA AAC AGT TGA ATAATT
AAA T-3) or the gene specific primer HLH17-exon2 rev (5-GGC CAA AAG CAA CGT
AGC AAT CTT GCT CAA C-3'). The product was purified from a 1.2% agarose 1X-TBE gel
using gel extraction spin columns (Ambion, Inc.) and sequenced by a commercial laboratory.

2.4. Rapid amplification of cDNA ends

Total RNA was enriched for polyA(+) RNA using the RNeasy Total RNA Purification Kit
(Qiagen, Inc.). Full-length, RNA ligase-mediated rapid amplification of the 5’ cDNA ends was
performed using the GeneRacer Kit (Invitrogen Life Technologies). All steps prior to reverse
transcription were carried out as described by the manufacturer. First strand and second strand
syntheses were carried out as described for cDNA synthesis (Williams et al., 2004). The initial
amplification by PCR was further amplified by a nested reaction using the 5" RACE specific
primer provided by the manufacturer and the 3’ gene specific primers “HLH17-UTR” (5-ATT
TAT GGA AAC AGT TGA ATA ATT AAA T-3') or “HLH17-exon2 rev” (5'-GGC CAA
AAG CAA CGT AGC AAT CTT GCT CAA C-3). The products from nested PCR were
purified from 1.2% agarose 1X-TBE gels and sequenced using the two 3’ primers used for
cDNA amplification or the primer “hlh17-f-rtPCR” (5'-ATG GGG TCC CTG GGG ACT CTC
CTC GCG-3)).

2.5. Quantitative real-time PCR

cDNA was prepared as described above and was diluted (1:20 v /v) in water. PCR was
performed on the Mx3000P Instrument (Stratagene) in the RCMI Cellular and Molecular
Biology Core Facility with the QPCR Master Kit (Stratagene). Each reaction contained 1 pL
of diluted cDNA, a total volume of 6 uL of gene specific primers (hlh17-gPCR-f:5'-
TGATACTGCTTTCGCTGAGCCT-3'; hIh17-qPCR-r:5'-
TCTTGCTCAACTTCCTCACGGA-3") and 1 pL of molecular beacon (hlh17-gPCR-probe:
5-AACCGCCTTAAACGAGGCACTTGACGATCTGCGAGGGCGGTT-3'). Actual ratios
of forward and reverse primers were optimized to yield maximum product. Reaction cycle
consisted of a melting step of 95 °C for 10 min, followed by 35 cycles of 95 °C for 30 s, 52 °
C for 1 min, and 72 °C for 1 min. All reactions were performed in triplicate and data were
normalized to levels of hIh-1 cDNA (primer sequences-hlh1-f-rtPCR: 5'-TCC AAC TGC ACC
TAC CACTT-3'; hlh1-r-tPCR:5-TCT GTG GCATTT GGT GTG CTC T-3'; and hlh1-probe:
5-ACC GTC CGC CAA CTC GTC AGA CGT GAA GCC AAT CAT TAG GAC GGT-3').

2.6. Double-stranded RNA interference

Double-stranded RNA was generated in vitro as previously described and was injected into
the syncytial gonad of L4/early adult stage animals (Fire et al., 1998). Animals were allowed
to recover for 5 h and were then transferred to plates seeded with lawns of E. coli strain HT115
(DE3) producing hlh-17 dsRNA. Injected animals were fed the dSRNA (Timmons et al.,
2001) while laying eggs for 12—24 h. Progeny were cultivated on separate plates, were also fed
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bacteria producing the dsRNA, and were scored for obvious changes in phenotype and
behavior. To generate the feeding construct, genomic DNA sequence of hlh-17 was amplified
by PCR, cloned into the vector L4440 and transformed into E. coli strain HT115(DE3). Double-
stranded RNA synthesis was induced with isopropyl-B-o-thiogalactoside (Timmons et al.,
2001). The injected dsRNA corresponded to 102 nucleotides in exon 3 of hlh-17, while the
feeding construct contained exons one and two and the intervening intron. Neither of these
sequencings is significantly homologous to other genes in C. elegans.

