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Degrade to create: developmental requirements for
ubiquitin-mediated proteolysis during early C. elegans
embryogenesis
The ubiquitin protein conjugation system tags proteins with the
small polypeptide ubiquitin. Most poly-ubiquitinated proteins
are recognized and degraded by the proteasome, a large multisubunit protease. Ubiquitin-dependent protein degradation is
used as a regulatory tool for many essential processes, the best
studied of which is eukaryotic cell cycle progression. More
recently, genetic studies in C. elegans have identiﬁed multiple
roles for the ubiquitin system in early development, where
ubiquitin-dependent protein degradation governs such diverse
events as passage through meiosis, cytoskeletal regulation and
cell fate determination.

Introduction
Ubiquitin-mediated proteolysis, discovered over 25 years ago
(Ciechanover et al., 1980; Hershko et al., 1980), covalently attaches
ubiquitin polypeptide chains to proteins, targeting them for
degradation by the 26S proteasome (see Box 1). The proteasome
recycles ubiquitin-tagged proteins by hydrolyzing them into their
constituent amino acids, allowing for their subsequent reincarnation
into newly translated protein (Voges et al., 1999). Originally viewed
as simply mediating the disposal of mis-folded or otherwise spent
proteins, we now know that ubiquitin-mediated proteolysis is much
more than a cellular composting program. Like phosphorylation, it
is an ubiquitous form of post-translational regulation.
Regulatory roles for ubiquitin first emerged when cell cycle
transitions were found to depend extensively on the rapid,
ubiquitin-mediated degradation of cyclins, conserved proteins that
bind to, activate and provide target specificity for regulatory
protein kinases (Glotzer et al., 1991; Hershko et al., 1991). Most
of these insights came from biochemical studies of frog oocyte
extracts and from genetic studies in budding and fission yeast
(Morgan, 1997; Murray, 2004). Here, we summarize recent
advances from genetic studies in the soil nematode Caenorhabditis
elegans that have identified additional roles. As discussed in this
review, C. elegans exploits ubiquitin-mediated proteolysis to
regulate several essential processes during early embryogenesis,
including cell cycle progression, cytoskeletal function and cell fate
determination.
Ubiquitination and cell cycle progression
The mitotic cell cycle involves a sequence of transitions that include
entry into DNA replication and the subsequent duplication of
chromosomes (S phase), followed by entry into mitosis and the
subsequent segregation of duplicated chromosomes to each of two
daughter cells (M phase). Progression through the cell cycle requires
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the activity of cell division kinases, which must bind to cyclin
proteins to be active (Morgan, 1997; Murray, 2004). Cyclins were
so named because they accumulate to peak levels at specific times
during the cell cycle, thereby activating cell division kinases at
appropriate moments. A regulatory role for ubiquitin in the cell cycle
was discovered when it was shown that cyclins are targeted for rapid
degradation during the cell cycle by poly-ubiquitination (Glotzer et
al., 1991; Hershko et al., 1991).
Additional roles for ubiquitination emerged from studies of the
metaphase-to-anaphase transition during mitosis (Peters, 2002).
Early in mitosis, the duplicated chromosomes (sister chromatids)
condense and are held together by a multi-protein cohesin complex.
As the bipolar mitotic spindle forms, sister chromatid pairs become
captured by microtubules such that each spindle pole is attached to
only one sister. Oppositely directed forces applied to the chromatid
pairs cause them to align midway between the poles at the
metaphase plate. Subsequently, during anaphase, sister chromatids
are pulled apart and segregated to opposite poles (Gadde and Heald,
2004).
The transition to anaphase during mitosis requires the
proteolytic cleavage of one cohesin subunit, called Scc1 in budding
yeast, by a cysteine protease called separase. This protease is
tightly regulated, as premature cleavage would lead to early
anaphase onset and to chromosome-segregation defects. To
prevent premature cleavage, separase is kept inactive by a protein
called securin. Only after the poly-ubiquitination of securin by an
ubiquitin E3 ligase called the anaphase promoting
complex/cyclosome (APC/C; see Fig. 1 and Box 1) is separase
released to cleave Scc1 (Nasmyth, 2001). APC/C E3 ligase activity
is controlled by spindle assembly checkpoint proteins (Nasmyth,
2005; Cleveland et al., 2003; Amon, 1999). These regulators have
the remarkable ability to sense whether all sister chromatid pairs
are properly captured by microtubules, with tension indicating
bipolar attachment and alignment at the metaphase plate. As long
as there are unattached chromatids, the spindle checkpoint
prevents activation of the APC/C.
The APC/C is a widely conserved, multi-subunit RING-type E3
ubiquitin ligase (see Box 1 and Fig. 1), with well-documented roles
in cell cycle progression (Peters, 2002). In budding yeast, the APC/C
consists of at least 12 subunits (see Table 1 and Fig. 1). Although the
functions of many subunits remain unclear, two activators called
Cdc20/Fizzy and Cdh1/Fizzy-related are likely substrate-specific
adaptors that recruit target proteins to the APC/C for polyubiquitination (Kraft et al., 2005; Pfleger et al., 2001) (see Box 1).
Progression through meiosis in budding yeast also requires the
APC/C, when securin ubiquitination frees separase to cleave the
meiosis-specific cohesin Rec8, triggering meiotic anaphase (Salah
and Nasmyth, 2000; Nasmyth, 2001). Curiously, the APC/C does
not appear to be required for Xenopus meiotic divisions (Peter et al.,
2001; Taieb et al., 2001).
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Box 1. The ubiquitin proteasome system

The APC/C and cell cycle progression in C. elegans

As in other organisms, the APC/C is required for progression
through meiosis and mitosis in C. elegans. Meiosis begins during
oogenesis, in the U-shaped hermaphrodite ovary, a syncytial tube of
peripherally located nuclei (Albertson et al., 1997; Hubbard and
Greenstein, 2000) (see Fig. 2). After fertilization, meiosis is
completed, extruding chromosomes into two small polar bodies to
generate a haploid female pronucleus (Fig. 2). Several groups have
identified C. elegans APC/C mutants that arrest in metaphase of
meiosis I, or exhibit germline mitosis and other meiosis defects
(Table 1). Genome-wide RNAi screens also have implicated the
APC/C and ubiquitin-mediated proteolysis in meiotic progression
(Kamath et al., 2003; Sonnischen et al., 2005; Gunsalus et al., 2005).
Most of the mutant APC/C alleles identified in C. elegans are
temperature sensitive, and at semi-permissive temperatures these
mutations can cause abnormalities during meiosis I or II, suggesting
that the APC/C functions in both meiotic divisions (Shakes et al.,
2003). The defects during meiosis II include a failure to separate
sister chromatids and an elongated spindle. However, no metaphase
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arrests have been observed, leaving it unresolved whether the
metaphase-to-anaphase transition in meiosis II requires the APC/C.
Indeed, there is evidence that anaphase onset during meiosis II is
controlled by another ubiquitin E3 ligase (Liu et al., 2004;
Sonneville and Gonczy, 2004) (see below). Finally, no defects in
mitotic cell cycle progression in early embryonic cells have been
documented in APC/C mutants shifted to fully restrictive
temperatures after the completion of meiosis (Golden et al., 2000).
Thus, it remains unknown whether the APC/C is required for
anaphase onset during mitosis in early embryonic cells.
Furthermore, substrates targeted for degradation by the APC/C in C.
elegans have not yet been identified.
Cullin-based E3 ligases

Progression through the cell cycle is also regulated by other multisubunit E3 ligases that use proteins called cullins as scaffolds (see
Fig. 1). Most animal genomes encode five cullin family members
(cullin 1 to cullin 5), with one member of each subfamily present
in C. elegans (Pintard et al., 2004). Cullin 1-based SCF (after the
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Ubiquitination entails the covalent modiﬁcation of target proteins
with a chain of at least four ubiquitin (Ub) proteins (see ﬁgure),
each only 76 amino acids in size, that target a protein for
recognition and degradation by the 26S proteasome (Chau et al.,
1989; Thrower et al., 2000). Ubiquitin conjugation requires three
enzymatic steps (see ﬁgure). First, an E1-activating enzyme
hydrolyzes ATP to produce a high-energy E1~Ub thiol ester
between the C terminus of Ub and an E1 cysteine (Cys) residue.
Second, the activated Ub is passed from the E1 to a Cys residue of
an E2-conjugating enzyme. Third, the Ub-charged E2 is recruited
by an E3 ligase, which also binds the substrate that will be polyubiquitinated by the E2-conjugating enzyme. E3 ligases regulate
proteolysis by selectively binding only a subset of substrates
(Pickart, 2001). The two main types are called HECT and RING E3s
(after domains found within key components). RING E3 ligases
bring the substrate and the Ub-charged E2-conjugating enzyme
into close proximity, promoting Ub transfer directly from the E2 to
the target. HECT E3s form a thiol ester intermediate with Ub
before transferring it to the target (Pickart, 2001). The ﬁrst Ub tag
forms an isopeptide bond through its C-terminal glycine residue
with an internal lysine (Lys), or rarely with the N terminus, of the
target protein. Linkage of another Ub onto Lys48 of the previous
Ub extends the chain. The proteasome recognizes the polyubiquitin chain and, in an ATP-dependent manner, unfolds the
tagged substrate and translocates it into the proteasome, where
hydrolysis ensues (Pickart, 2000; Voges et al., 1999). Deubiquitinating enzymes remove Ub chains from the substrate prior
to translocation, preventing Ub degradation (Guterman and
Glickman, 2004). Speciﬁcity in Ub target selection ensures that
proteins are degraded at the right time and place. Some substrates
need modiﬁcation, e.g. by phosphorylation, to be recognized by
an E3 ligase (Ang and Harper, 2004). The Ub system itself also
provides substantial intrinsic variability and thus speciﬁcity.
Although there is only one Ub E1-activating enzyme in any one
organism, E2 conjugating enzyme numbers vary from 11 in S.
cerevisiae to 20 in C. elegans, and many more in mammals. E3
ligase enzymes are far more numerous. Thus, many possible E2
and E3 combinations can inﬂuence substrate speciﬁcity, and some
E3 ligases are themselves multi-subunit complexes with
interchangeable substrate recognition modules, allowing for even
more diversity (Willems et al., 2004) (see Fig. 1).
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Skp1, cullin 1 and F-box subunits) and cullin 2-based ECS ligases
(after the elongin B/C, cullin 2 and SOCS box subunits) constitute
two distinct E3 subclasses (see Fig. 1). In SCF complexes, the
cullin 1 scaffold binds through its N terminus to a substraterecognition module consisting of Skp1 (suppressor of kinetochore
protein 1) and an F-box protein. The small ring-finger protein
Rbx1 (ring box protein 1) binds to the C terminus of cullin 1 and
recruits an E2 ubiquitin-conjugating enzyme, positioning the E2
ubiquitin moiety near the substrate (Willems et al., 2004; Deshaies,
1999) (see Box 1 and Fig. 1A). One well-characterized SCF E3
ligase is required for the G1 to S transition that initiates DNA
replication prior to mitosis in budding yeast (Willems et al., 2004;
Deshaies, 1999).
Cullin 2-based ECS E3 ligases also recruit Rbx1 proteins,
ubiquitin E2-conjugating enzymes and substrate-recognition adaptor
modules. The adaptors include Elongin B and Elongin C proteins,
which bind to the cullin 2 N terminus, and substrate-binding proteins
called SOCS boxes (Kile et al., 2002; Kim and Kaelin, 2003) (Fig.
1B). A well-characterized SCF E3 ligase is the human von HippelLindau (VHL) tumor suppressor complex, which degrades the
hypoxia-inducible factor HIF1 under normoxic conditions.
Mutations in VHL complex components have been implicated in
kidney cancer (Kim and Kaelin, 2003).
C. elegans cullin 2 and meiosis II

