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During Xenopus development, Wnt signaling is thought to func-
tion first after midblastula transition to regulate axial patterning
via p-catenin-mediated transcription. Here, we report that Wnt/
glycogen synthase kinase 3 (GSK3) signaling functions posttran-
scriptionally already in mature oocytes via Wnt/stabilization of
proteins (STOP) signaling. Wnt signaling is induced in oocytes after
their entry into meiotic metaphase Il and declines again upon exit
into interphase. Wnt signaling inhibits Gsk3 and thereby protects
proteins from polyubiquitination and degradation in mature oo-
cytes. In a protein array screen, we identify a cluster of mitotic
effector proteins that are polyubiquitinated in a Gsk3-dependent
manner in Xenopus. Consequently inhibition of maternal Wnt/
STOP signaling, but not f-catenin signaling, leads to early cleavage
arrest after fertilization. The results support a novel role for Wnt
signaling in cell cycle progression independent of $-catenin.
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nt/glycogen synthase kinase 3 (GSK3) signaling is a pathway

thought to act essentially by regulating differential gene ex-
pression via p-catenin. In unstimulated cells, B-catenin is phos-
phorylated by GSK3, then polyubiquitinated by beta-transducin
repeat containing protein 1 (B-TrCP), and thereby targeted to
proteasomal degradation (1, 2). Upon Wnt stimulation, Wnt ligands
form a ternary complex with Frizzled (Fzd) and low density lipo-
protein receptor-related protein 6 (LRP6) coreceptors, which clus-
ter with Disheveled to form endocytic LRP6 signalosomes (3-5).
Clustered LRP6 becomes phosphorylated, which triggers the in-
hibition of GSK3 by various mechanisms (6-11), thereby preventing
f-catenin from proteolysis and promoting signaling transduction.

However, GSK3 is a promiscuous protein kinase, and there is
evidence for significant signaling through a Wnt cascade that
bifurcates at the level of GSK3 to stabilize proteins other than
p-catenin (10, 12-14). Notably, GSK3 inhibition by Wnt peaks in
mitosis because cyclin Y (CCNY) and its cyclin dependent kinase
14 (CDK14) activate the Wnt coreceptor LRP6 in a cell cycle-
dependent manner (15). However, during mitosis, transcription
is silenced, suggesting that mitotic Wnt signaling has p-catenin—
independent functions. Following the discovery of De Robertis
and colleagues that Wnt signaling stabilizes potentially hundreds
of proteins other than p-catenin (10), we have recently introduced
p-catenin—independent Wnt/STOP (Wnt-dependent stabilization
of proteins) signaling and provided evidence that it serves to slow
down protein degradation as cells prepare to divide (12).

In this study, we sought to provide in vivo evidence for Wnt/
STOP signaling under conditions where p-catenin-mediated tran-
scription can be ruled out. In most animals, including Xenopus
laevis, transcription is silenced during oocyte maturation (16). This
transcriptional arrest is maintained after fertilization until mid-
blastula transition (17). Moreover, in Xenopus oocytes and eggs,
Wntll signals through the canonical Wnt pathway (18). Finally,
Xenopus oocytes and eggs are naturally arrested at defined cell cycle
phases, which avoids pharmacological synchronization normally
required for biochemical cell cycle analysis. We found that Wnt
signaling is induced during oocyte maturation and inhibits Gsk3,
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thereby preventing protein polyubiquitination. We identified a
cluster of mitotic effectors that are polyubiquitinated in a Gsk3-
dependent manner and found that, consistently, inhibition of
maternal Wnt/STOP signaling led to cleavage arrest in early
embryos. Thus, maternal Wnt/GSK3 signaling functions p-cat-
enin-independently in cell cycle progression.

