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The Caenorhabditis elegans oocyte is a highly amenable system for forward and reverse genetic
analysis of receptor-mediated endocytosis. We describe the use of transgenic strains expressing a
vitellogenin::green fluorescent protein (YP170::GFP) fusion to monitor yolk endocytosis by the C.
elegans oocyte in vivo. This YP170:GFP reporter was used to assay the functions of C. elegans
predicted proteins homologous to vertebrate endocytosis factors using RNA-mediated interfer-
ence. We show that the basic components and pathways of endocytic trafficking are conserved
between C. elegans and vertebrates, and that this system can be used to test the endocytic functions
of any new gene. We also used the YP170::GFP assay to identify rme (receptor-mediated endo-
cytosis) mutants. We describe a new member of the low-density lipoprotein receptor superfamily,
RME-2, identified in our screens for endocytosis defective mutants. We show that RME-2 is the C.

elegans yolk receptor.

INTRODUCTION

Receptor-mediated endocytosis, an essential process in all
eukaryotes, is required for general cellular functions, includ-
ing uptake of nutrients (e.g., low-density lipoprotein [LDL]
or transferrin) and recycling of membranes and membrane
proteins (Mukherjee ef al., 1997). Yolk uptake by growing
oocytes is a dramatic example of the receptor-mediated en-
docytosis pathway in many species, including invertebrates
such as the nematode Caenorhabditis elegans and vertebrates
such as the chicken (Schneider, 1996). C. elegans yolk is
secreted from its site of synthesis, the intestine, into the
pseudoceolomic space (body cavity) and is ultimately taken
up into vesicles within the growing oocytes (Kimble and
Sharrock, 1983; Hall et al., 1999). Yolk transport in verte-
brates such as the chicken follows a similar route, from liver
to bloodstream to ovum (Schneider, 1996).

Yolk is a lipoprotein particle composed of lipids and
lipid-binding proteins called vitellogenins. Vitellogenins are
among the most abundant proteins found in developing
embryos (Sharrock, 1983). Lipids and proteins derived from
yolk are thought to provide essential nutrients required to
support the rapid development of the embryo. C. elegans
vitellogenins YP170, YP115, and YP88 share sequence ho-
mology with vertebrate vitellogenins and with ApoB-100, a
core component of mammalian LDL particles (Baker, 1988;
Spieth et al., 1991). Endocytosis of yolk particles into mem-
brane-bound vesicles of the oocyte is mediated by receptors
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of the LDL receptor superfamily in C. elegans (this work),
insects, and vertebrates. Yolk and yolk receptor endocytic
trafficking is thought to proceed through pathways very
similar to those used by LDL in somatic cells (Goldstein et
al., 1985; Schneider, 1996).

Clathrin-coated pit (CCP) and endosomal trafficking sys-
tems, such as those mediating LDL endocytosis, have been
intensively studied since Roth and Porter (1964) first discov-
ered coated-pits in the mosquito oocyte plasma membrane.
Extensive ligand and receptor tracer studies have since pro-
duced a model describing general endocytic trafficking
routes in the cell (Mukherjee et al., 1997). Ligand-receptor
complexes are thought to cluster in CCPs, which pinch off
from the surface as clathrin-coated vesicles, and shed their
coats. Uncoated vesicles then fuse with each other and with
early endosomes. Acidificaton of the early endosome leads
to dissociation of ligands from receptors. After sorting, re-
ceptors recycle to the cell surface, whereas ligands are trans-
ported to late endosomes and ultimately lysosomes. Yolk
storage vesicles are thought to be the oocyte equivalent of
late endosomes or lysosomes but with low proteolytic activ-
ity (Schneider, 1996).

Although great strides have been made in our under-
standing of endocytic trafficking, many questions remain
about the mechanisms underlying this process. Secretion,
which now stands as the best understood trafficking path-
way, has been largely elucidated by a combination of mam-
malian biochemistry and yeast genetics (Rothman and Wie-
land, 1996; Schekman and Orci, 1996). Endocytosis has been
most widely studied by biochemical methods, in large part
using physical association or copurification techniques
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(Mellman, 1996). Some progress has been made using in
vitro functional assays, such as early endosome fusion, but
many parts of the endocytic pathway, such as receptor re-
cycling, have not been reconstituted (Mukherjee et al., 1997).
Genetic analysis in a number of systems, most notably yeast,
has also made important contributions to our understanding
of endocytosis. For example, genetic analysis in yeast has
identified new connections between the actin cytoskeleton
and the endocytic pathway (Wendland et al., 1998).

Genetic analysis in metazoan animals such as C. elegarns,
Drosophila, and mice is one of the least explored, but poten-
tially most fruitful, areas of endocytosis research. Because
endocytosis is a mechanism by which cells interact with
their environments, important aspects of endocytosis may
differ between unicellular and multicellular organisms. For
example, lipoprotein uptake, such as LDL or yolk endocy-
tosis, is an adaptation required for nutrient transport and
cellular homeostasis within a multicellular organism. Other
highly adapted endocytic systems specific to multicellular
organisms include growth factor receptor regulation during
development, synaptic vesicle recycling in the nervous sys-
tem, and antigen processing in the immune system (Mell-
man, 1996).

Genetic analysis in C. elegans and Drosophila has already
provided important insights into trafficking mechanisms,
even though few studies have specifically targeted endocy-
tosis. For instance, mutants in the Drosophila dynamin ho-
mologue shibire were originally identified because of their
generally impaired nervous system. Further analysis of
these mutants revealed the importance of dynamin in pinch-
ing off clathrin-coated vesicles (de Camilli et al., 1995). Sim-
ilarly, while studying general synaptic function genetically
in C. elegans, a role for synaptotagmin was identified in
synaptic vesicle recycling (Nonet et al., 1993; Jorgensen et al.,
1995).

Here, we describe the use of a YP170::green fluorescent
protein (GFP) (Chalfie ef al., 1994) reporter to visualize yolk
endocytosis in vivo in the C. elegans oocyte. We used this
YP170::GFP assay to probe the functions in yolk endocytosis
of predicted C. elegans homologues of well-known vertebrate
endocytosis genes using RNA-mediated interference
(RNAIi). This approach showed that the basic components
and pathways of endocytic trafficking are well conserved
between C. elegans and vertebrates, and that this system can
be used to test the endocytic functions of any new gene. We
also used the YP170:GFP assay in a classical mutagenesis
scheme to identify new rme (receptor-mediated endocytosis)
genes encoding endocytosis components. In this paper we
describe RME-2, a member of the LDL receptor superfamily,
and provide several lines of evidence showing that RME-2 is
the C. elegans yolk receptor. The completely described cell
lineage, simple anatomy, and advanced knowledge of de-
velopmental processes in C. elegans offer the potential to
integrate future studies of endocytosis and intracellular traf-
ficking with investigations of related processes such as cell
polarity, cell-cell signaling, and excitable cell function.

MATERIALS AND METHODS
General Methods and Strains

Methods for the handling and culturing of C. elegans were essen-
tially those described by Brenner (1974). All strains were grown at
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20°C unless otherwise stated. The wild-type parent for all strains
was C. elegans var. Bristol strain N2 except for those experiments
involving DP13 C. elegans var. Bergerac strain BO or NL917 mut-
7(pk204), a Bristol/Bergerac hybrid strain (Nigon, 1949; Williams,
1995). Mutations used were LGII, sqt-1(sc103) (Kramer and Johnson,
1993); LGIII, mut-7(pk204) (van Luenen and Plasterk, 1997) and
unc-16(e109) (Brenner, 1974); LGIV, dpy-13(e184) (Brenner, 1974),
unc-5(e53) (Brenner, 1974), rme-2(b1005), rme-2(b1008), and rme-
2(b1026) (this work); LGX, dyn-1(ky51) (Clark et al., 1997), lin-
15(n765ts) (Ferguson and Horvitz, 1985), and bls1[vit-2::GFP, rol-
6(su1006)] (this work); and unmapped, bls2[vit-2::GFP, rol-6(su1006)]
(this work).

