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sults in a protein that fails to inhibit Hh signaling but
still sequesters Hh in endocytic vesicles (Martín et al.,
2001; Strutt et al., 2001). Similar SSD mutations do not
affect the ability of mammalian Ptc-1 to inhibit Hh sig-
naling (Taipale et al., 2002).

From Sensing Cellular Sterols to
Assembling Sensory Structures

The genome of the nematode C. elegans is peppered If you are not bewildered by these proteins already, you
with novel genes belonging to a superfamily whose will be after considering findings from the C. elegans ge-
members function in cellular cholesterol homeostasis nome. C. elegans has nearly 30 genes for RND-SSD pro-
(Niemann-Pick C1) and Hedgehog signal transduction teins related to Ptc, Disp, and NPC1 (Kuwabara et al.,
(Patched) and biogenesis (Dispatched). In this issue 2000). The majority of these genes are most like Ptc. Yet
of Developmental Cell and an analysis of a pair of C. elegans has no Hh orthologs, and the potentially li-
Patched- and Dispatched-related proteins in C. ele- gandless Ptc-1 ortholog functions in cytokinesis in the
gans extends the superfamily’s repertoire to include gonad (Kuwabara et al., 2000). Perens and Shaham (2005)
the formation of tubular organs. now demonstrate novel functions for the Ptc-related pro-

tein DAF-6 and describe its interaction with the Disp-re-
lated protein CHE-14 (Michaux et al., 2000).

Members of what could be called the eukaryotic RND- A pair of sensory structures called amphids com-
SSD superfamily (Figure 1) function in a surprising di- prises the simple “nose” of C. elegans. Each amphid is
versity of cellular and developmental processes. These innervated by neurons that have terminal cilia extend-
proteins are hybrids of sorts, related to prokaryotic re- ing through a channel formed by two glial cells. As the
sistance-nodulation-division (RND) permeases, proton amphids sense multiple stimuli, mutations affecting
antiporters that catalyze the transmembrane efflux of their formation were uncovered through a variety of
numerous substrates. They also contain a conserved functional screens, such as chemotaxis (e.g., che-14)
region of five membrane-spanning α helices—the ste- and dauer formation (e.g., daf-6). The daf-6 and che-
rol-sensing domain (SSD)—first identified in enzymes 14 genes nonetheless appear to have related cellular
and regulatory proteins of the cholesterol metabolic functions during morphogenesis of the amphid chan-
pathway. The archetypal superfamily member is Patched nel. Formation of the amphid channel and other tubular
(Ptc), the inhibitory receptor for cholesterol-linked Hedge- tissues and organs may ensue through the coalescence
hog (Hh) morphogens. Studies of Hh signaling spawned of cytoplasmic vesicles at an apical epithelial surface.
another member, Dispatched. The cholesterol moiety of Apical membrane biogenesis, vesicular transport, and
Hh can stably anchor the protein to membranes, but a balance between endocytosis and exocytosis are
Dispatched catalyzes Hh release during biogenesis for probably all key to cellular tube formation. The lumen
long-range signaling. The Niemann-Pick C1 protein of the amphid channel is defective in both daf-6 and
(NPC1) functions in the redistribution of cholesterol and che-14 animals.
glycosphingolipids internalized through endocytosis, and Although DAF-6 function is required for lumen forma-
its absence underlies a catastrophic lysosomal storage tion, CHE-14 functions in channel maintenance. DAF-6
disorder marked by cholesterol accumulation. Because and CHE-14 proteins are coexpressed in amphid glia
of their complexity, “RND” and “SSD” each could be the and epithelia of other tubular organs (e.g., intestine,
focus of an entire Preview. Here, I focus on the latter. vulva) and function in concert to regulate lumen forma-

SCAP (Figure 1) has the most intensively studied tion in a variety of these contexts. Both proteins local-
SSD. With sterol deprivation, SCAP shuttles SREBPs ized predominantly to apical membranes and luminal
(the transcription factors that control expression of surfaces and, to a lesser extent, in punctate cytoplas-
cholesterol metabolic genes) from the endoplasmic re- mic structures (presumably vesicles). Neuronal mutants
ticulum (ER) to the Golgi, where they are activated by that fail to form cilia have amphid glia with morphology
proteolysis. When cellular cholesterol rises, feedback strikingly like daf-6 mutants and caused DAF-6 to local-
inhibition is achieved when cholesterol binds the SCAP ize in a large cytoplasmic structure instead of the cell
SSD directly, causing a conformational change that al- surface. Thus, neuronal cilia provide a cue that is re-
lows a third protein to retain SCAP and SREBPs in the quired for amphid-channel lumen formation and affects
ER (Radhakrishnan et al., 2004). Mutations of key resi- the subcellular distribution of DAF-6. Because Hh also
dues in the SSD disable it and cause SCAP to shuttle influences the subcellular localization of Ptc, this ob-
SREBPs to the Golgi constitutively. These key residues servation may imply interactions between DAF-6 and
are conserved in NPC1 and Ptc, and the NPC1 SSD an unknown neuron-derived signal. What about the
probably also binds cholesterol directly (Ohgami et al., DAF-6 SSD? Two mutants had no change in function,
2004). Analogous mutations in NPC1 cause intracellular although one caused a fraction of the protein to have a
cholesterol accumulation. NPC1 normally enters the diffuse intracellular distribution reminiscent of the ER.
complex internal membranes of late endosomes, but Because of the apical membrane defects in daf-6 and
the SSD mutant is retained on the limiting membrane che-14 mutants and potential defects in membrane de-
(Watari et al., 1999). The story for Ptc is not so straight- position/stabilization during cytokinesis in C. elegans

ptc-1 mutants, it has been proposed that these proteinsforward. One analogous mutation in Drosophila Ptc re-
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vesicular signal. One situation where stable surface lo-
calization of Ptc was imaged was when the rate of Ptc
internalization was slowed by a transmembrane form of
Hh on an adjacent cell (Incardona et al., 2000). Could
DAF-6 be stabilized at the cell surface as a receptor
for the lumen-forming cue from neuronal cilia? What
stabilizes C. elegans PTC-1 at the plasma membrane?

So many fundamental questions remain regarding
these enigmatic proteins. Are the Ptc-related proteins
orphan receptors in need of ligands or binding part-
ners? Are they catalytic or structural? Are all SSDs re-
ally sterol or lipid sensors? Are they multimeric (like
bona fide RND permeases)? Do they have small mole-
cule substrates or regulators or even require a proton
gradient for function? I could go on. Hopefully, study of
the multiplicity of C. elegans RND-SSD genes will not
complicate the situation further but perhaps help iden-
tify a unifying theme to this bewildering superfamily.

John P. Incardona
Environmental Conservation Division
Northwest Fisheries Science Center
National Oceanic and Atmospheric Administration
2725 Montlake Blvd E
Seattle, Washington 98112

Figure 1. Schematic Structures of RND-SSD Superfamily Members
and SSD-Only Proteins
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