Results

Wnt/STOP Signaling Operates in X. laevis Oocytes and Eggs. Fully
grown Xenopus oocytes (stage VI) are naturally arrested in meiotic
prophase I. Exposure to progesterone, their physiological mitogen,
induces oocyte maturation and arrest in meiotic metaphase II, akin
to mitosis in somatic cells (Fig. 14). Upon ovulation and egg fer-
tilization, metaphase II arrest is released, and the zygotes enter
into interphase. Because Wnt11 signaling is active in oocytes (19),
we predicted that Wnt/STOP signaling peaks upon maturation
in metaphase II (Fig. 14). Indeed, we found that progesterone
treatment of oocytes induces Lrp6 phosphorylation (pLrp6), re-
duces protein polyubiquitination (PolyUb), and stabilizes B-catenin
(Fig. 1B). Moreover, inhibition of Wnt signaling upstream of Gsk3
by knocking down cyclin Y and lIrp6 using previously established
antisense Morpholinos (15, 20) strongly induced polyubiquitination
in these metaphase II-arrested oocytes (Fig. 1C). In contrast, knock
down of p-catenin with an established antisense Morpholino (21)
had little effect.

Because entry of oocytes into metaphase II via progesterone
induced Wnt/STOP signaling and reduced polyubiquitination, we
asked whether exit from metaphase II would have the opposite
effect. Release of eggs into interphase by Ca** ionophore (A23187),
which mimics fertilization, induced Histone 3 dephosphorylation
after 25 min, indicating exit from mitosis (Fig. 1D). In agreement
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Fig. 1. Wnt/STOP operates in Xenopus oocytes and eggs in metaphase Il. (A) Scheme of proposed Wnt signaling and protein polyubiquitination state in
Xenopus oocytes and eggs (ovulated mature oocytes) as revealed in this study. Stage VI oocytes are arrested in prophase | (Pro. I). Progesterone (Prog.)
matured oocytes and eggs are arrested in metaphase Il (Meta. II). Fertilized or Ca?* ionophore-released eggs progress to interphase. (8) Western blots of
indicated proteins from Xenopus stage VI and progesterone-matured oocytes. a-tub, a-tubulin (loading control); B-cat, -catenin; pH3, phosphorylated histone
3; pLrp6, phosphorylated Lrp6; PolyUb, polyubiquitination. (C) Western blots of indicated proteins from Xenopus matured oocytes injected with the indicated
antisense Morpholinos (MO). a-tub, a-tubulin (loading control); p-cat, p-catenin; Co, control; cycY, cyclin Y; pH3, phosphorylated histone 3; pLrp6, phos-
phorylated Lrp6; PolyUb, polyubiquitination. (D and E) Western blots of indicated proteins from Xenopus eggs (naturally arrested in metaphase 1l) and
treated with the calcium ionophore A23187 for the indicated times (minutes; D), or 25 min (E), in the presence of LiCl or NaCl (Control). (E) Analysis of the
ubiquitination state of the p-catenin via immunoprecipitation (IP) followed by Western blotting (IB). a-tub, a-tubulin (loading control); p-cat, f-catenin; pH3,
phosphorylated histone 3; pLrp6, phosphorylated Lrp6; PolyUb, polyubiquitination. (F) Gsk3 localization and activity in metaphase Il and interphase eggs.
(Top) Vesicular and cytoplasmic fractions were obtained from egg extracts, as described in Methods. Gsk3p protein levels were determined by Western blot,
and the ratio (vesicle/cytoplasm) is indicated. (Bottom) In vitro-translated 3°S-p-catenin was added to metaphase Il extract and interphase extract at 0 h (input),
and its degradation was monitored after 3 h, in the presence (LiCl) or absence (NaCl) of Gsk3 inhibitor. Note that higher vesicle-associated Gsk3 levels in
metaphase Il extracts are accompanied by greater f-catenin stability.

