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Abstract

The nematod€aenorhabditis elegangpresents an excellent model for studying many aspects of sterol function on the level of a whole
organism. Recent studies show that especially two processes in the life cycle of the worm, dauer larva formation and molting, depend on sterols.
In both cases, cholesterol or its derivatives seem to act as hormones rather than being structural components of the membrane. Investigation:
on C. elegangould provide information on the etiology of human diseases that display defects in the transport or metabolism of sterols.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction parency ofC. elegandacilitates approaches of fluorescence

imaging and photoaffinity labeling in the whole organism. A
In this review we will discuss several functions of sterols vast array of methods to genetically manipul@teelegans
and in particular of cholesterol in the life cycle of the nema- allows to disrupt genes that might regulate steroid function,
todeC.elegansThis organism is one of the well-established either by double-stranded RNA interference (RNAI) or by
genetic models and many aspects of its development haveselection of targeted deletion or point mutations. The main
been well characterized. Generation timefelegansis advantage to us€. elegansas a model system for stud-
short (about 50 h at 28C) and large amounts of worms can ies on sterol function lies on the fact that nematodes are
be easily grown for biochemical studies. The optical trans- auxotrophic for sterols. Transport and metabolism of exoge-
nously added sterols can be easily studied by feeding worms
* Corresponding author. Tel.: +49 351 210 2567; fax: +49 351 210 2000. With radioactive or fluorescent derivatives. By combining
E-mail addresskurzchalia@mpi-cbg.de (T.V. Kurzchalia). phenotypic analysis, gene disruption experiments and feed-
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ing of chemically modified sterols, the relationship between fed worms, significant labeling of embryos was detected
structure and function of sterols can be investigated. [18].

Cholesterol plays multiple roles in the organism and the  In the second generation, strict sterol depletion caused
alterations of normal metabolism, transport and distribution larval arres{11,17] Detailed examination of these arrested
frequently causes diseases. In most eukaryotic cells, choleslarvae[11] revealed that they were similar in size and appear-
terol is a major constituent of the plasma membrane, control- ance to normal L2 larvae grown on cholesterol. However, the
ling membrane fluidity and permeabilifit,2]. It has been arrested larvae displayed features of dauer (enduring) larvae,
proposed that together with sphingolipids, cholesterol forms which form in response to hostile conditions (see below). The
membrane “rafts” that are platforms for the regulation of arrested larvae had a double cuticle with the outer layer of a
signaling eventg§2,3]. Cholesterol is also found to be co- normal L2 larvae and the inner layer resembling the normal
valently attached to proteins of the Hedgehog farilys]. dauer larva cuticle.

This modification of Hedgehog morphogens determines both  Taken together, data from sterol depletion experiments
their spreading through the tissue and signaling capability point out that: (i) worms can survive on tiny amounts of
[5-7]. Furthermore, cholesterol is precursor for biologically sterols and (ii) cholesterol in worms is required for variety
active molecules such as steroid hormones, bile acids, insecbf processes, including proper molting, dauer formation and
ecdysones, oxysterols and vitamin D. Thus, cholesterol prop-locomotion.
erties, metabolism and transport transverse many aspects of
life. Data accumulated inthe lastyears indicate Gategans
can be used as an excellent model for studying all these facet$. Distribution and transport of sterols in C. elegans
of sterol function on the level of a whole organism.
Inhumans, defects in cholesterol transport and distribution
in the organism or within a cell are associated with a number
2. Depletion of sterols inC. elegans of severe diseases (e.g. atherosclerosis, type C Niemann-Pick
disease, obesity, Alzheimer’s disease and others). In order to

