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SUMMARY

A genetic analysis of a gp330/megalin-related protein, secretes cuticle from its apical surface. Staining of whole
LRP-1, has been undertaken inCaenorhabditis elegans mounts with specific monoclonal antibodies reveals that the
Consistent with megalin’s being essential for development protein is expressed on the apical surface of hyp7. Sterol
of mice, likely null mutations reveal that this large member  starvation can phenocopy thedrp-1 mutations, suggesting
of the low density lipoprotein receptor family is also that LRP-1 is a receptor for sterols that must be
essential for growth and development of this nematode. The endocytosed by hyp7. These observations indicate that
mutations confer a striking defect, an inability to shed and LRP-1 is related to megalin not only structurally but also
degrade all of the old cuticle at each of the larval molts. The functionally.

mutations also cause an arrest of growth usually at the molt

from the third to the fourth larval stage. Genetic mosaic

analysis suggests that thip-1 gene functions in the major  Key words: gp330, Megalin, LRP-2, Steradaenorhabditis
epidermal syncytium hyp7, a polarized epithelium that elegansMolting

INTRODUCTION a null mutation of the gene. They die soon after birth with
malformations of the skull (a holoproencephalic phenotype)
In mammals, megalin (also called gp330 or LRP-2, for thehat resemble, but are weaker than, those that result when the
second low density lipoprotein (LDL) receptor-related proteinbiosynthesis of cholesterol is perturbed either by genetic
is one of two > 500 kDa members of the LDL receptor familydisease or by the application of certain teratogens (Willnow et
of integral membrane proteins (Saito et al., 1994). Megalin ial., 1996). Although these observations suggest a major role
expressed on the apical surface of certain epithelia and fisr megalin in the uptake of cholesterol, the genetic analysis
thought to be a clearance receptor that maintains lipilas also suggested a role in regulation of proteases: megalin-
homeostasis and regulates the activity of extracelluladeficient lungs have malformed alveolar sacs that resemble
proteases (for review, see Krieger and Herz, 1994; Stricklanthose associated with emphysema or with an experimental
et al., 1995). It can bind, in vitro, a variety of particles andoerturbation of proteolysis (Willnow et al., 1996). The precise
molecules, including proteases, complexes of proteases armle, if any, of megalin in the regulation of extracellular
their inhibitors, and lipoprotein particles. If endocytosed fromproteases remains unknown, however.
extracellular fluids, the ligands are often degraded following Like mammals, the free-living nematodeaenorhabditis
dissociation from the receptor, which is then returned to theleganshas at least two genes that can encode > 500 kDa
cell surface. Although LRP, the other large member of the LDImembers of the LDL receptor family. One of these has recently
receptor family, is not expressed on the apical surface dfeen revealed by the genome sequencing consortium
epithelia, it is also an endocytotic receptor and can bind mar(yVaterston and Sulston, 1995). Although sharing an overall
of the same ligands as megalin (Krieger and Herz, 1994). structure with megalin and to a slightly greater extent LRP, its
Megalin has been shown to endocytose LDL particlepredicted product is unusual (unpublished observations). The
themselves, suggesting that it may be a high-capacity receptagcond gene has been callgtl (Yochem and Greenwald,
that is used by certain tissues that require large amounts ©993), but its predicted product was later discovered to be more
cholesterol (Stefansson et al.,, 1995). This proposal islosely related to rat gp330/megalin than to LRP (Saito et al.,
consistent with the phenotype of mice that are homozygous fdi994), suggesting that worm LRP-1 and mammalian megalin
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might be counterparts. The apparently early appearance ofFrom a set of 10,0001Fprogeny, six essential mutations were
these large proteins in metazoan evolution suggests that thisglated that could not be complementeddzpfs Of these, three
have a fundamental function that might be revealed by geneti@uld be complemented tkyls18 DNA was isolated from balanced
analysis in a simple animal. In order to investigate thi$trains containing these three mutations and from the parental strain,
possibility, likely null mutations have been isolated intpe and Southern blots were probed for alterations witipirl. The two

: - L .mutations inrp-1 that were isolated have been design&tetb6and
1 gene, revealing that the megalin-related protein is essentl%la Each was backcrossed seven times to the N2 strain before

for growth and development @. elegansThe phenotype of fiher analyses. Theul56mutation was separated from thec-13
the mutations is discussed with respect to the pattern @lutation by identifying a spontaneous recombinant. The rarity of the

expression of the gene. recombination (1/1296) is consistent with the measured linkage of
unc-13andgld-1, the nearest marker to the rightligf-1 (Francis et
al., 1995).

MATERIALS AND METHODS . .
Transformation rescue of  Irp-1 mutations

Genetic markers and media Extrachromosomal arrays were formed in vivo following

. . - . . ._microinjection of cloned DNA into the syncytial germ line (Mello and
N2 variety Bristol was the wild-type strain, and the following genetic ire, 1995). The plasmid pRF40L6(su1006dm) (Mello and Fire,

deficiencies or recessive mutations were used: Linkage Group (L : -
I: unc-13(e1091)Waterston and Brenner, 1978)d-1(g266)Francis %9? avxzfogriz?i(?; a Eg?cigggfr'ﬁgtgnmg(ﬂ“ lhﬁa;jf;ég'g an; n:)?;;ﬁ:i d
et aI_., 1995),0zDf5 (Frangis et al, 1995)me.24 (Ferguson and specific for the Spért of thelrp-1 gene, a 16.5 kSma/HbaJ DNA
CH:ﬁ?cl)ltn?c,)solr%SaIS), rle_z(a;rlr\a(h htlanr;frsteslllsia)(:lﬂ-é%%gz?g e; a:é,ci l?ot:?a)ll fragment (Fig. 2) was isolated from the cosmid F29D11. For
translocation bet LCQSI d LGX (Fod d Deak 1955, Edal MH#jy207b, a plasmid specific for thegart, a 14 kispd/Sal DNA

