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A dominant-negative form of the E3 ubiquitin ligase Cullin-1
disrupts the correct allocation of cell fate in the neural crest

lineage

Jana Voigt and Nancy Papalopulu*

Selective protein degradation is an efficient and rapid way of terminating protein activity. Defects in protein degradation are
associated with a number of human diseases, including potentially DiGeorge syndrome, which is characterised by abnormal
development of the neural crest lineage during embryogenesis. We describe the identification of Xenopus Cullin-1, an E3 ubiquitin
ligase, and show that blocking the function of endogenous Cullin-1 leads to pleiotropic defects in development. Notably, there is an
increased allocation of cells to a neural crest fate and within this lineage, an increase in melanocytes at the expense of cranial
ganglia neurons. Most of the observed effects can be attributed to stabilisation of B-catenin, a known target of Cullin-1-mediated
degradation from other systems. Indeed, we show that blocking the function of Cullin-1 leads to a decrease in ubiquitinated -
catenin and an increase in total g-catenin. Our results show that Cullin-1-mediated protein degradation plays an essential role in

the correct allocation of neural crest fates during embryogenesis.
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INTRODUCTION

During embryonic development the molecular profile of a cell has to
be regulated in order to achieve cell specialisation. A large proportion
of this regulation is carried out at the transcriptional level. However, it
is becoming increasingly clear that proteins have to be actively
removed from a cell if their function is no longer required. This
removal is achieved by protein degradation via the 26S proteasome,
which can degrade proteins down to peptides.

As not all proteins have to be degraded, an active selection
mechanism is in place that marks the degradation targets by adding
multiple ubiquitin molecules. This ubiquitination is catalysed by an
enzyme cascade involving the ubiquitin-activating enzyme (E1), the
ubiquitin-conjugating enzyme (E2), the ubiquitin ligase (E3)
(reviewed by Deshaies, 1999) and the still controversial E4, which
is thought to facilitate the transition from monoubiquitination to
polyubiqutination (Koegl et al., 1999).

The E3 ligases, which bind to a substrate and attach the ubiquitin
molecule, are believed to provide substrate specificity. Structurally,
E3 ligases can be subdivided into Ring-domain or HECT-domain
based ligases. Both are protein motifs that enable the binding of the
E2-conjugating enzyme, the protein that provides the ubiquitin
molecules. Some E3 ligases, e.g. Smurf, Neuralized, Mind Bomb or
Greul are single proteins. They usually contain the substrate-binding
domain in the N terminus and the Ring or HECT domain in the C
terminus. However, the majority of the E3 ligases consist of a protein
complex where the tasks of substrate- and E2 binding are subdivided
between separate proteins (Deshaies, 1999).

A well-known group of multi-subunit E3 ligases are the Cullin-
Ring ubiquitin ligases (CLRs), which are based around a Cullin core.
The function of Cullin proteins is to bind other proteins with its N
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and C termini; hence, acting as a scaffold for the CLR complex. The
archetypal CLR is the Cullin-1-based SCF (Skpl, Cullin-1, a Ring
protein and an F-box protein) complex. The N terminus of Cullin-1
binds to a linking protein such as Skpl and via this to an F-box
protein that binds the substrate. It is believed that the substrate
specificity of SCF stems from the F-box protein; examples of F-box
proteins are cyclin F, cdc4, 3-TrCP and Skp2 (Bai et al., 1996; Latres
etal., 1999; Lisztwan et al., 1998; Skowyra et al., 1997; Yu et al.,
1998). These are involved in the ubiquitination of cell cycle
regulators such as p275"", p21 and cyclin E (Nakayama et al., 2000;
Wang et al., 1999; Yu et al., 1998), and transcription factors such as
B-catenin, Gli, IkB and E2F (del Pozo et al., 2002; Ou et al., 2002;
Jiang and Struhl, 1998; Yaron et al., 1998). The C terminus of Cullin
protein binds to a Ring protein, e.g. Rbx-1, which in turn binds the
E2 enzyme. There are at least seven known Cullin proteins in
humans, which can assemble into different CLRs.

Many E3 ligases have been found to be involved in developmental
processes. Among the single protein E3 ligases, GREUL1 (Borchers
et al., 2002) anteriorises ectoderm when overexpressed in Xenopus,
while Smurf degrades Smadl in Xenopus (Zhu et al., 1999) and
Drosophila (Podos et al., 2001), thereby limiting BMP signalling.
Recently, ectodermin, a Smad4 ubiquiting ligase has been shown to
limit TGF-B signalling in early Xenopus embryos and in human
adult cells (Dupont et al., 2005). Interestingly, not all ubiquitination
events necessarily result in degradation. For example Neuralized and
Mind Bomb are E3 ligases that ubiquitinate the Notch ligand Delta,
which subsequently leads to its internalisation and enhanced Notch
signalling (Chen and Casey Corliss, 2004; Deblandre et al., 2001;
Itoh et al., 2003; Le Borgne and Schweisguth, 2003). Among the
multi-protein E3 ligases, Ozz promotes [3-catenin degradation in
myofibres (Nastasi et al., 2004), while APC/C (an E3 ligase complex
whose subunit APC2 has Cullin protein homology), controls
synapse size at the neuromuscular junction in Drosophila (van
Roessel et al., 2004).

Although the structure of the SCF (the archetypal multiprotein
CLR) is well understood (Zheng et al., 2002) and many of its targets
have been identified, large gaps remain in our understanding of its
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function (Deshaies, 1999), particularly with regards to its role in a
developmental context. Knockout studies of its core component
Cullin-1, which should lead to the abolishment of all canonical SCF
activity, have been carried out in C. elegans, mouse and Arabidopsis
(Dealy et al., 1999; Kipreos et al., 1996; Shen et al., 2002; Wang et
al., 1999). The resulting phenotypes were hyperplasia with a
shortened G1 phase in C. elegans, and arrested embryogenesis in all
cases. Similarly, loss of function of the Ring protein Rocla, which
provides the link between Cullin-1 and the E2-conjugating enzyme,
leads to embryonic lethality in Drosophila (Noureddine et al., 2002).
In parallel, a role of the SCF complex in the Drosophila eye
development is well documented (reviewed by Ou et al., 2003).
Finally, RNAi against Skp! (the linking protein between Cullin
proteins and the F-box protein) in C. elegans causes tissue
hyperplasia and embryonic arrest (Nayak et al., 2002). Loss-of-
function studies have also been carried out on the F-box components
of the SCF. Mice with a mutation for cyclin F die at midgestation
(Tetzlaff et al., 2004). In Skp2-deficient mice there was an increased
accumulation of Cyclin E and p27 in the mutant cells but the mice
were viable although slightly smaller (Nakayama et al., 2000).
Finally, hypomorphic loss of function of the F-box protein Slimb
(Drosophila B-TrCP) in a tissue-restricted manner leads to an
accumulation of Ci (Gli) and Arm (3-catenin), which in turn results
in supernumerary limbs (Jiang and Struhl, 1998).

Some evidence for a role of the SCF in early vertebrate
development comes from studies on the F-box protein B-TrCP
(Latres et al., 1999). Overexpression of a dominant-negative 3-7rCP
in early Xenopus embryos caused secondary axes (Lagna et al.,
1999; Marikawa and Elinson, 1998). This is consistent with the
proposed role of B-TrCP in B-catenin degradation, which is a well
known mode of regulating [3-catenin during the establishment of the
axis in Xenopus and mouse (reviewed by Huelsken and Birchmeier,
2001; Weaver and Kimelman, 2004). Although these studies
indicate the importance of the SCF during very early vertebrate
embryonic development, its role in later developmental events
remains to be characterised.