Already early studies have shown that elegangelies carry outits function in a particular cell €. eleganscholes-
on exogenous sterols for its development and might not syn-terol should be taken up from the environment and transported
thesize sterols de no\®,9]. Under laboratory conditions, to its destination. Thus, the worm can be used as a valid
worms are grown either on bacterial lawns seeded on agarmodel to investigate molecular mechanisms of sterol trans-
plates or in liquid bacterial co-culture and cholesterol is sup- port, storage and excretion. Despite the vital role of sterols
plemented to agar plates/medium at a final concentration offor the worm, these processes are still poorly understood. It
13uM [9]. It looked as if to analyze the particular phenotype is not even clear whether sterols are exclusively taken up by
of sterol depletion by omitting sterols in medium, will be the digestive tract or also through the cuticle.
simple. However, this task appeared to be difficult because  Only recently, the lack of methods for imaging choles-
of the contaminating sterols: even vanishing amounts of theseterol or for identification of cholesterol-binding proteins was
could lead to ambiguous results. For instance, when dietaryovercome using fluorescent or photoactivatable analogs of
cholesterol was omitted in medium, several generations of cholestero[18]. Dehydroergosterol (DHE) is a naturally oc-
worms could still develop and only a mild reduction in brood curring fluorescent analog of cholestei®,20]and was pre-
size and decrease of growth rate were obseft6d12] In viously used to visualize sterol distribution in living cultured
addition, only a low percentage of embryonic lethality was cells [21]. DHE can functionally replace cholesterol, since
detected and germ line cells showed abnormal proliferation worms can be propagated on this sterol for many generations
and differentiatiorf10,12] In other experiments, at subop- [18]. Surprisingly, when fed to worms, DHE accumulates
timal sterol concentrations, a fraction of animals displayed only in a subset of cells rather than being distributed uni-
defects in shedding of the old cuticle during molt[ag§—15] formly throughout the body. The accumulation was observed