'On_ etween and L (Fodor and Deak, » =99 eYragment (Fig. 2) was isolated from the same cosmid. The fragments
et al., 1995); andDp4, a d_upllcatlon of a large segment of LG that were inserted into BlueScript vectors, and the resulting plasmids were
IS attached to LGV (MCK'.m etal, 199_2)D_p4 should contain the each injected at 2,5g/ml. Because the plasmids share 2 kb of DNA
wild-type Irp-1 locus and is largely maintained in the heterozygousy o, -1 homologous recombination within this region can create

state. If not otherwise indicated, strains were propagated as describg%ene of full length when the plasmids are injected together (Mello
nd Fire, 1995). Rescue kifil560r kul57was assessed by injecting

by Brenner (1974) on nematode growth medium (NGM) thata
contained a supplement ofu§/ml cholesterol, either DifcoBacto or 111004 (

- e genotypeainc-13(e1091) Irp-1(kul56nDp4/+) or MH972
Sigma type A7002 agar, and lawns of the food souEseherichia  (genotypainc-13(e1091) Irp-1(ku157)Dp4/+) with a mixture of the
coli strain OP50. Sterol-.deflment medium was 5|m.|la.r to NGM butpa clones and then determining whether transgenic lines, based on
had the following alterations: bactopeptone was eliminated, agaro$giiing behavior conferred by pRF4, could produce healthy Unc-13
(Seakem GTG) replaced agar, and cholesterol was not added. Contgplgeny that could themselves establish stable lines. Ressad bf
medium was identical except for the presence of pgdml of by Irp-1 DNA was determined by genetic crosses employing
cholesterol (Sigma; C-8667; >99% pure) added from a stock solutiograchromosomal arrays formed from the injections of MH204 or

(5 mg/ml in 95% ethanol; an equivalent volume of 95% ethanol\i972. Control injections lackingp-1 DNA but containing pRF4
lacking cholesterol was added to the sterol-deficient medium). Beforgnfirmed specificity of the rescue.
0

being applied to either medium, overnight cultures of the OP5
bacteria were washed twice with M9 buffer (Brenner, 1974) and theGenetic mosaic analysis
concentrated 20-fold in M9 buffer. Based on the approach of Lackner et al. (1994), spontaneous mosaics
. were generated in the progeny of a strain, MH1066, having the
Isolation of the _ kul56 and kul57 alleles of Irp-1 genotypdrp-1(ku156) him-8(e1489)kuEx76SUR-5GFP(NLS); Irp-
BW1707 (provided by J. A. Powell-Coffman and W. Wood, 1(+)]. The extrachromosomal arrsfuEx76 was formed in vivo
University of Colorado), which has the genotypanc-  following microinjection (Mello and Fire, 1995) of three DNA clones
13(e1091)nDfF24(1); him-8(e1489)IV), was the parental strain of the jnto the syncytial germline of a heterozygote balancedkédi56
kul56andkul57alleles oflrp-1. Its use was based on the physical F29D11 and C27G12, the two overlapping cosmid clones that contain
proximity of Irp-1 to unc-13(A. Coulson, personal communication; genomic DNA from thdrp-1 region, were injected at 21fy/ml each
Yochem and Greenwald, 1993) and the assumptionifirdtwould  for rescue of chromosomal copieslpt-1(ku156) (Subsequent work
be essential for viability or fertility because its product is conservediemonstrated that the C27G12 clone is superfluous for restpe of
with mammalian megalin. Based on previously described methodp mutations.) The establishment of trangenic lines and the detection
(Rosenbluth et al., 1985), BW1707 was treated with gamma raysf mosaicism were based on injecting pTG96 at Lgiml for
(1900 or 3800 rads), and fully coordinated first-generation larvae weigpression of SUR-5(GFP)NLS (Yochem et al., 1998), a marker that
placed one to a plate so that the progeny of each could be examif@@ﬁresses a form of the green fluorescent protein (GFP) in many
for the presence of sterile Unc-13 segregants or for the absence riclei. Normal growth plates containing MH1066 were first examined
Unc-13 segregants, indicating a lethal mutation closely linkedde  at magnifications of 40-180with a dissecting microscope equipped
13(e1091)Fig. 1). with a mercury lamp for vigorous L3 and L4 larvae or young adults
Heterozygous males were crossed to BS585 (provided by T. Schedhat had mosaic patterns of green fluorescence. Usingx1000
Washington University, St. Louis), a strain having the genotyjge ~ magnification, mosaicism was assessed by examining certain nuclei
13(e51) ozDf5 ;I nDp4(L,V)/+, in order to test complementation for the presence or absence of fluorescence as previously described
between candidate mutations andDf5 a small deficiency that (Yochem et al., 1998). The mosaics were then examined with
deletes genes to the rightwfic-13includingIrp-1 DNA (Francis et Nomarski optics for the presence or absence of all aspects of the Lrp-
al., 1995). Mutations that failed to complement and that could mutant phenotype.
therefore be within thep-1 gene were next tested for their ability to
be rescued by an integrated arrlyl$1§ that is composed abl- ~ Preparation of monoclonal antibodies against LRP-1
6(sul006)DNA and two overlapping cosmid clones (F29D11 andBecause the LRP-1/megalin protein is largely composed of many
C27G12) that contain thdrp-1 gene (A. Coulson, personal copies of motifs that are also present in a number of other proteins,
communication). the carboxyl-most region was used for the production of monoclonal
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antibodies in an effort to minimize the chances for cross-reactivity. / [ 0.2map units |