In C. elegans, cullin 2 (CUL-2) E3 ligases, in addition to the
APC/C, are required for cell cycle progression. For example, worms
lacking CUL-2 fail to enter S phase in the germline (Feng et al.,
1999). Depletion of the cell division kinase CKI-1 rescues this cell
cycle arrest, suggesting that CKI-1 may be a target of a CUL-2based E3 ligase (Feng et al., 1999). Loss of CUL-2 function also
impairs meiosis in the early embryo, delaying both the onset of
meiosis II anaphase and exit from meiosis II (Liu et al., 2004;
Sonneville and Gönczy, 2004). Similar meiosis defects are observed
after depletion of RBX-1 or of ELB-1/ELC-1 (Elongin B1/Elongin
C1) (Liu et al., 2004; Sasagawa et al., 2005; Sasagawa et al., 2003).
Furthermore, ELB-1 and ELC-1 form a stable complex, and ELC1 binds CUL-2, indicating that an ECS E3 ligase is required for
progression through meiosis II (Liu et al., 2004; Sasagawa et al.,
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2005). The meiosis II defects in mutants lacking CUL-2 are not a
result of a failure to degrade the meiosis-specific cohesin REC-8
(Liu et al., 2004), and thus the targets of CUL-2 during meiosis II
remain unknown. Meiosis I progresses normally in mutants lacking
CUL-2 function (Liu et al., 2004; Sonneville and Gönczy, 2004),
while the APC/C appears to promote the transition to anaphase only
during meiosis I (see Table 1 and above). Presumably the two
meiotic divisions require different sets of E3 targets, accounting for
the use of two distinct ligases. Nevertheless, CUL-2 may act
redundantly with the APC/C in meiosis I, as CUL-2 loss of function
enhances the meiosis I defects in temperature-sensitive APC/C
mutants (Sonneville and Gönczy, 2004).
The Armadillo repeat protein ZYG-11 is potentially a substratespecific adaptor for CUL-2, as zyg-11(–) mutants exhibit the same
meiosis II defects that result from CUL-2 inactivation (Liu et al.,
2004; Sonneville and Gönczy, 2004). However, germline
proliferation requires only CUL-2 and not ZYG-11 (Liu et al.,
2004). Thus, ZYG-11 may recruit only a subset of the CUL-2
targets. Like some adaptors in other cullin-based E3 ligases, ZYG11 is itself degraded in a CUL-2-dependent manner (Sonneville and
Gönczy, 2004). However, ZYG-11 does not contain a SOCS box, a
hallmark of CUL-2 substrate adaptors (Kile et al., 2002), and thus
far there is no evidence for a physical interaction between ZYG-11
and a potential substrate, or between ZYG-11 and both ELC-1 and
CUL-2. Hence, ZYG-11 may activate CUL-2 through an as yet
unidentified mechanism, rather than acting as a substrate-specific
adaptor.
Although the targets of CUL-2 and ZYG-11 remain unknown, the
two B-type cyclins B1 and B3 have been shown to accumulate during
meiosis in the absence of CUL-2 (Liu et al., 2004; Sonneville and
Gönczy, 2004). This result may explain the observed M-phase delay
in cul-2(–) mutants, as the destruction of B-type cyclins is known to
be required for mitotic exit (Glotzer et al., 1991; Peters, 1999). The
inactivation of either cyclin B1 or cyclin B3 in cul-2(–) and zyg-11(–)
mutants alleviates the meiotic exit delay, but not the delay in anaphase
onset (Liu et al., 2004; Sonneville and Gonczy, 2004). Thus, cyclins
B1 and B3 may be substrates for a putative CUL2ZYG-11 ligase.
Alternatively, the upregulation of cyclins B1 and B3 could be an
indirect result of a failure to degrade other CUL-2 targets.
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Fig. 1. Schematic representations of different cullin RING
H O
A
N C Nedd8
ubiquitin ligases and the APC/C. All cullin complexes are Nedd8
modiﬁed (see Box 2) and recruit E2-bound ubiquitin through their
Cullin 1
association with the RING-ﬁnger protein Rbx1. (A) The SCF complex
O
BTB
is the best-characterized cullin ligase. Cullin 1 proteins bind at their
Rbx1 E2 S C
Skp1
N terminus to the BTB-fold protein Skp1. Skp1, in return, interacts
with different F-box proteins, which speciﬁcally recognize substrates
Ubiquitin
Substrate
F-box
(blue). (B) Cullin 2-based ECS complexes recruit their substrate
through their interaction with elongin B and elongin C and a
SCF
variable SOCS-box protein, such as ZIF-1 (hence the name ECS
complex). (C) Cullin 3-based complexes are unique in using only one
protein to bind the cullin and the substrate. (D) The APC/C has many C
H O
N C
more subunits than the cullin ligases, many of which have not been
assigned a function and are shown as a single yellow mass.
Cullin 3
Although not Nedd8 modiﬁed, APC2 has sequence similarity to
O
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cullin proteins and interacts with the APC11 RING-ﬁnger protein.
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Different WD40 repeat proteins, e.g. Cdc20 or Cdh1, mediate
BTB
protein
substrate recognition by the APC/C. APC/C, anaphase promoting
Substrate
(MEI-1)
(MEL-26)
complex/cyclosome; BTB, Bric-a-Brack, Tramtrack and Brahma;
Cdc20, cell division cycle 20; Cdh1, Cdc20 homolog 1; ECS, elongin
B/C, cullin 2, SOCS box; MEI-1, meiosis defective 1; MEL-26,
CUL-3/BTB
maternal effect lethal; Rbx1, ring box protein 1; SCF, Skp1, cullin 1
and F-box subunits; Skp1, suppressor of kinetochore protein 1; ZIF-1,
zinc-ﬁnger interacting factor 1.
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Table 1. APC components
S. cerevisiae

APC subunits

APC activators

C. elegans

Structural motifs

C. elegans references

Apc1

MAT-2

RPN1/2 homolgy
(proteasome subunits)

Davis et al., 2002; Shakes et al., 2003; Golden et al., 2000;
Rappleye et al., 2002

Apc2

APC-2

Cullin homology

Davis et al., 2002

Cdc27

MAT-1

Tetratrico peptide repeats

Davis et al., 2002; Shakes et al., 2003; Golden et al., 2000;
Rappleye et al., 2002

Apc4

EMB-30

WD40 repeats

Cassada et al., 1981; Furuta et al., 2000; Davis et al., 2002;
Shakes et al., 2003; Rappleye et al., 2002

Apc5

APC-5

Tetratrico peptide repeats

Davis et al., 2002

Cdc16

EMB-27

Tetratrico peptide repeats

Cassada et al., 1981; Golden et al., 2000; Davis et al., 2002;
Shakes et al., 2003; Rappleye et al., 2002

Cdc23

MAT-3

Tetratrico peptide repeats

Davis et al., 2002; Shakes et al., 2003; Golden et al., 2000;
Rappleye et al., 2002

Apc9

Not known

Not known

Apc10

APC-10

APC10/DOC domain

Davis et al., 2002

Apc11

APC-11

RING-H2 domain

Davis et al., 2002

Cdc26

Not known

Not known

Apc13

Not known

Not known

Cdc20

FZY-1

WD40 repeats

Kitagawa et al., 2002; Rappleye et al., 2002
Fay et al., 2002

Cdh1

FZR-1

WD40 repeats

Ama1

Not known

WD40 repeats

In summary, multiple E3 ligases regulate cell cycle progression
in the early C. elegans embryo, while the substrates that are targeted
for degradation remain unidentified. Finding the substrates would
greatly improve our understanding of these regulatory events.
Ubiquitination and cytoskeletal dynamics
The transition from oogenesis to embryogenesis is a key step in animal
development. In C. elegans, an oocyte remains diploid until
fertilization by a haploid sperm. Subsequently, oocyte meiosis is
completed to generate a haploid maternal complement of
chromosomes and thus a diploid zygote. As in other animals, the
female meiotic spindles are small and acentrosomal, although the
much larger mitotic spindles that assemble shortly after meiosis are
organized by centrosomes (Figs 2 and 3). Thus, the transition from
oogenesis to embryogenesis includes the proper regulation of
microtubule dynamics and spindle assembly during meiosis and then
mitosis. In C. elegans, a key player in this transition is the microtubule
severing complex called katanin (McNally and Vale, 1993; Srayko et
al., 2000). Katanin is required for meiotic spindle assembly,
presumably by promoting the presence of short microtubules, but must
be downregulated after meiosis to permit the assembly of much larger
mitotic spindles (Mains et al., 1990; Clark-Maguire and Mains, 1994a;
Clark-Maguire and Mains, 1994b; Srayko et al., 2000; Kurz et al.,
2002; Pintard et al., 2003a; Yang et al., 2003).
C. elegans CUL-3 and katanin downregulation