with our model, Lrp6 phosphorylation and f-catenin levels de-  extracts by LiCl increased polyubiquitination of only 22 proteins
creased upon mitotic exit (Fig. 1D, lanes 2 and 3). This reduction =~ >1.8-fold (Dataset S1). In stark contrast, Gsk3 inhibition re-
was accompanied by a strong increase in total polyubiquitination ~ duced the polyubiquitination of 864 (22.3%) of the proteins
level, which was reversed by blocking Gsk3 with LiCl (Fig. 1D, more than 1.8-fold (Fig. 2B). Among these putative Gsk3 targets,
lanes 4 and 5). Similarly, B-catenin polyubiquitination was increased ~ we identified a cluster of mitosis-associated proteins (Fig. 2C),
upon mitotic exit, which was also reversed by LiCl (Fig. 1E). which function in cell cycle progression of fertilized embryos

Activation of Wnt signaling leads to the recruitment of GSK3  during the first synchronous cleavages: Cyclin E, a known Gsk3
to membrane-associated LRP6 signalosomes (3, 10). Consistent  target (23), and its positive regulators Cdk7 and PIk2 (24); Cdkl1,
with higher Wnt activity (Fig. 14), extracts from metaphase II ~ required for mitotic entry, and its activators Cdc25 and Cdk7 (24,
eggs showed a higher fraction of membrane-associated Gsk3  25); Ube2C/UbcH10, a component of the Anaphase promoting
than interphase extracts (Fig. 1F, Top). Consequently, f-catenin  complex (APC/C) (26), and its positive regulator Plk1 (27);
was more stable in metaphase II compared with interphase ex-  Cohesin (Scm1), required for chromosomal integrity during mi-

tracts (Fig. 1F, Bottom). tosis; Chk1/2 and Rad51, components of the DNA damage re-
Collectively, these results indicate that Wnt/STOP signaling  sponse checkpoint; and Aurora kinase B (Aurkb), acting in the
operates in Xenopus mature oocytes and eggs. spindle assembly checkpoint (28).

To further validate these putative Gsk3 target proteins, we
Gsk3 Negatively Regulates Mitotic Effectors in Xenopus. Because  selected several candidates based on antibody availability and
Wnt/STOP signaling stabilizes proteins by inhibiting Gsk3, we  cross-reactivity with Xenopus, including Ube2c, Plk1, Aurkb,
sought to identify potential Gsk3 targets stabilized in Xenopus.  Cyclin E, Cdk7, and Cdkl (29-31). We analyzed whether their
We used interphase egg extracts to carry out in vitro poly- protein levels decrease upon egg activation (transition from
ubiquitination assays on commercial protein arrays containing metaphase II to interphase) and whether they are stabilized by
~9,000 proteins (Fig. 24) (12, 22). A total of 3,873 arrayed LiCl (Fig. 2D and Fig. S1A4). This pattern was observed for
proteins (~40%) were significantly polyubiquitinated (Dataset  Ube2c, Plkl, and Cyclin E. Little stabilization was observed for
S1 and Methods), exceeding previously reported levels of around ~ Cdk7 and p-catenin whereas no stabilization was observed for Cdkl.
10% (12, 22), likely because of the higher protein concentration  Consistent with being Wnt/STOP targets, Ube2c and Plk1 protein
obtainable in Xenopus egg extracts. Inhibition of Gsk3 in the egg  levels decreased in mature oocytes after cyclin Y and Ip6 knock
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Fig. 2. Gsk3 negatively regulates mitotic effectors in Xenopus extracts.
(A) Scheme of the protein microarray experiment to assess Gsk3-dependent
polyubiquitination. Interphase egg extracts were supplemented with ubig-
uitin, pretreated with LiCl or NaCl (Control), and then applied on protein
arrays containing ~9,000 proteins. Polyubiquitination of arrayed proteins
(PolyUb) was monitored using anti-polyubiquitin antibodies and immu-
nofluorescence detection using an array scanner. Signal intensities were
transformed and are displayed as heat-map. (B) Distribution plot of poly-
ubiquitination changes of 3,873 in vitro polyubiquitinated proteins after
Gsk3 inhibition by LiCl (Log,[Control/LiCl]). Arrays were treated with 30 mM
LiCl or 30 mM NaCl (Control). LiCl reduced polyubiquitination of 864 proteins
>1.8-fold. Some candidates, associated with cell cycle progression and se-
lected for further validation are indicated in the plot. (C) Cluster of mitotic
associated proteins that are significantly regulated by LiCl in B. The func-
tional network was determined using String 9.1 and color-coded based on
the fold change in the microarray (Dataset S1). (D) Western blots of in-
dicated proteins from Xenopus eggs (naturally arrested in metaphase Il) and
released into interphase with the Ca®* ionophore A23187 for 25 min, treated
with LiCl, or mock treated (NaCl). p-cat, p-catenin; cycE, cyclin E; Interph., in-
terphase; M. Il, metaphase II; pH3, phosphorylated histone 3. (E) Western
blots of stage VI oocytes in Prophase | and Progesterone-matured (Prog.)
oocytes in metaphase Il. Oocytes were injected (Inj.) with Morpholinos (MO)
or mRNA as indicated. Co, control; dnWnt11, dominant negative Wnt11; pH3,
phosphorylated histone 3; PPL, preprolactin (negative control).