This characterisation is especially important as it has been
recognised that protein degradation deficiencies underlie many
human diseases (reviewed by Sakamoto, 2002). A number of
cancers appear to be caused by the deregulation of protein
degradation. For example, cervical cancer is thought to be due to the
excessive destruction of the tumour suppressor p53 (reviewed by
Sakamoto, 2002) and in breast cancer cells high levels of cyclin E
coincided with a mutation in the F box protein Cdc4 (Rajagopalan
etal., 2004; Strohmaier et al., 2001). In addition, neurodegenerative
diseases such as Parkinson’s disease (Staropoli et al., 2003) and
Angelman syndrome (Kishino et al., 1997; Matsuura et al., 1997)
also appear to be the consequence of mutations in E3 ligases.
DiGeorge syndrome, a birth defect characterised by misregulation
of neural crest cells during early development, has been associated
with a deletion of UFDI (Yamagishi et al., 1999) (reviewed by
Baldini, 1999). This protein appears to be involved in the linking
step between polyubiquitination and proteasome-mediated
degradation (Bays and Hampton, 2002). A definitive causal
relationship between UFDI and DiGeorge syndrome has not been
proven yet, and there are other good candidates deleted in this
syndrome, including TBX1 (reviewed by Baldini, 2005). In
addition, several of the syndrome’s neural crest defects can be
recapitulated by inactivation of TGF-f3 signalling (Wurdak et al.,
2005). Nevertheless, the large variety of defects caused by aberrant
protein degradation (reviewed by Sakamoto, 2002) indicates that this
process is vital in many tissues and stages during development. The

investigation of protein degradation during development should
contribute towards our understanding of the basis of such diseases
known as ‘ubiquitinopathies’.

Here, we present the functional analysis of Xenopus Cullin-1 in a
developmental context. We show that Cullin-1 is expressed
throughout early Xenopus development and is enriched in neural
tissue. Overexpression of a truncated dominant-negative form leads
to an accumulation of 3-catenin, one of its degradation targets, and
areduction of ubiquitinated [3-catenin, suggesting that it prevents 3-
catenin degradation. Embryos where the dominant-negative Cullin-
1 is overexpressed, display a range of embryological defects most
noticeably an upregulation of melanocytes, a neural crest derived
tissue. Analysis with molecular markers at different stages in
development suggests that this increase is due both to an increased
allocation of ectodermal tissue to the neural crest and to an increased
allocation of neural crest progenitors to the melanocyte lineage. Our
findings demonstrate for the first time a link between Cullin-1
function and neural crest development. Moreover, these findings
demonstrate that there is a requirement for protein degradation that
goes beyond the very early embryonic stages and is essential for the
correct cell fate allocation throughout development.

MATERIALS AND METHODS

Embryo culture and injections

X. laevis embryos were obtained by hormone induced egg laying and in vitro
fertilisation by standard methods. Injections were carried out with in vitro
transcribed capped RNA animally into one blastomere at the two-cell stage.
RNA was injected in a volume of 10 nl, at doses ranging from 10 pg to 3 ng,
and 200-300 pg of lacZ RNA was co-injected as a lineage tracer. As a
control, lacZ RNA was injected alone at the highest dose employed for the
experimental RNA. Embryos were staged according to Nieuwkoop and
Faber (Nieuwkoop and Faber, 1967) and grown to the desired stage. They
were then fixed in MEMFA and stained with X-gal as described
(Bourguignon et al., 1998).

In situ hybridisation

In situ hybridisation was performed as previously described (Harland,
1991). Probes were made from digoxigenin-labelled antisense RNA. At
neurula stages, embryos were analysed with the X. laevis molecular marker
Sox3 (Penzel et al., 1997). Moreover, the X. tropicalis Sox9 (Spokony et
al., 2002), Slug (Mayor et al., 1995), Sox10 (Aoki et al., 2003; Honore et
al., 2003) and Zic3 (Nakata et al., 1997) were also used. At tadpole stages,
embryos were analysed for N-tubulin, a marker for differentiated neurons
(Chitnis and Kintner, 1995; Oschwald et al., 1991). The chromogenic
reaction was carried out with either nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl-phosphate (NBT/BCIP) or with 5-bromo-6-chloro-3-
indolyl-phosphate (magenta phos). In order to obtain sections, embryos
were embedded in gelatine albumin and 30 pm sections were cut using a
vibratome.

Western blot analysis

Embryos were snap-frozen at the desired stage. Proteins from 20 embryos
were extracted in 150 pl 15 mM Tris-HCl1 pH 7.5 containing the Complete
Protease Inhibitor (Roche). Excessive yolk was removed by the addition of
an equal volume of Freon (1,1,2-Trichlorotriofluoroethane, Sigma F5217).
Proteins were separated in 8% SDS acrylamide gels and transferred onto
nitrocellulose membranes. Blots were hybridised with a rabbit polyclonal
anti (3-catenin (1/500, Santa Cruz—H102), a mouse monoclonal Cullin-1
(1/200, Santa Cruz- Cull-DS5) or a mouse monoclonal anti alpha tubulin
(1/5000, clone DM1A, Sigma) antibody. Between different antibody
stainings the blots were stripped for 1 hour at 55°C in 100 mM f-
mercaptoethanol containing stripping solution (62.5 mM Tris-HC1 pH 6.7,
2% SDS). Goat-anti-mouse-HRP or goat-anti-rabbit-HRP secondary
antibodies were used (1/2500, Jackson Immunoresearch Laboratories). The
blots were processed with ECL or ECL plus (Amersham), and the
chemiluminescent signal was detected on medical film.
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Immunoprecipitations

H293T cells were cultured in DMEM + 10% foetal calf serum. Confluent
cultures were transfected with DNA using Lipofectamine 2000 (Invitrogen).
Empty pCS2 vector DNA was used when not all of the constructs were
employed. The following CMV expression constructs were used for the
transfections. X. laevis B-catenin was N-terminally HA-tagged and cloned
into the expression vector pCS107. pCW7 Myc-Hisg-Ubiquitin (a gift from
M. Goldberg) and either the truncated pCS107 Cullin-1 (Cull-C75 and
Cull-C477) or the full-length pCS107 Cullin-1 (TEgg108117) or cullin-3
(TNeu078f05) were used. Thirty-six hours after transfection, 10 uM
proteasome inhibitor MG132 was added to allow accumulation of
ubiquitinated proteins. After 48 hours, cells were harvested (10 cm
dish/transfection) and proteins were extracted. To reduce non-specific
binding, lysates were pre-cleared with mouse IgG and Protein G beads for
1 hour. They were then incubated with anti-Myc-antibody-coupled agarose
(Santa Cruz, 9E10, sc40-AC) overnight. The next day, the beads were
washed thoroughly and the bound proteins were eluted in sample buffer. The
eluate was separated on 8% SDS acrylamide gels and westerns were
performed with anti-HA-HRP (1/5000 Roche). Approximately 10% of the
lysate was retained as a control. Those samples were separated on 8% SDS
acrylamide gels and westerns were performed as described above.