700 bpEcaRI fragment from a cDNA clone encoding the final amino - o

acids, the stop codon, andtranslated DNA was cloned into the T% - ~ o

vector pGEX-1 (Smith and Johnson, 1988) such that the final 11 s g & 3 g

amino acids of LRP-1 are fused to the carboxyl terminus o L 1 1 1 —

glutathione S-transferase (GST). The fusion protein was produced nDp4

bacteria and isolated by its binding to glutathione-conjugated bead [ —

Injections of mice and production of hybridomas were performed b 0zDf5 nDf24

M. Marlow at the Monoclonal Antibody Facility at Princeton

University. In order to avoid antibodies against GST, supernatan giep 1. screen for lethal mutations (m) linked to unc-13:

were assayed by western blotting for reactivity to a fusion protei 13 . Veray 13 .

containing the same moiety of LRP-1 ghdalactosidase in place of s Y

GST. Two independent monoclonal antibodies, 1H6 and 4H5, wer n

used for staining whole mounts. segregates viable cannot segregate viable
unc-13 homozygotes unc-13 homozygotes

Indirect immunofluorescence

Mixed-stage populations of worms were fixed and made permeable
antibodies as previously described (Bettinger et al., 1996). A 1:10C step, 2 Test if m is located within the interval that is deleted in 0zDf5:
dilution of an ascites preparation of the mouse monoclonal antiboc

MH27 was used for detection of adherens junctions between epithel 5 . unc-13  o0zDf5 . nDpd
(Waterston, 1988; Podbilewicz and White, 1994). Non-ascite: — + o2a S X unc-13  ozDf5 '+ ¢
preparations of 1H6 (1:200) and 4H5 (1:150) were used together fi

enhancement of the LRP-1 staining. Binding of the antibodies wa

detected with a 1:1600 dilution of a Cy3-conjugated antibody again: unc-13  m__

mouse IgG (Jackson ImmunoResearch). Incubations (16 hours at 4° unc-13  0zDf5

and washes (20°C over the course of several hours) were as previou
described (Finney and Ruvkun, 1990). Whole mounts were examine
at 100&, and micrographs were generated with a CCD camera ar
Adobe Photoshop.

Inviable Unc-13 segregants indicate a potential mutation in the Irp-1 gene

(if viable Unc-13 animals are present, then m is not located with the
ozDf5 interval and therefore cannot be a mutation in /rp-1)

Step 3. Test whether cosmids containing wild-type /rp-1 DNA can rescue the
RESULTS inviable mutations that are within the ozDf5 interval

: : Fig. 1.A screen for lethal mutations in tbheDf5region of Linkage
The lrp-1 g.ene IS es§ent|al for growth . Group |. Approximate locations of the genetic deficieno&sf5and
Two recessive mutationky156andkul57 have been isolated npf24are indicated with black bars (Francis et al., 1995). Although

in the Irp-1 gene following gamma-irradiation of a strain, ozDf5was isolated iris to unc-13(e51)the speckled region
BW1707, that is balanced for mutations linkedite-13(Fig.  indicates that the left end of the deletion is not precisely known.
1). The mutations fail to complement each other and confer the
same phenotype. Homozygotes segregating from heterozygous
mothers hatch and initiate growth and development. Mostybridizations: eHindlll fragment migrates more slowly than
however, lack vigor, and an arrest of growth and developmetite corresponding 5.1 kb fragment of the N2 or BW1707
usually ensues at the molt from the third (L3) to the fourth (L4¥trains (Fig. 3). Because the flankidondIll fragments are not
larval stage if not earlier. The homozygotes are moderatelgitered kul57is an insertion of 0.8 kb of DNA into an internal
Dumpy (short and fat), have darkened intestines, are small foegion of thelrp-1 gene (Figs 2, 3). Although Southern blot
their developmental state, and are often encased in old cutid@alysis of EcoRI- or Hindlll-digested DNA has failed to
or have pieces of old cuticle that remain attached to parts oéveal an alteration associated with kul156
the epidermis. Nomarski observations reveal an undefined bummunocytochemical data presented below prove that it is also
unhealthy appearance, and there is an accumulation afsevere mutation ilvp-1. Lastly, genetic tests suggest that
refractile material in the rectum. Lastly, strains with simplekul56andkul57are likely null mutations: animals with the
genotypes such as MH210pt1(kul56)gld-1(g266) fail to  genotypeunc-13(e1091) Irp-1(kul56r kul57)are similar to
segregate dead embryos, demonstrating tHgt-1  those having the genotypenc-13(e1091) Irp-1(kul5er
homozygotes are able to complete embryonic developmektl57junc-13(e51) ozDi5
(and usually early larval development) when they segregate A pre-existing mutation ifrp-1 was revealed by serendipity.
from heterozygous mothers. In an attempt to balance an unrelated mutation on LGI with
Genetic, molecular, and immunocytochemical data provezT] a reciprocal translocation between LGl and LGX whose
that these are mutations ilp-1 and suggest that this physical breakpoint on LGI maps just to the rightuot-13
description is likely to be the null phenotype. One indicatioMcKim et al., 1988), Dumpy segregants were noticed that had
that these are mutations ip-1 is the ability to rescue the all of the features of the phenotype described abovieufts6
phenotype of either mutation completely following co-andkul57 AlthoughszTlhomozygotes had been described as
injection of two plasmids, MH#jy207b and MH#jy209b, that dead embryos (Fodor and Deak, 1985; Edgley et al., 1995),
contain overlapping subclones of genomic DNA that shouldimilar larvae were seen in three distinct strains containing
derive only from thérp-1 locus (Fig. 2). More importantly, the szT1 suggesting that these larvae are the segregants that fail to
kul57 mutation is associated with an alteration of el  inherit the untranslocated LGI that normally complements an
coding region when restricted DNA is analyzed by Southeressential gene on LGl that is disrupted by the translocation. As
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Fig. 2.A schematic CLTTTTIIN -+ HCTTTTITTN - T+ rat

representation of thep-1 gene CLLLTTIN TN 0 C. elegans
and its predicted product. The 4

coding region (Yochem and
Greenwald, 1993) is indicated in
relation to 30 kb of DNA from

