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Oocytes of most vertebrates are arrested at meiotic pro-
phase I. These oocytes are unfertilizable and are thus called

immature oocytes. When prophase I-arrested oocytes are stimu-
lated by a maturation-inducing hormone, for example, proges-
terone in frogs, they resume meiosis and proceed to metaphase
II, at which stage they are arrested again. (The metaphase II-
arrested oocytes are now fertilizable and are referred to as mature
oocytes or eggs.) The process in which oocytes acquire fertiliz-
ability is called oocyte maturation.1 The final trigger of oocyte
maturation is the maturation-promoting factor (MPF), a protein
complex of Cdc2 and Cyclin B.2�4 Immature Xenopus oocytes
have an inactive form ofMPF, named pre-MPF, and its activation
induces oocyte maturation,5�7 in striking contrast to immature
oocytes of many vertebrate species having distinct breeding
seasons, in which Cdc2 is present but Cyclin B is absent in
immature oocytes and thus Cyclin B must be synthesized de
novo from a stored mRNA for the initiation of oocyte
maturation.8,9

A protein kinase cascade consisting of Mos, MEK, and p42
mitogen-activated protein kinase (MAPK), the Mos-MEK-
MAPK pathway, plays a crucial role in pre-MPF activation in
Xenopus oocytes.10,11 Mos is newly synthesized after progester-
one stimulation from a dormant mRNA stockpiled in immature
oocytes and functions as a MAP kinase kinase kinase; Mos
activates MEK, which in turn activates p42 MAPK.12�14 A target
of p42 MAPK is p90 ribosomal S6 kinase that inactivates Myt1, a

kinase maintaining pre-MPF in an inactive state, therefore
inducing pre-MPF activation and oocyte maturation.15,16 In
addition to p42 MAPK, it has been reported that two members
of the MAPK family, c-Jun N-terminal kinase and p38γ kinase,
are involved in Xenopus oocyte maturation.17,18 It is thus
plausible that members of theMAPK family contribute to various
aspects of Xenopus oocyte maturation; however, their actual roles
have not been fully elucidated except for that of p42 MAPK.
(Actually, there are paradoxical results for the roles of MAPK
itself that remain to be resolved.19)

Besides Mos mRNA, many mRNAs including Cyclin B1 mRNA
are stockpiled in immature oocytes as dormant forms. Translational
activation of thesemRNAs is initiated during oocytematuration at a
timing specific to each mRNA,20�24 which ensures normal progres-
sion of oocyte maturation.25,26 It is well-known that a cis-acting
element called cytoplasmic polyadenylation element (CPE) in the
30 untranslated region (UTR) of mRNA and its binding protein
(CPEB) regulate the translational activation of dormant mRNAs
during oocyte maturation.27�29 The other cis-elements in 30UTR,
the Musashi-binding element (MBE),30�32 the Pumilio-binding
element (PBE)33�37 and the translational control sequence
(TCS),38 have also been reported to participate in the temporal
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ABSTRACT:Members of the mitogen-activated protein kinase (MAPK)
family play important roles inXenopus oocytematuration.Nemo-like kinase
(NLK), an atypicalMAPK, is known to function inmultiple developmental
processes in vertebrates and invertebrates, but its involvement in gameto-
genesis and gamete maturation is unknown. In this study, we biochemically
examined NLK1 during Xenopus oocyte maturation. NLK1 is expressed
in immature oocytes, and its protein level remains constant during
maturation. NLK1 is inactive in immature oocytes but is activated during
maturation, depending on Mos protein synthesis but not on p42 MAPK
activation. Overexpression of NLK1 by injection of 5 ng of mRNA accelerates progesterone-induced oocyte maturation by enhancing
Cyclin B1 protein synthesis through the translational activation of itsmRNA, in accordancewith precocious phosphorylation of Pumilio1
(Pum1), Pumilio2 (Pum2), and cytoplasmic polyadenylation element-binding protein (CPEB), key regulators of the translational
control of mRNAs stored in oocytes. A higher level of NLK1 expression by injection of 50 ng of mRNA induces Pum1/Pum2/CPEB
phosphorylation, CPEB degradation, Cyclin B1 protein synthesis, and oocyte maturation in the absence of progesterone. NLK1
phosphorylates Pum1, Pum2, and CPEB in vitro. These findings provide the first evidence for the involvement of NLK1 in Xenopus
oocytematuration.We suggest thatNLK1 acts as a kinase downstreamofMos and catalyzes phosphorylation of Pum1, Pum2, andCPEB
to regulate the translation of mRNAs, including Cyclin B1 mRNA, stored in oocytes.
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control of mRNA translation during oocyte maturation.30,36,38,39

However, trans-acting factors recognizing these cis-elements, Musa-
shi for MBE, Pumilio for PBE, and an unidentified protein for TCS,
are not fully characterized. We previously showed that Pumilio1
(Pum1) and Pumilio2 (Pum2) interact with CPEB in immature
oocytes and that they are phosphorylated during oocytematuration,
coincident with dissociation of CPEB fromPum1 or Pum2 andwith
translational activation of Cyclin B1 mRNA, a target mRNA of
Pum1.36 Thus, it is conceivable that Pumilio phosphorylation is one
of the essential events for translational activation of mRNAs stored
in oocytes at correct timings during maturation. Nonetheless,
kinases that catalyze Pumilio phosphorylation have not yet been
identified.

Nemo-like kinase (NLK) is an evolutionarily conserved
atypical MAPK40,41 and have been reported to contribute to
the regulation of multiple developmental processes, including
establishment of epithelial planar cell polarity during eye forma-
tion in Drosophila,41 endoderm induction in Caenorhabditis
elegans,42 patterning of the midbrain and forebrain and neuro-
genesis in zebrafish,43,44 anterior formation in Xenopus,45,46 and
hematopoiesis in mice.47 In addition, a recent study has shown
that levels of NLK expression in human cancer cells are higher
than those in normal cells and that suppression of NLK expres-
sion arrests the cell cycle of cancer cells.48 The fact that NLK
regulates various cellular processes, such as the cell cycle, cell
growth, tissue patterning and cell death, raises the possibility that
this kinase also participates in the formation and maturation of
gametes. To date, however, there has been no report on the
existence of NLK in germ cells and its involvement in gameto-
genesis and gamete maturation.