down (Fig. 2E, Left and Fig. S1B). Furthermore, inhibition of Wnt
signaling with axin mRNA and dominant negative wntl1 (dnWhntl1I)
also reduced the protein levels of Ube2c and Plk1 (Fig. 2E, Middle
and Right and Fig. S1B).

Inhibiting Maternal Wnt/STOP Signaling Induces Cleavage Arrest in
Xenopus Embryos. Stabilization of mitotic regulators by maternal
Wnt/STOP signaling may prepare eggs for the rapid sequence
of cell divisions ensuing after fertilization. We tested this hy-
pothesis by inhibiting maternal Wnt/STOP signaling and analyzing

5734 | www.pnas.org/cgi/doi/10.1073/pnas.1423533112

Xenopus early development. Oocytes were depleted of Cyclin Y,
Lrp6, or p-catenin using antisense Morpholinos (Fig. 3B). After
in vitro maturation and host transfer (32), eggs were fertilized
(Fig. 34). There was no difference between morphants in egg
recovery or fertilization rate (Fig. 3C). Importantly, 60-80% of
cyclin Y and Irp6 morphants failed to cleave during first or second
cell division (Fig. 3 D and E). Those cyclin Y and lrp6 morphants
that managed to cleave did so at the same time as control mor-
phants (Fig. 3F), indicating that cell cycle time was unaffected but
rather cell division proper was affected.

This early cleavage arrest phenotype is a surprising finding
because Wnt signaling is thought to regulate embryonic pattern-
ing via fB-catenin—mediated transcription only after midblastula
transition (18, 33). Indeed, f-catenin morphants expectedly showed
dorso-ventral patterning defects at late embryonic stages (Fig. 3G),
but, unlike cyclin Y morphants, they cleaved normally (Fig. 3 D
and E). Previous maternal depletion studies of Wnt compo-
nents (e.g., wntll, Irp6, and cyclin Y) did not report cleavage
arrest, likely because attention was focused on the axial pat-
terning defects after midblastula transition (15, 18).

Importantly, the cleavage defect in cyclin Y morphants was
rescued by inhibiting Gsk3 with LiCl (Fig. 4 A-C). This key
control experiment corroborates the specificity of the cleavage
arrest phenotype and confirms that Cyclin Y acts via Gsk3 to
promote early embryonic cell cycle progression.

Cleavage arrest is also observed upon depletion of the Cyclin
B/Cdkl or components of APC/C (34). Among these compo-
nents, the E2 ligase of APC/C, Ube2c, was detected in our screen
for Gsk3 targets (Fig. 2 B-E). Injection of dominant negative
Ube2c protein (DN-Ube2c) (35), but not WT Ube2c, phe-
nocopied cleavage arrest observed in cyclin Y and Irp6 morphants
(Fig. 4 D and E). These results suggest that Ube2c is one of
several mitotic effectors that need to be stabilized by maternal Wnt
signaling in preparation for embryonic cell cycle progression.