AATAAA

the cosmid clone F29D11, the I IET I N I |
complete sequence of which has 3-end of | 3-end of
been detemined by tl& elegans neighboring gene — % neighboring gene

. \ ; ku157
sequencing consortium and is P

/
available from GenBank or probe e /4

ACeDB (AC. elegandata T 3 ! © T 8 F g 38
Base) (Waterston and Sulston, @ 9 K] ‘% ‘,% ‘?f T T T T o=z //
1995). The true'send of the ! ' T ' ' ! ' ' T T raop11/
genomic DNA in the cosmid | ! I |
clone corresponds to the zero 16:5 kb Smal/Hpal 14 Kb Spe /Sal|
position. The 3ends of the two | | | | | | |
dicted to flarp-1 are
genes pre 0 5 10 15 20 25 30 kb

indicated with arrows. The 16.5

kb Sma/Hpal fragment and the 14 kBpd/Sal fragment used for constructing the plasmids MH#jy207b and MH#jy209b are indicated with
brackets below the restriction-enzyme map. The region used as a hybridization probe for the Southern blot shown inreiiga8&lisvith a
line, and theHindlIl restriction fragments affected by tke1570r szT1mutations are represented as bars. The parts of the predicted protein
encoded by exons 23 to 27 are shown because of their relevance to the mutations. The motifs present in LRP-1 and raligg880/mega
indicated as follows: boxes, Class A (ligand binding) repeats; white ovals, class B.2 epidermal growth factor (EGF) aegeatslsbiclass

B.1 EGF repeats; cross-hatched lines, YWTD spacers (Saito et al., 1994).

expected from the phenotype, genetic tests demonstrate that théd comparsion with wild-type molting indicates that the
breakpoint is within thé&p-1 gene (unpublished observations). displaced cuticle of thdrp-1 homozygotes represents old
Briefly, szT1 cannot complementkul56 or kul57 but cuticle that should have been shed and degraded during molts
extrachromosomal arrays containing thiep-1-specific

plasmids can rescue the translocated chromosomes. Als

Southern blot analysis reveals an alteration in a 218ikglll A B 123
fragment that contains four exons from thg-1 gene 123
(unpublished observations; summarized in Fig. 2). Thus, thre kb
mutations, each likely to be severe, have been isolated in tl 7.0-08
Irp-1 gene, revealing that it is essential for growth anc
development. 5.7-
) ) . , 4.8-
Irp-1 is required for completion of molting 4.3-

A striking effect seen withu156 ku157 or szTlhomozygotes

is a failure of many to shed all of the old cuticle when molting

from one larval stage to the next. This failure can result ii

worms being completely encased in old cuticle that has becon

displaced from the anterior end (and sometimes from th

extreme posterior end) but not from the rest of the body (Fic 2.3-

4A). These worms can have one of two fates. Many of ther

remain stuck in this cuticle but continue to live for several days

Others are able to break through .the old cuticle, but it or parﬁ . 3.Southern blot analysis &i157DNA. (A) Hybridization of

of it remains attached to the body; these worms therefore hayisi-p ied F20p11 tindil-digested DNA. Lame L, the wild-

rings of old cuticle that encircle the body or have a trail of oldype pattern present in DNA from N2 or the parental strain BW1707.

cuticle that remains attached to the posterior part of the bodane 2, DNA from a strain with the genotypec-13(e1091); Irp-

just anterior to the anus (Fig. 4B,C). In contrast to the shet(ku156); nDp4/+ Lane 3, DNA from a strain with the genotype

cuticle of wild-typeC. elegansthe displaced cuticle of drp- unc-13(e1091) Irp-1(ku157); nDp4/Hhe wild-type 5.1 kb fragment

1 homozygote does not degrade within the lifetime of the wornand the 5.9 kb fragment associated witti57are indicated with
Observations with a dissecting microscope sometimes reveiirows, and the 3.2 and 2.8 kb fragments that flank the 5.1 kb

Dumpy, nonvigorous segregants that appear not to have diggment are |nd|cat.e.d with arrowhegids. (B) Proof that the altered

cuticle associated with them. When examined at highy:-2 kb bandis spfecr::ﬂch%éHﬁ-l_ codlmg ée%mn was %b_téa_m_ed bﬁ’

magnification with Nomarski optics, many of these can be se:ijl)movmg most of the signal and then re-hybridizing the

. . . er with a probe covering the regionlg-1 indicated in Fig. 2.
to have small pieces of old cuticle that remained attached ote that the 5.1 kb fragment hybridizes with half the intensity of the