2.7. Chemotaxis assays

N2 and VC486 embryos, obtained by the alkaline hypochlorite method as in Section 2.1, were
allowed to grow to the L1 stage over a 16-h period at 20 °C. These L1 animals were assayed
for their response to the following chemicals: 5 M sodium chloride, 10% 2-nonanone, 5 M
potassium acetate, and 50 uM copper acetate. Petri dishes 10 cm in diameter were filled with
8 mL of agar medium [2% agar, 10 mM HEPES, and 0.25% Tween 20] (Uchida et al., 2003).
A straight line was drawn across the center of the plate, with a dot marked 1 cm from the end
of the line. At least 12 h before the assay, a 1 uL drop of the chemical was applied to one of
the marked dots and labeled A for attractant. Immediately preceding the assay, a 1 uL drop of
ethanol was applied to the Petri dish on the remaining dot and labeled C for counter-attractant.
A1 pL drop of ImM sodium azide was applied to both A and C. At time= 0, animals were
placed in the middle of the two dots. The worms were allowed to roam freely for an hour at 20
°C, then the number of immobilized worms within a 0.5 cm radius of A and C were counted.
The chemotaxis index (CI) was calculated as Cl= [(total # of worms at A)—(total # of worms
at C)]/total # of worms assayed (Bargmann et al., 1993).

3. Results

3.1. Molecular analysis of hlh-17 expression

As indicated in Wormbase (www.wormbase.org), the gene sequence hlh-17 is predicted to
encode a bHLH domain protein (GenBank accession no. Z82267). Once we confirmed
hlh-17 activity by RT-PCR (data not shown), we used 5-RACE and quantitative RT-PCR
(gRT-PCR) to identify the transcription start site and any 5’ untranslated sequences and to
determine the temporal expression pattern of hlh-17. Sequencing a mixed population cDNA
library produced by 5’-RACE indicates that the hlh-17 transcript begins 19 nucleotides
upstream of the transcription initiator codon and contains 3 exons (Fig. 1A). Analysis and
ClustalW alignment (Chenna et al., 2003) of the predicted amino acid sequence indicates that
hlh-17 is homologous to the mammalian proteins Beta3/bHLHB5. While the mammalian
proteins are 100% identical to one another within the bHLH domain, the amino acid sequence
of the bHLH domain from C. elegans is 74% identical to the mammalian sequences (Fig. 1B).
The entire protein sequence is significantly shorter than the mammalian protein and is 54%
homologous to the full-length mammalian proteins. For gRT-PCR, total RNA was isolated
from synchronized cultures of C. elegans. Developmental stages were confirmed, prior to RNA
isolation, by visual inspection of the developing gonad. cDNA was synthesized from total RNA
and was amplified in real-time reactions. As indicated in Fig 1C, the highest level of steady-
state mMRNA accumulation was seen in embryos. During larval development and in adults (data
not shown), hlh-17 mRNA levels did not significantly change.

3.2. Loss of hlh-17 activity via RNA interference

To determine the effects of silencing hlh-17 expression, wild-type, early L4 stage
hermaphrodites were injected with, fed, or injected with and fed hlh-17 dsRNA. All progeny,
regardless of the initial method of dSRNA delivery, were also fed hlh-17 dsRNA throughout
their life cycle and observed for morphological and behavioral defects. Silencing of hlh-17
resulted in the egg-laying defective (egl) phenotype that is most easily scored as the “bag-of-
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worms” phenotype (Chen and Caswell-Chen, 2003). Under normal conditions, wild-type
hermaphrodites lay embryos during gastrulation (Fig. 2A,B) and typically retain an average of
between 15 and 20 developing embryos at one time. Many of the progeny of hlh-17(RNAi)
hermaphrodites retained their embryos to much later stages of development (see Fig. 2C,D)
and consistently accumulated above-average numbers of embryos (data not shown). Feeding
or injecting dsRNA resulted in slightly fewer egl progeny than combining the two methods
together (see Fig. 2E). Typically, C. elegans adults retain embryos under the following
conditions: if the vulval and uterine egg-laying muscles do not function, when the vulva has
not properly developed during the fourth larval molt, and if the animals cannot eat, such as
when food becomes scarce or the pharynx cannot pump. During our assays, each animal was
assured an adequate food supply as each animal was cultivated on its own NGM plate
containing a full lawn of E. coli. Likewise, both the organization of the vulva and pharyngeal
pumping of hlh-17(RNAI) animals appeared wild-type under a stereomicroscope. Because the
egl phenotype may be quantitated by measuring changes in the total number of progeny, we
assayed hlh-17(RNAI) animals for changes in viable progeny. Those hlih-17(RNAI) animals
that displayed the egl phenotype produced fewer progeny than did the progeny of control
animals (see Fig. 2E.). We also observed that many progeny, but not all, would hatch while
still inside the hermaphrodite and would then crawl out of the vulva. Furthermore, hlh-17
(RNAI) animals would initiate egg-laying at approximately the same time as control animals.
Over the next 30 h, they would gradually retain embryos for longer and longer periods, until
bagging occurred. Together, these observations support earlier observations that the
morphology of the vulva is not affected by hlh-17 activity. Finally, the progeny of hlh-17
(RNAI) animals had normal lifespans and less than 5% of them displayed the egl phenotype.