Discussion

There is accumulating evidence that the widely held notion
whereby the output of Wnt/GSK3 signaling is essentially f-catenin—
dependent transcription is at best incomplete (10, 12, 14, 36-38).
The results presented provide, to our knowledge, the first in vivo
evidence for a role of Wnt/STOP signaling, which so far has been
demonstrated only in cultured cells (10, 12). Our study establishes
Xenopus oocytes and zygotes as a model that allows uncoupling the
well-established transcriptional roles of p-catenin from the post-
transcriptional effects mediated by Wnt/STOP.

The surprising conclusion is that, in Xenopus embryogenesis,
Wnt/GSK3 signaling functions p-catenin-independently before
axial patterning to promote cell cleavage (Fig. 4F). This result
corroborates that one function of mitotic Wnt signaling is to sta-
bilize Gsk3 target proteins in preparation for cell division (12).
Gsk3 regulates a battery of mitotic effectors, which are required
for embryonic cleavage after fertilization. Together with a body of
evidence that Wnt pathway components regulate the mitotic
spindle (37, 39, 40), our study supports the proposition that Wnt
signaling orchestrates a transcription-independent mitotic pro-
gram (13). It therefore seems fruitful to investigate also in somatic
cells whether Wnt/STOP signaling not only regulates cell size and
chromosome segregation as reported (12, 40), but in addition
stabilizes mitotic regulators to regulate cell cycle progression.

Methods

Antibodies. Rabbit polyclonal anti-cyclin Y (CycY) and anti-Sp1490-LRP6
(pLrp6) antibodies were as described (15). Other antibodies used were as
follows: anti-a-tubulin (a-tub), anti-B-catenin (p-cat), and anti-ERK (Sigma);
anti-LRP6 (C5C7) (Cell Signaling); anti-phospho-Histone 3-Ser10 (pH3)
(Abcam); anti-polyubiquitin FK-1 (PolyUb) (ENZO Life Sciences); anti-Ube2c
and anti-Cdk7 (Santa Cruz Biotechnology); and anti-Lys48-linked ubiquitin
(anti-K48-Ub) (Millipore). Anti-Xenopus Aurora B (Aurkb) and anti-Xenopus
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Fig. 3. Inhibiting Wnt/STOP induces cleavage arrest in Xenopus embryos. (A-F) Cell cycle progression in early Xenopus embryos upon maternal depletion of Wnt

components. Co, control; cycY, cyclin Y; p-cat, -catenin. (A) Experimental scheme of the Host Transfer experiment. Xenopus oocytes were Morpholino (MO) de-
pleted as indicated, matured by progesterone and foster-mother transfer, and fertilized in vitro. Prog., progesterone. (B) Western blots of mature oocytes injected
with the indicated Morpholinos. a-tub, a-tubulin (loading control); pH3, phosphorylated histone 3; pLrp6, phosphorylated Lrp6. (C) Proportion of the indicated
morphant eggs recovered and fertilized after host transfer in D, respectively. n, number of initial mature oocytes. (D) Cell cycle progression in early Xenopus
embryos upon maternal depletion of Wnt components. Fertilized eggs were filmed until four-cell stage, and the last frame is shown. Embryos arrested before the
first or the second cleavage are marked with one or two asterisks, respectively. Eggs were labeled with a neutral color additive for identification before transfer in a
foster mother. (E) Quantification of cleaving morphants from D. n, number of embryos. (F) Time required for the indicated morphants to reach the first cleavage.
Note that many Irp6 and cycY morphants failed to cleave; thus, only the escapers were measured. n, number of embryos; n.s., not significant. (G) Control (Co) and

p-catenin (B-cat) morphants at tadpole stage upon maternal depletion.