Plasmids and Transgenic C. elegans

The plasmid V2B3 encodes a functional VIT-2(YP170B)::GFP fusion
protein expressed under vit-2 promoter control. The plasmid was
made by ligating a PCR product encoding vit-2 genomic sequences,
including 1 kb of promoter and the complete gene lacking a stop
codon, into the GFP plasmid pPD95.85 (Fire, Xu, Ahnn, and Sey-
doux, personal communication), cut with Xmal and Kpnl. The vit-2
gene was PCR amplified with primers V2F (TCCCCCCGGGTC-
CACGGACATTTCTGGGTCATTTG) and V2R (CGGGGTACCA-
GATAAGCGACGCAGGCGGTTGGGAC), containing engineered
Xmal and Kpnl sites (underlined), using cosmid DNA (C42D8) as a
template. V2B3, at 50 pug/ml, was coinjected with rol-6(d) marker
pRF4, at 100 ug/ml, into N2 to make transformed lines using
standard methods (Fire, 1986; Mello ef al., 1991). Ten of 10 roller
lines showed green YP170::GFP fluorescence in embryos, the intes-
tine, and nearly full-grown oocytes of the adult hermaphrodite.
Oocyte fluorescence was generally restricted to the one to four
late-stage oocytes in each gonad arm, depending on the age of the
hermaphrodite. Pseudocoelomic YP170::GFP fluorescence was ob-
served primarily in very young adults just beginning oocyte pro-
duction or very old hermaphrodites no longer producing fertilized
eggs. No expression of YP170::GFP was observed in males. Four
integrated lines (bls1-bls4) were produced by standard methods
and back-crossed twice to N2 (Grant and Greenwald, 1997).
YP170::GFP fluorescence in the integrated arrays appeared identical
to that of the extrachromosomal arrays. bls1 was found to map near
dyn-1 on LGX. bls2 proved unlinked to dyn-1 but was not mapped
further.

Mutant Isolation and Gene Mapping

Two mutant screens resulted in the isolation of rme-2 alleles. In the
first, 10 gravid hermaphrodites of the mutator strain DH1069 mut-
7(pk204); bls1[vit-2::GFP, rol-6(su1006)] were transferred to individ-
ual 9-cm Petri dishes and allowed to self-fertilize for 3-4 d, until
~100-200 gravid F1 progeny were produced. F2 eggs were col-
lected by alkaline hypochlorite digestion and were plated in groups
of 1000-2000 onto 15-cm Petri dishes. When the F2 progeny reached
adulthood, they were examined with a Leica (Nussloch, Germany)
8Z stereomicroscope equipped with epifluorescence for rare ani-
mals displaying little or no YP170::GFP fluorescence in the oocytes
and embryos but showing bright YP170:GFP fluorescence in the
pseudocoelom. Such animals were considered rme mutants. True
breeding rme mutants with morphologically normal gonads were
back-crossed first to unc-16(e109) to remove mut-7(pk204) from the
strain. Then an unmutagenized bIs1 chromosome was crossed back
into the strain. Only one mutant from each plate was kept for
further analysis. rme-2(b1005) and rme-2(b1008) were recovered in
this screen. The second screen was similar, except that strain
DH1006 bIs1[vit2::GFP, rol-6(su1006)] was mutagenized with freshly
prepared 2.0 mM N-ethyl-N-nitrosourea as described (De Stasio et
al., 1997), and the F1 and F2 generations were raised at 15°C to allow
isolation of temperature-sensitive mutants. F2 animals were shifted
to 25°C for 12-24 h before screening. rme-2(b1026) was recovered in
this screen.
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Mutations were assigned to linkage groups and to chromosomal
subregions by sequence tagged site (STS) polymorphism mapping
(Williams, 1995). b1005, b1008, and b1026 mapped between stP13
and stP44 on LGIV. These three mutations failed to complement one
another. Three-point mapping with dpy-13 and unc-5 identified the
following crossovers: dpy-13 (64) rme-2 (5) and unc-5.

Cloning and Molecular Characterization

Genomic rme-2 sequences were PCR amplified from rme-2 mutant
lysates using primers T11F8-OF (CATTTCTGTCCCGGCGGGAG)
and T11F8-OR (ATCGTGCCAAGACCTAGCGCCQ). The products of
four independent PCR reactions were pooled and submitted for
automated sequencing using primers T11F8-OF, rme-2F1 (AAG-
CAAAGGAATTTGATTGCGG), rme-2F2 (TTCTGGAGGAGAT-
GATGAGGTC), rme-2F3 (GTAATGGGATCAAGGAGTGTCQ),
rme-2F4 (ATCGATCGACTTCATGCATCGC), rme-2F5 (GGCTA-
ATATGGATGGGTCTCAG), rme-2F6 (ACCCATGCCTTGAACTC-
GAGTG), rme-2F7 (GGTAGTCGGAATTATTGCCTTCC), and
rme2-F8 (TCATACGGAAACCCCATGTACG). Sequence changes
were confirmed by resequencing the region of interest with a new
set of independent PCR products. rme-2(b1005) contained a 26-bp
deletion altering or deleting codons 630-638 (ATGACCCATp-
CATCATTCGAGTCCTCAA—A), resulting in a predicted frame
shift and truncation. rme-2(b1008) contained adjacent missense and
single-base insertion mutations within codon 440 (ATT—TGTT),
resulting in a predicted frame shift and truncation. rme-2(b1026)
contained a transition in codon 493 (GGG—GAG) resulting in a
nonconservative G—E amino acid substitution.

cDNA clones for rme-2 were kindly provided by Dr. Yuji Kohara
(National Institute of Genetics, Mishima, Japan). The longest, yk8d2,
was sequenced on one strand using primers T3, rme-2F2, rme-2F3,
rme-2F4, rme-2F5, rme-2F6, rme-2F7, and T7. yk8d2, yk286d10, and
yk238g12 each contained a poly(A) tail at the 3’ end, 84 bp after the
stop codon.

We determined the 5’ end of the rme-2 message by 5’ rapid
amplification of cDNA ends (RACE) according to the manufactur-
er’s instructions (Life Technologies, Gaithersburg, MD). One micro-
gram of total RNA was reverse transcribed using primer VLDL-RT
(CATGAGTTGCACACTCATC) and was poly(G) tailed. First-round
PCR was performed using primers VLDL-R1 (CATCGGCAAGCT-
TATATCCTTC) and the abridged anchor primer. First-round PCR
gave only one band on an agarose gel. Second-round PCR was
performed using primers rme2-5P (AGTCCGCTACGTTGTCG-
CATTG) and UAP with a fraction of the first PCR product. Second
round PCR gave only one band on an agarose gel. The purified PCR
product was cloned into pGEM-T (Promega, Madison, WI). Five of
the largest inserts were sequenced. None contained spliced leader
sequences. The longest clone extended 35 bp 5’ of the probable start
codon. A similar PCR regimen using VLDL-R1 and either SL1 or
SL2 primers produced only non-rme-2-related products.

Antibody Production, Western Blots, and
Immunostaining

Anti-vitellogenin antibodies described by Sharrock et al. (1990) were
kindly provided by T. Blumenthal (University of Colorado) and S.
Strome (University of Indiana). Rat polyclonal antisera anti-YP170,
anti-YP115, and anti-YP88 and mouse monoclonal antibodies OIC1
and PIIA3 were used in immunofluoresence experiments on dis-
sected gonads as described below. Each antiserum clearly detected
abundant yolk granules in the oocytes of wild-type hermaphrodites
but failed to detect any yolk granules in the oocytes of rme-2(b1005)
hermaphrodites. These antibodies detected abundant yolk in rme-2
mutant intestines.

We expressed 6-HIS-tagged fragments of RME-2 in Escherichia
coli, which were purified by nickel chromatography under denatur-
ing conditions, and injected into rabbits for antibody production as
described (Grant and Greenwald, 1997). RME-2-EXT antigen (amino
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acids 180-670) was expressed from a PCR-amplified region of
yk8d2 cloned as a BamHI-Xhol fragment into pET24b (Novagen,
Madison, WI). RME-2-INT antigen (amino acids 813-925) was ex-
pressed from a PCR-amplified region of yk8d2 cloned as a BamHI-
Xhol fragment into pET24b (Novagen). Rabbits R-6739, R-6740,
R-6741, and R-6742 were immunized and bled by Charles River
PharmServices (Southbridge, MA). Antibodies were affinity purified
on RME-2-EXT or RME-2-INT antigen columns as described (Gu et
al., 1994). Western blotting was performed on mixed stage popula-
tions as described (Grant and Greenwald, 1997), except that affinity-
purified anti-RME-2-INT or anti-RME-2-EXT antisera were used at a
1:500 dilution. Whole-mount immunostaining was performed as
described (Bettinger et al., 1996). Anti-RME-2 antisera was used at a
1:50 dilution overnight at 4°C. Secondary antibodies conjugated to
Alexa-488 (Molecular Probes, Eugene, OR), Alexa-546 (Molecular
Probes), or Cy3 (Jackson ImmunoResearch, West Grove, PA) were
used at a 1:500 dilution. Gonads were dissected as described (Jones
et al., 1996), transferred to siliconized microcentrifuge tubes, and
fixed for 10 min in 1% paraformaldehyde and 1X PBS. Primary and
secondary incubations were as described above for whole-mount
samples. Most immunostained specimens were analyzed with a
Zeiss (Thornwood, NY) LSM laser scanning confocal microscope.