In this study, we provide evidence that NLK is involved in
gamete maturation (Xenopus oocyte maturation) by demonstrat-
ing that NLK1 is activated in a Mos-dependent manner during
oocyte maturation and that NLK1 overexpression not only
accelerates progesterone-induced maturation but also induce
maturation without progesterone by the enhancement of Cyclin
B1 protein synthesis via the translational activation of its mRNA,
in accordance with Pum1, Pum2, and CPEB phosphorylation.
We suggest that NLK1, as a kinase downstream of Mos, catalyzes
Pum1, Pum2, and CPEB phosphorylation to regulate the transla-
tion of mRNAs, including Cyclin B1 mRNA, stored in oocytes.

’EXPERIMENTAL PROCEDURES

Animals and Oocytes. All animal experiments in this study
were approved by the Committee on Animal Experimentation,
Hokkaido University. Xenopus laevis frogs were purchased from a
dealer and maintained in laboratory aquaria at 20 �C. Oocytes
were isolated from ovaries and cultured inmodified Barth’s saline
buffered with HEPES (MBS-H), as described previously.35

Oocyte maturation was assessed by the appearance of a white
spot at the animal pole, which indicates the occurrence of
germinal vesicle breakdown (GVBD), a hallmark of the initiation
of oocyte maturation.
Production of Anti-NLK1 Antibodies. cDNAs encoding an

open reading frame (ORF) and a C-terminal region (amino acid
residues 795�1341) of NLK1 (named NLK1full and NLK1c,
respectively) were amplified by RT-PCR using primer sets,
NLK1F and NLK1R for NLK1full and NLK1cF and NLK1R
for NLK1c, which were designed according to a sequence,
AB071285, deposited in the DNA databank (Table 1), and
inserted into pENTR/D-TOPO Gateway vector (Invitrogen).

The resulting plasmids were recombined with the destination
vectors pDEST15 and pET161-DEST using the Gateway
cloning system (Invitrogen) to produce proteins tagged with a
glutathione-S-transferase (GST) at the N-terminus and with a
polyhistidine (His) at the C-terminus, respectively. His-tagged
NLK1full and NLK1c proteins were expressed in Escherichia coli
and purified for use as antigens according to the method described
previously.49 NLK1full-His and NLK1c-His were injected into
guinea pigs and mice, respectively, to produce antibodies. Antisera
against NLK1full-His and NLK1c-His were affinity-purified with
GST-NLK1full and GST-NLK1c, respectively.
Production of Flag-NLK1.To produce Flag-tagged NLK1, an

ORF of NLK1 was amplified by RT-PCR using a primer set,
NLK1ClaIF and NLK1XhoIR (Table 1), and ligated into
pCS2þFT-N, which was produced by inserting a Flag epitope

Table 1. Sequences of Oligonucleotides Used in This Study

For cDNA Construction

NLK1F: 50-CACCATGGCAAACGTGTTGCTCTCA-30

NLK1cF: 50-CACCCAGAGCCCCATTCAACAG-30

NLK1R: 50-TCTTTCTTCCTTCTTGGAAACTTTTG-30

NLK1ClaIF: 50-ATCGATATGGCCTTCCCGGGCTCGGG-30

NLK1XhoIR: 50-CTCGAGTCTTTCTTCCTTCTTGGAAACTTT-30

MosF: 50- CACCATGCCTTCCCCAATCCCCGT-30

MosR: 50-TAGACCAGTGCCGAGAGGAG-30

CPEB-F: 50-GAATTCAATGGCCTTCCCACTGAAA-30

CPEB-R: 50-CCGCTCGAGGCTGGAGTCACGACTTTTCTG-30

For Mutagenesis

NLK1K89M: 50-GGCAAACGTGTTGCTCTCATGAAGATGC
CGAATGTC-30

NLK1K89Mc: 50-GACATTCGGCATCTTCATGAGAGCAACACG
TTTGCC-30

S144A: 50-GCCCCATGGGGAAGCCAGCCCCCTTGGGCTTTCTG-30

S144Ac: 50-CAGAAAGCCCAAGGGGGCTGGCTTCCCCATGG
GGC-30

S174/180A: 50-CGATTGGACGCCCGCTCTATTTTGGATGCTC
GCTCC-30

S174/180Ac: 50-GGAGCGAGCATCCAAAATAGAGCGGGCGTC
CAATCG-30

S184A: 50-GGATTCTCGCTCCAGCGCCCCTTCTGACTCTGACAC-30

S184Ac: 50-GTGTCAGAGTCAGAAGGGGCGCTGGAGCGAGA
ATCC-30

S210A: 50-CCTAATTTCAAGTCTGCGCATCGCTCCTCCGCTGC-30

S210Ac: 50-GCAGCGGAGGAGCGATGCGCAGACTTGAAATTAGG-30

For Mos Knockdown

Control MO: 50-CCTCTTACCTCAGTTACAATTTATA-30

Mos MO: 50-GCATTGCTGTGTGACTCGCTGAAAC-30

For RNA-Ligation-Coupled RT-PCR

P1: 50-P-GGTCACCTTGATCTGAAGC-NH2-30

P10: 50-GCTTCAGATCAAGGTGACCTTTTT-30

Cyclin B1-1stF: 50-CATCACTATATGGCTTACTCTGAA-30

Cyclin B1-2ndF: 50-GTGGCATTCCAATTGTGTATTGTT-30

Mos-1stF: 50-TCACTAGTAGCCAGGAGTTCAT-30

Mos-2ndF: 50-GTTGCATTGCTGTTTAAGTGGTAA-30
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into the BamHI site of pCS2þ.50 A kinase-dead version of NLK1,
in which lysine 89 was mutated to methionine (K89M), was
produced by a QuickChange Site-Directed Mutagenesis Kit
(Stratagene) with a primer set, NLK1K89 M and NLK1K89Mc
(Table 1). Using the corresponding plasmids as templates,
mRNAs encoding the wild-type or kinase-dead form of Flag-
NLK1 were synthesized with an mMESSAGE mMACHINE
SP6 Kit (Ambion).
Production of GST-Mos. GST-tagged Mos was produced by

amplification ofMosORF by RT-PCR using aMosF/MosR primer
set (Table 1) and insertion of the ORF into pENTR/D-TOPO
Gateway vector. The resulting plasmid was recombined with
pDEST15 vector. GST-Mos mRNA was synthesized with an
mMESSAGE mMACHINE T7 Kit (Ambion) using the cDNA in
pDEST15 vector as a template.
Production of Flag-CPEB Mutants. Wild-type CPEB and