Katanin downregulation requires a cullin 3-based E3 ubiquitin
ligase. Depletion of C. elegans CUL-3 prevents katanin degradation
after meiosis, causing defects during mitosis in microtubule stability,
spindle positioning and chromosome segregation (Kurz et al., 2002;
Pintard et al., 2003a; Pintard et al., 2003b). Although cullin 1 and
cullin 2 scaffolds were known to be required for assembling SCF
and ECS ligases (see Fig. 1), little was known about the other cullin

sub-families. Thus, the discovery that CUL-3 is required for katanin
downregulation suggested that a novel class of ubiquitin E3 ligases
targets katanin for proteolysis.
Analysis of a C. elegans protein called MEL-26 has substantially
advanced our understanding of the CUL-3 E3 ligase that targets
katanin (Pintard et al., 2003b). Previous work had shown that MEL26 is required for katanin downregulation and that it contains a BTB
(Bric-a-Brack, Tramtrack and Brahma) domain, which is also found
in several transcription factors but was of unknown function (Dow and
Mains, 1998). Subsequent crystallographic studies revealed that the
adaptor proteins Skp1 and Elongin C bind to cullin 1 and cullin 2,
respectively, through diverged BTB folds (Stebbins et al., 1999;
Schulman et al., 2000; Stogios et al., 2005; Zheng et al., 2002b). These
data suggested that MEL-26 functions as a substrate-specific adaptor.
Consistent with this model, MEL-26 binds to the N terminus of CUL3 through its BTB fold (Furukawa et al., 2003) (Pintard et al., 2003b;
Xu et al., 2003), and to one katanin subunit, called MEI-1, through a
C-terminal MATH (meprin and TRAF homology) domain (Pintard et
al., 2003b; Xu et al., 2003) (see Fig. 1C). MEI-1 contains a highscoring PEST motif, a sequence present in many short-lived proteins.
A dominant mutation in this PEST motif results in a loss of binding to
MEL-26 and post-meiotically stable MEI-1/katanin activity (Pintard
et al., 2003b; Xu et al., 2003). Moreover, MEL-26, like some
substrate-specific adaptors for SCF E3 ligases, is itself targeted for
degradation by CUL-3 (Luke-Glaser et al., 2005; Pintard et al.,
2003b). Finally, CUL-3 and MEL-26 can mediate the polyubiquitination of MEI-1 in vitro (Furukawa et al., 2003), confirming
that MEL-26 is a substrate-specific adaptor for an ubiquitin E3 ligase.
The direct interaction of MEL-26 with both CUL-3 and MEI-1
distinguishes it from SCF and ECS adaptors, in which one component
binds to the cullin, while a second binds to the first component and to
the substrate (Fig. 1). Intriguingly, the C. elegans genome encodes 47
proteins with both a BTB domain and another protein-protein
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See text for details and Peters, 2002 for a review.
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interaction domain, while the human genome encodes 103 such
proteins (Xu et al., 2003). Many of the C. elegans MEL-26-like
proteins specifically bind to CUL-3 and not to other cullins (Furukawa
et al., 2003; Xu et al., 2003), suggesting that CUL-3 may form
multiple ligases with different MEL-26-like BTB proteins. Thus, the
CUL-3MEL-26 E3 ligase appears to be the founding member of a third
class of cullin-based RING-type E3 ligases. One MEL-26-like human
protein is mutated in an axonal neuropathy (Bomont et al., 2000).
MEL-26 and cortical actomyosin

In addition to regulating microtubule stability, MEL-26 also
influences the contractile forces generated by the cortical actomyosin
cytoskeleton during cell division (Luke-Glaser et al., 2005) (see Fig.
4). Depletion of CUL-3 results in excessive cortical contractility both
during the migration of the egg and sperm pronuclei, and during
cytokinesis (Kurz et al., 2002) (Fig. 4D). Normally, pronuclear
migration is accompanied by modest membrane invaginations in the
anterior half of the zygote, after which a single cleavage furrow
ingresses during cytokinesis. In cul-3(–) mutant embryos, extra
furrows form during both pronuclear migration and cytokinesis.
However, excess cortical contractility is not observed in mel-26(–)
mutants, or in the dominant mei-1/katanin mutant that resists
degradation (Luke-Glaser et al., 2005). Thus, the extra furrowing is
not due simply to the persistence of katanin and microtubule
instability during mitosis. Instead, the excess actomyosin contractility
in cul-3(–) embryos requires MEL-26, as the cortex appears normal
in cul-3(–); mel-26(–) double mutants. Indeed, MEL-26 localizes to
ingressing cytokinetic furrows in wild-type embryos, and cytokinetic
furrows ingress more slowly and sometimes fail in mel-26(–) mutant

embryos. Finally, MEL-26 is present at substantially higher levels in
cul-3(–) mutants (Luke-Glaser et al., 2005). Thus, MEL-26 is an
activator of cortical actomyosin contractility, and MEL-26
degradation modulates this activity.
MEL-26 promotes actomyosin forces through a direct interaction
with POD-1 (Luke-Glaser et al., 2005), a cortically localized,
coronin-like, microfilament-binding protein required for cytokinesis
(Rappleye et al., 1999). The MATH domain of MEL-26 binds POD1, and this interaction is required for the cortical localization of MEL26 (Luke-Glaser et al., 2005). A point mutation in MEL-26 that
prevents POD-1 binding also blocks MEL-26 cortical localization but
does not promote excess cortical contractility upon inactivation of
CUL-3, even though POD-1 remains at the cortex (Luke-Glaser et
al., 2005). Thus, the excessive furrowing observed in cul-3(–)
mutants is mediated by MEL-26 through its interaction with POD-1.
Importantly, POD-1 is not a target of the CUL-3MEL-26 ligase, as
POD-1 levels are not elevated in cul-3(–) mutants (Luke-Glaser et al.,
2005). Instead, the failure to lower MEL-26 levels in cul-3(–) mutants
promotes excess furrowing, although the mechanism by which MEL26 stimulates POD-1/coronin remains unknown. These findings
highlight the indirect defects that can occur when E3 ligases are
inactivated, owing to some E3 components having additional
functions unrelated to substrate ubiquitination.
Cytoskeleton defects and the Nedd8 ubiquitin-like protein
conjugation pathway

The discovery that katanin is degraded by the proteasome after
meiosis followed from studies of a mutant called rfl-1 (for
membrane ruffling) (Kurz et al., 2002). In rfl-1(–) mutant embryos,
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Fig. 2. Oogenesis and early embryogenesis in C. elegans. (A) A schematic of an adult C. elegans hermaphrodite to show the bilaterally
symmetrical U-shaped gonad arms (grey). Anterior is towards the left, dorsal is upwards. The major anatomical features are indicated. (B) One arm
of the U-shaped C. elegans gonad. After dividing mitotically in the distal arm of the gonad, germ cell nuclei (in blue), partially enclosed by
membrane cubicles, migrate proximally, enter meiosis and cellularize into oocytes. Mature oocytes enter the spermatheca, are fertilized and exit as
zygotes into the uterus. The fertilized zygotes form an eggshell, ﬁnish meiosis and undergo the ﬁrst mitotic divisions in the uterus. (C) (a) Meiotic
divisions I and II, and (b) the ﬁrst two mitotic divisions of a C. elegans embryo. DNA, blue; meiotic and mitotic spindles, green. (a) After fertilization,
the C. elegans embryo executes the ﬁrst and second meiotic division in the anterior of the zygote, resulting in the extrusion of two polar bodies and
the formation of a haploid female pronucleus (top). The female meiotic spindles are small and lack centrosomes. After meiosis, the male and female
pronuclei fuse, and the zygote enters mitosis. (b) The mitotic spindle is organized by two centrosomes (green circles) at the spindle poles. The ﬁrst
division is asymmetric, producing larger anterior and smaller posterior daughter cells that differ in cell cycle timing and mitotic spindle orientation
during the next round of mitosis.
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Box 2. The Nedd8 conjugation pathway
Activating enzyme

Conjugating enzyme

SH+ATP

E1

E2

SH

O
O

O

C OH
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S C
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S C
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H O
C
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H O
N C
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+ Ligase
subunits

Cullin

O
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Cand1
E2 SH

S C

H O

N C

Ubiquitin

Cand1
De-neddylation by
COP9 signalosome

Cullin
Cand1

+ Ligase subunits

as in cul-3(–) mutants, mitotic microtubules are unstable because of
the persistence of MEI-1/katanin after meiosis, and extra MEL-26dependent membrane ingressions appear during pronuclear
migration and cytokinesis (Kurz et al., 2002; Luke-Glaser et al.,
2005). Positional cloning revealed that rfl-1 is the C. elegans
ortholog of UBA3, a S. cerevisiae gene that encodes one subunit of
the heterodimeric E1-activating enzyme for an ubiquitin-like protein
called Rub1p in yeast and NEDD8 in humans (Kurz et al., 2002) (see
Box 2). In contrast to ubiquitin, NEDD8 neither forms chains on, nor
triggers the proteasomal degradation of, its cullin targets. Rather,
cullin modification by a single NEDD8 moiety is thought to promote
E3 assembly by removing from the cullin an assembly inhibitor
called Cand1/TIP120A (Goldenberg et al., 2004; Liu et al., 2002;
Oshikawa et al., 2003; Zheng et al., 2002a) (see Box 2). Cullin
neddylation may also assist Rbx1 in recruiting ubiquitin E2conjugating enzymes to the E3 ligase (Kawakami et al., 2001).
Loss of RFL-1, or of any other Nedd8 conjugation pathway
component in C. elegans, results in a loss of CUL-3 function (Kurz
et al., 2002) (see Table 2). By contrast, the defects observed after
inactivation of CUL-2 do not overlap with those caused by

Nedd8 and ubiquitin are about 57% identical in amino acid
sequence, and Nedd8 is transferred to target proteins by E1 and E2
enzymes related to the E1 and E2s that mediate ubiquitin
conjugation (Liakopoulos et al., 1998) (see ﬁgure). Unlike ubiquitin,
which modiﬁes many proteins, the only well-characterized targets of
Nedd8 modiﬁcation (neddylation) are cullins; all cullin subtypes,
except for the cullin-like APC2 protein, have been shown to be
neddylated (Hori et al., 1999) (see also Fig. 1). Neddylation is believed
to promote E3 assembly by removing from cullin proteins an
assembly inhibitor called Cand1 (see ﬁgure and main text for more
details).