PIk1/PIx1 (Plk1) were a kind gift from H. Funabiki, Rockefeller University,
New York (31, 41). Anti-Xenopus Cyclin E was a kind gift from C. Bonne-
Andrea, Centre de Recherche de Biochimie Macromoléculaire (CRBM),
Montpellier, France (29). For Western blot, antibodies were diluted in Tris
buffered saline with Tween 20 containing 5% (wt/vol) BSA and 1 mM EDTA.

Anti-PolyUb recognizes all ubiquitin chains. Anti-K48-Ub binds specifically
to lysine-48-linked ubiquitin chains, which are the most common label for
proteasomal degradation.

X. laevis Methods. In vitro fertilization, embryo culture, staging, and micro-
injection were carried out as described (42). Morpholinos against ccny plus
ccnyl1 (cycY), Irp6, and p-catenin have been described previously (15, 20, 21).

Stage 6 oocytes were manually defolliculated, injected equatorially with
Morpholinos (MOs), and cultured a total of 48-72 h at 18 °C in oocyte culture
medium (OCM) (18, 33). Oocyte maturation was stimulated with 1 pM pro-
gesterone in OCM for 12 h. Where indicated, oocytes were injected with MOs after
defolliculation and fertilized using the host transfer technique (18). Fertilized eggs
(showing a perivitelline space and no germinal vesicle spot) were selected and
imaged under a Zeiss SteREO Discovery V20 microscope every minute until four-cell
stage. To monitor a possible cleavage delay in experimental embryos, 10 host
embryos were used as reference, and their average time point of first cleavage
was set to 1. In Fig. 4 A-C, fertilized eggs were treated with 60 mM LiCl or mock
treated (NaCl) for 1 h right after dejellying. In Fig. 2E, Middle and Right, oocytes
were injected with preprolactin (PPL, as negative control), axin or dominant neg-
ative wnt17 (dnwnt11) mRNA and maturated with 1 pM progesterone in OCM
for 12 h. In Fig. 4 D and E, one-cell-stage embryos were injected with recombinant
dominant negative Ube2c protein (DN-Ube2C) (35), WT Ube2c, or buffer.

For Western blot analysis, whole Xenopus embryos, eggs, or oocytes were
homogenized in Triton lysis buffer [1% Triton X-100, 50 mM Tris-HCl, pH 7.0,
150 mM NacCl, 10 mM NaF, 5 mM Na3VO4; 1 mM PMSF, 20 mM N-ethyl-
maleimide, and protease inhibitor mixture tablet (Roche)] at one embryo or
oocyte per 10 pL, cleared with FREON followed by centrifugation (17,000 x g,
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3 min at 4 °C), heated at 95 °C for 3 min with SDS loading buffer, and analyzed
by SDS/PAGE. Eggs (Fig. 1 D and E) were treated with 5 pM A23187 in the
presence of 100 pg/mL cycloheximide (Sigma) in combination with LiCl or NaCl
(0.24 M unless otherwise indicated).

In Fig. 1E, for analysis of B-catenin polyubiquitination, eggs were lysed in
lysis buffer 1l [30 mM Tris, pH 7.5, 150 mM NacCl, 10 mM NaF, 2 mM EDTA,
1 mM p-mercaptoethanol, 1x protease inhibitor mixture tablet (Roche),
20 uM MG-132, 10 mM N-ethylmaleimide, 0.8% Nonidet P-40, 6 M Urea] for
15 min at 4 °C. Lysates were cleared and diluted sixfold in IP Buffer [20 mM Tris,
pH 7.5, 150 mM NacCl, 50 mM NaF, 1x protease inhibitor mixture tablet (Roche),
25 pM MG-132, 10 mM N-ethylmaleimide, and 0.8% Nonidet P-40]. Proteins
were immunoprecipitated using p-catenin antibody followed by Western
blotting using anti-K48-linked ubiquitin antibody. Ubiquitination and pro-
teasomal degradation in Xenopus oocytes have been previously reported (43).