their bodies. Others, however, do not have old cuticle g kp fragment; most of the progeny should have inherited two
associated with them. If allowed to resume growth, they arregbpies of theku157allele but only one copy of the wild-tyjp-1
by the time of the L3 to L4 molt and have become encased iene because they are heterozygous for the balaBpdi(McKim
old cuticle or have trails of old cuticle. et al., 1992).
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rather than an aberrant blistering of the cuticle of animals ndExamination with Nomarski optics indicates that this is not
undergoing molts as is seen with mutations in thélsigenes the case. Some of the vesicles in the mutant intestine are
(Kramer, 1997). During normal molts (Singh and Sulstonhighly refractile and have a necrotic appearance; these vesicles
1978), new cuticle is first synthesized under the old cuticle. Oldxactly correspond to dark particles seen with bright-field
cuticle from the anterior half of the pharynx is then expelledillumination. In contrast, the intestines of dauers were seen to
and old body cuticle with the pharyngeal cuticle attachedbe packed with dense vesicles that lack high refractility.
separates from the anterior end of the body. Thatrghé Furthermore, alae and a constricted pharynx, both
homozygotes have displaced these cuticles is very evident (Fignorphological features of dauers (Riddle and Albert, 1997),
4A). Moreover, the cuticle of the rectum, the excretory ductare absent in thigp-1 homozygotes. Although not resembling
and regions of the body from which cuticle has not detachetthe intestines of dauers, the mutant intestines do resemble
are clearly thicker than normal, suggesting that new cuticle habose of wild-type worms that have been starved for bacteria
been synthesized as for a normal molt. but have not entered the dauer state. Thus, the darkened
During normal molts (Singh and Sulston, 1978), the entiréntestine may be a consequence of not feeding well, especially
animal rotates within the old cuticle, presumably to loosen itor homozygotes whose mouths are obstructed by undegraded
from the midbody. This is following by a rupturing of the cuticle.
anterior cuticle, which is associated with contractions of the Nomarski observations ofszT1 kul56 or kul57
head, and emergence of the animal from the old cuticle whidomozygotes reveal an accumulation of refractile material in
disappears. Like the wild-type wornmigy-1 homozygotes can the rectum in those animals that have not shed the old cuticle
undergo contractions of the head after displacement of tHeom this region (Figs 4, 5). The rectal hypodermal cells K.a
phayngeal and anterior cuticles. These contractions, howevemnd K, which produce some of the rectal cuticle (Sulston et
appear weak relative to those of wild-type worms, and thal., 1983), are enlarged and have a refractile sphere — perhaps
rotation of the entire body is not seen. Taken together, theseGolgi apparatus — near their nuclei (Fig. 5). There is often a
observations indicate that the homozygotes initiate the procepssterior displacement of the nuclei of the rectal cells B and F
of molting but are unable to complete it. In particular, they arand of other cells in the tail that perhaps results from the
unable to degrade the old cuticle. enlargement of K.a and’'K

Other aspects of the
mutant phenotype

Lrp-1 segregants fronszT1
strains or from strair
containingkul56 no longe!
in cis to unc-13(e1091)are
usually stationary althoug
some are capable of movi
a few worm lengths and ¢
respond appropriately
harsh touch with a mel
wire or to gentle touch wit
a cilium. Occasional worm
including some that a
completely incased in o
cuticle, can locomote f
several millimeters, but the
eventually become station:
and usually arrest growth
the L3 to L4 molt.
Examination  with |

dissecting microscof
reveals that the Irp-1
mutations confer

darkening of the intestin

Because specialized |

larvae termed dauers a  Fig. 4.Undegraded cuticle is associated with mutatioriepii. Longitudinal views with Nomarski optics,

have darkened intestin dorsal side up and anterior usually to the left (as is also the case for all subsequent micrographs). (A) An

(Riddle and Albert, 1997 szTlhomozygote at the L2 stage that had been stuck for several hours in old cuticle. Expulsion of the

the possibilit eXi:StS th pharyngeal cuticle (arrow) is evident. (B) Old cuticle (arrow) that remained attached to the posterior of an

th P tant yh t‘ Lrp-1 segregant, from the strain MH210, that was arrested at the molt to the L4 stage. Refractile material in
€ mutan omc_)zygo" the rectum can also be seen (arrowhead). (C) Cuticle that remained attached to the tail of an L3 larva from

have entered this sté \MH210 had become filled with excrement, emphasizing the enduring nature of the old cuticle. (D) Growth

p g g

_Of diapause Wh_'Ch of the wild-type N2 strain on medium deficient in sterols resulted in a young L3 larva having refractility of

induced by starvation ai the rectum (arrowhead) and a displaced anterior and pharyngeal cuticles (arrow). Scale bars (A,B,D)

high population densitie  20pm; (C) 100um.
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zygote
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ABelra ABfrp ABIJIa ABipIp hyp7 T Cip E ?
hyp7  hyp7 hyp7 hyp7
Fig. 6. Parts of the early cell lineage in which inheritance of wild-
typelrp-1 DNA can correct the mutant phenotype. Data for 15
mosaics that lacked features of the Lrp-1 mutant phenotype are
summarized schematically with respect to the early cell lineage and
the early progenitors of the hyp7 syncytium (Sulston et al., 1983).
Each of the 14 squares represents one animal and depicts the only
cell that established a genotypically wild-type clone of cells in that
animal. An additional animal had two wild-type clones (circles), one
of which (ABal) should not have contributed to the hyp7 syncytium.

expected to function in the endocytosis of yolk proteins by
oocytes. In order to test for a maternal contribution, mosaics
in which the germ line did not inherit thetEx76array were
examined for the production of progeny. In all four cases,
progeny were produced, and they exhibited a phenotype
indistinguishable from that of the homozygotes segregating
from heterozygotes. Thus, activity bp-1 is not absolutely

] o required for endocytosis of yolk proteins, nor is it absolutely
Fig. 5.Irp-1 affects the rectum. (A) Nomarski view of an enlarged K required for embryonic development. An incompletely
ce]l (arrow) and of refractile material in the rectum (arrowhead) Ofaexpressed effect on embryogenesis cannot be excluded
mid-L3 larva from MH210. (B) A wild-type rectum is present in a however, because MH1066 containshian-8 mutation that !
non-mutant L3 larva from MH210. Scale bargirb. results in death of embryos (Hodgkin et al., 1979), and these

_ _ . could have masked embryonic lethality caused by the germ-
Mosaic analysis suggests that the epidermal line mosaicism.