RESULTS

Cullin-1 is a very conserved protein among
vertebrate species

Cullin-1 was identified during a gain-of-function screen in X.
tropicalis for genes affecting neural development (Voigt et al., 2005).
The active clone in the screen was a C-terminally truncated form,
missing the last 75 amino acids (clone TGas038c21, thereafter
referred to as Cull-C75; Fig. 1A,B). A full-length Xenopus tropicalis
Cullin-1 clone was subsequently identified in an EST database that
allows full coding sequence predictions (TEgg108117) (Gilchrist et
al., 2004) and was fully sequenced. Xenopus tropicalis Cullin-1 is
99.6% identical to mouse and human Cullin-1 at the protein level (Fig.
1A). Sequence comparison showed that the truncated clone lacks a
large region of the Rbx-1 binding domain, the SCF subunit that binds
to the E2 conjugating enzyme and provides the SCF with ubiquitin
molecules (Zheng et al., 2002) (Fig. 1A-C). This truncation is very
likely to inhibit the interaction between Cullin-1 and Rbx-1 (Fig. 1C).
Moreover, the neddylation site, which is thought to activate the SCF
functionally by attaching a Nedd8 molecule to Cullin-1 (Lammer et
al., 1998; Morimoto et al., 2000; Osaka et al., 1998) (star in Fig. 1A),
is located in the missing area.

Cullin-1 is expressed during embryonic
development and is enriched in neural tissue
Cullin-1 RNA is ubiquitously found throughout the blastula and
gastrula embryo. At neural plate stages, it is enriched in the area of
the neural ectoderm, particularly in the anterior region. In the
tadpole, expression is enriched in the neural tube, eye and branchial
arches (Fig. 2A) (see also Voigt et al., 2005).

Western blot analysis showed that there is a large supply of
maternal Cullin-1 protein in the egg and that the protein level
remains near constant throughout early embryonic development. A
slight increase is observed during late neurula/early tailbud stages
(stage 19-28) (Fig. 2B).

Ectopic truncated and full-length Cullin-1 leads to
an increase of B-catenin levels in Xenopus
embryos

A number of embryos that were injected with Cull-C75 displayed
secondary axes, a telltale sign of ectopic 3-catenin stabilisation. As
Cul1-C75 lacks a large part of the interaction domain with Rbx-1,

we anticipated that it would act as dominant negative of endogenous
Cullin-1, i.e. inhibit the formation of active complexes by titrating
out the remaining proteins in the complex. This in turn would lead
to a stabilisation of 3-catenin. Indeed, an increase in 3-catenin was
observed in Cull-C75 embryos at stage 8 and stage 19 (Fig. 3A,C).
One might expect that overexpression of the full-length clone would
have the opposite effect, i.e. it would enhance the degradation of 3-
catenin. Contrary to our expectations, overexpression of the full-
length clone had the same effect as the truncated form, leading to an
increase of B-catenin levels at stage 10 and stage 19 (Fig. 3B,C).
Both constructs produced proteins of the expected molecular weight
when overexpressed in the embryo (Fig. 3C). To find out whether a
very low dose of overexpressed Cullin-I might lead to a
downregulation of 3-catenin, we injected doses of Cullin-1 ranging
from 10 pg to 3 ng into embryos. A decrease in endogenous 3-
catenin was not observed in any of the doses, whereas an increase
was observed with doses as low as 50 pg (Fig. 3D).

Overexpression of truncated and full-length
Cullin-1 in H293T cells leads to a decrease of
ubiquitinated B-catenin

If the endogenous SCF complex was inhibited, we would expect
that the increase in 3-catenin would be due to a reduction of its
ubiquitination. Therefore, we examined the levels of ubiquitinated
B-catenin when Cullin-1 or Cull-C75 were overexpressed. We
transfected H293T cells with HA-B-catenin and Myc-His-
Ubiquitin in the presence of 10 pm MG132, a proteasome
inhibitor (for the last 12 of 48 hours). The addition of the inhibitor
allowed us to detect ubiquitinated forms of B-catenin that are
normally rapidly degraded (Fig. 4). We then immunoprecipitated
ubiquitinated proteins with an anti-Myc antibody, separated the
bound proteins on an SDS/Page gel and used and anti HA
antibody to detect ubiquitinated (3-catenin levels. We found that
co-expression of Cullin-1 or Cull-C75 led to a decrease of
ubiquitinated (-catenin (Fig. 4).

The increase of total B-catenin, together with the decrease of
ubiquitinated -catenin, suggests that the B-catenin ubiquitination
machinery is inhibited, indicating that ectopic full-length or
truncated Cullin proteins inhibit the SCF complex, most probably
acting as dominant negatives of endogenous Cullin proteins.
However, the Cull-C75 form of Cullin-1 lacks only part of the Rbx1
interaction domain; therefore, it is formally possible that it retains
wild-type activity. In this scenario, neither Cull-C75 nor Cullin-1
act as dominant negatives when overexpressed, but they both act as
wild-type instead. To address this possibility, we have constructed a
severely truncated form of Cullin-1 in the C-terminus that lacks the
entire Rbx1 interacting domain, Cull-C477 (Fig. 1B). When
overexpressed in H293T cells, Cull-C477 reduced the level of
ubiquitinated 3-catenin and indeed did so to a greater extent than
either the full-length Cullin-1 or the Cull-C75 construct (Fig. 4).
Taken together, these results suggest that both the truncated and full
length Cullin-1 act as dominant negatives when overexpressed, most
likely by inhibiting the activity of endogenous Cullin-1 by titrating
out the N-terminal components of the SCF complex into inactive or
partial complexes.

Thus, these constructs provided us with an opportunity to study
the effect of inhibiting endogenous Cullin proteins in development.
Alternative means of inhibiting endogenous Cullin proteins such as
ATG or splice site directed morpholinos in X. tropicalis were not
effective, perhaps owing to the abundance of maternally supplied
protein (data not shown).
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Inhibition of endogenous Cullin-1 in Xenopus
embryos causes a complex phenotype

Having established that ectopic Cullin-1 acts as a dominant negative,
we carried out all of the following experiments with the full-length
and the truncated Cullin-1 protein (Cull-C75). The same
phenotypes were observed with both forms. The phenotypes were
complex but several distinct features could be observed. Duplicated

axes, a known consequence of ectopic B-catenin/Wnt signalling,
were seen with low frequency (around 10%), presumably owing to
targeting the injections to the animal rather than to the marginal area
of the embryo (Fig. 5, Fig. 6D). The next most frequent phenotype
were eye defects that ranged from malformations to complete
absence of eye development (missing eyes scored in Fig. 5, shown
in Fig. 6C). Ectopic tissue, particularly in the form of epidermal
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Fig. 2. Expression analysis of Cullin-1. (A) RNA expression pattern
of Cullin-1 during early X. tropicalis development. Cullin-1 is
ubiquitous at blastula (1, lateral view) and gastrula (2, vegetal, 3,
animal view) stages. At neurula stages (4, anterior view) it becomes
enriched in neural tissue. At tadpole stages, it becomes enriched in
the neural tube, eye and branchial arches (5+6, anterior towards the
left, dorsal upwards). (B) Cullin-1 protein presence during
development. Westerns with an anti-Cullin-1 antibody were carried
out on protein extracts of whole X. laevis embryos at different
developmental stages. Cullin-1 protein is found throughout
development. Cullin-1 protein levels are slightly increased during late
neurula/early tadpole stages.

folds, was also observed with high frequency (Fig. 5, Fig. 6G).
Finally, the most frequent phenotype was an increase in
melanocytes, seen even at the lowest doses injected (250 pg) (Fig. 5,
Fig. 6B.E,G).