six mutant forms that lack critical phosphorylation sites (6A,
S138/144/184/210/248/423A; 2A, S174/180A; 6Aþ2A;
S144A; S144/184A; S144/184/210A) were used in this study.
To produce Flag-tagged CPEB, anORF of CPEB was amplified
by PCR from wild-type CPEB in pET21c34 or 6A CPEB in
pT7-GST II (a gift from Prof. Sagata, Kyushu University)51

with a CPEB-F/CPEB-R primer set (Table 1). The resulting
PCR products were ligated into pCS2þFT-N. Using 6A and
wild-type CPEB cDNA in pCS2þFT-N as a template, 6Aþ2A
and 2A CPEB was produced by a QuickChange Site-Directed
Mutagenesis Kit with a primer set, S174/180A and S174/
180Ac (Table 1), respectively. Similarly, S144A, S144/184A,
and S144/184/210A mutants were produced with appropriate
primer sets (Table 1), using wild-type CPEB cDNA in
pCS2þFT-N as a template. Wild-type and mutant Flag-CPEB
mRNAs were synthesized from the corresponding cDNAs in
pCS2þFT-N with an mMESSAGE mMACHINE SP6 kit.
Oocyte Microinjection. To inhibit Mos synthesis, oocytes

were manually isolated from ovaries with forceps and injected
with 50 nL of 0.4 mg/mL antisense morpholino oligonucleotide
(MO, Gene tools; Table 1). Following injection, oocytes were
incubated in MBS-H overnight at 18 �C, treated with progester-
one to induce maturation, and extracted for subsequent analyses
as described below.
Overexpression of NLK1. For overexpression of NLK1,

oocytes were injected with 50 nL of 0.1 or 1.0 mg/mL Flag-
NLK1 mRNA and incubated in MBS-H for 14 h at 18 �C. After
the oocytes had been treated with or without progesterone,
GVBD was monitored and oocyte extracts were prepared for
immunoblotting, RNA ligation-coupled RT-PCR, and NLK
kinase assay at appropriate intervals. For phosphorylation assay
(described below), oocytes were injected with a mixture of
0.1 mg/mL Flag-NLK1 mRNA and 0.06 mg/mL Flag-CPEB
mRNA to coexpress these proteins.
Oocyte Extraction. Oocytes were washed three times with

ice-cold extraction buffer (EB: 100 mM β-glycerophosphate, 1%
Triton X-100, 20 mM HEPES, 15 mM MgCl2, 5 mM EGTA,
1 mM dithiothreitol, 100 μM (p-amidinophenyl) methanesulfo-
nyl fluoride, 3 μg/mL leupeptin, pH 7.5) containing RNasin Plus
RNase Inhibitor (100 U/mL at the final concentration,
Promega). After the final wash, EB was removed with filter
paper, and 1 μL/oocyte of new EB was added. The oocytes were
homogenized and centrifuged at 8000g for 5 min at 4 �C. The
supernatant was collected and stored at �80 �C until use.
Immunoblotting. Crude oocyte extracts (1 μL, correspond-

ing to one oocyte) were separated by SDS�PAGE, blotted onto

an Immobilon membrane, and probed with anti-NLK1c, anti-
Mos (a gift from Prof. Sagata), anti-MAPK 1/2 (Upstate), anti-
phospho-p44/42 MAPK (Thr202/Tyr204) (Cell Signaling
Technology), anti-Pum1N, anti-Pum2N,36 and anti-CPEB34

antibodies. A complex of Cyclin B1 and Cdc2 was detected by
immunoblotting Suc1-precipitates from crude oocyte extracts
(10 μL) with anti-Cdc2 (MC2�21)8 and anti-Cyclin B1 (Bufo
2F5)52 monoclonal antibodies, as described previously.53 Mono-
clonal anti-FlagM2 antibody (Sigma) was used to precipitate and
detect Flag-tagged proteins.
RNA Ligation-Coupled RT-PCR. For RNA ligation-coupled

RT-PCR,25,54 total RNA was incubated with 50 pmol of P1
primer (Table 1) and 4 U of T4 RNA ligase 1 (New England
Biolabs) for 30 min at 37 �C and boiled for 2 min at 98 �C. The
P1-ligated RNA was reverse-transcribed using 50 pmol of P10
primer (Table 1). The resulting cDNA (5 μL) was used to
examine the poly(A) length of Cyclin B1 and Mos mRNAs by
two rounds of PCR using an Expand High Fidelity PCR system
(Roche) with P10 primer and gene specific first primer (Table 1)
in the first PCR (15 cycles) and P10 primer and gene specific
second primer (Table 1) in the second PCR (25 cycles; 1 μL of
10-fold diluted sample of the first PCR product with distilled
water was used in the second PCR).
Phosphorylation Assay. Kinase activity of NLK1 was mea-

sured by its autophosphorylation levels as follows. Immature and
mature oocyte extracts were immunoprecipitated with anti-
NLK1full antibody and protein A-Sepharose beads (GE
Healthcare). After being washed three times with EB and once
with ST buffer (100 mM NaCl, 10 mM Tris-HCl, pH 8.0), the
resulting immunoprecipitates were incubated in 20 μL of NLK
kinase buffer (25 mMTris-HCl, pH 7.5, 10 mMMgCl2, 100 mM
ATP, 5 mCi [γ-32P]ATP) for 20 min at 30 �C and then
immunoblotted. The blots were subjected to autoradiography
to detect the radioisotope incorporated into NLK1 proteins.
Production of NLK1 Substrates.Using E. coli strains carrying

GST and CPEB cDNAs in pET2134 and Pum1 and Pum2
cDNAs in pET161DEST,36 His-tagged proteins were produced
and purified for use as substrates of NLK1 in vitro. Flag-NLK1
was expressed in oocytes, immunoprecipitated by anti-Flag M2
antibody, and incubated in 20 μL of NLK kinase buffer contain-
ing 0.5 mg/mL (at the final concentration) of E. coli-produced
His-GST, His-Pum1, His-Pum2, and His-CPEB. Following
kinase reaction for 20 min at 30 �C, His-tagged proteins were
immunoblotted with anti-His G-18 antibody (Santa Cruz
Biotechnology) and subjected to autoradiography to examine
the incorporation of 32P into the substrate proteins.
Treatment of Oocytes with U0126. The MEK inhibitor

U0126 (Cell Signaling Technology) was dissolved in dimethyl
sulfoxide (DMSO, SIGMA) as a stock solution (50 mM) and
added to MBS-H immediately before use at the final concentration
of 50 μM.Oocytes were incubated for 1 h in the presence of U0126
or DMSO as a vehicle control before injection with mRNA.
Treatment of the injected oocytes with U0126 or DMSO was
continued until the oocytes were extracted for subsequent analyses.