syncytium hyp7 is the focus of  Irp-1 activity

An analysis of mosaics, individuals having both genotypically-RP-1 is present on the apical surface of hyp7
wild-type and genotypically mutant cells (Herman, 1995)By means of monoclonal antibodies that had been produced
permitted a genetic assessment of the cells that require thgainst the carboxyl terminus, expression of ltpel gene
function of Irp-1. Spontaneous mosaics in which anproduct was investigated in mixed-stage populations of N2
extrachromosomal array containing wild-tyge-1 DNA  worms using conditions (Bettinger et al., 1996) in which 99%
failed to disjoin during embryogenesis, were identified among@f whole mounts stained with both anti-LRP-1 antibodies and
the progeny of a strain, MH1066, having the genotype = MH27. Most of the staining is punctate, has an appearance
1(kul56) him-8(e1489)kuEx7§SUR-5GFP(NLS)Irp-1(+)]. consistent with circular or spheroidal aggregates of the
Inheritance of the array by AB,1PABarp, ABpla, B, or Ca protein, and is evident only in hyp6 and hyp7 (Fig. 7), two
is sufficient for rescue of all aspects of the mutant phenotypgyncytia that compose most of the epidermis (White, 1988).
(Fig. 6). In particular, the rectal defects are corrected even §o-staining with MH27, an antibody that recognizes adherens
the rectal cells themselves fail to inherit the array. Althoughunctions (Waterston, 1988; Podbilewicz and White, 1994),
other arguments can be put forth (for instance, inheritance ofemonstrates that the staining is confined to the dorsal and
Irp-1 activity by any cell might be sufficient), inheritance by ventral ridges and to wider sections that are adjacent to the
hyp7 is the only lineal commonality of the mosaics, suggestintpteral seam cells, which themselves fail to stain. Therefore,
that this syncytium, which is formed by the fusion of cells thathe regions of staining correspond to the thick regions of this
descend from ABa, ABp, and C (a granddaughter gf P epidermis (with respect to a cross-sectional view of worms);
(Sulston et al., 1983), is the focus of the gene’s activity (segtaining is absent (Fig. 7) from longitudinal bands that
also Herman and Hedgecock, 1990). correspond to the thin regions of hyp7 to which body muscles
A maternal contribution of wild-typérp-1 activity could attach (White, 1988). The staining is evident in both sexes at
explain the ability of moslrp-1 homozygotes that segregate hatching, in each of the four larval stages, and in adults. The
from heterozygous mothers to develop to the L3 to L4 moltstaining is often brighter in hyp6 in L1 larvae and in the
Furthermore, a member of the LDL receptor family might beposterior part of hyp7 in adult males. Wild-type worms that
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have been starved of bacteria for 4 days also stain, albeit Iefsglure ofIrp-1 mutants to endocytose sterols could explain the

intensely than unstarved worms.
Staining of segregants from a strain,

critical nature of the mutant phenotype. Wild-type N2 worms

MH210p-( growing on medium containing a suboptimal level of sterols

1(kul56)/gld-1(g26§) demonstrated that the epitope(s) ofwere therefore examined for any resemblance to the mutant

1H6 and of 4H5 are not present in fixeall56homozygotes.
In contrast to the N2 strain, 26%

of 137 segregants complet
lacked the LRP-1 pattern but
stain with the MH27 antibod
demonstrating that they we
fixed and permeable

antibodies. Thus, the proporti
not staining agrees with t

predictions  of  Mendelia
genetics. Moreover,
segregants could \

unambigously identified dsp-1
homozygotes because they
refractile material in their rect
Each of these completely fail
to stain with the anti-LRP-
antibodies but did stain wi
MH27 (Fig. 7). The 1H6 ar
4H5 monoclonal antibodies ¢
therefore specific for the LRF
protein, and the absence
staining of the homozygot
suggests thakul56is a likely
null mutation, in agreement wi
the genetic tests.

Because MH27 recognizes
epitope associated with zonu
adherens that form at the api
junctions of polarized epithel
such as hyp6, hyp7, and -
lateral seam cells (Waterst
1988; Podbilewicz and Whit
1994), a final conclusion
possible: location of >90% of |
LRP-1 staining to the same fo
plane as the MH27 staini
demonstrates that LRP-1
located in the apical region
hyp6 and hyp7 (Fig. 7).
particular, the  basolate
surfaces are never seen to si
Thus, the resemblance betw:
LRP-1 and mammalian mega
extends to their localization
the apical surface of polariz
epithelia.

Sterol starvation can
phenocopy Irp-1 mutations
The resemblance of LRP-1
mammalian megalin sugge
that the worm protei
endocytoses sterols li
cholesterol. Because sterols
an essential nutrient forC.
elegans (Chitwood, 1992),