3.3. The hlh-17 promoter is active in neuronal tissues of the head

To visualize the spatial expression pattern of hlh-17, a 2.5-kbp promoter region upstream of
the hlh-17 initiator ATG was used to drive the expression of GFP in wild-type animals (see
Fig. 3). GFP expression was detected in four cells near the nerve ring (arrowheads in Fig 3B)
as well as in two dendrites that extend toward the mouth (arrows in Fig 3A,B) displaying a
pattern similar to that seen in C. elegans when amphid neurons are stained. Interestingly, the
GFP shows a web-like pattern that seems to extend away from each of the cells (see arrowhead
in Fig 3C). Weak GFP expression can also be seen in cells of developing embryos (Fig. 3D).
We have recently identified these cells as sheath cells of the cephalic sensilla (shown in
Wormatlas, www.wormatlas.org). Expression in these cells is detected at all developmental
stages and in both males and hermaphrodites.

3.4. The hlh-17 gene product, HLH-17, is required for normal development

The normal life cycle of C. elegans consists of four stages punctuated by molts, referred to as
larval stages L1 through L4. After hatching in the absence of food, the L1 stage animals do not
develop further until fed. Once food is supplied, L1 animals will continue to develop normally,
undergoing the first molt to the L2 stage within 15 h at 20 °C. To further characterize HLH-17
activity, we requested that the C. elegans Gene Knockout Consortium (http://
celeganskoconsortium.omrf.org) generate a strain carrying a null allele of hlh-17. We received
this strain (VC486), outcrossed it four times to the wild-type background, and performed a
preliminary analysis of its behavior. The homozygous deletion of hlh-17 is lethal; however,
VC486 is balanced by a GFP-marked chromosomal translocation. Animals that are
heterozygous for the hlh-17 null allele and carrying this balancer are viable and age normally.
Greater than 95% of the animals carrying homozygous null alleles for hlh-17 do not develop
beyond L1 stage, even in the presence of food. Those that manage to age beyond L1 stage take
much more time to do so, often not proceeding to L2 until after 30 h of feeding at 20 °C.
Generally, the hlh-17 homozygous mutants persist as late L1s or early L2s for 60-96 h after
feeding. At the time of death, the animals have many vacuoles in their bodies and seem to die
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due to some general metabolic defect since no single tissue is more affected than others.
Therefore, hlh-17 encodes a vital gene product required for the progression of C. elegans
beyond early larval development.

Interestingly, C. elegans' ability to molt through its early larval stages and to lay eggs may both
involve its ability to sense its food source. RNAi-mediated silencing of hlh-17, which is
expressed throughout the life cycle, produced worms with a phenotype similar to that seen in
starved adults; additionally, the hlh-17 null mutant arrests at the L1 stage like hatched embryos
that have not been fed. These food-modulated behaviors and the expression of hlh-17 in
neuronal support cells in the head make it feasible that the sensory ability of the hlh-17 mutant
may be affected. We used chemotaxis assays to measure the effect of hlh-17 on chemotactic
responses of wild-type and hlh-17 mutant L1 animals. We reasoned that the response to food
cues would be effectively regulated by chemosensory responses rather than odorsensory ones
and so we assayed water-soluble chemicals that are known attractants and that are detected by
at least one chemosensory neuron in C. elegans. As indicated in Fig. 4, animals that are
defective in HLH-17 activity are not as strongly attracted to potassium or sodium ions as wild-
type animals. Because hlh-17 mutant L1s become increasingly lethargic the longer they remain
arrested at L1, chemotaxis assays were performed within 20 h after hatching. Nevertheless, the
defect in chemotaxis is not due to locomotion defects since hlh-17 animals are responsive to
both anterior and posterior touches and are able to move freely on plates. Interestingly, wild-
type animals are less responsive to chemo-attractants during the L1 stage than they are at L4
stage (In our studies, the chemotaxis index in L4 stage wild-type animals was closer to 0.8 for
all three chemicals assayed in Fig. 4—data not shown.). Assays with sodium acetate produced
similar results to those with sodium chloride. Neither wild-type nor hlh-17 mutant animals at
L1 stage showed an attraction for lysine, biotin, or cAMP (data not shown).