Both constructs, Cullin-1 or Cull-C75, showed a dose response
in relation to phenotypes found (Fig. 5). Interestingly, the
incidence of ‘ectopic tissue’ and ‘missing eyes’ phenotypes was
higher in the lower doses of the truncated than the full-length
constructs (Fig. 5). This was consistent with our expectation that
the truncated construct would be a more effective dominant
negative than the full-length one. Injection of the severely
truncated Cul1-C477 that lacks the entire Rbx1 binding domain
also gave rise to the same phenotype of duplicated axes and
increased number of melanocytes (Fig. 7). Introducing an
additional truncation in the N terminus, which is thought to interact
with Skpl (Fig. 1B, N148-Cull-C477), renders the construct
inactive when overexpressed in Xenopus embryos, as they show no
phenotype (93%, n=66).

As a test for the specificity of the Cullin-1 phenotype, we
overexpressed the Xenopus tropicalis Cullin-3, which is thought
to be part of an E3 ligase complex that is similar to the SCF, but
with different degradation targets. Although Cullin-3 is also
expressed ubiquitously during embryonic development, we did
not detect a phenotype when it was overexpressed (data not
shown).

Inhibition of Cullin-1 leads to an increase of
melanocytes at the expense of cranial ganglia

As mentioned above, the most frequent phenotype at tadpole stages
were ectopic melanocytes (91%, n=228). We quantitated the
increase of melanocytes in transverse sections and found that there
is an average 4.4-fold increase. As melanocytes are derived from
neural crest tissue, which also gives rise to the cranial ganglia, we
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Fig. 3. Cul1-C75 and Cullin-1 RNA injections increase the level
of B-catenin in the Xenopus embryo. (A) 1.6 or 2.5ng of Cul1-
C75 (truncated) capped RNA were injected animally into each
blastomere of two-cell stage X. laevis embryos. Proteins were
extracted at stage 10 and analysed for B-catenin levels. Injection led
to an upregulation of B-catenin levels. Blots were stripped and
analysed against a-tubulin as a loading control. (B) The same was
carried out for full-length Cullin-1 RNA. Embryos were analysed at
stage 8 and surprisingly an upregulation of B-catenin levels was also
observed. (C) B-Catenin levels were also analysed at stage 19
(neurula stage), a time during which neural crest tissue becomes
specified. As at stage 8 and 10, injections of 1.6 and 2.5 ng of either
the Cul1-C75 and the full-length Cullin-1 lead to an increase in B-
catenin levels. This was also found for stage 24 (data not shown). To
determine whether both constructs are translated correctly, western
blots were stripped and subsequently analysed for Cullin-1 protein
levels (with an antibody raised towards Cullin-1's N-terminus). The
full-length Cullin-1 RNA (lane 4 and 5) results in higher levels of
proteins of the correct size when compared with uninjected embryos
(lane 1). A clear size difference between Cul1-C75 and Cullin-1 is
also visible. (D) A wide range of Cullin-1 RNA doses were injected
(10 pg-3 ng into each blastomere at the two-cell stage) and embryos
were analysed at stage 10. A decrease in B-catenin was never
observed; indeed the increase of B-catenin correlates with the
increased dose of Cullin-1 injection.

examined the formation of cranial nerves, using N-tubulin as a
marker (Chitnis and Kintner, 1995; Oschwald et al., 1991). We
found that N-tubulin was not disrupted in the brain or in the spinal
cord, except for defects as a consequence of secondary axes.
However, N-tubulin-positive cranial ganglia were severely disrupted
or absent in 74% (n=35) of the embryos (Fig, 6B,C,E,F, arrows).
This finding suggests that increased melanocytes are produced at the
expense of cranial neurons.
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Fig. 4. Cullin-1, Cul1-C75 and Cul1-C477 decrease B-catenin
ubiquitination in cell lines. H293T cells were transfected with Myc-
His-Ubiquitin, HA-B-catenin and either Cul1-C477, Cullin-1 or Cul1-
C75. After 36 hours, 10 WM MG132 (a proteasome inhibitor) was
added for 12 hours to accumulate ubiquitinated protein. Al
ubiquitinated protein was immunoprecipitated (IP) via Myc.
Ubiquitinated B-catenin was visualised with an anti-HA antibody. Co-
expression of any of the Cullin-1 gene constructs led to a reduction of
the levels of ubiquitinated B-catenin. The severity of reduction
corresponded to the amount of truncation, with the most truncated
construct Cul1-C477 causing the most severe reduction (lane 3 IP), the
Cul1-C75 (lane5) causing a strong reduction and full-length Cullin-1
(lane 4) causing some reduction. This suggests that Cullin1, Cul1-C75
and Cul1-C477 inhibit B-catenin ubiquitination, probably by inhibiting
the endogenous SCF complex. As a control, ~10% of the lysate was
removed previous to the IP and analysed for total levels of B-catenin by
anti-HA staining. Co-transfection of Cullin-1 led to increased B-catenin
levels in the lysate control in 4/6 experiments (not shown here). An
increase in total B-catenin is not always detected in these experiments
because of the high levels of exogenous B-catenin and because the
ubiquitinated form is only a fraction of the total g-catenin.

Early neural crest markers are expanded at the
expense of neural tissue when Cullin-1 function is
inhibited
An increase in melanocytes could also be the consequence of an
increased allocation of neural tissue into the neural crest lineage
early on. Therefore, we investigated whether early neural crest
formation was affected by looking at the expression of the early
cranial neural crest markers Slug, Zic3, Sox9 and Sox10 in neural
plate stage embryos. Although some of these genes also mark the
trunk neural crest (e.g. Sox10), at the neural plate stage they are most
helpful in visualising the cranial neural crest, which is particularly
prominent at this stage. All markers were increased when Cull-C75
or Cullin-1 were overexpressed, but most predominantly Zic3 (Fig.
8A). Surprisingly, in a small number of cases Sox9 was reduced (8%
reduced, 51% expanded, n=86). Sox10 was reduced and expanded
with equal frequency (18% in both cases, n=66, not shown).
Interestingly, these markers showed that the expansion of neural
crest often occurred in the anterior most neural plate of experimental
embryos, an area that is normally crest free. When the injected RNA
was localised to the anterior neural plate (the area adjacent to where
neural crest tissue is found) Sox3, a neural plate marker, was often
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Fig. 5. Comparative dose response of Cul1-C75 and Cullin-1 in
inducing developmental abnormalities. Embryos were injected with
different doses of Cul7-C75 or Cullin-17 RNA animally into one
blastomere at two-cell stage and grown to tadpole stages (stage
39/40). Morphological analysis was carried out by comparing the
uninjected with the injected side and embryos were scored for defects.
The phenotype predominantly consisted of ectopic melanocytes,
ectopic tissue (such as epidermal folds), eye defects and secondary
axes. The most robust phenotype was ectopic melanocytes, which
could be seen in almost all of the injected embryos. The dose of RNA
injected correlates with the penetrance of the phenotype. The
truncated Cullin-1 construct (Cul7-C75) was more potent at causing a
phenotype than the full-length construct.

inhibited in that area (Fig. 8B). These findings suggest that inhibition
of endogenous Cullin-1 function leads to ectopic neural crest at the
expense of neural plate tissue in the anterior neural plate.

DISCUSSION
We have shown that the overexpression of a C-terminally truncated
form of the E3 ubiquitin ligase Cullin-1 leads to a complex
phenotype. A number of distinct developmental defects were
observed, namely double axis, abnormal ectodermal growths and
reduced or missing eyes. The most striking defect observed was a
large increase of melanocytes. This was brought about both by an
increased, frequently ectopic, early allocation of cells to neural crest
fate and by an increased allocation to a melanocyte fate within the
neural crest lineage at the expense of cranial sensory neuron fate.
We attribute these effects to the inhibition of the activity of the
endogenous SCF complex. The C-terminally truncated Cullin-1 is
missing the Rbx 1-binding site and therefore would act as a dominant
negative by titrating out endogenous components into inactive
complexes (Fig. 1C). This was substantiated by an increase in one
of the Cullin-1 degradation targets, 3-catenin, accompanied by a
decrease of the ubiquitinated form. Interestingly, the same
phenotypic and biochemical effects were observed after
overexpressing the wild type Cullin-1. Obtaining the same effect
with a truncated and a full-length clone is not without precedent:
Neuralized is another case of a ubiquitin ligase where
overexpression of a truncated, dominant-negative form and a full-
length clone have the same effect (Deblandre et al., 2001). In another
study, Mistry et al. (Mistry et al., 2004) found that overexpression
and loss of Cullin-3 leads to an accumulation of Cil55, the
Drosophila homologue of the Gli genes.