Ectopic Expression of RME-2

PCR was used to create plasmid 86DF, a full-length rme-2 cDNA,
including N-terminal coding sequences and a novel Nhel site,
cloned into the Nhel and Kpnl sites of the myo-3 expression vector
pPD95.86 (Fire, Xu, Ahnn, and Seydoux, personal communication).
The complete cDNA was sequenced to ensure that no errors had
been introduced. 86DF was injected at 20 ug/ml along with a
lin-15(+) plasmid at 50 ug/ml into the strain DH1112 lin-15(n765ts);
bIs2[vit-2::GFP, rol-6(d)]. Three non-Muv lines were grown at 25°C
and were fixed and immunostained as described above with rabbit
polyclonal anti-RME-2-INT antisera and mouse monoclonal anti-
GFP antibody 3E6 (Quantum Biotechnologies, Montreal, Canada).
Three of three lines, analyzed by confocal microscopy, showed
highly mosaic expression of RME-2 in body wall and vulval muscle
cells. In most cases, cells expressing high levels of RME-2 showed
coincident staining for YP170:GFP. Because of the small size and
presumably active lysosomal degradation pathway of these cells,
we were unable to determine whether any of the YP170::GFP asso-
ciated with these muscle cells was internalized. Muscle cells ex-
pressing little or no RME-2, often directly adjacent to strongly
positive cells, never stained with anti-GFP antibodies. No anti-GFP
immunoreactivity was observed in larvae, although many muscle
cells of larvae expressed abundant RME-2 in these lines.

RNA-mediated Interference

The following cDNA clones, kindly provided by Dr. Yuji Kohara or
The Institute for Genomic Research (Rockville, MD), were used to
produce double-stranded RNA (dsRNA) for microinjection into the
pseudocoelom or intestine as described by Fire et al. (1998) and
Montgomery et al. (1998): yk24g12 (clathrin heavy chain, T20G5.1),
yk132al (a-adaptin, T20B5.1), yk115c10 (B-adaptin, Y71H2),
CEESS15 (rab5, F26H9.6), yk101c7 (rab7, W03C9.3), yk51h1 (rabll,
F53G12.1), yk52c4 (B'-COP, F38E11.5), yk67d8 ({-COP, F59E10.3),
and yk112c6 (ARF, B0336.2). Plasmids were rescued from the phage
clones according to manufacturer’s instructions (Stratagene, La
Jolla, CA), the cDNA inserts were PCR amplified with Bluescript
vector primers CM024 (TTGTAAAACGACGGCCAG) and CMO025
(CATGATTACGCCAAGCTC), transcribed using large-scale T3 and
T7 transcription kits (Novagen or Stratagene), and purified by phe-
nol-chloroform extraction or RNA-Quick purification columns (Qia-
gen, Hilden, Germany). Groups of 15-20 L4 and young adult her-
maphrodites of the strain DH1033 sqt-1(sc103); bls1[vit-2::GFP, rol-
6(d)] were microinjected with the appropriate dsRNA and allowed
to recover 1824 h before direct observation of oocytes and embryos
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within the PO by fluorescence microscopy. The pseudo-wild-type
sqt-1(0) mutation sc103 suppresses the rol-6(d) twisted body pheno-
type, allowing easier observation and photography of this strain.
Progeny from the transitional period (first 18-24 h), and fully trans-
formed period (>24 h) were scored in single-day cohorts. For anti-
RME-2 immunostaining, groups of 100 POs were injected, recovered
for 24 h, and immunostained as above.

RESULTS
The YP170::GFP Assay

We created transgenic C. elegans strains that express the
full-length yolk protein YP170 fused to GFP (see MATERI-
ALS AND METHODS). This fluorescent YP170::GFP fusion
protein is transported like endogenous yolk, from intestine
to oocyte, allowing in vivo analysis of secretion and endo-
cytosis by fluorescence microscopy (Figure 1). In the first set
of experiments we asked whether yolk endocytosis in the C.
elegans oocyte uses the same endocytic pathway components
that have been described in studies of general endocytosis in
vertebrates. To accomplish this we applied RNAi to our
YP170::GFP-expressing strain to reduce or eliminate expres-
sion of a series of specific target genes within oocytes (Fire et
al., 1998). We then asked whether YP170:GFP uptake by
these oocytes was impaired or altered.

RNAIi was performed by microinjecting dsRNA homolo-
gous to the target gene of interest into L4 or young adult
hermaphrodites and later scoring the injected animals and
their progeny for induced phenotypes. This technique has
been used extensively in C. elegans and faithfully mimics
most phenotypes caused by mutations that reduce or elim-
inate target gene function and is especially effective in germ
cells (Fire et al., 1998; Montgomery et al., 1998).

Clathrin-coated Pit Components Are Required for
Yolk Endocytosis

Both receptor-bound ligands and extracellular fluid enter
animal cells through CCPs (Mellman, 1996). The clathrin
cage, composed of clathrin heavy chain and clathrin light
chain molecules, forms repeated triskelions that self-assem-
ble into planar lattices associated with clathrin adaptor com-
plexes called AP2, which are associated with clustered trans-
membrane receptors. These planar lattices are thought to
round up to form pits, which pinch off from the membrane
to form coated vesicles. Another pit-associated protein, dy-
namin, is required for pinching off clathrin-coated vesicles
from the plasma membrane.

The adaptor complex AP2 is a heterotetramer of four
“adaptins” (Pearse and Robinson, 1990). Each AP2 complex
contains two large subunits, - and B-adaptin, a medium
chain pu2 (AP50), and a small chain 02 (AP17). The u2
subunit of AP2 is thought to mediate association with the
tyrosine-based internalization signals of receptor tails (Ohno
et al., 1995). The a-adaptin subunit is thought to mediate
essential interactions, directly or indirectly, with a host of
associated endocytosis factors, including dynamin (Wang et
al., 1995). The B-adaptin subunit is thought to connect the
AP2 complex to clathrin (Pearse and Robinson, 1990). No
specific function has been assigned to the 2 subunit of AP2.

By scanning the essentially complete C. elegans genome
sequence, we were able to identify predicted C. elegans pro-
teins representing probable CCP components: clathrin
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Figure 1. YP170:: GFP accumulates in vesicles of the oocyte. (A)
Whole adult hermaphrodite expressing YP170::GFP. YP170:GFP
fluorescence is found in the intestine, late-stage oocytes, and em-
bryos. YP170::GFP localization appeared very similar to endoge-
nous YP170 by fluorescence microscopy (this work) and immuno-
electron microscopy (Hall ef al., 1999). Immuno-electron microscopic
experiments did reveal accumulation of YP170:GFP in enlarged
vesicles of the intestine, unlike endogenous YP170 in wild-type
worms (Hall et al., 1999). Such accumulation may result from over-
expression of YP170 in transgenic strains or properties acquired
from the GFP tag. OO, late-stage oocytes; V, vulva. (B) Confocal
micrograph of YP170:GFP vesicles within two nearly full-grown
oocytes of one gonad arm. (C) Confocal micrograph of YP170::GFP
vesicles within a two-cell embryo. (D) Stylized drawing of one
gonad arm connected to the spermatheca and the uterus.

heavy chain (T20G5.1), a-adaptin (T20B5.1), B-adaptin
(Y71H2_389.E), u2 (R160.1), and o2 (FO2E8.3). C. elegans
clathrin heavy chain, a-adaptin, and B-adaptin RNAi all
produced similar defects in oocytes and embryos. We found
that RNAi of these CCP components strongly inhibited up-
take of YP170::GFP into oocytes, resulting in high accumu-
lation of YP170::GFP in the pseudocoelomic space and many
fewer YP170::GFP-containing yolk granules in late-stage oo-
cytes and embryos. In all of these cases, late-stage oocytes
were smaller than in wild type, and embryos proved invia-
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Table 1. Assay of C. elegans endocytosis genes in yolk uptake into the oocyte

% Identity with

YP170::GFP in

Gene targeted Predicted protein mammalian pseudo- YP170::GFP in Phenotype of

for RNAi homology homologue coelom full-grown oocytes progeny

None NA NA - +++ Normal

T20G5.1 CHC (Clathrin Heavy Chain) 70 +++ + Dead embryos

T20B5.1 a-Adaptin 57 +++ + Dead embryos

Y71H2_389.E B-Adaptin 53 +++ + Dead embryos

R160.1 12(AP50) 78 — +++ Strong Dpy

FO02E8.3 02(AP17) 93 - +4++ Strong Dpy

C02C6.1 (dyn-1)*  Dynamin 66 +++ + Dead embryos

F26H9.6 Rab5 77 +++ - Dead embryos

F53G12.1 Rab11 80 + ++ Dead embryos

+++ Mild Dpy

W03C9.3 Rab7 71 - Abnormal Large yolk granules

localization throughout L1 body

? Similar results were found for the dyn-1(ky51ts) mutant (see RESULTS).

ble. These results are consistent with the proposed roles of
clathrin, a-adaptin, and B-adaptin in coated pit and coated
vesicle formation.