inactivation of the Nedd8 conjugation pathway (Liu et al., 2004;
Sonneville and Gönczy, 2004; Kurz et al., 2002) (see Table 2). Thus,
CUL-2 probably does not require neddylation. Similarly, the budding
yeast CUL-1 homolog Cdc53p is neddylated but does not require
Nedd8 to function in essential processes (Liakopoulos et al., 1998;
Lammer et al., 1998). It seems clear that cullin subfamilies differ
substantially in their requirements for neddylation, and therefore
perhaps differ in their potential for regulation by neddylation.
A screen for additional factors required for katanin degradation in
C. elegans recently identified a new and widely conserved Nedd8conjugation pathway component called DCN-1 (for defective in
cullin neddylation) (Kurz et al., 2005). RNAi depletion of DCN-1 in
early embryos reduces CUL-3 neddylation, and katanin persists into
mitosis to cause the same cytoskeletal defects observed in rfl-1(–)
and cul-3(–) mutant embryos. The S. cerevisiae ortholog Dcn1p is
also required for cullin neddylation (Kurz et al., 2005). The
requirement for DCN-1/Dcn1p in neddylation appears to be direct,
as Dcn1p binds to the C terminus of the cullin Cdc53p, near the
neddylation site, and DCN-1 also directly binds Nedd8. Moreover,
S. cerevisiae Dcn1p can increase the rate of neddylation in vitro
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Fig. 3. Meiosis and mitosis in early C. elegans embryos. (A-C) C.
elegans embryos stained for tubulin (blue) and DNA (yellow).
(A) Shortly after fertilization, a small meiotic spindle assembles at the
anterior cortex. At this stage, most tubulin is not recruited to the
spindle, but is scattered throughout the cytoplasm. (B) During the ﬁrst
mitosis, a large and asymmetric spindle forms. The ﬁrst mitosis
produces daughter cells of unequal size. (C) The anterior somatic
precursor AB is shown undergoing anaphase of mitosis, while the
posterior germline precursor P1 is still in metaphase.
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Table 2. E3 ligases acting during C. elegans embryogenesis
E3 ligase

Subunits

Regulators

Substrates

Processes

APC/C*

see Table 1

FZY-1 (ﬁzzy)

IFY-1 (interactor of ﬁzzy)?

Meiosis I and II, embryonic cortical
polarity?

CUL-2ZYG-11*

CUL-2,ELC-1, ELB-1,
RBX-1, ZYG-11

Not known

CYB-1, CYB-3 (cyclin B),
ZYG-11

Meiosis I and II, embryonic cortical
polarity?

CUL-2ZIF-1*

CUL-2, ELC-1, ELB-1,
RBX-1, ZIF-1

MBK-2, MEX-5/6

PIE-1, POS-1, MEX-1,
MEX-5, MEX-6, ZIF-1

Embryonic cytoplasmic polarity

CUL-3MEL-26

CUL-3, MEL-26, RBX-1

MBK-2, Nedd8 pathway
(NED-8, RFL-1, ULA-1,
UBC-12, DCN-1),
COP9 signalosome
(CSN-1 to CSN-6)

MEI-1, MEL26

Meiosis-to-mitosis transition; regulation
of cortical contractility

Not known

Not known

MBK-2, GSK-3

OMA-1/2

Oocyte to embryo transition; cell polarity

*The substrates, subunits and activators of these ligases are inferred from sequence homology, mutant phenotype, genetics or binding studies, and have not been conﬁrmed
biochemically. See main text for references.

Deneddylation and cullin function

Cullin de-neddylation, mediated by a protein complex called the
COP9 signalosome (Lyapina et al., 2001; Schwechheimer et al.,
2001), is also required for CUL-3MEL-26 E3 ligase function (Pintard
et al., 2003a) (see Box 2). The signalosome consists of eight subunits
(CSN1 through CSN8) in other organisms, but only six subunits
(CSN1 through CSN6) have been identified in C. elegans (Pintard
et al., 2003a). The inactivation of any one C. elegans subunit by
RNAi increases the steady-state levels of Nedd8-modified CUL-3,
and prevents the degradation of MEI-1/katanin after meiosis (Pintard
et al., 2003a). Thus, both hypo- and hyper-neddylation of CUL-3
result in a loss of ligase function.
Interestingly, the lethality caused by a partial reduction of CUL3 neddylation can be rescued by simultaneously reducing COP9
signalosome function (Pintard et al., 2003a). Thus, at least for the
CUL-3MEL-26 E3 ligase, a balance of neddylation and de-neddylation
is required for the optimal function of this ligase. One interpretation
of this finding is that cycles of neddylation and deneddylation may
promote E3 function. For example, neddylated CUL-3 might recruit
an ubiquitin-charged E2-conjugating enzyme to the E3 ligase, with
de-neddylation subsequently promoting expulsion of the spent E2.
Alternatively, a Nedd8-modified E3 ligase might undergo multiple
rounds of substrate ubiquitination, with de-neddylation promoting
the exchange of a poly-ubiquitinated substrate for a new substrate
molecule.
A recent study supports a more static model for neddylation and
deneddylation (Wee et al., 2005). In this model, Nedd8
modification of the cullin is required for ligase assembly and
activation. Once a substrate has been ubiquitinated, cullin deneddylation shuts down the ligase to prevent ubiquitination and
degradation of the substrate-specific adaptor. Consistent with this
model, some BTB substrate adaptors are rapidly ubiquitinated and
degraded in S. pombe de-neddylation defective mutants,
preventing degradation of the corresponding substrates (Wee et al.,
2005). However, not all adaptors exhibit this property (Wee et al.,
2005), and whether MEL-26 is degraded in signalosome-defective
mutants is not known. In vitro studies of CUL-3 ligase assembly
and function will be required to distinguish between these cycling
and static models.

The discovery and analysis of the CUL-3MEL-26 E3 ligase in C.
elegans has provided mechanistic insight into the regulation of
microtubule stability and actomyosin contractility during the
transition from oogenesis to early embryogenesis. These studies also
have provided substantial insight into conserved mechanisms that
regulate ubiquitin-mediated proteolysis, highlighting the utility of
C. elegans for studies of this fundamentally important regulatory
system.
Ubiquitination and cell fate determination
The rapid development of the early C. elegans embryos is
characterized by a sequence of five asymmetric cell divisions that
are largely responsible for establishing the nematode body plan
(Sulston et al., 1983) (reviewed by Lyczak et al., 2002). These
asymmetric cell divisions require proper positioning of mitotic
spindles, which depends in part on the destruction of katanin after
meiosis (see above). These early divisions also require the proper
regulation of cell polarity, with developmental determinants
asymmetrically inherited by daughter cells. Recent studies have
implicated ubiquitin-dependent proteolysis both in the initial
establishment of cell polarity along the AP axis in the one-cell C.
elegans zygote, and in subsequent events that further influence the
asymmetric inheritance of cell fate determinants by early embryonic
cells.
The APC/C and axis speciﬁcation

In addition to its requirements for progression through meiosis (see
above), loss of APC/C function in C. elegans can also result in a
failure to establish the anteroposterior (AP) body axis (Wallenfang
and Seydoux, 2000; Rappleye et al., 2002) (see Fig. 4). In wild-type
embryos, the AP axis is specified by the position of the spermdonated pronucleus and its associated centrosomes, which become
closely apposed to the plasma membrane and specify the posterior
pole (Albertson, 1984; Goldstein and Hird, 1996). Axis specification
does not require the sperm pronucleus (Sadler and Shakes, 2000),
but fails in centrosome maturation-defective mutants (Hamill et al.,
2002; O’Connell et al., 2000; Wallenfang and Seydoux, 2000), and
after laser ablation of the centrosome in wild-type embryos (Cowan
and Hyman, 2004) (see Fig. 4A). The duration of the close
apposition of the sperm pronucleus with the cell cortex is
substantially reduced in APC/C or separase mutants, leading to
suggestions that the APC/C is directly required for this close
apposition and thus for the specification of the posterior pole
(Rappleye et al., 2002).
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(Kurz et al., 2005). Thus, DCN-1/Dcn1p has been proposed to
function as an E3 ligase for Nedd8 (see Box 2), possibly by
cooperating with the RING protein Rbx1, which also promotes
cullin neddylation (Morimoto et al., 2003).

REVIEW

The arrest at metaphase of meiosis I in C. elegans APC/C
mutants frequently results not just in a loss of polarity but in a
partial reversal of the AP axis, and this reversal depends on the
assembly of a meiotic spindle (Wallenfang and Seydoux, 2000).
Thus, it appears that whereas the sperm-donated centrosomes
normally specify the posterior pole, in APC/C mutants the meiotic
spindle, which usually forms at the pole opposite the site of sperm
entry (see Fig. 2), can ectopically (but only partially) specify a
posterior pole. Indeed, even in wild-type embryos, posteriorspecific cortical proteins sometimes transiently accumulate near the
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meiotic spindle, at what will ultimately become the anterior pole
(Boyd et al., 1996; Cuenca et al., 2003). This temporary reversal is
often stabilized in APC/C mutants, presumably owing to the
persistence of the meiotic spindle and the failure of the sperm
pronucleus-associated asters to mature (Wallenfang and Seydoux,
2000). Apparently, the transient nature of the meiotic spindle, and
the subsequent maturation of the sperm-donated centrosomes,
results in the normal specification of a posterior pole in wild-type
embryos (reviewed by Schneider and Bowerman, 2003; Cowan and
Hyman, 2004).