Unequivocal phenotypes of sterol depletion were observedin pharynx, nerve ring, excretory gland cells, apical surface
only when agar was replaced with chloroform-extracted of gut, oocytes and spermatoZda]. In embryos, DHE dis-
agarose and bacteria were grown in either ether-extractedplayed both cytoplasmic and membrane labeling. In addition,
peptond12,16]or in defined minimal mediurfl1,17] Re- males showed a very strong labeling of spermatids, which
markably, the first generation of worms derived from choles- suggested a possible role for sterols in sperm development
terol fed mothers under strict cholesterol depletion condi- or fertilization. The majority of sterols in embryos must be,
tions still developed to adulthood and gave progeny. However, however, supplied by the mother: when males were fed with
these worms had a reduced brood size and growth and loco-DHE and mated with unlabeled hermaphrodites, embryos re-
motion defect$11,12,16,17]The fact that worms survive for ~ mained unlabeled.
one generation without externally provided cholesterol indi-  Distribution of sterols irC. elegansvas also investigated
cates that mothers provide their progeny with sterols. The by staining of fixed worms with filipin, a polyene antibi-
latter was directly visualized with dehydroergosterol (DHE), otic that becomes fluorescent upon forming a complex with
a fluorescent analog of cholesterol (see below). In DHE- 3-hydroxysterol§12]. In general, the staining with filipin
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was similar to DHE labeling. Again, only distinct cells of lated proteif15], whereasicr-landncr-2are Niemann-Pick
the organism were labeled. However, both methods of stain-type C proteing23,34] The potential role of these proteins
ing have caveats: DHE and filipin might not represent the in the sterol transport will be discussed below in conjunction
distribution of all potential sterol-derivatives in the worm. with the processes of molting and dauer-larva formation.
The fluorescence of DHE is based on three conjugated dou-
ble bonds in the ring structureA(5, A-7 and A-9). Thus,
the reduction of any double bond will render the derivative 4. Sterol metabolism inC. elegans
non-fluorescent. Filipin, on the other hand, stains only sterols
with free 3-hydroxyl groug22] and thus can detect neither What is known about the metabolism of sterolgCnel-
cholesterol esters nor putative sterol derivatives with 3-keto egans apart that worms might not synthesize cholesterol
group nor steroids with a cleaved side chain. In addition, both de novo? A bioinformatical examination of tii& elegans
approaches would not be able to detect sterols with low abun-genome confirmed the absence of homologues of squalene
dance. Nevertheless, DHE as well as filipin staining gave a synthase and squalene cyclase, key enzymes required for the
general overview of the sterol distribution® elegans generation of lanosterol. This methylated sterol is a starting
Through photoaffinity labeling and genetic studies sev- point for production of cholesterol, ergosterol or sitosterol
eral proteins have been identified that might be involved in in mammals, yeast and plants, respectively. Thus, it remains
the transport of sterols i€. elegang15,18,23,24] Using unlikely that nematodes produce sterols by a novel pathway
the photoactivatable probe€H] photocholesterdR5], vitel- not yet described in other phyla.
logenins (also called yolk proteins) were identified as major ~ Worms are able to utilize as a main source different sterols
cholesterol-binding proteirj48]. This finding draws a paral-  bearing methyl groups or double bonds in different posi-
lel between the transport of cholesterol in mammals via LDL- tions of the side chain and the 4-ring structure (sitosterol, er-
particles and the sterol transport in nematodes, since vitel-gosterol, cholesterol, 7-dehydrocholesterol, lathosterol, etc.)
logenins are homologous to apolipoprotej6,27] RME- [8,35-37] It should be mentioned, however, that they can-
2, a receptor for vittelogenins in oocytes, is a member of not propagate on sterols/steroids without a side chain (e.g.
the LDL receptor superfamil§28]. Vitellogenins are pro-  pregnolonone, progesterofiel]).
duced in the intestine of L4 larvae and adult worms and se-  Although, the bulk of exogenously added sterol remains
creted to the pseudocoelomic cav[®9]. From here they  unchangef35-37] C. eleganss able to carry out some mod-
are taken up into oocytes by endocytosis. It was shown thatifications on them. This has been shown either by analyzing
rme-2mutants fail to transport a fluorescently tagged yolk worm sterols by GC—mass spectrometry or by TLC analysis
protein into embryos and instead accumulated it in the body of worms fed with radioactive cholesterfd,11,31,35-4Q]
cavity[28]. Similarly, inrme-2mutants, very litle DHE was  In this way, several enzymatic modifications of cholesterol
transported into oocytes but instead a very strong labeling of were identified and the major metabolic pathwayCinele-
the body cavity was observdi8]. However, there was lit-  ganswas outlined40]. Hereby, two modifications should be
tle co-localization of DHE and vitellogenins within oocytes especially mentioned: the dehydrogenation of cholesterol at
and it was postulated that after transport into oocytes choles-7th position (production of 7-dehydrocholestrol) and methy-
terol is released from the vitellogenin complex. This might lation of the ring at fourth position. Remarkably, in mammals
be similar to the separation of cholesterol from LDL parti- both two modifications occur preferably in the opposite di-
cles after uptake into late endosomes of mammalian cells.rection. Accumulation of 7-dehydrocholestrol is observed in
Interestingly, vitellogenins andme-2 are transcriptionally Smith-Lemli-Opitz syndrome, which is a genetic recessive

upregulated when worms are fed with azacopros{a@og deficiency inA-7 reductase required for the conversion of
an inhibitor of A-24 reductase that catalyzes conversion of 7-dehydrocholesterol to cholestefdll]. The most puzzling
desmosterol to cholesterfdl1,32] modification of sterols in worms is methylation of the 4th

As uptake of cholesterol in hermaphrodite larvae starts position in the A-ring[31]. Astoundingly, around 20 reac-
earlier than the expression of vitellogenins, it is clear that tions are required in mammals, to produce cholesterol from
vitellogenins cannot be the only transporters of cholesterol lanosterol, a 4,4 dimethyl sterol.
in C. elegansin addition, neuronal cells and spermatozoa, Do these cholesterol modifications by worms have a phys-
that accumulate significant amounts of DHE, are not able iological significance? This question can only be answered
to accumulate vitellogenins. Also, males, that are strongly by identification of enzymes involved in these reactions and
labeled with DHE do not express vitellogenins at all. Fur- by subsequent inactivation of their coding genes. As dis-
ther studies might reveal which other proteins are involved cussed below, the processes of dauer larvae-formation and
in the transport of sterols in these cells or at earlier stages ofmolting require sterol-derived hormones and might involve
development. Remarkabl§,. elegandhas several classes of the methylation of sterols. Bioinformatics analysis of Ge

potential fatty acid/sterol-binding proteif33]. elegangienome revealed a number of potential enzymes that
Genetic studies identified several other genes, including could be involved in the production of these active com-
Irp-1, ncr-1 andncr-2 related to sterol transpoji5,23,34] pounds. Hereby, more than 80 members of the cytochrome