4. Discussion
4.1. Potential roles for hlh-17

Sequence analysis showed that the bHLH protein HLH-17 is significantly identical within the
bHLH domain to BETA3/bHLHBS, negative regulators of insulin expression mostly found in
mammalian brain, pancreas, kidney and lung (Peyton etal., 1996; Xu et al., 2002). It is generally
believed that the Beta3/bHLHBS5 proteins act to repress transcription of NeuroD responsive
promoters via a non-DNA-binding mechanism. Since proteins with a conserved bHLH domain
often perform similar functions in development, HLH-17 may function in C. elegans in a role
analogous to that of BETA3/bHLHB5 in mammals.

The conserved insulin signaling pathways in C. elegans are often triggered by environmental
cues, especially cues that signal the availability of food. These cues are often processed by
ciliated sensory neurons in the head, which release insulin-like signals that are transduced to
target cells, ultimately regulating metabolism, reproduction, and lifespan (Nelson and Padgett,
2003). Alcedo and Kenyon (2003) have provided direct evidence for the link between sensory
neurons and longevity and have suggested that the ASI gustatory neurons in the head of C.
elegans promote longevity by influencing insulin/IGF-1 signaling. Much of the research on
insulin signaling pathways in C. elegans have supported this link between life span regulation
and metabolism. Mutations in the insulin receptor gene, daf-2, or in the phosphatidylinositol
3-kinase catalytic subunit gene, age-1, for example, affect larval arrest, dauer diapause, adult
behavior, reproduction and longevity (Tissenbaum and Ruvkun, 1998;Gems et al., 1998).
Mutations in daf-2 have been grouped into two classes. Animals carrying class one mutations
in daf-2 form constitutive dauer larvae, a stress-resistant, developmentally arrested larval stage
that is normally induced by the unavailability of food, high temperature or crowding. Animals
belonging to this class of daf-2 mutants also have increased lifespan and show increased
tolerance to thermal stress. Animals that carry class two mutations often arrest as embryos or
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as L1 or L2 larvae. Those that age to adulthood often have smaller brood sizes and either
produce progeny at later points in their life cycle or retain their developing embryos longer
than wild-type animals (Gems et al., 1998).

Interestingly, the data presented here suggest that HLH-17 may indirectly influence insulin
signaling. Like class two daf-2 mutants, animals carrying null mutations in hlh-17 arrest as L1
larvae and occasionally escape to L2 stage. These animals also show significant defects in
gustatory responses to sodium and potassium ions and in the olfactory response to isoamyl
alcohol when compared to wild-type animals at the L1 stage. Because greater than 90% of the
hlh-17 null mutant animals arrested as early larvae, it was not possible to compare the lifespan
of these animals to those with active HLH-17. RNAI allowed us to investigate the
developmental role of HLH-17. Despite a functional vulva, as indicated by the early ability to
lay eggs and by the later ability of hatched L1 larvae to crawl out of the vulva, animals that
were hlh-17(RNAI) displayed the egl, bag-of-worms phenotype. Animals that bagged retained
above-average numbers of embryos that developed beyond gastrulation, often as late as
hatching. Like the class two daf-2 mutants, hlh-17(RNAI) animals had smaller brood sizes.

The sensory organs of C. elegans are arranged in groups known as sensilla. Each consists of
at least one ciliated nerve ending, one non-neuronal socket cell, and one non-neuronal sheath
cell. Socket cells act to join the sensillum to the hypodermis, while the sheath cell envelops
the endings of neurons (see www.wormatlas.org; White et al., 1986). Generally, there are two
general types of sensillum. Those that have channels exposed to the animals' external
environment are considered to be chemosensory. The second class have no such channel and
are considered to be mechanosensory in function (White et al., 1986). Most of our
understanding of sensory perception in C. elegans originate from studies on the chemosensory
sensilla known as amphids. Amphid neurons are required for normal attraction to or repulsion
from water-soluble and volatile chemicals, including the pheromone responsible for signaling
entry into dauer stage through use of the TGF-p and cyclic GMP pathways (Ren et al.,
1996;Birnby et al., 2000). The ciliated amphid neurons and their supporting sheath cells are
also required for normal lifespan (Apfeld and Kenyon, 1999).