Fig. 4. A schematic of C. elegans
A
B
C
D
embryos undergoing meiosis, axis
speciﬁcation and the ﬁrst mitotic
Wild type
APC/C (–)
CUL-2 (–)
CUL-3 (–)
division in wild-type and different
E3 ubiquitin ligase mutants.
a
a
a
a
(A) During meiosis in wild-type embryos,
cytoplasmic cell fate determinants are
uniformly distributed in the cytoplasm
and the PAR-3 protein (blue) occupies
the entire cortex (a). After meiosis, the
centrosomes that accompany the male
pronucleus trigger the establishment of
anteroposterior (AP) polarity: starting at
b
b
b
b
the site of sperm aster-cortex contact,
the posterior pole is speciﬁed and PAR-2
(red) spreads, replacing PAR-3 at the
posterior cortex. (b,c) During this
process, cytoplasmic cell fate
determinants are also actively
partitioned to the anterior (yellow; e.g.
MEX-5 and MEX-6) and posterior
(green; e.g. MEX-1, PIE-1, POS-1 and
c
c
c
c
germline P granules) cytoplasm. (d) The
ﬁrst mitotic spindle aligns along the AP
axis and cytokinesis cleaves the cell
asymmetrically. (e) The respective cell
fate determinants are conﬁned to the
anterior or posterior cell, and residual
‘mis-localized’ determinants are
degraded by the ubiquitin proteasome
d
d
d
d
system late at the two-cell stage.
(B) Partial loss-of-function APC/C
mutants do not arrest in meiosis, but go
on to divide mitotically. (a,b) In these
embryos, the meiotic spindle often
persists longer than in wild type, the
sperm pronucleus does not properly
associate with the cortex and an
e
e
e
e
aberrant cortical PAR-2 crescent often
forms. (c-e) Subsequently, polarity is lost
and the embryo divides symmetrically.
(C) (a-c) Loss of function of CUL-2
results in a delayed exit from meiosis II
and aberrant establishment of the
cortical PAR-2 domain. (c,d) In some
Somatic
PAR-3
Polar body
Central spindle with
embryos, this polarity reversal is
determinants
metaphase plate
PAR-2
Centrosome
corrected and the ﬁrst division is
Germline
executed properly. (d,e) Although
Meiotic spindle
Astral microtubules
Pronuclei and nuclei
determinants
cortical polarity is normal, the cytoplasm
is not polarized properly, owing to
impaired degradation of cell fate determinants. (D) No polarity defects are observed in embryos in which CUL-3 has been inactivated. (a,b) Rather,
extensive cortical contractions are apparent during pronuclear migration, owing to ectopic activation of the acto-myosin cytoskeleton by MEL-26.
(c,d) The failure to degrade MEI-1/katanin results in the severing of mitotic microtubules and spindle orientation defects. (e) During and after
cytokinesis, MEL-26-dependent ectopic furrows appear again.
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CUL-2 and axis speciﬁcation

Reducing CUL-2 function also results in a failure to properly
establish the AP body axis (Liu et al., 2004; Sonneville and Gönczy,
2004) (see Fig. 4C). In wild-type embryos, establishment of the AP
axis by the sperm-donated centrosomes (see above) results in: (1)
the cortical actomyosin cytoskeleton becoming enriched anteriorly;
(2) the cortical polarity regulators PAR-3, PAR-6 and PKC-3
becoming restricted to the anterior pole; and (3) PAR-1 and PAR-2
occupying the posterior cortex (reviewed by Schneider and
Bowerman, 2003). The polarized distribution of these cortical
regulators then establishes subsequent asymmetries in the
distributions of cytoplasmic cell-fate determinants. These include
multiple proteins with CCCH-type zinc-finger domains: the nearly
identical proteins MEX-5 and MEX-6 are restricted to the anterior,
while the germline determinant PIE-1 is restricted to the posterior
cytoplasm (reviewed by Lyczak et al., 2002) (see also Fig. 4). The
polarized distribution of these determinants is required for the
daughters of the first mitotic division to produce distinct patterns of
cell fate as embryogenesis proceeds.
As in APC/C mutants, the AP axis is reversed in some cul-2(–)
and zyg-11(–) mutant embryos, such that cortical PAR-2 becomes
localized to the pole opposite the sperm pronucleus (Liu et al., 2004;
Sonneville and Gönczy, 2004) (see Fig. 4C). Sometimes this reversal
is maintained throughout the first mitotic cell cycle. In other mutant
embryos, a wild-type PAR-2 distribution is established after the
initial reversal, while in still other mutant embryos cortical PAR-2
localization and polarity are lost entirely (Sonneville and Gönczy,
2004).
The persistence of the meiotic spindle in cul-2(–) and zyg-11(–)
mutants may be indirectly responsible for the AP axis defects, as in
APC/C mutants (Wallenfang and Seydoux, 2000) (see above).
However, the polarity requirements for CUL-2 and ZYG-11 may be
more direct, as PAR-2 still localizes abnormally in cul-2(–) and zyg11(–) mutant embryos, even after depleting ␣- or ␤-tubulin to disrupt
meiotic spindle assembly (Liu et al., 2004; Sonneville and Gönczy,
2004). Furthermore, RNAi-mediated depletion of the cyclin CYB3, like CUL-2 or ZYG-11 depletion, also delays meiotic spindle
disassembly but does not cause polarity reversals (Sonneville and
Gönczy, 2004). Conversely, entirely bypassing meiosis and hence
the meiotic delays in zyg-11(–) mutant embryos, by depletion of the
C. elegans Cdc2 homolog NCC-1, does not prevent axis reversal
(Sonneville and Gönczy, 2004). Finally, depletion of CUL-2 or
ZYG-11 in APC/C mutants results in an arrest during metaphase of
meiosis I, but the polarity defects resemble those in cul-2(–) and zyg11(–) mutants (Sonneville and Gönczy, 2004). These results suggest
that a CUL-2 E3 ligase may be directly required for the proper
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establishment of the AP body axis. Nevertheless, it remains possible
that the meiotic defects in cul-2(–) or zyg-11(–) mutants delay
centrosome maturation, and thereby favor reversed polarity. An
examination of centrosome maturation in cul-2 (–) and zyg-11(–)
mutants is needed to rule out an indirect effect. Ultimately, the
identification of ubiquitin substrate(s) will be required to conclude
that CUL-2 and ZYG-11 function directly in the establishment of
AP polarity.
CUL-2 and cytoplasmic polarity

In addition to possibly influencing the initiation of cortical polarity,
CUL-2 is required later in development to polarize the cytoplasm
after the asymmetric division of the one-cell zygote (DeRenzo et al.,
2003) (see Fig. 4). The posterior daughter of this first division
inherits higher levels of PIE-1 and two additional cytoplasmic
CCCH-type zinc finger proteins called POS-1 and MEX-1 (Guedes
and Priess, 1997; Mello et al., 1996; Tabara et al., 1999). The
anterior daughter inherits higher levels of MEX-5 and MEX-6
(Schubert et al., 2000). Subsequently, all five proteins are degraded
in the anterior daughter and its descendants. Residual PIE-1, POS1 and MEX-1 are degraded more rapidly, while MEX-5 and MEX6 are degraded more slowly (DeRenzo et al., 2003; Reese et al.,
2000). In each of these proteins, one of their two CCCH-type zinc
fingers is required and sufficient for degradation (DeRenzo et al.,
2003). Furthermore, the SOCS box protein ZIF-1 (zinc-finger
interacting factor 1) binds specifically to the zinc-finger in each
protein, and is required for their degradation (DeRenzo et al., 2003).
ZIF-1 also interacts with ELC-1, suggesting that somatic
degradation of CCCH-finger proteins requires the action of a CUL2ZIF-1 ligase, with ZIF-1 being the substrate-specific adaptor
(DeRenzo et al., 2003). Consistent with this conclusion, partial
RNAi depletions of CUL-2, RBX-1 and the ubiquitin-conjugating
enzyme UBC-5 also results in a failure to degrade PIE-1, POS-1,
MEX-1, MEX-5 and MEX-6 in the anterior embryo (DeRenzo et al.,
2003). Although CUL-2, ZYG-11 and ZIF-1 are required to degrade
the CCCH-finger proteins well after the first cell division, they are
not required for the polarized distributions of these proteins that are
observed in the cytoplasm just prior to this asymmetric division
(DeRenzo et al., 2003). Thus, at least two mechanisms appear to
generate a polarized cytoplasmic distribution of these embryonic
determinants. One unknown mechanism appears to move proteins
posteriorly prior to division, while ubiquitin-mediated proteolysis
degrades any posterior determinants that remain in the anterior
daughter.
Curiously, this putative CUL-2ZIF-1 E3 ligase requires MEX-5 and
MEX-6 to be functional. In mutant embryos lacking both of these
redundant proteins, the ZIF-1-dependent degradation of POS-1,
MEX-1 and PIE-1 is inhibited (DeRenzo et al., 2003). Thus, it
appears that MEX-5 and MEX-6 are activators of the CUL-2ZIF-1
ligase, as well as being its substrates. Regulation of the ligase by
these two proteins may explain why CCCH-finger proteins are
stabilized in the posterior daughter, where MEX-5 and MEX-6
levels may be too low to activate the CUL-2ZIF-1 ligase.
Temporal and spatial regulation of protein degradation

It is clear that multiple ubiquitin E3 ligases operate during early
embryogenesis in C. elegans. It is less clear how the ubiquitin
machinery is activated at the right time and place. The recent
identification of the DYRK (dual-specificity YAK1-related kinase)
kinase called MBK-2 provides important insights into the regulation
of these early proteolytic events. MBK-2 is required both for the
CUL-3MEL-26 E3 ligase to degrade katanin after meiosis, and for the
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The early requirements for the APC/C during meiosis make it
difficult to determine whether the subsequent polarity defects
observed in APC/C mutants are purely an indirect consequence of
the meiotic delays, or are due to direct requirements for this E3
ligase. In one study, the duration of the meiotic delay did not
correlate with defects in polarity, as most of the mutant embryos
with polarity defects had only modest delays (Rappleye et al., 2002).
However, a more recent study has found that APC/C mutant
embryos with polarity defects always fail to extrude one polar body,
owing to a bypass of meiosis II (Shakes et al., 2003). Mutants in
which meiosis occurred more normally produced two polar bodies
and never exhibited severe polarity defects. Thus, the nature of the
meiotic progression defect appears to indirectly cause the loss of
polarity, possibly owing to a failure to signal centrosome maturation
properly after meiosis II (Shakes et al., 2003).