phenotype. After transfer to deficient medium, about 5% of

Fig. 7.Expression of th&p-1 gene product in apical regions of hyp7. Each specimen has been
stained for LRP-1 with the 1H6 and 4H5 monoclonal antibodies. Except for B, each has also been
stained for adherens junctions with MH27. All fluorescence micrographs represent the extreme left
focal plane. (A) Bands of apical, punctate staining of LRP-1 are present along the entire length of
hyp7 (only an anterior section is shown) in an adult N2 hemaphrodite. Two wide bands of the LRP-1
staining (large bracket) flank MH27 staining of the boundary between hyp7 and the lateral seam
syncytium (arrows) (compare with E for an MH27 pattern in the absence of the LRP-1 pattern). A
small bracket depicts the band of LRP-1 staining in the ventral ridge of hyp7; also shown is MH27
staining of the junction between the excretory pore and hyp7 (arrowhead). Note the absence of
staining in the zone to which body muscles attach (between the brackets). (B) The LRP-1 pattern in
the midbody of an N2 hermaphrodite in the absence of staining with MH27. The circular nature of the
punctate staining is particularly evident (thin lines). Based on staining of the dorsal and ventral ridges,
in focal planes not shown, the central zone (between arrowheads) that lacks staining corresponds to
lateral seam cells. (C) LRP-1 staining in hyp7 on either side of the lateral seam in the midbody of a
non-mutant L2 segregant from MH210. Co-staining with MH27 reveals the apical junctions of the
lateral seam, two cells of which are indicated (arrows). LRP-1 staining in the ventral ridge of hyp7 is
also evident (arrowhead). (D) An interior view with Nomarski optics of a more posterior region of the
same animal as in C, demonstrating a lack of refractile material in the rectum. (E) A mutant L2
segregant of MH210 lacks LRP-1 staining. MH27 staining of the apical junctions between hyp7 and
the lateral seam cells, one of which is indicated with an arrow, demonstrates that the specimen was
permeable to antibodies. (F) An interior view with Nomarski optics of a more posterior region of the
same animal as in E, revealing refractile material in the rectum, indicating homozygositirpfithe
mutation. Scale bars (A,B) 20n; (C-F) same scale as A.
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larvae of the second generation but none of the first generatisimilar in appearance to apical vesicles (White, 1988);
were Dumpy, had problems shedding old cuticle during moltsjetection of these vesicles by the anti-LRP-1 antibodies would
and sometimes had refractile material in their recta (Fig. 4Dpe a straight-forward interpretation of the punctate, circular
In addition, some adults of the second generation exhibited grattern of staining. Thus, although LRP-1 has not been proved
abnormal loopy movement of their bodies and were unable to be a receptor, the available data suggest that it functions as
move effectively. (Similar behavior is occasionally displayedsuch in a location that is consistent with the mutant phenotype
by adult segregants of transgenic lines in whichghelor  and with the proposal that one function of this class of receptor
kul56 mutations are rescued with extrachromosomal arrayss for the regulation of extracellular proteolysis (Krieger and
This congruence may indicate that the mutations werklerz, 1994; Strickland et al., 1995; Willnow et al., 1996).
incompletely rescued by the array in these animals.) In Perhaps a more likely explanation for the mutant phenotype,
contrast, N2 worms that had been grown on otherwise identichbwever, is indicated by the effect of sterol starvation: the fact
medium that had been supplemented witluénl cholesterol that starvation phenocopies the mutations suggests that LRP-1
lacked all of these defects. Although the starvation was nandocytoses dietary sterols like cholesterol. The presence of
absolute (worms continued to propagate at half the rate &RP-1 in the apical region of hyp7 may appear at first glance
control populations on cholesterol-supplemented medium) and be inconsistent with such a function, as the sterols would
two generations were required before effects were evident, thmave to pass through the cuticle before encountering the
ability of the starvation to cause the same defects as the Lrprdceptor. Experiments with the large paragigraris suum
mutant phenotype leaves open the possibility that LRP-have, however, indicated that nematodes primarily absorb
endocytoses sterols. sterols through the epidermis rather than through the intestine
(Fleming and Fetterer, 1984). The presence of LRP-1 in the
apical region of a polarized epithelium may therefore serve the
DISCUSSION same function as the major one deduced for mammalian
megalin: the endocytosis of cholesterol from extensive fluids
Genetic, molecular, and immunocytochemical data indicatthat are external to these epithelia (Willnow et al., 1996).
that null mutations have been isolated in el gene. A Although propagation ofC. elegansis known to require
striking effect of these mutations is an inability to shed andlietary sterols (Chitwood, 1992), the morphological effects of
degrade all of the old cuticle during larval molts. The cuticlesterol deprivation have not been previously reported. Sterol
is a collagen-rich exoskeleton that functions as a barrier to tretarvation of other nematodes has been reported to cause
environment (Kramer, 1997), and an inability to degrade it isncomplete molts (Bottjer et al., 1984; Coggins et al., 1985),
consistent with a perturbation of extracellular proteolysisbut a comparison with the Lrp-1 mutant phenotype is difficult
Perhaps the extracellular part of LRP-1 is required fobecause the effects on molting were not described in detail. As
activiation of collagenase or other proteases that might beas the case described here@oreleganssterol starvation of
secreted during molts. Alternatively, LRP-1 may be needed fahe free-living nematodedPanagrellus redivivusand C.
proteolytic processing of procollagens or other components diriggsae a close relative ofC. elegans required two
the cuticle. Insufficient maturation of the precursors mighgenerations before arrest of growth (Hieb and Rothstein, 1968;
produce a cuticle that is resistent to degradation and lackottjer et al., 1985). This lag is at variance with the
pliability, rendering worms unable to move well. Aberrantmanifestation of the Lrp-1 phenotype in homozygotes as they
synthesis of the cuticle could also account for the Dumpgegregate from heterozygous mothers. One explanation is that
phenotype (Kramer, 1997). Because homozygotes that haséerols had not been sufficiently eliminated from the media; it
managed to shed most of the old cuticle are also Dumpy, it difficult to starve nematodes of sterols because
might be an intrinsic property of the newly synthesized cuticlemicrobiological media are often contaminated with them, and
The presence of LRP-1 on the apical surface of hyp6 anmgematodes can convert plant or yeast sterols to useful forms,
hyp7 is completely consistent with the failure of the mutanténcluding cholesterol (Chitwood, 1992). It is possible that the
to shed and degrade old cuticle. The hyp7 syncytium composésst generation were unaffected because of a combination of a
most of the epidermis (also called the hypodermis)Cof maternal supply in the eggs from which they arose and an
elegans (White, 1988). (Because the much smaller hyp6ability to scavenge contaminating sterols from the medium.
syncytium fuses with hyp7 during the L2 to L3 molt (YochemThe level of contaminating sterols may have been too low,
et al., 1998), for simplicity only hyp7 will be emphasized.) Thehowever, for an adequate maternal contribution to the next
apical plasma membrane of hyp7 is the outermost plasngeneration.
membrane for most of the length of the body, and from this Because it is not known why sterols are essential for
apical membrane is secreted the components for most of thematodes (Chitwood, 1992), interpretation of the effect of the
body cuticle (Kramer, 1997). Before a cycle of endocytosis isleprivation on molting remains speculative. Perhaps a lack of
initiated, the large extracellular part of LRP-1 must thereforeholesterol in cell membranes renders worms too weak to
be located just beneath the overlying cuticle or in contact witbomplete the process. Also, degradation of old cuticle may be
it. A cycle of endocytosis from the apical surface of hyp7activated by a developmental signal that requires a cholesterol
should also be associated with coated pits and endocytoticodification such as occurs for therosophila protein
vesicles; in the case of mammalian megalin, the latter atgedgehog (Porter et al., 1996). Another possiblity is that a
particularly large multivesicular bodies that have been termesteroid hormone such as 20-hydroxyecdysone regulates
apical vesicles (Chatelet et al., 1986; Willnow et al., 1996)molting inC. elegansit is interesting to note in this regard that
Thin-section electron microscopy &f. eleganshas revealed ‘RNA interference’ (Fire et al., 1998) of CHR3, an orphan
large multivesicular bodies in the syncytial epidermis that arauclear hormone receptor, results in a failure to shed and
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degrade all of the old cuticle during molts (Kostrouchova et al., balancers. IrCaenorhabditis elegans: Modern Biological Analysis of an
1998). CHRS3 closely resembles DHR3D®sophila protein Organism(ed. H. F. Epstein and D. C. Shakes), pp. 147-184. Academic
that affects metamorphosis and is induced upon treatment withPess: San Diego.