’RESULTS

Behaviors of NLK1 and Other Key Proteins during Oocyte
Maturation. To detect Xenopus NLK1, we produced two anti-
bodies, one raised against the C-terminal fragment of NLK1
(NLK1c) and the other raised against the full-length protein
(NLK1full). Anti-NLK1c antibody recognized two bands with
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apparent molecular masses of 50 and 40 kDa in both immature
and mature oocyte extracts, and these bands disappeared when
the antibody was absorbed by recombinant NLK1c proteins
prior to immunoblotting (Figure 1a). To further characterize the
immunoreactive bands, we performed an immunoprecipitation
assay using anti-NLK1full antibody, since anti-NLK1c antibody

is unable to precipitate antigenic proteins from extracts (data not
shown). The 50-kDa band was detected in the anti-NLK1full
immunoprecipitates from immature and mature oocyte extracts
(Figure 1b), whereas the 40-kDa band was not. According to
these results and the fact that the molecular mass of NLK1
estimated from its cDNA sequence is 50 kDa, we propose that
the 50-kDa band, but not the 40-kDa band, is NLK1 in Xenopus
oocytes.
We then examined changes in protein content and kinase

activity of NLK1 during oocyte maturation, in comparison with
Mos and Cyclin B1 protein synthesis, p42 MAPK activation and
Pum1, Pum2, and CPEB phosphorylation (Figure 1c). The
protein content of NLK1 remained constant during oocyte
maturation. Although NLK1 was inactive in immature oocytes,
it began to be activated 2 h after progesterone treatment as
demonstrated by the occurrence of its autophosphorylation, and
the activity increased during the process of maturation. The
NLK1 activation coincided with Mos protein synthesis and p42
MAPK activation (as revealed by appearance of the phosphory-
lated form of MAPK that was detected by anti-phospho-MAPK
antibody). Cyclin B1 synthesis and Pum1, Pum2, and CPEB
phosphorylation (phosphorylated forms of Pumilio and CPEB
showing a slower electrophoretic mobility36) were detected 4 h
after progesterone treatment, a timing apparently later than that
of NLK1 activation (Figure 1c).
Dependence ofNLK1Activation onMosbut not onMAPK.

Transforming growth factor β-activated kinase 1 is a MAP
kinase kinase kinase and activates NLK in a Wnt signaling
pathway.55,56 Since Mos also functions as a MAP kinase kinase
kinase in Xenopus oocytes,12�14 it is plausible that an upstream
activator of NLK1 is Mos. The coincidence between the
appearance of Mos and the activation of NLK1 during oocyte
maturation (Figure 1c) seems to support this notion. To verify
this possibility, we examined NLK1 activation under conditions
in which Mos synthesis was inhibited by MO injection during
progesterone-induced oocyte maturation (Figure 2a). Injection
of control MO into oocytes had no effect on Mos synthesis and
NLK1 activation. Injection of Mos MO, however, suppressed
Mos synthesis and NLK1 activation (Figure 2a, lane 6) and
retarded the progression of maturation (Figure 2b). We also
examined the dependency of NLK1 activation on Mos by
overexpression of GST-Mos in oocytes by mRNA injection.
GST-Mos overexpression induced NLK1 activation and oocyte
maturation without progesterone (Figure 2c). These results
demonstrate thatMos is both necessary and sufficient for NLK1
activation during Xenopus oocyte maturation, although the
activation is not a prerequisite for the induction of oocyte
maturation, since Mos MO-injected oocytes matured without
NLK1 activation (Figure 2a, lane 6).
The finding that Mos is an upstream activator of NLK1

prompted us to test whether p42 MAPK, a kinase downstream
of Mos, participates in NLK1 activation. To this end, we treated
GST-Mos-injected oocytes with the MEK inhibitor U0126 to
prevent MAPK activation. NLK1 was activated in the absence of
active p42 MAPK in U0126-treated oocytes (Figure 2d, lanes 2
and 4), consistent with the results showing that NLK1 was not
activated even in the presence of active p42 MAPK in Mos MO-
injected oocytes (Figure 2a, lane 6). It is thus concluded that
NLK1 is activated in a MAPK-independent manner during
oocyte maturation.
Effects of NLK1Overexpression onProgesterone-Induced

Oocyte Maturation. We noticed that when wild-type, but not

Figure 1. Behaviors of NLK1 and other key molecules during oocyte
maturation: (a) Crude extracts from immature (I) and mature
(M) oocytes were immunoblotted (IB) with anti-NLK1c antibody
(R-NLK1c) pretreated with (þ) or without (�) GST-NLK1c (Ag) to
confirm the specificity of signals. An arrow indicates NLK1. An asterisk
shows a 40-kDa band that is recognized by anti-NLK1c antibody but not
by anti-NLK1full antibody. (b) Immature (I) and mature (M) oocyte
extracts (40 μL) were immunoprecipitated (IP) with anti-NLK1full
antibody, and the resulting immunoprecipitates were immunoblotted
(IB) with or without (-Ab) anti-NLK1c antibody. (c) Immature oocytes
were treated with progesterone and extracted at the times indicated in
the figure for immunoblotting with antibodies against NLK1, Mos,
phospho-MAPK (recognizing active MAPK), MAPK (recognizing both
inactive and active MAPK), Pum1, Pum2, and CPEB. Suc1-precipitates
from oocyte extracts were immunoblotted with antibodies against
Cyclin B1 and Cdc2 to examine the presence of their complex. To
measure the kinase activity (autophosphorylation activity) of NLK1,
anti-NLK1full immunoprecipitates were incubated with [γ-32P]ATP,
blotted onto a membrane, and subjected to autoradiography to detect
the incorporation of 32P into NLK1 (32P). The time points of the
initiation of MAPK and NLK1 activation, Mos and Cyclin B1 protein
synthesis, and Pum1/Pum2/CPEB phosphorylation are indicated by
arrowheads. Asterisks show phosphorylated forms of Pumilio with
slower electrophoretic mobility.
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kinase-dead, Flag-NLK1 was expressed in immature oocytes, it is
automatically activated in the absence of Mos (Figure 3a,d),
probably by a positive feedback mechanism via its auto-
phosphorylation.57 We exploited this to examine whether artifi-
cial introduction of active NLK1 into oocytes can affect proges-
terone-induced maturation. Wild-type NLK1-expressed and
progesterone-treated oocytes underwent GVBD more rapidly
than did control oocytes injected with distilled water or mRNA
encoding kinase-dead NLK1 in a dose-dependent manner
(Figure 3b,c,f,g).
To gain a further insight into the roles of NLK1 in oocyte