REVIEW

REVIEW

CUL-2ZIF-1 ligase to degrade PIE-1 after the first asymmetric
division of the zygote (Pang et al., 2004; Pellettieri et al., 2003;
Quintin et al., 2003). The cell polarity defects occur independently
of katanin regulation, as mbk-2(–); mei-1(–) double mutants do not
exhibit the microtubule stability defects observed in mbk-2(–) single
mutants, but still fail to degrade PIE-1 properly (Pang et al., 2004;
Quintin et al., 2003). Earlier steps in axis formation appear normal
in mbk-2(–) mutant embryos: the cortical PAR proteins polarize
normally, and MEX-5 and MEX-6 still localize to the anterior (Pang
et al., 2004; Pellettieri et al., 2003; Quintin et al., 2003).
Substrate phosphorylation often is a pre-requisite for recognition
by an E3 ligase (Ang and Harper, 2004). Consistent with MBK-2
playing such a role, MEI-1/katanin contains an MBK-2
phosphorylation site within its PEST motif and MBK-2
phosphorylates MEI-1 in vitro (Stitzel et al., 2006). Furthermore, a
mutant MEI-1 protein with an alanine substitution at the MBK-2
phosphorylation site is no longer degraded after meiosis, and a
phospho-specific MEI-1 antibody detects high levels of MBK-2dependent phosphorylation only after the completion of meiosis
(Stitzel et al., 2006). Thus, MEI-1 phosphorylation by MBK-2 may
provide the temporal trigger for degrading katanin after meiosis,
although it remains to be determined if phosphorylation promotes
MEI-1 recognition by the CUL-3MEL-26 E3 ligase.
Another target of MBK-2 is the oocyte maturation factor OMA1. Remarkably, OMA-1 also is a CCCH-type zinc-finger protein that
contains an MBK-2 phosphorylation site in a PEST motif, and
MBK-2 phosphorylates OMA-1 in vitro and in vivo (Nishi and Lin,
2005; Stitzel et al., 2006). Normally, OMA-1 functions redundantly
with the almost identical protein OMA-2 during oocyte maturation,
and both are degraded during the first mitotic division in an
ubiquitin-dependent manner by an unknown ligase (Detwiler et al.,
2001; Shimada et al., 2002; Shirayama et al., 2006). Like MEI-1,
OMA-1 degradation also requires phosphorylation by MBK-2
(Nishi and Lin, 2005; Shirayama et al., 2006; Stitzel et al., 2006). A
gain-of-function OMA-1 mutant that is resistant to degradation
persists after meiosis and interferes with the degradation of PIE-1
and other cell fate determinants (Lin, 2003). Thus, the failure to
degrade developmental determinants in mbk-2(–) mutant embryos
may be a secondary consequence of OMA-1 stabilization (Lin,
2003; Shirayama et al., 2006). Nevertheless, MBK-2-dependent
phosphorylation is required for at least two independent degradation
events: MEI-1 after meiosis and OMA-1 during the first mitotic
division.
Recent studies indicate that the glycogen synthase kinase GSK-3
also is required for OMA-1 degradation (Nishi and Lin, 2005;
Shirayama et al., 2006). GSK-3 phosphorylates OMA-1 at a residue
different from MBK-2, OMA-1 phosphorylation by MBK-2 is
required for GSK-3 to phosphorylate OMA-1, and both
phosphorylation events are required for OMA-1 degradation (Nishi
and Lin, 2005). Thus, MBK-2 may act as a priming kinase for GSK3. Intriguingly, GSK-3 appears to be specific for OMA-1
degradation, as no defects reminiscent of MEI-1 stabilization are
seen in embryos lacking GSK-3 (Nishi and Lin, 2005; Schlesinger
et al., 1999). Two additional kinases also are required, directly or
indirectly, for OMA-1 degradation (Shirayama et al., 2006). It will
be interesting to learn whether MEI-1 also requires additional
kinase(s) to be efficiently degraded. Although phosphorylation
clearly regulates proteasomal degradation in the early C. elegans
embryo, it remains to be determined how MBK-2 and GSK-3 act
together to achieve the timely degradation of their respective
substrates. Intriguingly, progression through meioisis, but not
fertilization, is required for MBK-2 activation, suggesting that
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meiotic cell cycle regulators play a key role in mediating the oocyteto-embryo transition (Stitzel et al., 2006).
Conclusion
Recent studies of early embryogenesis in C. elegans have converged
to a remarkable degree on the discovery of ubiquitin E3 ligases that
mediate several different cell cycle and developmental transitions.
Moreover, it seems likely that still more ubiquitin ligases with
essential roles remain to be identified. For example, embryonic
lethality ensues when RNAi is used to deplete a HECT domain
ubiquitin ligase (Huang et al., 2000), and the cortical polarity
regulator PAR-2 is itself a RING finger protein and thus potentially
an ubiquitin ligase. Understanding how these regulatory complexes
function should substantially advance our understanding of C.
elegans development, and contribute to a general understanding of
E3 ligase function and regulation. A key goal for future studies will
be the identification of substrates that are ubiquitinated and
degraded, as most remain unknown or unproven. Finally, it will be
interesting to see if ubiquitin-mediated proteolysis emerges as an
important regulator of the cytoskeleton, cell polarity and cell fate
determination during the development of other organisms.
The authors thank Jane Alfred, Andy Golden, Edward Kipreos, Geraldine
Seydoux and three reviewers for very helpful comments on this manuscript.
T.K. is supported by a Marie-Curie Intra-European fellowship from the
European Commission, and B.B. is supported by grants from the US National
Institutes of Health.
References
Albertson, D. G. (1984). Formation of the ﬁrst cleavage spindle in nematode
embryos. Dev. Biol. 101, 61-72.
Albertson, D. G., Rose, A. M. and Villneuve, A. M. (1997). Chromosome
organisation, mitosis, and meiosis. In C. elegans II (ed. D. L. Riddle,
T. Blumenthal, B. J. Meyer and J. R. Priess), pp. 47-79. New York: Cold Spring
Harbor Laboratory Press.
Amon, A. (1999). The spindle checkpoint. Curr. Opin. Genet. Dev. 9, 69-75.
Ang, X. L. and Harper, J. W. (2004). Interwoven ubiquitination oscillators and
control of cell cycle transitions. Sci. STKE 2004, pe31.
Bomont, P., Cavalier, L., Blondeau, F., Ben Hamida, C., Belal, S., Tazir, M.,
Demir, E., Topaloglu, H., Korinthenberg, R., Tuysuz, B. et al. (2000). The
gene encoding gigaxonin, a new member of the cytoskeletal BTB/kelch repeat
family, is mutated in giant axonal neuropathy. Nat. Genet. 26, 370-374.
Boyd, L., Guo, S., Levitan, D., Stinchcomb, D. T. and Kemphues, K. J.
(1996). PAR-2 is asymmetrically distributed and promotes association of P
granules and PAR-1 with the cortex in C. elegans embryos. Development 122,
3075-3084.
Cassada, R., Isnenghi, E., Culotti, M. and von Ehrenstein, G. (1981). Genetic
analysis of temperature-sensitive embryogenesis mutants in Caenorhabditis
elegans. Dev. Biol. 84, 193-205.
Chau, V., Tobias, J. W., Bachmair, A., Marriott, D., Ecker, D. J., Gonda, D. K.
and Varshavsky, A. (1989). A multiubiquitin chain is conﬁned to speciﬁc lysine
in a targeted short-lived protein. Science 243, 1576-1583.
Ciechanover, A., Heller, H., Elias, S., Haas, A. L. and Hershko, A. (1980). ATPdependent conjugation of reticulocyte proteins with the polypeptide required for
protein degradation. Proc. Natl. Acad. Sci. USA 77, 1365-1368.
Clark-Maguire, S. and Mains, P. E. (1994a). Localization of the mei-1 gene
product of Caenorhabditis elegans, a meiotic-speciﬁc spindle component. J. Cell
Biol. 126, 199-209.
Clark-Maguire, S. and Mains, P. E. (1994b). mei-1, a gene required for meiotic
spindle formation in Caenorhabditis elegans, is a member of a family of
ATPases. Genetics 136, 533-546.
Cleveland, D. W., Mao, Y. and Sullivan, K. F. (2003). Centromeres and
kinetochores: from epigenetics to mitotic checkpoint signaling. Cell 112, 407421.
Coux, O., Tanaka, K. and Goldberg, A. L. (1996). Structure and functions of the
20S and 26S proteasomes. Annu. Rev. Biochem. 65, 801-847.
Cowan, C. R. and Hyman, A. A. (2004). Centrosomes direct cell polarity
independently of microtubule assembly in C. elegans embryos. Nature 431, 92-96.
Cuenca, A. A., Schetter, A., Aceto, D., Kemphues, K. and Seydoux, G. (2003).
Polarization of the C. elegans zygote proceeds via distinct establishment and
maintenance phases. Development 130, 1255-1265.
Davis, E. S., Wille, L., Chestnut, B. A., Sadler, P. L., Shakes, D. C. and Golden,
A. (2002). Multiple subunits of the Caenorhabditis elegans anaphase-promoting