Irp-1, is a homologue of the mammalian gp330/ megalin re- P450 family[42] and a number of short-chain dehydroge-
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nase$43] may be of particular importance. Interestingly, one on biochemical studies. As mentioned above, strict choles-
short-chain dehydrognenase was found to bddh&67Io- terol depletion induces worms to enter the dauer formation
cus. Mutants of this gene, a homologue of human 17-estradiolpathway, although the dauer phenotype is not complete in
dehydrogenase, display phenotypes similar as observed dureholesterol depleted conditiori$l]. Biochemical analysis
ing sterol depletioril4]. has shown that in the second generation of sterol-depleted
An important modification of cholesterol in mammals worms, most residual sterols were methylgtet]. Further-
is its esterification with fatty acids. This process is tightly more, if worms were grown on lophenol, a 4-alpha methy-
connected with the transport of cholesterol in the organism. lated sterol, in the second generation they produced regular
Worms possess homologues of enzymes (ACAT and LCAT) dauer larvae despite sufficient food and low population den-
that might produce cholesterol esters. Indeed, by radioactivesity. This raises the question whether lophenol itself actively
labeling of worms as well as by GC-MS analysis significant induces dauer larvae formation and the methylation in the 4-
amounts of sterol esters were detedtetl 40] However, it alpha position is necessary for this process. This possibility
still remains unclear whether esterification reaction has sim- was excluded by using 4-alpha fluorocholesterol, which can-
ilar physiological importance in worms as in mammals and not be methylated, but also induces dauer larvae formation.
whether it would be a prerequisite for sterol transport within Thus, the methylation per se is not mandatory for dauer larva
the body. formation but rather the accessibility of the forth position
in the ring for some other modification is required to allow
reproductive developmefit1].
5. Sterols and dauer larvae formation The effect of lophenol ofe. elegansievelopment allowed
to purify the hormone (activity) required for reproductive de-
The normal reproductive cycle &f. elegansncludes four velopmen{11]. The rationale of this approach was to rescue
subsequent larval stages each separated by a molt. Under hogephenol induced dauer larvae formation by a substance de-
tile conditions such as starvation or overcrowd@glegans rived from a lipidic worm extract. This activity was called
enters an alternative third larval stage called dauer (enduring,gamravali (frorgamravlebavhich means “reproduction” in
reviewed in[44]). Dauer larvae stop pharyngeal pumping of Georgian). It is proposed gamravali derived from cholesterol
food and display a constricted gut. The dauer cuticle has aacts to promote reproduction. The effect of internal signals
specific morphology and is resistant even to a harsh treatmenthat induce dauer formation upon starvation and overcrowd-
with a detergent SDS. On the biochemical level, dauer lar- ing is to prevent gamravali production, thus promoting entry
vae reduced the activity of the TCA cycle and predominantly into diapause. According to this view, growth on lophenol
use stored lipids and glycogen. In general, dauer formation resembles the absence of gamravali. The chemical structure
includes global remodeling of gene expresgids] and an of gamravali and the identity of enzymes involved in its syn-
overall reduction in transcriptional activif4]. thesis still have to be elucidated. The former task, however,
A possible hormonal regulation of the dauer larva forma- is demanding because of extremely low amounts of this sub-
tion was initially proposed based on genetic studies. Muta- stance in worms. Gamravali is more hydrophilic than choles-
tions in a number oflaf genes daf, from dauer formation)  terol and its retention time on a HPLC-column indicates that
cause either constitutive formation (Daf-c) of dauer larvae or it could be a polyhydroxylated sterol, lack the hydrophobic
prevent their formation (Daf-d}§4]. Three signaling path-  side chain or even containing a charged grfdug. Presently,
ways (TGF-beta, cyclic GMP and insulin-like IGF-1) control it is also not clear where gamravali is synthesized and what
the formation of dauer larvdd4]. The molecular identifica-  are gamravali target cells.
tion of two genesjaf-12anddaf-9, suggested the existence of The growth on lophenol, allowed to identify the steps at
sterol related hormone that might integrate these pathways.which gamravali was required. It was assumed that Daf-d mu-
DAF-12 is a nuclear hormone receptor required to execute tants acting upstream of the gamravali-requirement will form
dauer formation, sincgaf-12null mutants fail to form dauers ~ dauer larvae on lophenol. Such mutantsda&22(required
and undergo reproductive developmgt,47] DAF-9 is a for production of pheromone inducing dauer format{éa)),