maturation, we investigated several key proteins required for
oocyte maturation in oocytes injected with 5 ng of Flag-NLK1
mRNA (Figure 3d). NLK1 expression had no effect on the timing
ofMos protein synthesis andMAPK activation; they were initiated
2 h after progesterone treatment in oocytes injectedwith wild-type
Flag-NLK1 mRNA, similar to uninjected (intact) oocytes, in
agreement with the notion that NLK1 is located downstream
fromMos. On the other hand, expression of wild-type Flag-NLK1
accelerated Cyclin B1 protein synthesis (Figure 3d), which was
accompanied by its mRNA polyadenylation (Figure 3e), in

accordance with the fact that polyadenylation-mediated transla-
tional activation of Cyclin B1 mRNA induces oocyte matura-
tion.6,58,59 NLK1 expression not only enhanced Pum1, Pum2, and
CPEB phosphorylation but also induced their phosphorylation
without progesterone treatment (Figure 3d, compare the lanes at
0 h of the intact and the overexpressed oocytes), suggesting that
NLK1 phosphorylates Pum1, Pum2, and CPEB during oocyte
maturation. Expression of kinase-dead NLK1 had no effects on
Pum1/Pum2/CPEB phosphorylation or Cyclin B1 mRNA poly-
adenylation (data not shown).
Induction of OocyteMaturation by NLK1 Overexpression.

Overexpression of NLK1 by injection of 5 ng of mRNA did not
induce oocyte maturation by itself. When oocytes were injected
with 50 ng of mRNA, however, they matured in the absence of
progesterone, although they underwent GVBD much more
slowly than progesterone-treated oocytes (Figure 4a). In these
oocytes, MAPK was activated, Mos and Cyclin B1 proteins were
synthesized in accordance with the polyA tail elongation of their
mRNAs, Pum1, Pum2, and CPEB were fully phosphorylated (as
judged by the extent of their electrophoretic mobility sift), and
CPEB was degraded (Figure 4b,c), similar to oocytes matured by

Figure 2. Involvement ofMos in NLK1 activation during oocyte maturation: (a)MosMO-injected oocytes were incubated overnight, treated with (þ)
or without (�) progesterone to induce maturation, and extracted 12 h after the progesterone treatment (only the oocytes that had undergone GVBD
being extracted as PGþ samples) for immunological detection of NLK1,Mos, phospho-MAPK (P-MAPK), andMAPK. Autophosphorylation of NLK1
was detected by incubating anti-NLK1 immunoprecipitates with [γ-32P]ATP followed by autoradiography (32P) to show the activation of NLK1. As
controls, uninjected (None) and control MO-injected (Con. MO) oocytes were similarly examined. The occurrence (þ) or nonoccurrence (�) of
GVBD in each experiment is indicated. (b) Oocytes were injected with distilled water (DW) or 20 ng of Mos MO, incubated overnight, induced to
mature with progesterone, and examined for the occurrence of GVBD at indicated times. Representative results are shown. (c) Oocytes were injected
with (þ) or without (�) 20 ng of GST-Mos mRNA, incubated for 12 h, and extracted for immunological detection of GST-Mos, NLK1, endogenous
Mos, phospho-MAPK (P-MAPK), and MAPK. The occurrence (þ) or nonoccurrence (�) of GVBD in each experiment is also indicated. A band
detected just below the GST-Mos band is a nonspecific signal (nonsp.). (d) In the presence of 0.1% DMSO (D) as a vehicle control or 50 μMU0126
(U), oocytes were injected with 20 ng of GST-Mos mRNA, incubated for 2 h, treated with (þ) or without (�) progesterone to induce maturation, and
extracted for immunological detection of GST-Mos, NLK1, endogenous Mos, phospho-MAPK (P-MAPK), and MAPK. Activation of NLK1 was
detected by its autophosphorylation (32P). The occurrence (þ) or nonoccurrence (�) of GVBD in each experiment is also indicated.
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Figure 3. Acceleration of progesterone-induced oocyte maturation by Flag-NLK1: (a) Oocytes were injected with distilled water (DW) or 5 ng of
mRNAs encoding wild-type (WT) or kinase-dead (KD) NLK1. The injected oocytes were incubated overnight, induced to mature with (þ) or without
(�) progesterone (PG), and extracted for immunoprecipitation with anti-Flag antibody followed by immunoblotting with the same antibody to detect
Flag-NLK1. The blots were then subjected to autoradiography to detect active NLK1 (32P). (b) Oocytes were injected with distilled water (DW) or 5 ng
of mRNAs encoding wild-type (WT) or kinase-dead (KD) NLK1. The injected oocytes were incubated overnight and induced to mature with
progesterone. The occurrence of GVBD was monitored at indicated times (upper panel), and the oocytes were extracted for immunoblotting with anti-
NLK1c antibody (lower panel) to detect Flag-NLK1 and endogenous NLK1. Note that the protein levels of Flag-NLK1 expressed in the oocytes are
noticeably higher than those of endogenous NLK1. (c) Percentage of GVBD in oocytes injected with distilled water (DW) or with the indicated amount
of mRNA encoding either wild-type (WT) NLK1 or kinase-dead (KD) NLK1. Values are means ( SEM for three independent experiments.
Overexpression of WT NLK1, but not that of KD NLK1, accelerated progesterone-induced GVBD significantly as shown by asterisks (P < 0.01,
Student’s t-test). (d) Changes in protein contents in oocytes uninjected (Intact) or injected with 5 ng of wild-type Flag-NLK1mRNA. The oocytes were
treated with progesterone and extracted for immunological detection of Flag-NLK1,Mos, phospho-MAPK (P-MAPK),MAPK, Cyclin B1, Cdc2, Pum1,
Pum2, and CPEB. Note that the timing of phosphorylation of Pum1, Pum2, and CPEB (as shown by electrophoretic mobility shift) is enhanced in Flag-
NLK1-overexpressed oocytes compared with that in intact oocytes. It is also notable that Pum1/Pum2/CPEB phosphorylation is induced in Flag-
NLK1-overexpressed oocytes without progesterone treatment (indicated by arrowheads), although its level (at 0 h) is not comparable to that in mature
oocytes (at 8 h). (e) Total RNAs were extracted from crude oocyte extracts used in (d) and subjected to RNA ligation-coupled RT-PCR to examine the
state of polyadenylation of Cyclin B1mRNA. Arrows indicate the time points at which the polyadenylation of Cyclin B1mRNA is initiated. (f, g) Similar
experiments to (c) and (d). Oocytes uninjected (Intact) or injected with the indicated amount of mRNA encoding either wild-type (WT) NLK1 or
kinase-dead (KD) NLK1, incubated for 14 h, treated with progesterone and monitored the occurrence of GVBD at appropriate times in (f). Percentage
of GVBD in oocytes uninjected (intact) or injected with the indicated amount of mRNA encoding either wild-type (WT) NLK1 or kinase-dead (KD)
NLK1 is shown in (g). Values are means ( SEM for three independent experiments. Overexpression of WT NLK1, but not that of KD NLK1,
accelerated progesterone-induced GVBD significantly as shown by asterisks (P < 0.005, Student’s t-test).