DEVELOPMENT

782

complex are required for chromosome segregation during meiosis I. Genetics
160, 805-813.
DeRenzo, C., Reese, K. J. and Seydoux, G. (2003). Exclusion of germ plasm
proteins from somatic lineages by cullin-dependent degradation. Nature 424,
685-689.
Deshaies, R. J. (1999). SCF and Cullin/Ring H2-based ubiquitin ligases. Annu. Rev.
Cell Dev. Biol. 15, 435-467.
Detwiler, M. R., Reuben, M., Li, X., Rogers, E. and Lin, R. (2001). Two zinc
ﬁnger proteins, OMA-1 and OMA-2, are redundantly required for oocyte
maturation in C. elegans. Dev. Cell 1, 187-199.
Dow, M. R. and Mains, P. E. (1998). Genetic and molecular characterization of
the Caenorhabditis elegans gene, mel-26, a postmeiotic negative regulator of
mei-1, a meiotic-speciﬁc spindle component. Genetics 150, 119-128.
Fay, D. S., Keenan, S. and Han, M. (2002). fzr-1 and lin-35/Rb function
redundantly to control cell proliferation in C. elegans as revealed by a nonbiased
synthetic screen. Genes Dev. 16, 503-517.
Feng, H., Zhong, W., Punkosdy, G., Gu, S., Zhou, L., Seabolt, E. K. and
Kipreos, E. T. (1999). CUL-2 is required for the G1-to-S-phase transition and
mitotic chromosome condensation in Caenorhabditis elegans. Nat. Cell Biol. 1,
486-492.
Furukawa, M., He, Y. J., Borchers, C. and Xiong, Y. (2003). Targeting of protein
ubiquitination by BTB-Cullin 3-Roc1 ubiquitin ligases. Nat. Cell Biol. 5, 10011007.
Furuta, T., Tuck, S., Kirchner, J., Koch, B., Auty, R., Kitagawa, R., Rose, A. M.
and Greenstein, D. (2000). EMB-30: an APC4 homologue required for
metaphase-to-anaphase transitions during meiosis and mitosis in Caenorhabditis
elegans. Mol. Biol. Cell 11, 1401-1419.
Gadde, S. and Heald, R. (2004). Mechanisms and molecules of the mitotic
spindle. Curr. Biol. 14, R797-R805.
Glotzer, M., Murray, A. W. and Kirschner, M. W. (1991). Cyclin is degraded by
the ubiquitin pathway. Nature 349, 132-138.
Golden, A., Sadler, P. L., Wallenfang, M. R., Schumacher, J. M., Hamill, D. R.,
Bates, G., Bowerman, B., Seydoux, G. and Shakes, D. C. (2000). Metaphase
to anaphase (mat) transition-defective mutants in Caenorhabditis elegans. J. Cell
Biol. 151, 1469-1482.
Goldenberg, S. J., Cascio, T. C., Shumway, S. D., Garbutt, K. C., Liu, J., Xiong,
Y. and Zheng, N. (2004). Structure of the Cand1-Cul1-Roc1 complex reveals
regulatory mechanisms for the assembly of the multisubunit cullin-dependent
ubiquitin ligases. Cell 119, 517-528.
Goldstein, B. and Hird, S. N. (1996). Speciﬁcation of the anteroposterior axis in
Caenorhabditis elegans. Development 122, 1467-1474.
Guedes, S. and Priess, J. R. (1997). The C. elegans MEX-1 protein is present in
germline blastomeres and is a P granule component. Development 124, 731739.
Gunsalus, K. C., Ge, H., Schetter, A. J., Goldberg, D. S., Han, J. D., Hao, T.,
Berriz, G. F., Bertin, N., Huang, J., Chuang, L. S. et al. (2005). Predictive
models of molecular machines involved in Caenorhabditis elegans early
embryogenesis. Nature 436, 861-865.
Guterman, A. and Glickman, M. H. (2004). Deubiquitinating enzymes are
IN/(trinsic to proteasome function). Curr. Protein Pept. Sci. 5, 201-211.
Hamill, D. R., Severson, A. F., Carter, J. C. and Bowerman, B. (2002).
Centrosome maturation and mitotic spindle assembly in C. elegans require SPD5, a protein with multiple coiled-coil domains. Dev. Cell 3, 673-684.
Hershko, A., Ciechanover, A., Heller, H., Haas, A. L. and Rose, I. A. (1980).
Proposed role of ATP in protein breakdown: conjugation of protein with multiple
chains of the polypeptide of ATP-dependent proteolysis. Proc. Natl. Acad. Sci.
USA 77, 1783-1786.
Hershko, A., Ganoth, D., Pehrson, J., Palazzo, R. E. and Cohen, L. H. (1991).
Methylated ubiquitin inhibits cyclin degradation in clam embryo extracts. J. Biol.
Chem. 266, 16376-16379.
Hori, T., Osaka, F., Chiba, T., Miyamoto, C., Okabayashi, K., Shimbara, N.,
Kato, S. and Tanaka, K. (1999). Covalent modiﬁcation of all members of
human cullin family proteins by NEDD8. Oncogene 18, 6829-6834.
Huang, K., Johnson, K. D., Petcherski, A. G., Vandergon, T., Mosser, E. A.,
Copeland, N. G., Jenkins, N. A., Kimble, J. and Bresnick, E. H. (2000). A
HECT domain ubiquitin ligase closely related to the mammalian protein WWP1 is
essential for Caenorhabditis elegans embryogenesis. Gene 252, 137-145.
Hubbard, E. J. and Greenstein, D. (2000). The Caenorhabditis elegans gonad: a
test tube for cell and developmental biology. Dev. Dyn. 218, 2-22.
Kamath, R. S., Fraser, A. G., Dong, Y., Poulin, G., Durbin, R., Gotta, M.,
Kanapin, A., Le Bot, N., Moreno, S., Sohrmann, M. et al. (2003). Systematic
functional analysis of the Caenorhabidits elegans genome using RNAi. Nature
421, 231-237.
Kawakami, T., Chiba, T., Suzuki, T., Iwai, K., Yamanaka, K., Minato, N.,
Suzuki, H., Shimbara, N., Hidaka, Y., Osaka, F. et al. (2001). NEDD8 recruits
E2-ubiquitin to SCF E3 ligase. EMBO J. 20, 4003-4012.
Kile, B. T., Schulman, B. A., Alexander, W. S., Nicola, N. A., Martin, H. M. and
Hilton, D. J. (2002). The SOCS box: a tale of destruction and degradation.
Trends Biochem. Sci. 27, 235-241.
Kim, W. and Kaelin, W. G., Jr (2003). The von Hippel-Lindau tumor suppressor

REVIEW

783

protein: new insights into oxygen sensing and cancer. Curr. Opin. Genet. Dev.
13, 55-60.
Kitagawa, R., Law, E., Tang, L. and Rose, A. M. (2002). The Cdc20 homolog,
FZY-1, and its interacting protein, IFY-1, are required for proper chromosome
segregation in Caenorhabditis elegans. Curr. Biol. 12, 2118-2123.
Kraft, C., Vodermaier, H. C., Maurer-Stroh, S., Eisenhaber, F. and Peters, J. M.
(2005). The WD40 propeller domain of Cdh1 functions as a destruction box
receptor for APC/C substrates. Mol. Cell 18, 543-553.
Kurz, T., Pintard, L., Willis, J. H., Hamill, D. R., Gönczy, P., Peter, M. and
Bowerman, B. (2002). Cytoskeletal regulation by the Nedd8 ubiquitin-like
protein modiﬁcation pathway. Science 295, 1181-1212.
Kurz, T., Ozlu, N., Rudolf, F., O’Rourke, S. M., Luke, B., Hofmann, K., Hyman,
A. A., Bowerman, B. and Peter, M. (2005). The conserved protein DCN1/Dcn1p is required for cullin neddylation in C. elegans and S. cerevisiae. Nature
435, 1257-1261.
Lammer, D., Mathias, N., Laplaza, J. M., Jiang, W., Liu, Y., Callis, J., Goebl, M.
and Estelle, M. (1998). Modiﬁcation of yeast Cdc53p by the ubiquitin-related
protein rub1p affects function of the SCFCdc4 complex. Genes Dev. 12, 914-926.
Liakopoulos, D., Doenges, G., Matuschewski, K. and Jentsch, S. (1998). A
novel protein modiﬁcation pathway related to the ubiquitin system. EMBO J. 17,
2208-2214.
Lin, R. (2003). A gain-of-function mutation in oma-1, a C. elegans gene required
for oocyte maturation, results in delayed degradation of maternal proteins and
embryonic lethality. Dev. Biol. 258, 226-239.
Liu, J., Furukawa, M., Matsumoto, T. and Xiong, Y. (2002). NEDD8
Modiﬁcation of CUL1 Dissociates p120(CAND1), an Inhibitor of CUL1-SKP1
Binding and SCF Ligases. Mol. Cell 10, 1511-1518.
Liu, J., Vasudevan, S. and Kipreos, E. T. (2004). CUL-2 and ZYG-11 promote
meiotic anaphase II and the proper placement of the anterior-posterior axis in C.
elegans. Development 131, 3513-3525.
Luke-Glaser, S., Pintard, L., Lu, C., Mains, P. E. and Peter, M. (2005). The BTB
protein MEL-26 promotes cytokinesis in C. elegans by a CUL-3-independent
mechanism. Curr. Biol. 15, 1605-1615.
Lyapina, S., Cope, G., Shevchenko, A., Serino, G., Tsuge, T., Zhou, C., Wolf,
D. A., Wei, N. and Deshaies, R. J. (2001). Promotion of NEDD-CUL1 conjugate
cleavage by COP9 signalosome. Science 292, 1382-1385.
Lyczak, R., Gomes, J. E. and Bowerman, B. (2002). Heads or tails: cell polarity
and axis formation in the early Caenorhabditis elegans embryo. Dev. Cell 3, 157166.
Mains, P. E., Kemphues, K. J., Sprunger, S. A., Sulston, I. A. and Wood, W. B.
(1990). Mutations affecting the meiotic and mitotic divisions of the early
Caenorhabditis elegans embryo. Genetics 126, 593-605.
McNally, F. J. and Vale, R. D. (1993). Identiﬁcation of katanin, an ATPase that
severs and disassembles stable microtubules. Cell 75, 419-429.
Mello, C. C., Schubert, C., Draper, B., Zhang, W., Lobel, R. and Priess, J. R.
(1996). The PIE-1 protein and germline speciﬁcation in C. elegans embryos.
Nature 382, 710-712.
Morgan, D. O. (1997). Cyclin-dependent kinases: engines, clocks, and
microprocessors. Annu. Rev. Cell Dev. Biol. 13, 261-291.
Morimoto, M., Nishida, T., Nagayama, Y. and Yasuda, H. (2003). Nedd8modiﬁcation of Cul1 is promoted by Roc1 as a Nedd8-E3 ligase and regulates its
stability. Biochem. Biophys. Res. Commun. 301, 392-398.
Murray, A. W. (2004). Recycling the cell cycle: cyclins revisited. Cell 116, 221-234.
Nasmyth, K. (2001). Disseminating the genome: joining, resolving, and separating
sister chromatids during mitosis and meiosis. Annu. Rev. Genet 35, 673-745.
Nasmyth, K. (2005). How do so few control so many? Cell 120, 739-746.
Nishi, Y. and Lin, R. (2005). DYRK2 and GSK-3 phosphorylate and promote the
timely degradation of OMA-1, a key regulator of the oocyte-to-embryo
transition in C. elegans. Dev. Biol. 288, 139-149.
O’Connell, K. F., Maxwell, K. N. and White, J. G. (2000). The spd-2 gene is
required for polarization of the anteroposterior axis and formation of the sperm
asters in the Caenorhabditis elegans zygote. Dev. Biol. 222, 55-70.
Oshikawa, K., Matsumoto, M., Yada, M., Kamura, T., Hatakeyama, S. and
Nakayama, K. I. (2003). Preferential interaction of TIP120A with Cul1 that is
not modiﬁed by NEDD8 and not associated with Skp1. Biochem. Biophys. Res.
Commun. 303, 1209-1216.
Pang, K. M., Ishidate, T., Nakamura, K., Shirayama, M., Trzepacz, C.,
Schubert, C. M., Priess, J. R. and Mello, C. C. (2004). The minibrain kinase
homolog, mbk-2, is required for spindle positioning and asymmetric cell division
in early C. elegans embryos. Dev. Biol. 265, 127-139.
Pellettieri, J., Reinke, V., Kim, S. K. and Seydoux, G. (2003). Coordinate
activation of maternal protein degradation during the egg-to-embryo transition
in C. elegans. Dev. Cell 5, 451-462.
Peter, M., Castro, A., Lorca, T., Le Peuch, C., Magnaghi-Jaulin, L., Doree, M.
and Labbe, J. C. (2001). The APC is dispensable for ﬁrst meiotic anaphase in
Xenopus oocytes. Nat. Cell Biol. 3, 83-87.
Peters, J. M. (1999). Subunits and substrates of the anaphase-promoting complex.
Exp. Cell Res. 248, 339-349.
Peters, J. M. (2002). The anaphase-promoting complex: proteolysis in mitosis and
beyond. Mol. Cell 9, 931-943.