Unlike the other CCP components we tested, Ce-u2(RNA1)
and Ce- 02(RNAi) did not result in an apparent reduction in
YP170::GFP uptake into the oocyte. YP170::GFP appeared at
wild-type levels in oocytes and embryos and did not accu-
mulate in the pseudocoelomic space. All progeny of Ce-
n2(RNAi) and Ce-02(RNAi) mothers were severely dumpy
(Dpy). The Dpy phenotype is characterized by a very short
body and is most commonly associated with defects in cu-
ticle formation (Levy et al., 1993). Reduced body length is
probably caused by a partial failure in embryonic elonga-
tion, a major event in embryonic morphogenesis. The phe-
notype was very similar when Ce-u2 and Ce-02 RNAi was
performed simultaneously. No synthetic phenotypes of
Ce-u2 and Ce-02 were revealed. We also performed RNAi on
Ce-u2 and unc-101, a C. elegans ul(AP47) gene, simulta-
neously (Lee ef al., 1994). No reduction in YP170::GFP uptake
by Ce-u2(RNAI); unc-101(RNAi) oocytes was observed. We
did observe strong Unc and strong Dpy phenotypes in all
progeny of these animals, consistent with a simple additive
effect of the two dsRNAs. Taken together these results are
surprising, perhaps indicating the u2 and ¢2 subunits are
not required for yolk endocytosis.

Finally we examined the requirement for dyn-1, the C.
elegans dynamin gene, in YP170::GFP endocytosis by oo-
cytes. We used RNAi and a temperature-sensitive muta-
tion, dyn-1(ky51ts), to reduce or eliminate dynamin func-
tion (Clark et al., 1997). dyn-1(RNAi) animals and dyn-
1(ky51ts) mutants, at the nonpermissive temperature of
25°C, showed high-level accumulation of YP170::GFP in
the pseudocoelomic space and strongly reduced accumu-
lation of YP170::GFP within oocytes and embryos. dyn-
1(RNAi) animals produced only dead embryos, whereas
dyn-1(ky51ts) mutants produced a reduced number of em-
bryos (average = 56; n = 9) at 25°C, 52% of which were
inviable. These results are consistent with the proposed
role of dynamin in coated vesicle formation.
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Endocytic Sorting Pathways Are Required for
Normal Yolk Endocytosis

Once molecules have been internalized they enter the endo-
cytic sorting system. Different rab proteins, small GTPases of
the ras superfamily, are thought to mediate each unique
fusion step in vesicular transport (Mellman, 1996). Genetic
studies indicate that rab protein function is often required
for vesicle formation as well (Pfeffer, 1994). The rab4 and
rab5 proteins are found to associate with early endosomes in
mammalian cells. rab4 is important for receptor recycling to
the cell surface, whereas rabb5 is thought to be required for
ligand clustering into coated pits and early endosome fusion
(Bucci et al., 1992; van der Sluijs et al., 1992). The rabll
protein associates with early endosomes and the pericent-
riolar recycling compartment and is thought to be important
for transport from early endosomes to pericentriolar recy-
cling endosomes, an important step in recycling for at least
some receptors (Ullrich et al., 1996). rab7 protein is associ-
ated primarily with late endosomes and is thought to be
required for transport of cargo from early to late endosomes
(Feng et al., 1995; Press et al., 1998).

We identified three predicted regulators of endosome
function, Ce-rab5 (F26H9.6), Ce-rab7 (W03C9.3), and Ce-
rab11(F53G12.1), in the essentially complete genome se-
quence of C. elegans but failed to identify a homologue of
rab4. We reduced or eliminated the expression of these
predicted endocytosis pathway components by RNAi and
examined the resulting defects in the oocytes in a
YP170::GFP-expressing strain (see Table 1). Each of these
rabs would be expected to regulate a separate step in endo-
cytic trafficking. Indeed, reducing or eliminating expression
of each of these rabs produced profound but distinct phe-
notypes in the C. elegans oocyte. Blocking expression of
Ce-rab5 gave results similar to those of CCP component
RNAi, except that the phenotype was stronger; i.e.
YP170:GFP uptake by oocytes was completely abolished
(Figure 2). All progeny embryos of Ce-rab5(RNAi) hermaph-
rodites died.
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Figure 2. Ce-rab5(RNAi) blocks endocytosis of YP170:GFP. (A)
Fluorescence micrograph of late-stage wild-type oocytes (arrows).
The most full-grown oocyte (far left) is heavily labeled with
YP170::GFP vesicles, whereas the two earlier-stage oocytes show
less labeling. SP, spermatheca. (B) Fluorescence micrograph of full-
grown or nearly full-grown Ce-rab5(RNAi) oocytes (arrows). All
YP170::GFP fluorescence is found between oocytes, in the sper-
matheca, pseudocoelom, or intestine. Extremely high levels of ex-
tracellular YP170::GFP are seen in the spermatheca (SP). No uptake
of YP170::GFP was observed.

Ce-rab11 RNAI had a milder effect on endocytosis by the
oocyte. Although YP170::GFP accumulated in the pseudo-
coelom, indicative of reduced yolk uptake, YP170::GFP ac-
cumulation within oocytes and embyos was closer to wild
type than after Ce-chc(RNAi) or Ce-rab5(RNAi) (Table 1).
Nevertheless, all embryos produced by Ce-rab11(RNAi) her-
maphrodites died before hatching.

Although Ce-rab7(RNAi) did not appear to significantly
impair the uptake of YP170::GFP into oocytes, YP170::GFP
was mislocalized in them (see Figure 9M). Rather than small
dispersed YP170::GFP vesicles, Ce-rab7(RNAi) oocytes con-
tained fewer vesicles of larger size than wild type that were
located more peripherally than in wild type. Such vesicles
were often an order of magnitude larger than typical yolk
granules. We found that newly hatched Ce-rab7(RNAI) lar-
vae contained these large yolk vesicles throughout their
bodies. Larvae and adult progeny of Ce-rab7(RNAi) worms
appeared mildly Dpy.

The Secretory Pathway Is Required for Proper
Oocyte Formation and Function

Two types of transport vesicles mediate trafficking within
the secretory pathway. COPII-coated vesicles mediate trans-
port from the endoplasmic reticulum (ER) to the Golgi ap-
paratus, whereas COPI-coated vesicles are thought to medi-
ate transport within the Golgi and from the Golgi to the ER
for recycling of secretory pathway components (Gaynor et
al., 1998; Lowe and Kreis, 1998). Some COPI components
have also been associated with early endosome function
(Daro et al., 1997). Components of both coats have been
shown to be required for efficient transport of secreted and
membrane proteins to the cell surface (Gaynor et al., 1998).

We reasoned that phenotypes caused by defects in the
secretory pathway might indirectly affect endocytosis in the
oocyte by preventing newly synthesized yolk receptors
from reaching the cell surface. To compare the phenotypic
consequences of a general secretory disruption to specific
disruption of endocytic function in the oocyte, we per-
formed RNAIi on predicted components of the C. elegans
COPI complex, Ce-B'-cop (F38E11.5), Ce-{-cop(F59E10.3), and
Ce-arfl (B0336.2).