member of the cytochrome P450 family closely related to the daf-6 (required for sensing of pheromorig2]), daf-10(re-
mammalian CYP2 family, which might be involved in sterol quired in sensory neuronf§3]), daf-3 (Smad transcription
metabolism34,48-50] DAF-9 is essential for reproductive  factor,[54]), daf-5(Ski, a modulator of TGF-beta signaling,
development sincdaf9 mutants constitutively form dauers. [55]). In contrast, a null mutant oflaf-12 developed nor-
The double mutant alaf-9 daf-12cannot form dauer larvae  mally on lophenol, making DAF-12 candidate gamravali re-
indicating thatlaf-9acts upstream afaf-12 Taking together, ceptor. Somewhat different results were obtained with a mu-
a scenario was proposed where DAF-9 is an enzyme that pro-tant ofdaf-16 a FOXO Forkhead transcription factor. Here,
duces a steroid hormone inhibiting DAF-12. In absence of the on lophenol, neither reproductive adults nor regular dauers
hormone activated DAF-12 triggers dauer larvae formation were observefl 1]. It was previously shown that upon activa-
[48,50] tion by IGF-1 or TGF-beta pathways, DAF-16 accumulates
Direct evidence for the involvement of sterol-derived hor- in the nuclei of the neurons in the pharynx, ventral cord and
mones in the process of dauer larvae formation is basedtail [56,57] Similar accumulation of DAF-16 in the nuclei
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occurred in lophenol induced dauer lardd]. However,
in a daf-12 null background, DAF-16 failed to accumulate
in these nuclei, indicating that the activation of DAF-12 in-  The cuticle is the worm’s exoskeleton that is required to
duced by the absence of gamravali leads to accumulation ofmaintain the body shape and motility. In addition, it pro-
DAF-16 in the nuclei of the neurons. Taken together, these tects animal from the external environmg@@]. The tran-
results suggest that dauer formation is initiated by DAF-12 sition between larval stages is characterized by a molt in
but complete dauer differentiation needs nuclear import of which a new cuticle is formed and the old is shed. Nema-
DAF-16 into neuronal nuclei. todes were suggested to be a part of the evolutionary clade
One of the major efforts in the field is to link the bio- Ecdysozoa, which contains all molting invertebrates, includ-
chemical search for sterol-derived hormones with genetic ing insects[61]. The process of molting irosophilais
pathways and many questions remain unanswered so fargoverned by ecdysones, a group of polyhydroxylated sterol
How is gamravali connected with the putative product of hormones. During each molt, ecdysone pulses trigger not
DAF-9? If and how do TGF-beta and insulin-like signaling only molting but also major morphological changes of lar-
pathways control the formation of gamravali or its degra- vae and pupae (reviewed [62]). 20-hydroxyecdysone, the
dation? Is gamravali synthesized cell-autonomously or is its active form of ecdysone, binds to the nuclear hormone re-
(or cholesterol's) transport to target cells that is regulated? ceptor EcR, that together with the protein ultraspiracle, reg-
A promising approach in identification of sterol derived hor- ulates the transcription process. A bioinformatic compari-
mone(s) was the crude isolation of activity from a lipophilic son/analysis i€. eleganglid not reveal any orthologs of ECR
extract of larvae rescuing reproductive developmed&ifig, and ultraspiracl§3]. Moreover, except early repof&#], no
and partially indaf-2 and daf-7 mutant animalg58]. Sur- molecules similar to ecdysones have been biochemically iso-
prisingly, an extract derived fromaf-12mutants was more  lated from nematodes. Ecdysones supplied to worms exoge-
potent in rescuing thelaf-9 phenotype than extract from nously have no effects and cannot substitute for cholesterol
wild-type animals. It has been shown tigatf-12is a pos- [11,50]
itive regulator ofdaf-9 expressior{34,49] There are indi- Many observations, however, point out that the molting
cations that gamravali and théaf-9rescuing activity are  process irC. elegansiepends on sterols. One of the pheno-
not identical. Firstly, in the double nulaf-9 daf-12mu- types described in cholesterol-depletion studies isincomplete
tant strain no major changes of cholesterol metabolism wereshedding of the old cuticld3—15] As described above, lar-
observed11]. More importantly, all our attempts to rescue Vvae of the second generation grown without sterols have a
daf-9mutants with gamravali failed (TVK and EVE, datanot double cuticlef11]. Furthermore, mutants displaying molt-
published). ing defects are sensitive to reduced cholesterol |ejlelk
Another indication for the role of sterols in dauer forma- Mutations inlrp-1, the gp330/megalin homolog €. el-
tion process comes from studies of mutant straicrs1 and egans show arrest at the molt between the third and the
ncr-2. Theses genes code for Niemann-Pick type C diseasefourth larval stagg15]. In mammals, megalin is LDL re-