Cullin-1 in neural crest development RESEARCH ARTICLE 565

Fig. 6. Phenotypes observed in Cul1-C75 and Cullin-1 injected
embryos. (A) Wild-type embryo for comparison. The most striking
phenotype observed was an increase in melanocytes (B), but eye
defects (C, star represents where the eye should be) and secondary axes
(D) were also commonly observed (see Fig. 5 for quantification).
Embryos were hybridised in situ with a probe for N-tubulin, a marker
for differentiated neurons (purple). Ectopic N-tubulin can be observed
in the secondary axis (D). The lineage tracer /acZ (light-blue staining)
indicates the area of injection. Lateral view with anterior towards the
left and dorsal towards the top. The injected side is shown. Transverse
sections of the embryos show clearly the large upregulation of
melanocytes (E-G) and the ectopic tissue (white arrowhead) in the
injected side. Neural differentiation in the neural tube is not affected (as
marked by N-tubulin); however, cranial ganglia neurons (N-tubulin
positive, arrows) are absent (compare B,C with A and E,F with control
side). Transverse view with dorsal towards the top and the injected side
on the right.

We suggest that the full-length construct also acts as a dominant ~ dominant-negative construct. Furthermore, a dominant-negative
negative when overexpressed, possibly by titrating out N-terminal ~ Cullin-1 partner 3-TrCP shows similarities with our dominant-
and C-terminal binding proteins into partial complexes. As expected  negative Cullin-1 construct (duplicated axes) (Marikawa and
from this model, a construct that lacks both the N-terminal and C-  Elinson, 1998) further supporting the notion that it is an SCF
terminal domain had not effect in development. We cannot exclude = complex that is disrupted in our study.
the possibility that the dominant-negative construct disrupts some Although a number of target genes have been proposed as targets
other ubiquitin ligase that is involved in B-catenin degradation and  of the SCF complex, such as p27**', p21 and cyclin E, many aspects
shares binding partners with the SCF (reviewed by Wu et al., 2004).  of the phenotype that we have observed can be accounted for by the
However, the presence of Cullin-1 in neural tissue at the right time  inappropriate accumulation of stabilised (3-catenin. For example, it
makes it very likely that Cullin-1 is the primary target of the is well established that ectopic stabilisation of B-catenin leads to

A B C

Fig. 7. Phenotype of a severely C-terminally truncated form of Cullin1, Cul1-C477. In order to ensure that the C-terminally truncated Cul1-
C75 does not act as wild-type form of Cullin-1, we made a Cullin-1 construct (Cul1-C477) that is lacking all of the C terminus (Fig. 1B). A 250 pg
dose of this construct together with the lineage tracer lacZ (light blue) were injected animally at the two-cell stage into X. laevis embryos. Embryos
were analysed at tadpole stages for morphological defects. Injected embryos (A-C,E) showed an accumulation of melanocytes (A-C, arrow in C),
secondary axes (B) and ectopic tissue (C), all phenotypes previously observed with the other Cullin-1 constructs. For comparison, uninjected control
embryos are shown (D,F). This indicates that all of these constructs act in the same manner, which is most likely to be a dominant-negative
mechanism. All embryos are shown laterally. In A-D, anterior is towards the left; in E,F, embryos are facing each other.

DEVELOPMENT
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Cul1-C75

A Lac Z Control

Fig. 8. Cul1-C75 RNA injections increase early neural crest
markers. (A) Embryos were injected with 500 pg of Cul7-C75 or
Cullin-1 (same phenotype, but not shown) plus the lineage tracer lacZ
(light blue) into one blastomere at the two-cell stage. As a control, 500
pg lacZ RNA was injected alone. Embryos were grown to neurula stage
and analysed for the early neural crest markers Sox9, Sox10, Slug and
Zic3 (purple). Expression of all markers was expanded, predominantly
into the anterior neural plate. In some cases, expression of Sox9 and
Sox10 were reduced (not shown). Dorsal view with anterior towards
the top. (B) When injections were targeted to the anterior neural plate,
expression of Sox3 (a marker for proliferating neural tissue) was
reduced. This was in the same region where the expansion of neural
crest markers (as shown for Sox9) was seen. Dorsal view with anterior
towards the top.

duplicated axes (Funayama et al., 1995; Lagna et al., 1999;
Marikawa and Elinson, 1998). Ectodermal growths could also be
related to the proliferative effect of Wnt/B-catenin (Moon et al.,
2004). As cell cycle regulators are among the known targets of
Cullin-1, a direct effect of Cullin-1 inhibition on cell cycle regulators
is also a possible cause of these ectodermal growths (Nakayama et
al., 2000; Wang et al., 1999; Yu et al., 1998).

The effect of blocking the SCF complex on neural crest can also
be attributed to the increased level of 3-catenin. It is believed that
distinct waves of Wnt signalling first induce neural crest tissue and
later on restrict neural crest lineages (Lewis et al., 2004). This is
supported by many studies showing that Wnt signalling is
necessary and sufficient for neural crest induction (reviewed by
Huang and Saint-Jeannet, 2004; LaBonne and Bronner-Fraser,

1998; Wu et al., 2003; Yanfeng et al., 2003). Furthermore, Wnt
signalling later pushes the neural crest lineage towards melanocyte
development (Dorsky et al., 1998; Goodall et al., 2004; Hari et al.,
2002; Jin et al., 2001; Saito et al., 2003; Takeda et al., 2000).
Although the latter is widely accepted, it is not without controversy
as constitutively active B-catenin expressed under the Wntl
promoter led to an upregulation of sensory neurons at the expense
of melanocytes (Lee et al., 2004). The reason for this controversy
is not understood and our and others results are not consistent with
this view (see above).

We suggest that in truncated or full-length Cullin-1 injected
embryos increased [3-catenin signalling is responsible, directly or
indirectly, for the observed increased expression of the early neural
crest markers Slug, Sox9, SoxI10 and Zic3. In turn, these would
mediate the increased allocation to neural crest fate and in particular
the melanocyte lineage at the expense of cranial neuron fate. Indeed,
overexpression of 3-catenin expands Slug expression at the expense
of the pan-neural Sox2 (LaBonne and Bronner-Fraser, 1998) and
overexpression of Sox]0 leads to a massive increase of melanocytes,
a phenotype that can also be induced by ectopic WntI (Honore et al.,
2003). Overexpression of Zic3 leads to neural and neural crest
hyperplasia, concomitant with increased Slug expression, an
increase in melanocytes, and loss of or deformed eyes (Nakata et al.,
1997). This resembles the Cullin-1 phenotype very closely. Within
the neural crest lineage, Wnt/B-catenin signalling may promote
directly the melanocyte fate by activating genes such as the
transcription factor MITF/nacre, which is required for the
development of melanocytes (reviewed by Yanfeng et al., 2003). In
addition, Sox 0 transcriptionally regulates mitfa (Dutton et al., 2001;
Elworthy et al., 2003).