Given the phenotypes of hlh-17 null and RNAi animals, we were slightly surprised to find that
the hlh-17 promoter is not active in the amphids but, rather, in the cephalic sensilla. The
functions of the cephalic sensilla are largely unknown, but the cephalic neurons are one of three
classes of dopaminergic neurons believed to function redundantly to sense mechanosensory
stimulus from bacteria. Under normal growth conditions, wild-type, well-fed animals that are
removed from food and re-introduced to an environment lacking food will significantly slow
their movements (Sawin et al., 2000). Likewise, wild-type animals that have been briefly
starved will significantly slow their movements when re-introduced to their food source (Duerr
etal., 1999). The mechanosensory response elicited in part by the cephalic neurons are believed
to mediate the motor circuits to control these behavioral changes (Sawin et al., 2000). In the
mature nervous system, sheath cells envelop the sensory endings and couple them to the
hypodermal openings formed by socket cells (Ward et al., 1975;Perkins et al., 1986). The
cephalic sheath cells may also provide substrates for early axon guidance during the building
of the nerve ring (Wadsworth et al., 1996), a bundle of approximately 100 axons that act as the
principle circumferential tract in the C. elegans nervous system (Antebi et al., 1997). These
four cells have flat sheet-like processes that partly envelop the neuropile of the nerve ring and
have narrow extensions that extend radially to interpose themselves at muscle—hypodermis
boundaries. The expression of hlh-17 in the cephalic sheath cells suggests either that the
cephalic neurons are able to influence insulin-signaling pathways or that loss of hlh-17 activity
negatively affects the guidance of axons from other sensilla.
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We propose that HLH-17 functions to modulate the behavioral and developmental response to
food cues. We further propose that downstream targets of HLH-17 are genes involved in the
insulin-dependent metabolic pathway and, as a result, HLH-17 indirectly affects reproduction
and aging.

4.2. Further characterization of hlh-17

Our data suggest a link between hlh-17 activity and insulin-signaling pathways and that
changes in HLH-17 activity may also influence dauer formation. To further substantiate these
possibilities, we used the C. elegans SAGE (Serial Analysis of Gene Expression) database to
identify dauer genes that were expressed in patterns similar to hlh-17 (see Jones et al. (2001)
and http://elegans.bcgsc.ca’lhome/sage.html). Due to the low levels of hlh-17 mRNA, limited
to four cells in the heads of larvae and adults, hlh-17 activity is not detected in most
developmentally staged animals and is only weakly detected in two-week-old dauer larvae.
Sequence-specific SAGE tags for hlh-17 are detected in FACS-sorted pan-neuronal cells of
the C. elegans embryo, but not in FACS-sorted ciliated neurons. SAGE data also show that
many genes involved in dauer decisions are expressed with hlh-17 in FACS-sorted pan-
neuronal cells (including, in decreasing order by the number of sequence specific tags,
daf-21, dao-5, daf-19, daf-1, daf-5, daf-4, daf-12, and daf-16). It is possible that HLH-17
activity is required for some of these genes to properly function in the cephalic sensilla. It
would be interesting to see if HLH-17 influences dauer formation or if hlh-17 expression is
altered in daf mutants.

If, as our data imply, HLH-17 functions in a manner similar to Beta3/bHLHB5 in mammalian
cells, it would act as a negative regulator of transcription by forming competitive heterodimers
with other bHLH proteins. While expression of cnd-1 and hlh-2, which encode the C.
elegans homologs of NeuroD and E proteins, respectively, are not expressed in pan-neuronal
cells, we reasoned that potential dimerization partners of hlh-17 (1) would be another bHLH
protein, (2) would be present in at least some of the same FACS sorted cell types as HLH-17
during SAGE analysis, and (3) might also be present in old dauer larvae during SAGE analysis.
By these criteria, we have used the SAGE database to identify all bHLH genes (search
parameter included gene designations hlh-1 through hlh-29) that were expressed with similar
patterns either in FACS-sorted cells or in dauer larvae as hlh-17. We identified three HLH
genes (hlh-20, hlh-19, and hlh-13) that were similarly expressed in both FACS-sorted cells and
dauer larvae, while three (hlh-11, hlh-29, and hlh-6) were similarly expressed in dauer larvae.
Interestingly, hlh-20 encodes a bHLH protein that is homologous to the mammalian sterol
regulatory element binding protein (SREBP). Overexpression of the SREBP isoform C in
mammals is associated with increased insulin resistance (Horton et al., 2002). In C. elegans,
hlh-20 is required for normal lipid metabolism and for normal larval and embryonic
development (www.wormbase.org). Our current studies are focused on determining if these
or other HLH proteins will heterodimerize with hlh-17 in vitro.
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basic helix-loop-helix
cDNA