DEVELOPMENT

Development 133 (5)

REVIEW

Pﬂeger, C. M., Lee, E. and Kirschner, M. W. (2001). Substrate recognition by the
Cdc20 and Cdh1 components of the anaphase-promoting complex. Genes Dev.
15, 2396-2407.
Pickart, C. M. (2000). Ubiquitin in chains. Trends Biochem. Sci. 25, 544-548.
Pickart, C. M. (2001). Mechanisms underlying ubiquitination. Annu. Rev. Biochem.
70, 503-533.
Pintard, L., Kurz, T., Glaser, S., Willis, J. H., Peter, M. and Bowerman, B.
(2003a). Neddylation and deneddylation of cul-3 is required to target mei1/katanin for degradation at the meiosis-to-mitosis transition in C. elegans. Curr.
Biol. 13, 911-921.
Pintard, L., Willis, J. H., Willems, A., Johnson, J. L., Srayko, M., Kurz, T.,
Glaser, S., Mains, P. E., Tyers, M., Bowerman, B. et al. (2003b). The BTB
protein MEL-26 is a substrate-speciﬁc adaptor of the CUL-3 ubiquitin-ligase.
Nature 425, 311-316.
Pintard, L., Willems, A. and Peter, M. (2004). Cullin-based ubiquitin ligases:
Cul3-BTB complexes join the family. EMBO J. 23, 1681-1687.
Quintin, S., Mains, P. E., Zinke, A. and Hyman, A. A. (2003). The mbk-2 kinase
is required for inactivation of MEI-1/katanin in the one-cell Caenorhabditis
elegans embryo. EMBO Rep. 4, 1175-1181.
Rappleye, C. A., Paredez, A. R., Smith, C. W., McDonald, K. L. and Aroian, R.
V. (1999). The coronin-like protein POD-1 is required for anterior-posterior axis
formation and cellular architecture in the nematode caenorhabditis elegans.
Genes Dev. 13, 2838-2851.
Rappleye, C. A., Tagawa, A., Lyczak, R., Bowerman, B. and Aroian, R. V.
(2002). The anaphase-promoting complex and separin are required for
embryonic anterior-posterior axis formation. Dev. Cell 2, 195-206.
Reese, K. J., Dunn, M. A., Waddle, J. A. and Seydoux, G. (2000). Asymmetric
segregation of PIE-1 in C. elegans is mediated by two complementary mechanisms
that act through separate PIE-1 protein domains. Mol. Cell 6, 445-455.
Sadler, P. L. and Shakes, D. C. (2000). Anucleate Caenorhabditis elegans sperm
can crawl, fertilize oocytes and direct anterior-posterior polarization of the 1-cell
embryo. Development 127, 355-366.
Salah, S. M. and Nasmyth, K. (2000). Destruction of the securin Pds1p occurs at
the onset of anaphase during both meiotic divisions in yeast. Chromosoma 109,
27-34.
Sasagawa, Y., Urano, T., Kohara, Y., Takahashi, H. and Higashitani, A.
(2003). Caenorhabditis elegans RBX1 is essential for meiosis, mitotic
chromosomal condensation and segregation, and cytokinesis. Genes Cells 8,
857-872.
Sasagawa, Y., Kikuchi, K., Dazai, K. and Higashitani, A. (2005).
Caenorhabditis elegans Elongin BC complex is essential for cell proliferation and
chromosome condensation and segregation during mitosis and meiotic division
II. Chromosome Res. 13, 357-375.
Schlesinger, A., Shelton, C. A., Maloof, J. N., Meneghini, M. and Bowerman,
B. (1999). Wnt pathway components orient a mitotic spindle in the early
Caenorhabditis elegans embryo without requiring gene transcription in the
responding cell. Genes Dev. 13, 2028-2038.
Schneider, S. Q. and Bowerman, B. (2003). Cell polarity and the cytoskeleton in
the Caenorhabditis elegans zygote. Annu. Rev. Genet 37, 221-249.
Schubert, C. M., Lin, R., de Vries, C. J., Plasterk, R. H. and Priess, J. R. (2000).
MEX-5 and MEX-6 function to establish soma/germline asymmetry in early C.
elegans embryos. Mol. Cell 5, 671-682.
Schulman, B. A., Carrano, A. C., Jeffrey, P. D., Bowen, Z., Kinnucan, E. R.,
Finnin, M. S., Elledge, S. J., Harper, J. W., Pagano, M. and Pavletich, N. P.
(2000). Insights into SCF ubiquitin ligases from the structure of the Skp1-Skp2
complex. Nature 408, 381-386.
Schwechheimer, C., Serino, G., Callis, J., Crosby, W. L., Lyapina, S., Deshaies,
R. J., Gray, W. M., Estelle, M. and Deng, X. W. (2001). Interactions of the
COP9 signalosome with the E3 ubiquitin ligase SCFTIRI in mediating auxin
response. Science 292, 1379-1382.
Shakes, D. C., Sadler, P. L., Schumacher, J. M., Abdolrasulnia, M. and Golden,
A. (2003). Developmental defects observed in hypomorphic anaphase-

Development 133 (5)
promoting complex mutants are linked to cell cycle abnormalities. Development
130, 1605-1620.
Shimada, M., Kawahara, H. and Doi, H. (2002). Novel family of CCCH-type
zinc-ﬁnger proteins, MOE-1, -2 and -3, participates in C. elegans oocyte
maturation. Genes Cells 7, 933-947.
Shirayama, M., Soto, M. C., Ishidate, T., Kim, S., Nakamura, K., Bei, Y., van
den Heuvel, S. and Mello, C. C. (2006). The conserved kinases CDK-1, GSK-3,
KIN-19 and MBK-2 promote OMA-1 destruction to regulate the oocyte-toembryo transition in C. elegans. Curr. Biol. 16, 47-55.
Sonneville, R. and Gonczy, P. (2004). Zyg-11 and cul-2 regulate progression
through meiosis II and polarity establishment in C. elegans. Development 131,
3527-3543.
Sonnischen, B., Koski, L. B., Walsh, A., Marschall, P., Neumann, B., Brehm,
M., Alleaume, A. M., Artelt, J., Bettencourt, P., Cassin, E. et al. (2005). Fullgenome RNAi proﬁling of early embryogenesis in Caenorhabditis elegans.
Nature 434, 462-469.
Srayko, M., Buster, D. W., Bazirgan, O. A., McNally, F. J. and Mains, P. E.
(2000). MEI-1/MEI-2 katanin-like microtubule severing activity is required for
Caenorhabditis elegans meiosis. Genes Dev. 14, 1072-1084.
Stebbins, C. E., Kaelin, W. G., Jr and Pavletich, N. P. (1999). Structure of the
VHL-ElonginC-ElonginB complex: implications for VHL tumor suppressor
function. Science 284, 455-461.
Stitzel, M. L., Pellettieri, J. and Seydoux, G. (2006). The C. elegans DYRK
kinase MBK-2 marks oocyte proteins for degradation in response to meiotic
maturation. Curr. Biol. 17, 56-62.
Stogios, P. J., Downs, G. S., Jauhal, J. J., Nandra, S. K. and Prive, G. G.
(2005). Sequence and structural analysis of BTB domain proteins. Genome Biol.
6, R82.
Sulston, J. E., Schierenberg, E., White, J. G. and Thomson, J. N. (1983). The
embryonic cell lineage of the nematode Caenorhabditis elegans. Dev. Biol. 100,
64-119.
Tabara, H., Hill, R. J., Mello, C. C., Priess, J. R. and Kohara, Y. (1999). pos-1
encodes a cytoplasmic zinc-ﬁnger protein essential for germline speciﬁcation in
C. elegans. Development 126, 1-11.
Taieb, F. E., Gross, S. D., Lewellyn, A. L. and Maller, J. L. (2001). Activation of
the anaphase-promoting complex and degradation of cyclin B is not required for
progression from Meiosis I to II in Xenopus oocytes. Curr. Biol. 11, 508-513.
Thrower, J. S., Hoffman, L., Rechsteiner, M. and Pickart, C. M. (2000).
Recognition of the polyubiquitin proteolytic signal. EMBO J. 19, 94-102.
Voges, D., Zwickl, P. and Baumeister, W. (1999). The 26S proteasome: a
molecular machine designed for controlled proteolysis. Annu. Rev. Biochem. 68,
1015-1068.
Wallenfang, M. R. and Seydoux, G. (2000). Polarization of the anterior-posterior
axis of C. elegans is a microtubule-directed process. Nature 408, 89-92.
Wee, S., Geyer, R. K., Toda, T. and Wolf, D. A. (2005). CSN facilitates CullinRING ubiquitin ligase function by counteracting autocatalytic adapter instability.
Nat. Cell Biol. 7, 387-391.
Willems, A. R., Schwab, M. and Tyers, M. (2004). A hitchhiker’s guide to the
cullin ubiquitin ligases: SCF and its kin. Biochim. Biophys. Acta 1695, 133-170.
Xu, L., Wei, Y., Reboul, J., Vaglio, P., Shin, T. H., Vidal, M., Elledge, S. J. and
Harper, J. W. (2003). BTB proteins are substrate-speciﬁc adaptors in an SCF-like
modular ubiquitin ligase containing CUL-3. Nature 425, 316-321.
Yang, H. Y., McNally, K. and McNally, F. J. (2003). MEI-1/katanin is required for
translocation of the meiosis I spindle to the oocyte cortex in C. elegans. Dev.
Biol. 260, 245-259.
Zheng, J., Yang, X., Harrell, J. M., Ryzhikov, S., Shim, E. H., Lykke-Andersen,
K., Wei, N., Sun, H., Kobayashi, R. and Zhang, H. (2002a). CAND1 binds to
unneddylated CUL1 and regulates the formation of SCF ubiquitin E3 ligase
complex. Mol. Cell 10, 1519-1526.
Zheng, N., Schulman, B. A., Song, L., Miller, J. J., Jeffrey, P. D., Wang, P., Chu,
C., Koepp, D. M., Elledge, S. J., Pagano, M. et al. (2002b). Structure of the
Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 416, 703-709.

DEVELOPMENT

784