Finally, the expansion of the neural crest domain in the anterior
neural plate observed in truncated and full-length Cullin-1 injected
embryos is very similar to phenotypes observed in the intracellular
Wnt signalling repressor headless/tcf3 zebrafish mutant (Dorsky et
al., 2003; Kim et al., 2000). Therefore, this effect can also be
accounted for by increased/ectopic Wnt/ B-catenin signalling in the
anterior neural plate.

There are several Wnt genes expressed in the dorsal neural tube
and neural crest that could mediate [3-catenin activation (reviewed
by Wu et al., 2003; Yanfeng et al., 2003) and several Wnt inhibitors
could limit Wnt activity in this area. For example, extracellular Wnt
inhibitors are expressed in the dorsal neural tube and these could
limit Wnt signalling during neural and neural crest development
(Baranski et al., 2000; Duprez et al., 1999; Jin et al., 2001; Ladher
et al., 2000). Furthermore, intracellular Wnt inhibitors such as tcf3
are thought to prevent Wnt signalling in the anterior neural plate
(Dorsky et al., 2003; Kim et al., 2000). Here, we have shown that
alongside these inhibitors, deactivation of Wnt signalling by
ubiquitination and degradation of -catenin is important for neural
crest development.

Although protein degradation is a recognised means for limiting
B-catenin signalling in early Xenopus development, where no
zygotic transcription takes place, it was not known whether it is
equally important in later vertebrate development. To date, most
studies that implicate protein degradation in later developmental
events come from Drosophila (Jiang and Struhl, 1998; Ou et al.,
2003; van Roessel et al., 2004). Our results show that inhibition of
Wnt and possibly other signalling pathways by Cullin-I-mediated
proteolysis is a major contributor in the correct development of the
neural crest lineage. If this process is misregulated, serious defects
in the development of the neural crest can occur, such as, for
example, in DiGeorge syndrome. Therefore, understanding how
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protein degradation contributes to the specification of neural crest
fates will lead to a better understanding of the aetiology of such
disorders.
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Trust 4 year program PhD student and N.P. is a Wellcome Trust Senior Research
Fellow. This work was supported by the Wellcome Trust.

References

Aoki, Y., Saint-Germain, N., Gyda, M., Magner-Fink, E., Lee, Y. H., Credidio,
C. and Saint-Jeannet, J. P. (2003). Sox10 regulates the development of neural
crest-derived melanocytes in Xenopus. Dev. Biol. 259, 19-33.

Bai, C., Sen, P, Hofmann, K., Ma, L., Goebl, M., Harper, J. W. and Elledge, S.
J. (1996). SKP1 connects cell cycle regulators to the ubiquitin proteolysis
machinery through a novel motif, the F-Box. Cell 86, 263.

Baldini, A. (1999). Is the genetic basis of DiGeorge syndrome in HAND? Nat.
Genet. 21, 246-247.

Baldini, A. (2005). Dissecting contiguous gene defects: TBX1. Curr. Opin. Genet.
Dev. 15, 279-284.

Baranski, M., Berdougo, E., Sandler, J. S., Darnell, D. K. and Burrus, L. W.
(2000). The dynamic expression pattern of frzb-1 suggests multiple roles in chick
development. Dev. Biol. 217, 25.

Bays, N. W. and Hampton, R. Y. (2002). Cdc48-Ufd1-Npl4: stuck in the middle
with Ub. Curr. Biol. 12, R366-R371.

Borchers, A. G., Hufton, A. L., Eldridge, A. G., Jackson, P. K., Harland, R. M.
and Baker, J. C. (2002). The E3 ubiquitin ligase GREUL1 anteriorizes ectoderm
during Xenopus development. Dev. Biol. 251, 395-408.

Bourguignon, C., Li, J. and Papalopulu, N. (1998). XBF-1, a winged helix
transcription factor with dual activity, has a role in positioning neurogenesis in
Xenopus competent ectoderm. Development 125, 4889-4900.

Chen, W. and Casey Corliss, D. (2004). Three modules of zebrafish Mind bomb
work cooperatively to promote Delta ubiquitination and endocytosis. Dev. Biol.
267, 361-373.

Chitnis, A. and Kintner, C. (1995). Neural induction and neurogenesis in
amphibian embryos. Perspect. Dev. Neurobiol. 3, 3-15.

Dealy, M. J., Nguyen, K. V., Lo, J., Gstaiger, M., Krek, W., Elson, D., Arbeit, J.,
Kipreos, E. T. and Johnson, R. S. (1999). Loss of Cul1 results in early
embryonic lethality and dysregulation of cyclin E. Nat. Genet. 23, 245-248.

Deblandre, G. A,, Lai, E. C. and Kintner, C. (2001). Xenopus neuralized is a
ubiquitin ligase that interacts with XDelta1 and regulates Notch signaling. Dev.
Cell 1, 795-806.

del Pozo, J. C., Boniotti, M. B. and Gutierrez, C. (2002). Arabidopsis E2Fc
functions in cell division and is degraded by the ubiquitin-SCF(AtSKP2) pathway
in response to light. Plant Cell 14, 3057-3071.

Deshaies, R. J. (1999). SCF and Cullin/Ring H2-based ubiquitin ligases. Annu. Rev.
Cell Dev. Biol. 15, 435-467.

Dorsky, R. I., Moon, R. T. and Raible, D. W. (1998). Control of neural crest cell
fate by the Wnt signalling pathway. Nature 396, 370.

Dorsky, R. ., Itoh, M., Moon, R. T. and Chitnis, A. (2003). Two tcf3 genes
cooperate to pattern the zebrafish brain. Development 130, 1937-1947.

Dupont, S., Zacchinga, L., Cordenonsi, M., Soligo, S., Adorno, M., Rugge, M.
and Piccolo, S. (2005). Germ-layer specification and control of cell growth by
ectodermin, a Smad4 ubiquitin ligase. Cell 121, 87-99.

Duprez, D., Leyns, L., Bonnin, M.-A,, Lapointe, F, Etchevers, H., De Robertis,
E. M. and Le Douarin, N. (1999). Expression of Frzb-1 during chick
development. Mech. Dev. 89, 179.

Dutton, K. A., Pauliny, A., Lopes, S. S., Elworthy, S., Carney, T. J., Rauch, J.,
Geisler, R., Haffter, P. and Kelsh, R. N. (2001). Zebrafish colourless encodes
sox10 and specifies non-ectomesenchymal neural crest fates. Development 128,
4113-4125.

Elworthy, S., Lister, J. A., Carney, T. J., Raible, D. W. and Kelsh, R. N. (2003).
Transcriptional regulation of mitfa accounts for the sox10 requirement in
zebrafish melanophore development. Development 130, 2809-2818.

Funayama, N., Fagotto, F., McCrea, P. and Gumbiner, B. M. (1995). Embryonic
axis induction by the armadillo repeat domain of beta- catenin: evidence for
intracellular signaling. J. Cell Biol. 128, 959-968.

Gilchrist, M., Zorn, A. M., Voigt, J., Smith, J. C,, Papalopulu, N. and Amaya,
E. (2004). Defining a large set of full lentgh clones from a Xenopus tropicalis EST
project. Dev. Biol. 271, 498-516.

Goodall, J., Martinozzi, S., Dexter, T. J.,, Champeval, D., Carreira, S., Larue,
L. and Goding, C. R. (2004). Brn-2 expression controls melanoma
proliferation and is directly regulated by beta-catenin. Mol. Cell. Biol. 24,
2915-2922.