complementary DNA
kbp

kilobase pair
RT-PCR

reverse-transcription polymerase chain reaction
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GTA ATT CCA TAT GCT CAC GGG GGT TCC GTG AGG AAG TTG

AAT CAT ATT ATC ATG CAG GCA AAA GCA ATT GAG GAG CTG

AAC TTG AAC AAA TCC TTA AAG CCT
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GGC GGA GTT
GAT ACT GCT
TTA AAC GAG
AGC AAG ATT

AGT ATA TTG
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TATTTTTATT CCGTATGGTT TTTTTTTCTT TTTTTTCACT

Basic Helix1 Loop Helix2
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0 “‘\
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Molecular analysis of hlh-17. (A) cDNA sequence as indicated by 5’-RACE. The hlh-17
transcript starts 19-bp upstream of the predicted initiator codon, which is indicated by bold,
underlined characters. The figure depicts the three exons in the cDNA, where exons 1 and 3
are shaded and exon 2 is not. Predicted codons are separated by a space. The sequence
complementary to the primer used to sequence the RACE product is underlined, while other
primer sequences are indicated in Materials and methods. This figure also depicts the 3’
untranslated region, which is not shaded. Sequences of the 3’ end of the full length cDNAs
were obtained by using a 15-nucleotide primer that started immediately after the initiator codon.
(B) Alignment of predicted amino acid residues for the bHLH region of HLH-17 and the
mammalian homologs. The residues with predicted structural function are indicated in bold
and residues that are identical in all four proteins are indicated by shading. Those residues
predicted to influence DNA binding are marked by an asterisk (*), while those predicted to
influence dimerization are indicated by a caret (). HLH-17 is 74% identical to the mammalian
proteins within the bHLH domain and the 12 residues immediately C-terminal to helix 2. (C)
Quantitative RT-PCR analysis of changes in gene expression during C. elegans development.
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E
[Method of dsRNA Delivery |% Bag-of-Worms Average # of F2 Progeny
(n = total number of F1 progeny) [(n=number of F1 progeny assayed)

FEEDING 29 (n=199) 51.9 (n=16)
|INJECTION 17 (n=173) 27.7 (n=20)
FEEDING + INJECTION 36 (n=295) 244 (n=5)
CONTROL ANIMALS 0 (n=100) 540 (n=10)

Fig 2.

Silencing hlh-17 expression via RNA interference. In all panels, anterior is to the left and dorsal
isup. (A and B) An adult wild-type worm contains an average of between 15 and 20 fertilized
oocytes undergoing embryogenesis, which are laid prior to gastrulation. (C and D) Adult
hlh-17 (RNAI) animals retain an average of 40 embryos beyond gastrulation onto hatching.
Embryos retained here are in three-fold stage. In all cases, animals were well fed throughout
the course of the experiment.
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Fig 3.

Promoter activity of hlh-17. (A, B, and C) An hlh-17 promoter fusion to GFP shows expression
in head cells, with fluorescence extending from four cells (arrowheads in B and C) in the nerve
ring to two dendrites (arrows in A and B) that extend towards the mouth. A through C are
images of the same animal in different focal planes. (D) Some GFP signaling is detected in
embryonic cells. (E) GFP/brightfield merge of F and G showing the location of GFP signaling
within the nerve ring.
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Fig 4.

Loss of hlh-17 activity results in L1 animals with abnormal chemotactic responses. Animals
were assayed for their response to sodium, potassium, and isoamyl alcohol. hlh-17 mutant
heterozygotes and homozygotes were significantly less attracted to potassium and sodium than
wild-type animals. All animals displayed the same response to isoamyl alcohol. Homozygous
mutants were unresponsive to all three chemicals.
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