5654 dx.doi.org/10.1021/bi2002696 |Biochemistry 2011, 50, 5648–5659

Biochemistry ARTICLE

progesterone. We then examined sequential changes of these
events during NLK1-induced oocyte maturation. In the NLK1-

overexpressed oocytes, the polyadenylation-mediated transla-
tional activation of Cyclin B1 mRNA preceded that of Mos

Figure 4. Induction of oocyte maturation by Flag-NLK1: (a) Oocytes were treated with (PGþ) or without (PG-) progesterone or injected with 5 ng or
50 ng of mRNAs encoding wild-type (WT) or kinase-dead (KD) NLK1 and monitored the occurrence of GVBD at appropriate times. (b) PGþ and
other oocytes in (a) were extracted at 12 and 35 h, respectively. The resulting extracts were used for immunological detection of Flag-NLK1, Mos,
phospho-MAPK (P-MAPK), MAPK, Cyclin B1, Cdc2, Pum1, Pum2, and CPEB. To measure the kinase activity of Flag-NLK1, anti-Flag
immunoprecipitates were incubated with [γ-32P]ATP, blotted onto a membrane, and subjected to autoradiography to detect the incorporation of
32P into Flag-NLK1 (32P). (c) Total RNAs were extracted from crude oocyte extracts used in (b) and subjected to RNA ligation-coupled RT-PCR to
examine the state of polyadenylation of Cyclin B1 and Mos mRNA. The occurrence (þ) or nonoccurrence (�) of GVBD in each experiment is also
indicated. (d) Oocytes injected with 50 ng of mRNA encoding wild-type NLK1 were collected at intervals of 7 h, extracted and immunoblotted with
antibodies against Flag tag (for Flag-NLK1), Mos, phospho-MAPK (P-MAPK), MAPK, Cyclin B1, Cdc2, Pum1, Pum2, and CPEB. To measure the
kinase activity of Flag-NLK1, anti-Flag immunoprecipitates were incubated with [γ-32P]ATP, blotted onto a membrane, and subjected to
autoradiography to detect the incorporation of 32P into Flag-NLK1 (32P). The time points of the initiation of MAPK activation and Mos and Cyclin
B1 protein synthesis are indicated by arrowheads. Asterisks show phosphorylated forms of Pumilio and CPEB with slower electrophoretic mobility. (e)
Total RNAs were isolated from crude oocyte extracts used in (d) and subjected to RNA ligation-coupled RT-PCR to examine the state of
polyadenylation of Cyclin B1 and Mos mRNA. White bars indicate the polyadenylation of Cyclin B1 and Mos mRNAs.
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Figure 5. NLK1-catalyzed phosphorylation of Pum1, Pum2, and CPEB: (a) Oocytes were injected with distilled water (DW) or 5 ng of mRNAs
encoding wild-type (WT) or kinase-dead (KD) NLK1, incubated for 14 h, treated with (þ) or without (�) progesterone (PG), and extracted for
immunoprecipitation with anti-Flag antibody. Following incubation of the resulting precipitates with E. coli-produced Pum1-His, Pum2-His, CPEB-
His, and GST-His for 20 min at 30 �C in the presence of [γ-32P]ATP, the samples were immunoblotted (IB) with anti-NLK1full antibody to show
Flag-NLK1 or anti-His antibody to show Pum1-His, Pum2-His, CPEB-His, and GST-His. The blots were then subjected to autoradiography to detect
the incorporation of 32P into each protein (32P). Immunoglobulins of the antibody used for immunoprecipitation are also indicated (Ig). (b) Oocytes
were coinjected with 3 ng of mRNA encoding Flag-CPEB and 5 ng of mRNA encoding either the wild-type (WT) or kinase-dead (KD) form of Flag-
NLK1. After incubation overnight, the oocytes were extracted and immunoprecipitated with anti-Flag antibody to precipitate Flag-CPEB andWT or
KD Flag-NLK1. Following kinase reaction in the presence of [γ-32P]ATP, the samples were immunoblotted (IB) with anti-NLK1full and anti-CPEB
antibodies and subjected to autoradiography (32P) to detect the radioisotope incorporated into Flag-CPEB and Flag-NLK1. (c) Immature oocytes
were injected with mRNAs indicated in the figure. Following overnight culture, the oocytes were extracted and immunoprecipitated with anti-Flag
antibody. The resulting immunoprecipitates were incubated with [γ-32P]ATP to allow Flag-NLK1 to phosphorylate Flag-CPEB as well as Flag-
NLK1 itself by autophosphorylation. After the phosphorylation reaction, the samples were immunoblotted (IB) with anti-NLK1full or anti-CPEB
antibody to detect Flag-NLK1 or Flag-CPEB, respectively. The blots were also subjected to autoradiography (32P) to detect the 32P-label of Flag-
CPEB and Flag-NLK1. (d)Quantification of the phosphorylation levels of each CPEB. The signal intensity of individual bands of CPEB on the kinase
assay was measured by using ImageJ software. Data are shown as means( SEM for three independent experiments using different batches of oocytes.
The phosphorylation levels of 6Aþ2A and 6A CPEB reduced significantly as shown by asterisks (P < 0.005, Student’s t-test). (e) Similar experiments
to (c). Immature oocytes were injected with mRNAs indicated in the figure. Following overnight culture, the oocytes were extracted and subjected to
phosphorylation assay.
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mRNA (Figure 4d,e), in striking contrast to the fact that Cyclin
B1 mRNA activation occurs later than Mos mRNA activation in
progesterone-treated oocytes (Figure 1c). This finding is con-
sistent with the notion that the maturation of NLK1-over-
expressed oocytes bypasses the Mos-mediated processes to
initiate. In accordance with the accumulation of Flag-NLK1,
phosphorylation levels of Pum1, Pum2, and CPEB were elevated
7�14 h after the injection of NLK1 mRNA and then CPEB was
degraded, followed by polyadenylation and translational activa-
tion of Cyclin B1 mRNA (Figure 4d,e). These results suggest
that NLK1 catalyzes Pum1/Pum2/CPEB phosphorylation,
which leads to the translational activation of Cyclin B1
mRNA.36,60�62