Hari, L., Brault, V., Kleber, M., Lee, H. Y., llle, F, Leimeroth, R., Paratore, C.,
Suter, U., Kemler, R. and Sommer, L. (2002). Lineage-specific requirements of
beta-catenin in neural crest development. J. Cell Biol. 159, 867-880.

Harland, R. M. (1991). In situ hybridization: an improved whole-mount method
for Xenopus embryos. Methods Cell Biol. 36, 685-695.

Honore, S. M., Aybar, M. J. and Mayor, R. (2003). Sox10 is required for the
early development of the prospective neural crest in Xenopus embryos. Dev. Biol.
260, 79-96.

Huang, X. and Saint-Jeannet, J. P. (2004). Induction of the neural crest and the
opportunities of life on the edge. Dev. Biol. 275, 1-11.

Huelsken, J. and Birchmeier, W. (2001). New aspects of Wnt signaling pathways
in higher vertebrates. Curr. Opin. Genet. Dev. 11, 547-553.

Itoh, M., Kim, C. H., Palardy, G., Oda, T, Jiang, Y. J., Maust, D., Yeo, S. Y.,
Lorick, K., Wright, G. J., Ariza-McNaughton, L. et al. (2003). Mind bomb is a
ubiquitin ligase that is essential for efficient activation of Notch signaling by
Delta. Dev. Cell 4, 67-82.

Jiang, J. and Struhl, G. (1998). Regulation of the Hedgehog and Wingless
signalling pathways by the F-box/\WD40-repeat protein Slimb. Nature 391, 493-
496.

Jin, E. J., Erickson, C. A., Takada, S. and Burrus, L. W. (2001). Wnt and BMP
signaling govern lineage segregation of melanocytes in the avian embryo. Dev.
Biol. 233, 22-37.

Kim, C. H., Oda, T, Itoh, M., Jiang, D., Artinger, K. B., Chandrasekharappa,
S. C., Driever, W. and Chitnis, A. B. (2000). Repressor activity of Headless/Tcf3
is essential for vertebrate head formation. Nature 407, 913-916.

Kipreos, E. T., Lander, L. E., Wing, J. P, He, W. W. and Hedgecock, E. M.
(1996). cul-1 is required for cell cycle exit in C. elegans and identifies a novel
gene family. Cell 85, 829-839.

Kishino, T, Lalande, M. and Wagstaff, J. (1997). UBE3A/E6-AP mutations cause
Angelman syndrome. Nat. Genet. 15, 70-73.

Koegl, M., Hoppe, T., Schlenker, S., Ulrich, H. D., Mayer, T. U. and Jentsch, S.
(1999). A novel ubiquitination factor, E4, is involved in multiubiquitin chain
assembly. Cell 96, 635-644.

LaBonne, C. and Bronner-Fraser, M. (1998). Neural crest induction in Xenopus:
evidence for a two-signal model. Development 125, 2403-2414.

Ladher, R. K., Church, V. L., Allen, S., Robson, L., Abdelfattah, A., Brown, N.
A., Hattersley, G., Rosen, V., Luyten, F. P, Dale, L. et al. (2000). Cloning and
expression of the Wnt antagonists Sfrp-2 and Frzb during chick development.
Dev. Biol. 218, 183.

Lagna, G., Carnevali, F., Marchioni, M. and Hemmati-Brivanlou, A. (1999).
Negative regulation of axis formation and Wnt signaling in Xenopus embryos by
the F-box/WD40 protein beta TrCP. Mech. Dev. 80, 101-106.

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.

Latres, E., Chiaur, D. S. and Pagano, M. (1999). The human F box protein beta-
Trcp associates with the Cul1/Skp1 complex and regulates the stability of beta-
catenin. Oncogene 18, 849-854.

Le Borgne, R. and Schweisguth, F. (2003). Unequal segregation of Neuralized
biases Notch activation during asymmetric cell division. Dev. Cell 5, 139-148.
Lee, H. Y., Kleber, M., Hari, L., Brault, V., Suter, U., Taketo, M. M., Kemler, R.
and Sommer, L. (2004). Instructive role of Wnt/beta-catenin in sensory fate

specification in neural crest stem cells. Science 303, 1020-1023.

Lewis, J. L., Bonner, J., Modrell, M., Ragland, J. W., Moon, R. T,, Dorsky, R. I.
and Raible, D. W. (2004). Reiterated Wnt signaling during zebrafish neural
crest development. Development 131, 1299-1308.

Lisztwan, J., Marti, A., Sutterluty, H., Gstaiger, M., Wirbelauer, C. and Krek,
W. (1998). Association of human CUL-1 and ubiquitin-conjugating enzyme
CDC34 with the F-box protein p45(SKP2): evidence for evolutionary
conservation in the subunit composition of the CDC34-SCF pathway. EMBO J.
17, 368-383.

Marikawa, Y. and Elinson, R. P. (1998). beta-TrCP is a negative regulator of
Whnt/beta-catenin signaling pathway and dorsal axis formation in Xenopus
embryos. Mech. Dev. 77, 75-80.

Matsuura, T, Sutcliffe, J. S., Fang, P, Galjaard, R. J., Jiang, Y. H., Benton, C.
S., Rommens, J. M. and Beaudet, A. L. (1997). De novo truncating mutations
in E6-AP ubiquitin-protein ligase gene (UBE3A) in Angelman syndrome. Nat.
Genet. 15, 74-77.

Mayor, R., Morgan, R. and Sargent, M. G. (1995). Induction of the prospective
neural crest of Xenopus. Development 121, 767-777.

Mistry, H., Wilson, B. A., Roberts, I. J., O’Kane, C. J. and Skeath, J. B.
(2004). Cullin-3 regulates pattern formation, external sensory organ
development and cell survival during Drosophila development. Mech. Dev.
121, 1495-1507.

Moon, R. T., Kohn, A. D., Ferrari, G. V. D. and Kaykas, A. (2004). Wnt and B-
catenin signalling: diseases and therapies. Nat. Rev. Genet. 5, 691.

Morimoto, M., Nishida, T., Honda, R. and Yasuda, H. (2000). Modification of
cullin-1 by ubiquitin-like protein Nedd8 enhances the activity of SCF(skp2)
toward p27(kip1). Biochem. Biophys. Res. Commun. 270, 1093-1096.

Nakata, K., Nagai, T., Aruga, J. and Mikoshiba, K. (1997). Xenopus Zic3, a
primary regulator both in neural and neural crest development. Proc. Natl. Acad.
Sci. USA 94, 11980-11985.

Nakayama, K., Nagahama, H., Minamishima, Y. A., Matsumoto, M.,
Nakamichi, 1., Kitagawa, K., Shirane, M., Tsunematsu, R., Tsukiyama, T.,



568 RESEARCH ARTICLE

Development 133 (3)

Ishida, N. et al. (2000). Targeted disruption of Skp2 results in accumulation of
cyclin E and p27(Kip1), polyploidy and centrosome overduplication. EMBO J. 19,
2069-2081.

Nastasi, T., Bongiovanni, A., Campos, Y., Mann, L., Toy, J. N., Bostrom, J.,
Rottier, R., Hahn, C., Conaway, J. W., Harris, A. J. et al. (2004). Ozz-E3, a
muscle-specific ubiquitin ligase, regulates beta-catenin degradation during
myogenesis. Dev. Cell 6, 269-282.

Nayak, S., Santiago, F. E., Jin, H., Lin, D., Sched|, T. and Kipreos, E. T. (2002).
The Caenorhabditis elegans Skp1-related gene family: diverse functions in cell
proliferation, morphogenesis, and meiosis. Curr. Biol. 12, 277-287.