K . erguson, E. L. and Horvitz, H. R.(1985). Identification and characterization
20-hydroxyecdysone (Lam et al., 1997; White et al., 1997). | of 22 genes that affect the vulval cell lineages of the nematode

expression of CHR3 also requires ecdysone, a failuhg-df Caenorhabditis eleganGeneticsL10, 17-72.

mutants to endocytose sterols could produce the sanmney, M. and Ruvkun, G.(1990). Theunc-86gene product couples cell
phenotype. It is controversial, however, whether normal lineage and cell identity i€. elegansCell 63, 895-905.

molting of nematodes is regulated by ecdysone, and producti(’fﬁ,a'eA-' Xu, S. Q., Montgomery, M. K., Kostas, S. A., Driver, S. E. and

llo, C. C. (1998). Potent and specific genetic interference by double-
of ecdysone from cholesterol has yet to be demonstrated forg . \ed RNA ircaenorhabditis elegandlature 391, 806-811.

any n_ematOde (ChitWQOd' 1992)- BY_What ever means, th8eming, M. W. and Fetterer, R. H. (1984). Ascaris suum continuous
genetic mosaic analysis &p-1 is consistent with signaling  perfusion of the pseudocoelom and nutrient absorplgp. Parasitol 57,
between cells, because the rectal defects were corrected ir}42-148.

mocaics even when the rectal cells themselves failed to inhefiedor. A- and Deak, P.(1985). The isolation and genetic analysis of a
the Wild-type gene Caenorhabditis eleganstranslocation €zT) strain bearing anX-

. chromosome balancel. Genet64, 143-157.

The effects of sterol Starvation on nematodes suggests thakncis, R., Barton, M. K., Kimble, J. and Schedl, T(1995).gld-1, a tumor
LRP-1 endocytoses dietary sterols that are needed for ansuppressor gene required for oocyte developmentCaenorhabditis
unknown function during molting. Nevertheless, the alternative elegansGeneticsl39 579-606. 3
must be considered that the effects of the starvation arise frof§'man: R. K. (1995). Mosaic analysis. l@aenorhabditis elegans: Modern

- . . iological Analysis of an Organisifed. H. F. Epstein and D. C. Shakes).
perturbation of a component that acts in parallel to or in ;7153145 Academic Press, San Diego.

conjuction with LRP-1 during molts. A'SO, itis not clear why Herman, R. K. and Hedgecock, E. M(1990). Limitation of the size of the
the structures of LRP-1 and mammalian megalin are so closelyvulval primordium of Caenorhabditis elegansy lin-15 expression in
conserved if they are only required for the uptake of sterols. surrounding hypodermis\ature348 169-171.

; ; i Hieb, W. F. and Rothstein, M.(1968). Sterol requirement for reproduction
We have begun a genetic approach to the question of functldil*f;f a free-living nematodeSciencel60, 1778-1780.

by |solat|ng mutations ,m Ot_her genes that confer the san’]—@odgkin, J. A., Horvitz, H. R. and Brenner, S.(1979). Nondisjunction
phenotype. Also, mutations in the geylreis454 .|et'462 and mutants of the nematod@aenorhabditis elegan&enetics91, 67-94.
let-473have been mentioned as affecting molting (Johnsen aridhnsen, R. C. and Baillie, D. L(1991). Genetic analysis of a major segment
Baillie, 1991). The analysis and cloning of these and further [LGV(eft)] of the genome o€aenorhabditis elegan&enetics129, 735-

i 752.
anaIyISIthf CHR3 (K_OStr?]l_JChhoL\lspeaa]J., 1?.98) maé/ alio Tﬁ.IRostrouchova, M. K., Krause, M., Kostrouch, Z. and Rall. J. E.(1998).
reveal _e procesfs In whic -1 1unc |o_ns an W_y IS CHR3: aCaenorhabditis elegar@phan nuclear hormone receptor required
process is essential for growth and completion of molting. for proper epidermal development and moltiBgvelopmentl25, 1617-

1626.
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