RNAI of these genes blocked YP170:GFP uptake as ex-
pected (Table 2). Ce-B’-cop(RNAIi), Ce-{-cop(RNAI), and Ce-
arf(RNAIi) each produced the same array of additional phe-
notypes, largely distinct from those caused by RNA
interference of predicted endocytosis specific genes. Each
predicted COPI-coated vesicle RNAi caused many oocytes
per gonad arm to take on a rounded appearance with an
enlarged nucleus and cytoplasmic streaming, as previously
described for mutants defective in the C. elegans Sec61p y
homologue (emo-1; Iwasaki et al., 1996). Unlike emo-1, we
observed additional defects: polynucleate oocytes and shell-
less or weak-shelled embryos that disintegrated in utero or
shortly after being laid (Table 2). Such phenotypes could be
caused by defects in secretion of membrane required for
efficient cytokinesis during oogenesis and by defects in the
secretion of eggshell components after fertilization, respec-
tively. These phenotypes were not observed in the endocytic
component RNAi experiments. The differences in pheno-
types that we observed when endocytic functions were dis-
rupted as opposed to those observed when secretory func-
tions were disrupted will be helpful in distinguishing
between mutants defective in one process versus the other.
The exceptions will be genes involved in both processes. In
such cases we expect defects in the secretory pathway to
mask defects in the endocytosis pathway.

Table 2. Requirement for predicted COPI secretory pathway components

Predicted % Identity with YP170:: GFP
Gene targeted protein mammalian YP170::GFP in in full-grown Phenotype of
for RNAi homology homologue pseudocoelom oocytes progeny
None NA NA - +++ Normal
F38E11.5 B’-COP 58 +++ - Dead embryos, abnormal oocytes
F59E10.3 ¢-COP 53 +++ - Dead embryos, abnormal oocytes
B0336.2 ARF1 93 +++ - Dead embryos, abnormal oocytes
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Figure 3. rme-2 mutants are completely defi-
cient in yolk endocytosis. (A and B) Normarski
(A) and fluorescence (B) micrographs of wild-
type hermaphrodites expressing YP170::GFP. The
three latest-stage oocytes, each with progressively
more internalized YP170::GFP, are marked with
arrows. (C and D) Nomarski (C) and fluorescence
(D) micrographs of rme-2(b1005) hermaphrodites
expressing YP170:GFP. Note the absence of
YP170::GFP in the three latest stage oocytes (ar-
rows) despite the nearly normal morphology of
the rme-2 germ line. All YP170::GFP fluorescence
is in the pseudocoelom or in the intestine.

Identification and Phenotype of rme-2

Having validated the YP170:GFP endocytosis assay by the
RNAIi experiments described above, we set out to use this
assay in a mutant screen to identify new genes required for
endocytosis. In theory such a mutant screen could identify
genes specifically required for yolk endocytosis as well as
general factors required for all endocytosis. Here we de-
scribe the identification of the C. elegans yolk receptor as an
example of the effectiveness of this genetic screen in identi-
fying components of the oocyte endocytosis pathway.

We predicted that mutants defective in endocytosis would
produce morphologically wild-type oocytes and early em-
bryos devoid of YP170:GFP, and that high levels of
YP170::GFP would accumulate in the pseudocoelom of such
mutants. Our prediction that endocytosis-defective oocytes
and early embryos would appear nearly wild-type by No-
marski optics was based on our RNAI studies of endocytosis
genes and studies of the dyn-1 mutant. In addition, studies of
sex determination mutants in C. elegans showed that oocytes
produced in intersex animals, lacking yolk production, have
nearly normal morphology (Doniach and Hodgkin, 1984).
Therefore, we screened the F2 generation of a mutagenized
YP170:GFP-producing strain for adult hermaphrodites,
which contained normal-appearing oocytes that were refrac-
tory to YP170::GFP endocytosis. Such mutants show a char-
acteristic accumulation of YP170::GFP fluorescence in the
pseudocoelomic space, outlining the internal organs, with
reduced or absent YP170:GFP fluorescence in the oocytes
and embryos. We isolated three mutant alleles constituting
one complementation group, rme-2, in which oocytes of
normal appearance are produced but are completely devoid
of YP170::GFP fluorescence (Figure 3). The other 11 rme
genes identified in this screen will be described elsewhere.

rme-2 mutants are characterized by slightly small oocytes
devoid of yolk, otherwise normal germ line morphology,
high-level pseudocoelomic yolk accumulation, reduced em-
bryo production, and low embryo viability. We find that
rme-2 mutant oocytes lack any detectable endogenous yolk
proteins, as assayed by immunofluorescence, includin
YP170A, YP170B, YP115, and YP88 (see MATERIALS AND
METHODS). Embryo production is reduced in rme-2 mu-
tants to an average of 78 (n = 47) compared with ~300 in
wild type. Damaged oocytes and embryos are found in the
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uterus of rme-2 mutant hermaphrodites, consistent with a
defect in ovulation. Defects in ovulation, such as those found
in endomitotic (emo) mutants, cause some oocytes to become
fragmented by premature closure, or failure to open, the
spermathecal valve (Clandinin et al., 1998; McCarter et al.,
1999). Time-lapse video recordings of rme-2 mutant ovula-
tions, performed by Tim Schedl (personal communication),
indicate a frequent failure of spermathecal dilation as well as
common premature closure, which breaks passing oocytes
into fragments. A high percentage of rme-2 gonad arms
contain one endomitotic-like oocyte proximal to the sper-
matheca (Sched], personal communication). Most rme-2 mu-
tant embryos fail to hatch (viability, 23%). Embryos that
hatch proceed through normal larval development to pro-
duce adult animals with the defects described above.

Molecular Characterization of rme-2

We mapped rme-2 to a position very close to the left of unc-5
on LGIV (see MATERIALS AND METHODS). Upon exam-
ination of the predicted genes in this region (C. elegans
Sequencing Consortium, 1998), we noticed T11F8.3, a gene
that could encode a receptor of the LDL receptor (LDLR)
superfamily. Because yolk receptors from insects and verte-
brates are members of the LDLR superfamily, we reasoned
that rme-2 and T11F8.3 might be the same gene (Stifani et al.,
1990; Schonbaum et al., 1995). This hypothesis was strength-
end by our subsequent finding that T11F8.3(RNAi) pro-
duced phenotypes very similar to those found in rme-2
mutants, including late-stage oocytes and early embryos
devoid of YP170::GFP. Sequencing of the T11F8.3 gene from
each rme-2 mutant revealed a unique DNA sequence change,
which alters the predicted protein product (See below).
These results indicate that rme-2 corresponds to the pre-
dicted gene T11F8.3.

We determined the sequence of a nearly complete re-2
cDNA clone, yk8d2. We also determined the 5 end of the
rme-2 mRNA by 5" RACE. Several RACE products were
sequenced, the longest of which extended 153 bp farther 5’
than yk8d2, 35 bases 5’ of a likely AUG start codon. This
AUG is the first of the open reading frame and directly
precedes a predicted hydrophobic amino acid sequence with
features of a secretory signal sequence (von Heijne, 1986).
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Figure 4. RME-2 is a member of the LDLR superfamily of lipopro-
tein receptors (GenBank accession number AF185706). Repetitive
motifs shown include acidic ligand-binding sequences with six cys-
teines each, EGF-like repeats with six cysteines each (B.1 and B.2
type; Herz et al., 1988), YWTD repeats, which are thought to form a
B-propeller structure (Springer, 1998), and the consensus internal-
ization signal FDNPXY. VLDLR/OVR, very low-density lipopro-
tein receptor (Gafvels et al., 1993)/chicken yolk receptor (Shen et al.,
1993); Dm Yolkless, Drosophila yolk receptor (Schonbaum et al.,
1995); Ce LRP-1/Megalin, C. elegans megalin gene product (Yochem
and Greenwald, 1993). Only a partial map of Irp-1 motifs is shown
because of its large size. For a complete description, see Yochem and
Greenwald (1993).

No evidence for a trans-spliced leader on rme-2 messages
was obtained. A combination of cDNA and RACE product
sequencing indicated a full-length rme-2 mRNA size of 2.9
kb. Northern analysis of poly(A)* and total RNA from
mixed stage N2 worms confirmed the presence of a single
rme-2 mRNA species of ~2.9 kb (our unpublished findings).