Nieuwkoop, P. and Faber, J. (1967). Normal Table of Xenopus Laevis.
Amsterdam: North Holland.

Noureddine, M. A., Donaldson, T. D., Thacker, S. A. and Duronio, R. J. (2002).
Drosophila Roc1a encodes a RING-H2 protein with a unique function in
processing the Hh signal transducer Ci by the SCF E3 ubiquitin ligase. Dev. Cell
2,757-770.

Osaka, F,, Kawasaki, H., Aida, N., Saeki, M., Chiba, T., Kawashima, S.,
Tanaka, K. and Kato, S. (1998). A new NEDD8-ligating system for cullin-4A.
Genes Dev. 12, 2263-2268.

Oschwald, R., Richter, K. and Grunz, H. (1991). Localization of a nervous
system-specific class Il beta-tubulin gene in Xenopus laevis embryos by whole-
mount in situ hybridization. Int. J. Dev. Biol. 35, 399-405.

Ou, C.-Y,, Lin, Y.-F,, Chen, Y.-J. and Chien, C.-T. (2002). Distinct protein
degradation mechanisms mediated by Cul1 and Cul3 controlling Ci stability in
Drosophila eye development. Genes Dev. 16, 2403-2414.

Ou, C.-Y., Pi, H. and Chien, C.-T. (2003). Control of protein degradation by E3
ubiquitin ligases in Drosophila eye development. Trends Genet. 19, 382-389.

Penzel, R., Oschwald, R., Chen, Y., Tacke, L. and Grunz, H. (1997).
Characterization and early embryonic expression of a neural specific
transcription factor xXSOX3 in Xenopus laevis. Int. J. Dev. Biol. 41, 667-677.

Podos, S. D., Hanson, K. K., Wang, Y. C. and Ferguson, E. L. (2001). The
DSmurf ubiquitin-protein ligase restricts BMP signaling spatially and temporally
during Drosophila embryogenesis. Dev. Cell 1, 567-578.

Rajagopalan, H., Jallepalli, P. V., Rago, C., Velculescu, V. E., Kinzler, K. W.,
Vogelstein, B. and Lengauer, C. (2004). Inactivation of hCDC4 can cause
chromosomal instability. Nature 428, 77-81.

Saito, H., Yasumoto, K., Takeda, K., Takahashi, K., Yamamoto, H. and
Shibahara, S. (2003). Microphthalmia-associated transcription factor in the Wnt
signaling pathway. Pigment Cell Res. 16, 261-265.

Sakamoto, K. M. (2002). Ubiquitin-dependent proteolysis: its role in human
diseases and the design of therapeutic strategies. Mol. Genet. Metab. 77, 44.
Shen, W. H., Parmentier, Y., Hellmann, H., Lechner, E., Dong, A., Masson, J.,
Granier, F, Lepiniec, L., Estelle, M. and Genschik, P. (2002). Null mutation of

AtCUL1 causes arrest in early embryogenesis in Arabidopsis. Mol. Biol. Cell 13,
1916-1928.

Skowyra, D., Craig, K. L., Tyers, M., Elledge, S. J. and Harper, J. W. (1997). F-
box proteins are receptors that recruit phosphorylated substrates to the SCF
ubiquitin-ligase complex. Cell 91, 209-219.

Spokony, R. F, Aoki, Y., Saint-Germain, N., Magner-Fink, E. and Saint-
Jeannet, J. P. (2002). The transcription factor Sox9 is required for cranial neural
crest development in Xenopus. Development 129, 421-432.

Staropoli, J. F, McDermott, C., Martinat, C., Schulman, B., Demireva, E. and

Abeliovich, A. (2003). Parkin is a component of an SCF-like ubiquitin ligase
complex and protects postmitotic neurons from kainate excitotoxicity. Neuron
37, 735-749.

Strohmaier, H., Spruck, C. H., Kaiser, P, Won, K. A., Sangfelt, O. and Reed, S.
1. (2001). Human F-box protein hCdc4 targets cyclin E for proteolysis and is
mutated in a breast cancer cell line. Nature 413, 316-322.

Takeda, K., Yasumoto, K., Takada, R., Takada, S., Watanabe, K., Udono, T.,
Saito, H., Takahashi, K. and Shibahara, S. (2000). Induction of melanocyte-
specific microphthalmia-associated transcription factor by Wnt-3a. J. Biol. Chem.
275, 14013-14016.

Tetzlaff, M. T., Bai, C., Finegold, M., Wilson, J., Harper, J. W., Mahon, K. A.
and Elledge, S. J. (2004). Cyclin F disruption compromises placental
development and affects normal cell cycle execution. Mol. Cell. Biol. 24, 2487-
2498.

van Roessel, P, Elliott, D. A., Robinson, I. M., Prokop, A. and Brand, A. H.
(2004). Independent regulation of synaptic size and activity by the anaphase-
promoting complex. Cell 119, 707-718.

Voigt, J., Chen, J.-A,, Gilchrist, M., Amaya, E. and Papalopulu, N. (2005).
Expression cloning screening of a unique and full-length set of cDNA clones is
an efficient method for identifying genes involved in Xenopus neurogenesis.
Mech. Dev. 122, 289.

Wang, Y., Penfold, S., Tang, X., Hattori, N., Riley, P,, Harper, J. W., Cross, J. C.
and Tyers, M. (1999). Deletion of the Cul1 gene in mice causes arrest in early
embryogenesis and accumulation of cyclin E. Curr. Biol. 9, 1191-1194.

Weaver, C. and Kimelman, D. (2004). Move it or lose it: axis specification in
Xenopus. Development 131, 3491-3499.

Wu, G., Liu, C. and He, X. (2004). Ozz: a new name on the long list of B-
Catenin’s nemeses. Mol. Cell 13, 451-458.

Wau, J., Saint-Jeannet, J. P. and Klein, P. S. (2003). Wnt-frizzled signaling in
neural crest formation. Trends Neurosci. 26, 40-45.

Wurdak, H., Ittner, L. M., Lang, K. S., Leveen, P, Suter, U., Fischer, J. A.,
Karlsson, S., Born, W. and Sommer, L. (2005). Inactivation of TGF signaling
in neural crest stem cells leads to multiple defects reminiscent of DiGeorge
syndrome. Genes Dev. 19, 530-535.

Yamagishi, H., Garg, V., Matsuoka, R., Thomas, T. and Srivastava, D. (1999).
A molecular pathway revealing a genetic basis for human cardiac and
craniofacial defects. Science 283, 1158-1161.

Yanfeng, W., Saint-Jeannet, J. P. and Klein, P. S. (2003). Wnt-frizzled signaling
in the induction and differentiation of the neural crest. BioEssays 25, 317-325.

Yaron, A., Hatzubai, A., Davis, M., Lavon, I., Amit, S., Manning, A. M.,
Andersen, J. S., Mann, M., Mercurio, F. and Ben-Neriah, Y. (1998).
Identification of the receptor component of the IkappaBalpha-ubiquitin ligase.
Nature 396, 590-594.

Yu, Z. K., Gervais, J. L. and Zhang, H. (1998). Human CUL-1 associates with the
SKP1/SKP2 complex and regulates p21(CIP1/WAF1) and cyclin D proteins. Proc.
Natl. Acad. Sci. USA 95, 11324-11329.

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. (2002). Structure of the
Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 416, 703-709.

Zhu, H., Kavsak, P, Abdollah, S., Wrana, J. L. and Thomsen, G. H. (1999). A
SMAD ubiquitin ligase targets the BMP pathway and affects embryonic pattern
formation. Nature 400, 687-693.