Phosphorylation of Pum1, Pum2 and CPEB by NLK1 in
Vitro. The results of NLK1 overexpression experiments
(Figure 4) suggest that NLK1 is a kinase responsible for
Pum1/Pum2/CPEB phosphorylation. To test this, NLK1 was
expressed in oocytes and the resulting proteins were immuno-
precipitated and incubated with E. coli-produced Pum1, Pum2,
and CPEB in the presence of [γ-32P]ATP (Figure 5a). Pum1 and
Pum2 were phosphorylated by wild-type NLK1 but not by
kinase-dead NLK1. Phosphorylation of CPEB was not detected
in this experiment, probably due to incorrect folding or mod-
ification of E. coli-produced CPEB proteins. We then used CPEB
proteins that were produced in oocytes as a substrate for NLK1.
When Flag-CPEB was coexpressed with wild-type or kinase-dead
NLK1 in oocytes, CPEB was phosphorylated only in the oocytes
expressing wild-type NLK1 (Figure 5b), indicating that CPEB, as
well as Pum1 and Pum2, is a substrate of NLK1 at least in vitro.
As a first step toward understanding NLK1-catalyzed phos-

phorylation sites of CPEB, we focused on the sites that have
already been identified. It is known that CPEB undergoes two
steps of phosphorylation;60�62 the first phosphorylation takes
place on S174 in the early phase of oocyte maturation and the
second phosphorylation takes place on six serine residues (S138,
144, 184, 210, 248, and 423) in the later phase.We thus examined
whether NLK1 phosphorylates three mutant forms of CPEB: 6A
CPEB, in which all of the six serine residues in the second group
of phosphorylation sites were changed to alanine (S138/144/
184/210/248/423A); 2A CPEB, in which S174 and S180 in the
first group of phosphorylation sites were changed to alanine
(S174/180A); and 6Aþ2A CPEB, in which the two groups of
phosphorylation sites were changed to alanine (S138/144/184/
210/248/423AþS174/180A). Immature oocytes were injected
with a mixture of mRNA encoding wild-type or kinase-dead Flag-
NLK1 and that encoding wild-type, 6Aþ2A, 6A or 2A Flag-
CPEB, and the Flag-tagged proteins were immunoprecipitated.
The resulting precipitates were incubated in the presence of
[γ-32P]ATP to allow Flag-NLK1 to phosphorylate Flag-CPEB
(Figure 5c,e).
Phosphorylation level of 6A CPEB was markedly lower than

that of wild-type CPEB but similar to that of 6Aþ2A CPEB
(Figure 5c,d). In contrast, 2A CPEB was phosphorylated at a
similar level to that of wild-type CPEB (Figure 5c,d). It is
therefore likely that NLK1 phosphorylates the second group of
phosphorylation site, but not the first group. To further char-
acterize NLK1-catalyzed phosphorylation sites within the S138/
144/184/210/248/423 group, we used S144A, S144/184A, and
S144/184/210A mutants. In comparison with wild-type CPEB
or 2A CPEB, phosphorylation levels of these mutants were not
significantly reduced (Figure 5c,d), suggesting that NLK1 phos-
phorylates S138, S248, and S423. It is also notable that although

phosphorylation levels were low, 6Aþ2A and 6A CPEBs were
evidently phosphorylated by wild-type NLK1 but not by kinase-
dead NLK1 (Figure 5e), suggesting that CPEB carries NLK1-
catalyzed phosphorylation sites besides the second group of
phosphorylation sites.

’DISCUSSION

In this study, we focused on NLK1, an atypical MAPK, during
Xenopus oocyte maturation and obtained the following results:
(1) NLK1 is expressed in immature oocytes and activated during
maturation in a Mos-dependent but MAPK-independent man-
ner, (2) overexpression of NLK1 not only accelerates progester-
one-induced oocyte maturation but also induces oocyte
maturation without progesterone treatment through polyadeny-
lation-mediated translational activation of Cyclin B1 mRNA, (3)
NLK1 overexpression induces and enhances phosphorylation of
Pum1, Pum2, and CPEB, essential regulators for the polyadeny-
lation-mediated translational activation of mRNAs including
Cyclin B1 mRNA, and (4) NLK1 phosphorylates Pum1,
Pum2, and CPEB in vitro. These findings provide the first
evidence for the involvement NLK1 in oocyte maturation, in
addition to its contribution to various developmental processes
in vertebrates and invertebrates reported so far. Furthermore, it is
suggested that NLK1, as a kinase downstream of Mos, catalyzes
Pum1, Pum2, and CPEB phosphorylation to regulate the transla-
tional activation of Cyclin B1 mRNA during oocyte maturation.