RME-2 is an LDLR Family Member

The predicted rme-2 protein is 925 amino acids in length,
containing several repeated sequence motifs, with overall
similarity to members of the LDLR superfamily of lipopro-
tein receptors (Figure 4). Hydropathy analysis indicates two
highly hydrophobic sequences within RME-2. The first hy-
drophobic sequence is a likely N-terminal secretory signal
sequence, whereas the second located near the C terminus is
a likely transmembrane domain. These findings are consis-
tent with a typical type I transmembrane protein topology,
with a large N-terminal extracellular domain and a short
(110 aa) intracellular domain. C-terminal to the predicted
signal sequence are five tandem class A ligand-binding re-
peats, each containing six cysteine residues with character-
istic spacing and typical anionic SDE or DDE sequences
(Esser et al., 1988). These are followed by two predicted class
B EGF-like cysteine-based repeats (Sudhof et al., 1985). The
EGF-like repeats are followed by an intervening region of
so-called YWTD repeats, which have been predicted to pro-
duce a sixfold symmetrical B-propeller structure (Springer,
1998). Between the YWTD region and the predicted trans-
membrane domain we find two more class B EGF-like re-
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Figure 5. RME-2 Western blot. Total C. elegans proteins were size
separated by SDS-PAGE, transferred to a polyvinylidene difluoride
membrane, and probed with anti-RME-2(EXT) affinity-purified an-
tibodies. Identical results were observed with anti-RME-2(INT) af-
finity-purified antibodies (our unpublished findings). Equal protein
loading was confirmed by Coomassie blue staining of duplicate gels
(our unpublished findings).

peats. Finally, within the predicted intracellular domain we
find a single predicted internalization signal of the NPXY
type (Chen et al., 1990).

We sequenced PCR products including the complete cod-
ing region of the rme-2 gene from each rme-2 mutant. Both
rme-2(b1005) and rme-2(b1008) contained DNA sequence al-
terations producing predicted truncations of the rme-2 pro-
tein, deleting part of the YWTD region, EGF-like repeats 3
and 4, and the predicted transmembrane and intracellular
domains. Such mutated proteins are unlikely to retain any
endocytic function and are predicted null alleles. rme-
2(b1026) contained a single nucleotide transition, resulting in
a nonconservative amino acid substitution, G—E, in the
fourth predicted YWTD repeat.

Analysis of the rme-2 Protein

To analyze the rme-2 protein, we produced affinity-purified
polyclonal antisera specific for the predicted extracellular
(anti-RME-2-EXT) and intracellular (anti-RME-2-INT) do-
mains of RME-2 (see MATERIALS AND METHODS). West-
ern blots of total protein from mixed stage populations
probed with either anti-RME-2 antiserum showed a single
band of ~110 kDa, very close to the predicted size for RME-2
(Figure 5). No protein bands were detected with either anti-
RME-2 antisera in lanes containing protein from rme-
2(b1005) or rme-2(b1008) mutants, indicating the specificity
of the antisera (Figure 5).

We examined the expression pattern of RME-2 in whole-
mount mixed populations, mixed stage embryo populations,
and dissected adult hermaphrodite gonad preparations by
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immunofluorescence using our specific anti-RME-2 antisera.
We found abundant RME-2 in the proximal germ line of
adult hermaphrodites and within all cells of early embryos.
We failed to detect RME-2 in any other cells (see MATERI-
ALS AND METHODS).

The adult hermaphrodite gonad consists of two ovaries
connected to a central uterus and two spermathecae (Figure
1D). Eggs are laid through the vulva, a ventral opening in
the body wall connected to the uterus. Each ovotestis is a
reflexed tube with a vulva proximal and vulva distal arm
connected by a bend region. The distal arm contains imma-
ture germ cell nuclei, with partial plasma membranes, con-
nected by a shared central cytoplasm. Mitotic nuclei are
found at the extreme distal end. As germ cells progress in
the proximal direction they enter meiosis, reaching diplo-
tene of meiotic prophase I near the bend. In the loop region
germ cells become partitioned into individual cells and be-
come differentiated oocytes, increasing in size as they ap-
proach the spermatheca and uterus.

RME-2 expression appears to be an early event in oocyte
differentiation. Within the germ line, RME-2 first becomes
detectable within germ cells in the bend region of the gonad
arm. RME-2 first appears in these cells in cytoplasmic puncta
reminiscent of vesicles. In later-stage oocytes anti-RME-2
antibodies stain many prominent puncta at or near the
plasma membrane in addition to the intracellular puncta
(Figure 6B).

As the oocytes grow, they begin to accumulate yolk pro-
teins taken up from the pseudocoelom. The uptake of
YP170::GFP into oocytes coincides with the appearance of
RME-2 on or near the cell surface (Figure 6A). In nearly
full-grown oocytes of a gonad arm, cytoplasmic localization
of RME-2 is reduced, and prominent cell surface staining
appears. Much of the RME-2 detected by immunostaining in
late-stage oocytes appears to be clustered at or near the cell
surface, consistent with being localized to CCPs or plasma
membrane proximal endosomes (Figure 6, E and H).

Wild-type embryos gave a very different immunostaining
pattern from oocytes. All cells of early embryos display
prominent anti-RME-2 immunostaining in abundant intra-
cellular vesicular structures but lack any apparent RME-2 in
the plasma membrane (Figure 6]). At the earliest time points
in embryogenesis we were able to examine (see MATERI-
ALS AND METHODS), all RME-2 was found in these intra-
cellular vesicles. Therefore, this redistribution of RME-2
from the cell surface to intracellular vesicles appears to occur
sometime shortly after ovulation, perhaps coincident with
the dramatic cellular changes associated with fertilization.
As the embryos develop, the number of anti-RME-2-reactive
vesicles diminishes, until by hatching little or no RME-2 is
detected. The gradual disappearance of RME-2 from these
vesicles may indicate degradation in a lysosome-like com-
partment. We did not find evidence of new RME-2 expres-
sion during embryogenesis.

Each of the three rme-2 mutants displays aberrant gonadal
immunostaining patterns with anti-RME-2 antisera. Both mu-
tants predicted to produce truncated versions of RME-2, rme-
2(b1005) and rme-2(b1008), fail to stain with antisera specific for
the RME-2 intracellular domain, and both display very weak or
no immunostaining with antisera specific for the RME-2 extra-
cellular domain (Figure 7). Residual staining in these mutants
detected with anti-RME-2-EXT antisera is diffuse and is not
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clearly localized to the oocyte surface membranes. The YWTD
missense mutant rme-2(b1026) produces abundant cytoplasmic
immunostaining with both anti-RME-2 antisera but lacks de-
fined RME-2 localization at the oocyte plasma membrane (Fig-
ure 7). Because rme-2(b1026) contains a missense mutation in its
extracellular domain, it may be recognized by the ER quality
control machinery as misfolded and prevented from exiting the
ER. This effect is commonly found with misfolded proteins
passing through the ER. Such ER retention has been seen
before in C. elegans in the case of a mutant GLP-1 receptor (Wen
and Greenwald, 1999).

RME-2 Is Sufficient to Induce YP170::GFP Binding

If rme-2 encodes the C. elegans yolk receptor, as indicated by
its mutant phenotype and LDLR homology, then ectopic
expression of RME-2 in cell types other than the oocyte
should lead to the association of yolk with such cells. We
tested this hypothesis by expressing RME-2 in body wall
muscle cells using the myo-3 promoter (Okkema et al., 1993)
and checked these transgenic animals for localization of
YP170:GFP to RME-2-expressing muscle cells. In these
strains body wall muscle cells expressing high levels of
RME-2, as assayed by anti-RME-2 immunostaining, showed
significant surface accumulation of YP170::GFP, whereas ad-
jacent muscle cells expressing little or no RME-2 did not
accumulate YP170:GFP (Figure 8). Thus, expression of
RME-2 in these cells is sufficient to direct the specific binding
of yolk particles. We were unable to determine whether
YP170:GFP was internalized by RME-2-expressing muscle
cells (see MATERIALS AND METHODS).