In Fig. 1F, crude metaphase Il and interphase egg extracts were prepared
essentially as described (44). Briefly, Xenopus eggs were collected overnight in
1x Marc’s Modified Ringer’s solution (MMR, 5 mM Hepes, pH 7.5, 100 mM
NacCl, 2 mM KCl, 1 mM MgCl,, 2 mM CaCl,, 0.1 mM EGTA), dejellied in 2%
cysteine solution [2% (wt/ivol) L-Cysteine, 100 mM KCI, 1 mM MgCl,, 100 pM
CaCl,, pH 7.8], washed extensively with XB buffer (100 mM KCl, 1 mM MgCl,,
100 uM CaCly, 50 mM sucrose, and 10 mM Hepes, pH 7.5). To maintain eggs in
metaphase Il, XB buffer was supplemented with 5 mM EGTA and 1 mM MgCl,.
To release eggs into interphase, they were activated with A23187 Ca** iono-
phore (2 pg/mL, 5 min) before the washing steps. Washed eggs were packed
[SW41 Ti rotor (Beckman), 2,000 rpm, 2 min, 16 °C] and then crushed [SW41 Ti
rotor (Beckman), 11,000 rpm, 20 min at 4 °C]. The crude cytoplasm beneath the
lipid plug was collected with an 18G needle, supplemented with protease
inhibitors (Roche), 1 pg/mL cytochalasin D, 1 mM ATP, and 1 mM MgCl,.

For in vitro p-catenin degradation (Fig. 1F, Bottom), interphase or meta-
phase Il crude extracts were supplemented with 0.5 mg/mL recombinant
ubiquitin (BostonBiochem), 100 pg/mL cycloheximide, in vitro-translated
355-Methionine-labeled p-catenin [Promega TNT(R) Coupled Reticulocyte Lysate
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Fig. 4. Inhibiting Wnt/STOP induces cleavage arrest through Gsk3 in Xenopus
embryos. (A-C) Cleavage arrest in early Xenopus embryos depleted of Cyclin
Y (cycY) can be rescued by Gsk3 inhibition. (A) Oocytes, eggs, and embryos
were handled as described in Fig. 3D and treated with 60 mM LiCl to inhibit
Gsk3 or control treated (NaCl) after fertilization. Fertilized eggs were filmed
until four-cell stage, and the last frame is shown. (B) Fraction of the indicated
morphant eggs recovered and fertilized after host transfer in A. n, number of
initial mature oocytes. (C) Quantification of cleaving morphants from A. n,
number of embryos. (D) Dominant negative Ube2c arrests cell cycle progression
in early Xenopus embryos. Embryos were injected at one-cell stage with the
indicated recombinant proteins and recorded at the four-cell stage. Embryos
arrested before the first cleavage are marked with an asterisk. (E) Quantifica-
tion of cleaving embryos from D. DN, DN-Ube2c; n, number of embryos; WT,
Ube2c. (F) Wnt/B-catenin and Wnt/STOP signaling in Xenopus.

Gastrula

kit; 1:10 dilution in extract], and 25 mM LiCl or NaCl (mock treatment).
Destabilization of in vitro-translated 3°S--catenin in the metaphase Il ex-
tract and the interphase extract was monitored at 0 h (input) and 3 h, in the
presence (LiCl) or absence (NaCl) of Gsk3 inhibitor.
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For Gsk3p quantification (Fig. 1F, Top), extracts were diluted 5x in their
respective extraction buffers and centrifuged at 200,000 x g (Beckman,
TLA200.2 rotor) for 2 h. Top cytosolic fraction was collected for Western blot
analysis. Light and heavy membrane fractions, sandwiched between the
cytoplasm and the glycogen pellet, were collected and passed through a
sucrose cushion (extraction buffer containing 250 mM sucrose at 4 °C) to
obtain the vesicular fraction and collected for Western blot analysis. Gsk3p
protein levels in the cytosolic and vesicular fractions were quantified in
triplicate in an LAS-3000 (Fujifilm).