The dependence of NLK1 activation on Mos and its inde-
pendence of MAPK reveal the presence of at least two kinase
cascades downstream ofMos in Xenopus oocytes, the Mos-MEK-
MAPK cascade and the Mos-NLK1 cascade. The former is
required for the initiation of maturation through the activation
of pre-MPF15,16 (and also the maintenance of MPF stability
through the inhibition of Cyclin B proteolysis),63,64 while the
latter seems to be necessary for the normal progression of
maturation through the temporal control of translation of
mRNAs. In the process of transduction of progesterone signal,
Mos might be an important point at which the signal is allocated
to several pathways leading to the events required for initiation
and progression of oocyte maturation.

Concerning the Mos-NLK1 cascade suggested in this study, it
should be noted that U0126 treatment of GST-Mos-overex-
pressed and progesterone-treated oocytes decreased the level of
NLK1 phosphorylation to some extent, in association with
reduction in the level of endogenous Mos protein but that
U0126 did not completely inhibit the NLK1 phosphorylation
(Figure 2d, lane 4). Since U0126 completely inhibited the
activation of MAPK, MEK should also be inhibited completely
in these oocytes. Nevertheless, the U0126 treatment had only a
limited effect on Mos-induced NLK1 activation, implying that
Mos does not activate NLK1 directly but activates it through
MEK-like kinase that has a lower sensitivity to U0126 than that of
the genuine MEK, although we cannot exclude the possibility
that the decrease in NLK1 activity is simply attributed to the
reduction in endogenous Mos protein level caused by dysfunc-
tion in the feedback mechanism involving Mos/MEK/MAPK
and Cdc2 that is required to sustain the Mos level during
maturation.12,65

The timings of translational activation of dormant mRNAs
stored in oocytes are precisely controlled during oocyte
maturation.23�26,30,35,58,66 A chief player for the temporal control
of translational activation of dormant mRNAs during Xenopus
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oocyte maturation is CPEB, and its phosphorylation is known to
be a crucial step to trigger the translational activation of target
mRNAs.27�29 Similar to CPEB, we previously reported that
Pum1 and Pum2, trans-acting factors controlling the translation
of mRNAs, are phosphorylated during oocyte maturation, with
the proposal that their phosphorylation is required for transla-
tional activation of their target mRNAs.36 In the present study,
we found that NLK1 is a kinase that catalyzes phosphorylation of
Pum1, Pum2, and CPEB at least in vitro (Figure 5) and that
overexpression of NLK1 in oocytes induces phosphorylation of
Pum1, Pum2 and CPEB, degradation of CPEB, synthesis of
Cyclin B1 protein, and oocyte maturation in the absence of
progesterone (Figure 4). These findings suggest that NLK1 is
involved in oocyte maturation as a kinase responsible for Pum1,
Pum2, and CPEB phosphorylation, which leads to the transla-
tional activation of Cyclin B1 mRNA.

We found that NLK1 overexpression in immature oocytes
promotes Pumilio and CPEB phosphorylation and oocyte ma-
turation without progesterone treatment. However, the protein
contents of NLK1 necessary for inducing oocyte maturation
were extremely high compared with those of native NLK1, and
the NLK1-induced maturation proceeded very slowly (to reach
the maximum rate of GVBD, 12 h for the progesterone-induced
maturation vs 36 h for theNLK1-inducedmaturation, Figure 4a).
These results imply that, besides NLK1, Xenopus oocytes possess
other kinases that catalyze Pum1, Pum2, and CPEB phosphor-
ylation during maturation. It is known that Xenopus oocytes are
equipped with robust mechanisms that include several function-
ally redundant pathways, that is, those consisting of Mos-MEK-
MAPK, Raf, RINGO, and Cyclin B, to ensure the induction of
oocyte maturation even under conditions in which one of these
pathways is accidentally blocked.10,67 We confirmed the robust-
ness by demonstrating that p42 MAPK is activated in Mos MO-
injected oocytes (Figure 2a) and that these oocytes mature,
though taking a longer time than intact oocytes (Figure 2b). A
possible explanation for these phenomena is that p42 MAPK is
activated through a positive feedback loop that is driven by Cdc2
activated in maturing oocytes via a cascade consisting of either
Raf,68,69 RINGO10 or Cyclin B167 other than the Mos-MEK-
MAPK cascade. The existence of plural kinases responsible for
Pum1, Pum2, and CPEB probably reflects the robustness of
mechanisms for inducing Xenopus oocyte maturation.

Our findings suggest that NLK1 is a kinase responsible for
Pumilio and CPEB phosphorylation. Nevertheless, it should be
noted that there is an apparent time lag betweenNLK1 activation
and Pumilio and CPEB phosphorylation (Figure 1c). In addition,
we previously showed that Pum1 and Pum2 are not phosphory-
lated at the same timing but that Pum2 phosphorylation precedes
Pum1 phosphorylation in most cases, although the timings vary
in oocyte batches.36 Therefore, Xenopus oocytes must carry
mechanisms that provide the cue for active NLK1 to phosphor-
ylate Pumilio and CPEB at definite timings. A next target of our
research is to understand these mechanisms. The biological
significance of Pumilio phosphorylation also remains to be
elucidated, although we proposed that Pum1 phosphorylation
induces a conformational change in the complex consisting of
Pum1 and CPEB that targets CPEB for dissociation and degra-
dation, the process required for translational activation of Cyclin
B1 mRNA.36

To analyze the functions of NLK1 in Xenopus oocyte matura-
tion more closely, we tried to knockdown NLK1 in oocytes by
using the correspondingMO and antisense mRNA. They did not

work, however, probably because NLK1 is slowly turned over in
oocytes. We then attempted to repress NLK1 activity by injec-
tion of anti-NLK antibodies into oocytes, but neither anti-
NLK1c antibody nor anti-NLK1full antibody showed an appar-
ent effect on oocyte maturation, probably due to the failure of
antibodies to inactivate NLK1. (Indeed, anti-NLK1full immu-
noprecipitates contain active NLK1 and anti-NLK1c antibody
cannot recognize native NLK1 as shown in this study.) Further-
more, we found that injection into oocytes of 50 ng of kinase-
dead NLK1 mRNA had no effect on oocyte maturation, indicat-
ing that kinase-dead NLK1 does not operate in a dominant
negative fashion (data not shown). Therefore, we need to obtain
tools that can inhibit the activity or activation of NLK1 to
elucidate the functions of NLK1 during oocyte maturation.
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