Endocytic Trafficking of RME-2 in the Oocyte

We wished to determine directly the importance of some of
the general endocytosis factors described above in RME-2
endocytic cycling and to help establish whether YP170::GFP
and RME-2 cosegregate through parts of the endocytic path-
way as expected for a ligand-receptor pair. To accomplish
these goals we analyzed the subcellular localization of the
RME-2 yolk receptor in oocytes by immunofluorescence af-
ter RNAi of a select group of general endocytosis genes.
We found that oocytes from Ce-chc(RNAi) animals dis-
played higher than wild-type accumulation of RME-2 at the
oocyte cell surface and showed a concomitant reduction in
cytoplasmic RME-2 staining (Figure 9). YP170:GFP and
RME-2 colocalized at the oocyte surface. Furthermore, we
observed that the prominent RME-2 puncta at or near the
surface of wild-type oocytes were reduced or missing in
Ce-chc(RNAIi) oocytes. Instead, surface RME-2 staining ap-
peared diffuse (Figure 9). Like the Ce-chc(RNAi), Ce-
rab5(RNAI) resulted in RME-2 localization at or near the cell
surface of the oocyte. RME-2 immunostaining appeared dif-
fuse, failing to produce prominent puncta (our unpublished
findings). Ce-rab11(RNAi) resulted in RME-2 immunofluo-
rescence near the cell surface appearing more punctate, with
some of the puncta taking on a tubular or mesh-like appear-
ance (Figure 9). Ce-rab11(RNAi) did not result in colocaliza-
tion of YP170:GFP and RME-2. Ce-rab7(RNAi) oocytes
showed reduced RME-2 accumulation at or near the oocyte
surface. Surface-proximal RME-2 displayed a normal distri-
bution of puncta (our unpublished findings). Unexpectedly,
Ce-rab7(RNAi) oocytes showed prominent accumulation of
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Figure 6. Localization of RME-2 in the gonad and embryo of a YP170::GFP-expressing strain. (A-C) Confocal micrographs of a dissected
gonad, showing YP170::GFP (green) and anti-RME-2 (red). Embryo and intestine YP170::GFP fluorescence is evident at the bottom of A and
C. Embryos in B do not stain with anti-RME-2 antibodies, because their eggshells are not permeablized by the procedure used to fix and stain
the dissected gonad. High-magnification (3000X) confocal micrographs of full-grown oocytes in a middle focal plane (D-F) or top focal plane
(G-I) show abundant YP170::GFP and anti-RME-2 immunofluorescence. RME-2 and YP170::GFP signals do not appear to colocalize at steady
state. RME-2 immunoreactivity patterns are very different in embryos. All RME-2 appears intracellular in the four-cell embryo (J) and declines
progressively during embryogenesis.
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Figure 7. Anti-RME-2 immunostaining
of rme-2 mutants. (A and B) Confocal mi-
crographs of wild-type dissected gonads
stained with antibodies to the RME-2 in-
tracellular and extracellular domains, re-
spectively. Micrographs were produced
using identical scan settings, allowing di-
rect comparison of fluorescent intensities.
Oocytes are indicated by brackets. Differ-
ences in staining in A and B result from
differences in gonad age rather than dif-
ferences in immunofluoresence pattern
between antisera. The gonad in B is from a
young adult, whereas that in A is from an
older adult. (C and D) rme-2(b1005) mu-
tant oocytes failed to stain with anti-RME-
2(INT) antibodies (C) and showed very
little reactivity to anti-RME-2(EXT) anti-
bodies (D). rme-2(b1008) mutant oocytes
gave very similar results (our unpublished
findings). (E and F) rme-2(b1026) mutant
oocytes showed strong anti-RME-2 immu-
nofluorescence throughout the cell, possi-
bly indicating ER retention.

RME-2 to the same large peripheral vesicles that accumu-
lated YP170::GFP (Figure 9). By analogy to mammalian sys-
tems we expect these large vesicular structures to be early
endosomes. Accumulation of RME-2 in early endocytic
structures in Ce-rab7(RNAi) oocytes may indicate a role for
Ce-rab7 in receptor recycling. Colocalization of YP170::GFP
and RME-2 to the same endocytic structures in Ce-
rab7(RNAi) oocytes is consistent with their identification as
a ligand-receptor pair.

DISCUSSION

Yolk Endocytosis: In vivo Endocytic Trafficking in
C. elegans

We have developed an in vivo visual assay for the uptake
and trafficking of an endocytic ligand, YP170:GFP, by
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growing oocytes. We tested the importance of conserved
components of the general endocytosis pathway for
YP170::GFP endocytosis by RNA-mediated interference
and found that components of conserved sequence
showed conservation of function as well. This new assay
system has also allowed us to perform mutant screens to
identify new genes required for endocytosis. We expected
to identify genes specifically required for yolk uptake,
such as the rme-2 gene described here, as well as genes
required for endocytosis in many or all cell types. Prelim-
inary analysis of other rme mutants identified in the same
screen indicates that many are required more generally
for endocytic trafficking (Grant, Hirsh, Pedraza, and
Zhang, unpublished observations). Together these exper-
iments describe a general system for reverse and forward
genetic analysis of endocytosis in C. elegans.
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Figure 8. Ectopic expression of RME-2 induces ectopic binding of
YP170::GFP to RME-2-expressing cells. Shown is anti-GFP (A) and
anti-RME-2 (B) immunolabeling of an adult hermaphrodite body
wall muscle cell in a strain of the genotype Ilin-15(n765);
bls1[vit-2::fp, rol-6(d)]; Ex[myo-3::rme-2, lin-15(+)].

RME-2: The C. elegans Yolk Receptor

We propose that RME-2 is the C. elegans yolk receptor based
on its mutant phenotype, expression pattern, molecular na-
ture, and sufficiency to induce yolk binding in a heterolo-
gous cell type. Yolk receptors from insects and vertebrates
have been cloned in recent years (Schneider, 1996; Sapping-
ton and Raikhel, 1998). All of them are members of the LDLR
superfamily of lipoprotein receptors. They vary in size,
mainly in their extracellular domains, differing in the num-
ber of class A ligand-binding repeats (LRs), class B EGF-like
repeats, and YWTD repeat regions (Schneider, 1996). The
chicken and Xenopus yolk receptors, like the human VLDL
receptor, are eight ligand-binding repeat, or LR8, members
of this family and contain typical NPXY internalization mo-
tifs in their intracellular domains (Schneider, 1996). The yolk
receptors of mosquito and Drosophila are LR13 receptors,
with class A repeats divided into an N-terminal group of
five and a more membrane-proximal group of eight. Each of
these lacks a consensus NPXY signal but instead contains
likely dileucine internalization signals (Sappington and
Raikhel, 1998). The C. elegans rme-2 gene is the first LR5
member of the LDLR gene family and contains a typical
NPXY internalization signal like its vertebrate cousins. It
would be interesting to test the affinity of C. elegans, mos-
quito, and Drosophila yolk receptor N-terminal five class A
repeat clusters for yolk binding, because they are unique
among the known LDLR superfamily members.

The C. elegans genome contains several other members of the
LDLR superfamily, including an LR8 (T13C2.4; Springer, 1998),
and two very large receptors related to megalin (Irp-1) and LRP
(F47B3.8/T21E3.3). Of these, only Irp-1 has been characterized
genetically. LRP-1 is expressed primarily in the hypodermis,
and Irp-1 mutants are larval lethals with apparent molting
defects (Yochem et al., 1999). No evidence was found for ge-
netic redundancy between rme-2 and Irp-1 in double mutant
strains (Yochem, personal communication). Further analysis by
C. elegans genetics is likely to reveal more important informa-
tion about the roles of this conserved metazoan gene family in
cellular homeostasis and development.
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Yolk Trafficking in the Embryo

After fertilization, yolk granules are segregated approxi-
mately equally among progeny blastomeres. Yolk proteins
appear to be metabolized slowly during embryogenesis,
with many yolk granules remaining in newly hatched lar-
vae. At hatching most of the remaining yolk is found in cells
of the intestine. Bossinger and Schierenberg (1992, 1996)
showed that selective secretion and reuptake, rather than
selective segregation or degradation, are responsible for the
visible change in yolk distribution during embryogenesis.
Around midembryogenesis, nonintestinal cells resecrete
most of the yolk particles they inherited from the oocyte.
This resecreted yolk accumulates briefly in the perivitelline
space and is then taken up into new storage vesicles by
embryonic intestinal cells. One reasonable hypothesis would
be that the same receptor responsible for yolk uptake into
oocytes from the pseudocoelom would also function in the
embryonic intestine for this second uptake event. However,
close examination of the RME-2 expression patterns with
anti-RME-2 antibodies failed to reveal evidence for RME-2
endocytic function during embryogenesis. In mammals ox-
idized LDL is taken up by a different receptor than regular
LDL. The receptor for oxidized LDL is a member of the
lectin family (Sawamura ef al., 1997). The C. elegans genome
contains many genes encoding proteins similar to lectin-type
receptors (Grant, unpublished observation). Perhaps one or
more of these receptors is involved in the uptake of yolk into
the embryonic intestine.

We have observed that most YP170::GFP remaining in
newly hatched larvae is in the intestine, indicating that this
fusion protein also undergoes embryonic transport like en-
dogenous yolk. We have also observed that blocking a late
transport step in YP170:GFP uptake into the oocyte, by
Ce-rab7(RNAI), leads to ectopic localization of enlarged yolk
granules throughout the body of newly hatched larvae (our
unpublished findings). This may indicate that yolk granules
formed from an early endocytic compartment, as opposed to
a late endocytic compartment, are not competent for resecre-
tion during embryogenesis. Perhaps this process of resecre-
tion is analogous to the regulated secretion of lysosomal
contents by mammalian cells (reviewed by Page et al., 1998)
and would be amenable to genetic analysis in C. elegans.