Protein Array. Eggs were collected overnight in 1x MMR solution. High
quality eggs were pooled and washed in 0.5x MMR and dejellied in 2%
cysteine solution (2% wt/vol L-Cysteine HCl in H,O, pH 7.8). Eggs were
washed once with 0.5x MMR followed by several washes in Lysis Buffer (LB,
10 mM Hepes, pH 7.7, 50 mM KCl, 2.5 mM MgCl,, 50 mM sucrose, 50 pg/mL
cycloheximide and 1 mM DTT). Washed eggs were first packed in the pres-
ence of 1 pg/mL cytochalasin D and protease inhibitors [SW41 Ti rotor
(Beckman), 2,000 rpm, 2 min, 16 °C], followed by a crushing step [SW41 Ti rotor
(Beckman), 11,000 rpm, 20 min at 16 °C to 4 °C]. Crude extracts were cooled on
ice and supplemented with protease inhibitors, 1 pg/mL cytochalasin D, 100 pg/mL
cycloheximide and an energy-regenerating mix giving 1 mM ATP, 1 mM
MqgCl,, 7.5 mM creatine phosphate, and 30 pg/mL creatine phosphokinase. To
obtain high-speed cytoplasm, crude extract was subjected to 2 h centrifuga-
tion at 200,000 x g, 4 °C. High speed extracts were further supplemented
with 150 pM MG132, 1 pM ubiquitin-aldehyde (Santa Cruz), and 0.5 mg/mL
ubiquitin. Extract dilution was roughly 75% and contained ~11 mg/mL pro-
tein. Interphase was assessed by sperm nuclei swelling in crude extracts.
ProtoArray Human protein microarrays (ProtoArray 5.0 platform; Invitrogen)
containing more than 9,000 proteins, were handled essentially as described (22).
Briefly, the arrays were washed in TBST and blocked for 4 h at 4 °C using
Microarray Blocking solution (Arrayit), followed by a wash in lysis buffer. Extracts
(0.6 mL) were prewarmed to room temperature, treated with 120 mM LiCl or
NadCl (Control), and incubated on the microarrays under coverslips at room
temperature for 1 h. Microarrays were washed with TBST and incubated over-
night at 4 °C with anti-polyubiquitin antibody FK-1 (4 pg/mL) (ENZO Life Sci-
ences) diluted in TBST, washed again, and incubated with Alexa Fluor 680 anti-
mouse antibody (Invitrogen) for 4 h. The microarrays were washed three times in
TBST and two times in water, dried, and scanned in an Odyssey scanner (LI-COR)
using the following parameters: channel 700; grid = 8 x 3, 21.17; intensity = 5;
off-set = 0. ProtoArrays were analyzed using GenePix Pro (version 5.0.0.49;
Molecular Devices), preprocessed following the manufacturer's recommenda-
tions, and processed using a noise floor of 250 RFU and a cutoff of 512 relative
fluorescence units. “Polyubiquitination hits” were defined as proteins whose
anti-polyubiquitin immunofluorescence signal intensity showed a Z-factor above
0.2, replicate spot coefficient of variation (CV) below 0.5, and mean signal above
the background noise floor. Retained for analysis were 3,873 proteins (Dataset
S1). Candidates in which Gsk3 inhibition by LiCl reduced polyubiquitination in
more than 1.8-fold (864) were further analyzed using STRING (string-db.org/) for
known or inferred protein—protein interactions. The most prominent cluster,
formed by mitotic effectors (blue lines), was depicted together with the fold
change in polyubiquitination of its members, and indicated as a heat map.

Statistics. For Western blots and embryonic cell cleavages, experiments were
replicated at least three times, and representative images are shown. Figs. 3E
and 4 C and E were analyzed with a Fisher’s exact test. Protein arrays in Fig. 2B
were analyzed as described in Protein Array. Differences were considered to
be statistically significant for P values of <0.05 (*), <0.01 (**), or <0.005 (***).
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