6. Sterols and molting

related proteins i€. elegansncr-1; ncr-2double mutant an-

ceptor related protein and it was suggested to be required

imals form dauer larvae constitutively, even under favorable for renal uptake of vitamin 0J65]. In C. elegansLrp-1 is

conditions[23,24] The expression pattern atr-1 largely

expressed at the apical surface of hyp7, the polarized ep-

coincides with the cholesterol distribution described above, ithelium apically secreting cuticle, and it was proposed that

and is consistent with a function ofcr-1 in bulk choles-
terol trafficking. In contrast, the expressiomaf-2is limited
to XXXL/R neurons and the somatic gonf2#t]. XXXL/R

Lrp-1isinvolved in uptake of sterols/hormones in these cells
[15].
In Drosophila ecdysone pulses are transduced through

cells are head neuroendocrine cells, ablation of which leadsstage-specific regulatory cascades of nuclear hormone re-

to constitutive dauer formatiof#8,59] Remarkably, these
cells also express high amounts of DAF48,59] The con-
stitutive dauer formation imcr-1; ncr-2 double mutant can

ceptors[62]. In C.elegansa number of nuclear hormone
receptors have been identified Bsosophila orthologous
[63,66—69] Based on this observation a conserved nuclear

be partially rescued by higher levels of cholesterol, suggest-receptor “ecdysone cascade”, controlling moltingnel-

ing thatncr-1 andncr-2 control the cholesterol susceptibility

eganshas been proposdé7]. However, only biochemical

and thus control the reproductive development. The fact thatisolation of the molting hormone can answer whether this

singlencr-1 mutant as well as doublecr-1; ncr-2are sensi-
tive to reduced cholesterol levd&3] and progesteron4]
implies thatncr-1is a more global regulator of cholesterol
distribution inC. elegansvhile ncr-2is required more specif-
ically in the dauer formation. Thus, future studiesram-1

suggestion is correct. Isolation and chemical identification
of a molting hormone remains a challenging task. Similar
to gamravali, that regulates reproductive development, this
hormone should be present at minute amounts in worms.
A tempting speculation on the structure of the molting hor-

andncr-2 mutants could help to discriminate between differ- mone(s) is that it is derived from 4-methylated sterols (see
ent functions of cholesterol in worms and might reveal how above). As mentioned aboveaf-12can normally grow on
homologues of these proteins in mammals regulate the intra-lophenol for many generations without displaying defects in

or inter-cellular cholesterol transport.

molting.
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