General Endocytic Trafficking Factors

Yolk endocytosis systems in many organisms have been
compared with the best studied endocytosis pathway, that
of mammalian LDLs (Goldstein et al., 1985). The homology
between mammalian ApoB-100 and the vitellogenins as well
as that between LDLR and the known vitellogenin receptors
has prompted the hypothesis that the mammalian LDL up-
take pathway is the most recent modification of the ancient
yolk endocytosis apparatus (Schneider, 1996). Like the LDL
uptake pathway, vitellogenin receptors bound to yolk par-
ticles are thought to be internalized by clathrin-coated ves-
icles, which uncoat and fuse to form early endosomes. Un-
like somatic cells, oocytes are thought to lack lysosomes per
se and their high proteolytic capacity (Schneider, 1996). Yolk
remains stored in an endosomal compartment, probably
equivalent to lysosomes until used during embryogenesis.
The complete genome sequence of C. elegans and the facile
reverse genetic technique of RNA-mediated interference al-
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YPI70GER Anti-RME-2

Ce-chc
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Ce-rabi11
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Ce-rabi11
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Top
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Figure 9. YP170:GFP and RME-2 localization after RNAi of certain endocytosis factors. Confocal micrographs of oocytes in dissected gonads from
RNAIi animals show YP170:GFP fluorescence (green) and anti-RME-2 immunostaining (red). Mid, middle focal plane; Top, top focal plane.
Ce-clathrin heavy chain (Ce-chc) RNAi (A-C) resulted in accumulation of YP170:GFP and RME-2 at the cell surface and more diffuse surface
anti-RME-2 staining (E) than wild type (Figure 6). Ce-rab11(RNAi) oocytes showed reduced internalized YP170:GFP (G) and more punctate, less
diffuse RME-2 staining (H and K) than wild-type. Ce-rab7(RNAi) oocytes showed YP170:GFP accumulation in large peripheral vesicles (M) and
RME-2 accumulation (N) in these same large vesicles. Some of the vesicles containing both YP170:GFP and RME-2 are marked with arrows.
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lowed us to test some of these hypotheses in our YP170::GFP
uptake assay. In general our results correlated well with the
predicted order of events in the yolk uptake pathway of C.
elegans. C. elegans homologues of CCP components were
clearly important for yolk uptake, as was the C. elegans
homologue of the early endosomal regulator rab5. Ce-
chc(RNAIi) and Ce-rab5(RNAi) induced accumulation of li-
gand (YP170::GFP) and receptor (RME-2) together at or near
the oocyte surface. In both cases RME-2 immunofluoresence
at or near the cell surface appeared diffuse, lacking the
characteristic punctate pattern typical of wild-type oocytes
and might represent diffuse plasma membrane localization.
Although we currently cannot identify the RME-2 mem-
brane-proximal puncta as cell surface structures such as pits
or subsurface structures such as endosomes, either might be
expected to lack RME-2 after depletion of clathrin or rab5.
Interestingly, a role for rab5-guanine nucleotide dissocia-
tion inhibitor complexes in sequestration of ligand-receptor
complexes into CCPs, in addition to the well-studied func-
tion of rab5 in endosome fusion, was recently shown (Ho-
riuchi et al., 1997; McLauchlan et al., 1998). Our results are
consistent with uptake of vitellogenin-RME-2 complexes
through CCPs and early endosomes.

In these RNAi experiments, the only predicted CCP com-
ponents that did not appear to be required for YP170::GFP
endocytosis were Ce-u2 and Ce-02. Alone or in combination,
RNAI for these genes produced only one phenotype, ex-
tremely Dpy progeny. This result is quite surprising, be-
cause u2 is thought to provide the primary link between
receptors and the internalization machinery (Ohno ef al.,
1995). In addition, clathrin adaptor complexes are thought to
become unstable if one component of the tetramer is com-
promised, implying that removal of any one subunit should
give the same phenotypes (e.g., Dell’Angelica et al., 1999).

One interesting interpretation of these results would be
that Ce-u2 and Ce-02 are not required for yolk endocytosis,
or viability, unlike Ce-a-adaptin and Ce-B-adaptin. The sim-
ilar Dpy phenotypes displayed in Ce-u2(RNAi) and Ce-
02(RNAi) animals may indicate defects in hypodermal de-
velopment. Perhaps medium or small chains from other
adaptin complexes in the worm (e.g.,, AP1 and AP3) can
partially substitute for Ce-u2 and Ce-02, as suggested by
some overlap in the in vitro affinities of medium chains for
sorting signals (Ohno et al., 1998). We did not find evidence
for functional redundancy between Ce-u2 and unc-101, a
Ce-ul. Another possibility is that the RNAi technique did
not sufficiently reduce Ce-u2 and Ce-02 function to reveal
their null phenotypes. If this is the case, we might have
expected Ce-u2(RNAi); Ce-02(RNAI) to show additional de-
fects. Again, these experiments failed to reveal a role for
Ce-u2 and Ce-02 in yolk endocytosis. Full exploration of
these possibilities awaits the isolation and analysis of Ce-u2
and Ce-02 null mutants.

The Ce-rab11(RNAIi) phenotype was consistent with a role
for receptor recycling in yolk endocytosis: YP170:GFP up-
take was reduced, and RME-2 localization was altered.
RME-2 accumulated in surface-proximal structures that ap-
peared more numerous, enlarged, and less regular than
puncta prominent in wild-type oocytes. These results are
consistent with possible accumulation of RME-2 receptors in
early endosomal or recycling structures. We searched the C.
elegans genome for rabll and rab4, regulators of receptor
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recycling. We found a second gene (W04G5.1) homologous
to rabll but none closely related to rab4. Because of the
sequence similarity to one another (80% identical at the
mRNA level), it is possible that RNAi against one Ce-rab11
would interfere with expression of both (Fire et al., 1998).
Perhaps one or both rab11 homologues serve functions sim-
ilar to rab4 in mammalian cells.

In mammalian cells rab7 is thought to be required for trans-
port from early to late endosomes (Feng et al., 1995). Mamma-
lian tissue culture cells, expressing a dominant negative form
of rab7, accumulate cell surface molecules traversing the endo-
cytic route from cell surface to the lysosome in enlarged early
endosomes. We have blocked expression of Ce-rab7 by RNAi
and observed accumulation of YP170::GFP in large peripheral
vesicles of the oocyte, a phenotype very similar to that de-
scribed above for mammalian cells (Figure 9).

Unexpectedly, we also observed significant accumulation of
the putative receptor, RME-2, in these same large peripheral
vesicles of oocytes depleted of Ce-rab7 activity. Expression of
dominant negative Rab7 protein was not found to interfere
with recycling of receptors from the early endosome to the cell
surface in mammalian cells (Feng et al., 1995). Because a large
volume of yolk is taken up into oocytes in a relatively short
period, and because RME-2 is similar to the rapidly recycled
LDLR, it seems likely that RME-2 recycles frequently during
oogenesis. Because we do not see RME-2 accumulating in the
same storage vesicles as yolk particles in wild-type oocytes, it
seems likely that yolk and yolk receptor are sorted from one
another after internalization. After sorting, the receptors could
be recycled or degraded.

Because oocytes are thought to have very low degradative
capacity, we consider two simple models of RME-2 recycling
as likely scenarios that could account for these observations.
First, RME-2 could be rapidly recycled from early endo-
somes, in a Ce-rab7-dependent manner. Such a requirement
for rab? activity in recycling from the early endosome could
be specific for C. elegans or might have been missed using
dominant negative techniques in mammalian cells, which
presumably function by titrating out rab7 exchange factors
rather than depleting the cell of rab7 itself (Feig, 1999).
Alternatively, RME-2 might be recycled from late endo-
somes, as has been reported for LRP-receptor-associated
protein complexes (Czekay et al., 1997), in which case, Ce-
rab7(RNAi) could inhibit RME-2 from reaching late endo-
somes for recycling. It will be interesting to differentiate
between these models in future studies.

Much remains to be discovered about the mechanisms of
endocytic trafficking. We anticipate that continued analysis
of receptor-mediated endocytosis in the C. elegans oocyte,
especially in-depth analysis of new rme mutants, identified
in screens for defective yolk uptake, will contribute to our
understanding of this important cellular process.
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